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A new closed-form model is proposed to determine the adsorbate uptake rate and the mass diffusivity of
adsorbent-adsorbate pairs using experimental data of the gravimetric method based on the concept of
Resistance-Capacitance (RC) analogy. The present model is verified against the available analytical solu-
tion for the adsorbate uptake for spherical micropore adsorbent particles with solid-side resistance on the

surface of adsorbent. Furthermore, a new closed-form relationship for adsorbate uptake rate during the
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adsorption/desorption processes in adsorption cooling systems (ACS) is developed based on the linear
driving force (LDF) model. The proposed adsorbate uptake rate relationship is applicable to the entire
range of mass transfer Biot numbers and is as convenient-to-use as the LDF adsorbate uptake rate model.
Moreover, the present model can be used to determine the mass diffusivity of spherical micropore adsor-
bent-adsorbate pairs with less computational time than that of the analytical series solution.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Diffusion in micropore and mesopore materials is a dominant
process in a wide range of applications such as gas separation
and purification [1,2], petrochemical processes [3,4], industrial
air pollution control [5], air dehumidification in air conditioning
systems [6,7], food industries [8-10] and biomechanics [11,12].
An emerging application of micropore and mesopore materials is
in adsorption cooling systems (ACS) for air conditioning in build-
ings and automotive industries which have received an immense
attention in the recent years mainly due to higher fuel prices, en-
ergy shortages, and stringent governmental environmental/emis-
sion regulations [13-15]. Conventional vapor compression
refrigeration cycle (VCRC), used in automotive air conditioning sys-
tems, consumes a considerable power of the engine [16] to derive
the compressor, which significantly increases fuel consumption. A
VCRC compressor can add up to 5-6 kW peak power draw on a
vehicle’s engine that is equivalent to the power required for a
1200-kg sedan cruising at 60 km/h [16]. In a conventional internal
combustion engine (ICE), almost 40% of the total fuel energy is dis-
sipated through the exhaust gas of the engine [16] in the form of
waste heat. A portion of this waste heat is sufficient to run an
ACS to meet the air-conditioning of a vehicle. Proper implementa-
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tion of ACS in automobiles can significantly reduce the fuel con-
sumption and minimize the carbon footprint of vehicles.

Working pairs in ACS are a combination of a sorbent material,
called adsorbent, such as zeolite, silica gel and activated carbon;
and a refrigerant, called adsorbate, such as water and methanol.
These materials are environmentally friendly, non-toxic, non-cor-
rosive, and inexpensive. Moreover, ACS are quiet and easy to main-
tain. As such, ACS are ideal candidates for conventional VCRC.
However, commercialization of ACS faces major challenges;
namely: (i) low specific cooling power (SCP) and (ii) poor coeffi-
cient of performance (COP) that result in heavy and bulky air-con-
ditioning systems, which are not practical for automotive
applications. Specific cooling power is the ratio of cooling power
to the mass of dry adsorbent times the cycle time. Thus, SCP can
be maximized by decreasing the adsorbent mass and/or reducing
the cycle time. The origins of these limitations are low mass diffu-
sivity and thermal conductivity of the adsorbent-adsorbate pairs.
To improve SCP, the following approaches can be adopted:

e Improving thermal conductivity of working pairs by using new
synthetic materials such as carbon nanotubes (CNT) embedded
in zeolite [17].

o Increasing effective surface area of adsorber bed to increase the
heat transfer rate between the exhaust gas (waste heat) and the
adsorbent particles.

e Reducing cycle time by increasing adsorbate diffusion rate
within the adsorbent particles during the adsorption/desorption
processes.
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Nomenclature

a radius of adsorbent particle (m)

Bip, mass transfer Biot number, h,,a/D

c adsorbate concentration (mol/m?®)

c total amount of adsorbate within the adsorbent particle
(mol/m?)

c non-dimensional adsorbate concentration distribution

Co initial adsorbate concentration (mol/m?3)

Coo equilibrium adsorbate concentration, bulk concentra-
tion (mol/m?)

C electrical capacitance (F)

D mass diffusivity (m?/s)

Dy binary mass diffusion (m?/s)

Fo mass Fourier number, tD/a?

hn mass transfer coefficient (m/s)

i electric current (A)

non-dimensional total amount of adsorbate within the
adsorbent particle

radial coordinate

electrical resistance (Q)

time (s)

electric potential (V)

volume (m?3)

mym.,

Greek symbols

Bn roots of characteristic equation, Eq. (13)

£ porosity

n non-dimensional coordinate, r/a

10} adsorbate uptake, (kg adsorbate/kg dry adsorbent)

Weq equilibrium adsorbate uptake, (kg adsorbate/kg dry
adsorbent)

The main objective of this study, as a fundamental block to re-
solve the issues currently facing ACS, is to develop an in-depth
understanding of adsorbate diffusion phenomenon within the
adsorbent beds. To this end, a new compact closed-form relation-
ship is developed to determine both adsorbate uptake rate and
the mass diffusivity coefficient of adsorbent-adsorbate pairs. The
proposed model is verified with experimental data collected from
other sources.

2. Pertinent literature

There are several experimental techniques to measure the
adsorbate uptake rate and the mass diffusivity reported in the lit-
erature, including, infrared spectroscopy, chromatography, nuclear
magnetic resonance (NMR) and gravimetric methods, to name a
few. More detail on measurement techniques are available else-
where, e.g. [18]. A commonly used method is thermal gravimetric
technique [18]. A thermogravimetric apparatus consists of an elec-
trical furnace, crucible, and microbalance. The dried adsorbent par-
ticles are placed in the crucible which is located at the center of the
furnace; it is also connected to the microbalance. To run a test, the
furnace is set at a specific temperature and the adsorbate flows in-
side the furnace chamber. Simultaneously, the dried adsorbent
particles start to adsorb adsorbate under the adsorption isotherm
process and the microbalance measures the variation of the adsor-
bent mass over time. This method is a time-consuming method but
there is almost no technical difficulty [19]. However, the measure-
ment does not directly yield the mass diffusivity coefficient. To ob-
tain the value of the mass diffusivity, an appropriate analytical
adsorption model is needed for the analysis. By assuming a value
for the mass diffusivity, a corresponding adsorbate uptake curve
can be found using the analytical model. Then, it is compared to
the experimental adsorbate uptake curve. The value of the mass
diffusivity in the analytical model which provides the best match
with the experimental result is taken as the true value of the mass
diffusivity of the adsorbent-adsorbate pair at a specific pressure
and temperature [19,20]. Accuracy of this method increases by
developing a proper analytical model that can predict the mass dif-
fusivity of adsorbent-adsorbate pairs under different operating
conditions.

In general, the adsorbate uptake includes a number of physical
processes, adsorbate transfer from the bulk gas to the adsorbent
exterior surface, called gas-side resistance, diffusion of the adsor-
bate molecules to the pore surface of adsorbent particle, called

solid-side resistance, and a resistance associated with the
adsorption process itself. Often the last two resistances are more
important than the first one [20-24]. Due to these factors, different
mathematical models for the adsorption kinetics under different
boundary conditions have been developed. Crank [25], and Karger
and Ruthven [26] developed two different models for the concen-
tration distribution of adsorbate within a spherical micropore
adsorbent particle based on:

o [sothermal adsorption with constant concentration on the sur-
face of adsorbent.

o Isothermal adsorption with solid-side resistance on the surface
of adsorbent.

Later, Lee and Ruthven [27] developed a non-isothermal adsorp-
tion model with solid-side mass resistance for highly diffusive
and/or reactive adsorbent-adsorbate pairs. Ni et al. [19] measured
the water uptake rate of silica gel under different operating
temperatures using thermogravimetric measurements. Then, they
calculated the mass diffusivity of silica gel-water using two ser-
ies-based models, namely the isothermal model with solid-side
mass transfer resistance and the non-isothermal model with so-
lid-side heat and mass transfer resistances. Their curve-fitted to
the experimental data indicated that both models yield the same
results because the tests were conducted under the adsorption iso-
therm process. Furthermore, Gurgel et al. [28] studied the water up-
take rate of silica gel particles with three different diameters under
the adsorption isotherm process. They used the isothermal model
with no solid-side mass transfer resistance on the surface of adsor-
bent to predict the mass diffusivity of silica gel-water pair; how-
ever, their model failed to accurately predict the experimental data.

In many applications, adsorbate concentration boundary layer
on the surface of adsorbent particle cannot be neglected and the
solid-side resistance should be considered. For such problems,
the solution of an isothermal process with the solid-side resistance
is available in [26,27,29]. In case of negligible solid-side resistance,
the solution converges to the isothermal adsorption with constant
concentration on the surface of adsorbent.

Besides, several numerical simulations have been conducted by
different researchers. Pesaran et al. [20] and San et al. [30,31]
numerically investigated the effects of solid-side mass transfer
resistance on the adsorption of water vapor by a packed bed of sil-
ica gel adsorbent. The challenges associated with the numerical
simulation of adsorption phenomenon are its unsteady nature,
time-consuming procedure, and iterative method to find the
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accurate mass diffusivity of adsorbent-adsorbate pairs. Therefore,
using an analytical model that can provide the mass diffusivity of
adsorbent-adsorbate pairs in less time is preferred.

Most of the available analytical solutions in the open literature
are based on series-solutions with non-linear characteristic equa-
tions to find both the adsorbate uptake rate by spherical micropore
adsorbent particle and the mass diffusivity of adsorbent-adsorbate
pairs. In the following sections, a new compact closed-form
relationship has been developed based on the concept of resis-
tance-capacitance (RC) model. The proposed relationship is com-
pared with the available analytical solution, and later on, is
applied to the experimental data reported by Ni et al. [19] and
Gurgel et al. [28] to find the adsorbate uptake rate and the mass
diffusivity of silica gel-water pair under various operating temper-
atures and silica gel sizes. The proposed model is general and can
be applied to other adsorbent-adsorbate pairs such as activated
carbon-methanol and zeolite-water.

3. Problem definition

In this study, a unit cell approach is adopted by considering a
single spherical micropore adsorbent particle as the representative
of the whole packed bed of adsorbent particles. The unit cell (or ba-
sic cell) is the smallest volume, which can represent characteristics
of the entire microstructure [32]. Fig. 1 shows a schematic of a
spherical micropore adsorbent particle with the solid-side resis-
tance on the surface of the adsorbent.

To simplify the analysis, it is assumed that the initial adsorbate
concentration distribution within the adsorbent particle is uni-
form, cp, and is in equilibrium with the gaseous phase adsorbate.
A sudden change in the concentration of gaseous adsorbate leads
to adsorbate diffusion through/from the adsorbent particle vs.
time. In this study, it is assumed that:

e Adsorbate uptake rate is controlled by the diffusion mass
transfer.

e Constant temperature (isothermal) process during the adsorp-
tion/desorption time.

o Constant mass diffusivity [33].

e Solid-side resistance on the surface of spherical adsorbent.

e Radial diffusion of adsorbate within the adsorbent.

4. Mathematical model
Based on the assumptions made in Section 3, the mass balance

for a single spherical adsorbent particle in spherical coordinate
system can be expressed as follows [25,34]:

oc D o[ ,0c
&‘ﬁ&(r 5) M)

R\

Fig. 1. A schematic of micropore adsorbent particle with solid-side resistance.

For a sudden change in the adsorbate concentration around the
adsorbent particle, initial and boundary conditions are:

t=0, c=¢ (2)
ac
r=0, 5&070 3)
oc
r=a, hp(ce—¢)= D@ 4)

The total amount of adsorbate uptake by the spherical adsorbent
particle is:

_ 3 7/,

c(t) :g/o credr (5)
Using the following variables Eqs. (1)-(5) can be non-
dimensionalized.

. _ C—C T _tD . hna

oo Tt @ Bn=p ©)

where Fo and Bi,,, are the mass Fourier number and the mass trans-
fer Biot number, respectively. Note that Fo is the ratio of the diffu-
sion mass transfer to the rate of mass storage, and Bi,, is the ratio of
the convective to the diffusive mass transfer within the solid body.
Bip, is generally defined for the transient mass transfer. Eqs. (7)-(10)
show the non-dimensional governing equation as well as initial and
boundary conditions.

a1 0 ( ,0c
ora = o (7 ) 7
Fo=0, ¢ =0 8)
ac*

=0, =0 9

n oo 9)
. oct

=1, Bin(1-c))= 10

=1 Bin(1-6) =5 (10)

The non-dimensional total amount of adsorbate uptake by the
adsorbent particle is:
m[ E

- = = 2
m. e 7CO 3/cndn (11)

where m; and m_, are the adsorbed mass of adsorbate at time t and
t — oo, respectively.

Crank [25] and Ruthven et al. [26,29] solved Eq. (7) by method
of separation of variables under the same initial and boundary con-
ditions defined in Egs. (8)-(10). Eq. (12) gives the concentration
distribution within the spherical adsorbent particle [25-27,29].

. ZBlm Z exp( ﬁnFo) sin(f,1) (12)
N 4 B* + Bin(Bim — 1) sin(B,)
where g, is the roots of Eq. (13).
Ba.cot(B,) +Bin—1=0 (13)

The total amount of adsorbate uptake by the spherical adsorbent
particle is calculated as follows:

m S~ 6Biy, exp(—fiFo)
m. ;/ﬁ (B2 + Bim(Bim — 1)) (14)

The series solution in Eq. (12) has two asymptotes,
e Bi,, > 0 (no diffusive resistance inside the adsorbent, i.e.,
lumped capacitance),
e Bi,; — oo (no solid-side resistance on the surface of adsorbent).
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Table 1
Roots of Eq. (13) for different mass transfer Biot numbers.

Roots of Eq. (13) Mass transfer Biot number, Bip,

0 0.1 0.5 1 2 5 10 00
B 0 0.5423 1.1656 /2 2.0287 2.5704 2.8363 T
p2 4.4934 4.5157 4.6042 3n/2 4.9132 5.3540 5.7172 27
p3 7.7253 7.7382 7.7899 5m/2 7.9786 8.3029 8.6587 37
Pa 10.9041 109133 10.9499 n[2 11.0855 11.3348 11.6532 4n
Ps 14.0662 14.0733 14.1017 9m/2 14.2074 14.4079 14.6869 57
Ps 17.2208 17.2266 17.2498 11n/2 17.3364 17.5034 17.7480 67
B7 203713 20.3762 20.3958 1371/2 20.4692 20.6120 20.8282 n
Ps 23.5195 23.5237 23.5407 157/2 23.6043 23.7289 23.9218 8
Po 26.6661 26.6698 26.6848 17n/2 26.7409 26.8514 27.0250 97
fio 29.8116 29.8149 29.8284 197/2 29.8786 29.9778 30.1353 107

In the limiting case of Bi,, —» 0 (lumped capacitance model), the
resistance to diffusion within the solid is much less than the resis-
tance to convective mass transfer from the solid-side resistance.
Therefore, the assumption of a uniform concentration distribution
within the spherical adsorbent particle is reasonable [35]. In this
case, 3, is small and the first term in the series solution, Eq. (12),
would suffice for calculations [26,29]. Egs. (15)-(18) show the
solution, where Bi,, — O:

1 B B
COt(ﬁﬂNE‘@‘ﬁ_'“ (15)
Bycot(By) — 1~ B ~Bin = p} =3Bin (16)
¢* = exp(—3BinFo) (17)
% — 1 — exp(—3BiyFo) (18)

In the limiting case of Bi,, — co (no solid-side resistance on the
surface of adsorbent), the solution yields to the solution of isother-
mal adsorption with constant concentration on the surface of the
adsorbent particle. Eq. (19) gives the adsorbate concentration dis-
tribution within the spherical adsorbent particle at the limit, where
Biyp — oo

=1 +£Z =D exp(—n?m*Fo) sin(nmn) (19)
iy N

and the total amount of adsorbate uptake by the spherical adsor-

bent particle for Bi,;, — oo is:

m; 6 - exp(—n’m?Fo)
m= Tl 20)

Roots of Eq. (13) for the first 10 terms of the series solution, Eq.
(12), are tabulated in Table 1 for different mass transfer Biot
numbers.

The total amount of adsorbate uptake by the spherical adsor-
bent particle, Eq. (14), vs. Fo number is shown in Fig. 2. As shown
in Fig. 2, the adsorbate uptake rate increases by increasing Bi,, at
constant Fo.

In addition, Fig. 2 indicates the effects of the solid-side resis-
tance on the amount of adsorbate uptake. In case of no solid-side
resistance on the surface of adsorbent, Bi,, — co, amount of adsor-
bate uptake is much higher than that of the high solid-side resis-
tance cases, Bi,, — 0.

The shown values in Fig. 2 are calculated using the first 10
terms of the series solution, Eq. (14). As mentioned in Section 2,
finding the mass diffusivity of adsorbent-adsorbate pair by the
gravimetric method is an iterative and time consuming procedure.
One way to simplify this procedure is to truncate the series solu-

Series solution, Eq. (14)
Bi,=h,a/D

mi/ Me

0 02 04 06 0.8 1
Fo=tD/a?

Fig. 2. Total amount of adsorbate uptake vs. mass Fourier number, Eq. (14).

tion, Eq. (14). Fig. 3 shows the effect of truncating the series solu-
tion, Eq. (14), on the adsorbate uptake curve for different Biy,.

Fig. 3 clearly indicates that by increasing Bi,, the effect of num-
ber of terms in the series solution, Eq. (14), on the calculated adsor-
bate uptake becomes more important. The maximum relative
difference between the adsorbate uptake curves calculated by the
limited number of terms in the series solution, Eq. (14), with re-
spect to the first 10 terms of the series solution is summarized in
Table 2.

As shown in Table 2, having a closed-form solution for different
Bi,, with only the first few terms of the series solution is not accu-
rate; the first 10 terms of series solution is considered in all
calculations.

5. Proposed compact closed-form relationship

As discussed in Section 4, the analytical adsorbate uptake calcu-
lated by the series solution, Eq. (14), cannot be easily used for the
entire range of Bi,,, see Fig. 3. Eq. (21) shows the classical linear
driving force (LDF) solution proposed by Glueckauf [36] which is
one of the classical solutions used in adsorbate uptake modeling.

Mt _ 1 _ exp(~15Fo) 1)
mac

Eq. (21) corresponds to Eq. (20) which is derived for Bi,; — oo
with an average relative difference of 1.34%. Eq. (21) is widely used
in prediction of both adsorbate uptake rate by the adsorbent
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0.1
Series solution, Eq. (14) (a)
Bi,, = 0.1
0.08 -
8
£ 0.06 -
= 0.04 A
1 term
0024 /... 2 terms
— — 4terms
0 - - ;
0 0.05 0.1 0.15 0.2
Fo
1
Series solution, Eq. (14) (c)
08 | Bi,=5
© 0.6
E . 1 term
E— | 2 terms
04 , ----4terms
/ — — 6Bterms
0.2 — - -8temrs
. — -10terms
0 - - ;
0 0.05 0.1 0.15 0.2

Fo

0.5
Series solution, Eq. (14) (b)
Bi, = 1
0.4 _
8 i “
g 0.3
= 1term
g0249 7 2 terms
/ -==-4terms
0.1 rd — — 6temrs
— - -8terms
0 ¥ . _— -?0 temrs
0 0.05 0.1 0.15 0.2
Fo
1

Series solution, Eq. (20)

Bim=°°

(d)

1 term
....... 2 terms
----4terms
— — Gterms
— - -8terms
— -10terms

0 0.05 0.1 0.15 0.2
Fo

Fig. 3. Effect of truncating the series solution on the adsorbate uptake curve for different Biy,.

Table 2

Maximum relative difference between the adsorbate uptake curves calculated by
finite number of terms of the series solution, Eq. (14), compared with the first 10
terms.

No. of terms Mass transfer Biot number, Bi,

in Eq. (14) 01 1 5 -

1 4.1% 38.7% 90.6% 45.6%

2 0.36% 3.6% 14.14% 12.4%

4 2.5 x1073% 0.09% 0.46% 0.86%

6 2.0x107%% 2.2 x1073% 0.01% 0.04%

8 3.4 x10°5% 3.8 x107°% 2.2 x107%% 9.2 x 107%%

particle and the mass diffusivity of adsorbent-adsorbate pairs
[15,37-39]. However, its application range is limited to Bi,, — oc.
Moreover, it is not valid for small mass transfer Biot numbers [20].

A careful observation of the adsorbate uptake in spherical
adsorbent particle, shown in Fig. 2, reveals similarities with charg-
ing of an electrical capacitor. Therefore, we propose a solution for
the mass transfer using the solution of the corresponding electrical
circuit. The analogous parameters between the heat/mass transfer
and the electrical circuit are summarized in Table 3.

Diffusion in micropore materials can be assumed as a quasi-
steady state process. As a result, one can use a resistance-capaci-
tance (RC) model to simulate the charging of a spherical micropore
adsorbent particle. Shown in Fig. 4 is a simple charging circuit of a
capacitor and an equivalent electrical circuit for the adsorbate up-
take by the spherical adsorbent particle based on the analogy be-
tween the mass transfer and the electrical circuit.

The charging behavior of the capacitor shown in Fig. 4a is [40]:

Vcapacitor(t) _ t
S =1 —exp e (22)

Table 3
Analogous parameters between heat/mass transfer and electrical circuit.

Mass transfer Heat transfer Electrical circuit

Potential Ac (mol/m?) AT (K) V (V)
Flux J" (mol/m?s) q' (W/m?) i(A)
Resistance i o (s/m*) G (K/W) R(Q)
Capacitance &v(m?) me, (J/K) C(F)

In the same way, the adsorbate uptake by the spherical micro-
pore adsorbent particle corresponding to the electrical circuit is
shown in Fig. 4b, where C is the mass capacitance, R; is the
solid-side resistance, and R, is the diffusive resistance within the
spherical micropore adsorbent particle, respectively.

With reference to Table 3, the mass capacitance of a spherical
micropore adsorbent particle is:

C= §7'C8(13 (23)
where, ¢ and a are the porosity and the radius of the micropore
adsorbent particle, respectively. Moreover, the solid-side resistance,
R,, and the diffusive resistance within the spherical micropore
adsorbent particle, R,, are shown in Table 4.

o in the diffusive resistance, Table 4, is a constant and will be
calculated by using the linear driving force (LDF) model. The total
resistance can be found by summation of the resistances, see Eq.
(24).

R=Ri +R, (24)

Eq. (25) shows the simplified multiplication of the mass capaci-
tance, Eq. (23), and the total resistance, Eq. (24).
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(a)é ) ——g?;v)c—-l_ ) (Z) .

Fig. 4. (a) A simple resistor-capacitor circuit to charge a capacitor [40] (b)
Equivalent electrical circuit for the adsorbate uptake by the spherical adsorbent
particle.

Table 4
Analogy between mass transfer resistance and electrical resistance.

Resistance Mass transfer (s/m>) Electrical circuit
Solid-side resistance 1/(4nea®hy,) R
Diffusive resistance 1/(4mecaD) R,
1
(@) Biy, = 0.1
0.8 Ave. rel. diff. = 0.28%
Max. rel. diff. = 1.05%
g 06 1 Present model, Eq. (29)
= | e Series solution, Eq. (14)
€ 0.4 -
0.2 A
0 T T
0 0.5 1 1.5
Fo
1
(c)
0.8 A
8 |
S 06 Bi, =2
~ Ave. rel. diff. = 0.79%
€04 - Max. rel. diff. = 4.46%
Present model, Eq. (29)
UV Series solution, Eq. (14)
0 T T
0 0.5 1 1.5
Fo
1
(e)
0.8 A
8 0.6 1 .
Bi,, =10
~ Ave. rel. diff. = 1.21%
0.4 1 Max. rel. diff. = 3.34%
Present model, Eq. (29)
024 ... Series solution, Eq. (14)
0 T T
0 0.5 1 1.5
Fo

1.0+
RC= -t (25)
3 0m
a
By substituting Eq. (25) in Eq. (22) and using the analogy between
the mass transfer and the electrical circuit, the final RC model solu-
tion for charging a spherical adsorbent particle becomes:

M _1q s 26
= —ex . a
My P 1.0 4 tng (26)

Eq. (26) can be further simplified by substituting the non-dimen-
sional parameters defined in Eq. (6). Thus, the total amount of
adsorbate uptake by a spherical adsorbent particle becomes:

my 3Bi,,Fo
—=1-exp| ———- 27
M. P ( 1.0+ B'Tm) @)

Eq. (27) has two asymptotes quite similar to those of Eq. (14). In
the limiting case of Bi,, — 0 (lumped capacitance model), Eq. (27)
yields the exact same result of Eq. (18). In the limiting case of

1
(b)
0.8 -
20.6 -
£ Bi,, = 1
= Ave. rel. diff. = 0.55%
£04 1 Max. rel. diff. = 3.25%
02 - Present model, Eq. (29)
T eeeeens Series solution, Eq. (14)
0 T T
0 0.5 1 1.5
Fo
1
0.8 -
8 J
g06 Bi, =5
= Ave. rel. diff. = 1.07%
€04 Max. rel. diff. = 4.62%
Present model, Eq. (29)
024 ... Series solution, Eq. (14)
0 T -
0 0.5 1 15
Fo
1
®
0.8 A
s 0.6
= Biy, = =
= 04 | Ave. rel. diff. = 1.34%
gy Max. rel. diff. = 4.02%
0.2 — =Present model, Eq. (29)
il EERTPPPS Series solution , Eq. (20)
0 T -
0 0.5 1 1.5
Fo

Fig. 5. Comparison between the present compact model and the series solution for (a) Bi,, = 0.1, (b) Bip, = 1, (¢) Bim, = 2, (d) Biy, = 5, (e) Biy, = 10, and (f) Biy, — oco.
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1 1 -
(a)
0.8 ~ T = 22.2°C 0.8 1 T =49.5°C
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Fig. 6. Total amount of water uptake by 2 mm silica gel adsorbent particles at temperatures of 22.2, 49.5 and 79.6 °C.

Bi,, — oo (no solid-side resistance on the surface of adsorbent), Eq.
(27) yields Eq. (28) which should be equivalent to the linear driv-
ing force (LDF) model, i.e., Eq. (21).
m;

—=1- —3oF

p— exp(—3aFo)

00

(28)

As aresult, o in Eq. (28) should be equal to five. Hence, the final
closed-form relationship for the adsorbate uptake by the spherical
micropore adsorbent particle for the entire range of mass transfer
Biot numbers is:

mt _ _
o 1-—exp ( (29)

1.0+ 0.2Biy,

A comparison between the present model, Eq. (29), and the ana-
lytical series solution for different values of Bi,, are presented in
Fig. 5. It can be seen that the present model has a good agreement
with the analytical series solution for the entire range of mass
transfer Biot numbers. The average relative difference between
the present model and the analytical series solution varies be-
tween 0% and 1.34% for different Bi,,. It should be mentioned that
the maximum relative difference in all cases are reported for
Fo > 0.1.

To find the mass diffusivity of the adsorbent-adsorbate pairs by
using experimental data of the gravimetric method, the mass
transfer coefficient, h,,, should be known. To this end, an analogy
between heat and mass transfer can be established under specific
conditions, commonly referred to as Chilton-Colburn J-factor anal-
ogy [41]. To establish a valid heat-mass convection analogy, the
mass flux should be low such that the mass transfer between the
fluid and the surface does not affect the flow velocity [33]. In case

00

3BinFo )

of diffusion within the micropore materials, the low mass flux pro-
cess assumption is valid and, as a result, the analogy between the
convective heat and mass transfer is reasonable. Thus, Eq. (30)
developed for the convective heat transfer around a spherical par-
ticle, can be applied to convective mass transfer around a spherical
micropore particle, Eq. (31) [42].

Nu= h(ia) —2.0+0.6Re!P? 0<Re<200, 0<Pr<250
(30)
Sh— hml;Za) —2.0+06RelSc 0 < Re <200, 0<Sc<250
ij

1)

where Sh is the Sherwood number, Re is the Reynolds number based
on the particle diameter and Sc is the Schmidt number which is gi-
ven by Eq. (32), respectively.

Sc=— 32
D, (32)

where Dj; is the binary mass diffusivity of ideal gas mixture. Eq. (33)

gives the binary mass diffusivity of water vapor in the air [43].

2.072
Dy,0-air(T,P) = 1.87 x 10’10T

m2
(—) 280K < T < 450K
P S

(33)

where P is the total pressure in atmosphere and T is the mixture
temperature in K, respectively. The Schmidt number for diffusion
of water vapor in the air is about 0.6 [35]. At the end, the mass
transfer coefficient, h,,, is given by Eq. (34).
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hm = D;j(2.0 + 0.6Re!SC%)/(2a) (34)

There is no relationship to calculate the mass transfer Biot number
directly. Hence, a value for the mass diffusivity should be found
based on the experimental data. Accordingly, the mass transfer Biot
number can be found using Egs. (6) and (34).

Bi,, = D;(2.0 + 0.6Re?Sc?)/(2D) (35)

6. Results and discussion

The proposed closed-form relationship is a general transient
mass diffusion model applicable to the entire range of Bi, and
can be used in a wide range of applications to predict the transient
adsorption/desorption processes in adsorption cooling systems
(ACS) and to calculate the mass diffusivity of micropore adsor-
bent-adsorbate pairs.

6.1. Non-equilibrium adsorbate uptake in ACS

One of the applications of the present model, Eq. (29), is to pre-
dict the total amount of adsorbate uptake during the adsorption/
desorption processes. The non-equilibrium amount of adsorbate
uptake during the adsorption/desorption processes is mainly ex-
pressed by w which is the ratio of mass of adsorbate to the mass
of dry adsorbent [15,37-39]. To make the present model, Eq.
(29), compatible to this definition, Eq. (36) is introduced.

_ M/ Mary adsorbent __® 3Binfo )

m;
— = = =1-exp|——F5—
moc/mdry adsorbent ~ (Weq p ( 1.0+ O.ZBlm

e (36)

where @, is the equilibrium adsorbate uptake at specific tempera-
ture and pressure. To implement Eq. (36) in the dynamic modeling

Diameter = 2.3 mm
h, =2.75x102 m/s

D =3.1x10""" m?/s
Bi,, = 1.02x10¢

Ave. rel. diff. = 1.63%
Max. rel. diff. = 3.27%

® Gurgel et al. [28]

——Present model, Eq. (29)

0 01 02 03 04
Fo

0.5
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of ACS thermodynamic cycle, adsorbate uptake rate is required. Eq.
(37) gives the adsorption uptake rate by differentiating Eq. (36)
with respect to time.

do__ 3Bin D
dt ~ 1.0+ 0.2Bin @

Similarly, the adsorbate uptake rate based on the LDF
model, Eq. (21), is given by Eq. (38) that is commonly used
in dynamic modeling of ACS thermodynamic cycles and is
valid for Bi, — co (no solid-side resistance on the surface of
adsorbent) [15,37-39].

Weq — W) (37)

dw 15D
dt

It is noteworthy that the proposed adsorbate uptake rate, Eq.
(37), is as convenient-to-use as the LDF adsorbate uptake rate,
Eq. (38); also it is applicable to the entire range of mass transfer
Biot numbers. Eq. (37) can be easily applied to dynamic modeling
of ACS thermodynamic cycles for different mass transfer Biot
numbers.

o) (38)

(eqf

6.2. Calculation of mass diffusivity of spherical micropore adsorbent-
adsorbate pair

The other application of the present model, Eq. (29), is to find
the mass diffusivity of adsorbent-adsorbate pairs in ACS applica-
tions. In this study, the experimental data of water uptake by silica
gel particles reported by Ni et al. [19] and Gurgel et al. [28] are
used to find the mass diffusivity of silica gel-water pair by the
present model, Eq. (29).

Ni et al. [19], used a thermal gravimetrical apparatus to
measure the total water uptake (adsorbate) in a 2 mm silica gel

(b)
0.8 1 Diameter = 4.0 mm
h,, = 1.7x102 m/s
D =4.7x10""" m?/s
g06 7 Bi,, = 7.23x10°
~ Ave. rel. diff. = 1.87%
€04 - Max. rel. diff. = 4.05%
0.2 ® Gurgel et al. [28]
—Present model, Eq. (29)
0 T -

0 0.1 0.2 0.3

Fo

Diameter = 5.0 mm
h, = 1.4x102 m/s
D =9.5x10""" m?/s
Bi,, = 3.68x105
Ave. rel. diff. = 3.23%
Max. rel. diff. = 6.41%

® Gurgel et al. [28]
——Present model, Eq. (29)

0 0.1 0.2
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0.3

Fig. 7. Total amount of water uptake by silica gel adsorbent particles with diameter of (a) 2.3 mm, (b) 4.0 mm, and (c) 5.0 mm.
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adsorbent particles under atmospheric pressure and different
operating temperatures. The silica gel particles were placed far
from the others with enough spacing to minimize effects of the
interaction among them. The moist air average velocity in the
experimental work of [19] was 9.3 x 107> m/s and the maximum
uncertainty for the mass diffusivity was 25%.

Shown in Fig. 6 is the total amount of water uptake by the silica
gel adsorbent particles in operating temperatures of 22.2, 49.5 and
79.6 °C.

Fig. 6 shows that the water uptake curve calculated by the pres-
ent model is in excellent agreement with the experimental data of
[19] under the assumption of constant specific mass diffusivity. As
it can be seen in Fig. 6, by increasing the operating temperature,
the mass transfer coefficient, h,,, and the mass diffusivity, D, of sil-
ica gel-water pair increases while the mass transfer Biot number
decreases, which is mainly due to a higher increase in the mass dif-
fusivity than the mass transfer coefficient.

The present model, also, is applied to determine the mass diffu-
sivity of the working pair in the experimental data of Gurgel et al.
[28] for three different sizes of silica gel-water pairs at a constant
temperature of 22 °C and atmospheric pressure. The uncertainty
analysis and the moist air average velocity in the experimental
work of Gurgel et al. [28] were not reported. To perform the anal-
ysis, the same average velocity of 9.3 x 10~ m/s reported by Ni
et al. [19] is used in the calculations. Gurgel et al. [28] used the
model of adsorbate uptake with constant concentration on the sur-
face of adsorbent. Fig. 7 shows the water uptake curves produced
by the present model, Eq. (29), for spherical silica gel adsorbent
particles with diameters of 2.3, 4.0 and 5.0 mm at temperature of
22 °C [28].

As shown in Fig. 7, the water uptake curves calculated by the
present model under the constant mass diffusivity have a good
agreement with the experimental data reported by Gurgel et al.
[28]. The maximum and average relative difference between the
present model and the experimental data are 3.3% and 1.6% for
2.3 mm silica gel particle, 4.0% and 1.9% for 4.0 mm silica gel par-
ticle and 7.2% and 3.0% for 5.0 mm silica gel particle.

7. Summary and conclusions

In this study the adsorbate diffusion within the spherical micro-
pore adsorbent particle with the solid-side resistance on the sur-
face of adsorbent was investigated. Using an analogy between
the mass transfer and electrical circuits, a resistance-capacitance
(RC) compact model has been introduced to simulate behavior of
adsorbate uptake by spherical micropore adsorbent particles. Cal-
culated adsorbate uptake curves by the proposed model, Eq. (29),
and the series solution, Eq. (14), showed a good agreement. The
proposed model was also used to determine both adsorbate uptake
rate and the mass diffusivity coefficient of adsorbent-adsorbate
pairs based on the measured adsorbate uptake curves by Ni et al.
[19] and Gurgel et al. [28].

The following are the highlights of the present study:

e The proposed new model has a good agreement with the ana-
lytical series solution with an average relative difference of
1.34% for the entire range of mass transfer Biot numbers.

e Non-equilibrium adsorbate uptake rate was proposed for cal-
culation of uptake rate during the adsorption/desorption pro-
cesses in ACS for different values of mass transfer Biot
numbers.

e The proposed RC-based model is able to determine the mass dif-
fusivity of spherical micropore adsorbent-adsorbate pairs using
a compact relationship compared to the existing analytical ser-
ies solution.
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