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Abstract. This paper deals with frequency response (FR) analysis of a closed diffusion cell system with two
resonators, that is both the LHS and RHS volumes are modulated. The analysis is made for a homogeneous particle
described by a single effective diffusivity as well as a biporous pellet described by macropore and micropore
diffusions. Itis shown that if the perturbation of the volume of the reservoir #2 is lagged behind that of the reservoir
#1 by 37 /2, the pressure response in reservoir #1 is significantly enhanced with larger amplitude as well as phase
angle. When the perturbations of the two reservoirs are out of phase, the heat effect is reduced and can become
insignificant when the two perturbations are completely out of phase (¢ = 7). Under such a condition, the pressure
difference between the two reservoirs could be doubled. In the case of biporous pellets, it is shown that the FR
behaviours obtained for micropore diffusion control and macropore diffusion control are well distinguished. In the
former case, the FR system reduces to a traditional batch adsorber one while in the latter case, the FR behaviour is the
same as for a two resonator system with homogeneous particles. This difference can be used for the discrimination
of micropore and macropore diffusion processes.
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Introduction of the volume perturbation is very small compared to

the adsorber volume, and as a result of this, the sys-

Knowledge of adsorption dynamics is important in un-
derstanding the transport of adsorbates inside a porous
medium as well as in the design of large scale adsorbers.
This dynamics is a very complex problem as it is af-
fected by the structure of the solid as well as the type of
adsorbate used. Sinceitisan important problem, chem-
ical engineers have utilised a number of techniques to
study and measure this adsorption kinetics. One of the
most recently introduced methods is the frequency re-
sponse method. Basically in this method, an initially
equilibrated batch adsorber is disturbed by changing
the adsorber volume in a periodic manner, usually in
the form of a sinusoidal perturbation. The amplitude

tem can be linearized and the response in pressure will
be also periodic with the same frequency as the forc-
ing volume perturbation. It is this pressure response
that researchers make use of to extract valuable infor-
mation about the system dynamics (Jost, 1964; Freet,
1975; Mankin, 1977; Yasuda and Saeki, 1978; Yasuda,
1982; Yasuda and Sugasawa, 1984; Van-Den-Begin
and Rees, 1989; Shen and Rees, 1991; Sun and Bour-
din, 1993; Sun et al., 1994; Jordi and Do, 1992, 1994).

In our recent paper, we presented a FR method with
a closed diffusion cell instead of a batch adsorber (Sun
and Do, 1995). The system is composed of a particle
bounded by two reservoirs, and once the system is at
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equilibrium the volume of one reservoir is periodically
perturbed and the pressures of the two reservoirs are
monitored. We have observed that the information we
can gather experimentally is richer than that obtained
by using the traditional FR method on a batch adsorber;
hence providing a better understanding of the system
dynamics.

Along the same line, in this paper we utilise the same
closed diffusion cell system, but now we allow the mod-
ulation of the two chambers’ volume (dual resonators).
The perturbations of these two volumes can be in phase
or out of phase with each other. We will utilize the out
of phase perturbation of the two volumes to achieve
the conditions whereby the pressure responses of the
two reservoirs can be enhanced. We note here that if
the two volume perturbations are exactly in phase with
each other and have the same frequency, this operation
is identical to the traditional FR method acting on a
batch adsorber containing one slab particle. What is
interesting in this study is the out of phase property of
the two volume perturbations.

Effective diffusion mechanism and heat effects are
considered in this work. These are sufficient in this
theoretical work to bring out all the features exhibited
by the system having dual resonators. The study will
cover both a homogeneous particle and a bidispersed
porous particle.

Theory

Consider a number of identical porous particles of
homogeneous or bi-porous structure bounded by two
closed reservoirs (Fig. 1). Initially the volumes of the
two reservoirs are maintained at their mean values V,;
and V,,, respectively. A dose of pure component ad-
sorbing gas is introduced into the system and sufficient
time is allowed to ensure equilibrium is established
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Figure 1. Schematic of a closed diffusion cell with two resonators.

between the gas phase of the two reservoirs and the
particle. The gas phase concentration at equilibrium is
C. and the adsorbed phase concentration at equilibrium
is Cpe.

Once the equilibrium is established, the volumes of
the reservoirs 1 and 2 are perturbed sinusoidally around
their equilibrium values V,; and V,,. These two per-
turbations are at the same frequency and the volume
of the reservoir 2 is perturbed with a phase delay 1.
The volume perturbations can be written in complex
notation, such as:

Vi= Vol — v &) ey
Vy = Vip[1 — vy @ 7V] )

The perturbations in volume (v and v) are assumed
to be very small to ensure the system linearity. As a
consequence, all the system responses (such as the con-
centrations of the two reservoirs, the adsorbed phase
concentration and the particle temperature) are in har-
monic with the same frequency as that of the volume
perturbations. The volume perturbations are exactly
in phase when ¥ = 0 and exactly out of phase when
Vv =m.

Note that if the relative amplitude of the volume per-
turbation for the reservoir 2, v,, is set to be zero, this
problem reduces to the diffusion cell FR with a sin-
gle resonator studied in our previous paper (Sun and
Do, 1995). On the other hand, if the two volumes
are perturbed exactly in phase (y = 0) and with the
same amplitude (v; = vy), the present system reduces
to the traditional batch adsorber FR system with dif-
fusion length being half of the particle length. The
objective of this paper is to determine optimal condi-
tions for the perturbations of the two reservoirs such
that the pressure responses in the two reservoirs could
be enhanced.

The model development will be based on the follow-
ing assumptions:

1. Mass transfer inside the particle is described by the

simple Fickian diffusion.

2. There is no any surface barrier on the particle sur-
faces, that is the equilibrium is instantaneously at-
tained on the surfaces.

. The temperatures in the two reservoirs are assumed
to be constant.

4. The system is linear as a result of very small pertur-

bations.

w



FR Solution for a Homogeneous Particle

The mass balance in the particle is given by a single
diffusion equation:
IAC, *AC,
= Dll-
ot dx2

3)

where C,, is the adsorbed concentration in the particle
and D, is the effective diffusivity.

The adsorbed concentrations at the boundaries are in
equilibrium with the corresponding gas phase concen-
trations C, and C; and given by the following linearized
adsorption isotherm:

AC,lx=0 = KcACy — K7 AT 4)
AC =1 = KcAC; — K7 AT 5)

where the equilibrium parameters K¢ and K7 represent
the slopes of the adsorption equilibrium, respectively,
evaluated at the equilibrium values (C,, T,); AC s AC
and AT are the differential quantities with respect to
the equilibrium values.

Assuming that the temperature is uniform inside the
particle, the heat balance in the particle is:

dAT dAC,

c — —ha,AT + (—AH
S7ar apAT +( A

(6)

where Cy is the volumetric heat capacity of the parti-
cle, h is the heat transfer coefficient between the par-
ticle and its surroundings, a, is the external heat ex-
change surface area per unit particle volume, and A H
is the heat of adsorption. AC, represents the volumet-
ric average concentration in the particle:

The mass balances for the two reservoirs are:

dCiV) V. 9AC, o
dt L x|,

d(CVa) Vo 9AC, ®)
di T LT" 8x |,

where V, is the volume of the porous particle and L is
the length of the particle. Linearising the products of
the pressures and volumes in the above equations, we
get:

dAC, D, 3AC, .
— Ce . twt
ot "KeL ox |, teree ©
dAC, D, 3AC, .
— — C.i H{wr—yr)
dt KoL x|, 2 (10)
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in which we have used Eqs. (1) and (2). Here B; and 8>
are nondimensional capacity parameters, defined as:

ViK ViK
- ——-—C, ﬁz = ¢

A Vet Ve

(1D

The parameter £ is simply the ratio of the amount
adsorbed in the particle at equilibrium to the equi-
librium amount in the RHS reservoir. Similarly, the
parameter f; is the ratio of the amount adsorbed in
the particle at equilibrium to the equilibrium amount
in the LHS reservoir. When V5 = 0 (thatis 8, — o0),
the diffusion cell system is reduced to the traditional
batch adsorber system with particle having slab geo-
metry.

The solution procedure of the above system is the
same as that used in our previous paper dealing with a
single resonator (Sun and Do, 1995). Therefore, only
the final solutions are given here.

The periodic steady state solutions for the concen-
trations in the two reservoirs are:

vi[f +iwty (8. — i8,) + Fr] + Bruae™ (b + Gr)

AC = - - ,
Br+ B+ BB —i8) +iwty (8. —id,) + Qr
X C,elo! (12)
AC, = bt iot@: —id) + Er] + parvieV (b + Gr)
) =

Bi+ B2+ P15 (8 — i8) + iwty (8. — 18,) + Or
x C,e/ =9 (13)

where t; is the time constant for diffusion defined as
L?/D,, and

1

b= ———— (A= oty/2)

cosh[(1 + )A]

5 — 5, — sinh 24 + sin2A
’ 2X(cosh 21 4 cos21)
sinh2A — sin 2,
- 2A(cosh 24 + cos 2A)
Er = Hr[Bi(8: —i8,) +2(1 — b)];

Fr = Hr{Ba(8c — i8,) + 2(1 — b)]
Gr = Hr(8, — i8,);
Qr = Hr[(B1 + B2) (8 — i8,) + 2(1 — b)]

iwty
H = y——
T ]/1 +iwth

The functions 8. and §, represent the FR characteristics
for a pure diffusion process in the adsorbent particles.
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The solution for the particle temperature is:

AT — KcHr(1—b)
T Krliwty (8, — i8,) + 2Hr (1 — b)]
x (AC| + ACy) (14)

The adsorbed phase concentration is given by:

sinh[(1 + )2 %]
sinh[(1 + i)A]
+ (KcACy — Kr AT)

X {cosh[(l + i))»%}

sinh[(1 + i)A% |cosh[ (1 + )2 ]
- sinh[(1 + )]

AC, = (KcAC, — KrAT)

} (15)

The volumetric average concentration is:

AC - cosh[(1 +i)A] — 1
T (14 i)asinh [(1+)A]
+ KcACy — K7 AT) (16)

(KcAC) — KT AT

In the above equations, f, is the time constant for the
heat exchange and y is a non-dimensional thermal pa-
rameter describing the nonisothermality of the system:

Cs _ (—AH)Ky

= 17
ha, 14 s (a7

Iy

The larger are these thermal parameters, 2, and y,
the more important will be the heat effect. If one of
these two parameters is equal to zero, the system will
be isothermal.

We can see that the solutions for AC; and AC,
(Egs. 12 and 13) can be interchanged by swapping
the indexes 1 and 2 and by changing ¥ to —¢ as
one would expect physically. By setting v, to zero,
that is for a single resonator FR system, the solutions
given by Equations 12 and 13 reduce to those given in
our previous paper (Sun and Do, 1995). On the other
hand, if the volume of the reservoir 2 is infinitely small
(that is B, = o00), the resulting solution reduces to
that for a batch adsorber FR system (Sun and Bourdin,
1993):

_ 14+ Hp (8, —idy) y
T1¥ B+ HOGe —i8,)

AC; C.e“  (18)

The difference in concentration between the two
reservoirs, which can be directly measured experimen-
tally using a differential pressure transducer, is ob-
tained from Eqgs. (12) and (13):

-G
_ B = Brne ™I = ) + 1 = e liwony G — i8y) + 2Hr1 = b))
B+ B2+ B Br(8¢ — i8y) +iwty (S —i8s) + Or
X Coel @ 19

If the two reservoirs have identical volumes and rel-
ative amplitudes of modulation, that is v{ = vz = v
and B; = B, = B, Eq. (19) is reduced to:

C—C
=(1—-e)
» B —b)+ [iwty (8. —i8y) +2Hr (1 — )]
B+ B+ Bipa(8. —i8,) +iwty (8. — i8,) + Or

iwt

x vC,e

= (l - eﬁh//)(cl - CZ)Isingle resonator (20)

where (C} — C2)lsingle resonaror 1S the differential concen-
tration obtained with a single resonator case where one
of the two volumes are kept constant. When the per-
turbations of the two reservoirs are in phase (¥ = 0),
the differential concentration is equal to zero due to the
symmetry. On the other hand, when the volume per-
turbations are out of phase (3 = ), the differential
concentration with two resonators behaves exactly as
for the system having a single resonator except that its
amplitude is twice larger.

The in-phase and out-of-phase components for the
RHS and LHS concentration responses are based on
their own volume perturbations and defined as the real
and imaginary parts of the RHS terms of the following
equations:

_vﬁe__e*iwn -1
|ACY
1+ Ba(8c —i8) +Gr — %e""’ (b+Gr)

=P Fien 6. 16 + Fr + B 2e (b + Gr)

21
DG e _q
AC]
1+ Bi(e — i)+ Gr — Le¥ (b + Gr)
= P 6. = i6) + Er + B0V (b + Gr)
@)

where |AC;] and [ACs|, ¢; and ¢, are the amplitudes
and the phase angles of AC; and AC,, respectively.



In the limit of low frequencies, the perturbation is
much slower than the mass transfer dynamics; hence
the system is always under quasi-equilibrium condi-
tions, that is the concentrations in the two reservoirs
are in phase with the volume perturbations:

el + ™)

lim ACy = lim AC, = (23)
w—0 w—>0

The corresponding amplitudes and phase angles at
zero frequency are explicitly written as:

lim |AC1| = lim |AC2|
w—0 w—0

VB + @)+ sy
- I+ 4+ 5
1 B2

(24)
% sin yr

—— (25)
v v
.B_ll + ﬂ—z cos ¥

lim tan @ = lim tan g = —
w-+0 w—0

It can be seen that when v = 0, that is the perturba-
tions of the two reservoirs are in phase, the amplitudes
of AC| and AC; at low frequencies attains the maxi-
mum but the phase angles approach zero. On the other
hand, the phase angles can attain the maximum when
the perturbations are out of phase (¥ = ), but in
this case the amplitudes of the concentrations get the
minimum value.

At very high frequencies, the perturbation is too fast
for the mass transfer to occur into the particle. There-
fore, the concentrations in the reservoirs respond di-
rectly in phase with the volume perturbations as if there
is no particle in the system:

lim [AC| =vC,; lim ¢ =0 (26)
w00 @W-—>00

lim |[ACy| = v,C,;  lim ¢ = —y 27)
w—0o0 w—>00

At very low frequencies, the amplitude of the differ-
ential concentration (C; — C,) tends to zero and the
corresponding phase angle has the following limiting
value:

. oy 2+ 1
})1_% (tan ¢12) = —tan 5 + [1 v2(2+ﬂ1)} sin i
(28)
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In particular, for a completely symmetrical system
(B1 = B> and v; = vy), we have:

. 4
= —_— — 2
limep=7-= (29)

The asymptotic values at very high frequencies are
given by:

lim (IC, — G) = CU\/U% + v — 2vivycos ¥
(30)

. sin ¥
lim tan¢); = ————
w—00 - —cosy
vy

(3D

FR Solution for a Bi-Porous Pellet

For simplicity, we assume here that the temperature is
uniform in the pellet, that is the heat conductivity of
the pellet is assumed to be very large.

Mass balance in the crystals:

0AC, D, D (rzaAcM> a2

ot 72 ar ar
aAC
s =0 (33)
or r=0
ACpulrep = K,AC, — Kr AT (34)

where C, s the gas phase concentration in the macro-
pores and R is the radius of the crystals.
Mass balance in the macropores:

IAC, 1—€dAC, 3*AC,
= 35
or e ar Pox2 )
ACplx=0 = ACy (36)
AC,lier = AC (37)

where D, is an effective coefficient accounting for
the Knudsen diffusion and/or the viscous flow in the
nmacropores.

The heat balance in the pellet:

dAT dAC
—(l—¢)|AH P = —ha,AT
= (1 —-e)AH| T ap (3%)

Cs

where ﬁu represents the total amount adsorbed in the
pellet.
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The mass balances for the gas phase in two reservoirs
are:

dAC, | Ve | 9AG,

dt | VuL " ox = uCeiwd™ (39)
e

x=L

i(wr—y)

dAC, Vi ) 9AC,

At VoL " ax v2t-elwe

x=0

(40)
The solution of frequency response is given by:

ACy
uilwafi ity fith = Hr2 = 2W + @ fidi)] + o frvae 7V W = Hrd)
(ay + ) fi + iwrdpfll]l + o0 fRdy — Hyl2 = 2W + (o + o2) fidi]

X Ceclet 41)

AC;
v e fiW — Hydh) + vae™ Vo fi 4wty fids = HrQ = 2W +on fid)]
(o +ay) fi + iwtd[,fldl + a0 fldy — Hel2 = 2W 4 (o + o) fidi]

X Coe @t 42)

where £y, = L%/ D, and the equilibrium constants are
defined as:

eV eV, P 1—¢€ K
: Vel 2 VeZ ¢
(1 —-e)|AH|
y = —)| Kr 43)
Cs

The other variables are given by:

8, — id,

_ 3(sinh 2A — sin2))
" 2x(cosh2X — cos2))

3 | sinh2A +sin2A 1 . wR?
2x| cosh2) —cos2x A “ V2D,
iwty (8. —i8,) vKc f

= Fikr +ion L1 Kz + 76, — i) (fikr + HKO]

Ky
K¢

wl,/,,fl 1
Ay = —_— V=—o—
! V 2 cosh [(1 4+ i)Ay]

sinh2A; +sin2A; — i(sinh 21, — sin2A;)
2Ai(cosh2X; + cos2Xy)

Hr

fi=1+K@ —i8); fo=—K—T @ ~ib)

dy =

Results and Discussion
FR Analysis for a Homogeneous Particle

As explained earlier, the two resonator FR system can
reduce to a batch adsorber FR system when the volume
of one reservoir becomes very small. This transition
is shown in Fig. 2 wherein the normalised amplitude
and the phase angle of AC; are plotted for a lagged in
phase perturbation (Y = %n). It can be seen that the
smaller the volume of the reservoir 2 (that is the larger
B2), the larger the amplitude of ACy at low frequencies
but the smaller the magnitude of the phase angle. As
the volume V,; decreases to zero, the concentration
response approaches that given by the batch adsorber
FR system (8, = 00). On the other hand, if one keeps
constant the mean volumes of the reservoirs (V,; and
V.2) but decreases gradually the relative amplitude of
the perturbation of the reservoir 2, v,, the behaviour of
the system approaches that of the single resonator FR
system, as shown in Fig. 3.

One of the major concerns in the FR techniques is
how to get accurate experimental FR data. The accu-
racy of FR data is essentially determined by the magni-
tudes of both the amplitude and the phase angle of the
pressure response. The larger the amplitude and the
phase angle, the more accurate the experimental FR
data. In a traditional batch adsorber FR, however, the
phase angle of the pressure response is generally very
small. This is shown in Fig. 4 wherein the amplitude
and phase angle of the concentration AC; are plot-
ted for 8; = 2 under isothermal conditions. Also are
plotted the concentration response in the modulating

(Fo™a)/1ow

wl?/Dy

Figure 2. Effect of the volume of the reservoir 2 on the amplitude
and phase angle of C; with ¢ = %n, B =2and v = vy =
0.02. B2 = oo corresponds to the batch adsorber FR system. The
isothermal condition is assumed here as for Figs. 2-6.
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Figure 3.  Effect of the relative amplitude of volume perturbation of
the reservoir 2 on the amplitude and phase angle of Cy with y = %n,
B = o = 2and vy = 0.02. v, = 0 corresponds to the single
resonator diffusion cell FR system.
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Figure 4. Amplitudes and phase angles of the concentration in the
modulating volume for a batch adsorber FR (solid lines) and a dif-
fusion cell FR with one single resonator (dashed lines). Simulations
are made under isothermal conditions using 8y = 2) and g, = 2 for
the diffusion cell FR.

reservoir for a single resonator diffusion cell FR sys-
tem obtained with 8; = 8, = 2. We can see that the
phase angle of the concentration response for the batch
adsorber FR is very small and its maximum value oc-
curring at the resonant frequency does not exceed % In
the case of single resonator diffusion cell FR, the mag-
nitude of the phase angle is slightly larger but still less
than %. As a result, it would be difficult to determine
accurately experimental FR data.

We will now investigate whether the concentration
responses can be further enhanced by using two res-
onators, where the phase delay between the two volume
perturbations, ¥, will be the key parameter in dictating
the FR response. Here we will study only the concen-
tration response in one reservoir and the differential
response between the two reservoirs. The analysis of
the other reservoir response is not necessary as a result
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of the symmetry between the two reservoirs. Moreover,
to better understand the contributions of mass and heat
transfers separately, only the isothermal case is first
studied. The effect of heat transfer is then analyzed to
show how heat transfer would alter the FR of the mass
transfer.

Effect of ¥ on the Concentration Response C,;

InFig. 5, we plot the normalised amplitudes and phase
angles of AC, obtained with different values of the
phase delay between the two volume perturbations for
two identical reservoirs (8 = B, = 2, v} = vp =
0.02). The values of ¥ vary from 0 to 0.757 giving
in phase perturbations (lagged if ¥ > 0), and from =
to 1.757 giving out of phase perturbations (lagged if

Y o> ).
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0.8
<
5 0.6 4
I
s EIII
R I B
0.2 e . o900 =77
—TL - - // soeee Y=577 /4
E mesoa =37 /2
~oe va ¢:7W,/4
0.0 T T T T
0.1 1 10 100

L -~ - y=37/4

q 7 e CO-5—B—0 ’w:g /4
Y R -~ wa-sca =5
0.8 // crass =371/ 2
7 - eee s Y=Tr/4 [
-1.2 ¥——F— L e e LB e e R
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Figure 5. Amplitudes (a) and phase angles (b) of C; for different
values of  for two identical reservoirs () = £ = 2 and »; =
vy = 0.02).
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1. In Phase Perturbation (v = 0). The system is
symmetrical and can be divided into two identical
FR systems which are equivalent to a batch adsor-
ber FR with diffusion path being half of the particle
length and with half of the particle volume. The
amplitude of the concentration response at low fre-
quencies 1s relatively large as a result of a smaller
particle volume. Moreover, it is noted that the vari-
ations of the FR are shifted towards higher frequen-
cies due to a shorter diffusion path.

2. Out of Phase Perturbation (W = ). In this case,
we can readily obtain from Egs. 12, 13, 14 and 16:

AC;+ACy = AT =AC, =0
(with By = B2; v1 = v2) (44)

This means that with the out of phase perturbation,
the variations of the gas concentrations in the two
reservoirs have opposite behaviour; the amount of
adsorbate coming out of the particle into one reser-
voir is exactly the same as that diffusing into the par-
ticle from the other reservoir. The total amount ad-
sorbed in the particle remains constant (Eq. 44) and
therefore no temperature change occurs in the par-
ticle. At very low frequencies, the amount of mass
adsorbed or desorbed by the particle can exactly
compensate the concentration changes in the reser-
voirs caused by the volume variations. Therefore,
the amplitude of the concentration response is equal
to zero (Fig. 5a). As the frequency increases, the
diffusional resistances in the particle become larger
and the mass exchanged between the particle and the
reservoirs is smaller, leading to the increase of the
amplitude up to 1 at very high frequencies (Fig. 5a).
On the other hand, the phase angle decreases contin-
uously with the frequency from 7 at zero frequency
to 0 at very high frequencies (Fig. 5b).

3. Lagged in Phase Perturbations (0 < ¢ < m). We
have shown in the last two paragraphs that the in
phase perturbation leads to the largest amplitude at
low frequencies while the out of phase perturba-
tion yields the smallest one. As a consequence, as
the phase delay between the two reservoir pertur-
bations, , is increased from zero to 7, the system
exhibits a behaviour more toward the out of phase
behaviour with smaller amplitudes at low frequen-
cies. As the frequency increases, the amplitude de-
creases first with the frequency and attains a local
minimum before increasing with the frequency. This
behaviour can be qualitatively explained as follows.

As the frequency increases, the diffusional resis-
tances in the particle become larger. This increase
of the diffusional resistances alters mostly the mass
transfer due to the volume change of the remote
reservoir, V,, as the adsorbate must pass through
the particle to get to the reservoir V. As a result,
the mass transfer from the remote reservoir is de-
layed, leading to the decrease in the amplitude. As
the frequency increases further, the mass transfer
inside the particle becomes too slow for both sides,
leading to the amplitude increase.

The behaviour of the phase angle can be observed
from Fig. 5b. The response of AC, is lagged at
low frequencies (that is ¢; < 0) and becomes in
advance with respect to the volume perturbation at
high frequencies. At low frequencies, the larger
the phase delay of the volume perturbation of the
reservoir 2, the larger the magnitudes of the phase
angle ¢,.

4. Lagged out of Phase Perturbations (m < < 2m).
When i increases from 7 to 2w, the perturba-
tions become more and more in phase and there-
fore the amplitude increases continuously with the
frequency. In the intermediate range of frequency,
the concentration amplitudes are larger than those
given by the in-phase perturbations. The phase an-
gle, ¢, remains always positive, meaning that the
response of AC) is always in advance with respect
to the volume perturbation. Furthermore, it can be
seen that the phase angle of AC increases with the
phase delay of the reservoir 2.

As can be seen from Fig. 5, the phase delay between
two volume perturbations, v/, has generally opposite
effects on the amplitude |AC}| and the phase angle ¢;
both at low and high frequencies. For example, the
out of phase perturbation (¥ = ) gives the largest
phase angle and the smallest amplitude at low frequen-
cies. However, the enhancement of both the amplitude
and the phase angle can be achieved at intermediate
frequencies, in particular with out of phase perturba-
tions (Y > 7). This feature is interesting since it is in
this range where the mass transfer mostly affects the
FR characteristics. From the comparison of Fig. 5 and
Fig. 4 which shows the concentration response obtained
for a traditional batch adsorber FR system, we can
easily see that the two resonator FR system can give
considerably enhanced concentration response when
volume perturbations are made such that the phase
delay between the volume perturbations, v, is around



%n. In this case, both the amplitude and the phase an-
gle are significantly larger. Another point which can be
noted from this comparison is that with perturbations
of the two volumes, the frequency range wherein the
FR varies as a result of transfer resistances is widened,
particularly towards to lower frequencies.

In the case of two identical reservoirs, the out of
phase perturbations with ¥ near 7 give largest phase
angles, as can be seen from Fig. 5b. However, the
corresponding amplitudes are very small at relatively
low frequencies and tend to zero at very slow frequen-
cies as a result of the symmetry between the two reser-
voirs. This undesirable feature can be avoided by using
two reservoirs having different volumes and/or differ-
entrelative amplitudes of volume modulation. InFig. 6
are plotted the amplitudes and the phase angles of C;
calculated with two equal volumes (8; = B, = 2) but

1.0
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we-s0s =57 /4
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Figure 6. Amplitudes (a) and phase angles (b) of C; for different
values of ¥ for two different reservoirs (8] = g, = 2and v; = 0.02,
vy = 0.04).
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different relative amplitudes of moduiation (v; = 0.02
and v, = 0.04). The behaviour is qualitatively similar
to the previous results with two identical reservoirs but
the magnitudes of the amplitude and the phase angle
are significantly larger than those obtained with two
identical reservoirs. For example, the out of phase per-
turbation (Y = ) gives very large phase angles (7 at
zero frequency) and the pressure amplitude has a min-
imum normalised value of 0.25 which is quite accept-
able. Iflarger amplitudes of the concentration response
are preferred, we can use a lagged out of phase pertur-
bation. As an example, the case of ¥ = %n leads to
a minimum value of 0.4 for the normalised amplitude
and the corresponding phase angle is still quite large
(> m/2 at low frequencies). Note that with the differ-
ence in the magnitude of volume perturbation of the
two reservoirs, the case ¥ = 0 is no longer equivalent
0 a batch adsorber FR system as a result of system
asymmetry.

Effect of y on the Differential Response C; — C,

Another variable which can be practically monitored
is the pressure difference between the two reservoirs.
This differential pressure can be easily measured exper-
imentally using a differential transducer. The response
of the pressure difference for the present two resonator
system is very similar to that of the single resonator FR
system when the two reservoirs are identical (Eq. 22).
In particular, when the two volume perturbations are
exactly out of phase (y = 1), the responses in the two
cases are the same except that the magnitude of the am-
plitude is twice larger for a two resonator system. The
response of the differential concentration with different
phase delays for the volume perturbations is plotted in
Fig. 7 for the case of two identical reservoirs. When the
volume perturbations are in phase (¢ = 0), the ampli-
tude of the differential pressure is equal to zero. Note
also that, as a result of the symmetry between the two
reservoirs, the amplitude is the same for in phase and
out of phase perturbations with complementary angles,
thatis 377 and Z7; 3 and 7 and 27 and 37, We can
see that the in phase perturbations with ¥ = ~7 give
mostly desirable results for the differential response
Ci — C,.

Effect of Heat Transfer

Periodic adsorption and desorption cause inevitably the
particle temperature to vary; the temperature change
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Figure 7. Amplitudes (a) and phase angles (b) of the differential
response C) — C, with different values of  in the case of two
identical reservoirs (8; = 82 = 2 and vy = v = 0.02).

affects in turn the amount adsorbed or desorbed in the
particle and thus the concentration responses in the
reservoirs. The larger is the amount of adsorbate ad-
sorbed or desorbed by the particle, the larger will be the
temperature variations. In Fig. 8 is plotted the ampli-
tude of the particle temperature for different values of
the phase delay between the volume perturbations, .
When the volume perturbations are in phase (y = 0),
the change in the total amount adsorbed by the par-
ticle is the largest, leading to the largest temperature
variation. As the phase delay v increases, that is the
volume perturbations are more and more out of phase,
the amount adsorbed in the particle decreases and the
temperature variation also decreases. When the vol-
ume perturbations are exactly out of phase (Y = 7),
there is no change in the total adsorbed amount in the
particle and therefore the temperature remains to be
constant. In this case, the system is isothermal.
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Figure 8. Amplitude of the particle temperature, AT, for different
values of ¥ in the case of two identical reservoirs (8; = p = 2 and
vy = vy = 0.02). The values of the thermal parameters used were
y=1landt = L.

To show the heat effect on the concentration re-
sponses, we plot the response of AC; and C; —
C; in Fig. 9 for a phase delay of v = %JT under
the non-isothermal condition. The curves were ob-
tained using two different reservoirs 81 =1, f, =2,
vy = v = 0.02 and y = 1. Since a temperature vari-
ation always tends to decrease the mass exchange be-
tween the particle and reservoirs, the magnitudes of
AC;’s amplitude become larger when the heat transfer
is slower (that is #), is larger). We can observe that the
heat effect is significant on the absolute concentration
response AC; but this effect is much smaller on the
differential response C; — C,. For two identical reser-
voirs, C; — C, is even not altered by the heat effect.
This confirms our previous result obtained for a sin-
gle resonator diffusion cell FR system (Sun and Do,
1995). The physical reason of this is that heat trans-
fer affects in an equitable way the concentrations in
the two reservoirs and therefore, the sensitivity of the
concentration difference on the heat effect is extremely
small.

FR Analysis for a Biporous Pellet

Two different diffusion processes are involved in the
pellet model: micropore diffusion and macropore dif-
fusion. If the rate of micropore diffusion is very
fast (D, — o0), the pellet behaves like a homoge-
neous particle with a single effective diffusion co-
efficient D, = D,/(1+ K). The FR behaviour of
such a system is similar to that of a homogeneous
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particle discussed previously. In the opposite case, if
the macropore diffusion resistance is negligible, i.e.,
D, — o0, the gas molecules will pass instantaneously
from one reservoir to the other and the variations of
the RHS and LHS concentrations will be identical
(AC| = AC3,). The systemis reduced to a batch adsor-
ber one with a twice bigger chamber volume and with
a single volume modulation which has the following

amplitude and phase angle:

1
v 5\/012 +2vivy cos Y +v3  (45)
vy Sin yr

tanyp’ = ——— -
v + v3 cos

(46)

The transition between the two limiting cases is
shown in Fig. 10 in the case of a lagged out of phase
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perturbation (¥ = %n). The FR curves were obtained
using the following equilibrium parameters: K¢ =
7140, Ky = 0.39, K = 1.67x 10%, y = 0.5,1, = 105
(nonisothermal sorption) and oy = oy = 1.2 x 107*
(the same volume for the two reservoirs). tp, and
tpp are respectively time constants for micropore and
macropore diffusion and are defined as:

2 2

L =+ K)—=— @7
15D, pp = (l+ )3D,, 47)

Ipy =

In the case of micropore diffusion control (tpp = 0),
the system behaves like a traditional batch FR sys-
tem: the concentration amplitude increases continu-
ously with the frequency and approaches a limiting
value of “/75 at high frequencies (see Eq. 45); the phase
angle, starting from % at zero frequency (see Eq. 25),
increases first with the frequency and then decreases
after a maximum down to 7 which corresponds to the
phase angle of the volume modulation (Eq. 46). In
the case of macropore diffusion control (tp, = 0), the
system reduces to a homogeneous particle and has a
behaviour similar to that shown in Fig. 5. It is noted
that the FR curves shown in Fig. 10 are well different,
suggesting that the present methed is very sensitive to
the competition between micropore and macropore dif-
fusion, much more than the batch adsorber FR system.

Conclusions

In this paper, the frequency response of a diffusion cell
system with two resonators has been analysed, both for
homogeneous particles and biporous pellets. The theo-
retical models developed include the Fickian diffusion
mechanisms for mass transfer in the adsorbent parti-
cles as well as the heat dissipation process between the
particles and the surroundings. The objective of intro-
ducing a second resonator is to enhance the response
of gas pressures in the reservoirs and thus to have more
accurate FR measurements. This enhancement is nec-
essary as in traditional batch adsorber FR systems the
amplitude and the phase angle of the pressure response
are often very small, making accurate determination of
FR characteristics often difficult.

It has been shown that if the volume perturbation of
one reservoir, say reservoir 2, is out of phase with re-
spect to the perturbation of reservoir 1 with the phase
delay being about { ~ 1.5, the pressure response in
the reservoir 1 can be enhanced with significantly larger
phase angles and amplitudes. The enhancement can

even be more significant when the two reservoirs have
different volumes or volume variations. When the dif-
ferential pressure between the two reservoirs is taken
as the monitored variable, the greatest enhancement
can be achieved by using in phase perturbations with ¥/
near 7. Moreover, this pressure difference proved to be
much less sensitive to the heat effect than the absolute
response AC or AC; is. It has also been demonstrated
that the heat effect can be reduced with the use of out
of phase perturbations as a result of small net changes
in the amount adsorbed in the particles. The heat effect
is completely cancelled when the volume perturbations
are exactly out of phase (¢ = 7).

For biporous pellets, it has been shown that the sys-
tem behaves as a two resonator diffusion cell FR with a
homogeneous particle when macropore diffusion con-
trols alone the overall kinetics. On the other hand, when
micropore diffusion is the only rate-limiting mecha-
nism, the system reduces to a batch adsorber FR one
with a single resonator. The resulting FR curves are
well distinct, proving that the two resonator system has
a high sensitivity to the competition between micropore
and macropore diffusion mechanisms. This high sensi-
tivity is of great practical interest for the discrimination
of micropore and macropore diffusion coefficients.

Nomenclature

ap: external heat transfer surface area per unit
particle volume, m~!
C: gas phase concentrations in the reservoirs,
kmol/m?
Cs: volumetric heat capacity of the porous particle,
J/m3/K
C,.: adsorbed phase concentration, kmol/m?
D, diffusion coefficient in macropores, m?/s
D, effective diffusion coefficient in the porous
particle, m?/s
h: heat transfer coefficient between the adsorbent
particle and the surroundings, W/m? K
A H': heat of adsorption, J/kmol
K ¢: equilibrium constant
K7 derivative of the adsorption isobar, kmol/m3K
L: length of adsorbent particles, m
R: gas constant, J/kmol K
t: time, s
t,: time constant for micropore diffusion
(=L?*/D,),s
t4p: time constant for macropore diffusion
(= L%*/Dp),s



tpy: time constant for micropore diffusion defined
in Eq. 47, s
tpp: time constant for macropore diffusion defined
in Eq. 47, s
t,: time constants for heat exchange (1, =
Cs/hap), s
: temperature, K
v: relative amplitudes of the volume
perturbations
: volumes of the reservoirs, m*
: mean volumes of the reservoirs, m3
: volume of the porous particle, m?
: spatial coordinates in the particle, m
: amplitudes

~

VEBSIRNIES

Greek Letters

B: ratio of the amounts in the particle and
reservoirs at equilibrium

v : non-dimensional thermal parameter
(= KrlAaH|/Cy)

€: pellet porosity

¢: phase angle of the gas phase concentrations

p12: phase angle of the differential concentration

C -G

Y: phase delay of the volume perturbation of the
reservoir 2 with respect to that of the
reservoir 1

w: angular frequency of the volume perturbation

S—l

3

Subscripts

1: reservoir 1
2: reservoir 2

12: difference between the two reservoirs
e: equilibrium state

Superscripts

—: volume average values
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