One-dimensional model of a closed low-pressure adsorber for thermal energy storage
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Abstract

The energy transition from fossil to renewable energy requires the development and integration of efficient energy storages. For
thermal energy storage, concepts based on adsorption are promising. One key challenge is to overcome limitations of the storage
performance by the heat and mass transfer. Against this background, a closed low-pressure adsorber with zeolite 13X honeycomb
adsorbent is studied numerically to identify the limiting factors. The focus of the study is on the adsorption process with the heat
extraction limited to the end of the zeolite honeycomb arrangement. A detailed model which takes effects of rarefied gas flow (e. g.
slip) as well as cooling effects by the inflowing vapour into account is derived. The model is applied to study the mass transport,
heat transport and adsorption over a broad range of relevant geometry and process parameters. The simulations demonstrate that
the adsorption process is not limited by the mass transport and isobaric conditions can be assumed in most of the studied cases. In
addition, special effects of rarefied gas flow are found to be negligible. Regarding the heat transport, the convective cooling by the
vapour is found only to be significant for a very short initial time period. Further analysis show that the process is mainly limited
by the heat transport. Only for short channels and wide channel diameters the process becomes limited by the adsorption.
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The energy transition from fossil to renewable energy re-
quires the development and integration of efficient energy stor-
ages. Energy storages are required for both electrical and ther-

mal energy. For thermal energy storage (TES) the thermo-
chemical energy storages (TCES) offer several specific advan-

Discharging: Vapour
tages. The main advantages are: high energy density, high effi- <::
ciency, negligible long-term losses and the possibility to utilize @ £\ ‘t— BFBHFM4| N [ 1‘"' *
the TCES as a heat pump or transformer [1]. A broad defini- Q J <: Q
tion of TCES also includes TES based on adsorption. One key = =

challenge is to overcome limitations of the storage performance
(e. g. discharging power and temperature) by the heat and mass
transfer [2]. Against this background, a closed low-pressure
adsorber system with zeolite is studied numerically to identify
the limiting factors. Closed low-pressure adsorber systems are
of particular interest for seasonal storage of solar energy [3] as
well as for domestic heat pump systems [4] but are also studied
for industrial application [5].

The scheme and storage principle of the examined closed ad-
sorption system is shown in Fig. 1. The system consists of the
two main vessels: adsorber and water vessel. In accordance
with applied research in the field (e. g. [6, 7]), zeolite 13X and
water are assumed as working materials. Both vessels are con-
nected vacuum-tight via a pipe and are initially evacuated. Dur-

Figure 1: Scheme and storage principle of the closed adsorption system.

ing the charging process the adsorbed water in the zeolite is des-
orbed by a high-temperature heat input Q. At the same time the
arising vapour is being condensed in the water vessel while re-
leasing the heat of condensation Q" at a low-temperature level.
Over the storing period the two vessels are simply separated by
a valve. During the discharging process the charging process
is reversed by evaporating the water in the water vessel by a
low-temperature heat input Q. The vapour is then adsorbed by
the zeolite while releasing the heat of adsorption Q at a high-
temperature level. With the focus on seasonal storage of solar
energy, typical operating temperatures of the water vessel are in
the range of Ty, = 5...25°C. Hence, the vapour pressure in
*Corresponding author the water vessel is in the range of py =~ 8...32 mbar, defining
Email address: schaefer@ies.uni-stuttgart.de (M. Schaefer) the in- and outlet pressure of the adsorber.
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Nomenclature

cross-section area (m?)

c specific heat capacity at constant volume (J/kg K)
cp specific heat capacity at constant pressure (J/kg K)
d; inner/channel diameter of zeolite cut-out (m)

dinp mean macro pore diameter of zeolite (m)

d, outer diameter of zeolite cut-out (m)

D effective diffusivity of water uptake in zeolite (m?/s)
Dx, Knudsen diffusivity of vapour in zeolite (m?/s)

e specific internal energy (J/kg)

E char. energy in Dubinin-Astakhov equation (J/kg)
Gp Poiseuille coeflicient (—)

h specific enthalpy (J/kg)

Ah, heat of adsorption (J/kg)
Ah, heat of evaporation (J/kg)

k, adsorption kinetics parameter s

Kn Knudsen number (—)

ol mean free path of vapour molecules (m)

L channel length of zeolite cut-out (m)

drin infinitesimal mass flow rate (kg/s)

n heterogeneity parameter in Dub.-Ast. eq. ()
p vapour pressure (Pa, mbar)

g heat flux (W/m?)

0] heat input/output of adsorber (W)

o heat input/output of water vessel (W)

radial coordinate of zeolite cut-out (m)
specific gas constant of vapour (J/kg K)
fitting parameter of dynamic viscosity (—)
time (s)

non-dimensional time 7 := /o (=)

total process duration (s)

tp90  relative time for p(L,7) = 0.99 p(0) (s)

T temperature (K, °C)

Thix temperature of heat exchanger (K)

S w3y
g &

u mean vapour velocity in zeolite channel (m/s)
Uglip slip velocity of vapour at channel wall (m/s)
v specific volume (m?/kg)

dv infinitesimal control volume (m?®)

X water uptake of zeolite (kg/kg)

Xeq adsorption equilibrium of zeolite (kg/kg)

z axial coordinate of zeolite cut-out (m)

Greek symbols

ay, a, fitting parameters of specific heat of adsorbate

B coefficient of thermal expansion of adsorbate (K™!)
0% diameter ratio of zeolite cut-out (m/m)
o local rarefaction parameter (—)
€ inner porosity of zeolite (m*/m?)
A heat conductivity (W/m K)
Aeff effective heat conductivity (W/m K)
u dynamic viscosity (Pas)
o density (kg/m?)
T mean tortuosity of zeolite (—)
Subscripts
0 initial state
a adsorbate, adsorption
[ channel
in inlet of adsorber
max maximum
min minimum
ref reference state
S saturation state
v vapour
wvl water vessel
z zeolite
Abbreviations
TCES thermochemical energy storage

TES  thermal energy storage

Most publications regarding modelling and simulation of
closed low-pressure adsorbers assume a packed-bed adsorber
filled with spherical adsorbent particles [8, 9] or adsorbers with
coated heat exchanger tubes [4]. In contrast, an adsorber with
structured zeolite honeycombs is examined in this study to anal-
yse possible limitations of the storage performance by the heat
and mass transfer. The particular advantage of this adsorber
system is its geometric simplicity which allows a straightfor-
ward derivation of the conceptual mathematical model. The
manufacturing process of zeolite honeycombs for TES applica-
tion has been presented in [10]. Fig. 2 shows different manufac-
tured zeolite honeycombs with variation of the channel width
and web thickness. Typical channel widths vary around 1 mm
with a web thickness in the range of 0.2...2 mm.

Figure 2: Different zeolite honeycombs with variation of the channel diameter
and web thickness, courtesy of Benjamino R. Formisano.



1.2. Literature Review

Many of the publications regarding honeycomb adsorbents
focus on the manufacturing process and the experimental exam-
ination, e. g. [11, 12, 13]. The field of application often covers
catalysis or gas separation. The usage of honeycomb adsorbers
for TES application in open adsorption systems is discussed
in [10, 14, 15]. Besides the description of the manufacturing
process, performance aspects such as pressure drop, heat trans-
fer, adsorption kinetics and capacity are discussed only qualita-
tively or by simple models.

Regarding the detailed modelling and simulation of zeolite
honeycomb adsorbers our literature research found relatively
few publications [14, 16, 17]. The publications have in com-
mon, that they all examine open adsorption systems while as-
suming a stationary flow of the carrier gas. In [16] a detailed 3D
model as well as a simplified 1D model are presented, but the
simulations are limited to the adsorption of propane and propy-
lene on zeolite 4A. The adsorption of water vapour on zeo-
lite 4A is analysed numerically and experimentally in [14]. The
focus is on the comparison of the water vapour desorption from
spherical zeolite particles and from zeolite honeycombs. Un-
fortunately, the mathematical model is not described in detail.
In comparison, our work provides a conceptually simple but
detailed model to analyse the heat and mass transfer in closed
low-pressure adsorption systems with zeolite honeycomb ad-
sorbers.

In contrast to the before mentioned modelling approaches,
many publications exist for the modelling and simulation of
closed low-pressure adsorption systems with packed-bed ad-
sorbers of spherical zeolite particles(grain and powder) and ad-
sorbers with zeolite coated heat exchanger tubes. A detailed
review of different modelling approaches for such closed ad-
sorption systems is given in [8], [9] and [4]. More recent pub-
lications which are not included in the cited review articles are
e.g. [18, 19]. In general, the modelling can be categorized
in three groups: mass transport, heat transport and adsorption.
Furthermore, the modelling approaches can be distinguished by
their complexity regarding the spatial dimension, consideration
of physical effects and the level or scale of the model. In com-
parison to our approach, most of the modelling approaches have
in common, that special effects of rarefied gas flow, such as the
slip-effect, are not considered.

1.3. Objectives of Study

According to [2] the heat and mass transfer in the adsorber,
both for open and closed adsorption systems, remain the limit-
ing factors for the system performance. As noted in the liter-
ature review the focus of research so far is either on open ad-
sorption systems ofr, in the case of closed adsorption systems, is
limited to packed-bed adsorbers with spherical zeolite particles
or zeolite coated tubes. Thus, the main objective of this work
is to provide a conceptual model that enables to study the heat
and mass transfer / transport for closed adsorption systems with
honeycomb adsorbents. The developed model is then applied to
identify the limiting factors for a specific adsorber set-up over
a wide range of set-up parameters. The study is limited to the
working materials zeolite 13X and water.

More specifically, the following questions regarding the mass
transport, heat transport and adsorption are analysed:
Mass Transport:

e Is it valid to assume isobaric conditions or is the mass
transport of the water vapour relevant?

e Is the Darcy’s law applicable or is it necessary to take spe-
cific effects of rarefied gas flow into account?

Heat Transport:
¢ Is convective cooling by the vapour negligible?

e Which parameters determine the maximum temperature
reached in the adsorber during adsorption?

Adsorption:

e [s the assumption of local adsorption equilibrium valid or
are limitations by the adsorption kinetics relevant?

Since the adsorption process in general shows a higher dynamic
than the desorption process, the simulations are limited to the
adsorption process to answer these questions. Similar analysis
have been presented in [9, 20] to discuss possible limitations by
the mass transport in closed adsorption systems with packed-
bed adsorbers.

At last, different authors come to different conclusions re-
garding the specific questions above. One reason is, that dif-
ferent adsorber set-ups with different geometrical and material
parameters as well as operating conditions are studied. Follow-
ing from that, simulations are carried out over a broad range of
relevant geometry and process parameters in this study.

The paper is organized as follows: The description of the
conceptual model is given in Sect. 2. Following, the numerical
implementation is briefly presented in Sect. 3 before the results
are discussed in Sect. 4.

2. Model Description

2.1. Modelling Approach

The examined closed low-pressure adsorber system is shown
in Fig. 3. During the adsorption process, vapour from the wa-
ter vessel is flowing into the adsorber by the vapour inlet. It
is assumed, that the pressure in the water vessel pyy is not ef-
fected by the adsorption process (no evaporator limitations) and
is constant throughout the adsorption process. Thus, the adsor-
ber inlet pressure is constant py, = pwyi. In addition, the temper-
ature of the vapour at the inlet is assumed to be equal to the sat-
uration temperature T, = T (pwv). Furthermore, it is assumed
that the inflowing vapour distributes homogeneously into the
void space over the zeolite honeycomb arrangement inside the
adsorber. The zeolite honeycomb arrangement is characterized
by a uniform channel width and web thickness. Regarding the
thermal insulation of the adsorber, ideal insulation is being as-
sumed. Heat extraction is realized by the heat exchanger at
the closed end of the zeolite honeycomb arrangement. It is as-
sumed that the heat exchanger leads to an uniform and constant
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Figure 3: Examined closed low-pressure adsorber system. The dashed red
box marks a single cut out zeolite channel for the formulation of the one-
dimensional model.

temperature T at the closed end of the zeolite honeycomb ar-
rangement. Hence, temperature gradient and thus heat transport
only exists in direction of the zeolite honeycomb channels to-
wards the heat exchanger.

Following from the description above, it can be concluded
that the heat and mass transport / transfer processes in the single
channels are identical for the examined adsorber system, since
no heat and mass transfer occurs between the channels. Thus,
the analysis of a single channel from the zeolite honeycomb ar-
rangement is sufficient. The cut out zeolite channel marked in
Fig. 3 (dashed red box) is shown in Fig. 4. For simplification
and dimensions reduction, the usually rectangular channel and
zeolite cut-out is transformed to an axially symmetric geome-
try (circular pipe). The required transformation equations can
be found in [17]. The thickness of the cut out zeolite corre-
sponds to half of the web thickness of the zeolite honeycomb.
Here it should be noted already, that, while the following de-
rived model is mathematically one-dimensional, it implicitly
includes two-dimensional aspects. One two-dimensional aspect
results from the parabolic velocity profile of the vapour in the
channel. Another two-dimensional aspect follows from the ad-
sorption model which assumes a radially parabolic pressure and
water uptake profile. At last, the transformation to a mathemat-
ically one-dimensional model reduces the computational time
significantly. Hence, parameter studies over a broad and rele-
vant range can be conducted in a reasonable time.

As discussed, heat transport only takes place in the direction
of the zeolite channel. Hence, adiabatic boundary conditions
are applied at the circumference of the zeolite cut-out. Only at
the end of the channel a fixed temperature boundary condition
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Figure 4: Single cut out zeolite channel with adiabatic boundary conditions
at the circumference for the formulation of the one-dimensional model. For
simplification, the cut-out is transformed to a circular pipe.

is applied to model the heat extraction by the heat exchanger.
Regarding the pressure, a constant pressure is set at the inlet.
Since the mass flow rate and thus the vapour velocity at the
closed end of the channel are zero, no pressure gradient exists
at the closed end, see Eq. (6). Note that no boundary conditions
are required for the water uptake, since the axial mass transport
in the zeolite itself is negligible compared to the mass transport
by the channel flow. The final boundary conditions applied, are

o T
z:L_ ’ 0z

d
or =0, T(L,H) = Tx. (1)
az z=0

p(0,1) = pin,

The initial conditions are chosen according to a typical oper-
ating case of a closed adsorption system for seasonal storage of
solar energy. During thermal (pre-)discharging of the adsorber
the vapour inlet is usually kept closed as long as the extraction
of the sensible heat is sufficient. The decreasing temperature in
the adsorber leads to a re-adsorption of the remaining vapour
in the zeolite channels resulting in very low initial pressures of
po < 0.1 mbar. This indicates, that special effects of rarefied
gas flow, such as the slip-effect, might be relevant for the mass
transport. Assuming equilibrium for the initial adsorber state
the initial conditions are

p(z,0) = po, T(z,0) = To, X(z,0) = Xeq (po, To),  (2)

with the water uptake being defined as X (z, 1) := m,/m,, where
m, and m, denote the mass of the adsorbate and the pure zeolite.

In summary, given the boundary conditions (1) as well as
the initial conditions (2) the three dependent variables vapour
pressure p(z,t), temperature T (z,f) and water uptake X (z,1)
are computed.

2.2. Modelling Equations
2.2.1. Mass Transport
To derive the mass transport equation the continuity equation
of the vapour in the channel is required
dpy, 0 drit ,
2t a—Z(PvM)— T (3
where p, denotes the vapour density, u the mean vapour veloc-
ity in z-direction over the channel cross-section and drit. ,/dV
the volumetric mass flow rate of the vapour from the channel
into the zeolite.
Due to the low vapour pressure the ideal gas law

_r
R.T

Py @
can be applied, where Ry denotes the specific gas constant of
the vapour. Further, the vapour is assumed as a Newton-fluid
with the dynamic viscosity u calculated from

T\
= Hre (5)
H = Mref ( Tt )

where (¢ denotes the reference viscosity at the reference tem-
perature Ty and the exponent s the fitting parameter to fit the
curve to tabulated vapour viscosity from [21].



Considering the relatively small channel diameter, creeping
flow can be assumed. Further, it is assumed that the change
of velocity in axial direction is negligible compared to the ra-
dial dependency of the velocity. Finally applying the common
no-slip boundary condition yields

d12 10p
u = —5;8—2 (6)

where d; denotes the channel diameter. The result can also
be obtained by locally applying the Poiseuille equation for in-
compressible channel flow and corresponds to the often applied
Darcy’s law for flow through porous media.

Specific effects of rarefied gas flow are not taken into account
by Eq. (6). The type and corresponding effects of a rarefied gas
flow are characterised by the non-dimensional Knudsen number

lmol — M lmol \/Ez_,u VRST

~
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where [, denotes the mean free path of the vapour mole-
cules [22]. For Kn > 0.01 the slip-effect becomes relevant and a
slip velocity should be considered instead of the no-slip bound-
ary condition. In the transition range of 0.1 < Kn < 10 the
flow type changes from continuum flow to free molecular flow,
yielding a homogeneous velocity profile over the channel cross
section. This effect leads to significantly higher mass flow rates
in this flow regime compared to the mass flow rates calculated
under the usual assumption of a parabolic velocity profile.

A more general equation taking the described effects of rar-
efied gas flow into account is given by

di2 14 ap
u= _ﬁﬁgGP(é)ﬁ_z (®)

where ¢ denotes the local rarefaction parameter and Gp the so-
called Poiseuille coefficient [23]. With the definition in Eq. (7)
the rarefaction parameter is related to the Knudsen number by

_yr 1

0= , 9
2 Kn ©)
while the Poiseuille coefficient can be calculated from
Go = 1.505 + 0.05246%75 In (6)
P 1+ 0.7385078
0
- +1.018) ———. (10
(4+ )1.0738+6 (10)

For small values of the Knudsen number (Kn — 0, 6 — o0),
Eq. (8) takes the form of Eq. (6).

The volumetric mass flow rate drii,/dV of the vapour from
the channel into the zeolite is discussed in Sect. 2.2.3 and is
given by Eq. (27).

2.2.2. Heat Transport

Under the assumption of locally ideal heat transfer between
the zeolite, adsorbate and vapour it is sufficient to formulate one

common energy balance equation for the zeolite, adsorbate and
vapour

0 +p,Xe, + A +e(X)p
= |Pz€z 28 €, —PvTE vz |€v|=
o R e Pv.

o) d (A
—ﬁ——tmmﬁ,an
z\A,

where p, and p, , denote the density of the zeolite and the mean
density of the vapour in the zeolite. The variables e,, e, and
ey correspond to the specific internal energy of the zeolite, the
adsorbate and the vapour. The cross-section area of the channel
and of the zeolite are given by A, and A, while &(X) refers to
the inner porosity of the zeolite depending on the local water
uptake X. The specific heat flux ¢ denotes the heat transport
by conduction and A, refers to the specific enthalpy transported
with the vapour.
In general, the specific internal energies are determined by

T

e = f ci(T)dT + eirer (12)

Tret

where ¢; denotes the specific heat capacity at constant volume
of the substance and e; r the specific internal energy of the sub-
stance at the reference temperature Ty¢. The potential and ki-
netic energy are assumed to be negligible. While the specific
heat capacity of the zeolite and vapour can be assumed constant
over the integrated temperature range, the temperature depen-
dency of the specific heat capacity of the adsorbate has been
shown to be significant [24]. Hence, the approximation

T
Ca = Camin + faq exp [—az (T - Tref)z] dT (13)

Tin

from [24] is applied, where ¢, min refers to the minimum of
the specific heat capacity at the temperature T,;, while a; and
a, are fitting parameters. At last, the Leibniz integral rule is
used to evaluate the time derivative of the integral Eq. (12) in
Eq. (11).

The variable porosity £(X) is given by

£(X) = emx — 22X (14)

Pa

where &y,x and p, refer to the maximum porosity of the fully

desorbed zeolite and to the density of the adsorbate respectively.
The specific heat flux is given by the Fourier law

) oT
q=Aen - (15)
Z
where A.g denotes the effective heat conductivity of the zeolite,
adsorbate and the vapour. The effective heat conductivity is
calculated according to

, A
Ao = (1 — £ma) 4, + 22X 2, + (s X) + —°)/1V (16)
Pa A

z



with A,, 4, and A, as heat conductivity of the pure zeolite, the
adsorbate and the vapour.

Under the assumption of a constant specific heat capacity the
spatial derivative of the specific enthalpy of the vapour can be

calculated from
ohy oT

oz "
where ¢, denotes the specific heat capacity of the vapour at
constant pressure.
The specific enthalpy of the vapour itself needs to be substituted
by the thermodynamic potential with the ideal gas law (4)

a7

hy = ey + pvy = ey + R T, (18)

where v, denotes the specific volume of the vapour.
With the specific enthalpy of the adsorbate

hy = e, + pvy, (19)

where v, denotes the specific volume of the adsorbate, and by
taking the ideal gas law (4) and Eq. (18) into account the spe-
cific internal energy of the adsorbate can be substituted by

ea=ey+py—vy)—(hy —hy)
—_—
V>V, =Ah,
~ ey — (Ahy — RT) ~ ey — Ah,  (20)
N e’

Ah,>RT

to incorporate the heat of adsorption Ah,. The last approxima-
tion Ah, > R,T is valid in the expected temperature range of
20...200°C with an maximum error of ~ 5 %.

At last, the continuity equation of the vapour in the channel
and in the void space of the zeolite

0 (A _
E (A_va + S(X)pv,z) +

A. 0 dri
C_(pvu)z_ T

— 21
A, 07 dv @D

has to be incorporated into the energy balance Eq. (11) to elim-
inate the specific internal energy of the vapour e,. The term
drin,/dV denotes the volumetric mass flow rate in the zeolite
due to the adsorption and is discussed in following section and
given by Eq. (25).

2.2.3. Adsorption

The modelling of the adsorption comprises the mathematical
description of the adsorption kinetics, adsorption equilibrium
and the heat of adsorption.

Adsorption Kinetics. The adsorption kinetics implicitly de-
scribe the inter-particle mass transport of the vapour in the zeo-
lite. As discussed in [17] the pressure profile can be assumed to
be of parabolic shape over the radius while the local water up-
take is at equilibrium. Further, radially isothermal condition in
the adsorbent and a linear dependency of the adsorption equi-
librium over the pressure have to be assumed. Under this as-
sumptions the well-known linear-driving-force approximation

11).¢

= =ha (Xeq - X) (22)

can be derived for various symmetrical adsorbents, where k,
denotes the adsorption kinetics parameter and X4 refers to the
adsorption equilibrium corresponding to the pressure and tem-
perature at the surface of the adsorbent.

For the adsorption kinetics parameter of a hollow cylindrical
adsorbent the equation

-1
ke =4Deﬁ(%y4 s §y—%d_§] 23)
v—1 4
is derived in [17], where vy denotes the aspect ratio of the outer
to inner diameter d,/d; of the zeolite cut-out and D.g refers
to the effective diffusivity off the water uptake in the zeolite.
According to [25], the effective diffusivity can be determined
from

D %dmp 1¥
Kn T
D = = (24)
1 Z X,
00 T {1 R TE)

where Dy, denotes the Knudsen diffusivity and d,, refers to the
mean macro pore diameter and 7 to the mean tortuosity of the
zeolite.

The volumetric mass flow rate of adsorption at a given posi-
tion z is simply calculated by

di, X
av e

(25)

Hence, the volumetric mass flow rate of the vapour from the
channel into the void space of the zeolite can be derived from
the continuity equation of the vapour in the zeolite

dine, X

9 _
dr _pza + E(‘S(X)pv,z)- (26)

Under the assumption of local adsorption equilibrium inside the
zeolite and by determination of the lower limits for the gradi-
ents of the isobars and isotherms of the water uptake in the ex-
pected range of pressure and temperature it can be shown that
the vapour accumulation in the zeolite can be neglected

dme,  0X

a PP
Adsorption Equilibrium. It has been shown in [6] that adsorp-
tion equilibrium for the adsorption of water on zeolite 13X can
be described by the Dubinin-Astakhov equation

27

Xeq = PaVa,max €XP E

where p,V, max corresponds to the maximum adsorption volume,
Ps denotes the saturation pressure of the vapour, E is the charac-
teristic energy and n the heterogeneity parameter. The density
of the adsorbate is calculated from

Pa,20°C
= > 2
Pa = 17 B(T —293.15K) 29

where 8 denotes the coefficient of thermal expansion of the ad-
sorbate.



Heat of Adsorption. In contrast to many publications the de-
pendency of the heat of adsorption on the uptake is taken into
account in this study. The heat of adsorption can be determined
by evaluation of the vant-Hoff equation [26] and leads to

PaVa,max %
Ah, = Ahe + Eln : (30)
Xeq

where Ak, denotes the heat of evaporation.

2.3. System of Equations

The modelling equations given in the Sect. 2.2 can be assem-
bled to a system of coupled partial differential equations for the
vapour pressure p, the temperature 7 and the water uptake X.
With 9, := 9 - /0t and 9, := 0 - /07 the system can be written as

RSLT _ﬁ 2_:.02 o:p
0 (p,c, +pXca) —pAhg|-|0:T | =
0 0 1 X
0, (pyu)
0 (Aerd.T) = G=pyucy 0.T — SRTO (o) . (31)
ko (Xeq — X)

Left of the equality sign, c, is given by (13) and Ah, by (30).
Right of the equality sign, py is given by (4), u either by (6) or
by (8) with (10), Aeg by (16) and k, by (23) with (24). All other
parameters have constant values.

It should be emphasised that the last two terms in the heat trans-
port equation (2nd row) are not included in most of the models
found in literature. The first term of this two terms takes the
convective energy transport by the vapour into account while
the second term describes the cooling or heating effect due to
expansion and compression of the vapour respectively.

2.4. Model Verification

As mentioned in the literature review in Sect. 1.2 no exper-
imental study of closed low-pressure adsorption systems with
zeolite honeycomb adsorbents is known to the authors. Hence,
no validation of the full model is possible at this time. How-
ever, the model can be verified by separate validation of the
main equations for mass transport, heat transport and adsorp-
tion. Since the novel aspect of our model in comparison to ex-
isting models for open adsorption systems is mainly given by
the mass transport model, the focus is on the validation of the
implemented equations for the mass transport.

2.4.1. Mass Transport

The implemented equations for the mass transport are for-
mulated to describe precisely the mass flow rate i1, over the
full range of the Knudsen number. The mass flow rate over a
broad range of the Knudsen number in a circular micro-tube is
experimentally studied in [27]. There, the authors study the sta-
tionary flow of nitrogen through a micro-tube with a length of
L = 5.3 cm and a diameter of 25.2 um at different in- and out-
let pressures. Adjusting our numerical implementation to this
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Figure 5: Comparison of simulation and experimental results for the stationary
mass flow rate 7. of nitrogen through a circular micro-tube at different mean
Knudsen numbers. Experimental parameters and results are taken from [27].

case (nitrogen channel flow without adsorption) allows for di-
rect comparison of our simulation results with the experiment.
The results are depicted in Fig. 5 over the mean Knudsen num-
ber Kn,, calculated as in [27]. The simulation results show very
good agreement with the experimental values. Thus, the imple-
mented mass transport equations can be assumed valid.

2.4.2. Heat Transport and Adsorption

The implemented equations for the heat transport are very
similar to most modelling approaches for adsorbers in litera-
ture, compare e. g. [9]. Only the last term in the heat transport
equation (2nd row in Eq. (31)) which accounts for temperature
change by expansion or compression respectively of the vapour
is not considered. Evaluation of the magnitude of the single
terms in the heat transport equation reveals that the last term is
circumstantial for the studied cases.
The implemented equations for the adsorption are taken
from [6]. Only the kinetics coefficient k, of the linear driving
force equation (22) is adjusted to the case of a hollow cylinder
adsorbents according to [17].
Comparison of our model for the heat transport and adsorption
with the model derived in [6] confirms the model similarity.
The model is experimentally validated in [6] and good agree-
ment between the simulation and experimental results is found.
Hence, the implemented equations for the heat transport and
adsorption is this study can be assumed valid.

3. Numerical Implementation

3.1. Solving Method

To numerically solve the system of equations (31), the right-
hand side is discretised by the finite-difference-method apply-
ing the central difference approximation [28]. Further, an adap-
tive mesh method is implemented to reduce the computational
time. The criteria for the mesh adaption are the maximal al-
lowed differences of pressure and temperature values between



two neighbouring knots and are set to
Ap <50Pa, AT <1K. (32)

Furthermore, the aspect ratio of the knot spacing Az of neigh-
bouring knots is limited to 2 and the knot spacing at the bound-
aries is fixed to the initial and minimum knot spacing Azp;y.
Comparative simulations with no mesh adaption prove, that the
mesh adaption leads to no significant deviations. The reduction
of the computational time by the mesh adaption depends on the
applied initial and minimal knot spacing. For Az, = L/500
the mesh adaption leads to a reduction of the computational
time by a factor of 2.2 and 3.8 respectively for the two cases of
the mesh study given in Tab. A.2. For Azy,;, = L/1000 the com-
putational time of the second case is even reduced by a factor
of 10.

To prove mesh independence of the results, a mesh study is
conducted for two representative cases of low and high dynamic
behaviour, see Tab. A.2. The mesh study yields that an initial
and minimal knot spacing of Az, = L/500 is sufficient.

Regarding the time integration, the evaluation of the matrix
on the left-hand side of the system of equations (31) for the
possible pressure and temperature values yields a wide range of
the order of magnitude of the matrix elements

p ~10-9 ~ 109
{RSTZ} ~ 107 ... {p,Ah,} = 10°. (33)

Hence, the system can be expected to be stiff [29]. For the
time integration the ode-solver for stiff systems odel5s of Mat-
lab (see [30] for solver description) is successfully applied. At
last, the matrix is an upper triangular matrix which allows for a
sequential evaluation of the single equations in each time step.

3.2. Simulation Case Setup

As motivated in Sect. 1.3 simulations are carried out for a
broad range of parameters. The varied parameters, according
to Fig. 4, are given in Tab. 1. With the geometry transfor-
mation relations given in [17] the examined axially symmetric
channel corresponds to a channel width of a square channel of
a = (0.4; 0.8; 1.6) mm and a width of the square zeolite cut-
out of (1.6; 2.2; 3.3) - a. This covers a typical range of feasible
channel diameters and web thickness of zeolite honeycombs,
see Sect. 1.2. As initial conditions (IC) states of equilibrium are
defined, as they would appear in a closed zeolite adsorber after
extraction of the sensible heat with a closed inlet after desorp-
tion, see Sect. 2.1. The boundary conditions (BC) are chosen in
accordance with typical operating conditions for seasonal stor-
age of solar energy for domestic heating. The material parame-
ters are mostly taken from [6] and [31] and are summarised in
the appendix.

4. Results and Discussion

In accordance with the model description in Sect. 2, the
results are discussed separately for the mass transport, heat
transport and adsorption to answer the questions specified in

Table 1: Varied geometry and process parameters of the studied simulation
cases. (IC = initial conditions; BC = boundary conditions)

’ ‘ Parameter Value ‘ Unit ‘
[ d; 0.5; 1.0; 2.0 mm
£ do (1.5: 2.0; 3.0) - ds mm
8 L 0.01; 0.1; 1.0 m
Po 0.001; 0.1 mbar
2 Ty 20; 50 °C
Xo = Xeq | 0.055; 0.10; 0.15; 0.21 | kg/kg
DPin 10; 20 mbar
R Tw=T 7,175 °C
Thix 20 °C

Sect. 1.3. The answers apply to the studied adsorber system de-
scribed in Sect. 2.1. For a better comparability of the results,
the non-dimensional time

Fi= L 34)

ttol

is defined, where f,,; denotes the total process duration. The
process is defined to be completed when the temperature at the
inlet has decreased to a temperature of less than 1 K above the
temperature of the heat exchanger Th. Regarding the graphi-
cal evaluation of the results, all specified parameters are given
in the figures while the plotted curves or ranges correspond to
all simulation cases of the non-specified parameters. Further-
more, most of the graphical results correspond to a inlet pres-
sure of pj, = 10mbar. The influence of the inlet pressure is
only discussed if relevant.

4.1. Mass Transport

One specific aspect of our model regarding the mass trans-
port of the vapour in the channel is, that it takes specific ef-
fects of rarefied gas flow, such as slip, into account. To evalu-
ate whether such effects need to be considered in the examined
cases, the occurring values of the Knudsen number are anal-
ysed. In general, higher Knudsen numbers can be expected for
lower inlet pressures. Hence, the range of the Knudsen number
Kn in the vapour channel as a function of the non-dimensional
time 7 for different channel diameters d; is given for the lower
inlet pressure of p;, = 10 mbar in Fig. 6. Initially, the Knudsen
number even exceeds the slip regime before rapidly decreasing
to the slip / no-slip limit. For a channel diameter of d; = 0.5 mm
the Knudsen number remains in the slip regime over the whole
process duration. This indicates, that the slip effect might be
relevant for this minimal channel diameter and inlet pressure.

The evolution of the pressure p (z, 7) in the vapour channel
for a specific example is shown in Fig. 7.The concave shape of
the advancing pressure is similar to the concave shape of com-
pressible channel flow described in the literature, e.g. [32]. Fur-
ther, it is clear, that the vapour reaches the end of the channel in
a relatively short time with respect to the total process duration
(here 7 < 1 %). This raises the question whether the assumption
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Figure 6: Range of the Knudsen number K7 in the vapour channel versus the
non-dimensional time 7 at different channel diameters d; for the lower inlet pres-

sure of pj, = 10 mbar.
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Figure 7: Evolution of the pressure p (z, ) in the vapour channel for the specific
example pj, = 10mbar, po = 0.001 mbar, Ty = 20°C, Xp = 0.055kg/kg,
di =0.5mm, d, = 3d; (¢c =0.11), L= 1m.

of creeping flow (Re <« 1) is valid. Analysis of all simulated
cases yield, that in fact the Reynolds number initially reaches
very high values (Re ~ 10*), but drops significantly below 1 for
f > 0.001 %. Hence, the assumption of creeping flow is valid
after a very short relative time.

The evolution of the Knudsen number Kn(z, 7) in the vapour
channel for the same specific example is shown in Fig. 8. For a
short relative time 7 < 1 % the Knudsen number ranges from the
slip region over the transition region far into the free molecular
region. Comparison with the evolution of the water uptake in
Fig. 15 reveals, that the advancing adsorption front lies in the
range of the transition regime. It is not clear whether or how this
might affect the adsorption process. At last, as the pressure in
the vapour channel increases fast, the Knudsen number also de-
creases fast into the slip region over the whole channel length.
For 7 > 1% the Knudsen number is mainly determined by the
temperature, thus yielding similar profiles (compare Fig. 12).

To discuss whether isobaric conditions can be assumed

100 ¢ transition

z (m)

Figure 8: Evolution of the Knudsen number Kn (z, 7) in the vapour channel
for the specific example pj, = 10 mbar, pg = 0.001 mbar, Ty = 20°C, Xy =
0.055kg/kg, di = 0.5mm, do, = 3d; (¢ =0.11), L=1m.

throughout the whole process or whether the mass transport
of the vapour in the channel has to be taken into account, the
variation of the pressure at the end of the channel can be anal-
ysed. In Fig. 9 the variation of the pressure at the end of the
channel p (L, ) as a function of the non-dimensional time 7 at
different channel diameters d; is given for the lower inlet pres-
sure of p;, = 10mbar. While the condition for creeping flow
(Re < 1) is met for 7 > 107 in the case of a channel diam-
eter of dj = 0.5mm and d; = 1 mm, it is met strictly only
for 7 > 107 in the case of a channel diameter of d; = 2 mm.
Besides the solution range for every channel diameter, one spe-
cific example is depicted with a solid line each. It is observed,
that for a short period of relative time the pressure at the end
of the channel does not increase (pressure plateau). This effect
results from a temporary equilibrium of vapour flow into the
channel and adsorption by the zeolite. Similar characteristics
is observed for the higher inlet pressure p;, = 20 mbar. As to
the authors knowledge, this effect has not been reported in lit-
erature. Variation of the parameters show that the height of the
pressure plateau depends on the zeolite properties. Hence, this
phenomena might offer a novel experimental method to deter-
mine microscopic material properties such as porosity, tortuos-
ity, and mean macro-pore diameter.

All simulated cases show, that the pressure at the end of the
channel increases to 99 % of the inlet pressure in less than 20 %
of the total process time. The required relative time is defined as
7599 := tp99/tior. The range of 7,99 as a function of the channel
diameter d; at different aspect ratios of outer to inner diame-
ter y (corresponding to a channel porosity &, of the honeycomb
structure) is given for the lower inlet pressure of p;, = 10 mbar
in Fig. 10. For channel diameters d; > 1 mm and aspect ra-
tios of y < 2 (g, = 0.25) the assumption of isobaric conditions
throughout the whole process is fairly met since 7,99 < 2 %.
For a channel diameter of d; = 0.5 mm the relative time 7, g9 in-
creases significantly, with 7, o lying in the range of ~ 5...16 %
for an aspect ratio of y = 3 (¢, = 0.11). Hence, the assumption
of isobaric conditions throughout the whole process is arguable
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Figure 9: Variation of the pressure at the end of the channel p (L, 7) versus
the non-dimensional time 7 at different channel diameters d; for the lower inlet
pressure of p;; = 10 mbar. The three shaded areas mark the solution range for
the different initial conditions, channel lengths L and outer diameters d,. The
solid lines in each shaded area show one example of the pressure variation at
the end of the channel.

for this limit cases. Regarding the case of higher inlet pressure
Pin = 20 mbar, the relative time 7, 99 reduces approximately by
the factor of 3. Furthermore, the variation of the relative time
75,90 for a defined channel diameter and aspect ratio of the outer
to inner diameter results from the variation of the initial condi-
tions. It is found, that the relative time 7,99 linearly decreases
with increasing initial water uptake Xo = Xeq (po, To). This
follows from the variation of the adsorption capacity which de-
creases with an increasing initial water uptake.

To conclude the mass transport analysis, the total process du-
ration is analysed. The range of the total process duration f as
a function of the channel diameter d; at different channel length
L is given for both, no-slip and slip approach (see Sect. 2.2.1),
and for the lower inlet pressure of p;, = 10 mbar in Fig. 11. Itis
clear, that even for the minimal channel diameter ¢; = 0.5 mm
no significant difference is found between the solutions of the
no-slip and slip approach. In addition, the total process dura-
tion is found not to depend on the channel diameter nor on the
aspect ratio of the outer to inner diameter for channel lengths
of L > 0.1 m. This indicates, that the total process duration is
solely determined by the heat transport and is not limited either
by the mass transport or the adsorption. Only for the minimal
channel length L = 0.01 m the maximum process duration lin-
early increases with the channel diameter. Since the process
duration would be expected to decrease with increasing chan-
nel diameter, the dependency of the total process duration can-
not be a result of mass transport limitations. Consequently, the
increase of the total process duration with the channel diameter
results from the increased web thickness of the zeolite. Hence,
the observed increase of the total process duration as a func-
tion of the channel diameter for a minimum channel length of
L = 0.01 m is a result of limitation by the adsorption process.
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Figure 10: Range of 7,99 versus the channel diameter d; at different aspect
ratios of outer to inner diameter y (corresponding to channel porosity &) for
the lower inlet pressure of pj, = 10 mbar.
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Figure 11: Range of total process duration f versus the channel diameter d;
at different channel length L for no-slip and slip approach (see Sect. 2.2.1) and
for the lower inlet pressure of pi, = 10 mbar.

4.2. Heat Transport

The evolution of the temperature T (z, ) for the specific ex-
ample as before for the mass transport analysis is shown in
Fig. 12. In accordance with the evolution of the pressure in
the vapour channel (see Fig. 7) the temperature increases due
to the adsorption process, yielding a relatively steep advanc-
ing temperature front. Again, the relative time required for the
temperature front to reach the end of the channel is low with
f < 1 %. The rest of the process is characterized by a tempera-
ture decrease due to the heat extraction at the end of the chan-
nel. While the temperature decreases throughout the adsorber
the adsorption continues. Furthermore, a significant convective
cooling by the inflowing cold vapour is observed for 7 < 1%
leading to a temperature difference AT between the maximum
temperature in the adsorber and the temperature at the inlet. For
f > 1% the mass flow rate of the inflowing vapour drops sig-
nificantly, thus the convective cooling by the inflowing vapour
becomes negligible for the specific example.
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Figure 12: Evolution of the temperature T (z, 7) for the specific example piy
10 mbar, pp = 0.001 mbar, Ty = 20°C, Xy = 0.055kg/kg, di = 0.5 mm, d,
3d; (¢ =0.11), L = 1m.
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Figure 13: Maximum temperature difference between the maximum tempera-
ture in the adsorber and the temperature at the inlet AT,y in versus the channel
diameter d; at different aspect ratios of outer to inner diameter y (corresponding
to channel porosity &) for different relative times 7 for the lower inlet pressure
of pin = 10 mbar.

To discuss whether the convective cooling by the inflowing
cold vapour is generally relevant, the maximum temperature
difference between the maximum temperature in the adsorber
and the temperature at the inlet AT in as a function of the
channel diameter d; at different aspect ratios of outer to inner
diameter y (corresponding to a channel porosity &. of the hon-
eycomb structure) is given for different relative times 7 for the
lower inlet pressure of p;, = 10mbar in Fig. 13. While ini-
tially the temperature difference is significant and reaches up
t0 ATmaxin > 120K, the temperature difference decreases very
fast to ATmaxin < 1K after a relative time of 7 > 10 %. Thus,
the convective cooling is significant for the initial inflow pro-
cess when the exact temperature distribution is of interest, but
may be neglected with respect to the energy balance over the
whole process duration.

The maximum temperature reached during the adsorption is
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Figure 14: Variation of the maximum temperature T,x reached in the adsorber
versus the initial water uptake Xy at different channel diameters d; for an aspect
ratio of inner to outer channel diameter y = 3 (corresponding to channel poros-
ity & = 0.11) and for the lower inlet pressure of pi, = 10 mbar, with aspect
ratio « := d;/L.

found to depend mainly on the initial water uptake. The varia-
tion of the maximum temperature T, reached in the adsorber
as a function of the initial water uptake X at different chan-
nel diameters d; is given for an aspect ratio of inner to outer
channel diameter y = 3 (corresponding to a channel porosity
& = 0.11 of the honeycomb structure) and for the lower in-
let pressure of p;y, = 10mbar in Fig. 14. It is found, that for
an aspect ratio @ := dj/L < 0.02 the maximum temperature
becomes independent of the aspect ratio a and of the channel
diameter respectively. For increasing values of the aspect ratio
a > 0.05 the maximum temperature is found to reduce signif-
icantly. As observed before for the total process duration (see
Fig. 11), the reduction of the maximum temperature indicates,
that for this cases of L = 0.01 m the adsorption becomes the
limiting factor for the maximum temperature reached in the ad-
sorber. The limitation by adsorption results from the limitation
of the microscopic mass transport (Knudsen diffusion) in the
mciro-porous zeolite.

At last, the thermal power output is found to behave as ex-
pected. Initially, depending on the channel length, high peak
values occur when the temperature front reaches the end of the
channel Goy = 4 - (103; 10%; 105) W /m?, where the minimum
power output corresponds to the maximum channel length and
vice versa. After the peak of the power output, the power output
decreases t0 oy ~ 4~(10"; 10°; 10‘) W /m?. The variation of
the power output over a range of 4 orders of magnitude, indi-
cates, that the examined adsorber set-up might not be of practi-
cal relevance in the framework of a single adsorber concept.

4.3. Adsorption

The evolution of the water uptake X (z, ) for the specific
example as before for the mass and heat transport analysis is
shown in Fig. 15. In accordance with the evolution of the pres-
sure in the vapour channel (see Fig. 7) the water uptake in-
creases due to the adsorption process, yielding an advancing
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Figure 15: Evolution of the water uptake X (z, 7) for the specific example piy
10 mbar, pp = 0.001 mbar, Ty = 20°C, Xy = 0.055kg/kg, di = 0.5 mm, d,
3d; (¢ =0.11), L = 1m.
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Figure 16: Range of the maximal difference between the actual water uptake
and the water uptake equilibrium AXp,x versus time for all simulated cases.

uptake or adsorption front respectively. Again, the relative time
required for the adsorption front to reach the end of the chan-
nel is low 7 < 1%. The rest of the process is characterized
by an increase of water uptake in accordance with the temper-
ature decrease in the adsorber (see Fig. 12). Furthermore, the
convective cooling by the inflowing cold vapour leads to an ini-
tially increased water uptake at the inlet. At last, the specific
example shows that a significant difference between the actual
water uptake and the adsorption equilibrium AX = X4 — X
exists locally in the area of the adsorption front, but vanishes
after a short relative time of 7 < 1 %. To discuss whether the
assumption of local adsorption equilibrium is valid or whether
the limitations by the adsorption kinetics are relevant, the range
of the maximal difference between the actual water uptake and
the adsorption equilibrium AXj,,x as a function of time is given
for all simulated cases in Fig. 16. Initially, the deviation from
adsorption equilibrium can reach up to AX = 0.275. During
the process the maximal deviation from equilibrium decreases
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continuously. More detailed analysis yield, that for a channel
length of L > 0.1 m or an aspect ratio of channel diameter to
channel length of @ < 0.02 respectively, the maximal deviation
from equilibrium has decreased to less than 5 % of the max-
imal possible deviation (AX < 0.017) after a relative time of
= 10 %. The maximal possible deviation is determined by the
maximal possible water uptake which is Xy,,x = 0.34 for the
studied zeolite 13X. Hence, the assumption of local adsorption
equilibrium can be justified for this cases. In case of a channel
length of L = 0.01 m and especially for the maximum channel
diameter of di = 2mm the assumption does not hold up. In
this case, as discussed before (see Fig. 11 and Fig. 14), the pro-
cess is limited by the adsorption and thus, the deviation from
equilibrium must be considered.

5. Conclusion and Outlook

A closed low-pressure adsorber with zeolite 13X honeycomb
adsorbent for thermal energy storage is studied numerically.
The study is limited to the adsorption process with heat ex-
traction at the end of the zeolite honeycomb arrangement (see
Fig. 3). A detailed model which takes effects of rarefied gas
flow (e.g. slip) as well as cooling effects by the inflowing
vapour into account is derived. With respect to the specific
questions formulated in Sect. 1.3 following results can be sum-
marized:

Mass Transport:

e For all simulated cases (see Tab. 1) isobaric conditions are
reached in less than 20 % of the total process duration.
Only for the cases with channel diameter of d; = 0.5 mm
and a aspect ratio of outer to inner diameter of the zeolite
channel of ¥ = 3 (¢. = 0.11) the duration of non-isobaric
conditions can be considered significant with = 5...16 %
of the total process duration.

e With respect to the total process duration, effects of rar-
efied gas flow (e. g. slip) are found to be negligible in all
studied cases due to the relatively wide channel diameters.
Thus, the Darcy’s law (no-slip) can be applied.

Heat Transport:

e For the duration of the advancing temperature front to
reach the end of the channel, the convective cooling by
the inflowing vapour significantly reduces the temperature
at the inlet (AT a0 < 140K). But since this process re-
quires less than 1 % of the total process duration, the effect
might be neglected with respect to the energy balance of
the total process.

e The maximum temperature reached in the adsorber is pri-
mary determined by the initial water uptake and limited
to the equilibrium temperature of adiabatic adsorption.
Only for an aspect ratio of channel diameter to channel
length @ > 0.05 or a channel length of L = 0.0l m re-
spectively and an aspect ratio of outer to inner diameter
v > 0.3 (g < 0.11) the maximum temperature is found to



decrease with an increasing aspect ratio «. For this cases,
the limitation by the adsorption exceeds the limitation by
the heat transport.

Adsorption:

e In accordance with the limitation of the maximum tem-
perature by the adsorption, the deviation from adsorption
equilibrium is found to be significant for an aspect ratio
of channel diameter to channel length of @ > 0.05 or a
channel length of L = 0.01 m respectively.

Regarding further studies, the presented model should be ex-
tended to a two-dimensional model to study the more practical
case of heat extraction orthogonal to the channels of the zeolite
honeycomb arrangement. Further, the model could be applied
to packed-bed adsorbers with small zeolite particle size (e. g.
powders) to examine whether effects of rarefied gas flow be-
come relevant in this cases. At last, the simulations yield the in-
teresting effect of a temporary equilibrium of inflowing vapour
and adsorption (pressure plateau). Since this effect might of-
fer a novel option to determine material parameters of zeolite
or other adsorbents, the phenomena should be experimentally
validated.
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Appendix A. Numerical Implementation

Appendix A.1. Solving Method

Three indicator variables are defined for the mesh study to
examine the convergence of the pressure, temperature and the
water uptake. For the pressure the duration of the inflowing
vapour to reach the end of the channel (¢, 19 = t(p(L) = pin/10)
is analysed. Further, the convergence of the temperature is
analyses by the maximum temperature and the convergence
of the water uptake by the maximal occurring difference be-
tween local water uptake and local equilibrium water uptake.
The results for an initial and minimal knot spacing of Azpyi, =
(L/250, L/500, L/1000) are summarized in Tab. A.2. In addi-
tion, the relative changes of the indicator variables by reduction
of the knot spacing are noted. From the relative changes it fol-
lows, that for a knot spacing of Azy,;, = L/500 the solution has
converged.

Table A.2: Selected results of the mesh study for two representative cases of
low and high dynamics.

Case 1 (low dynamics): pg = 0.001 mbar, Ty = 20°C,

Xo = 0.055kg/kg, di = 0.5mm, d, = 3d; (¢c =0.11), L=1m

Case 2 (high dynamics): pg = 0.1 mbar, Tp = 50°C,

Xo = 0.21kg/kg, di = 2.0mm, d, = 1.5d; (&. = 0.44),

L=0.0lm
Initial & minimal knot spacing
’ ‘ Indicator Variable L/250 L/500 L/1000
. 8.4811¢e4 8.5207 e4 8.5199 ¢4
1‘]),10 mns
4.43 % 0.47 % -0.0094 %
° . 409.74 409.74 409.75
2 Tax in K
o} 0.0016 % 0.00015 % 0.0013 %
ke 0.2272 0.2293 0.2303
AXpax In ke
3.37 % 0.92 % 0.44 %
. 1.6489e-6 | 1.6491e-6 | 1.6507¢e-6
Ipo 10
0.54 % 0.012 % 0.097 %
‘:: . 393.49 393.53 393.52
2 Tax in K
O -0.035 % 0.010 % -0.0022 %
kg 0.1882 0.1900 0.1910
AXpmax in ke
2.56 % 0.96 % 0.53 %
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Table A.3: Implemented material parameters (mainly taken from [6, 31]).

Parameter Value Unit
Ry 461.401 K
et 1.235096e-5 | &
Tref 373.15 K
s 1.137054 -~
ps 1150 e
¢, 880 K
Cpu 2080 s
Camin 836 K
a 37.6 kgLK
B 3.976e-4 | K2
Trete, 335 K
Timin 210 K
Emax 0.6 -
A 0.4 X
A 0.5562 o
A 0.025 e
dp 300e-9 m
T 4 -
Vamax 341.03e6 | =
E 1.19225¢6 s

n 1.55 -
Pa20°C 996 %
B 0.21e-3 K-!
Ah, 2.6e6 ie
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