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Abstract
Lately, the energy transition from fossil fuels to sustainable resources has gained a lot of attention.
The increase in seasonal dependent energy sources like solar panels creates an energy storage
problem, because solar energy is intermittent. This creates a discrepancy between supply
and demand. Seasonal thermal energy storage can reduce this problem by storing the excess
energy during summer. The energy can then be used during winter time when demand exceeds
supply. A thermal battery is one of the thermal energy storages that looks quite promising. A
thermal battery uses a thermochemical material (TCM) which stores heat using physical and
chemical bondings. A numerical model needs to be created to optimize a heat battery without
building several expensive test setups. This numerical model should give information about the
performance of a TCM heat battery for different inlet conditions.
In this thesis, a previously made Computational Fluid Dynamics (CFD) model of a Representative Elementary Volume (REV) of the reactor is revised and improved, because the existing
model did not deliver the expected result. The model has been completely checked in order to
find the solution to the problem. The model makes it possible to view the effects of different inlet
conditions and important packed bed parameters can be determined. With a Direct Numerical
Simulation (DNS) model, the hydration process of the heat battery is modeled in the software
OpenFOAM 6.0. The flow through the particle bed, including heat and mass transfer is modeled.
The REV is built out of thirty-seven K2 CO3 particles in a face-centered cubic (FCC) structure.
The domain is made up of an unstructured mesh, where the particle size has been reduced by 3%
to avoid point contact between the particles, which decreases the computational time drastically.
The hydration kinetics are determined with the Arrhenius equation, which is fitted to
thermogravimetry analysis (TGA) experiments. These hydration kinetics are used in the model
to simulate the reaction of the particles. The results of the simulations show a fully developed
hydration model with plots of the fractional conversion, temperature and concentration. The
model shows the development of these three parameters along the REV and time. The in- and
outlet effects in this development are taken into account. In addition, different inlet temperatures
and inlet speeds are used. This to demonstrate how the heat storage reacts under different
conditions. Furthermore, the results are compared with the phase diagram for the start and end
of the hydration process.
A second study is preformed on the pressure drop, heat transfer coefficient and diffusion in
the REV. These parameters are necessary to be able to make a continuum model in the near
future. Every parameter is determined with its own model for a range of Reynolds numbers.
The heat transfer coefficient is determined in two different ways. The calculated values are
compared with correlations from literature, where the pressure drop corresponded nicely with
the correlations and the heat transfer coefficient results deviate a bit with the correlation form
literature. The deviations at the heat transfer coefficient are explained with the large error
margins of the used correlations. The diffusion coefficient is only determined with correlations
from literature.
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Chapter 1

Introduction
In 2017, greenhouse gas emissions in the twenty eight European countries were down by 22%
compared to 1990 levels, achieving the EU 2020 target. The next goal is to reduce the greenhouse
gasses with 40% by 2030 compared to 1990 [1]. The Netherlands has set an even higher goal
with a reduction of 49% by 2030, while their reduction was only 14.5% in 2018 [2]. So, to
further reduce emissions, the current fossil energy consumption needs to be replaced with a
sustainable energy source. In the Netherlands, 38% of the total energy is currently used for
heating. Moreover, 46% of the total energy consumption of a Dutch household is used for space
and water heating [3]. Reducing the fossil energy consumption for these kinds of heating can
help to reach the new EU goals.
Nowadays, more collected energy is seasonal dependent like solar energy. The supply of this
energy is high in the summer and low in the winter, but the demand of energy is exactly vice
versa. This energy demand and supply forms a mismatch, as is shown in Figure 1.1. Where the
shaded area represents the solar energy consumption, the red area represents the excess energy
consumption and the green area represents the excess solar energy.

Figure 1.1: Solar energy supply and consumption over a year in the Netherlands [4]. Where the
shaded area represents the solar energy consumption, the red area the excess energy
consumption and the green area the excess of solar energy.
This mismatch between supply and demand could potentially be resolved by seasonal Thermal
Energy Storage (TES). This could be used in a household as a thermal heat storage that stores
the heat in the summer and supplies the heat back in the winter. There are different types of
TES which have their own characteristics.
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1.1

Types of TES

Heat can be stored as a change of internal energy in a storage material. The three basic principles
of TES are: sensible, latent and thermochemical heat storage. These three different types of
heat storage are schematically shown in Figure 1.2.

Figure 1.2: Basic principles of (a) sensible (b) latent and (c) thermochemical heat storage [5].
The phase change or chemical reaction in the latent or chemical storage causes a jump in
density at a constant temperature. This can be advantageous in systems with small
temperature differences.
1. Sensible heat storage: The temperature of a storage medium shifts without a phase
change. The heat capacity of the storage material is used to store the thermal energy.
The thermal energy is calculated with Formula 1.1, where Q [J] is the thermal energy, cp
[J/kgK] is the specific heat of the storage material and Thigh and Tlow [K] are the upper
and lower temperatures [6].
Q = mcp (Thigh − Tlow )
(1.1)
2. Latent heat storage: This is a phase changing material (PCM). It acts the same as a
sensible heat storage but the material undergoes a phase change, like melting or freezing.
The thermal energy is calculated with Formula 1.2 where ∆hP CM [J/kg] is the specific
enthalpy for the phase change [6].
Q = m[cp (Thigh − Tlow ) + ∆hP CM ],

when

Cp1 = Cp2

(1.2)

3. Thermochemical heat storage: Most of the heat is stored in physical and chemical
bonding energy. Thermochemical materials (TCMs) are used for the heat storage process.
This heat storage can be done in solid and liquid state. Formula 1.3 shows the energy that
can be stored in a TCM, where ∆hT CM [J/kg] is the specific enthalpy difference over the
sorption reaction [6].
Q = m[cp (Thigh − Tlow ) + ∆hT CM ],

when

Cp1 = Cp2

(1.3)

The principle of thermochemical heat storage is based on a reversible hydration and dehydration
reaction of a TCM with water vapor. The energy is stored when the TCM is dehydrated.
Dehydration occurs when hot dry air flows trough the TCM bed. The heat is transferred to
the bed where the bonds between the TCM and the water molecules are broken, which makes
energy storage possible. The water is taken up by the flow and exits the TCM system in a open
2
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sorbtions system that is used. This dehydration reaction is an endothermic process (uses energy).
As long as the TCM (s) and H2 O (g) are kept separated, the energy remains stored. This nearly
loss-free heat storage is one of the main reasons to use this TCM. In the hydration process,
H2 O(g) is recombined with the TCM(s). This exothermic reaction will release the energy. As
shown in Formula 1.4, TCM has the ability to store and release heat, so a ”heat battery” is
created.
T CM · xH2 O(s) + heat ↔ T CM(s) + xH2 O(g)

(1.4)

Where T CM · xH2 O(s) is the hydrated salt and T CM(s) the dehydrated salt.

1.2

Types of TCM

Every heat storage material has it own characteristics [7]. The most impotent characteristics
which are used to chose a material are the energy density, heating power, stability, cost and
toxicity of the material [5]. In the work of Donkers et al. [8], 563 reactions of salt hydrates were
evaluated on their performance. For this project the salt K2 CO3 is chosen for the TCM, which is a
relatively new salt in view of energy storage. It shows a good overall performance and is nontoxic.
Yet, one disadvantage is the lower energy density compared to other evaluated materials. K2 CO3
is chosen for its stability, lack of energy loss during storage and weak corrosivity. One additional
advantage of K2 CO3 is the fact that it hydrates only one step from anhydrous to sesquihydrate
which makes it easier to model. The hydration/dehydration reaction is:
K2 CO3 · 1.5H2 O(s) + ∆H ↔ K2 CO3 (s) + 1.5H2 O(g)

(1.5)

The heat that is produced ∆H is 62.5 kJ per mol water according to Washburn [9].
The phase diagram of K2 CO3 can be visualised, as can be seen in Figure 1.3. When hydrating,
a phase change occurs (A chemical reaction occurs where K2 CO3 changes into K2 CO3 · 1.5H2 O)
from the area under the blue line to the area between the blue and red lines. If the water vapor
pressure increases more ( above the red line), a second phase change occurs which dissolve the
salt in the water by deliquescense. If that happens, the salt loses all its porosity and this reduces
the reaction rate significant and should consequently be avoided.
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Figure 1.3: Phase diagram of K2 CO3 [10] with data from Donkers [8]. Dehydration occurs
under the blue line and hydration occurs between the blue and red lines. In the area above the
red line, the material is in deliquescent state.
A numerical model needs to be created to optimize the heat battery without building several
expensive test setups for this TCM. This numerical model should give information about the
performance of this TCM heat battery for different inlet conditions. Furthermore, all properties
of the reaction in the particles will have to be determined.

1.3

Modeling TCM Reactor

Modeling TCM reactors is frequently done using analytical models for the solid particles. In
this thesis more attention is paid to the fluid surrounding the particles. The overall kinetics
of the reactions depends largely on the particle environment. The heat and mass transport
processes in the space between the packed particles is more investigated. In general, there are
two approaches to describe hydrodynamics and reactive transport properties of packed beds,
namely direct numerical simulation and a continuum model.

Continuum model
In a continuum model, the packed beds are described as a continuum at macroscopic scale
without any structure. Flow is assumed to obey phenomenological laws. The model does not
provide information about the behavior between the particles. Furthermore, this model also
depends on parameters that are often determined experimentally or with a DNS model. Less
computational effort is required for a continuum model compared to the DNS model [11], so
larger parts can be modeled (such as an entire reactor).

Direct numerical simulation (DNS) model
In the DNS model packed beds are simulated based on the actual packed bed geometry. Along
with detailed descriptions of the fluid flow with mass and heat transfer processes in between
particles. A model describing the transport properties in between particles is established. This
needs to be validated and tested against experimental data. For modeling this packed bed, a
4
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Representative Elementary Volume (REV) is used. An REV is the smallest volume/amount of
particles over which a measurement can be made. This REV will yield values representing the
whole bed. Consequently, the effects between the particles and fluid flow can be determined and
parameters for the continuum model can be collected.

1.4

Scope of this Thesis

In the last decades a lot of experimental research is done regarding packed beds and TCM heat
storage. However, in the research on TCM heat batteries, there was less focus on the numerical
components. In addition, the numerical research in TCMs was mainly conducted on dehydration
process rather than the hydration process [12–17]. Modelling the hydration of salts in TCMs
gives useful insight on the performance of the system and materials without the use of expensive
and time consuming experimental setups. Moreover, the DNS model can be used to provide
accurate and additional details of the hydration process, which would be impossible with a
continuum model. This thesis will continue on the work of D’Rose et al. [10]. In his work, a
DNS model is developed that simulates the hydration process of a K2 CO3 heat battery reactor.
This model is made in open-source Computational Fluid Dynamics (CFD) software OpenFOAM
6.0, in which the REV of the reactor is modelled. The main objective of this thesis is to expand
and improve the model, so the results of the model correspond to reality. Furthermore, the
inter-particle heat and flow characteristics of the REV will be collected and compared with
literature. These parameters could later be used in a continuum model.

Goal
Establish and validate a packed bed DNS model of the salt hydrate K2 CO3 and collect the
inter-particle thermodynamic and hydrodynamic transport properties.

Sub-goals
1. Establish the fully developed inter-particle heat and concentration characteristics of the
REV for K2 CO3 with the DNS model in OpenFOAM.
2. Collect and validate the parameters that are needed for a continuum model. Consisting of
the permeability, heat transfer and diffusion coefficient.

1.5

Outline of this Thesis

• Chapter 2: The background and theory of salt hydration and CFD modeling are provided.
The reaction model of the REV is explained. Furthermore, the DNS and continuum model
are explained.
• Chapter 3: The geometry of the REV is described and the reaction parameters are
collected from experimental data. The reduced simulation time and type of mesh are
described. The results of the hydration model are also presented and substantiated.
• Chapter 4: The parameters for a continuum model are obtained. The pressure drop,
heat transfer and the diffusion coefficient from the model are compared with the values
from literature.
• Chapter 5: The thesis is finished with conclusions, along with the recommendations.
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Chapter 2

Theoretical Background
This chapter will provide the theoretical background of heat batteries and packed beds. First,
the structure and particle shape of the packed beds are explained. This is followed by the
heat transfer at the particle-fluid interface and the heat and concentration transport through
a particle bed. The hydration model of the particles are introduced and clarified. Finally, the
DNS and continuum model are discussed.

2.1

Packed Bed

Heat batteries are made out of several particles that together form packed bed columns. In this
thesis perfectly round particles are used, in this way a constant packed bed column can be made.
These packed beds contain randomly or fixed stacked particles that form voids where the air
and fluids can flow through. The void fraction of a solid material can be described with the
porosity  [-] of the porous medium. This is shown in Formula 2.1.
=

Vvoids
Vtotal

(2.1)

Where Vvoids forms the total volume of the voids and Vtotal is the total or bulk volume of material,
including the solid and void components.
The particles can be arranged in different ways inside a packed bed. They can be arranged
randomly or fixed. The most common used fixed packings are; the simple cubic (SC), bodycentered cubic (BCC) and face-centered cubic (FCC). These configurations of the packed beds
are shown in Figure 2.1.

Figure 2.1: Three different types of fixed bed packings. Left: simple cubic; middle:
body-centered cubic; right: face-centered cubic
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Every packing has a different porosity of the packed bed. The porosity of the fixed beds can
easily be calculated with Formula 2.1, however the porosity of the randomly packed bed is
more difficult. Due to its changing bed every randomly packed bed has a different porosity. In
literature, the maximum recorded porosity for a randomly packed bed is 0.4 [18]. The particles
are placed in a FCC structure in this thesis. This configuration is chosen as the base geometry
in the DNS model, similar to the research proposed by Lan. [19]. Furthermore, this structure
has the lowest porosity ( ≈ 0.26 for a 1 mm particle), so fewer mesh elements are required to
simulate the flow between the particles. This will decrease the computation time of the model.
One additional reason to use the FCC structure is the fact that there are reports of changing
packing structures after applying 3D vibrations. The spheres of other packed bed structures
move into a FCC lattice after the vibrations [20].
The modelling of a packed bed geometry with its spherical particles can be a difficult task. A
problem occurs at the contact point between adjacent particles. Theoretically, the contact area
between two touching spheres is singular and zero-dimensional (point contact). This singular
contact point will drastically increase the solving time, because CFD simulations have difficulties
to simulate this. To avoid this additional simulation time, all particles are shrunk in size [10, 21].
During this process all the particle positions will remain unchanged and gaps will be formed
between the particles, as can be seen in Figure 2.2.

Figure 2.2: Shrinking two particles to tackle the particle contact problem. The white border
around the spheres is the amount of shrinkage. [22]
Shrinking particles in CFD models is common and is used in multiple published works [10, 19,
21, 23–28]. In this thesis, the particles size is decreased by 3% and thereby creating small voids
between the particles. In the other published works the particles size is decreased by 1% or 2%.
By decreasing with 3%, the simulation time is significantly faster. The effect of the additional
shrinking of particle size is researched and elaborated in Appendix B.1.2.

2.2

Heat Transfer at Particle-Fluid Interface

The particle-fluid interface is one of the most important regions in a packed bed reactor. The
transfer of heat and mass takes place at this interface by convection. Heat is generated within the
particle by the hydration reaction. The heat is transported through the particle by conduction.
The heat is transported to the fluid by convection which is quantified by the heat transfer
coefficient h [W/m2 K]. The thermal conductivity ks [W/mK] characterizes the ease in which
the heat is conducted in solids. When the conduction through the particle is dominant, the
temperature distribution in the solid can be considered constant. Because the temperature
is rapidly distributed in the particle. If the conduction is not dominant, the temperature
distribution in the particle will have a greater influence on the heat transfer at the particle
interface and the temperature distribution in the particle cannot be considered uniform.
The physical aspects of the reactor are characterised with the use of dimensionless numbers
8
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as shown below. The ratio of conduction and convection is defined by the Biot number as shown
in Formula 2.2.
hL
ks

Bi =

(2.2)

Where L [m] is the characteristic length scale that in this case is equal to the particle diameter
dp [m]. Convection is dominant when Bi > 1 and conduction is dominant when Bi < 1. The
ratio of heat transfer by convection over conduction is described with the dimensionless Nusselt
number in Formula 2.3. In literature the Nusselt number is often expressed by the Reynolds
and Prandtl number, which are shown in Formula 2.4 and 2.5 (A few of these expressions are
discussed in Chapter 4).
hL
kf

(2.3)

us dp
ν

(2.4)

cp,f µ
ν
=
kf
DT

(2.5)

Nu =

Re =
Pr =

Where kf [W/mK] is the thermal conductivity of the fluid, us [m/s] is the superficial flow velocity,
ν [m2 /s] is the kinematic viscosity, cp,f [J/kgK] is the heat capacity of the fluid, µ [Pa·m] is the
dynamic viscosity and DT [m2 /s] is the coefficient of thermal diffusion.
The Reynolds number indicates if a flow is laminar or turbulent with the ratio of inertial
to viscous forces. The Prandtl number is a material property with the ratio of momentum
diffusivity to thermal diffusivity.
In the fluid flow, quantities of temperature and concentration are transported by advection
and diffusion. Where advection is the transport by the bulk motion (transport of the entire
mass), diffusion is the transport due to gradients in the temperature and concentration. One of
these may play a bigger role in the fluid flow. The ratio between the advection and diffusion is
indicated with the Péclet number, as shown in Formula 2.6.
ui dp
Re
=
Pr
(2.6)
D

D [m2/s] is the diffusion coefficient,  [-] is the porosity and ui is in this case the interstitial
velocity of a packed bed.
The Péclet number can be used to calculate the downstream developments of the flow.
In engineering applications the Péclet number is often very large, in which the downstream
independence is not relevant. [29]
Most of these dimensionless numbers are used in literature to predict the pressure drop,
Nusselt number and diffusion of a flow. These predictions are mostly based on multiple
experimental results and are shown in Chapter 4.
The heat transfer coefficient of the packed bed is determined with the DNS model. This
coefficient can be determined in two different ways: with the hydration model , shown in Section
2.4, or without the reaction model . In the hydration model (model with reacting particles) the
heat transfer coefficient will be calculated with Formula 2.7.
Pe =

h=

q
A(Ts − Tf )
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Where Tf [K] is the fluid temperature, Ts [K] is the solid temperature (wall, particle surface)
and q [W/m2 ] is the heat flux. The velocity near the particle-fluid interface is zero due to no-slip
boundary conditions. The heat transfer at this interface only occurs through diffusion for these
conditions. This makes it possible to determined the convective heat transfer coefficient ”the
other way around” ( Tf -Ts ). In that case, Ts and Tf in Formula 2.7 can be turned around.
In a DNS model of a packed bed there is no unambiguous definition of the fluid temperature
Tf . Therefore, the bulk temperature of the fluid can be used to calculate the temperatures such
as Tf , Tin and Tout [30]. Often a weighted-by-flux cup-mixing is used [31], as shown in Formula
2.8.
R
u(x, y, z)T (x, y, z)dV
R
Tmix =
(2.8)
u(x, y, z)dV
Where u [m/s] is the the velocity and V [m3 ] is the selected volume over which the temperature
T [K] is determined. The advantages of this method against the regular volume-averaged
temperature are discussed in multiple papers [32–36]. This method includes the effect of the
liquid flow, so the temperature of the fluid flow around the particles has as smaller share in
Tmix , because the speed near the particles is almost zero.

2.3

Transport through Particle Bed

Besides the effects around the particle-fluid interface it is also important to look at the transport
of heat and mass through the particle bed. These effects are shown in this section.

2.3.1

Heat Transport

There are multiple ways in which the heat is transported through the reactor: convectiondiffusion, conduction and radiation. Convection-diffusion is explained in the section below, while
the conduction and radiation do not cause a significant temperature difference between the
particle-fluid interface. The conduction between solid bodies takes place at the contact area,
which is zero in this thesis due to the shrinking of the particles explained in Section 2.1. The
radiation is also not included, because the temperature difference between two adjacent particles
is relatively small [37].
Convection-diffusion
Convection-diffusion is the prime heat transport and is expressed by the convection-diffusion
equation as shown in Formula 2.9.
∂T
+ u · ∇T = DT ∇2 T
(2.9)
∂t
Where on the left hand side u [m/s] is the velocity vector and this side of the equation describes
the transport of energy by fluid flow. The right hand side describes the diffusion in the packed
bed, where DT [m2 /s] is the thermal diffusivity. The thermal diffusivity is calculated with
Formula 2.10.
DT =

kf
ρf Cp,f

(2.10)

Where kf [W/mK] is the thermal conductivity, ρf [kg/m3] is the density and cp,f [J/kgK] is the
heat capacity of the fluid.
10
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In this thesis spherical particles are used in the packed bed and the Biot number is smaller
than 0.1, which is further elaborated in Appendix A. Therefore, the particle temperature is
considered to be independent of the radial coordinate. For that reason the particle temperature
can be expressed in Formula 2.11.
V ρs cp,s

∂Tp
= qA + S
∂t

(2.11)

Where V [m3 ] is the particle volume (= 34 πr3 ), ρs [kg/m3 ] is the particle density, cp,s [J/kgK]
∂T
is the particle material heat capacity, ∂tp [K/s] is the change of the particle temperature over
2
time, q [W/m ] is the convective heat flux per surface area, A [m2 ] is the particle surface (=
4πr2 ) and S [-] is the energy source term. The heat flux q can be calculated with Newton’s law
of cooling with Formula 2.12.
q = h(T∞ − Tp )
(2.12)
Where h [W/m2 K] is the convective heat transfer coefficient between the particle-fluid interface
and T∞ is the free stream temperature. The heat flux can also be determined with Fourier’s
law, which can be rewritten for a unidirectional heat flux as shown in Formula 2.13. This can be
stated because the velocity u is assumed to be zero at the particle surface, so the heat transfer
only occurs through conduction.
q = −k∇T = −kf

∂T
∂n

(2.13)

Where n indicates the normal on the solid surface. S in Formula 2.11 represents the heat
production from chemical reaction and is calculated with Formula 2.14.
S = ∆H

ρs V ∂α
Ms ∂t

(2.14)

Where ∆H [J/mol] is the specific enthalpy difference between reactants and products, Ms
[kg/mol] is the molar weight of the solid reactant and ∂α
∂t [1/s] is the reaction rate. Combining
Formula 2.11, 2.13 and 2.14 gives the energy balance of a particle as shown in Formula 2.15.
kf A ∂T
∂Tp
∆H ∂α
=−
+
∂t
ρs Cp,s V ∂n
Ms Cp,s ∂t

2.3.2

(2.15)

Mass Transport

The mass transfer is determined almost similar to the heat transfer in a particle bed. The mass
is transferred between the particle and fluid flow and expressed in Formula 2.16.
∂c
+ u · ∇c = Dc ∇2 c
∂t

(2.16)

Where c [mol/m3 ] is the vapor concentration and Dc [m2 /s] the diffusion coefficient of water
vapor in air. This formula describes again the convection and diffusion in the flow field, but
now for the concentration. As explained by the heat transfer energy balance, the speed at
the particle-fluid interface is again assumed to be zero. As a result, the energy balance of the
concentration takes the same form and is shown in Formula 2.17.
∂c
∂c
ρs V ∂α
= ADc
+
∂t
∂n
Ms ∂t
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The right side of the formula contains the water uptake through diffusion at the particle surface
and the water uptake related to the reaction rate. It is assumed that there is no accumulation
of water in the particle. This simplifies the correlation to Formula 2.18.
ADc

2.4

∂c
ρs V ∂α
=−
∂n
Ms ∂t

(2.18)

Reaction Model

A reaction model describes the hydration/dehydration reaction. There are several ways to model
this reaction, in this thesis the Arrhenius method is used. This method uses an approach that
exists of three terms relating to the ambient conditions and state of the material. The fractional
conversion rate dα/dt is calculated as shown in equation 2.19. The fractional conversion rate
has a value between zero and one, this indicates the extend of hydration of the particles.
dα
= k(T )f (α)h(p)
dt

(2.19)

The temperature dependence k(T ) is described in the Arrhenius term shown in equation 2.20.


−Ea
k(T ) = Af exp
(2.20)
RT
Where Af [1/min] is the pre-exponential factor, Ea [J/mol] is the activation energy, R [J/Kmol]
( = 8.314 J/K mol) is the gas constant and T [K] is the temperature. The shape function f (α)
can take different forms, the appropriate function has to be selected for a specific reaction. The
several forms are listed in Table 2.1.
Table 2.1: Different hydration model s in differential and integral form [38]

.
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The form for spherical particles with a shrinking core reaction interface is used for this thesis,
which corresponds to the shrunken particles that are used. This means that R3 from Table 2.1
could be used, as also shown in Formula 2.21
f (α) = 3(1 − α)2/3

(2.21)

The pressure dependency has been a topic of debate and incorporating this term varies from
author to author. [13, 38, 39]. The pressure dependency can be described with equation 2.22.
h(p) = 1 −

peq
pwv

(2.22)

Where peq [Pa] is the equilibrium pressure of the system and pvw [Pa] is the water vapor pressure.
The equilibrium pressure is dependent on the reaction enthalpy and temperature of the water
vapor. The equilibrium pressure of K2 CO3 is obtained by fitting the equilibrium lines from the
Clausius-Clapeyron relation over K2 CO3 [40], An approximation of the equilibrium pressure is
given in Formula 2.23.


7337
10
· 100
(2.23)
Peq = 4.228 · 10 exp −
T
The water vapor pressure is determined from the ideal gas law and is shown in Formula 2.24.
pwv = cRT

(2.24)

Where c [mol/m3 ] is the molar concentration. The fractional conversion rate dα/dt can now be
composed into Formula 2.25.




Peq
dα
−Ea
2/3
= k(T )f (α)h(p) = Af exp
3(1 − α)
1−
(2.25)
dt
RTp
Pwv
This reaction formula describes the reaction rate as a function of the particle temperature, water
vapour pressure and fractional conversion. The values for Ea the activation energy and Af the
pre-exponential factor need to be determined by fitting data from experiments. Because the
Arrhenius term and the pressure term are both a function of temperature, therefore visualising
this independence is interesting (Figure 2.3). This will give a better understanding of this
formula and shows that the two terms have an opposite effect on the temperature. Furthermore,
both therms are multiplied to predict the maximum reaction rate.
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Figure 2.3: The Arrhenius term and pressure term are visualised in this plot to show they are
both functions of the temperature. The temperature has an opposite effect on the magnitude of
each term. The maximum reaction rate of the system lies around 50 degrees.

2.5

Models of the Reactor Bed

The flow through the reactor bed can be modeled in several different ways. The models can
differ in precision and computation time. In this section two models will be discussed: the DNS
model and the continuum model. In some cases both the models are needed to get the desired
result. For example the continuum model does often need packed bed characteristics to predict
the development of the flow, these characteristics can be determined with a DNA model.

2.5.1

Direct Numerical Simulation

The DNS method is a CFD simulation based method where the Navier–Stokes equations are
numerically solved without any turbulence models (for all three cartesian coordinates). In this
thesis the DNS model is used which is solved for steady-state and the flow is assumed to be
incompressible, which refers to a constant material density within the fluid flow. This gives the
following equations of conservation of mass and momentum in differential form:
∇·u=0
u · ∇u = ν∇2 u −

(2.26)
1
∇p
ρf

(2.27)

In these formulas, u [m/s] is the velocity vector, ν [m2 /s] is the kinematic viscosity of dry air,
ρf [kg/m3 ] is the density of air and p [Pa] is the pressure. By including a passive transport of a
scalar such as the concentration of a species c [mol/m3 ] (Formula 2.16) the convection diffusion
equation can be used, as is shown in Formula 2.28 (note that the transient term ∂T
∂t drops out of
the equation due to the steady-state condition).
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u · ∇c = Dc ∇2 c

(2.28)

Here Dc [m2 /s] is the diffusion coefficient.
The data of the flow fields can be requested at any point in the domain. This is ideal for
processing the data, but it also takes a lot of simulation time. That is why an REV is often
used in a DNS model in order to have the smallest possible domain. In Section 3.2 the REV
that is used is discussed in more detail. A DNS model can be modeled in different programs, in
this thesis the open source program OpenFOAM is used.
OpenFOAM
OpenFOAM is a C++ toolbox for solving customized numerical problems. With the use of
pre-/post-processing the solution can be used for continuum mechanics problems. The program
is mostly used for CFD simulation. The program is used in combination with Paraview to
visualize and post-process the results of the simulations.

2.5.2

Continuum Model

The continuum model is often used for larger and more complex geometries. Where solving
the conservation equations for small length scales will take excessively long computational time.
In this method all the physical properties of the domain are averaged and spatial details on
micro-scale are ignored. The continuum model uses physical properties of the solids and fluids
in the packed bed. The properties are independent of any particular coordinate system in
which they are observed. This makes it possible to use these relations for the whole reactor.
These physical properties are combined and form the energy equation. Which can be defined in
Formula 2.29 [41].

ρs Cp,s

∂T
∂T
∂2T
dq
4hi
+ ρf Cp,f u
− Kef f ∗
− (1 − )ρs ∆H +
(T − Tw ) = 0
∂t
∂x
∂x2
dt
di

(2.29)

Where ρs Cp,s [J/K] is the overall volumetric heat capacity of the particle bed, kef f [W/mK]
is the effective thermal conductivity, ∆H [J/mol] is the reaction enthalpy, hi [W/m2 K] is the
convective heat transfer coefficient and Tw [K] is the reactor wall temperature. The first term
describes the heat that is taken by the reactor bed, the second term is the convection, the third
the conduction, the fourth the reaction term and the fifth is the heat loss of the wall.
In this thesis a DNS model is used to determine needed parameters for the continuum model.
consequently, the flow around the particles is modelled.
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Chapter 3

Hydration of an REV
One of the most important characteristics of the heat battery is the hydration and dehydration
process. The model created in this work helps to develop a heat battery which can produce a
large amount of heat as efficiently as possible. The aim of this thesis is to develop a model to
simulate the hydration of an REV of a K2 CO3 packed bed. This to investigate the inter-particle
heat and concentration characteristics in a packed bed and to get a better understanding of
heat and mass transfer inside heat batteries. The model is developed with the CFD software
OpenFOAM. The numerical model of the packed bed is described in this chapter. First, the the
geometry and the mesh is introduced. Then, the solvers are explained and their computation
time is discussed. The inlet conditions are introduced and explained. Finally, the results at
different inflow speeds and temperatures are presented.

3.1

Geometry

When a DNS model is used it is nearly impossible to model the complete packed bed reactor due
to its large computation effort. To reduce this computational effort of the DNS model an REV
is used. An Representative Elementary Volume (REV) is often build out of multiple unit cells,
where a unit cell is the smallest volume used in the model for which the geometric properties
do not change. Consequently, a unit cell is only a very small part of the reactor bed and will
consist of a number of salt particles. In the work of D’Rose [10] and as proposed by Lan [19] a
unit cell with face-centered cubic (FCC) configuration is chosen as base geometry, as explained
in Section 2.1. In this thesis, the unit cell has been modified in such a way that the model is
computationally less expensive. The unit cell that previously was used is divided into four eight
equal sections to decrease the computation effort as indicated in Figure 3.1 with the red lines.
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Figure 3.1: The FCC unit cell that was used as basic geometry by D’Rose et al. [10]. On the left
the unit cell cube in yellow and the 14 particles are shown. On the right the particle volumes
are subtracted from the unit cell cube. The red lines indicate where the unit cell is divided into
four new unit cells.
All four cells have the same geometry, only the orientation of the particles in each cell is different.
The program OpenFOAM uses the function symmetryPlane that enables to use this new cell as
a unit cell. The used functions in OpenFOAM are explained in more detail in Section 3.2. In
this thesis one of the four cells is used as the new unit cell, this unit cell can be seen in Figure
3.2b. The computation time will decrease significantly using this unit cell, as only one-fourth of
the volume is modeled in the y-z plane. Figure 3.2a illustrates the newly constructed unit cell,
which is only 1/4th of the old unit cell size. This is indicated with the red square in the y-z
plane.

(a) The y-z plane of the old unit cell is shown,
which is divided into four cells. The red cell will
form the new unit cell.

(b) The particle volumes of the new unit cell are
subtracted from the unit cell cube and visualised
with Paraview

Figure 3.2: Schematic geometries of the new unit cell
The used unit cell is build out of six particles with a 0.97 mm diameter. Figure 3.2 shows that
the contact points between the particles have been treated by shrinking the particles, as was
discussed in Section 2.1. The particles are shrunk by 3% to create gaps between the particles
and decrease the computation time. The velocities near the contact points of the particles are
18
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significantly larger when using the shrinking method [28]. More details about the effects of the
shrinking method on the results of the model are discussed in Appendix B.1.2.
The REV that is used consists of 9 unit cells, which is built up by repetitive translation of
the unit cell along its x-axis, shown in Figure 3.3. This REV has a porosity of 0.324. The length
of the REV is based on simulation time and the required length to have a fully developed flow,
without being bothered by in- and outflow effects. The flow must be fully developed in order to
collect parameters that later will be used in a continuum model.

Figure 3.3: The REV consists of 9 unit cells with a total of 38 particles, which are placed
behind each other in such a way that the flow continues with the flow going from left to right in
the REV.

3.1.1

Mesh of the REV

To solve a CFD problem, the geometry is divided by meshing. The chosen geometry is divided
into small volumes. These shaped elements often have tetra- and hexahedral shapes because the
interpolation methods of these element shapes are known and can be solved with FEM. The
four most common mesh grids are: structured body-fitted mesh, unstructured body-fitted mesh,
hybrid body-fitted mesh and structured mesh with embedded boundary or Immersed Boundary
Method (IBM) [42]. These meshes are illustrated in Figure 3.4.

Figure 3.4: Four types of meshes. a) structured; b) unstructured; c) hybrid
structured/unstructured; d) immersed boundary [42].
In this thesis, the unstructured mesh is used. This method uses a combination of structured
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and unstructured grids. Unstructured meshes can be used near complex parts of the geometry
features such as edges and curves. The less complex parts of the geometry are meshed with
larger sub-volumes with regular boundaries. Furthermore, this method is easy to implement
and is flexible. Two inflation layers are used at the particle surfaces in order to capture the
boundary effect. Two layers seems to be enough to capture the boundary effects as shown in
Appendix B.1.1. The rest of the geometry is meshed with structured mesh, which is shown in
Figure 3.5. The mesh of the REV is made with the program Ansys.

Figure 3.5: The structure of the used mesh, with two layers that are used at the particle
surfaces, constructed with the program Ansys.
The number and the thickness of the inflation layers has to be large enough to simulate the
boundary layer effects. However, a problem arises if the boundary layers are too thick or if there
are too many layers. This increase in layer thickness will ensure that the space between the two
adjacent boundary layers becomes smaller (the distance between the inflation layers of the upper
and lower particle). Hereby, the triangular elements become flat, which ensures a high skewness
of triangular cells, which results in more computation time.
The quality of the mesh has a big influence on the accuracy of the model. The quality of the
mesh improves when the mesh is refined, however this will directly increase the computation
time. The quality of the mesh is investigated with a spatial conversion study and shown in
Appendix B.1 and the number of inflation layers is investigated and shown in Appendix B.1.1.

3.2

Solver

To get the best results from a model, the model should include all the properties of the flow
and particles. Such as the different diameter for every particle and the fact that absorption of
water vapor by salt particles goes through cracks in particles, which influences the speed of this
process [38, 43]. But when all these properties have to be placed in a model, the simulation time
and the computation effort becomes extremely high. Consequently, a number of assumptions
have been made:
• The flow field and pressure drop are decoupled for the water vapor concentration and the
heat transport through the packed bed. This is done by solving them separately and with
different solvers, so they will not effect each other.
• All the particles are spherical with the same diameter and they are placed in an FCC
structure. The size of the particle do not change due to water vapor absorption and the
shape of the particles do not change due to multiple hydration and dehydration cycles.
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• The particle temperature is assumed to be uniform. This assumption can be made because
the Biot number is in the order of 0.1 [44]. The verification of this assumption is explained
in Appendix A.
OpenFOAM has a wide range of numerical solvers. With the previous assumptions, the simulation
is divided over two separate steps with both their own solver. In the first step the flow field and
the pressure drop is solved. This separation of the models reduces the simulation time, because
the first step (Solving the flow and pressure field) only needs to be performed once. The fully
developed flow field is used in the second step where the temperature and concentration fields
are solved. Both processes are explained in the next two sections.

3.2.1

Solving the Flow and Pressure Fields

As mentioned earlier, the model is solved in two steps. In the first step, the flow field is developed
which is then used in the next step. To solve this model, a standard solver from OpenFOAM
is used, namely the SIMPLE solver. This solver uses multiple pressure correction iterations
to solve the model. The number of iterations of the SIMPLE loop can be set by the user, in
the current work is a tolerance of 1e-6 used. The geometry and the boundary conditions are
schematically shown in Figure 3.6.

Figure 3.6: Schematic replication of the REV of the x-y flow field. A periodic boundary
condition is prescribed at the inlet and outlet. Symmetry conditions are applied to the side
boundaries (top, bottom, back and front), and no-slip boundary is applied to the particle
surfaces.
A periodic boundary condition is applied on the in- and outlet to get a fully developed flow.
This periodic boundary condition allows the fluid to flow cylindrical through the REV, where
the outlet is the new inlet. u [m/s] is the speed that is given to the flow at the first cycle. In
this thesis, different values for the inflow speed u are used. On the sides of the REV in the yand z-plane symmetry conditions are used. The y- and z-plane act like they are infinity long
without any walls. On the particles Dirichlet boundary conditions are used that give the no-slip
condition t5o the particles boundary, which makes the velocity at the particle-fluid interface
zero. The SIMPLE algorithm uses Formula 2.26 and 2.27 to solve the fluid flow [45].
∇·u=0

(2.26)

1
u · ∇u = ν∇2 u − ∇p
ρf

(2.27)

In these formulas u [m/s] is the velocity vector, ν [m2 /s] is the kinematic viscosity of dry air, ρf
[kg/m3 ] is the density of air and p [Pa] is the pressure. The input parameters that are used in
the schematic replication for this model can be seen in Table 3.3.
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3.2.2

Solving Temperature and Concentration Fields

In the second step of the model the temperature and concentration fields are determined within
the REV. This study uses a solver that was introduced by D’Rose et at. [10]. In this thesis,
modifications have been made to the model in order to improve the result and to speed up the
simulation time.
The OpenFOAM solver icoFoam is used as a basis for this study. This solver is used for
modelling incompressible, laminar and isothermal flows. Pressure-Implicit with Splitting of
Operators (PISO algorithm) is used to solve the flow fields. However, the PISO algorithm is
replaced by scalar transport equations for temperature T and concentration c. As was discussed
in Section 2.3 and shown in Formula 2.9 and 2.16.
∂T
+ u · ∇T = DT ∇2 T
∂t

(2.9)

∂c
+ x · ∇c = Dc ∇2 c
(2.16)
∂t
The energy balances and the water mass balance of the particles are also used in the model.
These correlations are shown in Formula 2.15 and 2.18.
kf A ∂T
∂Tp
∆H ∂α
=−
+
∂t
ρs Cp,s V ∂n
Ms Cp,s ∂t

(2.15)

∂c
ρs V ∂α
=−
∂n
Ms ADc ∂t

(2.18)

The fractional conversion rate ∂α
∂t that is used in these formulas is calculated with Formula 2.25
that is introduced in Section 2.4. The pre-exponential factor Af and the activation energy Ea of
this formula are fitted to experimental data in Section 3.3.1.

Figure 3.7: Schematic replication of the REV of the x-y flow field. In and outlet conditions are
provided. Symmetry conditions are applied to the side boundaries (top, bottom, front and
back), and no-slip boundary is applied to the particle surfaces
The periodic boundary condition is not used in the second step of the model. Instead, an inlet
temperature and concentration are prescribed at the inlet. For both scalar fields zero-gradient
Neumann conditions are applied at the outlet. AT the y- and z-boundary plane, again symmetry
conditions are set at the REV. For the temperature a dynamic Dirichlet boundary condition is
applied and for the concentration a dynamic Neumann boundary condition is applied at the
particle surface.
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3.2.3

Decreasing the Computation Time

One of the problems with CFD simulations is that it often takes a tremendous amount of time
and computation effort to simulate large complex systems. Therefore, it is necessary to keep the
REV small and the solvers fast. In this thesis a few adjustments have been made on the model
of D’Rose and the REV. First of all, the REV has been adjusted, as explained in section 3.1.
By reducing the volume in the y- and z-direction the REV becomes four times smaller, which
makes the simulation almost four times faster. Secondly, the data that is saved by the solvers is
reviewed. For example, every time step used to be saved (0.001 sec.), which has been changed
to every second, which reduces the amount of data with a factor of 1000.
Besides speeding up the code and reducing the volume, the computation power can be
improved. The previous simulations were solved by a single computer core. This is increased
by running the simulations in parallel. The computer that is currently used has 8 cores, so
running the simulations in parallel increases the simulation time drastically. OpenFOAM has
three methods for parallel simulations: Simple, Hierarchical and Scotch. For the Simple and
Hierarchical method, the user has to divide the volume of the geometry over the different cores.
The Scotch method will automatically divide the volume over the available cores. The simulation
time of the methods are compared for 4 cores simulation (In this case two simulation can run at
the same time on the used computer), this is plotted in Figure 3.8.

Figure 3.8: A visualisation of the simulation time over the time it takes to simulate the model.
With the three different parallel simulation methods, compared with a single core simulation.
The scotch method reduced the simulation time the most, so this method is used. An example of
an REV that is divided by the Scotch method method into four volumes can be seen in Figure
3.9.
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Figure 3.9: An example of the divided REV by the Scotch method over four cores. Every
section is indicated with its own color.
One additional step to increase the computation power is to run the simulation on a cluster
that has more than 100 cores. In this case multiple simulations can be run at the same time.
unfortunately, only four cores per simulation can be used on the cluster, otherwise the simulation
time becomes bigger instead of smaller as is shown in Table 3.1. Slower communication between
the cores on the cluster is probably causing this.
Table 3.1: The results of a test case to find the best amount of cores to use parallel at a
simulation. Tested on the Cluster and the used PC.
System
PC
PC
PC
Cluster
Cluster
Cluster
Cluster
Cluster

Parallel cores
1
4
7
3
4
5
8
16

Simualtion time [sec] per simulated second
347
74
45
59
51
64
110
357

All by all, the simulation time of a REV has decreased a lot and these improvements have
reduced the simulation time almost ten times. In addition, multiple simulations can be simulated
at the same time. As a result, many more different aspects can now be simulated in a shorter
time.

3.3

Inlet Conditions and Parameters

In this section the inlet conditions and parameters of the model are discussed. Multiple values
are obtained or chosen from previous studies for these numerical simulations. Additionally,
values have been fitted on the basis of experimental data such as the fractional conversion rate.

3.3.1

The Fractional Conversion Rate

The fractional conversion rate dα
dt describes the rate in which the sample reacts as a function of
the particle temperature, water vapour pressure and fractional conversion. This is calculated
with the Arrhenius method explained in Section 2.4 with Formula 2.25.




Peq
−Ea
dα
n
= k(T )f (α)h(p) = Af exp
(1 − α) 1 −
(2.25)
dt
RTp
Pwv
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To use this formula a few unknown parameters need to be determined. The parameters can be
determined by fitting the equation with experimental data of K2 CO3 .
The reaction rates of K2 CO3 can be measured by using a simultaneous thermal analysis
(STA) which is already concluded in the hydration reaction in the work of Romme et al. [46].
STA consists of two measurement methods, the thermogravimetry analysis (TGA) and the
differential scanning calorimetry (DSC).
TGA experiments measure the mass changes of the material. This method is so sensitive,
that the effects of buoyancy forces (an upward force exerted by a fluid that opposes the weight
of an immersed object) is also registered. To be able to process the perception of this force an
empty run is done, which is a run with the same conditions but without any sample. Importantly,
the empty run must undergo the same temperature and water vapour pressure regime. When
this is the case, the signals generated by the empty run can be subtracted from the run with
K2 CO3 . These experiments were carried out by Ahamed et al. [38].
The results of the TGA experiments are used to determine the kinetic parameters, which
have a larger influence on the results of the model. The determination of these parameters is
done in two steps. First, the experimental data is fitted to a simplified version of Formula 2.25
as shown in Formula 3.1.


Peq [Y (3)]
dα
[Y (2)]
= [Y (1)](1 − α)
1−
dt
Pwv

(3.1)

Where [Y(1)], [Y(2)] and [Y(3)] are fitting parameters that are determined with MATLAB
by fitting the TGA data [38]. This is done for four different inlet temperatures of the TGA
experiment. The results of the data fitting are placed in Table 3.2.
Table 3.2: Fitting parameters for the fractional conversion rate equation. Fitted with TGA
experimental data with four different inlet temperatures.
Temperature
26
30
40
48

[Y(1)]
0.1510
0.1000
0.0743
0.0513

[Y(2)]
0.6652
0.6349
0.6323
0.6546

[Y(3)]
1.0001
1.0000
0.9999
0.9997

The fitting parameter [Y(1)] becomes smaller at a higher inlet temperature. [Y(2)] is approximately 23 , which will replace n in the reaction model. [Y(3)] has an assumed value of 1 and the
fitted parameters gives the same result. The experimental results of the TGA experiment is
shown in Figure 3.10 indicated with the blue dots. The red line shows the fit to the experimental
data.
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Figure 3.10: Experimental data of a TGA experiment with a inlet temperature of 26 degrees
[blue dots]. With a fit of the data [red line]
The experimental data and fits with a higher inlet temperature are shown in Appendix C.1.
In the second step the activation energy Ea [J/mol] and the pre-exponential factor Af
[1/min] from Formula 2.25 are determined. Again, this is done by fitting the data of [Y(1)] to
an exponential function in the form of: f (x) = aebx . Which is compatible with the k(T ) part of
Formula 2.25. The data or [Y(1)] and the fit are shown in Figure 3.11.

Figure 3.11: Visualisation of the fitted values of [Y(1)] and the Fit of the these values at
different inlet temperatures.
With this fit is the values of the activation energy Ea [J/mol] and the pre-exponential factor Af
26
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[1/min] calculated. The activation energy Ea is 3.60e4 J/mol and the pre-exponential factor Af
is 2.93e5 [1/min]. With all the fitted values the formula of the fractional conversion rate is used
in the form shown in Formula 3.2.




Peq
dα
−Ea
2/3
1−
(1 − α)
(3.2)
= Af exp
dt
RTave
Pwv

3.3.2

Inlet Conditions

The model needs to be provide with multiple inlet conditions and parameter, which are shown
in Table 3.3.
Table 3.3: Inlet conditions and parameters that are used in this model.

Ea
ρf
ρs
Dc
∆H
cin
Tin
ui
ν
Ms
dp
Tp,i
Af
H
L
cp,s
cp,f
kf
R

Description
Activation energy
Density of air
Density of K2 CO3
Diffusitivity of water vapour in air
Enthalpy of hydration
Inlet concentration
Inlet temperature
Interstitial velocity vector
Kinematic viscosity moist air
Molar mass K2 CO3
Particle diameter
Particle initial temperature
Pre-exponential factor
REV height (and width)
REV length
Specific heat capacity K2 CO3
Specific heat capacity moist air
Thermal conductivity of moist air
Universal gas constant

Value
3.600e4 [J/mol]
1.11 [kg/m3 ]
2255.0 [kg/m3 ]
3.3e-5 [m2 /s]
61,54 [kJ/mol]
0.603 [mol/m3 ]
26 [◦ C]
(ux 0 0) [m/s]
1,74e-5 [m2 /s]
0.136 [kg/mol]
0.97 [mm]
26 [◦ C]
2.929e5 [1/min]
0.707 [mm]
12.726 [mm]
830.0 [J/kgK]
1006.0 [J/kgK]
0.026 [W/mK]
8.314 [J/Kmol]

Source
[Section 3.3.1]
[47]
[8]
[48]
[49]
[-]
[-]
[-]
[48]
[-]
[-]
[-]
[Section 3.3.1]
[-]
[-]
[50]
[47]
[51]
[-]

The inlet temperature is set at 26 ◦ C for the basis case, but the model is also tested with inlet
temperatures of 30, 40 and 48 ◦ C. These results are discussed in Section 3.4.3. The used inlet
concentration is determined with the inlet temperature and the K2 CO3 phase diagram as shown
in Figure 3.12.
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Figure 3.12: The phase diagram of K2 CO3 . With the inlet temperature indicated at 26 ◦ C with
a vapour pressure of 14.99 [mbar]. This gives a maximum theoretical temperature of 64◦ C.
A concentration of 0.603 [mol/m3] (= 14.99 [mbar] partial pressure) of water vapour is used.
This gives a maximum theoretical temperature of 64◦ C as shown in the figure above.
In the OpenfOAM model time steps of 0.001s are used. Larger time steps will lead to an
unstable model due to negative water vapour concentrations. The water vapour concentrations
can become negative when too large time steps cause an overshoot in the model. A temporal
independence study has been done and is elaborated in Appendix B.2.

3.4

Results and Discussion

In this section the results of the hydration model REV are presented, here the temperature and
concentration fields are determined in combination with the reaction model. Multiple input
values have been used for input speed, input temperature and water vapor pressure. Many
simulations were performed, each over a time interval that fits the relevant simulation.
The average flow speed in the reactor corresponds to a Reynolds number of 5. In this thesis
the following Reynolds numbers are used in the reactor model: Reynolds 5, 7.5, 10, 15 and 25.
The corresponding flow speeds are placed in Table 3.4.
Table 3.4: The different inlet speeds of the REV with the corresponding Reynolds number
Reynolds number [-]
5
7.5
10
15
25
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Flow speed [m/s]
0.253
0.379
0.506
0.759
1.260
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The current 1 liter reactor setup operates with a mass flow of 100 g/min, which corresponds
with a flow speed between 0.2 and 0.27 m/s (≈ Re=5). This reactor has a maximum flow speed
of 0.52 m/s (≈ Re=10). The current setup is still quite small. A reactor that would be used in
a household would be a lot bigger. As a result, the flow speed can also be higher, so the Re=15
and Re=25 cases have also been tested.
It is decided to simulate flow speeds of Re > 5, because the computation time increases
significantly when the inlet speed is lowered. A simulation with the inlet conditions of Re=5 and
26◦ C will approximately take six weeks to simulate with four simulating cores. While Re=25
will approximately take three days to simulate. When an even higher inflow speed is used, no
fully developed temperature is reached with the current length of the REV. The length of the
REV should be increased to model higher inflow speeds. In this study, no higher inflow speed is
needed because the used reactor has a maximum inflow speed that corresponds with Re=10.
The results of the fractional conversion, temperature and concentration are all measured at
the position of the particles (one particle in indicated in yellow in Figure 3.13). In the y-z plane,
two particles are positioned next to each other in the REV, these two particles are indicated as
a column (one column in indicated with a red line in Figure 3.13).

Figure 3.13: Illustration of a column and a particle in the REV
Fractional conversion
The results of the fractional conversion are shown in Figure 3.15, where the change of the
fractional conversion α is shown for Re=5 and Re=15. In Figure 3.14 indicates the colors that
are used in the plots for every column.

Figure 3.14: A illustration of the REV were all the columns are indicated with there own color
as used in the simulation plots.
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(a) With an inlet speed corresponding to Re=5.
These results are plotted over 0-100 minutes.

(b) With an inlet speed corresponding to Re=15.
These results are plotted over 0-40 minutes.

Figure 3.15: The fractional conversion α collected form every particle and plotted for every
column. With an inlet temperature of 26◦ C a concentration of 0.603 mol/m3 . The two plots
represent both a fully reacted REV with its in- and out-flow effects. The colors correspond to
the columns as indicated in Figure 3.14.
The fractional conversion α is plotted against time. In the plot all the 19 columns of the REV
are plotted with multiple color to indicate the plotted lines. These plots illustrate how many
and how fast the particles are reacting.
The inflow speed has a large influence on the reaction time of the particle columns. At Re=5
there are about three particle columns simultaneously reacting and at Re=15 there are already
ten columns reacting at the same time. It is expected that due to the higher inflow speed a
significantly higher concentration is available for the reacting particles, so much that the first
few columns do not absorb the full amount of water vapor. The remaining water vapor flows to
the particles further downstream, causing more particles to react at the same time. As a result,
the REV is earlier fully reacted. However, the increasing speed will not effect the simulation
time of one particle. A particle with a inflow speed corresponding to Reynolds 5 or 15 are both
fully reacted after 15 minutes.
Reactions that take place at the bottom of Figure 3.15a of Re=5 show a remarkable result.
Minor reactions seem to take place between α 0-0.02, while these reactions are not present in by
the Re=15 case. This effect is further elaborated in section 3.4.1.
Concentration
The results of the concentration are shown in Figure 3.16, where the concentration in [mol/m3 ]
is shown for Re=5 and Re=15.
The concentration is plotted against time. In these plots the magnitude of the concentration
around the particles is illustrated. Again the difference between Re=5 and Re=15 can clearly
be seen. A lower inflow speed has less reacting columns at the same time, so the total reaction
time is longer.
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(a) With an inlet speed corresponding to Re=5.
These results are plotted over 0-100 minutes.

(b) With an inlet speed corresponding to Re=15.
These results are plotted over 0-40 minutes.

Figure 3.16: The concentration collected form every particle and plotted for every column.
With an inlet temperature of 26◦ C and an inlet concentration of 0.603 mol/m3 . The two plots
represent both a fully reacted REV with its in- and out-flow effects
Additionally, the Re=5 simulation reveals an increase in the base concentration. This refers
to the concentration line that starts at 0.1 and increases to 0.2 mol/m3 along the REV. The
concentration increase can be explained with the phase diagram in Figure 3.12. In the phase
diagram the water vapor pressure is plotted against the temperature. The water vapor pressure
can be converted to concentration and vice versa with formula 2.24. Consequently, a plot where
the numerical results are plotted over the phase diagram is created in Figure 3.17.

(a) Overview of the data, where all the data
(b) Zoom-in of Figure 3.17a. With a black arrow
columns end up with a end pressure of 14.99 indicates the temperature jump caused by the previous
mbar.
particle.

Figure 3.17: Plot of the numerical data and the phase diagram line with the temperature [◦ C]
on the x-axes and the water vapor pressure [mbar] on the y-axes. The shown column start with
a low water vapor pressure and this will increase over time.
In these plots the numerical data of eight different columns of the REV is plotted with the
temperature on the x-axis and the water vapor pressure on the y-axis. The hydration line shows
an increase in the water vapor pressure when the temperature is raising. This effect is already
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observed at the concentration plots, where the base concentration in Figure 3.16 also gets higher
when the temperature is increasing.
For example, column 6 (the yellow line in figure 3.17b) crosses the hydration line at 43
degrees. At that moment this column starts to react and will immediately produce heat and
absorb water vapor. This causes the columns downstream to receive a higher temperature, as
can be seen at column 8 (the purple line). This line will quickly follow the black arrow by the
rapid increase of temperature. This causes the column to drop below the hydration line, where
the column will dehydrate if the fractional conversion is higher that zero. When the line crosses
the hydration line again it is starting to hydrate.
In addition, the difference of temperature between columns is getting smaller. At the end
the particles are not able to achieve a higher temperature, since the simulation is almost at its
equilibrium. Furthermore, at the bottom left of the plot deviating data is demonstrated caused
by the inlet effects.
Temperature
The temperature profiles of the REV are shown in Figure 3.18, where temperature in degrees is
shown for Re=5 and Re=15.

(a) With an inlet speed corresponding to Re=5. (b) With an inlet speed corresponding to Re=15.
The temperature profile in not fully developed at The temperature profile in fully developed at the
the end of the REV. These results are plotted over end of the REV. These results are plotted over
0-100 minutes.
0-40 minutes.

Figure 3.18: The shown temperature of the columns are the particle temperatures of that
column. The flow has an inlet temperature of 26◦ C and an inlet concentration of 0.603 mol/m3 .
The temperature is plotted against time. In these plots temperatures along the columns and time
can be seen. Each particle column causes an increase in the temperature, resulting in an output
temperature of approximately 49 degrees. This maximum output temperature is the same for
every inlet speed this phenomenon is further explained in section 3.4.2. A difference is observed
between the temperature build-up in the Re=5 and Re=15 case. In the Re=5 simulation, a
developed temperature profile is barely achieved, making the data from Re=5 possibly give
deviating results. The Re=15 case has a developed temperature profile around 16 minutes and
maintained for 6 minutes. Further elaboration on the effect of the different inflow speeds is
discussed in section 3.4.2. In addition to the different inflow speeds, research was preformed on
different inflow temperatures, described in section 3.4.3.
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At the beginning and the end of the simulation the columns show a different behavior,
consisting of the in- and out-flow effects of the REV. These effects cause the temperature to rise
fast at the beginning and a suddenly drop at the end. The inlet and outlet effects are further
discussed in section 3.4.4.

3.4.1

Early Hydration of the Data

In Figure 3.15 minor reactions seem to take place between α=0-0.02 along the whole REV.
These reactions are not an effect of the in- or outlet effects. To get a better understanding of
these deviations, the data from column 6 and 18 ( at Re=5) is enlarged in Figure 3.19.

(a) Conversion of column 6 at Re=5.

(b) Conversion of column 18 at Re=5.

Figure 3.19: Enlarged plots of the fractional conversion with Re=5.
In both cases a small reaction (hydration, α is increasing) occurs followed by dehydration shortly
after, where alpha decreases again until α=0. This effect leads to to a maximum response of 2%
of the maximum conversion. After a short period of time where α=0, the particle starts to react
again, resulting in a curve that eventually reaches α=1. This behavior can be caused by the use
of a too big time step or by a physical effect (An effect that also take place in reality and not
only in the simulation).
A temporal independence study is provided in which simulations were preformed with even
smaller time steps. This is discussed in Appendix B.2 where is concluded that the current time
step of 0.001 s is small enough for these simulations. It turned out that the early hydration of
the data still exists at smaller time steps. Therefore, the chosen time step does not cause this
behavior. To see if this phenomenon is a physical effect, column 6 has been compared with the
hydration line in Figure 3.20.
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(a) Plot of Column 6 with the hydration line.

(b) An enlargement of the first 10 minutes

Figure 3.20: Comparison of column 6 with the hydration line of the phase diagram in red.
Where the water vapor pressure is plotted against the time. The red line is the phase line of
column 6 and the blue line is the simulated water vapor pressure of column 6 (the pressure at
the particles of the row) for Re=5.
In this plot the water vapor pressure is plotted against time. When the blue line is above the
red line, the column will hydrate and α will increase. Figure 3.20a gives an overview of the
two lines. The zoom-in (Figure 3.20b) illustrates that the blue line is above the red line during
the first 8 minutes of the simulation (therefore it is hydrating). After this time, the blue line
crosses the red line and it will start to dehydrate, as corresponds to Figure 3.19a. Conclusively
the early hydrating results are a physical effect, because the effect can be traced back to the
phase diagram which explains the effect. This effect occurs at a lower inflow speed, because the
low flow rate causes less rapid temperature build-up. As a result, the amount of concentration
after the reaction front is high enough for the particles to reach a conditions that lie above the
hydration line. So the particles will start to hydrate at a slow rate.

3.4.2

Different Inflow Speeds

This section takes a closer look at the inflow speed of the REV. A number of phenomena that
occur when changing the inflow speed have already been discussed in this chapter. Such as:
• The number of reacting particles at one time step. As the inflow speed increases, the
number of particles that are simultaneously reacting increases.
• The total simulation time of the REV decreases when the inflow speed increases. More
particles will react at the same time, which decreases the total simulation time.
• More time is necessary to fully develop temperature and concentration profiles when the
inflow speed is lower. This can be seen in Figure 3.21, where the different temperature
profiles of different Reynolds numbers are plotted.
• Finally, it will also take longer for the concentration to reach the developed basic concentration (the concentration at which almost the hydration reaction starts in combination
with the local temperature) when the inflow speed is lower.
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Figure 3.21: The outlet temperature of the REV is shown for different inlet speeds with an inlet
temperature of 26◦ C and an inlet concentration of 0.603 mol/m3 .
In this figure the temperature is plotted against time with five temperature profiles, consisting
of the outflow temperature profiles of the five different inflow speeds. The earlier mentioned
differences are clearly visible in this plot. All temperature profiles seem to have a stable
temperature of 49 degrees. This information can be important for the use of the heat battery,
since the battery will always deliver 49 degrees regardless of the inflow speed, as is shown with
different simulations in Figure 3.21. However, not all losses of this system are included in the
model, e.g. the loss of heat at the wall. Many of these types of losses will only be included in a
continuum model, resulting in a lower maximum temperature achieved.
In section 3.3.2 the phase diagram is discussed, where a theoretical temperature of 64◦ C is
predicted. This theoretical temperature is still a lot higher than the temperature achieved by
the model ( 49◦ C). Sögütoglu et al. [52] has claimed this difference in temperature is caused by
the metastable zone width (MZW).
Metastable zone width (MZW)
The MZW is defined as the area between the hydration curve and the labile zone where nucleation
occurs spontaneously [53]. The metastability limit can be defined as the supersaturation at
which the onset of nucleation can be detected. The MZW for a crystallization process reflects the
nucleation characteristics of a system and determines the operating window for the process, in
this case the begin temperature of the MZW area. The MZW is not a thermodynamic property
and must be determined experimentally for a given crystallization process which is done by
Sögütoglu et al. [52] for K2 CO3 . The MZW values are measured using TGA, by heating/cooling
the salt particles at a fixed vapour pressure, the results are illustrated in Figure 3.22.
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Figure 3.22: Experimental phase diagrams of K2 CO3 , where the water vapour pressure is plotted
against the temperature along with the experimental results of the TGA experiments. The black
line indicates the hydration line and the dotted lines indicate the metastable zone width [52].
In the figure can be seen that the critical pressure for hydration is significantly higher than the
hydration line. Solid symbols represent equilibrium pressures at steady sample temperatures.
Open symbols represent the onset temperatures for hydration at fixed vapour pressure. The
striped area represents the metastable zone. K2 CO3 was earlier reported (1984) as kinetically
hindered, without further experimental elaboration [54].
The fitted values of the activation energy and pre-exponential factor are also base on TGA
experiments. These experiments were done without knowledge of the MZW and will therefore
represent the upper metastable limit. This limit is also used in the model, which is correct
because this is a natural process that occurs with the hydration of K2 CO3 . The use of this data
explains the lower maximum temperature that is reached by the model. As can be seen in Figure
3.22 a temperature around 50◦ C is reached with a water vapor pressure of 14.99 according to
the MZW width, as opposed to 63◦ C which one might expect according to the hydration phase
line. This temperate is almost similar to the maximum temperature of the model which lies
around 49◦ C.

3.4.3

Different Inflow Temperatures

In this section the influence of different inlet temperatures is tested, all with an inflow speed of
Re=15. When increasing the inlet temperature Ti , the inlet concentration c is also increased in
order to still achieve the maximum hydration as indicated by the phase diagram in Figure 3.12.
The specific reaction enthalpy ∆h will also change with a different inflow speed. The specific
reaction enthalpy is based on experiments executed by Gaeini et al. [49]. Four different inlet
temperatures are compared. These inlet temperatures are based on the four inlet temperatures
used in the experiments of Gaeini to determine the specific reaction enthalpy. The inlet
temperatures with there corresponding concentrations and specific reaction enthalpy are shown
in Table 3.5.
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Table 3.5: Inlet conditions that are used for the different inflow temperature study. With the
corresponding pressure for this temperature and concentration (p = cRT) [49].
Ti [◦ C]
26
30
40
48

c [mol/m3 ]
0.603
0.681
1.172
1.770

p [mbar]
14.99
17.15
29.55
44.62

∆h [kj/mol]
61.54
60.90
60.22
60.87

The temperature for the different inlet conditions have been compared. The outlet temperature
of the four simulations are plotted in Figure 3.23.

Figure 3.23: The outlet temperature of four different inlet temperatures which are plotted in the
figure. With an inlet speed that corresponds to Re=15.
A higher inlet temperature ensures a higher maximum outlet temperature. This effect is expected
according to the phase diagram. The maximum outlet temperatures are compared with the
expected maximum temperatures predicted with the phase diagram (the MZW hydration TM ZW
and the normal hydration line from the phase diagram Thyd ). These results are placed in Table
3.6.
Table 3.6: Overview of the different corresponding temperatures. Ti is the interstitial velocity,
Tmax is the maximum temperature that is reached in the simulations, TM ZW is the MZW
hydration and Thyd is the normal hydration line.
Ti [◦ C]
26
30
40
48

Tmax [◦ C]
49
53
68
78

TM ZW [◦ C]
50
54
65
71
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Thyd [◦ C]
64
67
75
82
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The first two temperatures from the simulations seem to corresponds with the MZW temperatures.
However, the two results with a higher inlet temperature lay in between the MZW hydration
and normal hydration temperature. The MZW hydration line is based on experiment with a
partial pressure between 5-20 mbar. The MZW hydration line above this pressure is extrapolated
and is therefore an estimation. This could explain the larger deviation between the simulated
maximum temperature and the maximum temperature of the MZW hydration line.
Furthermore, the temperature plots shows a difference in simulated time, while the inflow
speed stays the same. This effect is explained with the fractional convergent in Figure 3.24a.

(a) The fractional conversion of the last particle
column.

(b) The concentration at the outlet of the packed
bed.

Figure 3.24: The outlet conditions are plotted for different inlet temperatures with an inlet
speeds that corresponds with Re=15.
The fractional conversion plot shows the reaction of the last particle column for different inlet
temperatures. A higher inlet concentration ensures a faster hydration speed of the last particle
row. This is also caused by the faster simulation time of a particle column. This effect can be
explained with the Arrhenius equation shown in Formula 2.25. The higher inlet temperature and
concentration will increase the Arrhenius term k(T) and the pressure term h(p) in the formula
which will lead to a higher fractional conversion rate dα/dt. With an inlet temperature of 26◦ C
the simulation time for one column is 15 min, for an inlet temperature of 48◦ C it is 10 min. In
Figure 3.24b the concentration profiles of the outlet is shown, in which the concentration profile
shows the same effect for different inlet temperatures. Furthermore, the base concentration is a
lot higher at a higher inlet temperature.

3.4.4

In- and Outlet Effects of the REV

Inlet effects
The inflow effect causes a large and sudden increase in fractional conversion, temperature and
concentration. Water vapor (concentration) is suddenly added at the inlet of the system, which
is relatively cold. This causes a sudden response (start of the hydration reaction) from the first
few columns of the REV as shown in the fractional conversion (Figure 3.15) and temperature
plots (Figure 3.18). At a higher in-flow speed, more columns will start to respond due to a faster
inflow of concentration. As a result, at higher inlet velocities the temperature increases much
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faster, because more particles react at the same time.
Outlet effects
The outflow effect act different in the fractional conversion, temperature and convection for
different inflow speeds. In the lower Reynolds numbers the temperature suddenly rises when the
last particles start to react. The flow has less resistance of the packed bed at this position in the
REV (Figure 3.18). This cause a faster supply of concentration to the last particles, so the last
two columns start there reaction almost at the same time (Figure 3.15). Because the Re=5 case
is not yet fully developed, the temperature will suddenly rise to its maximum temperature due
to the double column that reacts. After this temperature rise the temperature drops, because all
the particles are fully reacted and will not longer release heat. The sudden rise of temperature
is not detected by the higher Reynolds number because those simulations are already at there
maximum hydration temperature.
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Chapter 4

Parameters for Continuum Modeling
In this chapter three parameters are determined that are required for a continuum model. Each
parameter is determined in its own way, using the OpenFOAM DNS model and the visualization
program Paraview. The permeability (pressure drop) over the REV, the heat transfer coefficient
between the particle-fluid interface and the diffusion of the fluid are determined.
To validate the determined values of these parameters, the data would preferably be compared
with experimental results. Especially with experimental data that exactly matches with the
model. Unfortunately, this comparison is not possible because no experimental data is yet
available from the reactor. However, it is possible to compare the data with correlations
recommended in literature. These correlations are often based on particle packed beds, but they
sometimes have different properties as our reactor.
The different methods to collect the parameters are discussed in this chapter. The methods
are explained and followed by the proposed results from literature. These correlations will later
be compared with the found results, where the differences are discussed.

4.1

Permeability

Permeability in a packed bed is used to measure the amount of fluid that passes through a
porous material. The permeability of a medium is related to the porosity of the bed, but also to
the shapes of the pores in the packed bed. High permeability will allow fluids to move rapidly
through a medium. To obtain the permeability from the model, the pressure difference in the
bed is determined and compared with literature.

4.1.1

Method

To determine the pressure difference, only the first step of the model needs to be modeled,
which is explained in section 3.2.1. This means that the temperature and concentration are
not included, because it is assumed that these parameters are decoupled from the fluid flow,
explained in section 3.2.
This first step uses periodic boundary conditions for the in- and outlet. These cycle iterations
are modeled until the flow is fully developed. A smaller REV is used, since only the first step
has to be carried out. The use of multiple cycles will ensure a fully developed flow and this
smaller REV provides a faster simulation time. The REV that is used consists of three unit cells
and this is schematically shown in Figure 4.1.
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Figure 4.1: Schematically computational domain of the smaller REV used to determine the
pressure drop in a fully developed packed bed. Where different values of ui are used.
The solver simpleFoam is used which is an incompressible solver. This must be noted because
the pressure pi that is calculated by OpenFOAM is actually the pressure divided by the density
of the fluid. The pressure difference is determined by taking two slices of the domain, one at the
beginning and one at the end of the REV. The pressure gradient on the slide is calculated with
an area-weighted pressure equation, which is shown in Formula 4.1.
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(4.1)

iout =0

∂p
Where ∂x
[Pa/m] is the pressure difference, Aiin,out [m2 ] is the in-plane surface area of the in
and outlet slices as indicated in Figure 4.1. ρf [kg/m3 ] is the density of air, l [m] is the length
between the two slices (l= 4.242 mm) and piin,out [(pa m)/kg] is the ’pressure’ for the in and
outlet slides in the form of p/ρ. Henry Darcy derived an equation to relate the pressure drop
over the medium to the Darcy velocity for flow through porous medium. With this equation the
permeability can be determined as shown in Formula 4.2.

µf
K = u ∂p

(4.2)

∂x

Where K [m2 ] is the permeability, u [m/s] is the superficial fluid flow velocity through the
medium and µf [pa s] is the dynamic viscosity of the fluid.

4.1.2

Relations from Literature

The obtained pressure drop from the DNS model is compared with the suggested equations from
literature the validate the values. These comparisons are often based on multiple experiments
similar to our model, where the velocity in a porous medium is related to the pressure drop. For
the comparison with the pressure drop three different correlations are used: the Ergun model,
the KTA model and the K-C model.
Ergun model
Ergun [55] rewrote the Forchheimer equation to the Ergun equation, which is now widely used
for decades. The correlation is shown in Formula 4.3.
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3
d2p
 dp s

(4.3)

∂p
Where ∂x
[Pa/m] is the difference in pressure over the length x, α and β are two constants,  [-]
is the porosity of the packed bed, µ [pa s] is the dynamic viscosity, dp [m] is the diameter of the
particle, us is the superficial flow velocity and ρf [kg/m3 ]is the fluid density. Ergun proposed
a value of 1.75 for β and found values of 150 for α from experiments. In these experiments
the particles were randomly packed, which can be compared to a FCC packing as explained
in section 2.1 (the spheres of other packed bed structures move into a FCC lattice after 3D
vibrations). Multiple experiments have been performed each with a different shaped particle. A
high Reynolds number was used in these experiment, however the correlation can also be used
for smaller Reynolds numbers (1 < Re < 2.4e3) [56, 57].

KTA model
The KTA model developed by the Kerntechnischen Ausschusses, gives the pressure losses over
packed beds at high Reynolds numbers [58]. as shown in Formula 4.4.
3 (1 − )1.1 ρf 2 160 (1 − )2 ρf 2
∂p
=
u +
u
∂x
Re0.1
3
dp s
Re
3
dp s

(4.4)

When the reactor length is chosen large enough, wall effects can be neglected. The length of the
bed needs to be at least four times longer than the particle diameter. Again, the particles were
randomly packed to establish the correlation. This correlation can be used for a porosity range
of 0.36 <  < 0.42 and a Reynolds range of 1 < Re < 105 .
K-C model
Another correlation to calculate the permeability of materials was proposed by Josef Kozeny [59]
and Philip Carman [60]. Which in our case can also be used to calculate the pressure drop over
a packed beds. As shown in Formula 4.5.
∂p
us µ
=
∂x
K

(4.5)

Where K [m2 ] is the permeability of the material. This correlation is only valid for laminar flows.
Again, the particles where randomly packed to establish this correlation and the permeability
was measured with a capillary tube. The correlation can be used for Re < 1.

4.1.3

Results and Discussion

The pressure difference in the model are numerically determined and they are plotted in Figure
4.2 along with the three correlations from literature. Eleven simulations were carried out, each
with a different inlet speed ranging from Reynolds 0.25 to 75.
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Figure 4.2: Numerical results for the pressure drop are plotted with the correlations from
literature: Ergun, KTA and K-C model.
The figure clearly shows a rather small difference between the Ergun and KTA correlation.
Furthermore, the correlations from literature correspond well with the numerical data. Larger
differences can be detected at a higher Reynolds numbers. The numerical data seems to
corresponds with the correlations of the literature between Reynolds 0.25-10, but the data has
larger deviations at higher Reynolds numbers.
As explained in section 4.1.1 two slices are taken from the REV with the use of the program
Paraview. This REV in Paraview is shown in Figure 4.3. The top the REV is shown for a
developed velocity flow and in the lower picture the REV is shown with a developed pressure
profile.

Figure 4.3: An example of the Fully developed REV, with in the top picture the velocity profile
and at the bottom the pressure profile.
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The inlet velocities of the used reactor are important for determining which Reynolds numbers
are of interest. The reactor uses a range of inlet velocity’s that corresponds with a Reynolds
number between 1-10. The results of the simulation match proper with the correlations from
literature for this Reynolds range. To see which correlation matches the best, there is looked at
the difference between the numerical data and the correlations in the section below.
Relative Error
None of the correlations from literature match exactly with the data form the model. So, it
might be interesting to quantify their ‘closeness’ to each other. The average relative errors
between the model and literature’s are calculated with Formula 4.6
E=

I | ∂p
X
∂x i,model −
i=0

∂p
∂x i,literature |

∂p
∂x i,literature

(4.6)

∂p
Where ei is the error of entry i and ∂x
is the pressure difference between the simulations of the
model and correlations from literature. The errors of the three different models are placed in
Table 4.1.

Table 4.1: The relative errors of the pressure drop between the model and the correlations from
literature. The relative error of KTA and Ergun are determined over a Reynolds range of 1-25
and the K-C is determined over a Reynolds range of 0.25-1.
Correlation
Ergun
KTA
K-C

Relative Error
0.0579
0.0897
0.0348

The results of the relative error test indicates that the K-C correlation has the best match with
the model. However, this correlation in only used for Reynolds numbers smaller than 1 and the
reactor works with Reynolds numbers above 1. With this in mind, Ergun’s correlation is the
best match.
The overestimation of Ergun or the underestimation of the numerical model was already
observed by Ahmadi et al. [61]. In this work is a fit function proposed (Formula 4.7) to fit the
numerical results.
∂p
a (1 − )n ρf 2
=
u
∂x
3
dp s
Rebp

(4.7)

The fit, using the non-linear least squares method, the fit is shown in Figure 4.7. The fit does
match with the first and last data points, however the error around Reynolds 5-10 is still quite
big. The data around these Reynolds numbers is important because this corresponds to the fluid
flow that is used in a reactor. These errors around Reynolds 5-10 makes the fit unusable.
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Figure 4.4: The fitted equations with Formula 4.7 to the numerical results.

4.2

Heat Transfer Coefficient

The heat transfer coefficient is one of the important aspects of the packed bed reactor. In the
section below are the methods are explained to collect this parameter.

4.2.1

Method

The heat transfer coefficient is determined with Formula 2.7.
h=

q
A(Ts − Tf )

(2.7)

Where A [m2 ] is the heat transfer surface area, Ts [K] the solid temperature (particles), Tf [K]
the fluid temperature and q [W/m2 ]is the heat flux that is determined with Formula 4.8.
q = V̇ ρf cp,f (Tout − Tin )

(4.8)

Here is V̇ [m3 /s] the volumetric flux, ρf [kg/m3 ] the density of air, cp,f is the heat capacity of
air and (Tout - Tin ) is the temperature difference between the out- and inlet of the REV. Since
the heat transfer coefficient can be calculated using Formula 2.7 and Formula 4.8, the Nusselt
number can be calculated with Formula 2.3.
Nu =

hdp
kf

(2.3)

Where kf is the thermal conductivity of moist air (Table 3.3) and dp the diameter of the particles.
A number of temperatures are determined in the fluid flow of the REV. When determining these
temperatures, a cup-mixing temperature is used. The solid temperature Ts is held constant and
the fluid temperature Tf is calculated with formula 4.9.
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I
P
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(4.9)
ux,i Vi

i=0

Where ux , i is the magnitude of the velocity, Ti is the temperature and Vi is the volume of the
element. The fluid temperature is calculated using cup-mixing at every column. A slice of this
column is taken in Paraview as is shown in Figure 4.5 and the previous formula is used.

Figure 4.5: A slice of the REV with its temperature difference. This is one of the slices that is
used to calculate the fluid temperature.
The difference between Tout and Tin is the averages of a plane and therefore they are weighted
by flux as shown in Formula 4.10.
I
P
ux,i Ti dyi dzi
i=0
Tf = I
(4.10)
P
ux,i dyi dzi
i=0

The heat transfer coefficient is determined in two ways, one with the reaction model where the
particles will hydrate as shown in Chapter 3. In this case, the effects of the reacting particles
will be taken into account. In the second case the heat transfer coefficient is determined without
the reaction model. A preheated particel packed bed is cooled by the inflow of cold air. As
a result, the heat transfer coefficient of the bed can be determined without additional effects
of the reaction, and this is also more comparable with literature. In the section below, the
correlations from literature are explained, often using a pre-heated bed that is cooled during the
determination of the Nusselt number, which can be calculated with the heat transfer coefficient.

4.2.2

Relations from Literature

In order to validate the obtained Nusselt number from the DNS model, it is compared with
suggested equations from literature. These comparisons are often based on multiple experiments.
For the comparison with the Nusselt number three different correlations are used: the W-K
model, the Whitaker model and the Gnielisnky model.
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W-K model
Experimental research was done on the mass transfer in randomly packed beds by Wakao and
Funakri et al. [62]. They introduced a correlation to relate the Schmidt number to the Sherwood
number. Because the mass transfer can be regarded comparable to the heat transfer, this
equation is used to relate the Prandtl number to the Nusselt number. This is shown by Wakao
and Kaguei et al. [63] which forms Formula 4.11.
N u = 2 + 1.1Re1/2 P r0.6

(4.11)

This correlation is valid for 15 < Re < 8500. It should be noted that the porosity of the packed
bed is not included in this correlation.
Whitaker model
As was already mentioned is section 4.1.2, Whitaker [64] uses the experimental results of other
authors to fit a heat transfer function. Nusselt correlations were proposed for several laminar
and turbulent flows for different geometries like: pipes, flow over plates, staggered bundles and
porous media. The Nusselt correlation for the laminar porous medium is used and shown in
Formula 4.12.


 !

1−
Re 2/3
Re 1/2
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(4.12)
+ 0.2
0.5

1−
1−
This correlation is valid for 15 < Re < 80000 and 0.34 <  < 0.78.
Gnielisnsky Model
The third correlation is proposed by Gnielinsky et al. [65]. Their correlation approach is based
on the resemblance of heat transfer across a flat plate. This resemblance mechanism can be
applied to arbitrary geometries. The focus is mainly on the the characteristic length scale, the
length over which heat is transported. This is in cases of particles the diameter. Furthermore,
this relation is made out of the asymptotic solutions for laminar and turbulent heat transfer as
shown in Formula 4.13. Where N ul is the asymptotic Nusselt solution for laminar heat transfer,
N ut is the asymptotic Nusselt solution for turbulent heat transfer and N usp is the Nusselt
number for a single sphere.
N usp = 2 + (N u2l + N u2t )1/2

!2
!2 1/2
 1/2
Re 0.8
0.037(  ) P r
Re

= 2 +  0.664
P r1/3 +
−0.1 (P r 2/3 − 1)

1 + 2.443( Re
)


(4.13)

In this correlation the Nusselt number for a single sphere is calculated. The nusselt number for
a packed bed is calculated in Formula 4.14 where an arrangement factor f() is used.
N u = f ()N usp = (1 + 1.5(1 − ))N usp

(4.14)

This correlation is valid for 500 < Re < 106 , which would not be useful for our model. But later
research with lower Reynolds numbers has shown that Gnielinski’s correlation is useful for: Re/
< 1.1e7 and 0.24 <  < 0.935 [66].
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4.2.3

Results and Discussion

The heat transfer coefficient is determined for two different models, the hydration model (with
reaction) and the model without reaction. In the section below the results of both models are
presented and compared.
Model without reaction
For the model without a reaction the particle bed is preheated to 126◦ C and cooled down with a
cool inflow of 26◦ C. The incoming air stream will cool the particles down instead of heating them
up, However this will give the same result as explained in section 2.2. Cooling the particles has
been chosen because the experiment measurements from the literature also uses this technique.
No hydration/dehydration will take place. In addition, The REV is changed for this model.
Since no reaction takes place, the REV will cool down much faster. In this case no fully developed
flow (the outlet conditions are still changing when the last column of the REV starts to react, so
a stable phase has not yet been reached) is achieved with the previously used REV. To ensure
that this does happen, the REV has been made twice as long. This is shown in Figure 4.6, where
also the temperature difference along the REV is shown.

Figure 4.6: The temperature difference over the twice as long REV with an inflow temperature
of 299.15 K and a preheated particle bed of 399.15 K.
This simulation is also modeled for Reynolds 5, 7.5, 10, 15 and 25 and the results are shown in
Figure 4.14. A developed temperature profile is reached around seven minutes as illustrated in
Figure 4.8, where temperature in every column is shown for Re=15. The used colar for every
column are indicated in Figure 4.7.

Figure 4.7: A illustration of the twice as long REV were all the columns are indicated with
there own color as used in the simulation plot.
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Figure 4.8: The temperature of every column along the time steps for the geometry given in
Figure 4.6. The temperatures displayed are obtained by cooling down a preheated particle
geometry without reaction with a inflow temperature of 26◦ C.
One time step of the simulation is selected to determine the Nusselt number. A time step is
selected where the model has achieved a fully developed temperature profile and no influence
of the in- and outlet-effects is observed. How this time step is selected will be later explained
with Figure 4.10. First, the difference between the particle temperature and fluid temperature
(calculated with cup-mixing) is determined for every column of the REV. This is visualised in
Figure 4.9a, were both the temperature profiles are plotted along the different columns. These
plots form a smooth curve and only a small difference between the temperatures. The difference
in temperature T(s−f ) is shown in Figure 4.9b which forms a parabolic shape.

(a) The fluid and particle temperature plotted
against the columns.

(b) The difference between the fluid and particle
temperature.

Figure 4.9: Plots of the calculation of the temperature difference between the particle
temperature and the fluid temperature of the no-reaction model with a corresponding Reynolds
number of 15.
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To ensure that only the reacting particles are included in the temperature difference selection,
only the temperature difference of ∆T > 0.05 is used to calculate the average ∆Ts−f . In this
case the data between column 4 and 36 (corresponding with x=0.0002121 m and x=0.024745
m). At these two positions, the in- and outflow temperature is determined. Now the heat flux q
and the heat transfer coefficient h can be determined with the formulas shown in the beginning
of this section(Formula 2.7 and 4.8), using for the area A the total particle areas of columns
4 to 36. With this, the Nusselt number for this inflow speed and inflow temperature can be
calculated (with Formula 2.3). The results are discussed later in this section.
This Nusselt number is calculated at one time step, which is selected by plotting the average
∆T at every time step, as shown in Figure 4.10. The orange dot indicates the time at which the
temperature profile is fully developed, and where the average delta Ts−f is chosen.

Figure 4.10: Plotting the average ∆T along the time steps for columns 4 to 36 to select the best
timer step to calculate the Nusselt number. For a Reynolds number that corresponds to Re=15.
In Figure 4.8 the results are fully developed between 5 to 10 minutes. This can also be seen at
Figure 4.10 where a plateau is formed between these two time steps.
Hydration model
The same steps are followed for the hydration model, as explained in the model without a
reaction. Once again, Re=15 is used as example to show the steps that where taken. First the
time step with a fully developed temperature profile is selected with Figure 3.18b and Figure
4.11 which is at 21 minutes.

Figure 4.11: Plotting the average ∆T along the time steps for columns 6 to 18 (corresponding
with x=0.0003535 m and x=0.012726 m). For a Reynolds number that corresponds to Re=15.
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After selecting the time step that corresponds with a fully developed temperature profile, the
temperature difference between the fluid en particles is calculated and plotted in Figure 4.12.

(a) The fluid and particle temperature plotted
against the columns.

(b) The difference between the fluid and particle
temperature.

Figure 4.12: Plots of the calculation of the temperature difference between the particle
temperature and the fluid temperature of the hydration model.
The plots show a different behavior than the no reaction case. For example, in Figure 4.12a a
less clear curve is formed. The curve that arises around column 15 is a lot steeper as in the other
model, because the first particles starts to react here. This phenomena is explained even better
with the concentration and phase diagram plot. In Figure 4.13a is the particle concentration
plot of column 10 shown of the Re=15 case and the phase diagram of this column is placed in
Figure 4.13b.

(a) Water vapor pressure (concentration) is plotted
against the time with a comparison line at 4 mbar.

(b) Phase diagram with a comparison line at 4
mbar.

Figure 4.13: Two plots of column 10 to explain the sharper edge of the fluid and particle
temperature.
The phase diagram shows that column 10 starts to react at a pressure of 4 mbar (the moment
when column 10 rises above the hydration line (Figure 4.13b)). This is compared to the
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concentration plot where the concentration is described in water vapor pressure by Formula 2.24.
The hydration process start when row 10 comes above the hydration line at 4 mbar. At this
point is concentration line is no longer in its start-up phase, so the dp/dt or dc/dt is large. This
causes a sudden rapid start of the reaction by the particles in this column, followed by a rapid
temperature increase because of the reaction, which causes the sharper curve in the plots.
One more thing is different from the no reaction model: the selection of the ∆T domain.
This is an important part and only the surfaces that actually contribute to temperature need to
be included. In Figure 4.12b, the same rule is used for the first column as in the no reaction
selection ∆T > 0.05. The last column is selected based on the reaction of the particles. The last
column reacting is the last column of the selection.
Comparing results
Now for both the models the Nussults numbers are determined. The data can be plotted against
the correlations of the literature. This is done in Figure 4.14.

Figure 4.14: The results for the heat transfer coefficient, where Nusselt is plotted against
Reynolds. Both the models, the hydration model and the no reaction model as explained, are
plotted along the correlation from literature.
The results do not fully agree with each other. The W-K model and Whitaker model deviate
considerably from the results found in the models. This difference may be caused by the fact that
the limit of these correlations are used. The lowest Reynolds number for which these correlations
could be used is Re=15, but the error of the correlation is often much higher at the edge of the
limit. Furthermore, the Whitaker and W-K correlations have a error margins of Nusselt 10-20.
If these errors are included, the simulated data does match these correlations when these large
errors are used. Genielinski matches much better with the models, which is also suitable for
lower Reynolds numbers. The correlation only seems to follow an other trend as the models.
However, no correlation has been found in literature that corresponds well with the numerical
data.
Besides the deviation between the models and the correlations form literature are there also
deviation in the data of the models. The results of the lower Reynolds numbers seems to deviate
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from the trend that is formed by the higher Reynolds numbers. It is expected that the results
of Re=5 and 7.5 of the no reaction model and the results of the Re=5 hydration model are
incorrect. These simulations did not produce a fully developed bed, which has influence on the
results. These data points should not be included in finding a suitable correlation for the heat
transfer coefficient.
In addition, it can be seen that the two models follow the same trend line, However the data
does not match totally. This difference can be explained with the temperature difference profile
between the fluid and particle. Because of the reaction that takes place in the hydration model,
the average temperature difference between particles and fluid will be lower. This makes the
denominator in Formula 2.7 lower, making the heat transfer coefficient h higher. The Nusselt of
the hydration model becomes higher, keeping in mind that the in- and out-temperature are the
same. It is difficult to say which of the two results is better. Additional data will have to be
collected from experiments or other numerical studies needs to be done to indicate which result
is better.

4.3

Diffusion

The diffusion of the water vapor in a packed bed must be determined with the no reaction model.
Since the reaction model would influence the concentration that is used to measure the diffusion.
In the current model only the longitudinal dispersion coefficient DL (the diffusion in longitudinal
direction with the effects of fluid flows) would be interesting to determine, since no walls are
introduced in the model. The dispersion coefficient could be calculated with the method of
Han [67]. This method uses concentration profiles to fit DL , where the concentration profile
becomes more smoother when the time increases. DL is calculated from an analytical solution
of the positive step concentration experiment [68] with Formula 4.15






c
1
x − ui t
ui z
1
x + ui t
= erf c √
+ exp
erf c √
(4.15)
ci
2
2
DL
2 DL t
2 DL t
Where c [mol/m3 ] is the concentration at a chosen column, ci [mol/m3 ] is the inlet concentration,
x [m] is the position of the chosen column in the x-direction, ui [m/s] is the initial velocity
vector, t [s] is the time and DL [2 /s] is the longitudinal dispersion coefficient.
It should be possible to determine DL with this formula. However, it is not possible to
solve the error functions to collect DL for the current model and geometry (Formula 4.15 could
not be solved by MATLAB for DL with the used geometry). Furthermore, another method is
widely used in literature to calculate the dispersion coefficient. They calculated the dispersion
coefficient experimentally with a platinum conductivity probe, were the conductivity of the fluid
is used [67]. Unfortunately, this method can not be used with the current numerical model,
because the conductivity of the fluid is not calculated.
Fortunately, a lot of research has already been done on the diffusion coefficient and many
correlations have been formed. In the work of Delgado et al. [69] several correlations are compared
with each other on the basis of experimental data. With this information a correlation is formed
that predicts the longitudinal dispersion coefficient as shown in Formula 4.16.
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Where P eL [-] is the peclet number based on longitudinal dispersion coefficient (= ui dp /DL ),
P em [-] the peclet number of inert particle (=ui dp /Dm ), τ [-] is the tortuosity and Sc [-] the
Schmidt number (=µ/(ρDm )) with Dm [m2 /s] the molecular diffusion coefficient.
This correlation is designed for randomly packed beds or isometric spherical particles which
are well-packed as the used model. Figure 4.15 shows the results that corresponds to the used
model.

Figure 4.15: Peclet number based on longitudinal dispersion coefficient P eL plotted over Peclet
number of inert particles P em . The inlet speeds that are used in this theses are marked with
dots
The diffusion curve is plotted for different inlet speeds. The inlet speeds that are used in this
theses are marked with dots. With P el known, the longitudinal dispersion coefficient DL can be
calculated. The values for the used inflow speeds are shown in Table 4.2.
Table 4.2: The longitudinal dispersion coefficient for the used inflow speeds
Reynolds number Re [-]
5
7.5
10
15
25

Longitudinal dispersion coefficient D L [m2 /s]
7.41e-5
1.19e-4
1.69e-4
2.75e-4
4.98e-4

The results for the longitudinal dispersion for the used REV can be compared with with similar
experiments from literature. In the work of Delgado et al. [69] multiple experimental results are
compared and shown (Figure 4.16).
All the experiments are based on randomly packed beds, which can be compared to packed
bed FCC structure as explained in section 2.1. The used settings in the experiments are indicated
with the Schmidt number, which is 0.527 for the simulations that are used in this thesis. The
founded results in this thesis, shown in Figure 4.15, can be compared with experiments that have
a lower Schmidt numbers, such as the experiments of Edwards and Richardson [70] and Gunn
and Pryce [71]. These experimental results show the same trend line as the predicted data for
the simulations of the REV. This indicated that the founded values correspond with literature.
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Figure 4.16: Peclet number based on longitudinal dispersion coefficient P eL plotted over Peclet
number of inert particles P em . For different experimental results discussed et al. [69].
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Chapter 5

Conclusions and Recommendations
In this thesis, a DNS model is reviewed and improved in OpenFOAM to simulate the hydration
process of a K2 CO3 packed bed reactor. A lot of numerical simulations have been done to gain
better understanding of the hydration processes and effects in heat batteries. In addition, the
pressure drop, heat transfer and diffusion are investigated.

5.1

Conclusions

In the models an REV is used that is built from a quarters of a normal FCC unit cell, which
is possible due to symmetry of the FCC unit cell. This decreases the computation effort of
the model drastically, while the results did not change compared to the full FCC unit cells. In
addition, more steps have been taken to reduce the simulation time, so the amount of data that
is saved is reduced to only the necessary data: only 1 out 1000 time steps is saved. Furthermore,
the computation power is increased by running the simulations parallel and on a cluster. As a
result of this, several simulations can be performed simultaneously. These improvements have
reduced the simulation time almost ten times.
The fractional conversion rate α is calculated with the Arrhenius method. The pre-exponential
factor and the activation energy of the Arrhenius equation are fitted to TGA experimental data.
The values that are found are in good agreement with experimental data and give results that
correspond with the phase diagram. These parameters are therefore used in the model.
The hydration process of the TCM K2 CO3 is modeled for different inlet values for the
temperature and speed. The results show a fully developed hydration model for the factional
conversion, temperature and concentration. The model shows the development of these three
parameters along the REV and time. The in- and outlet effects of this development have been
taken into account. The fractional conversion shows small hydration processes at a low Reynolds
number, these deviations are formed by an early hydration of the columns. These deviations
appear to be a physical effect caused by the lower temperature build-up at low Reynolds numbers,
which hydrates the particles behind the reaction front. One particle needs around fifteen minutes
to fully hydrate, regardless of the inlet speed because the fractional conversion rate is not affected
by the inlet speed. However, the (inlet) temperature and (inlet) concentration will affect the
fractional conversion rate and a higher temperature en concentration decreases the reaction
time of one particle. This will also decrease the total reaction time of the particle bed. A lot
of information about the heat battery is obtained from the temperature plots. Regardless of
the inlet speed, the outlet temperature will remain the same when the flow in the packed bed
is fully developed. The higher inflow speed will decrease the operation time of the battery as
expected, but the amount of energy that is released stays the same. The phase diagram is
A DNS Model for Hydration of a K2 CO3 Particle Bed
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used to predict the outlet temperature of the REV. An outlet temperature of 64◦ C is predicted
when an inlet temperature of 26◦ C is used. However, only a temperature of 49◦ C was reached
at the outlet. This can be explained by the Metastable Zone Width (MZW), which decreases
the maximum temperature rise of the particles and therefore decreases the outlet temperature.
A higher temperature can be reached with the reaction model when the inlet temperature
and concentration are increased. The fully developed outlet temperature corresponds with the
MZW hydration temperature of pressures below 20 mbar. The concentration plots clearly show
the minimum concentration that is needed for the particles to react. Again, this minimum
concentration can be predicted and corresponds with the phase diagram.
A second study is performed on the pressure drop, heat transfer coefficient and diffusion in
the REV. These parameters are necessary to be able to make a continuum model in the near
future. The pressure drop is determined with the first part of the model, that calculates the flow
field and pressure field in the REV. The correlations found in literature correspond well with the
numerical data. Small differences can be detected at higher Reynolds numbers, yet the model
by Ergun has the best match with the results of the model. Furthermore, a correlation for the
pressure drop is determined based on a fit of the numerical data, but this correlation does not
fully correspond with the results found. The heat transfer coefficient is collected in two different
ways: with the hydration reaction and without the hydration reaction. In these two cases, the
Nusselt number is determined using the average temperature difference between the particles and
the fluid. This average temperature difference is collected at one time step where the flow in the
bed is fully developed and the in- and outflow effects have no influence. This average temperature
difference is only based on the particles that have a minimum temperature difference of 0.05
◦ C. These results have also been compared to correlations found in literature. The difference
between the results of the model and the correlations found in literature is significant. However,
the available correlations have a large error, since these correlations were determined with
experiments were higher Reynolds numbers were used. The difference between the hydration and
no hydration model can be explained by the different shapes of the particle-fluid temperature
difference plots. Because these profiles have a different shape, they will also have a different
average particle-fluid temperature. This difference leads to a different heat transfer coefficient.
Finally, research has been done on the diffusion coefficient. This diffusion coefficient has been
determined for the relevant inlet velocities. This is done with the correlation from Delgado.

5.2

Recommendations

The current hydration model is based on the Arrhenius equation where two values are determined
by a fit of a fit of four TGA experiments. This correlation is the backbone of the hydration
model and has a big influence. These experiments should be repeated several times and also for
different inflow temperatures and concentrations to get more reliable results.
Despite the fact that a fairly long REV has been used, an even longer REV is needed in
some cases. At certain inflow speeds (high Re=25 and low Re=5) the REV is only just fully
developed and the in- and outflow effects still seem to play a role. Increasing the REV is the
only option, however this results in a large increase of the simulation time. One option is to use
the Immersed Boundary Method (IBM) to simulate the packed bed of the spherical particles.
This method discretizes the geometry in which no contact modeling is required. This method
is expected to yield results that are better comparable to experiments, because no shrinking
method have to be used and a longer REV can be simulated, which gives also fully developed
results for low Reynolds numbers. Furthermore, the IBM method is expected to have a lower
computation effort while the mesh quality could even be improved.
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The contact modeling that is used in the current DNS model uses gaps of 3%. These gaps
influence the data, however the deviation that is caused by this method is unknown. This should
be investigated with some additional simulations on a small REV, where the large computation
effort should be taken into account at smaller gaps (2%).
The current model is only used for 1 mm particles. In future work it would also be interesting
to look at other particle sizes. The model for 2 mm particles is already made, only experimental
TGA data is still missing to fit the Arrhenius equation to this particle size. Another way to
extend the model is by adding a nucleation and growth model for the particles. This is expected
to give additional information of the particle bed and an even more precise model.
Additional research can be done on the heat transfer coefficient. This starts with additional
simulations with a longer REV to produce a fully developed bed. With the current hydration
model and its REV a fully developed bed is only reached between Reynolds 7.5-15. Furthermore,
the two methods to collect the heat transfer coefficient gave different results and it is difficult to
say which of the two results is better. Additional data will have to be collected from experiments
or other numerical studies to indicate which result is better
In order to be able to extract the diffusion coefficient from the DNS model, another method
must be found. To compare the simulation data with the correlations presented in this thesis.
Finally, the found parameters should be tested in a continuum model which can be compared
with experimental results of the packed bed reactor. In this way it can be determined how well
the model really matches reality.
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[8] P. A.J. Donkers, L. C. Sögütoglu, H. P. Huinink, H. R. Fischer, and O. C.G. Adan. A
review of salt hydrates for seasonal heat storage in domestic applications. Applied Energy,
199:45–68, 2017. 3, 4, 27
[9] E.W. Washburn. International Critical Tables of Numerical Data, Physics, Chemistry and
Technology (1st Electronic Edition). Knovel. 1926. 3
[10] Ruben D D’Rose. A Multi-Particle DNS Model for TCM Heat Battery Applications. MSc
thesis, Eindhoven University of Technology, (November), 2019. 4, 5, 8, 17, 18, 22
[11] Mohammadreza Gaeini. Thermochemical seasonal heat storage for the built environment.
PhD thesis, Eindhoven University of Technology, 2017. 4
[12] Shuiquan Lan, Herbert Zondag, Anton Van Steenhoven, and Camilo Rindt. Kinetic study
of the dehydration reaction of lithium sulfate monohydrate crystals using microscopy and
modeling. Thermochimica Acta, 621:44–55, 2015. 5
[13] Armand Fopah Lele, Frédéric Kuznik, Holger U. Rammelberg, Thomas Schmidt, and
Wolfgang K.L. Ruck. Thermal decomposition kinetic of salt hydrates for heat storage
systems. Applied Energy, 154:447–458, 2015. 5, 13
[14] Ganesh Balasubramanian, Mehdi Ghommem, Muhammad R. Hajj, William P. Wong,
Jennifer A. Tomlin, and Ishwar K. Puri. Modeling of thermochemical energy storage by salt
hydrates. International Journal of Heat and Mass Transfer, 53(25-26):5700–5706, 2010. 5
A DNS Model for Hydration of a K2 CO3 Particle Bed

61

BIBLIOGRAPHY

[15] D A Deshpande, K R Ghormare, N D Deshpande, and A V Tankhiwale. Dehydration of
Crystalline K,C03-1.5 H,O. Elsevier Science Publishers B.V., 66:255–265, 1983. 5
[16] Shuiquan Lan, Mohammadreza Gaeini, Herbert Zondag, Anton van Steenhoven, and Camilo
Rindt. Direct numerical simulation of the thermal dehydration reaction in a TGA experiment.
Applied Thermal Engineering, 128:1175–1185, 2018. 5
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Appendix A

Verification of the Biot Number
In this thesis is the assumed that the particle temperature is uniform. This can be assumed
when the biot number is in de order of 0.1 or smaller [72]. In Formula A.1 is the Biot number
shown, which can be rewritten with the heat transfer coefficient from formula A.2.
Bi =

N ukf
hL
=
ks
ks

(A.1)

N ukf
dp

(A.2)

h=

Where h [W/m2 K] is the convective heat transfer coefficient, L [m] is the characteristic length,
ks [W/mK] is the thermal conductivity of the solid, kf is the thermal conductivity of the fluid
and dp is the diameter of the particle. The Nusselt number can be determined with the relation
that is provided by Ranz and Marshall [73] as shown in Formula A.3.
N u = 2 + 0.6Re1/2 P r1/3

(A.3)

This relation was found by doing experiments on a single sphere in a free stream. This correlation
is also comparable to packed beds as was shown by Messai et al. [74]. The used Reynolds and
Prandtl are calculated with Formula 2.4 and 2.5. The superficial flow velocity us used in the
Reynolds correlation can be calculated with: us = ui . Where ui [m/s] is the interstitial fluid
velocity and  [-] the porosity. The parameters that are used for this validation are placed in
Table A.1.
Table A.1: Parameters used in the Biot number verification
Symbol
µ
dp

ρf
cc,f
ρs
ui
kf
ks

Description
Dynamic viscosity of the fluid (air)
Particle diameter
Packed bed porosity
Density of the fluid (air)
Specific heat capacity moist air
Density of K2 CO3
Interstitial fluid velocity
Thermal conductivity of moist air
Thermal conductivity of K2 CO3 [75]
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Value
1.93e-5 [m2 /s]
0.00097 [m]
0.324 [-]
1.11 [kg/m3 ]
1006.0 [J/kgK]
2255.0 [kg/m3 ]
0.25-1.26 [m/s]
0.026 [W/mK]
2 [W/mK]
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With these values is the Biot number validated for Re 5-25 ( ui = 0.25-1.26 m/s). The
corresponding Biot numbers are 0.041 for Re=5 and 0.060 for Re=25 in both cases is the value
lower as 0.1 and the temperature distribution in the particles can be regarded constant.
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Appendix B

Independence Studies
In this chapter the various independence studies are explained and elaborated. Three studies
have been performed on the mesh of the REV: one on the general shrinking, one on the inflation
layers and one on the space between the particles in the mesh. In addition, an other study is
preformed on the time steps of the model. The results that are compared in these studies are
collected at the same position in the REV. The fractional conversion and the temperature are
collected from column 4, which is the middle column of the small REV that is used to compere
the results. The velocity magnitude is measured also at column 4, where the velocity is measured
over an arc which starts at the side of the REV en ends at the particle surface. This arc is also
indicated in Figure B.5. Furthermore, all the independence study’s use an inlet speed of 0,2 m/s.

Figure B.1: The small REV, with a red line that indicated the arc (in 1D in the direction [0 0
1]) over which the velocity is measured.

B.1

Mesh Independence Study

In this thesis FEM is used to solve the model, by using an REV that is divided into small parts
by meshing. To validate the mesh an evaluation of the spatial conversion is required. This is
tested by deducing and increasing the mesh by 5 and 10 present. If the solution does not change
significantly after a mesh size reduction, the mesh elements are considered the right size. The
three different mesh studies are all normalised to the value of the basis mesh (the mesh that is
currently used) this mesh is shown in Figure B.2.
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Figure B.2: This figure illustrates the structure of the used mesh where two particles are shown
with gap in between them. This is taken form a normal REV, with two layers that are used at
the particle surfaces.
To evaluate the spatial conversion, the overall element size was reduced by 5 and 10%. The
face element size, number of elements and the computation time for the different mesh size are
placed in Table B.1.
Table B.1: Mesh parameters used for the conversion study. * The computation time in the form
of [min (real time)/sec (simulation time)].
Mesh
1.05 *
1.00 *
0.95 *
0.90 *

mesh
mesh
mesh
mesh

size
size
size
size

Face element size [m]
5.985 e-5
5.700 e-5
5.414 e-5
5.130 e-5

Elements
35840
40663
45362
52154

Computation time *
3.41
3.50
7.23
8.46

By decreasing the mesh size significant more computation time is needed. To show the difference
between the mesh sizes, the results are normalized to the base case.
For the mesh independence study is the fractional conversion compared for the different mesh
sizes. These comparisons are plotted in Figure B.3, where the data is Figure B.3b is normalised
over the base case.

70

A DNS Model for Hydration of a K2 CO3 Particle Bed

APPENDIX B. INDEPENDENCE STUDIES

(a) Fractional conversion α over the simulation
time [min].

(b) Normalized fractional conversion α over the
simulation time [min].

Figure B.3: Comparisons of the fractional conversion between different mesh sizes: 1.05 mesh,
base mesh, 0.95 mesh and 0.9 mesh.
The difference in fractional conversion between the base mesh and the other three meshes have
a maximum deviation around 1.4% which is only a small difference. Also the velocity magnitude
are compared for the different mesh sizes. These comparisons are plotted in Figure B.4, where
the data is Figure B.4b is normalised over the base case.

(a) Velocity magnitude u over the length of the
arc [m].

(b) Normalized velocity magnitude u over the
length of the arc [m].

Figure B.4: Comparisons of the velocity between different mesh sizes: 1.05 mesh, base mesh,
0.95 mesh and 0.9 mesh.
In Figure B.4a can clearly be seen that the 1.05 mesh has a quit large deviation compared to the
base case. This mesh is to rough and is also not potted in the normalized plot. The maximum
deviation formed by the other two meshes in the velocity is located at the particle surface (which
is at the end of the arc (the arc starts at the edge of the REV)). The 5% smaller mesh has a
maximum deviation of only 2% besides the deviation at the particle surface. The deviations for
the fractional conversion and the velocity magnitude are both acceptable, especially when the
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additional computation time is taken into account.

B.1.1

Inflation Layers Study

When the mesh was created, special inflation layers were used on the edges of the particles.
Two inflation layers were used, this quantity was also tested by comparing a simulation with
three layers. Again the two results are compared by normalising the data with the base case (2
inflation layers). This is done for the velocity magnitude in Figure B.5.

(a) Velocity magnitude u over the length of the
arc [m].

(b) Normalized velocity magnitude u over the
length of the arc [m].

Figure B.5: Comparison of the velocity magnitude for a mesh with 2 and 3 inflation layers. The
data is measured over the arc, which is introduced in the beginning of this chapter
A maximum normalized difference of almost 6% is formed near the edge of the particle where
the additional layer is placed. A smaller deviation is preferred, however is this the normalized
difference which is very sensitive near the edge due to the small velocity. To get a better
understanding of this additional layer the fractional conversion and temperature are also
compared for the different amount of inflation layers. These comparisons are plotted in Figure
B.6. The normalised fractional conversion and temperature are plotted in Figure B.7.

72

A DNS Model for Hydration of a K2 CO3 Particle Bed

APPENDIX B. INDEPENDENCE STUDIES

(a) Fractional conversion α over time [min].

(b) Temperature over time [min].

Figure B.6: Comparison of a mesh with 2 and 3 inflation layers.

(a) Fractional conversion α over time [min].

(b) Temperature over time [min].

Figure B.7: Comparison of a mesh with 2 and 3 inflation layers. The values are normalised with
the base mesh (2 inflation layers).
As can be seen in these plots, there is only a very small difference visible between the two
or three inflation layer cases. In Figure B.6, the difference is almost impossible to see. The
fractional conversion has a maximum difference of 0.025% and the temperature a maximum
difference of 0.25%. This makes the two layer case good enough for these simulations. Figure
B.8 shows a visualization of the two and three layers cases from Paraview.
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(a) Visualisation of the two layer case.

(b) Visualisation of the three layer case.

Figure B.8: Visualization of the two and three layers in the REV at column 4, where the
temperature profile of a slice in the REV is illustrated.

B.1.2

Influence by Shrinked Particles

In the geometry of the REV the particles have been reduced in size to decrease the computation
time. The effect of this reduction has also been investigated. Unfortunately it was not possible
to test a smaller space between the particles due to the extremely high computation time. As a
result, extra experiments have been done with larger spaces between the particles. For example,
the spaces have been increased from 3% to 6% and 8%. The velocity magnitude comparison is
plotted in Figure B.9.

Figure B.9: Comparison of the velocity magnitude for different shrinked particles sizes.
A relative large deviation is shown in the previous plot, which indicated the large influence
of the gap size between the particles. This larger deviation can also be seen in the fractional
conversion and temperature difference, Which is shown in Figure B.10. The normalised fractional
conversion and temperature are plotted in Figure B.11.
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(a) Fractional conversion α over the simulation
time [min].

(b) Temperature [◦ C] over the simulation time
[min].

Figure B.10: Comparison of a mesh with different shrinking sizes of the particle.

(a) Normalised fractional conversion α over the
simulation time [min].

(b) Normalised temperature [-] over the simulation
time [min].

Figure B.11: Comparison of a mesh with different shrinking sizes of the particle. The values are
normalised with the base mesh (3% shrinkage).
Increasing the gap between the two particles has also a significant influence on the the fractional
conversion and temperature. A difference of almost 25% can be seen between the 3% and 8%
case with the fractional conversion and the differences by the temperature profiles are around
15%. This is all compared to the 3% reduced particles, so enlarging the gap between the particles
has a lot of influence. But it is not known if there is also a big difference between the 1%, 2%
and 3% gaps cases.

B.2

Temporal Independence Study

In addition to the mesh independence study, the temporal independence study was also examined.
For this, two additional simulations were performed for time steps of ∆t = 0.0005 s and ∆t =
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0.0002 s instead of ∆t = 0.001 s. The two addition experiments are normalised to the values of
the base case for the fractional conversion, which is plotted in Figure B.12.

(a) The fraction conversion with different time step
sizes, which are almost the same.

(b) Fraction conversion where the values are
normalised to the basis case with ∆t = 0.001 s

Figure B.12: Fractional conversion over time, with different time step: ∆t = 0.001, ∆t = 0.0005
and ∆t = 0.002.
The two smaller time steps are almost equal to the base case, there is a maximum offset of 0.2%
between the ∆t = 0.001 s and ∆t = 0.0002 s case. This shows that the current time interval
(base case) is correct.
A higher time step was also tested for the model, which made the model crash due to large
differences in the data.
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Appendix C

Additional Data
This chapter presents additional results from the simulations. In order to offer the background
information/data of conclusions that are drawn in Chapter 3.

C.1

Fractional Conversion Rate Fitting Data

The additional three fractional conversion rate results from TGA/DSC experiments executed
by Shaik et al. [38] are plotted below. These three results are based on a inlet temperatures of
30, 40 and 48◦ C. Furthermore, these three results are also fitted as explained in section 3.3.1.
Where Formula 3.1 is used to make the fits and the results of these fits are placed in Table 3.2.

(a) With an hydration temperature of 30 degrees. (b) With an hydration temperature of 40 degrees.

Figure C.1: Experimental data of a TGA experiment [38] at different hydration temperatures
[blue dots]. With a fit of the data [red line].
This data shows that the fit for both data sets corresponds well with the experimental data. But
the fit with a hydration temperature of 48◦ C has a small deviation, which is shown in Figure
C.2.

A DNS Model for Hydration of a K2 CO3 Particle Bed

77

APPENDIX C. ADDITIONAL DATA

Figure C.2: Experimental data of a TGA experiment with an hydration temperature of 48
degrees [blue dots]. With a fit of the data [red line].

C.2

Hydration of the REV

The additional data of the hydration model for the inlet conditions of Re 7.5, 10 and 25 are
shown in the plots below. Where the fractional conversion, temperature and concentration is
displayed. These additional results clearly show once again the effects discussed in section 3.4.

(a) Reynolds 7.5

(b) Reynolds 10

(c) Reynolds 25

Figure C.3: The change of the fractional convergent α. With a inlet temperature of 26◦ C
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(a) Reynolds 7.5

(b) Reynolds 10

(c) Reynolds 25

Figure C.4: The temperature change of the columns in the REV with an inlet temperature of
26◦ C.

(a) Reynolds 7.5

(b) Reynolds 10

(c) Reynolds 25

Figure C.5: The concentration change of the columns in the REV with a inlet temperature of
26◦ C.
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