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Abstract

The efficient implementation of renewable energy sources necessitates thermal energy storages. For domestic as well as industrial
applications thermal energy storages based on closed adsorption are studied. Against this background, a closed low-pressure
honeycomb adsorber is numerically examined in this work. The examined adsorber contains stacked layers of honeycomb blocks
with rectangular channels which are separated by heat exchanger plates. Zeolite 13X and water is assumed as the adsorption
pair. The focus of this work is solely on the adsorption process. The numerical model applies an one-dimensional model for the
single channels of the honeycomb blocks. The one-dimensional model has been presented in a previous work of the authors. To
account for transversal heat conduction in the honeycomb cross-section, the one-dimensional model equations are extended by
heat source/sink terms. In addition, the mass transport equation is modified for rectangular channel flow. The results demonstrate
that the heat and mass transfer and the adsorption processes are strongly coupled and can be only understood by their interaction.
Regarding modelling aspects, it is found that the spatial variations of temperature and pressure as well as the local deviation from
adsorption equilibrium are significant. Hence, no equilibrium assumptions should be made. Further, the minor rarefaction effect of
slip should be considered. With respect to the application, the analysis yields that the thermal power can be optimized by variation
of the honeycomb geometry parameters, e. g. channel size. The local optimum is a result of the inverse dependencies of the external
and internal mass transfer resistance on the channel size. Interestingly, the optimum for peak and mean power do not coincide in
general. Finally, it is found that the thermal power can be controlled effectively by the inlet pressure.
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1. Introduction

1.1. Motivation and subject matter

The efficient implementation of renewable energy sources
necessitates both electrical and thermal energy storages (TES).
For domestic as well as industrial applications, TESs based on
closed adsorption are studied, e. g. [1, 2]. To date most pub-
lications focus on packed-bed adsorbers with adsorbent pellets
or powder filling. More recently, structured honeycomb adsor-
bents have been developed to improve the storage performance
by reducing the heat and mass transfer resistance, e. g. [3, 4].
Here, in accordance with literature, the term ’honeycomb ad-
sorbent’ refers to all extruded adsorbents independent of the
shape of the channels’ cross-section, e. g. [5, 6]. Against this
background, a closed low-pressure honeycomb adsorber is nu-
merically examined in this work.

The one-dimensional model for a single channel of the hon-
eycomb adsorbent has been presented and discussed for a basic
adsorber set-up in [7]. Here, this model is applied and mod-
ified to simulate a more practical adsorber set-up, see Fig. 1.
The insulated adsorber contains stacked layers of honeycomb
blocks with rectangular channels which are separated by heat
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exchanger plates. In general, this set-up enhances the heat
transfer between the adsorbent and the heat exchanger, thus, im-
proving the storage performance in terms of charging and dis-
charging duration and power. As the adsorption pair of zeolite
13X and water is often studied in applied research, e. g. [8, 9],
this pair is also assumed in this study. With water as adsorbate,
the in- and outlet pressure of the adsorber typically lies in the
range of pin ≈ 10 . . . 100 mbar, compare e. g. [10].Finally, the
focus of this work is solely on the adsorption, that is the dis-
charging process.

1.2. Literature review

Regarding the simulation of closed low-pressure adsorbers,
most publications focus on packed-bed adsorbers filled with
spherical adsorbent particles [11, 12, 13, 14] or on adsorbers
with coated heat exchanger tubes, e. g. [15]. Furthermore, the
field of application covers mostly heat pumps and only few pub-
lications deal with TES, e. g. [16]. Hence, the adsorbers anal-
ysed in most publications are of small scale compared to the
adsorbers examined in this work and thus the limitation of the
TES performance by the heat and mass transfer might be more
significant.

The application of honeycomb adsorbers for TES is studied
in [3, 4, 6]. The focus lies on the description of the manufac-
turing process of the honeycomb adsorbents and the physical
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Nomenclature

a honeycomb channel height (m)
A cross-section area (m2)
b honeycomb channel width (m)
c specific heat capacity at constant volume (J/kg K)
cp specific heat capacity at constant pressure (J/kg K)
f honeycomb web thickness (half) (m)
GP Poiseuille coefficient (−)
GT thermal creep coefficient (−)
∆ha heat of adsorption (J/kg)
i honeycomb channel index (−)
ka adsorption kinetics parameter (s−1)
KI,i thermal power controller parameters
Kn Knudsen number (−)
lmol mean free path of vapour molecules (m)
L honeycomb length (m)
m mass (kg)
ṁ vapour mass flow rate (kg/s)
Nc number of channels in one column or row of a hon-

eycomb block (−)
p vapour pressure (Pa)
pth volumetric thermal power (W/m3)
pth,mean volumetric mean thermal power (W/m3)
pth,peak volumetric peak thermal power (W/m3)
pth,set controller set point value of volumetric thermal

power (W/m3)
Rs specific gas constant of vapour (J/kg K)
t time (s)
t̃ non-dimensional time t̃ := t/ttot (−)
ttot total process duration (s)
T temperature (K)

Thtx temperature of heat exchanger (K)
Ts saturation temperature (K)
u mean vapour velocity in honeycomb channel (m/s)
W honeycomb width (m)
X water uptake of zeolite (kg/kg)
Xeq water uptake at adsorption equilibrium (kg/kg)
x, y, z cartesian coordinates of honeycomb block (m)
∆x, ∆y, ∆z knot spacing of discretization (m)
Greek symbols
γa, γb aspect ratio of outer size of honeycomb channel cut-

out to channel size (−)
Γ(GP) relative error of the non-dimensional mass flow)
δ local rarefaction parameter (−)
ε honeycomb porosity, zeolite micro-porosity (−)
ζi parameters of slip approach of GP-function A.2 (−)
λ heat conductivity (W/m K)
λeff effective heat conductivity (W/m K)
ξi fitting parameters of GT-function A.3 (−)
ρ density (kg/m3)
σ volumetric heat source/sink term (W/m3)
Subscripts
0 initial state
a adsorbate, adsorption
c channel
in inlet of adsorber
max maximum
ref reference state
v vapour
z zeolite
Abbreviations

TES thermal energy storage

Figure 1: Examined adsorber set-up: stacked layers of honeycomb blocks, sep-
arated by heat exchanger plates to enhance the heat transfer between the adsor-
bent and the heat exchanger. (Photo of zeolite honeycomb block with courtesy
of B. R. Formisano.)

behaviour is discussed only qualitatively or by simple models.
Further, our literature review found only very few publications
on the detailed modelling and simulation of zeolite honeycomb
adsorbers, e. g. [17]. In summary, all publications on honey-
comb adsorbers solely examine open adsorption systems and
assume a stationary flow of the carrier gas. In contrast, our
work applies the detailed model presented in [7] to conduct
simulations of the dynamic heat and mass transfer processes in
a closed low-pressure honeycomb adsorber for thermal energy
storage. In addition, we account for special effects of the rar-
efied gas flow, such as the slip-effect and thermal creep effect,
which are neglected in most publications.

1.3. Objectives of study

The main objective of this study is to gain insight into the dy-
namic heat and mass transfer processes in a closed low-pressure
honeycomb adsorber by means of numerical simulation. More
specifically, the following questions regarding the modelling
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and the application are analysed:
Modelling:

• Is it valid to assume equilibrium in the adsorber for the
temperature (isothermal), or pressure (isobaric), or the ad-
sorption (local equilibrium of water uptake)?

• Is it necessary to take special effects of rarefied gas flow,
such as the slip or thermal creep effect, into account?

Application:

• Is it possible to optimize the thermal power output of the
adsorber by variation of the honeycomb geometry param-
eters (e. g. honeycomb width or channel size)?

• Is it possible to control the thermal power output?

In most publications the first question regarding the mod-
elling is discussed only briefly. An extensive discussion of this
question with respect to packed-bed adsorbers is given in [12]
and [18]. The influence of geometry variation, here the parti-
cle size in a packed-bed, on the adsorption duration is studied
in [12]. In summary, the questions specified above have not
been discussed for the closed low-pressure honeycomb adsor-
ber examined in this study.

2. Model description

2.1. Modelling approach

The examined adsorber set-up has been described briefly in
Sect. 1.1 and is shown in Fig. 1. During the adsorption pro-
cess, vapour flows into the adsorber by the vapour inlet. Given
enough void space over the zeolite honeycomb arrangement, it
can be assumed that the inflowing vapour distributes homoge-
neously over the zeolite honeycomb arrangement. This leads to
a homogeneous pressure and temperature distribution over the
whole honeycomb arrangement. Further, it is assumed, that the
inlet pressure pin is constant and the temperature of the inflow-
ing vapour is equal to the saturation temperature Tin = Ts (pin) ,
that is no limitations by the evaporator are considered. Further-
more, ideal thermal insulation of the adsorber is assumed.

Regarding the heat extraction, a more practical set-up is ex-
amined in this work in comparison to the basic set-up studied
in [7]. The heat extraction is realized by heat exchanger plates
between each layer of the stacked honeycomb blocks. In prac-
tical applications the temperature of the heat transfer fluid and
thus of the heat exchanger surface would vary in time and along
the adsorber. However, in this fundamental study, we apply a
homogeneous and constant temperature Thtx over all heat ex-
changer plates. Hence, it is not required to model the heat and
mass transfer in the heat exchanger plates.

The studied geometry of the identical honeycomb blocks is
shown in Fig. 2. The aspect ratio of the outer height or width of
a cut-out channel to the channel height or width is defined as

γa :=
a + 2 f

a
, γb :=

b + 2 f
b

. (1)

Figure 2: Geometry of the identical honeycomb blocks: honeycomb length L,
honeycomb width W, channel height a, channel width b, (half) web thickness f ,
cross-section area of zeolite cut-out and channel Az, Ac.

Figure 3: Two possible heat exchanger orientations: default and turned HTX.
The heat exchanger boundaries are marked by striped shading.

For the general case of rectangular channels with a , b, the
effective heat conductivity in the honeycomb cross-section is
non-isotropic λeff,x , λeff,y. More precisely, for rectangular
channels with a ≤ b the effective heat conductivity yields
λeff,x ≤ λeff,y. Hence, the orientation of the heat exchanger
plates to the honeycomb blocks is of relevance for honeycomb
blocks with non-square channels. The two possible heat ex-
changer orientations are given in Fig. 3.

From the description above and taking the assumptions into
account it follows that the examined adsorber set-up leads to
identical, two-dimensional fields of temperature and pressure
in each honeycomb block. Thus, it is sufficient to analyse one
column (z-x-plane) or one row (z-y-plane) of channels depend-
ing on the orientation of the heat exchanger. Further, we assume
that the solution has the same symmetry as the geometry and the
boundary conditions of our problem and therefore restrict our
consideration to one half of the honeycomb block. Regarding
the heat transfer the boundary conditions are

∂T
∂z

∣∣∣∣∣
z=0

= 0,
∂T
∂z

∣∣∣∣∣
z=L

= 0, T (x =, y = W/2) = Thtx. (2)

With respect to the mass transfer the boundary conditions read

p(z = 0) = pin, ṁ(z = L) = 0, (3)

where ṁ denotes the mass flow of the vapour in the chan-
nels. Since the channels lead the vapour flow in z-direction,
no boundary condition for the mass transfer is required at the
heat exchanger surface for x = W/2 or y = W/2. The initial
conditions are set to a homogeneous state of equilibrium

T (t = 0) = T0, p(t = 0) = p0, X(t = 0) = Xeq (p0,T0) , (4)
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Figure 4: Reduced problem: Computation of the two-dimensional fields of
temperature T , pressure p and water uptake X in one column of channels (z-x-
plane) with the given boundary and initial conditions.

with the water uptake being defined as

X :=
ma

mz
, (5)

where ma and mz denote the mass of the adsorbate and the fully
desorbed zeolite and Xeq is the water uptake at equilibrium. In
summary, given the boundary conditions by Eq. (2) and Eq. (3)
and the initial conditions by Eq. (4) the three dependent vari-
ables temperature T (x, t), pressure p (x, t), and water uptake
X (x, t) are computed, with x = (z, x) or x = (z, y) depending
on the heat exchanger orientation. The reduced problem for the
default orientation of the heat exchanger is depicted in Fig. 4 .

2.2. Modelling equations

The one-dimensional modelling equations of the heat and
mass transfer and the adsorption for a single channel of a ze-
olite 13X honeycomb have been derived by the authors in [7].
The main assumptions of this one-dimensional model are:

• The vapour behaves as an ideal gas and as a viscous
Newton-fluid with temperature dependent viscosity.

• The channel flow is assumed as creeping flow (Re < 1).

• Rarefaction effects such as the slip-effect can be accounted
for by implementing the so-called Poiseuille coefficient GP
into the Poiseuille equation.

• Locally ideal heat transfer between zeolite, adsorbate and
vapour is assumed, resulting in one common temperature.

• The specific heat capacities, the effective heat conductivity
and the porosity of the zeolite are assumed to depend on
the temperature and the local water uptake.

• The heat conduction is modelled by the Fourier law.

• The adsorption kinetics can be described by the linear-
driving-force approximation for a hollow cylindrical ad-
sorbent.

• The adsorption equilibrium can be approximated by the
Dubinin-Astakhov equation.

• The heat of adsorption depends on the water uptake.

For a more extensive discussion of the model and its assump-
tions we refer to [7].

Here, this one-dimensional model is applied to each channel
in one column or row of the honeycomb block. To couple the

channels thermally, a source/sink term σ is added to the energy
balance equation. Hence, the honeycomb is modelled as a con-
tinuum in longitudinal direction, whereas the model is discrete
in transversal direction. Regarding the mass transfer, the equa-
tion for the mean vapour velocity in the channel u is modified.
With ∂t := ∂ · /∂t and ∂z := ∂ · /∂z the system of coupled partial
differential equations can be written as


1

RsT
−

p
RsT 2

Az
Ac
ρz

0 (ρzcz + ρzXca) −ρz∆ha

0 0 1


i

·


∂t p

∂tT

∂tX


i

=


∂z (ρvu)

∂z
(
λeff,z∂zT

)
−

Ac
Az
ρvucp,v∂zT −

Ac
Az

RsT∂z (ρvu) + σ

ka

(
Xeq − X

)


i

, (6)

with

i = 1 . . .Nc/2,

where i indicates the channel, starting from the channel at the
heat exchanger boundary, and Nc denotes the numbers of chan-
nels in one column or row of one honeycomb block. The equa-
tions and values of the material functions and parameters can
be found in [7]. The added and modified terms are marked bold
in red and blue.

To calculate the mean vapour velocity in the channel u, the
channel was transformed to a circular channel in [7] and the so-
called Poiseuille coefficient GP for a circular channel from [19]
was implemented. Here, to increase the model accuracy espe-
cially for the rectangular channels with a , b, no transforma-
tion of the channels is conducted. Instead, the GP-function for
rectangular channels is derived from the numerical data given
in [20]. In addition, the thermal creep effect is taken into ac-
count. According to [20], the mean vapour velocity in a rect-
angular channel can be determined with the functions for the
Poiseuille and thermal creep coefficients GP and GT by

u =
a

ρv
√

2RsT

(
−GP (δ)

∂p
∂z

+ GT (δ)
p
T
∂T
∂z

)
, (7)

where δ denotes the rarefaction parameter. The rarefaction pa-
rameter is related to the Knudsen number Kn by

δ :=
√
π

2
1

Kn
with: Kn :=

lmol

a
, (8)

where lmol denotes the mean free path of the vapour molecules.
The functions for GP and GT are determined by regression and
given in Appendix A.1.

To couple the channels thermally, a source/sink term σ is
added to Eq. (6). The term accounts for the heat exchange be-
tween the channels due to heat conduction and is determined by

σi =
b + 2 f

Az
·
(
q̇i,i+1 − q̇i,i−1

)
, (9)
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where q̇i,i+1 and q̇i,i−1 are calculated as heat fluxes in analogy to
Fourier’s law. For q̇i,i+1 this approach yields

q̇i,i+1 =
λeff,x,i+1 + λeff,x,i

2
Ti+1 − Ti

a + 2 f
(10)

while for q̇i,i−1 the indices in Eq. (10) simply have to be reduced
by one. To increase the model accuracy the heat flux at the heat
exchanger boundary q̇htx = q̇i,i−1 for i = 1 is modelled by a
one-sided approximation of 2nd order which leads to

q̇htx = λeff,x,1
−T2 + 9T1 − 8Thtx

3 (a + 2 f )
. (11)

The effective heat conductivity λeff,x of each channel cut-out,
is derived from a simple thermal resistance model and given
in Appendix A.2. For the case of the turned heat exchanger, the
channel width b has to be substituted for the channel height a
and x for y and vice versa in Eq. (9), Eq. (10) and Eq. (11).

Finally, with respect to the model validation we refer to [7].

3. Numerical implementation

3.1. Solution method

As noted in the beginning of Sect. 2.2, the honeycomb is
modelled as a continuum in longitudinal direction, whereas
the model is discrete in transversal direction. To numerically
solve the system of one-dimensional continuum equations (6)
for each channel the finite-difference-method is implemented,
applying the central difference approximation. Regarding the
meshing in longitudinal direction, mesh studies yield that a knot
spacing of ∆z = L/250 is sufficient, see Appendix B.

With respect to the transversal direction, the knot spacing is
defined by the discrete model and is equal to the outer height or
width of each channel ∆x = (a+2 f ) or ∆y = (b+2 f ). As a con-
sequence, accurate results can only be achieved for cases with
an adequate number of channels in a column or row, resulting
in a transversal knot spacing ∆x or ∆y small enough in relation
to the honeycomb width W. To evaluate whether the number of
channels is adequate for achieving good numerical accuracy, a
simulation can be conducted with higher order approaches for
the heat flux terms in Eq. (9). If the results show no significant
difference, the number of channels can be assumed adequate.
The simulation of a reference case with the minimum number
of channels Nc = 4 showed no significant variation of the re-
sults for 2nd- and 3rd-order approximations.

Regarding the time integration, the evaluation of the matrix
on the left-hand side of the system of equations (6) reveals
that the matrix elements range over several orders of magni-
tude (10−9 . . . 109), compare to [7]. Thus, the system can be ex-
pected to be stiff. The solver for stiff systems ode15s of Matlab
(see [21] for solver description) is successfully applied. Finally,
as the matrix is an upper triangular matrix the single equations
can be sequentially evaluated in each time step.

Table 1: Varied geometry and process parameters of the studied simulation
cases. The values of the reference case are underlined and marked in blue
(Nc = 16). (BC = boundary conditions; IC = initial conditions)

Parameter Value Unit

G
eo

m
et

ry

a 0.5; 1.0; 2.0 mm

b
(
1; 2; 4; 10

)
· a mm

f
(
0.25; 0.5; 1

)
· a mm

L 0.1; 1.0 m

W 24; 48 mm

B
C

Thtx 20 ◦C

pin 10; 20 mbar

Tin = Ts 7; 17.5 ◦C

IC

T0 20; 50 ◦C

p0 0.001; 0.1 mbar

X0 = Xeq 0.055; 0.10; 0.15; 0.21 kg/kg

3.2. Simulation case setup
To study the influence of geometry variation, simulations are

conducted for a relevant range of parameters. The typical chan-
nel size is in the order of a = b = 1 mm and the web thickness
lies in the range of f = 0.1 . . . 1 mm, see [3]. Furthermore, the
process is varied in terms of boundary and initial conditions,
which are chosen in accordance to operating conditions for sea-
sonal solar energy storage, e. g. [9]. The varied geometry and
process parameters are summarized in Tab. 1. The values of a
defined reference case are underlined and marked in blue. The
implemented material parameters can be found in [7].

4. Results and discussion

4.1. Reference case
Before discussing the results regarding the specific questions

formulated in Sect. 1.3, the reference case defined in Tab. 1
is studied to gain a basic understanding of the dynamic heat
and mass transfer as well as adsorption processes in the exam-
ined closed low-pressure honeycomb adsorber. The evolution
of the symmetric temperature T (x, t̃), pressure p(x, t̃) and water
uptake X(x, t̃) fields are shown for a half-section of the honey-
comb block in Fig. 5. As noted in Sect. 2.2 and Sect. 3, the
model and hence the results are discrete in transversal direction
due to the discrete channels. However, in the figure the results
are smoothed by interpolation in the transversal x-direction over
the discrete channels. In addition, the thin horizontal lines mark
the virtual boundaries between the discrete channels (compare
the dashed lines in Fig. 4). Each row of the subfigures repre-
sents the state at a defined non-dimensional time

t̃ :=
t

ttot
, (12)

where ttot denotes the total process duration. The total process
duration is defined as the time required for the spatial variations
of temperature, pressure and water uptake to decrease below
1 % of the corresponding maximum values.
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(a) Evolution of the symmetric temperature T (x, t̃) field over the non-dimensional time t̃.

(b) Evolution of the symmetric pressure p(x, t̃) field over the non-dimensional time t̃.

(c) Evolution of the symmetric water uptake X(x, t̃) field over the non-dimensional time t̃.

Figure 5: Evolution of the symmetric temperature T (x, t̃), pressure p(x, t̃) and water uptake X(x, t̃) fields over the non-dimensional time t̃ for a half-section of the
honeycomb block corresponding to the reference case defined in Tab. 1. The results are smoothened by interpolation in the transversal x-direction over the discrete
channels. The thin horizontal lines mark the virtual boundaries between the discrete channels.

The analysis of the temperature reveals that the adsorption
leads to a temperature wave moving through the honeycomb

with the maximum values in the honeycomb centre and the
minimum values at the heat exchanger boundary, see Fig. 5 (a).
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Initially, the central temperature rises to a considerably higher
level of T > 100 ◦C in comparison to the subsequent tempera-
ture evolution. Already after 10 % of the total process duration
the maximum temperature has decreased to T < 75 ◦C. More-
over, the advancing temperature wave has almost reached half
of the honeycomb length. For the remaining time of the process
the temperature peak gradually decreases while advancing fur-
ther into the honeycomb before vanishing after it has reached
the closed end of the honeycomb.

The observed temperature evolution can be understood from
the evolution of the pressure field, see Fig. 5 (b). Initially, the
applied boundary condition for the pressure at the inlet (Eq. (3),
pressure jump) leads to a high pressure gradient, which induces
a high vapour mass flow into the honeycomb and thus results
in a high adsorption rate. In consequence, the temperature in
the front part of the honeycomb rises quickly initially. Sub-
sequently, as the inflowing vapour advances further into the
honeycomb, the pressure gradient, and thus the vapour mass
flow into the honeycomb and the adsorption rate, gradually de-
creases. Interestingly, at the beginning, the vapour advances
fastest into the honeycomb at the centre, but after 25 % of the
total process duration the advancement of the vapour in the out-
most channel at the heat exchanger boundary exceeds the cen-
tral channel. As soon as the inflowing vapour reaches the closed
end of the honeycomb, the pressure increases quickly to the in-
let pressure throughout the honeycomb.

The last two effects described for the pressure evolution can
be explained by the evolution of the water uptake field, see
Fig. 5 (c). It is observed, that initially a significant rise of the
water uptake (X = 0.15 kg/kg) occurs further into the honey-
comb at the outer heat exchanger boundary compared to the
honeycomb centre. This indicates that almost instantly the ad-
sorption at the very front of the honeycomb centre reaches a
temporary adsorption equilibrium. The temporary adsorption
equilibrium results from the higher temperature reached in the
honeycomb centre, due to the further distance to the heat ex-
changer boundary and thus lower cooling rate. As a result, a
higher fraction of the inflowing vapour can bypass the front of
the honeycomb centre without being adsorbed, thus resulting
in the initially faster advancement of the vapour in the honey-
comb centre. As soon as the temperature decreases again due
to the heat extraction by the heat exchanger as well as convec-
tive cooling by the inflowing vapour, the adsorption continues
in the front part of the honeycomb centre, and thus reduces the
advancement of the vapour into the honeycomb.

The second effect of the fast rising pressure in the end of the
process results from two events. First, as the vapour reaches the
end of the honeycomb, the water uptake front also reaches the
end. Thus, the mass sink due to adsorption vanishes, and hence,
the inflowing vapour fills the channels faster. Secondly, as the
vapour has reached the closed end of the honeycomb channels,
a back-pressure effect occurs. Both events accelerate the pres-
sure rise throughout the honeycomb at the end of the process.

The discussion of the reference case demonstrates that the
heat and mass transfer and the adsorption processes are strongly
coupled and can only be understood in their interaction. Finally,
with respect to the studied cases with shorter honeycombs of

L = 0.1 m, it is found, that the heat and mass transfer and ad-
sorption processes are similar to the processes observed at the
front (z ≤ 0.1 m) of the reference case. Hence, no distinct tem-
perature wave is observed for these cases.

4.2. Modelling

4.2.1. Equilibrium assumption
To discuss whether it would be valid to assume equilibrium

in the adsorber for the temperature (isothermal) or the pressure
(isobaric), the spatial variations have to be analysed. For this
purpose, the maximum deviations from the maximum values in
the adsorber can be evaluated. Regarding the adsorption, the
maximum relative deviation from the corresponding local ad-
sorption equilibrium has to be determined. The range of the
maximum relative deviations of the temperature T , pressure p
and water uptake X versus time in the studied adsorbers with
different sets of geometry parameter but with common bound-
ary and initial conditions corresponding to the reference case
(see Tab.1) are shown in Fig. 6.

From Fig. 6 (a) it follows that the relative deviations of the
temperature do not exceed 30 %. On the other hand, the min-
imum deviations are around 5 % for the first third of the pro-
cess. Thus, in general, the spatial variations of the tempera-
ture should be accounted for. In addition, since in our model
the thermal heat flux between the honeycombs and the heat ex-
changer is determined from the temperature gradient in the hon-
eycomb at the heat exchanger surface, the spatial temperature
distribution has to be considered in any case.

The evaluation of the relative deviations of the pressure
yields that the range of the deviations can be distinguished by
the honeycomb length, see Fig. 6 (b). While for the honey-
comb length of L = 1 m the spatial variations of the pressure
should always be taken into account, the relative deviations of
the pressure in a honeycomb with a length of L = 0.1 m de-
crease rapidly for few particular cases of large channel size a
and b and low web thickness f . Hence, for this few particu-
lar cases the equilibrium assumption of an isobaric state in the
adsorber could be applied. However, for most cases this often-
made assumption should not be applied.

Regarding the relative deviations of the water uptake it is also
found that the range of the deviations can be distinguished by
the honeycomb length, see Fig. 6 (c). Again, for a few partic-
ular cases the relative deviations of the water uptake in a hon-
eycomb with a length of L = 0.1 m decrease rapidly. For most
cases though, a significant deviation from the adsorption equi-
librium over a relevant time is observed. Thus, local adsorption
equilibrium should not be assumed for the studied cases.

In summary, the spatial variation of temperature and pressure
as well as the local deviation from the adsorption equilibrium
should be considered for the vast majority of the studied cases
of the examined closed low-pressure honeycomb adsorber.

4.2.2. Rarefaction effects
As described in Sect. 2.2, our model takes rarefaction ef-

fects such as the slip effect and thermal creep effect into ac-
count. With respect to the thermal creep effect, the analysis
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(a) Relative deviations of temperature T . (b) Relative deviations of pressure p. (c) Relative deviations of water uptake X.

Figure 6: Range of the maximum relative deviations of the temperature T , pressure p and water uptake X versus time in the studied adsorbers with different sets of
geometry parameter but with common boundary and initial conditions corresponding to the reference case (see Tab.1).
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Figure 7: Influence of the rarefaction slip effect on the vapour mass flow in the central channel of the honeycomb for the reference case (see Tab. 1).

of the vapour mass flow yields that the mass flow induced by
the thermal creep effect is smaller by approximately five or-
ders of magnitude compared to the total mass flow in all studied
cases. As an example, for the reference case, the maximum total
mass flow into a single channel of the honeycomb is 25.86 g/h
comapred to a mass flow of 0.00033 g/h induced by the thermal
creep effect. In conclusion, the thermal creep effect is negligi-
ble for all studied cases, and thus the effect is not discussed
further. However, the slip effect is found to have influence on
the vapour mass flow in the honeycomb channels.

The evolution of the vapour mass flow ṁc,in at the inlet of
the central channel of the honeycomb for the reference case is
shown in Fig. 7 (a). Initially, as described for the reference case
in Sect. 4.1, a high peak mass flow in relation to the subsequent
course of the mass flow occurs. The peak value lies outside the
range of the figure and is indicated by the vertical arrow. The
no-slip model underestimates the peak mass flow by 3.8 %. Fol-
lowing, the mass flow rapidly decreases to a significantly lower
level and after a small second peak continues to decrease grad-
ually. The no-slip model continues to slightly underestimate

the mass flow until t ≈ 17.5 h. As a consequence, it predicts
a higher mass flow afterwards, leading to an overestimation of
the total process duration of about 8 %. The Sharipov and the
slip model, corresponding to the GP-functions (A.1) and (A.2),
yield identical results over the whole process duration. Thus,
rarefaction effects beyond the slip effect seem negligible. Fi-
nally, since the total thermal power of the adsorber is propor-
tional to the vapour mass flow into the adsorber, it can be con-
cluded that the no-slip model also predicts the evolution of total
thermal power fairly well.

To evaluate the local influence of the slip effect, the vapour
mass flow ṁc (blue) over the central channel of the honeycomb
for the reference case is examined for t = 3 h, see Fig. 7 (b).
The linear decrease of the mass flow indicates that the inflow-
ing vapour is adsorbed with a constant adsorption rate over half
of the honeycomb length for the particular moment. Hence, ad-
sorption not only occurs at a sharp adsorption front. Besides
the mass flow, also the Knudsen number Kn with the corre-
sponding flow regimes as well as the relative error Γ of the non-
dimensional mass flow GP determined by the no-slip model is
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depicted. The figure reveals that the relevant mass flow reaches
from the no-slip over the slip into the transitional flow regime,
leading to an increasing local error of the non-dimensional mass
flow of more than 40 % at the adsorption front. However, this
high local error of the non-dimensional mass flow is compen-
sated to some extent by another error of the no-slip model re-
garding the pressure curve. In general, the no-slip model yields
a more convex pressure curve over the channel, resulting in
higher pressure gradients further into the channel. Thus, ac-
cording to Eq. (7), the underestimation of the non-dimensional
mass flow is partially compensated by the overestimation of the
pressure gradient. It is found, that the accumulated local error
of the temperature at the examined time reaches up to 10 % and
smears the sharp temperature front.

4.3. Application

For TES application, the thermal power is of great interest.
Therefore, the following discussions related to the application
focus on the thermal power. For better comparison of the dif-
ferent cases, the volumetric thermal power is examined.

4.3.1. Geometry variation
At first, the effect of geometry variation on the thermal power

is studied for the special case of honeycombs with square chan-
nels, a = b. In this case, γ = γa = γb with γa and γb according
to Eq. (1) applies. Relating γ to the porosity ε of the honeycomb
yields

ε =
1

γaγb
=

1
γ2 . (13)

The dependency of the volumetric thermal power pth on the
honeycomb geometry for the special case of honeycombs with
square channels and the boundary and initial conditions of the
reference case is depicted in Fig. 8. While the absolute ther-
mal powers for the different honeycomb lengths lie in the same
range, the volumetric power of the honeycomb with L = 1 m
is approximately a tenth of the volumetric power of the hon-
eycomb with L = 0.1 m. As expected, the reduction of the
honeycomb width W increases the thermal power, due to the
reduction of the heat transfer resistance. In addition, it is found,
that the increase of γ, that is the reduction of the honeycomb
porosity ε, leads to a reduction of the thermal power, caused
by an increase of the internal mass transfer resistance of the
micro-porous zeolite due to an increased web thickness f .

In Fig. 8 (a), the peak power pth,peak is shown. Similar to [12]
which found a local minimum of the cycle duration over the
adsorbent particle size in a closed adsorption heat pump, we
find an optimum of the peak power over the channel size for
a honeycomb length of L = 0.1 m. The local optimum can be
explained by the external and internal mass transfer resistance.
Left of the optimum the thermal power is limited by the external
mass transfer resistance of the honeycomb channels. Increasing
the channel size reduces the external mass transfer resistance
and thus increases the thermal power. At the same time, for a
fixed γ, that is a fixed porosity ε of the honeycomb, the increase
of the channel size also leads to an increase of the honeycomb

web thickness f . As a consequence, while the external mass
transfer resistance reduces with increasing channel size, the in-
ternal mass transfer resistance of the micro-porous zeolite in-
creases. Hence, right of the optimum the thermal power is lim-
ited by the internal mass transfer resistance of the micro-porous
zeolite. For a honeycomb length of L = 1 m, no local optimum
of the peak power exists in the depicted range of channel size.
The optimum is found to be around a ≈ 4 mm.

The evaluation of the mean power yields the interesting result
that, while an optimum of the peak power is found for a hon-
eycomb length of L = 0.1 m, no optimum exists for the mean
power in the examined range of the channel size, see Fig. 8 (b).
For the honeycomb length of L = 1 m the opposite is found.
The explanation of the optimum of the mean power is analogue
to the explanation of the peak power optimum. In summary,
the main conclusion is that TESs based on the examined closed
low-pressure honeycomb adsorber can be optimized either for
the peak or the mean power.

To complete the discussion on the geometry variation, the
thermal power is examined for the general case of honeycombs
with non-square channels. The volumetric thermal power pth
versus time for the reference case and for different cases of hon-
eycombs with a , b is shown in Fig. 9. It is found that the
peak power increases with decreasing aspect ratio a/b, given
the constant value of a = 1 mm of the channel height. The
increase of the peak power results from the decrease of the
external mass transfer resistance of the honeycomb channels
with increasing channel width b. With respect to the heat ex-
changer orientation no significant difference between the con-
figurations occurs for a/b = 1/2, see Fig. 3. For the aspect ratio
of a/b = 1/10 the configuration with the turned heat exchanger
leads to an increase of the peak power by ≈ 20 %. Finally, no
further increase of the thermal power with the channel width
can be expected, since the external mass transfer resistance for
a/b = 1/10 is already close to the mass transfer resistance of
the planar Poiseuille flow.

4.3.2. Power control
From the analysis of the reference case in Sect. 4.1 it fol-

lowed that the boundary condition of the pressure at the inlet
(Eq. (3), pressure jump) initially induces a high vapour inflow
resulting in the high temperature rise at the honeycomb front.
This temperature rise leads to an initial peak of the thermal
power, compare e. g. Fig. 9. In conclusion, to control the ther-
mal power, the inlet pressure has to be controlled.

The implementation of a standard proportional-integral-
derivative controller (PID-controller, see [22]) suggests it-
self. Unfortunately, restrictions by the applied time-integration
solver (odes15s from Matlab, see Sect. 3.1) do not allow for
the application of a PID-controller. However, the implementa-
tion of an integral controller (I-controller) is straightforward.
To overcome the usual limitation of the dynamics of an I-
controller, a simple adaptive I-controller is designed. The con-
troller equation reads

∂pin

∂t
= min

(
KI,1

(
pin,max − pin (t)

)
; KI,2

(
pth,set − pth (t)

))
. (14)
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(a) Peak thermal power. (b) Mean thermal power.

Figure 8: Dependency of the volumetric thermal power pth on the honeycomb geometry for the special case of honeycombs with square channels and the boundary
and initial conditions of the reference case (see Tab. 1). The optima of the volumetric thermal power result from the external and internal mass transfer resistances.

Figure 9: Volumetric thermal power pth versus time for the reference case (see
Tab. 1) and different cases of honeycombs with a , b.

The controller contains two controller equations, where the first
equation defines a pressure regulated controller and the second
equation defines a power regulated controller. Initially the pres-
sure regulated controller is effective, leading to a fast increase of
the inlet pressure. As soon as the thermal power is close to the
set point pth,set the power regulated controller applies, strongly
reducing the increase rate of the pressure, and thus avoiding a
significant overshoot of the controlled power. The controller is
found to be robust and only of low sensitivity to variation of
the controller parameters. As suitable controller parameters the
values KI,1 = 10−4 and KI,2 = 10−1 are identified.

The evolution of the volumetric thermal power for the con-
trolled cases of different set point values pth,set and the not-
controlled reference case is shown in Fig. 10. The results show
that the thermal power can be effectively controlled by shift-
ing the thermal energy of the power peak. For the third con-

Figure 10: Volumetric thermal power pth versus time for controlled cases of dif-
ferent set point values pth,set and the not-controlled reference case (see Tab. 1).

trolled case with a set point value pth,set = 10 kW/m3 and a
maximum inlet pressure of pin,max = 10 mbar, it is found that
the thermal power can not be hold at the set point value for
the total process duration. For t > 10 h the thermal power
becomes limited by the mass transfer. One solution to over-
come the limitation by the mass transfer is to increase the in-
let pressure. The forth case with a maximum inlet pressure of
pin,max = 20 mbar proves that the power can be hold at the set
point value of pth,set = 10 kW/m3 for the total process duration.

The evolution of the controlled inlet pressure pin for the con-
trolled cases of different set point values pth,set and the not-
controlled reference case is shown in Fig. 11. The results show
that the inlet pressure initially increases quickly to a value pro-
portional to the set point value pth,set. As soon as the set point
value is reached the power regulated controller is applied, sig-
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Figure 11: Controlled inlet pressure pin versus time for controlled cases of dif-
ferent set point values pth,set and the not-controlled reference case (see Tab. 1).

nificantly reducing the increase rate of the pressure. Again, the
slope of the subsequent pressure curve is proportional to the set
point value of the thermal power. The increasing slope at the
end of the pressure curve for the first and last controlled cases
indicates, that the pressure regulated controller becomes acti-
vated again since the power can no longer be hold at the set
point value.

Finally, the evolution of the symmetric temperature T (x, t̃)
field for the controlled case with a set point value of pth,set =

10 kW/m3 and a maximum inlet pressure of pin,max = 20 mbar
is evaluated for a half-section of the honeycomb block in
Fig. 12. The comparison with the evolution of the symmetric
temperature T (x, t̃) field for the not-controlled reference case
(see Fig. 5) confirms the assumption that the controlled increase
of the inlet pressure prevents the initial overheating of the hon-
eycomb front. Furthermore, as the temperature wave advances
into the honeycomb, the temperature peak remains at the same
level resulting in a constant thermal power. Finally, the second
and last row show a longer temperature zone with T ≥ 50 ◦C.
This longer zone compensates that initially and at the end of the
process the total length of the zone of increased temperature in
the honeycomb is slightly shorter compared to the wave length
of the advancing wave.

5. Conclusion and outlook

A closed low-pressure honeycomb adsorber with zeolite 13X
for thermal energy storage has been examined numerically. A
practical adsorber set-up has been studied, applying the one-
dimensional model of a single channel of the honeycomb pre-
sented in [7]. The introductory discussion of a reference case
demonstrated that the heat and mass transfer and the adsorption
processes are strongly coupled and can be only understood in
their interaction. With respect to the specific questions formu-
lated in Sect. 1.3 following results can be summarized:
Modelling:

• The spatial variations of temperature and pressure as well
as the local deviation from adsorption equilibrium are
found to be significant for the vast majority of studied
cases. Only for a few cases with a honeycomb length of
L = 0.1 m and large channel size a and b and low web
thickness f , it is legit to assume an isobaric state and local
adsorption equilibrium.

• The rarefaction effect in terms of the slip effect has only
minor influence on the evolution of the vapour mass flow
and leads to a reduction of the total process duration of
about 8 % for the reference case. The thermal creep effect
effect is found to be negligible for all studied cases.

Application:

• The analysis of the volumetric thermal power yields that
the power can be increased in general, by reducing the
honeycomb length and width as well as the web thickness,
that is increasing the honeycomb porosity. For a honey-
comb length of L = 0.1 m and a fixed porosity, the peak
power can be optimized by variation of the channel size
in the studied range. The optimum is a result of the ex-
ternal and internal mass transfer resistance decreasing and
increasing respectively with the channel size. With respect
to the mean power, an optimum is found for a honeycomb
length of L = 1 m. Interestingly, the optimum for peak and
mean power do not coincide in general.

• The thermal power can be effectively controlled by the in-
let pressure. The regulation of the inlet pressure prevents
the initial overheating of the honeycomb front and shifts
this thermal energy in time. The reference case yields that
for high set point values of the power the process becomes
limited by the mass transfer. This limitation can be over-
come by increasing the maximum inlet pressure.

With respect to further studies, a homogenized macro-scale
model should be derived from the present model to study
packed-bed adsorbers with small particles (e. g. zeolite pow-
ders) for TES application. It can be expected that the rarefaction
effects are significant for this type of adsorbers. On the other
end of the scale, three-dimensional pore-scale simulations of
the external and internal heat and mass transfer process should
be conducted to proof the physical accuracy of the macro-scale
model. Finally, it should be emphasized, that our model is not
limited to zeolite 13X adsorbents and could be applied to ad-
sorbers with other adsorbent materials.
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Figure 12: Evolution of the symmetric temperature T (x, t̃) field for the controlled case with a set point value of pth,set = 10 kW/m3 and a maximum inlet pressure of
pin,max = 20 mbar for a half-section of the honeycomb block. The results are smoothened by interpolation in the transversal x-direction over the discrete channels.
The thin horizontal lines mark the virtual boundaries between the discrete channels.

Appendix A. Model Parameters

Appendix A.1. Poiseuille and thermal creep coefficient
For the special case of a rectangular channel with a = b, we

determine the following GP-function via regression

GP =
0.8372 − 0.1021δ0.8747 ln (δ)

1 + 3.032δ0.9376

+

(
δ

14.227
+ 0.7036

)
δ

0.3652 + δ
. (A.1)

For the general case of a rectangular channel with a , b simi-
lar functions were determined. With respect to the results dis-
cussed in Sect. 4.2.2, it is valid to use the simpler slip approach.
This leads to the substantially shorter form of the GP-function

GP = ζ1δ + ζ2. (A.2)

The values of the parameters ζi for different aspect ratios a/b of
a rectangular channel are summarized in Tab. A.2.

Table A.2: Parameters ζi of the GP-function (A.2) with the slip approach of 1st
order for different aspect ratios a/b of a rectangular channel.

a/b ζ1 ζ2

1 0.0703 0.5713

1/2 0.1143 0.7607

1/4 0.1404 0.8872

1/10 0.1562 0.9645

Regarding the thermal creep coefficient GT, the following
function was found to fit the numerical data from [20] well

GT =

(
ξ1δ +

ξ2 + ξ3δ

ξ4 + ξ5δ

)−1

, (A.3)

with ξi as fitting parameters. The values of the parameters ξi for
different aspect ratios a/b of a rectangular channel are summa-
rized in Tab. A.3.

Table A.3: Parameters ξi of the GT-function (A.3) for different aspect ratios a/b
of a rectangular channel.

a/b ξ1 ξ2 ξ3 ξ4 ξ5

1 0.837 4.989 31.92 2.088 9.904

1/2 0.8473 6.2 48.32 3.541 19.79

1/4 0.8567 2.09 17.03 1.546 7.864

1/10 0.872 3.784 44.32 3.711 21.59

Appendix A.2. Effective heat conductivity
The effective heat conductivity λeff,x or λeff,y of a single chan-

nel cut-out, is determined from a simple thermal resistance
model, see Fig. A.13.

Figure A.13: Thermal resistance model to determine the effective heat conduc-
tivity λeff,x of a single channel cut-out. For the geometry parameters see Fig. 2.

Analysis of the thermal resistance model yields

λeff,x = λz,eff(X)
γa

(γa − 1) + γb
(
(γb − 1) + λv/λz,eff(X)

)−1 , (A.4)

with γa and γb as defined in Eq. (1) and the effective heat con-
ductivity of the zeolite

λz,eff(X) = (1 − εmax) λz +
ρz

ρa
Xλa + ε (X) λv. (A.5)
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Here, ε denotes the micro-porosity of the zeolite. The equa-
tions and values of the material functions and parameters can
be found in [7]. For the case of the turned heat exchanger, the
channel width b has to be substituted for the channel height a
and vice versa in Eq. (A.4) to determine λeff,y.

Appendix B. Numerical implementation

To examine the longitudinal mesh convergence, three indica-
tor variables are defined. The convergence of the temperature
is analysed by the maximum temperature Tmax. For the pres-
sure the duration of the inflowing vapour to reach the end of the
central channel tp,10 = t(p(L) = pin/10) is examined. The con-
vergence of the water uptake is analysed by the maximum devi-
ation from the equilibrium water uptake ∆Xmax. The results of
four different test cases, which vary significantly in their mass
transfer dynamics, yield that a knot spacing of ∆zmin = L/250
is sufficient. As an example, the convergence plot of the max-
imum temperature Tmax for one test case is given in Fig. B.14.
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Figure B.14: Mesh convergence of the maximum temperature Tmax for the test
case: a = b = 0.5 mm, f = 0.5 mm, L = 1 m, W = 24 mm (Nc = 16), Thtx =

20 ◦C, pin = 10 mbar, Tin = 7 ◦C, T0 = 50 ◦C, p0 = 0.1 mbar, X0 ≈ 0.05 kg/kg
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