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Abstract—A uniform pressure model is presented to describe the heat and mass transfer in a fixed bed of
solid adsorbent in a finned reactor. This model neglects the resistance to mass diffusion but takes into
account the resistances to heat diffusion through two coefficients: the heat conductivity of the adsorbent
bed and the heat transfer coefficient between the adsorbent bed and the fins. An experiment has been
conducted to validate this model and the two heat transfer coefficients are obtained by an identification
technique. When the temperature of the closed reactor is modified on one side of the reactor, large
temperature ithomogeneities inside the reactor are observed and mass transfer occurs through a heat pipe
effect: the model explains that effect which is observed experimentally. That uniform pressure model
is more adapted to describe the history of solid adsorbent reactors used in thermal processes than uniform
temperature models proposed by other authors.

1. INTRODUCTION

HEAT AND mass transfer on fixed bed solid adsorbents
have, up to now, mainly been studied in the case of
uniform temperature when the bed diffusion controls
the kinetics [1].

In this paper, we address the problem of the kinetics
of sorption in a non-uniform temperature field.

Let us first present the experimental cell which has
been used and which corresponds to a case when the
conduction through the bed controls the kinetics of
sorption.

Figure 1 shows the copper reactor that has been
studied in our laboratory and is analogous to those
used in the solar-powered ice-making unit [2]. The
characteristics of this experimental cell are the fol-
lowing (Fig. 1):

surface: 0.25 m?

length: 0.50 m

thickness: 0.10 m

fin 0.09 m high and 0.001 m thick
space between fins: 0.05 m.

A mass of 10 kg of A.C. 35 activated carbon in
the form of pellets 1| mm diameter is distributed
between the fins. A free space is created at the bottom
of the reactor to allow better distribution of vapour
through the bed.

The void space represents 78% of the overall vol-
ume of the fixed bed : 39% of the volume is constituted
by the interparticle space, and 39% by the pores

within the pellets (23% for the macropores and
mesopores and 16% for the micropores).

The adsorbate is methanol. The adsorption occurs
in the micropores in which the adsorbed phase and
the vapour phase are present at the same time. In
the other void space (mesopores, macropores, and
interparticle voids), the fluid is in the vapour state
only (capillary condensation may take place in the
macropores when saturation pressure is approached ;
this condition will not be considered in this paper).

To be rigorous in dealing with this problem, one
should take into account three equations: the heat
transfer equation, the mass transfer equation and the
state equation of the adsorbent—adsorbate system.

Since the medium is heterogeneous and the system
of partial differential equations is nonlinear, it appears
useful to introduce some simplifying assumptions.
This is the approach developed in the remainder of
this paper.

The very high porosity of the medium (78% in
volume), as well as the scale of observation to be
used—several times the size of a single pellet—lead us
to test 2 model in which we make two important
assumptions:

(1) pressureis uniform (not only in the interparticle
voids, but also inside the peliets themselves) ;

(2) the heterogeneous medium is treated as an
equivalent continuous medium.

We have developed a two-dimensional numerical
model (to account for the fin effect) based on the two
assumptions stated above.
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NOMENCLATURE
c, heat capacity of the metal of the heat P, condensing pressure [Pa]
exchanger [kJ kg~ 'K~} P, evaporating pressure [Pa]
c,  heat capacity of the solid adsorbent 0 heat source [kW m ™3]
[kJkg=' K™ Q’ masssource [kgs™' m~7]
s heat capacity of the adsorbate gy latent heat of adsorption [kJ kg™ ']
[kIJkg 'K R constant of perfect gas
e fin thickness [m] t time [s]
D coefficient of affinity in the Dubinin T temperature of the adsorbent [K]
equation T, ambient temperature [K]
h heat transfer coefficient between the heat ¥V total volume of the reactor [m?]
exchanger and the metal [W m—2 K~} W, maximal capacity of the sorbent [m?® kg~']
H, finlength [m] X x-axis perpendicular to the upper plate
k equivalent conductivity of the solid y y-axis perpendicular to the fin.
adsorbent [Wm~' K™
k' conductivity of the metal of the heat
exchanger [Wm™' K] Greek symbols
L fin spacing [m] p,  specific mass of the metal of the heat
m mass of adsorbate in the adsorbent exchanger [kg m 7]
(kg kg™ p>  specific mass of the solid adsorbent
n exponent in the Dubinin equation kg m~7
P pressure of the adsorbate [Pa] ps  specific mass of the adsorbate [kg m~7].
P(T) saturated pressure of the adsorbate at the
temperature T[Pa]
Upper plate
N
T T4,
|
E‘ TG-»
E|
8|
!
N I T T IV 2 N Y Y S
\
| ’( -V
Fin Activated carbon
———— ->
550mm

F1G. 1. Cross-section of the reactor showing the upper plate, the fins, the localization of the temperature
probes * and the packing of the active carbon between the fins.

In order to validate this model, experimental
measurements (temperatures and pressure) have been
conducted. To compare the model and the measure-
ments, we have been led to identify two parameters:
the equivalent conductivity of the porous medium and
the thermal contact resistance between the metal and
solid adsorbent.

2. MATHEMATICAL MODELIZATION AND
NUMERICAL RESOLUTION

2.1. Background
The work presented here must be situated with
respect to other work being done in this field.

For a long time, this type of work has mostly dealt
with isothermal diffusion [3]. Recently, however, stud-
ies in non-isothermal diffusion in a pellet have been
presented [4]; Lee and Ruthven [5] have, for example,
studied mass diffusion in a peliet of solid adsorbent
and taken into account the thermal effects associated
with adsorption; in this model, they assume that the
temperature is homogeneous in the pellet but varies
with time ; Sun et al. [6], for their part, have studied
coupled heat and mass transfer and have taken into
account the temperature and concentration inhomo-
geneities within the pellet.

The non-isothermal diffusion in a bed of porous
particles has been studied by Ruthven and Lee [1] in
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the case where the bed mass diffusion controls the
kinetics: they assume that both the thermal con-
ductivity of the individual adsorbent particle and the
effective thermal conductivity of the particle bed are
large enough to maintain a uniform temperature
throughout the entire adsorbent sample. This assump-
tion should be valid when one uses very compact and
thin slabs of adsorbent.

The model developed here lies upon the assumption
that the bed heat conduction controls the kinetics of
the sorption : we assume that the pressure is uniform
in the reactor when the temperature is nonuniform.
This assumption should be valid when one uses thick
beds of high porosity.

The most important assumptions of our model have
been experimentally validated.

(1) Pressure drops between the inlet and outlet of
the bed have been measured using a differential press-
ure sensor: with the heat rate used in the experiment
presented in that work, the pressure drop is always
less than 50 Pa when the pressure is 1.2 x 10* Pa and
can then be neglected.

(2) The thermodynamic equilibrium within the bed
has been checked, using a flash desorption technique
as used by Karagiorgas and Meunier [7]: when the
reactor is submitted to a small flash desorption (cor-
responding to the heat rate used in solar experiments)
no thermodynamic evolution of the reactor is
observed after the flash desorption. On the opposite,
thermodynamic evolution due to the kinetics of the
adsorption is observed after very strong flash desorp-
tions (corresponding to heat rates 100 or 1000 times
higher than those used in solar energy).

2.2. Assumptions

(1) Mass transfer within the bed occurs only in
the vapour phase. The thermodynamic equilibrium
equation of the bivariant solid—gas system
m =TI(InP, T) is verified at every point and at every
moment : the pellets of adsorbent act like sources dis-
tributed in the reactor.

(2) The symmetry of the reactor, which makes it
possible to model an elementary half-cell (cf. Fig. 2,
domain ABCD).

(3) Convective heat transfer in the vapour phase is
neglected.

(4) Pressure is assumed to be uniform in the reactor
(grad P = 0).

(5) The resistance to mass diffusion through the
interparticle voids and the pores is neglected.

2.3. Equations of the system

Let us consider a rectangular elementary cell (Fig.
2). This cell consists of a cylinder copper frame, the
cross-section of which is presented in Fig. 2: a hori-
zontal plate and vertical fins. The solid adsorbent is
distributed below the horizontal plate and between
the fins.

With assumption 2, the half-cell ABCD cor-
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FiG. 2. Cross-section of an elementary cell in the reactor.

ABCD is the half-cell used for the numerical simulation. The

discontinuous lines correspond to the numerical discre-

tization. Geometry parameters: e, fin thickness; L, fin spac-
ing; H,, height of the solid adsorbent bed.

responds to a two-dimensional space geometry since
we assume homogeneity in the z-direction.

The horizontal surface represented on Fig. 2 by the
line AB is submitted to a heat flow. The heat diffuses
into the copper parts as well as within the adsorbent
layer.

2.3.1. Energy conservation.

For copper

oT
pI(,'lE:k/AT. (1)
For the adsorbent layer

0
[oalex(D+m(P, Dex(D 5, = KAT+Q(x) @)

where Q(x, y) is the two-dimensional space-time heat
source term of sorption.

2.3.2 Mass conservation. The space—time relation-
ship in the transfer of mass through a substance by
means of diffusion and in the presence of mass sources
or sinks is modelled by the following equation :

om | 3
PJEI"—Q (3)

where the parabolic term has been neglected according
to assumptions 4 and S.

Q’(x,y) is the two-dimensional space-time mass
source term of sorption which is linked to the heat
source term through the isosteric heat of sorption g,

Q=q.0" 4
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Fi1G. 3. Solid adsorption intermittent cycle, 1-2-3-4: 1-2-3, heating period; 1-2, isosteric period; 2-3,
isobaric period.

The mass source term is obtained from the state
equation of the bivariant solid-vapour equilibrium

m=T{(InP,T) 3

where I' is the Dubinin equation [11]

m= W,p(T)exp [—D(Tln E—(PI)—)] 6)

Here P,(T') represents the saturating vapour pressure.
The differentiation of equation (6) gives

. " PAT) ! 9t
dm = nDmT (hl T) [dlnP—- RT? dar| M

where we introduced the Clapeyron equation

dlnP)  qq
T ). RT*
2.3.3. Initial conditions. Uniform temperature dis-
tribution

®

T(x,y,t = 0) = T, )
P(x,p,t =0) = P, (10)

with conditions (9) and (10), the initial mass dis-
tribution m, is given by the equilibrium state equation

mo=T(In Py, Tg) (1
and the total adsorbed mass in the reactor
M, = ps(To)Vm, (12

where p; is the specific mass of the adsorbate and V'
the volume of the reactor.

2.3.4. Boundary conditions. In the formulation of
our problem, m and P are connected in explicit form
through 7 by the state equation. In this case, the exact
knowledge of the boundary conditions (on T and m
or T and P) is necessary and sufficient to close the
system of equations.

The system, equations (1)~(3), will be studied dur-
ing the heating period of a solid adsorption cycle (Fig.
3).

It is assumed that there is a thermal resistance
between the copper (upper plate or fin) and the
adsorbent. If T, is the metal temperature and T,, the
adsorbent temperature, we can write

oT
—ka—{ - =T ,~T,);
oT
~k— =T ~T 1
an e (lmg)2 ( 1 2) ( 3)

where 1/k is the contact thermal resistance between
copper and adsorbent. When x = 0 and L/2, for sym-
metry reasons, we have

oT
on

ar
on

x=0

=0. (14a)

3

x=1/2

When y = H,, the boundary is assumed to be adia-
batic

or =0 14b
an e, M ( )

For the upper plate
T(x,y=0,0=f(1) (15)

where f(¢) is a known function of time (Dirichlet
condition). For an isosteric evolution of the reactor,
during which heating occurs with the reactor closed,

we have
([ mavar=o
— mdxdy = 0.
dr | Jascoa )

When the pressure reaches the condensing pressure,
the reactor is connected with the condenser, which
imposes its pressure to the reactor

(16)

P = P(). an
2.4, Numerical resolution

The set of coupled equations (1)~(3) is solved dif-
ferently depending on boundary conditions (16) and
Q7.

During the isosteric period, equation (16) can be
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written as

4 f f m(T(x.y), P)dxdy=0.  (18)

Then equation (18) is applied on equation (7) with
assumption 4 and we obtain

j fb(m, P, T) 13;2 dTdzdy

Jfb(m, P, Tydxdy

i (T))" § (20)

Then it is possible to express dm in equation (7) as
a function of the temperature and recombining with
equation (2), the temperature field is calculated by
means of the following integro-differential non-linear
equation :

dinP = (19

where

b(m, P, T)= anT"(

. |eT
[:Pz(cz(T)‘*‘m(Ps Tyes(TY)—b(m, P, T) If}zil Pt

”b(m,P T)g;izad dy

jfb(m, P, T)dxdy
@n

Then, once the temperature field is known, the press-
ure P and the two-dimensional space concentration
profile at time £ are calculated respectively by means
of equations (19) and (6).

During the period where the reactor is connected
to the condenser, the pressure is known explicitly by
means of boundary condition (17). So, it is possible
to introduce expression (7) directly into equation (2).
The temperature field is then determined by the fol-
lowing non-linear differential equation:

= kAT +gq.b(m, P, T)

w | 0T
[Ps(cz(T)+m(P» T)es(T))—b(m, P,T) If—T} =
= kAT +q,b(m, P, T)dln P('). 22)

Then the mass field is calculated via the state equation.

For the two periods, the set of coupled equations
is solved iteratively. The solution (m, T, P) is con-
sidered as the good one if the solution for the tem-
perature field has converged.

The numerical method uses the finite-difference
technique according to a Crank-Nicholson schema.
The resolution of equations (21) and (22), linearized
by evaluating the coefficients at time (n+ 1/2)At, was
obtained by a purely implicit schema. For the explicit
method, the very great ratio between the thermal
diffusivity of the copper wall and that of the bed
required the use of a time step of the order of 1/1000 s,
which, in view of the overall time of a complete
cycle (of the order of a few hours) made the numerical
simulation prohibitive.
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Let us note that the matrix associated with that
system of linear equations is a full matrix in ‘isosteric
period’. This is due to the fact that, in equation (21),
the internal source term in each point depends on the
state of all the points of the reactor.

The direct calculations (without identification of
parameter) were carried out for 720 time steps of 10 s
of the real time. The corresponding calculation time
is a few seconds on an NAS 9080 computer.

3. EXPERIMENTS

3.1. Experimental set-up

The reactor described above is linked to a condenser
{or evaporator) that makes it possible to maintain the
pressure at a required value. A valve makes it possible
to isolate the reactor from the condenser (or evap-
orator).

Our experimental cell is heated by means of an
electrical element on the upper face of the reactor. The
heating power is comparable to that encountered in
solar-powered systems (50 W kg~! of A.C. 35 acti-
vated carbon).

The transfer phenomena are studied in an elemen-
tary cell located at the centre of the reactor. The effects
due to thermal losses at the edge of the reactor are
negligible in this cell. Temperature probes are dis-
tributed in an elementary cell within the adsorbent
bed on the fins. The pressure and temperatures are
measured and recorded by a computerized data-
acquisition system.

The experiment was conducted in such a way as to
make the reactor reproduce the thermodynamic path
of a solar collector during the heating phase of a solid-
adsorption refrigeration cycle.

Figure 4 shows the history of a measured tem-
perature and pressure {continuous line) as a function
of time over the two phases of the cycle.

T, shows the temperature profile of the probe of
the copper plate that receives the heating flow. The
experimental variations in T, over time are used as a
boundary condition of the first kind in the model.

T, and T, are two temperature probes located at
the core of the reactor and on the boundary of the
field under study.

Pressure is measured at the outlet of the reactor.

The absolute error on the temperature measure-
ments is 0.3°C, while the absolute error on pressure
measurement is 100 Pa.

3.2. Experimental procedure

In the initial state, the reactor is homogeneous in
temperature under a low-pressure methanol atmo-
sphere. Then the reactor is heated with the electrical
resistance located on the upper face of the reactor.

In a first period, the reactor is closed. The heating
of the upper plate induces inhomogeneities of tem-
perature inside the reactor and causes an increase in
pressure, These changes in pressure and temperature
(Fig. 4) are stored by the data-acquisition system.
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When the pressure reaches the value of the con-
densing pressure, the connecting valve between the
reactor and the condenser is opened.

The reactor is then an open system and desorption
takes place (which causes condensation in the con-
denser). During this phase, the pressure is nearly con-
stant (desorption is quasi-isobaric), while temperatures
continue to increase (Fig. 4).

3.3. Analysis of the experimental results

The most important point is the observation of
important temperature inhomogeneities and press-
ure homogeneity in the reactor. The consequence of
this, is shown in Fig. 5, where we present the
thermodynamic path of the points corresponding
to the experimental readings of probes 4 and 6 in
a Clapeyron diagram (Inp, —1/T). In the closed
reactor phase, probe 4 is placed in a hot zone that de-
sorbs 11 g kg™', whereas probe 6 is placed in a colder
zone that adsorbs 11 g kg~'. The total mass of metha-
nol inside the bed remains constant in the reactor, so

we note a migration effect of the adsorbed methanol.
This effect has an important consequence from the
thermal point of view. The migration contributes to
the thermal transfer by a heat pipe effect: heat is
extracted from the hot zones and transferred to the
colder zones.

The heat transfer takes place in two ways:

(a) by a two-dimensional conduction process
through the adsorbent bed and the fins;

(b) by a heat pipe effect associated with the mass
transfer.

This heat pipe effect operates in a non-stationary
regime when the heat pipe is usually operated in a
stationary non-equilibrium regime. The consequences
of that effect are given below when one causes a tem-
perature gradient inside a solid adsorbent fixed bed.

(1) In a closed volume, the bed reacts by a mass
transfer that tends to counter (by virtue of the latent
heat of sorption) this temperature gradient.



Heat and mass transfer in a non-isothermal fixed bed solid adsorbent reactor

This heat pipe effect is similar—in the case of a
divariant solid adsorbent—vapour equilibrium—to the
well-known heat pipe effect resulting from the coup-
ling between two liquid—vapour interfaces.

In these two cases, a heat transfer between a hot
interface and a cold interface occurs resulting from
the succession of an evaporation and a condensation.
However, these two cases are distinct since in the
liquid heat pipe, the temperatures of the evaporating
interface and that of the condensing interface can
remain constant. On the opposite, in the case of the
solid adsorbent heat pipe, the two interfaces cor-
respond to a divariant equilibrium so that at least one
of the temperatures of the two interfaces (evaporator
or condenser) must change for the heat pipe to work
in a closed volume.

(2) In an open volume, the bed reacts by an inhomo-
geneous variation in adsorbed concentration mass
that tends to counter the variation in temperature.

4. IDENTIFICATION

The numerical model established in Section 2
includes two unknown coefficients which are obtained
by an identification method.

In the set of equations (2)—(15), the unknown pa-
rameters that we are going to identify with our
model are the following:

(a) the equivalent conductivity of the fixed bed : k;
(b) the fin/adsorbent heat transfer coefficient : 4.

The parameters (W,, D, n) that enter into the state
equation (6) and the numerical value of the isosteric
heat of desorption g, were determined by Boubakri
et al. 9]

At the time of each experiment, we have recorded
N values of the temperature at three points distributed
in the observation space ABCD and N values P of
the pressure as a function of time.

For a given pair (4, k), the numerical resolution of
the system generates a particular solution S(k, k) of
the values of the temperatures at the points i and a
solution P(k, h) as a function of time.

The criterion of error can be calculated either on
the temperatures or else on the pressure, or on a
combination of both. We have first selected a criterion
of error on the temperatures.

This criterion of error F is expressed by the mean
quadratic deviation between the values of the meas-
ured temperatures 7 and the calculated temperatures
S, ie.

] 3 N 2

F(h,k) = (ﬁ’ Z Z (S,-j—T,-,-)2> . (23)
3N j=1i=1

The minimization of F(k, k) makes it possible to find

the pair (ho, ko) independent of the temperature for

which the model approaches the phenomenon under

consideration most closely.
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The minimization program uses the BOTM algo-
rithm developed by Powell [10].

4.1. Result of the identification

In order to have a good evaluation of the influence
of errors in measurement of the temperature on identi-
fication, we have solved the problem for the following
three cases, by taking different values of T.

(1) The values of the measured temperatures, we
obtain the minimum F,, = 0.33 for (A, k,). Figure 6
shows the map of the iso-criteria in the plane (h,k)
corresponding to that case.

(2) The values of the measured temperatures
increased by positive maximum errors (+0.3°C).
We have obtained the minimum of F,, for (h, =
159Wm 2°C'; k, = 0.197 Wm~' °C~") that we
project onto Fig. 6.

(3) The values of the measured temperatures
decreased with negative maximum errors (—0.3°C),
we have obtained the minimum F,, for h, = 17.1
Wm2°C"'; k, = 0.183 Wm™' °C~' that we
project onto Fig. 6.

The equivalent conductivity & of the active carbon—
methanol pair and the coefficient of heat transfer A
between fin and adsorbent are

k = (ky+ky)2+(ky—k5)/2 = 0.19+0.007Wm~' °C!
h=(h,+h)2+ (hy—hy)/2 = 16.540.6 Wm~2°C~".

Let us note that the errors on the identified pa-
rameters are much larger than on the measured tem-
peratures: a 0.1% error on the temperature (+0.3°C)
leads to a 5% (—0.8W m~? °C™") error on the A
coefficient. Nevertheless, the precision on 4 and &
(4%) is sufficient for the use of the model.

These values may be compared to those obtained
by V6Ikl [12] by a different technique with another
system. The technique used by VO6lkl was a stationary
state technique and the system studied was Na-Y-—
zeolite and water vapour.

His measurements led to values of 0.15 Wm™' °C~!
for k and values ranging from 25 to 2500 W m~?°C~!
for A.

These results correspond to the same order of mag-
nitude as ours and it is important to keep in mind that
the results depend on the exact packing of the particles
in the reactor. It is the reason why measurements
performed on an apparatus with a defined geometry
may lead to results different from those corresponding
to a reactor with another geometry (and another pack-
ing of the pellets). We think that in situ identification
of those coefficients is necessary for each reactor.

4.2. Sensitivity of identification model
The error functional can be written at point F, as

S [oF
F=F,+ Y <) dp.
i#p

S \0p 24)

At the minimum error we present, in Table 1, the
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F1G. 6. Criterion of error chart vs the coefficient of heat transfer between the heat exchanger and the porous
medium (x-axis) and the equivalent conductivity k of the porous medium. Interval between two lines
0.33°C.

Table 1. Values of the partial derivatives (8F/dp) used in the
functional error, equation (24), with the following par-
ameters p: b k, Wy, D, q,

Parameter Sensitivity
h 0.20
k 0.05
W 0.15
D 0.07
st 0.14

values of the partial derivatives of the mean quadratic
deviation as a function of the transfer parameters #
and & and of the physico-chemical parameters W, D
of the solid—vapour equilibrium equation, and, finally,
of the heat of desorption q,,.

The parameters to which the model is most sensitive
are, in the order of importance :

(a) the contact thermal resistance between the fin
and the adsorbent ;

(b) the maximal volume W, offered to adsorption
and the heat g,;

(c) the parameter D, which characterizes the
affinity of the active carbon for methanol ;

(d) and, finally the equivalent conductivity &k of the
bed.

The contact thermal resistance is the parameter to
which the temperature field is most sensitive (four
times more sensitive than the conduction of the bed).
If one wants to decrease the inhomogeneities in the
reactor, it is recommended to seek the technological

means to achieve a definite decrease in the value of
this contact resistance,

4.3. Validity of the model

Let us remember that the pair of transfer
coefficients were identified by minimizing a criterion
of error on the temperatures. The minimization was
carried out again and independently of the previous
one by calculating the criterion of error on the mean
quadratic deviation between the pressure measured
experimentally and the calculated pressure. The
identification of #; and k, performed with the pressure
gives results very close to those obtained by the
previous identification k; = 0.189 Wm™'°C~', h, =
18.5 Wm~2°C~'— point Fy; on Fig. 6.

This result is very important. First of all, it shows
that the assumptions of the model are well adapted to
the phenomenon. Indeed, if one of the assumptions
regarding uniform pressure and the validity of the
state equation at every point were not verified, we
would have observed a disagreement between the two
identifications.

Moreover, from an experimental point of view, the
measurement of the pressure at the outlet of the reac-
tor and the knowledge of thermal boundary con-
ditions are sufficient to identify the two heat transfer
parameters:

{a) contact resistance between the fin and the
adsorbent ;

(b) thermal conductivity of the microporous
medium.

This makes it possible to avoid measuring tem-
peratures inside the reactor and thus to simplify the
experiments.
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F1G. 7. Temperature mapping between two fins of the reactor: (a) during the isosteric heating; (b) at the
end of the isosteric heating. Interval between two lines 1°C.
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FiG. 8. Concentration mapping between two fins of the reactor: (a) during the isosteric heating; (b) at
the end of the isosteric heating. Interval between two lines 0.002 g g=*.

5. ANALYSIS OF THE RESULTS
OF THE MODEL

5.1. Local heat and mass balances

In Fig. 7, we present the temperature distribution
profiles between two fins of the reactor at two instants
of the cycle (Fig. 3):

(a) in the middle of the isosteric heating ;
(b) at the end of the isosteric heating.

The thermal gradient is higher in the neigh-
bourhood of the metal plate of the exchanger (or the

fins) and this shows the importance of the contact
resistance between the fin and the adsorbent.

In Fig. 8, we present the field mass distribution
profiles corresponding to the temperature field of Fig.
7. Line 0.28 represents the initial methanol content.
Let us recall that the total mass of adsorbed methanol
is constant in the closed reactor. During heating, a
part of the adsorbed phase migrates, via the vapour
phase, through a desorption—-adsorption phenom-
enon. The zones close to the fins heat up rapidly and
lose some of their methanol ; this methanol migrates
via the vapour phase towards the colder zones in the
core of the reactor, where it is readsorbed.
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F1G. 9. Contributions to the heat transfer for two points of the reactor (1, one of the hottest points; 2, the
coldest point): ——, heat rate transferred by conduction; ----, heat rate transferred by the heat pipe
effect ; {3——F—, sensible heat rate used to increase the temperature.

In Fig. 9, we analyze the energy contributions at
the hottest point in the reactor (point 1) and at the
coldest point (point 2).

We have plotted in this figure the values of the
three terms of equation (2) corresponding to the total
sensible heat ; to the heat transmitted by conduction ;
and to the source term vs time.

The sum of these quantities is obviously zero.

Let us analyse in both phases (the closed-reactor
and open-reactor phases) the sign of the source term
and the magnitude of this term with respect to the
sensible heat term.

Closed-reactor phase (increasing pressure)

Point 1. At this point, the incoming heat flux is
used to raise the temperature of the adsorbent and to
desorb (heat pipe effect).

Point 2. The heat of adsorption (heat pipe effect) is
added to the heat transferred by conduction to heat
the adsorbent.

In this phase, the desorption retards the heating
of the hottest layers when adsorption accelerates the
heating of the coldest layers. But there is a limit to
this effect : when the coldest layers are saturated, this
effect can no longer take place.

Open-reactor phase (constant pressure)
During the isobaric phase, the major part of the

heat transferred by conduction is used to desorb: the
temperature of the reactor increases very slowly.

5.2. Local thermodynamic paths in a Clapeyron dia-
gram

It is possible to use the results of our model to
establish more precisely the thermodynamic paths in
a Clapeyron diagram (Fig. 10) of the various volume
elements of the reactor. To do so, we shall limit our
analysis to the case of the closed reactor.

The thermodynamic paths followed during a heat-
ing period—from a state of thermodynamic equi-
librium—by the various volume elements of the reac-
tor are located in a sector of the plane (In P, —1/T)
lying between the adiabatic and the isobaric lines. The
various states of all the volume elements at a given
instant are represented by an isobaric segment. The
length of this segment—representing the magnitude
of the temperature inhomogeneities—depends on
various parameters, including: the thickness of the
bed, the conductivity of the porous medium, the dis-
tribution of the fins in the reactor, the fluid, etc. The
coldest volume element follows a path very close to
an adiabatic line while the hottest volume element
follows a line with an initial slope that is intermediate
between the isobaric and the adiabatic lines.
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6. CONCLUSION
On the basis of the following assumptions :

(a) uniform pressure in the reactor;
(b) negligible mass-diffusion resistance;

we have developed a two-dimensional, numerical-
simulation program that makes it possible to account
for coupled heat and mass transfer phenomena via a
phase transition regime in a solid-adsorbent finned
reactor.

This numerical program determined the tem-
perature and concentration fields and makes it pos-
sible to describe the significant inhomogeneity
phenomena inside the reactor.

In particular, we have brought to light a heat pipe
effect during the heating of the adsorbent bed in a
closed reactor.

We take into account the thermodynamic and ther-
mochemical characteristics of the reactor and two
thermal transfer coefficients (equivalent conductivity
of the fixed bed of adsorbent k& and coefficient of
transfer between fin and adsorbent /). These two
coefficients have been identified k = 0.1940.007
Wm'°Clandh=16.5+06 Wm™>°C™',

Our model is well adapted to thick beds of solid
adsorbent of high porosity when uniform temperature
models are not adapted to that situation but could be
adapted to compact and thin slabs of adsorbent [1].

We think that in the case of a thick bed, a model
based on a uniform temperature assumption as pre-
sented by Sakoda and Suzuki [8] is not at all adapted,
since the temperature inhomogeneities are quite
important.

The limit of our model comes from our assumption
that the pellets are under equilibrium, this limit could
be overtaken adding a diffusion equation for the
pellets. Work is underway in that direction in our
laboratory.

The exact values of the two identified parameters
may depend strongly on the packing of the adsorbent

in the reactor. It is the reason why it is important to
keep in mind that independent measurements of these
two thermophysical parameters with another reactor
may lead to erroneous results. The in situ identification
appears to be a necessary method to model with a
good precision the kinetics of reactors under sorption.

It may be difficult to measure temperatures inside
the reactor, but we have seen that by taking a criterion
of error on pressure, identification makes it possible
to determine these two coefficients by measuring only
(but accurately) the history of the pressure in the
reactor and that of the temperature of the external
surface of the reactor which makes the identification
not too heavy.

At the end of this study, we are already able to
simulate numerically the operation of a reactor in a
nonsteady state (temperature/pressure/mass at each
point in the system) in the case of a low heat flow
constraint. This model has been applied for the ther-
modynamic and economic optimization of solar pow-
ered solid adsorbent refrigerating units [13] as well as
for the sizing of heat exchangers used in solid adsor-
bent heat pumps.
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TRANSFERT DE MASSE ET DE CHALEUR A L’INTERIEUR D’UN LIT FIXE, NON-
ISOTHERME, D’ADSORBANT SOLIDE: EN PRESENCE DES GRADIENTS DE
TEMPERATURE DANS UN CHAMP DE PRESSION UNIFORME

Résumé—Un modéle a pression uniforme décrivant les transferts de masse et de chaleur dans un réacteur
4 adsorption solide 4 lit fixe est présenté. Ce modéle néglige les résistances a la diffusion de masse mais
tient compte des résistances a la diffusion de chaleur par I'intermédiaire de deux coefficients : la conductivité
thermique du lit d’adsorbant solide et le coefficient de transfert entre ’'adsorbant et I’ailette. Une expérience
a été effectuée pour valider ce modéle, les deux coefficients de transfert ont été déterminés par une technique
d’identification. Lorsque la température du réacteur fermé est modifiée a une extrémité de ce réacteur, de
fortes inhomogénéités de température sont observées & l'intérieur du réacteur et le transfert de masse
seffectue par l'intermédiaire d’un effet de type caloduc: le modele explique cet effet qui est observé
expérimentalement. Ce modéle a pression uniforme est mieux adapté pour décrire I'évolution de réacteurs
a adsorption solide utilisés dans les procédés thermiques que les modéles a température uniforme
proposés par d’autres auteurs.

WARME- UND STOFFUBERGANG IN EINEM NICHT-ISOTHERMEN
FESTBETTREAKTOR : DER FALL GLEICHFORMIGEN DRUCKES UND
UNGLEICHFORMIGER TEMPERATUR

Zusammenfassung—Es wird ein Modell mit gleichférmigem Druck zur Beschreibung des Wirme- und
Stoffiibergangs an einem festen Adsorptionsmittel in einem berippten Festbettreaktor vorgestellt. Dieses
Modell vernachldssigt den Widerstand durch Stoffdiffusion. Die Wirmetransport-Widerstinde werden
durch zwei Koeffizienten beriicksichtigt : einer fiir die Warmeleitfdhigkeit der adsorbierenden Stoffschiit-
tung und einer fiir den Wirmeiibergangskoeffizienten zwischen Schiittung und Rippen. Zur Validierung
des Modells wurde ein Experiment durchgefiihrt. Die beiden Wirmetransportkoeffizienten wurden mit
Hilfe einer Identifikationstechnik ermittelt. Wird die Temperatur an einer Seite des geschlossenen Reaktors
gedindert, so werden groBe Temperaturinhomogenititen im Innern des Reaktors beobachtet, und der
Stofftransport erfolgt auf Grund eines Wirmerohreffektes. Das Modell erklédrt diesen Effekt, der experi-
mentell beobachtet wird. Das Modell mit gleichférmigem Druck ist besser geeignet, die Abldufe in einem
Festbettreaktor, wie er in thermischen Prozessen verwendet wird, zu beschreiben, als das von anderen
Autoren vorgeschlagene Modell mit gleichférmiger Temperatur.

TEIIJ10- U MACCOOBMEH B HEM30TEPMHUYECKOM PEAKTOPE C HEIMOABHUXHbBIM
CJIOEM TBEPJIOTO AJJCOPBEHTA ITPY NMOCTOSIHHOM JABJEHMM W NNEPEMEHHON
TEMIIEPATYPE

Annoramms—IIpeuiaraeTca MoJesb TEMIo- ¥ MaccoobMeHa B HEMOABHXHOM CJI0€ TBEPAOro aacop-
6eHTa B OpeGpeHHOM peakTope NMPH NOCTOAHHOM AaBJIeHHH. B Monenn He yuntniBaetcs audysnonnoe
CONPOTHBIICHHE, 3 YIET TEILIOBOrO CONPOTHBJIEHHA OCYILIECTBIIACTCA C MOMOILBIO ABYX KOX)GHLHEHTOB:
k03pUIMENTa TEIONPOBOAHOCTH CNIOA ancopGeHTa M koddduuuenta Temnoobmena Mexay croem
ancopbenta m pebpamu. TlpoBeneHa 3KCHEpMMEHTajIbHAS TNpPOBEPKAa AJEKBATHOCTH MOJEIM, H €
MOMOILBIO METOMA HACHTHOUKAIMH NOTydens! koadduuuerTs! Tennoobmena. [pn nameHeHnn TeMnepa-
TYpbHI Ha OJHOl H3 CTOPOH 3aMKHYTOI'O PEaKTOpa B CJIO¢ BO3HHKAIOT 3HAYMTE/IbHBIC IPANHEHTHI TEMITE-
PATyphI H TIEPEHOC MACCHL OCYILIECTBASAETCS Kak B Terwtosoi TpyGe. Iipennaraemas Mozelb NOCTOAHHOTO
JIABJICHHA MO3BOJISAET OOBACHATH 3TOT JKCNEPUMEHTAIbHO HabmonaeMslit 3pdekT H myullle ONUCHIBAET
TEMJIOBbIE NpOLECCH B PEAKTOPAX C TBEPABIM aNACOPOEHTOM, YeM MPENIOKEHHbIE IPYTHMH aTOpaMH
MOJI€JIH NOCTOSHHON TeMMepaTyphl.



