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Pe$ormance of a bidirectional jixed-bed reactor subject to both flow reversal and 
switching between exothermic and endothermic reactions is simulated. During odd 
semicycles (blows) an exothermic reaction heats the bed, during even semicycles an 
endothermic reaction cools the bed and produces the desired product in the hot zone. 
Such an operation is possible and ejjicient when the inlet gas temperature is lower than 
the initial bed temperature, leading to the wrong-way behavior when the temperature 
front moves with a finite velocity (creep velocity) from the feed end to the exit during a 
semicycle. Since the dynamic nature of the fixed-bed reactor changes with each semicy- 
cle, the front velocity during an exothermic semicycle differs from the front velocity 
during an endothermic semicycle and an asymptotic expression is developed for the 
differential creep (front) velocity that quant$es this difference. Due to a nonzero differ- 
ential creep velocity, the front exhibits an effective displacement after each cycle. This 
asymptotic expression for the creep uelocity works vely well except in the inlet and outlet 
region of the fixed-bed reactor. An expression developed for 100% energy eficiency 
shows that it can be reached only if the differential creep velocity is zero. A relation for 
the balanced operation of a reactor-regenerator is discussed as well as differences in 
reactor pe$ormance caused by reactions occum'ng in the gas or solid phase. 

Introduction 
Modeling the dynamic operation of fixed beds 

The processes dealing with heat storage in, and recovery 
from, packed beds received early attention. Among others 
Anzelius, Nusselt, Schumann, Hausen, Schmeidler and Ack- 
ennann (Jakob, 1957), and Schmidt and Willmott (1981) stud- 
ied the dynamic operation of packed-bed heat regenerators 
without reactions. Ennenc (1956a,b) added the possibility of 
running reactions in such systems and developed The Vicon-  
sin Process for the thermal production of nitric oxide in which 
the cold reactants (nitrogen and oxygen in air) were heated 
and the products (NO + unreacted air) were cooled using heat 
regenerators. Levenspiel (1988) used the dispersion model to 
explain the spreading of the temperature front in a heat re- 
generator without reaction, while Ramachandran and 
DudukoviC (1984) developed a moving finite-element colloca- 
tion method for moving fronts in heat regenerators. They also 
solved the linear regenerator model using triple collocation, 
that is, collocation in space and time, and developed the de- 

sign criteria for periodic operation of heat regenerators 
(DudukoviC and Ramachandran, 1984). 

Rhee et al. (1973), Matros (1989), Eigenberger and Butt 
(1988), and Gupta and Bhatia (1991) are among many who 
studied the dynamic operation of fixed-bed reactors. Rhee et 
al. (1973) developed an approximate expression for the tem- 
perature front. Matros (1989) showed that the yield of a ther- 
modynamically reversible mildly exothermic catalytic reaction 
can be increased subject to forced flow reversal. Matros 
(1989), Snyder and Subramaniam (19931, Bunimovich et al. 
(1995), and others studied SO, oxidation in the solid phase in 
a reverse-flow reactor. Eigenberger and Nieken (1988) inves- 
tigated the catalytic combustion of hydrocarbons with peri- 
odic flow reversal using the Crank-Nicolson numerical algo- 
rithm developed by Eigenberger and Butt (1976). Agar and 
Ruppel (1988) used an implicit finite-difference approxima- 
tion to study NO, removal in the presence of ammonia and 
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air by forced flow reversal in a fixed-bed reactor. Gawdzik 
and Rakowski (1988, 1989), using a combination of the 
method of characteristics and orthogonal collocation, investi- 
gated the operation of an adiabatic tubular reactor forced 
through the reversal of flow of the reaction mixture. Blanks 
et al. (1990) employed numerical simulation as well as a se- 
ries of experiments in studying the production of synthesis 
gas by flow reversal. Gupta and Bhatia (1991) simulated the 
reactor cyclic operation by using collocation on finite ele- 
ments in space and treated the differential equation system 
as a boundary-value problem in time, with the stationary cat- 
alyst temperature profiles at the beginning and at the end of 
a half-cycle being mirror images of each other. Wallace and 
Viljoen (1995) modeled the oxidation of CO in a monolithic 
catalytic bed with reciprocating flow. 

All of the literature just cited deals with the cyclic opera- 
tion of fixed-bed regenerators and fixed-bed reactors. A typi- 
cal cyclic operation of a fixed-bed reactor involves two semi- 
cycles. During a semicycle, the reactants are fed into the 
fixed-bed reactor from one end and during the next semicycle 
the reactants are fed into the bed from the other end. These 
repeated swings, or flow-reversals, of the feed result in an 
inverted U-shaped temperature profile that travels in the bed 
from one position to another. The references cited so far dis- 
cussed only the bidirectional fixed-bed reactors subject to the 
same type of reaction throughout the cyclic operation, that is, 
the same feed is introduced into the reactor during two suc- 
cessive semicycles. For example, in the catalytic oxidation of 
SO, the type of reaction that occurs in the fixed-bed reactor 
is always catalytic oxidation of SO, during every semicycle. 
The type of reaction does not change with the flow reversal 
of the feed (Matros, 1989; Eigenberger and Nieken, 1988). 
Thus, the thermodynamic and dynamic nature of the system 
does not change with flow reversal. 

The RE-GAS process 
Levenspiel (1988) proposed the RE-GAS process to pro- 

duce synthesis gas. The process can involve gas-phase or 
solid-phase reactions. The fixed-bed reactor now also acts like 
a heat regenerator. The odd blow, or the odd semicycle, in- 
volves feeding gaseous reactants that react exothermally in 
the fixed-bed reactor. During the euen blow, or the euen 
semicycle, another gaseous mixture, which contains reactants 
that undergo an endothermic reaction, is introduced from the 
opposite end of the bed. The product of interest is the prod- 
uct of the endothermic reaction that is carried out in the hot 
bed. The general idea is that the even blow is allowed to go 
on until the bed is sufficiently cooled down. These two semi- 
cycles constitute one complete cycle that is periodically re- 
peated. For example, in the production of synthesis gas by 
the RE-GAS process, even blows involve heating the bed by 
burning a hydrocarbon fuel, and odd blows involve the pro- 
duction of synthesis gas by endothermic reactions between 
steam and CO,. The synthesis gas produced by this process is 
not diluted with N, unlike in the bidirectional process pro- 
posed by Blanks et al. (1990). 

In the RE-GAS process, the type of reaction that takes 
place in the bed changes with each semicycle. Thus, two suc- 
cessive semicycles do not lead to mirror-image solutions dur- 
ing the pseudo steady state. The parameters like the maxi- 

mum temperature and front velocity are different for even 
and odd semicycles. So far asymmetric bidirectional fixed-bed 
reactors subject to different reactions during even and odd 
semicycles have not been studied. Hence, there is a need to 
study RE-GAS type of processes in order to develop an un- 
derstanding of asymmetric fixed-bed operation under these 
new flow-reversal conditions. This is the objective of the 
present study. 

Quantities of Interest 
There are a few fundamental questions that need to be 

addressed for the proper understanding of the previously dis- 
cussed new reverse-flow fixed-bed process. It is expected that 
the inlet-gas temperatures for the exothermic and endother- 
mic reactions in relation to the initial bed temperature affect 
the performance of the process. Also, periods of even and 
odd semicycles, teven and t:d& respectively, should affect the 
yield of the process. In traditional bidirectional processes t,*,,, 
is equal to t:dd because the front speeds of odd and even 
semicycles are equal to each other. However, in the RE- 
GAS-type process, due to different reactions occurring dur- 
ing odd and even semicycles, the velocity of the temperature 
front is different for the odd and even semicycles. Hence, the 
ratio t,*d/t,*,,n can have a significant effect on the perform- 
ance of the process. The possibility of achieving 100% energy 
efficiency by coupling endothermic and exothermic reactions 
is addressed. It is also necessary to investigate the effect of 
the phase in which reaction occurs, that is, the process can 
occur mainly catalytically in the solid phase or homoge- 
neously in the gas phase. 

In this work we address the preceding questions by per- 
forming simulation studies to examine the effect of the inlet 
temperature (Tg,in), the phase in which the reaction occurs, 
and the duration of the switching time t* on a RE-GAS type 
of process. The purpose of this numerical simulation is not to 
optimize the process but to gain physical insight into the 
parametric sensitivity of the RE-GAS type of process. 

Gas-Phase RE-GAS-Type Process 
Model 

We consider a packed-bed reactor with highly exothermic 
and endothermic reactions occurring in the gas phase. The 
parametric values used in the computation (Table 1) corre- 
spond to a typical combustion and endothermic gasification 
system. The two reactions are: 

Exothermic: 

Endothermic: 

A + C 

B 4 D 

A H g , A  < 0 . . . (gas phase) 

A Hg,B > 0 . . . (gas phase). 

It is assumed that only the reaction A + C occurs in the 
bed during an odd semicycle when reactant A is fed to the 
system, and only the reaction B + D takes place during an 
even semicycle when reactant B is fed from the opposite end 
of the reactor. The heats of exothermic and endothermic re- 
actions are set to be different (Table 1) to allow for different 
front speeds during odd and even semicycles but are assumed 
constant. 

A model is now developed subject to the following addi- 
tional assumptions. 
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Table 1. Parameters Used in the Simulation of 
Various Processes 

Parameter Value 

T in (K) 700 
(K) 1,000 

l$ (K) 1,000 
Yin 0.1 

k ,  ( s - ' )  LOX 105 
Y 7  Variable 

Ea (J/mol) 1 . 0 ~  lo5 
AHA (J/mol> 
AHB ($/mol) 1 . 5 ~ 1 0 ~  
h(J/m .K.s) 100 
Cp (J/kg-K) 1,000 
pS (kqm3) 3,000 
up (m/m3) 300 
ui,, (m/s) 1 
P (Pa) 1.013 X lo5 
L (m) 5 
E 0.5 
MW 28 

- 2.0 x lo5 

1. Axial dispersion of heat and mass in the gas as well as 
in the solid phase is assumed to be negligible. The assump- 
tion of plug flow of gas holds true for long reactors at high 
gas velocities. The assumption of negligible dispersion in the 
solid phase holds true for solid packings, which allow mini- 
mal area of contact between two solid particles. Clearly there 
will be some dispersion of heat in high-temperature beds by 
various means, including radiation, but this is neglected at 
present, as the zero-dispersion model represents a useful lim- 
iting case to study in illustrating the features of the process. 

2. The rate of conduction within the solids is assumed to 
be very high compared to the convective heat-transfer rate 
between the gas and solids, which is a fair assumption if par- 
ticles are not too large. 

3. The gas is assumed to be compressible with the total 
mass flux of gas being constant ( pgu = p g , i n ~ i n )  (Kulkarni, 
1992). 

4. Pore diffusion in the solids, and external mass-transfer 
resistances between the gas and the solids, are incorporated 
into the overall kinetic expression for the reaction occurring 
in the solid phase. Kinetics is assumed to have an Arrhenius- 
type dependence on the temperature and to be first order. 

Admittedly the preceding model, which uses first-order Ar- 
rhenius-type kinetics that does not change over a wide range 
of temperature, is a great simplification of reality. Over the 
extended temperature range the real gas-phase reaction 
mechanism can change several times. Pore diffusion changes 
within 50 K and radiation heat-transfer effects can be very 
important. However, this work concerns itself with a prelimi- 
nary and fundamental study of an asymmetric operation of a 
fixed-bed reactor. The purpose of this work is to gain a physi- 
cal insight into a RE-GAS-type asymmetric process. Once the 
global features of the asymmetric fixed-bed reactor are well 
understood, the real RE-GAS process with real kinetics can 
be studied. The preceding numerical model is sufficient for 
our current purpose of understanding whether a periodic op- 
eration of asymmetric fixed-bed reactors is possible and how 
it is affected by initial gas temperature and characteristic re- 
action parameters. The model based on all the assumptions 
just listed should be adequate to establish the effect of T g , i n ,  

the phase in which reaction occurs, the volumetric heat- 

transfer rate, and the front velocity on the RE-GAS process, 
all of which represent the focus of this study. 

The model equations consist of the energy balance for the 
gas and solid phase, Eqs. 1 and 2, respectively; reactant A ,  B 
mass balances, Eqs. 3 and 4, respectively; and the overall 
continuity, Eq. 5: 

The boundary conditions are: 

The initial conditions are: 

@ t = O  and 0 ~ z ~ l  

og=og,O; Y A = Y A , f l ;  Y B = Y B , O '  

The dimensionless quantities used above are: 

(3 )  
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The variables that affect the operation of an asymmetric 
fixed-bed reactor are summarized in the form of appropriate 
dimensionless groups. The gas Stanton number (St,) is a 
measure of the relative magnitude of the rate of convective 
heat transfer between solids and the gas to the rate of con- 
vective heat transfer in the axial direction by the gas. Thus, a 
higher gas Stanton number indicates a higher axial tempera- 
ture gradient in the gas phase. The temperature fronts be- 
come steeper as the gas Stanton number increases. The solid 
Stanton number (St,) is a measure of the relative magnitude 
of the rate of heat transfer between the gas and the solids 
compared to the product of the volumetric heat capacity of 
the solids and the gas velocity. Since the temperature gradi- 
ent in the solid phase is directly proportional to the rate of 
heat transfer between the gas and solids, and inversely pro- 
portional to the volumetric heat capacity of the solids, a higher 
solid Stanton number results in steeper temperature fronts in 
the bed. Because the gas and the solid temperature fronts 
are known to follow each other closely, a system having higher 
gas and solid Stanton numbers must involve steeper moving 
fronts. Thus, the higher the St,, St, are, the steeper the tem- 
perature fronts in the system. 

The dimensionless quantity U is a constant equal to 1 / ~  
for incompressible gases, and varies with the gas temperature 
for compressible gases. The deviation of U from 1 / ~  indi- 
cates the variation in the linear velocity of the gas due to its 
compressible nature. The dimensionless number rslr is the ra- 
tio of the space time to the characteristic reaction time. Thus 
T~~ is a Damkohler number for a first-order reaction, and 
indicates the extent of conversion in the fixed-bed reactor. If 
T./. << 1, the conversion in the reactor is negligible and the 
concentration fronts are flat. If T , ~  >> 1, nearly complete con- 
version (or thermodynamic equilibrium for reversible reac- 
tions) is achieved in the reactor and the concentration and 
reaction fronts are very steep. 

The dimensionless group TR, is a measure of the ratio of 
the enthalpy change caused by reaction in the gas phase to 
the volumetric gas heat capacity. It indicates the extent of the 
temperature change in the gas phase due to reaction in the 
gas phase. If the reaction involved has a very high heat of 
reaction, the temperature change in the gas phase is very high. 
A system having high Stanton numbers (St ,  and St,), and 
high TR, involves steep temperature fronts, and a system 
having high rs/r also involves steep concentration and reac- 
tion fronts. 

Wrong-way behavior of packed beds 
Equations 1-5 were solved first using the algorithm devel- 

oped by Kulkarni and DudukoviC (1996a), considering only 
the exothermic gas-phase reaction ( A  4 C).  Figure 1 illus- 
trates the maximum temperature rise as a function of the 
inlet gas temperature, and shows that the minimum value of 
the maximum temperature rise is equal to the adiabatic tem- 
perature rise based on the inlet gas temperature and the exit 
gas conversion. If the initial bed temperature is below or equal 
to the inlet gas temperature, which is the case if a hot com- 
bustible mixture is passed through an initially cold bed, the 
maximum transient temperature rise in the bed is 
equal to the adiabatic temperature rise. However, if the ini- 
tial bed temperature is moderately higher than the inlet gas 
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temperature, and is sufficiently high to ignite the combustion 
mixture, the maximum transient temperature rise in the bed 
is much higher than the adiabatic temperature rise. This phe- 
nomenon is known as the wrong-way behavior of fixed-bed 
reactors, and has been reported and studied for catalytic 
fixed-bed reactors with solid-phase reactions by Kulkarni and 
Dudukovic (1996b); Il'in and Luss (1992); Chen and Luss 
(1989): Matros (1989); Pinjala et al. (1988); Mehta et al. 
(1981); Sharma and Hughes (1976); Van Doesburg and De- 
Jong (1976a,b); and Crider and Foss (1966). We demon- 
strated it here for gas-phase reactions. 

As illustrated in Figure 1, the maximum temperature rise 
in a packed-bed reactor is a dynamic property only for the 
inlet gas temperatures below the initial bed temperature. Fig- 
ure 1 indicates that the operating range for a fixed-bed reac- 
tor consists of two regimes: a thermodynamic regime in which 
the maximum temperature rise is equal to the adiabatic tem- 
perature rise (occurs at gas inlet temperatures equal to or 
larger than the initial bed temperature), and a dynamic regime 
where the maximum temperature rise depends on the inlet 
gas temperature (for feed gas temperatures lower than the 
initial bed temperature). In the dynamic regime a low feed 
temperature decreases the conversion reachable in the up- 
stream section of the reactor where the reactants are getting 
heated; consequently, the still hot solids in the downstream 
section are exposed to a higher reactant concentration, lead- 
ing to an increase in heat generation by reaction, which in- 
creases the transient temperature rise in the bed (Il'in and 
Luss, 1992). This, of course, can happen only when there is 
interphase heat transfer-in this case, the gas coming into 
the bed encounters solids that are already hot. In the thermo- 
dynamic regime the incoming gas is already hotter than the 
inlet solid temperature, and hence the maximum tempera- 
ture rise cannot exceed the adiabatic temperature rise. 
Clearly, the adiabatic temperature rise is always based on the 
inlet gas temperature. 

The rates of endothermic reactions are dramatically en- 
hanced by higher temperatures. Therefore, it seems plausible 
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that the wrong-way behavior of the bed can be utilized to 
establish high-temperature zones in the bed during a cyclic 
process, so that the endothermic reaction can undergo com- 
pletion in a short period of time in such a hot zone. Since a 
hot zone can be very short, the length of the bed can also be 
reduced without sacrificing the performance. The goal is to 
create zones in the bed with temperatures far in excess of the 
adiabatic temperature of the fuel-air mixture used in the 
exothermic part of the operating cycle. We now explore con- 
ditions under which this can be accomplished. 

Sensitivity to the inlet temperature 
Based on the results of numerical simulation it was ob- 

served that the wrong-way behavior of a fixed-bed reactor is 
indeed a property that can be exploited in a RE-GAS-type 
process. Equations 1-5 were solved using implicit finite dif- 
ferences as suggested by Kulkarni and DudukoviC (1996a), 
first for a RE-GAS-type process with only gas-phase reac- 
tions when solids serve to accumulate and release heat. The 
exothermic reaction A + C takes place during an odd semi- 
cycle, and the endothermic reaction B + D (with heat of re- 
action different from that of the exothermic reaction) takes 
place during an even semicycle. The direction of the feed 
gases is reversed for each semicycle. 

Two different cases of a bidirectional process were studied 
-one with inlet gas temperature of 700 K and the other with 
inlet gas temperature of 1,000 K. For both cases the initial 
bed temperature was 1,000 K. The first period in which only 
exothermic reaction takes place lasted for 15,000 s, and each 
subsequent semicycle lasted for 1,000 s. Figure 2 shows the 
temperature profiles at the end of the first semicycle for both 
cases. The situation in which the feed temperature is lower 
than the initial bed temperature is referred to in this article 
as the wrong-wayprocess. The case in which the feed temper- 
ature is equal to (or higher than) the initial bed temperature 
is referred to in the article as the normal process. As can be 
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observed from Figure 2, the maximum transient temperature 
rise for the wrong-way process is more than two times greater 
than the maximum temperature rise for the normal process, 
therefore, more than two times greater than the adiabatic 
temperature rise. Figure 3a shows the temperature profiles in 
the fixed-bed reactor at the end of the first and of the second 
semicycle for the wrong-way process. Figure 3b displays the 
temperature profiles in the fixed-bed reactor at the end of 
the first and second semicycle for the normal process. As can 
be observed from Figure 3a and 3b, the maximum tempera- 
ture rise is higher and the temperature fronts are sharper for 
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the wrong-way process. Observe the difference in tempera- 
ture scale of the ordinate of the two figures. More impor- 
tantly, during the first semicycle of the wrong-way process, 
the temperature front moves along the length of the bed with 
a finite front velocity, and by the end of the first semicycle, 
which lasted for a period of 15,000 s, the front is well inside 
the bed (Figure 3a). This gives room for the movement of the 
front in the opposite direction during the second semicycle. 
However, in the case of the normal process, the bed gets 
heated while the temperature front stays stagnant at the en- 
trance (Figure 3b). Since the temperature front stays at the 
feed end for the first semicycle, right from the beginning of 

first semicycle. This implies that even for short even semicy- 
cle periods the hot spot can quickly move out of the bed. 

Figure 4 and 4b exhibit the pseudo-steady-state tempera- 
ture profiles at the end of the odd and even semicycles for 
the wrong-way process and for the normal process, respec- 
tively. From Figure 4a and 4b it is evident that the pseudo- 
steady-state temperature profiles for both the wrong-way 
process and the normal process are very similar. It can also 
be observed that the normal process produced the maximum 
temperature rise in excess of the adiabatic temperature rise 
(Figure 4b). This occurs because in multiple cycling while ad- 
vancing toward the pseudo steady state during endothermic 
(even) semicycles the high-temperature region gets pushed 
toward the entrance of the bed for the odd (exothermic) 
semicycles. Hence, at the start of the subsequent odd (ex- 
othermic) semicycles the bed temperature in the vicinity of 
the entrance is higher than the feed temperature, which now 
allows wrong-way behavior even for the normal process. As 
can be observed from Figure 4a, the pseudo-steady-state 
temperature front moved toward the feed end of the odd 
semicycle ( x  = 0) even for the wrong-way process. Due to the 
temperature hot spot in the proximity of the feed end for the 
odd semicycle, during the even semicycles, the hot spot 
quickly moves out of the bed. This degrades the performance 
of the wrong-way process and makes it similar to that of the 
normal process in as much that the exit conversion for the 
endothermic reaction (even semicycles) is now well below 
unity as illustrated in Figure 5. Thus, the apparent advantage 
of the wrong-way process over the normal process during the 
initial transient operation was lost at the pseudo steady state. 
This finite creep of the temperature front from first semicy- 
cle to pseudo steady state should be avoided to achieve higher 

1.0 1 I I 
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\ 
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Figure 5. Pseudo-steady-state conversion profiles at 
the end of two successive even semicycles for 
the gas-phase wrong-way and normal pro- 
cesses. 

2902 October 1996 Vol. 42, No. 10 AIChE Journal 



Tg 

2700 

2300 

1900 

(K) 
1500 

1100 

I 
f 

I 
700 - _ , , , .  

0 1 2 3 4 5 
x (m> 

Figure 6. Temperature profiles at the end of two suc- 
cessive early odd semicycles for the wrong- 
way process. 

conversion of the key reactant during the endothermic reac- 
tion conducted during the even semicycles. We will now con- 
sider how this could be done. 

Effect of semicycle periods on the steady state 
At pseudo steady state, the 

temperature and the concentration profiles at the beginning 
or the end of two successive even or odd semicycles should 
be identical. However, as can be observed in Figure 6, the 
temperature profiles in repeated cycles prior to establish- 
ment of periodic operation, seem to be moving toward the 
feed end for odd semicycles ( x  = 0) with a certain finite dif- 
ferential creep velocity. For the inverted U-shaped tempera- 
ture profile to exist in the bed at pseudo steady state, the 
differential creep velocity should be equal to zero. The exist- 
ence of the finite differential creep velocity indicates that the 
inverted U-shaped temperature profile will eventually depart 
the fixed-bed reactor. In the preceding simulation (Figures 6 
and 9) the duration of the first semicycle was 15,000 s, and 
time periods of subsequent semicycles were 5,000 s. The rea- 
son for the existence of the differential creep velocity is the 
difference in the velocities of the fronts during even and odd 
semicycles. The approximate expression for the front velocity 
for a single reaction is derived using the coordinate transfor- 
mation used by Rhee et al. (1973), and is given by 

Differential Creep Velocily. 

During an odd semicycle the exothermic reaction takes place 
with the adiabatic temperature rise equal to 714 K. During 
an even semicycle the endothermic reaction takes place with 
the adiabatic temperature drop of approximately - 500 K. 
This results in the difference in the front velocities for odd 
and even semicycles, with the front velocity for the exother- 

mic reaction (odd semicycle) being lower than that for the 
endothermic reaction (even semicycle). Since the semicycle 
period used to generate Figures 2a-4a was constant and set 
at 1,000 s, and the semicycle period used to generate Figure 
6 was a constant set at 5,000 s for both even and odd semicy- 
cles, due to faster moving fronts during the even semicycles 
(i.e., endothermic reaction), the temperature front creeps to- 
ward the original feed end of the reactor as the number of 
cycles increases. 

Thus, this difference in the front velocities for the even 
and odd semicycles is due to the difference in the thermody- 
namic parameters, namely, the heats of reaction of two dif- 
ferent reactions taking place. A bidirectional process can now 
exhibit a differential front velocity if the inlet velocity, feed 
composition, and thermodynamic parameters are different for 
the odd and even semicycles. If in a reverse process, the reac- 
tions change with each semicycle, the difference in the front 
velocity could be appropriately compensated by the differ- 
ence in the semicycle periods. The simplest criterion for such 
balanced operation is 

%,odd te*ven 

or,even todd 

-=- * .  (7) 

The preceding criterion can readily be arrived at from the 
approximate expression for the differential creep velocity 
given by Eq. 8, by requiring zero differential creep velocity: 

There is another important conclusion that can be drawn 
from Eq. 6. If the maximum temperature rise in the bed is 
equal to the adiabatic temperature rise, the front velocity be- 
comes zero, that is, the cold bed gets heated up while the 
front stays stagnant. It also means that the temperature pro- 
file monotonically increases from the feed end during an odd 
semicycle. If the front velocity is zero for the exothermic re- 
action, and finite for the endothermic reaction, the front 
quickly creeps out of the feed end for the odd semicycles. 

Discussion of Simulations. Equations 7 and 8 indicate that 
if the front velocities for even and odd semicycles are not 
equal to each other, the temperature front can depart the 
bed. However, as can be observed from Figure 4a, for tEdd = 
tZven = 1,000 s and > or,oddr this does not happen for 
the wrong-way process, as the temperature front moves to- 
ward the feed end of the odd semicycle during the even semi- 
cycle, but partially remains in the bed without completely de- 
parting at pseudo steady state. The same bidirectional pro- 
cess was simulated for different bed lengths, and the results 
are presented in Figures 7 and 8. It is observed, in each case, 
that during the even semicycle the temperature front moves 
toward the feed end of the odd semicycle and partially stays 
in the bed at pseudo steady state. This phenomenon is simi- 
lar to that of the normal process where the hot spot of the 
temperature profile stays near the feed end for the odd semi- 
cycles from the beginning to end of an odd semicycle, and 
hence the temperature front partially departs from the bed 
during even semicycles, as shown in Figure 4b. This causes 
the exit conversion of the endothermic reaction at pseudo 
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Figure 7. Gas-phase wrong-way process: the pseudo- 

steady-state temperature profiles at the end of 
odd semicycles for different reactor lengths. 

steady state, illustrated in Figure 5 both for processes, to be 
significantly lower than the conversion obtained for the 
wrong-way process during the initial few cycles. Obviously, at 
the entrance region of the bed (i.e., x = O), Eq. 6, which is an 
asymptotic approximation for an infinitely long fixed-bed re- 
actor where no end effects are incorporated (see the Ap- 
pendix), does not hold. Hence, Eq. 6 is approximate and ap- 
plicable only to the interior region of the fixed bed reactor 
where the temperature profile behaves as in an infinitely long 
bed. Therefore, it is important to have a negligible differen- 
tial creep velocity in a bidirectional operation. Equation 7 
provides an estimate of semicycle periods needed to achieve 
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Figure 8. Gas-phase wrong-way process: the pseudo- 

steady-state temperature profiles at the end of 
odd semicycles for different reactor lengths. 
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Figure 9. Wrong-way process with adjusted switching 
periods: the temperature profiles at the end of 
the first and third semicycles. 

such negligible differential creep velocity. Since the maxi- 
mum temperature of the bed also changes between two suc- 
cessive semicycles, the semicycle periods for even and odd 
semicycles should be determined by trial and error around 
the values calculated by Eq. 7. 

Based on the kinetic parameters listed in Table 1, the front 
velocity for the exothermic reaction is calculated. Based on 
the assumption that an exothermic reaction and an endother- 
mic reaction with the same kinetic and thermodynamic pa- 
rameters lead to the same front velocity, the front velocity for 
the endothermic reaction used in the RE-GAS-type process 
is also calculated. Using these calculations, and some trial 
and error (see the Appendix), the periods for odd semicycles 
and for even semicycles were selected to be 1,000 s and 550 s, 
respectively. The results of the simulation are shown in Fig- 
ures 9 to 11. As can be seen from these figures, the tempera- 
ture front now does not display a differential creep velocity 
and approaches pseudo steady state with an increasing num- 
ber of cycles. Hence, at dynamic steady state the front tra- 
verses from one position in the reactor to the other in a peri- 
odic fashion. Also, it can be observed that only the wrong-way 
process with zero creep velocity results in complete conver- 
sion for the endothermic reaction. 

Maximum Energy Ejj’iciency. In the processes simulated so 
far, there is always a finite amount of energy carried out of 
the bed by the departing gases. This situation always exists if 
the total heat produced by the exothermic reaction is greater 
than the total heat absorbed by the endothermic reaction. 
The energy efficiency of a cycle at pseudo steady state is given 
by 

. ( 9 )  
Qendo Pgm,in,endoUin,endoXBAHg,B ‘:”en 

Qem Pgm,in,exoUin,exoXAAHg,A ‘Li Vcycle = - = 

For 100% energy efficiency, the total heat absorbed by the 
endothermic reaction should be equal to the total heat pro- 
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Thus, for equal inlet concentrations and temperatures for 
both exothermic and endothermic reactions, the semicycle 
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periods are determined by the ratio of the heats of reactions. 
For the parameters used to simulate the RE-GAS-type 

process, using Eq. 11, the even and odd semicycle periods 
were determined to be 1,250 s and 1,000 s, respectively. At 
pseudo steady state, the temperature profile departed the 
fixed-bed reactor and no reaction occurred in the bed. This is 
because the criterion given by Eq. 7 for zero creep velocity is 
not satisfied by Eq. 11. Obviously, it follows from Eqs. 7 and 
11 that 100% energy efficiency can be achieved only when 
the following relation is satisfied; 

Figure 10. Wrong-way process with adjusted switching 
periods: the temperature profiles at pseudo 
steady state. 

duced by the exothermic reaction, that is, 

Qexo = Qendo 

==. Pgm ,in ,ex0 'in,exo x A A  H g , A  'Zdd 

- - Pgm,in,endoUin,endoxBAHg.B ',*,en (10) 
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Figure 11. Comparison of conversion profiles at the end 
of even semicycle for the wrong-way 
process with adjusted semicycle periods, 
wrong-way process, and the normal 
process. 

Pgm,in,endoUin,endoxBAHg,B @,,even -- 'Zdd 

Pgm,in,exoUin,exoXAAHg,A @?,odd te.ven 
* . (12) =-- 

Although Eq. 12 is exact, the expression to estimate front 
velocity (Eq. 6) is approximate. Hence, front velocities should 
be determined by trial and error to satisfy Eq. 12. The analy- 
sis of the achievable energy efficiency will be discussed else- 
where. 

Solid-Phase RE-GAS-Type Process 
Model 

Here we consider a packed-bed reactor in a RE-GAS-type 
process with both the exothermic and endothermic reaction 
occurring in the solid phase. The parametric values used in 
the computation (Table 1) correspond to a typical combus- 
tion-gasification system. The reactions are: 

Exothermic: A -+ C 

Endothermic: B -+ D 

AHs ,A  < 0 . . . (solid phase) 

AH,, ,  > 0 . . . (solid phase). 

Analogously to the gas-phase RE-GAS process, it is as- 
sumed that only reaction A + C occurs in the bed during an 
odd semicycle when reactant A is fed to the reactor, and 
only reaction B + D takes place during an even semicycle 
when B enters from the opposite side of the reactor. The 
heats of exothermic and endothermic reactions are set to be 
different (Table 1) to allow for different front speeds during 
odd and even semicycles. 

The same assumptions made in the formulation of the 
model for the gas-phase RE-GAS-type process are made in 
the formulation of the model for the solid-phase RE-GAS- 
type process. The model equations consist of the energy bal- 
ance for the gas and solid phase, Eqs. 13 and 14, respectively; 
reactant A ,  and B mass balances, Eqs. 15 to 16, respectively; 
and the overall continuity, Eq. 17: 
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The boundary conditions are: 

The initial conditions are: 

The dimensionless quantities just used are: 

(15) 

(16) 

(17) 

The dimensionless group TR, is a measure of the ratio of 
the enthalpy change caused by reaction in the solid phase to 
the volumetric solid heat capacity. It indicates the extent of 
the temperature change in the solid phase due to the reac- 
tion. TR, is three orders of magnitude smaller than TR, due 
to the high volumetric solids heat capacity compared to that 
of the gas phase. Hence, even if the reaction in the solid 
phase has a very high heat of reaction, the rate of tempera- 
ture change in the solid phase due to the heat generated by 
the reaction is smaller than the rate of change in the temper- 
ature of the gas phase if the same reaction were to occur in 
the gas phase. Because the gas and solid temperatures follow 
each other quite closely, it is evident that the thermal re- 
sponse of a fixed-bed reactor involving only a solid-phase re- 

action is much slower than the thermal response of the bed if 
the same reaction were to occur in the gas phase. The signifi- 
cance of other dimensionless parameters is explained in the 
section titled “The Gas-Phase RE-GAS-type Process.” 

Process 
The transient response of the bed in which reactions occur 

in the solids (catalytically) is similar to the case for the gas 
phase reaction discussed earlier. The phase in which combus- 
tion reaction occurs affects the maximum temperature rise. 
For the same kinetic parameters, the maximum temperature 
rise in the bed is lower for the solid-phase combustion com- 
pared to that for gas-phase combustion. This difference is 
attributed to the slower dynamics of the solid phase caused 
by the higher thermal capacity of the solids compared to faster 
dynamics of the gas phase caused by the lower thermal ca- 
pacity of the gas. The difference between the maximum tem- 
perature rise in the bed for gas-phase combustion and for 
solid-phase combustion can be very high. Since the rate of 
increase of the temperature in the bed is slower for a solid- 
phase reaction, the rate of reaction in the fixed-bed reactor 
with solid-phase reaction increases slowly before the reac- 
tants are depleted. However, in the case of a gas-phase reac- 
tion, the rate of change of reaction is sudden, leading to faster 
production of reaction heat, which increases the transient 
temperature rise. Due to the fact that the rate of change in 
the solid phase is slower, in the dynamic regime, the maxi- 
mum temperature rise for the solid-phase reaction is much 
smaller than that for the gas-phase reaction for the same ki- 
netic parameters. This is shown in Figure 12. 

Discussion of simulations 
A RE-GAS-type process is simulated here for considering 

only solid-phase reactions. The parameters used are the same 
as those used in the simulation of the gas-phase wrong-way 
process. The temperature profiles for the solid-phase wrong- 
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Figure 12. Comparison between wrong-way behavior of 
fixed-bed reactors with gas-phase and 
solid-phase reactions. 

2906 October 1996 Vol. 42, No. 10 AIChE Journal 



Table 2. Conversion and Thermal Efficiency of 
Various Processes 
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Figure 13. Solid-phase wrong-way process: the temper- 
ature profiles at the end of first semicycle 
and at the end of an odd and even semicycle 
at the pseudo steady state. 

way process are qualitatively similar to those in the case of 
the gas-phase wrong-way process. Hence, the details of this 
process are not discussed here. Figure 13 illustrates the tem- 
perature profile at the end of the first semicycle and at pseudo 
steady state. The difference in the thermal response of the 
bed for the gas-phase and solid-phase reactions is shown in 
Figure 14. In this figure it is clearly established that the tem- 
perature fronts for the gas-phase reaction are much steeper, 
and that the maximum temperature reached in the fixed bed 
for gas-phase reactions is much higher. 

Tg 

Figure 14. Wrong-way process: the temperature pro- 
files for the gas- and the solid-phase reac- 
tions at the end of an odd semicycle at 
pseudo steady state. 

Type of Process Xendo xexo %cycle 

Normal process 0.691 0.882 58% 
Wrong-way process 0.807 0.887 68% 
Wrong-way process-zero @,,drf f  1.0 1.0 41.3% 
Wrong-way process-solid phase (zero wr,dl ff) 1.0 1.0 41.3% 

A Comparison of the Discussed Processes 
The average conversions and energy efficiencies during 

even and odd semicycles in the various processes discussed in 
this article are listed in Table 2. It is obvious that the wrong- 
way process with adjusted semicycle periods to meet the re- 
quirement of Eq. 7 for zero creep velocity leads to the high- 
est conversion. The semicycle periods of this process were 
determined by Eqs. 6 and 7, which require greater t&, than 
t&, to achieve zero differential creep velocity. This results 
from Eqs. 6 and 7, which require t&,  > tzven when - AHg,* 
> AHg,B,  which results in Q,,, > Qendo. In contrast, the re- 
quirement for 100% energy efficiency (Eq. 9) demands tf,, 
greater than tzdd. Hence, the thermal energy efficiency of the 
wrong-way process with adjusted semicycle periods is the 
lowest of all processes discussed in this article. In this situa- 
tion, the temperature profile with a well-established hot spot 
stays well inside the bed, which results in 100% conversion. 
The wrong-way process with equal odd and even semicycle 
periods and the normal process yield lower conversion be- 
cause the hot spot quickly departs from the bed during even 
semicycles. When it is important to reach high conversions 
the wrong-way process with adjusted semicycle periods is 
highly desirable. 

Conclusions 
The maximum temperature rise and conversion are higher 

for the wrong-way process (where the inlet gas temperature 
for the exothermic reaction is below the initial bed tempera- 
ture), than that for the normal process (where the inlet gas 
temperature is equal to or greater than the initial bed tem- 
perature). The temperature fronts during the odd and even 
semicycles exhibit different front velocities due to different 
reactions taking place during the two semicycles. This leads 
to a net displacement of the inverted U-shaped temperature 
front after two successive even or odd semicycles. The rate of 
displacement is given by the differential creep velocity (Eq. 
8). To establish a periodically moving temperature front at 
the pseudo steady state, unequal switching periods given by 
Eq. 7 should be used. Initially, the normal process does not 
exhibit a finite front velocity during the heating period, 
whereas during the cooling period a finite front velocity is 
displayed. Also, the temperature in the bed monotonically 
increases during the odd semicycles. During the even semicy- 
cles this leads to the quick departure of the high-temperature 
region from the original feed end of the reactor (i.e., feed 
end for odd semicycles), which leads to lower conversions 
during even semicycles. 

The maximum energy efficiency is achieved only when to- 
tal heat generated by the exothermic reaction is equal to the 
total heat absorbed by the endothermic reaction. The RE- 
GAS-type process can operate at 100% efficiency only when 
Eq. 12 is satisfied. 
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The gas-phase reactions result in steeper profiles com- 
pared to the solid-phase reactions. Also, the maximum tem- 
perature rise for the gas-phase reactions is higher than that 
for the solid-phase reactions. The difference is observed in 
the dynamics regime and is explained by the higher thermal 
inertia of the solids compared to that of the gases. 
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Notation 
a = surface-areafled volume, m2/m3 
<=heat capacity, J/kg-K 
Ea =activation energy for generic or exothermic reaction, J/mol 

h = heat-transfer coefficient, J/m*.K.s 
k =reaction constant, s-l 

k ,  =frequency factor, s - l  
L =total bed length, m 

P =total pressure, N/m2 
p =partial pressure, N/m2 
R =universal gas constant, J/mol. .K 
r =rate of production of, mol/m3 of bed * s 
u =local gas velocity, m/s 

X =conversion 
x =axial position in the bed, m 
y =mole fraction of the gas phase 

M,,, =molecular weight of the gas 

Greek letters 
AH = enthalpy of reaction, J/mol 

At =time step, s 
Ay =change in variable y 

E =void fraction 
T~ =space time, L/uin 
w =front velocity in a heat regenerator 
p =density, kg/m3 

Subscripts and superscripts 
A =species A 
ad =adiabatic 
B =species B 

eq =equilibrium 
m =molar 

t =time 
0 =initial conditions 

cycle =cycle 

min =minimum 
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Appendix: Analysis of the Temperature and 
Reaction Front Velocity 

The transient temperature and reaction fronts in a fixed- 
bed reactor spread while moving due to the finite heat-trans- 
fer coefficient between the gas and solids and due to mass- 
and heat-dispersion phenomena. Hence, the assumption of 
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the existence of a constant front velocity is only an approxi- 
mation. However, assuming such a constant front velocity and 
the gas to be incompressible, it is possible to analytically find 
an approximate expression for the approximate rate of the 
front movement in catalytic packed beds (Rhee et al., 1973). 
We extend this treatment to homogeneous reactions occur- 
ring in a packed-bed regenerator. A single homogeneous 
first-order reaction is assumed to occur in the gas phase, but 
the treatment illustrated here remains the same for all types 
of kinetics. The axial heat dispersion and the radial tempera- 
ture gradients in the solid phase are neglected. The following 
model is used for the analysis of the front velocity. 

' 4  - = st,( eg - es) 
'7 

The boundary conditions are: 

The initial conditions are: 

The gas heat capacity and the heat-transfer coefficient be- 
tween the gas and the solids are assumed to be constant and 
the gas to be incompressible. If the dimensionless front veloc- 
ity is V ,  = w,/u and the length of the fixed-bed reactor is infi- 
nite, by using 6 = z - Kr, Eqs. A1-A3 can be written as fol- 
lows: 

with 

@ z = m  

Integrating Eq. A7 from --oo to and rearranging, we get 

1 1 
l/=- 

r 
E s t g  A e m x  1+ 

StsAemx + S f s T R g A y A , m x  

Here the difference between the gas and bed temperatures is 
ignored. Thus 0 and T refer to generic dimensionless and 
dimensional temperatures, respectively, and A indicates the 
maximum change in the variable. 

For a typical system under consideration, an order of mag- 
nitude estimate of the variables in Eq. A8 yields 

ATmx = 10' or lo3 K; M ,  = 10' g/mol; 

pg = 10' kg/m3; p, = 103kg/m3, 

Cf,g = Cf,, = lo3 J/(kg.K); A H  = lo5 or lo6 J/mol. 

Thus, 

is of the order lop3 to lo-' and 

Therefore Eq. A8 can be rewritten as 
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Using the adiabatic energy balance to eliminate the heat of 
reaction 

Eq. A9 can be condensed to the following form: 

In dimensional form the front velocity is 

Thus, the temperature front velocity in a fixed bed with 
reaction is always smaller than the front velocity in the same 
bed without reaction and is dependent on the ratio of the gas 
adiabatic temperature rise caused by reaction and the maxi- 
mum change in the temperature in the bed. A similar expres- 
sion for the front velocity was obtained by Rhee et al. (1973) 
for catalytic processes by using a cell model. Thus, the front 
velocity in a fixed-bed reactor does not change with reaction 
kinetics or phase in which reaction occurs. It is thermody- 
namically defined. 
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