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Lu et al.’s modeling of gas-solid reaction demonstrated the significant influence of
mass transfer on the global transformation of consolidated porous reactive media with
reactive gas at low pressure and low permeability. Their model coupled mass transfer
with chemical kinetics at the grain level and heat transfer with mass transfer at the pellet
level. The comparison between simulation results and recent experiments demonstrated
that the value of the material permeability varies during the reaction process. This study
presents the permeability decrease during the synthesis process. A correlation represent-
ing the nonlinear evolution of permeability was identified for different reactive materials
used for experiments. These mechanisms can satisfactorily explain both the experimental
measurements of global advancement and local temperature profiles.

Introduction

Thermochemical processes that involve monovariant re-
versible reaction of ammonia and metal chlorides have been
under full development since the beginning of the 1980s.
These processes of solid-gas reactions present an important
perspective for the rational use of energy and as a response
to environmental concerns (Spinner, 1988, 1993). Moreover,
they have opened a spectrum of new technical applications
(Spinner, 1996; Satzger et al., 1996), including storage of heat
and cold generation with instant high-capacity power output
and self-managed system by means of specific properties of
the material used.

The development and the improved performance of these
systems depend strongly on the material pre-conditioned
treatment. This can be achieved by means of a deep under-
standing and evaluation of the proper heat- and mass-trans-
fer characteristics of the system as a whole. In this article, we
present our continued study on the combined influences of
heat and mass transfer on the global transformation of such
solid-gas media. Their limitations are presented in a Clau-
sius-Clapeyron diagram (Figure 1): a solid-gas reaction can
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only take place when the out-of-equilibrium constraints P,
T are imposed on the reactive media. These constraints are
generally applied on the two extreme geometric ends of the
reactor, while inside the reactor, local conditions P(r), T(r)
move towards the equilibrium according to the trajectory in-
dicated in Figure 1.

Two methods have been taken to improve the overall per-
formance of the porous reactive material. These are:

e Heat-transfer enhancement through an increase of main
heat-transfer parameters, that is, the equivalent conductivity
of the reactive block and contact heat-transfer coefficient be-
tween the reactive block and the heat exchanger.

e Mass-transfer enhancement by means of an increase of
main mass-transfer parameters, that is, permeability in the
reactive block.

In reply to such demands, a novel processing of composite
blocks has been developed: the IMPEX Material, patented
by Le Carbone Lorraine (Coste et al., 1986; Mauran et al.,
1991).

IMPEX shows significant improvements on heat-transfer
characteristics, due to its graphite matrix (Mauran et al., 1991,
1993; Guilleminot, 1993). The main heat-transfer limitation
for IMPEX remains the contact heat-transfer coefficient (hg,,)
(W/m?K) at the reactor wall: it depends on the density of the
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Figure 1. Typical effect of transfer limitations in a Clau-
sius-Clapeyron diagram.
@, Thermodynamic constraints during synthesis (CS) and
decomposition (CD); —, evolution of local working condi-

tions for (a) strong mass-transfer limitation, (b) strong-heat
transfer limitation.

material used and on the contact conditions between the re-
active block and the heat exchanger. The study of Castaing-
Lasvignottes and Spinner (1994) has shown that hg, of IM-
PEX block has a nonlinear evolution during the reaction pro-
cess. In the onset of the synthesis, the salts quickly absorb the
reactive gas and the block tends to expand. This results in a
better contact between the block and heat exchanger. Then,
during the process of decomposition, the reactive block de-
taches from the heat exchanger when gas is released and h,
decreases.

On the other hand, mass-transfer limitation in a reactive
block has progressed recently. Lu et al. (1996) has developed
a general model which couples mass transfer with chemical
kinetics at the grain level, and heat with mass transfer at the
pellet level. This model has quantitatively underscored the
theoretical scope of mass-transfer influence on the reaction,
whose two major parameters are operating pressure and per-
meability. Comparison between simulations and measure-
ments has revealed that permeability varies during the reac-
tion. During synthesis reaction, the density of the reactive
block increases and the gas passage narrows. At a certain
stage, the gas passage is nearly blocked. This results in a sharp
decrease of permeability at that position. Inversely, during
the decomposition process, the reactive block structure be-
comes more porous, leading to an increase in permeability.

Studies of the variation of the permeability of the material
during the process of reversible gas-solid reaction are very
rare in the literature. One can find related approach, how-
ever, for gas flowing processes in porous nonreactive media,
as the one encountered in the analysis of gradual flow block-
ing in gas/oil rocks penetration (Wojtanowicz, 1988).

Therefore, the objective of this article is to study the mech-
anism of the evolution of the material permeability during a
chemical reaction process in order to evaluate the sensitivi-
ties of the various parameters involved, their influences on
the global advancement of the reaction, and their local pro-

Diffusions of Heat and Mass Coupled with
Chemical Reaction

Modeling

The porous reactive media used in thermochemical trans-
formers are characterized by a strong coupling between reac-
tive gas diffusion, heat transfer in the solid matrix, and the
chemical reaction (Mazet et al., 1991). The detailed modeling
of such coupling can be found in Lu et al. (1996). A grain-pel-
let type model (Szekely et al., 1976; Sun and Meunier, 1987)
is used. The principle and basic equations are summarized as
follows.

At the Grain Level. To start with, one assumes that the
reaction takes place on a sharp reactive front in the grain. At
grain level, the temperature is assumed uniform. Mass trans-
fer between the external surface of the grain and the reaction
front is described by Darcy’s law. Chemical reaction kinetics
at the interface depends on the driving force, that is, the
equilibrium drop (Goetz and Marty, 1993). A pseudo-steady
state is assumed. A balance of mass diffusion and gas flux
from the reaction leads to the resulting mass flux at the grain
level as a function of external pressure (Pa) and temperature

(k) of the grain: Py, and Ty

ng/dt = f( Pgrain ) Tgrain) (1)

where Ng is the number of moles of reactive gas (moles per
grain).

At the Cylindrical Pellet Level (Reactor Geometry). Heat
and mass transfer are considered in the radial direction, and
convective terms are neglected. In each elementary volume,
characterized by local values P(r,t) and T(r,t), the local
source term is defined by the mass-flow rate generated by the
chemical reaction. This volume is supposed to have the simi-
lar behavior as a grain submitted to the same pressure and
temperature. Therefore, the previous expression of mass flux
generated by a single grain can be used in the source term of
mass and heat balance at the pellet level

dNg
=NtotF=f[P,T,X(I’)] (2)

where N, is the total number of grains in the elementary
volume.

Usually, one prefers to replace the number of moles of gas
by the local advancement of the reaction defined by the ratio

X(r) = Ng(r)/Nga (©)

where Ng ., is the maximum number of mole of gas fixed on
the solid in the representative elementary volume. It depends
on the chemical reaction stoichiometry and on the molar
density of the solid.

Heat Balance is Described by the Following Equation

. s . . - T 1 T
files within the material. The simulation results have been Cp[x(r)]ﬁ— = —i[f)\e(?—} +1AH (4)
widely compared with recent experimental findings. gt roar ar
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Mass Balance is Described by the Equation

RT o ( D, oP
+——[r==—|-RTI (5)
r oar RT ar

Experimental results demonstrate that the diffusivity in the
pellet (D,) (m?/s) depends on the gas pressure, according to
Darcy’s law

P P[oT
ot PT\ ot

D, = Q)

Boundary Conditions

At the heat exchanger wall (r,,), these are expressed as the
continuity of the heat flux through the surface

oT
)‘e?=hsw[Tc_T(r)] (7)

At the mass diffuser side, the pressure is fixed. The other
boundary and initial conditions are classical ones (Lu et al.,
1996).

The molar volume of the reactive salt is 3 times smaller
than that of the reactive product. Consequently, the model-
ing must take into account a variation of physical parameters
during the reaction. The permeability in the pellet k., and
the heat-transfer coefficient at the reactor wall h,, are ex-
pressed vs. the local advancement

ke=k[x()]  hg,=hg,[x(r,)] (®

The resolution of these differential equations coupled at
grain and pellet levels results in local profiles of advance-
ment, temperature, pressure, and subsequently the global ad-
vancement (that is, mean value for the whole reactor).

Permeability evolution

Accurate measurements of permeability can be performed
at initial and final states of the reaction, that is, for global
advancement equal to 0 or 1. In such a case, the source term
associated with the reaction can be neglected and the gas flux
is precisely estimated. These two values are called k, (at its
initial state) and k; (at the end of the completed synthesis).
Measurements made on IMPEX blocks led to values of k;
smaller than k, by several orders of magnitude. This differ-
ence is supposed to be due to the variation of the molar vol-
ume and therefore to structural changes within the reactive
material.

Experimental results in the reaction process give corre-
lated information: the synthesis reaction presents a signifi-
cant slowdown at a global advancement lower than 1 (as will
be seen in Figure 8). This is much more evident at low pres-
sure. The cause for this sudden slowdown of global transfor-
mation is very likely to be a sharp change in permeability
value from k, to k.

From several numerical approaches, a nonlinear correla-
tion of the permeability which characterizes this sharp change
of local permeability has been chosen and will be compared
with experimental results. For the synthesis reaction, Xg is
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Figure 2. Sensibilities of the nonlinear evolution of per-
meability (X5 =0.5).

defined as the inflection point where the sharp drop-off of
permeability occurs. Therefore, the permeability as a func-
tion of local advancement is expressed as

kO_kl

k=k,+ . } 9

1+exp

o—

X S
x(1-x)

where x is the local advancement and « is a factor which
controls the angular magnitude of the permeability drop-off
curve.

Previous works (Lu et al., 1996) have shown that if the per-
meability of a reactive medium is less than 107 m?2, the
reaction is such a medium is completely blocked. On the other
hand, if permeability is higher than 10~** m?, transformation
of the reactive media is close to that encountered in an ideal
isobaric condition (no limitation of mass transfer). Between
these two cases, the combined influence of heat and mass
transfer is evident. Therefore, the range from k,=10"" m?
to k, =107% m? has been used. Typical behaviors of k as a
function of « are presented in Figure 2, within the defined
range, and for Xg=0.5. It shows that a sharp permeability
drop requires « values equal or superior to 5: this value is
then fixed in further simulations. Value of Xg only leads to a
shift of curves along x axis in Figure 2.

Therefore, the parameters k,, k, and Xg of Eq. 9 must be
identified for each reactive material, and then verified for the
same material under different operating conditions.

Influence of permeability evolution on reactor
transformation

Our objective is to find out, theoretically, the influence of
the nonlinear local evolution of permeability (mainly charac-
terized by X,) on the reactive block transformation, particu-
larly on local profiles. The selected reactive blocks are within
practical application range and are totally realistic. Other
physical parameters of reactive blocks are listed in Table 1
(IMPEX 1). Figures 3 and 4 show the influence of different
local evolutions of permeability on global transformation, lo-

AIChE Journal



Table 1. Characteristics of IMPEX Samples

Parameter/No. IMPLEX Symbol 1 A B C D
Apparent density of graphite binder, kg/m?* IR 160 200 238 223 228
Mass ratio of graphite binder 30% 46% 60% 43% 37%
Apparent density of IMPLEX, kg/m® 518 427 398 519 618
Porosity of the pellet

At the synthesis onset € 0.7 0.76 0.79 0.71 0.65

At the synthesis end € 0.45 0.61 0.69 0.53 0.41
Conductivity of the pellet, W/ (m- K)

At the synthesis onset Ao 15 23 18 18 18

At the synthesis end A 15 32 18 18 18
Heat-transfer coefficient at the pellet/

wall contact, WAm?-K)

At the synthesis onset Nswo 500 150 600 80 40

At the synthesis end hsw1 500 550 3,000 3,000 3,000
Permeability of the pellet, m? Fixed values:

Identified value: at the synthesis onset Ko 10713 5x10°18  4x107% 107 1078

at the synthesis end K, 10716 10716 1071 107 10716

Identified value of Xg, see Eq. 9 Xs 0.0to 1.0 0.1 0.35 0.3 0.25

cal advancement, and temperature and pressure profiles in
the reactor during synthesis process.

The simulation of the global advancements are repre-
sented in Figure 3. Simulations using either constant perme-
ability (for extreme values of k, solid lines) or a linear evolu-
tion of k in the same range (dash dot line) do not represent
the typical sharp slowdown observed in experimental results
(Lu et al., 1996; or see an example which will be shown in
Figure 6). On the other hand, simulations based on a nonlin-
ear evolution of k as Eq. 9 (in dotted lines, for Xg = 0.25,
0.5, 0.75) present the rapid slowdown of the global advance-
ment, which is similar to that obtained by experiments. Based
on these arguments, Eq. 9 for k(x) is therefore chosen.

Figure 4 presents a typical simulation of local profiles of
advancement, temperature and pressure, during a synthesis
reaction. This typical simulation is based on a nonlinear evo-
lution of k(x), characterized by Xg=0.5. On each sub-plot,
the different profiles correspond to increasing values of the
global advancement (printed near each profile). The X-axis
represents the radial position of the reactor, bounded by the
gas diffuser (r =5 mm) and the heat exchanger (r =75 mm).

Previous work (Lu et al., 1996) shows that the shape of the
advancement profiles highlights the main limiting phenom-
ena: in the case of a strong thermal limitation, the reaction
starts at the heat exchanger side, and a reactive front (called
heat front) moves from this exchanger side through the reac-
tive medium. On the other hand, if the limitation in the reac-
tion process is predominantly due to mass transfer, a single
reactive front, called the mass front, moves from the gas dif-
fuser through the reactive medium during the reaction.

When variation of k is nonlinear, these extreme behaviors
are combined, with preponderance of each of them at differ-
ent global advancements according to values of Xg. In the
typical case of Figure 4, the transformation is initially gov-
erned by the weak coupling between the two limitations: it
leads to two progressive reactive fronts, heat front and mass
front, respectively, from heat exchanger and gas diffuser.
When the main limitation becomes strongly of mass transfer,
as k(x) drops, the change of behavior is evident on the three
local profiles. On the advancement profiles, the heat front
nearly stops and reaction evolves only from the gas diffuser
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side; while the local pressure drops towards the equilibrium
pressure, mainly on the heat exchanger side where the reac-
tive gas can no longer flow. Therefore, the available tempera-
ture drop (bounded by T.,[P(r)] and T,) becomes very small.
So, the range of values swept by local thermodynamic condi-
tions T and P falls sharply during the reaction process when
the coupling evolves towards a dominance in mass-transfer
limitation. This change in the main phenomenon takes places
at global advancements always clearly inferior to the value
Xgiopal = Xs (for example, at X5, = 0.3 for Xg =0.5).

These results emphasize that the temperature profile evo-
lution reflects local information concerning the permeability
pattern k(x). Therefore, as this temperature profile is mea-
surable, these observations are useful for the practical point
of view.
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Figure 3. Influences of linear and nonlinear permeabil-
ity evolutions on global advancement.
Simulations with: constant permeability Xg =0, that is, ko=
1071 m?, and Xg=1, that is, k; =107 m? (solid lines);
linear (dash-dotted line), and nonlinear (dash line) perme-
ability evolutions between ko =10~ m? and k; = 1071 m2,
(Synthesis P, = 0.5 bar.)
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Figure 4. Simulations of local advancement, tempera-
ture and pressure profiles.
(Nonlinear evolutions of permeability, Xg= 0.5, « =5.)

Permeability Identification of Reactive Blocks

The objective is to identify the permeability of typical reac-
tive blocks used in chemical heat transformers in order to
validate the nonlinear evolution assumed in Eq. 9.

Experimental protocol

The reactor is a stainless steel cylinder (ID = 150 mm) with
a coolant circuit and an electric heater on its periphery to
release or supply heat of reaction (Figure 5). The inner hol-
low cylinder is a central gas diffuser which supplies the am-
monia gas. The reactive block samples are 100 mm high. The
anisotropic properties of this media lead to the assumption
of one-dimensional heat and mass transfer along its radial
direction. Experiments conducted by Prades (1992) in such a
reactor have confirmed that the axial flux is negligible. The
measurements include:

e Thermodynamic conditions imposed on the two bound-
aries of the reactive media, that is, P. (from the gas diffuser)
and T (from the heat exchanger)

e Global advancement of the reaction X

e Radial temperature profiles, by four thermocouples at
different positions

e Pressures on the two extreme radial positions of the re-
actor

The uncertainties are in the following ranges: thermocou-
ple measurement +1°C; global advancement measurements
+2.5%; A and hg, estimations +15% and +20%, respec-
tively.

The reaction involved in IMPEX blocks is the synthesis
and decomposition of hexaammoniacate Mn(NH ;)¢Cl,, that
is

Mn(NH,),Cl, +4NH, < Mn(NH,)Cl, +4AH

This reaction has been extensively studied at the laboratory

Figure 5. Reactor and its probes.

(a) Thermocouples T1 to T6; (2) electric heater; (3) reactive
media; (4) pressure gauge; (5) annular heat exchanger
(coolant); (6) thermocouple at the wall; (7) gas inlet; (8) gas
diffuser.
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Figure 6. Global advancement: Experimental vs. simu-
lation results for constant and different linear
and nonlinear evolutions of permeability.
(Synthesis, P, = 0.3 bar).

Experiment Simulations
00000000 Constant permeability
k=w k=10"8m? k=10"%m?
Dot...1. Dash—-2 Dash—-3

Linear permeability
ko=710"¥m? k;=10"*® m?

Dash——————- 4
Nonlinear
(kg=5x10"1m?, k; =101 m?)
Xg=0.3 Xg=0.1
Dash-dot.—.—.-5 Solid line_—6

(Marty, 1991; Goetz and Marty, 1993), particularly for its
equilibrium and reaction kinetics.

Experiments have been carried out according to the follow-
ing protocol:

e Initially, the block temperature is uniformly maintained
at Tc, therefore, the pressure is Py, (T¢)

e At t =0, the evaporator is connected to the reactor, and
imposes an input pressure P. to the reactor

e At t >0, the reaction goes on under local conditions P,
T, that evolve between the equilibrium conditions and the
constraints P, T, (see Figure 1).

The main physical parameters used for simulations are
thermal conductivity, heat-transfer coefficient at the heat ex-
changer wall, and permeability. Obviously, the change in block
texture during reaction influences these three parameters. As
IMPEX blocks studied are of high conductivity, the conduc-
tion in the media is not a limiting phenomenon and its varia-
tion has little influence on the transformation of the media.
Therefore, the conductivity is considered to evolve linearly in
the reaction process. On the other hand, the heat transfer at
the wall, represented by hg,,( see Egs. 7 and 8) is an influ-
encing phenomenon. So, its variation between the two ends
hswo and hg,,; must be taken into account and discussed
(see the subsection on the influence of heat-transfer coeffi-
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cient at the heat exchanger wall). For the permeability, the
previous nonlinear permeability evolution is assumed (Eq. 9).

Evolution of the permeability during the experimental
reaction process

The interest of presenting this IMPEX A is its significant
slowdown of the reaction that it undergoes during experi-
mental operating conditions of low pressure. Its characteris-
tics are presented in Table 1. Figure 6 shows the comparison
of measured global advancement (Prades, 1992) with that ob-
tained by simulation using different evolution of permeability
values: constant, linear, and nonlinear (Eq. 9). Figure 7 shows
the corresponding temperatures evolution, that is, measured
values at four radial positions and simulated ones only at two
outskirts positions r, and r,. For reasons of clarity, simulated
temperature profiles with constant permeability (correspond-
ing to plots No. 2 and No. 3, Figure 6) have not been pre-
sented in Figure 7.

Figures 6 and 7 clearly show that, when mass transfer is
correctly simulated, in other words, if a nonlinear permeabil-
ity evolution like Eq. 9 has been integrated in the model, the
global advancement and local temperature profiles can be si-
multaneously simulated in a satisfactory manner.

In Figure 6, the simulation, based on a linear evolution of
k (plot 4), gives a global advancement which could be consid-
ered to be quasi-satisfactory for this IMPEX A. However,
this simulation outlines two problems:

e First, this situation could only be realized when k; is
extremely low, that is, k =k, =107 m?2. This value is not
realistic at all: according to the parameter sensitivity study
made by Lu et al. (1996), the reaction in such a porous media

is completely blocked when k is as low as 107 m?,

Evolution of temperature

TK

320 ; ; ; i ; ; ; . ;
4 5
Time (min}
Figure 7. Temperature evolutions in the reactor: experi-
mental vs. simulation results in the same con-

ditions as Figure 6.

(Synthesis, P, = 1.3 bar.) Experimental temperatures at posi-
tions: T1—‘x’; T2—'0"; T3—‘+" T4—"«". Simulations for
cases 1, 4, 5, and 6 of Figure 6. Suffix a and b correspond to
positions T1 and T4.
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e Secondly, a considerable discrepancy is observed be-
tween the calculated temperature and measured ones (Figure
7, plot 4). This discrepancy, more significant in the beginning
of the reaction (15°C in the first 7 min), can be explained by
an inappropriate simulation of permeability evolution.

The comparison of Figures 6 and 7 indicates a rapid and
classical evolution of temperatures toward T.(P,)=355 K
(20°C during the first 3 min) initially. Then, the global reac-
tion rate decreases significantly, thus, local temperatures must
tend toward an equilibrium value. Figure 7 shows, however,
that experimental temperatures are far away from the equi-
librium temperature corresponding to the input pressure Pc.
This indicates that the local pressure is far away from P,
and follows an evolution with a rapid decrease, similar to
measured temperature evolution; therefore, the correspond-
ing equilibrium temperature is close to the local temperature.
This type of pressure evolution in the reaction process could
be induced only by a significant evolution of permeability.

It should be noted that an increase of hg,, in the reaction
process will cause a temperature drop towards a value closer
to that of the reactor wall, hence, a better fitting of experi-
mental temperatures. However, this higher hg,, will lead to
an increase of reaction rate, hence, a worse fitting of the ex-
perimental global advancement. Therefore, adjusting the
heat-transfer coefficient hg,, is not an adequate solution.

This experimental behavior of both global advancement and
local temperatures could only be simulated by utilizing a per-
meability function k(x), which represents a sharp drop from
x =0 to 1. Therefore, the transformation of IMPEX A is cor-
rectly simulated by using Eqg. 9, with the identified value of
X =0.1. This typical example has shown that it is necessary
to pay particular attention to the heat- and mass-transfer pa-
rameters modeling when the structure of the material changes
during the reaction.

Permeability Evolution According to Reactant
Density

In this part, a new series of IMPEX reactive blocks is stud-
ied. They present the same graphite density, but with an in-
creasing salt ratio. Their characteristics are listed in Table 1
(IMPEX B, C, D). Comparing with the previous IMPEX A,
this new series of IMPEX shows remarkable contact heat-
transfer coefficients at the reactor wall (up to 3,000 W/m?- K).
Experiments have been carried out at low pressure of 0.2 bar
(with an equilibrium drop of 20°C, Figure 8), and at high
pressure of 2 bars (with an equilibrium drop of 40°C, Figures
9 and 10). The operating conditions have been listed in Table
2. The objective is to identify the main parameters character-
izing the permeability (k,, k; and Xg), and their evolution
vs. the block density.

Order of magnitude of permeability

First, the permeability is assumed constant during the re-
action. Experimental results at high pressure lead to the per-
meability order of magnitude related to the IMPEX salt ra-
tio: the range is from 1072 to 10~ ** m?2. So, a diminution of
permeability by a factor of 100 seems to be reached when the
salt ratio increases from 40% to 63%. These results also
demonstate that simulation which ignores the limitation cre-
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Figure 8. ldentification, at low pressure, of permeabili-

ties for different IMPEX.

Global advancement (Synthesis, P, = 0.2 bar).
IMPEX B IMPEX C

Experiment Symbol ooooo Symbol xxxxx
Simulation with Dotted line ...a... Dotted line ...b...
Kk =
Simulation with Ko=4x10"12 ko=10"12
nonlinear evolution k;=10"16 k;=10"16
of k: ko, kq, Xg=0.35, Xs=0.3
and Xg solid line 1 solid line 2

ated by mass transfer could be acceptable for IMPEX B (40%
of salt). However, IMPEX C and D, which have a higher salt
ratio, present an evident limitation to their transformation
due to the transfer of reactive gas (even at a pressure as high
as 2 bar), whereas their total porosity is still significant (from
40 to 52%, respectively, for IMPEX C and D).

Transformation of IMPEX at low pressure

An accurate identification of the set of parameters (k,, k;
and Xg) characterizing the permeability require experimen-
tal data obtained in operating conditions leading to a more
severe mass-transfer limitation, particularly for IMPEX B and
C. Experimental results on these IMPEX, at a low pressure
of 0.2 bar, provide means to identify these parameters. As
such a material presents excellent heat-transfer characteris-
tics (see Table 1), the main limitation clearly comes from mass
transfer, and the plot shape of the global advancement ex-
hibits a typical slowdown effect (Figure 8).

Permeability parameters used in Eqg. 9 have been identified
for IMPEX B and C (see their values in Figure 8’s caption).
They lead to a very good representation of the significant
slowdown effect on the global advancement of the reaction
(Figure 8) and the corresponding temperature profiles.

Transformation of IMPEX at high pressure

In order to validate the previous identifications, the same
permeability parameters are used to re-simulate the same
blocks B and C reacting at high pressure of 2 bar. Figures 9
and 10 present a comparison between experimental and sim-
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ulated results. They show a rather good agreement for both
global advancements and local profiles which validates Eq. 9
of the permeability behavior. Yet, IMPEX C shows some dif-
ference around t=10 mn, mainly due to the estimation of
hsw- This point will be widely discussed later.

In addition, the nonlinear evolution of IMPEX D perme-
ability has been identified in the same operating conditions
(see Figure 9's caption). The fit between calculated and mea-
sured values is very satisfactory for both temperature and ad-
vancement of the reaction (Figures 9 and 10).

AIChE Journal

The identified values of k,, k; and Xg for IMPEX B, C,
and D enable to quantify the diminution of permeability with
the block density. For salt ratio from 40% to 63%, the initial
permeability k, is reduced by an order of 10, while k; re-
mains constant at a value of about 10~ m?, the value of Xg
is in a relatively weak range from 0.35 to 0.25, but has a strong
influence on the slowdown of the reaction rate. So, this pa-
rameter Xg seems to be a very sensitive and important one.

These results reflect only a tendency of the observed evo-
lution from the available experiments. It will be useful to re-
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Table 2. Experimental Values of Thermodynamical
Operating Conditions for IMPEX B, C, D

Operating Pressure
in Synthesis

Equilibrium drop Pcg =2 bar Peg = 0.2 bar
AT,q =T — Toq(Pe) AT,q = 40° AT,q=20°

Synthesis Teq(Pcs) 364.4 3115
cs 324.4 294.5

Peq(Tcs) 0.38 0.07
Decomposition Teq(Pcp) 3785 329.9
cD 418.5 349.9

P.y(Tep) 8.78 0.56

fine them by means of more precise measurements (particu-
larly for pressure profiles within the reactive block) for a wider
range of IMPEX (according to the salt ratio and graphite
binder density) and for various operating conditions (P.).

Influence of heat-transfer coefficient at the heat exchanger
wall

In some experiments, global advancements exhibit a delay
at the onset of the reaction. This is especially observed for
IMPEX D at 2 bar (Figure 9). This particular evolution is
linked to a very low heat-transfer coefficient hg,,, at the be-
ginning of the synthesis, which can only be improved when
the transformation of the peripheral part of the reactive block
leads to an increase of the block stress and therefore a better
contact with the reactor wall. Hence, the heat-tranfer coeffi-
cient reaches its highest value hg,, ;.

This variation of hgy, is less important for IMPEX B and
C, because a less significant expansion of block is expected in
the reaction process, corresponding to their lower salt ratio.
Moreover, during the reactions of these materials IMPEX B
and C) that have a higher initial permeability value (k,), the
necessary time interval that the reactive block needs to ex-
pand and, thus, to have a satisfactory contact with the wall, is
greatly reduced than that of IMPEX D. So, the evolution of
hs does not have a noticeable influence on the global trans-
formation of IMPEX B and C.

Therefore, a linear evolution of hg, between hg,,, and
hswi has been used for IMPEX B and C. However, for IM-
PEX D, it is necessary to fine-tune the representation of the
hgw evolution. So, an additional identification has been car-
ried out: the shape of hgy Vs. Xy, IS represented in a
small plot (Figure 9). Actually, a very weak initial value of
howo (Nswo =40 W/m?K (see Table 1)) leads to a significant
heat-transfer limitation in the beginning of the reaction (see
the plateau around Xy, = 0.15, Figure 9). It should be
noted that, for IMPEX C, a double identification (k and hgy,,)
could also be carried out, as its advancement curve shows the
evidence of heat-transfer limitation during the first 8 min.
Such a fine-tuned heat-transfer parameter fitting is not the
objective of this study; a linear evolution of hg,, has there-
fore been kept. This has led to a slightly poorer representa-
tion of the global advancement and the local temperatures
during the first few minutes.

It appears that for materials having relatively high salt ra-
tio and, therefore, an important variation of their physical
characteristics during the reaction on process, there exist two
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limitations: first, heat-transfer limitation which is particularly
strong at the onset of the reaction, and secondly, mass-trans-
fer limitation which is demonstrated at a later stage of the
reaction.

Conclusions

In this article, the importance of mass transfer in the pro-
cess of reversible solid gas reaction within porous reactive
media has been analyzed and discussed in detail. The mate-
rial used is a high performance reactive one (IMPEX), which
has excellent heat- and mass-transfer qualities and high ener-
getic densities. By analyzing and experimenting its perfor-
mances under extremely unfavorable mass-transfer condi-
tions (such as low pressure), we have brought to light the
special characteristics of the evolution of mass-transfer pa-
rameters that will be of practical interest for all porous reac-
tive material working under such conditions.

A parameter sensitivity study has demonstrated the nonlin-
ear permeability evolution during the reaction process as ob-
served in the simulations of global advancement and local
profiles of advancement, temperature, and pressure. This
nonlinear evolution is confirmed by numerous experiments.
The general model integrated with the nonlinear permeabil-
ity evolution is a very useful tool for identification of parame-
ters relative to mass transfer for reactive materials at low
pressure, and could consequently predict the performances
of IMPEX blocks at all pressure levels. The results from this
study have practical applications in the design of optimal re-
actor configuration (Mazet and Lu, 1998) and to avoid such
reactor performance drop down.

On the other hand, experimental measurements of mass-
transfer parameters at the onset and at the end of the reac-
tion are in progress. Difficulties of dynamic measurements of
such parameters actually lead to use the global modeling,
coupled with chemical kinetics, heat transfer, and mass trans-
fer to determine these values. When direct measurements of
permeability are available, an additional validation of the
conclusions presented in this article will be expected.
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Notation

C,(x)= specific heat capacity of media in the function of x, Jm3-
K
1= source term, mol/(m3-s)
k= permeability of the reactive block, m?
t=time, s
x(r)=local advancement
Xgiobar = global advancement
€= porosity
A= equivalent medium thermal conductivity, W/m-K
p=apparent density of graphite binder, kg/m?
= gas viscosity, kg/m-s
A H = reaction enthalpy, J/mol of gas

Subscripts

0=in the beginning of synthesis reaction
1= at the end of synthesis reaction

AIChE Journal
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¢ = imposed value
e=equivalent

eq = equilibrium value
p= pellet

w = reactor wall
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