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Abstract 
The adsorption behavior of zeolite 13X in an open system packed bed reactor is investigated by 

constructing a model. The aim here is to gain more insight in the physical processes resulting in the 

formation of a reaction front in the reactor. A literature study is performed to map the relevant 

mathematical equations to describe the system in 1D. The most dominant equations here are the 

conservation equations for mass and energy. These equations are then simplified through an 

evaluation of terms. From this evaluation it is concluded that mass diffusion and heat convection play 

a negligible role in this system. From the simplified mass transfer equation an expression for the 

front velocity in the reactor is obtained. The effect of the adsorption kinetics is not included in the 

model because the diffusion coefficient of zeolite 13X was not found in literature.  Instead, instant 

equilibrium in the reactor is assumed, resulting in a sharp front model. A setup is made for the 

experimental determination of the diffusion coefficient. 
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1. Introduction 
Global warming and the depletion of fossil fuels remain among the largest global problems of this 

time. In order to tackle these problems, a transition to more sustainable sources of energy is needed. 

In Europe, about half of the total energy is used for heating. Most of this heating is needed in the 

low- to medium temperature range (up to 250°C) [1]. Solar energy is a promising candidate to meet 

this demand. One of the problems in using solar energy for heating on the large scale is that most 

solar energy can be obtained in summer, while most heating is needed in winter (see figure 1). 

 

Figure 1: An illustration of the mismatch between heat demand and solar radiation [15]. A way to overcome this problem 
is with seasonal heat storage. 

A way to overcome this problem is with seasonal heat storage. For long term heat storage it is key 

that only negligible amounts of heat are lost over time. There are several ways to achieve this. The 

method of interest for this report is thermochemical heat storage, where heat is stored in a 

thermochemical material (TCM) with the use of a chemical reaction. The advantage of storing heat in 

this way is that almost no heat is lost due to radiation, as is the case in, for example, sensible heat 

storage, where the heat is stored through a temperature increase of a certain material. 

The TCM of interest for this report is Zeolite 13X. This is a material is chosen for its fast reaction 

kinetics and its high energy density [2]. Zeolite 13X can be charged or discharged by respectively 

desorption or adsorption of water through the following reaction [3]:  

A(s) + 𝑥 ∙ H2O(g) ⇄ A ∙ 𝑥 ∙ 𝐻2𝑂(𝑔) + ∆𝐻.                                                   [1] 

Here, 𝐴(𝑠) is a thermochemical material (TCM), in this case Zeolite 13X. The reaction from left to 

right is the hydration (or discharging) reaction, through which heat is released. 

The setup studied in this report is an open system cylindrical packed bed reactor (see figure 2). 

During the hydration process, moist air is led past Zeolite beads, while dry air is used for dehydration. 

Measurements on this setup have already been performed by T. Raemaekers [4]. In his research 

NMR imaging was used to map the hydration profiles of the Zeolite in the reactor. One of the 

findings was that during the hydration reaction a reaction front is formed. 

The goal of this research is to gain a better understanding of the physical processes inside the reactor 

that lead to the formation of such a front and to map these processes in a model. The aim here is to 

construct a model that can predict the shape and velocity of the reaction front in the reactor. 
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In the first section of the report, the model building is discussed. First, the mathematical equations 

for describing the system are mapped and simplified through a dimension analysis. The model is 

primarily based on a model constructed by M. Gaeni in 2015 [5], which is based on the conservation 

equations for mass and energy in combination with an equation for the reaction kinetics. Once the 

mathematical description for the system is complete, the simplified equations are numerically solved 

using Matlab. To do so, a series of numerical models is constructed, where in each model, a new 

effect is added. The models are first evaluated on their accuracy and stability. 

The figures obtained from simulation can then be compared to the experimental data obtained by 

Raemaekers. From this comparison the validity of the simplifications made in the model can be 

verified and conclusions can be drawn about the dominant physical effects leading to the formation 

of the reaction front. 

  

Figure 2: A picture of the system of interest for this report: an open system cylindrical packed bed reactor. In this reactor, 
moist air is led past zeolite beads to hydrate them and generate heat. 
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2. List of symbols 
  

𝐴 [m2]   Cross-section of the reactor tube 

𝐴 [J/kg]  Zeolite adsorption potential 

𝛼 [−]    Fit parameter 

𝛽𝑤,20°𝐶  [1/K]  Thermal expansion coefficient of water at 20°C 

𝑐 [mol/m3]  Water vapor concentration in air 

𝑐𝑖𝑛 [mol/m
3]  Water vapor concentration at the inlet of the reactor 

𝑐0 [mol/m
3]  Maximum water vapor concentration 

𝐶𝑝,𝑤  [J/kg K]  Heat capacity of water 

𝐶𝑝,𝑔 [J/kg 𝐾]  Heat capacity of air 

𝐶𝑝,𝑝 [J/kg 𝐾]  Heat capacitiy of zeolite 13X 

𝑑 [mol/kg]   Threshold for equilibrium 

𝐷𝑝 [m
2/s]  Diffusion coefficient of water into zeolite 

𝐷𝑞 [m
2/s]  Diffusion coefficient 

𝐷𝑧 [m
2/s]  Diffusion coefficient for water vapor in air 

𝜆 [m/√s]  Boltzmann variable 

𝜆𝑔 [J/m s K]  Thermal conductivity of air 

𝜆𝑝 [J/m s K]  Thermal conductivity of zeolite 13X 

𝜆𝑧 [J/m s K]  Thermal conductivity of the bed in axial direction 

𝐸 [J/kg]  Characteristic energy of adsorption 

Δ𝐸 [J/mol]  Specific heat of adsorption at half loading 

∆𝐸 [J]   Energy difference 

𝜀 [−]   Bed porosity (void fraction) 

𝜀𝑝 [−]   Particle porosity 

𝑔 [−]    Maximum number of iterations  

Δ𝐻 [J/mol]  Specific heat of adsorption 

𝑖 [−]   Time step number 

𝑗 [−]   Segment number 

𝑘𝐿𝐷𝐹 [1/s]  Effective LDF mass transfer coefficient 

𝑘𝑄𝐷𝐹  [1/s]  Effective QDF mass transfer coefficient 

𝐿 [m]   Reactor length 

𝑀 [−]   Number of segments 

𝑀𝑤  [mol/kg]  Molar mass of water 

𝑛 [−]   Heterogeneity factor of the micropore size distribution 

𝑛 [mol]   Number of moles 

𝑛 [−]   Fit parameter 

𝑛𝑤 [mol]  Moles of water 

𝑁 [−]   Number of time steps 

∆𝑁 [mol]  Difference in moles 

𝑝0 [Pa]   Saturation vapor pressure 

𝑝𝑤  [Pa]   Water vapor pressure  

𝑃𝑒𝑀 [−]  Peclet number for mass transfer 

𝑃𝑒𝐻 [−]  Peclet number for heat transfer 

𝜌𝑎𝑑𝑠 [kg/m
3]  Density of liquid water 

𝜌𝑔 [kg/m
3]  Density of air 

𝜌𝑝 [kg/m
3]  Zeolite particle density 



9 
 

𝜌𝑤,20°𝐶  [kg/m
3] Density of liquid water at 20°C 

𝜌𝐶𝑝̅̅ ̅̅ ̅ [J/m3 K]  Average heat capacity per unit volume 

𝑞 [mol/kg]  Zeolite loading 

�̃� [−]   Dimensionless zeolite loading 

𝑞𝑒𝑞 [mol/kg]  Maximum (equilibrium) zeolite loading 

𝑄 [L/min]  Volume flow 

𝑅 [J/mol K]  Gas constant 

𝑅𝐻 [%]   Relative humidity 

𝑡 [s]   Time 

�̃� [−]   Dimensionless time 

∆𝑡 [s]   Size of a time step 

𝑡𝑟𝑢𝑛 [s]   Simulation runtime 

𝑇 [K]   Temperature 

𝑇0 [K]   Initial temperature 

𝑇∞ [K]   Maximum temperature 

𝜃 [−]   Dimensionless temperature 

𝑢 [m/s]  Air velocity 

𝑢𝑓 [m/s]  Reaction front velocity 

𝑉 [m3]   Volume 

𝑉𝑠𝑒𝑔𝑚𝑒𝑛𝑡 [m
3]  Segment volume 

𝑊 [m3/kg]  Adsorption volume per kg of zeolite 

𝑊0 [m
3/kg]  Maximum adsorption volume per kg of zeolite 

∆𝑥 [m]   Segment length 

𝑧 [m]   Axial position in the reactor 

�̃� [−]   Dimensionless axial position 

𝛱𝑎𝑑𝑠 [−]  Dimensionless number for water vapor adsorption 

𝛱𝑎𝑑𝑣  [−]  Dimensionless number for heat advection 

𝛱𝑐𝑜𝑛𝑑  [−]  Dimensionless number for heat conduction 

𝛱𝑐𝑜𝑛𝑣  [−]  Dimensionless number for water vapor convection 

𝛱𝑑𝑖𝑓𝑓 [−]  Dimensionless number for water vapor diffusion 

𝛱ℎ𝑒𝑎𝑡 [−]  Dimensionless number for heat released from adsorption 
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3. Model 
In this section, the relevant physical processes in the reactor are investigated. The goal here is to 

obtain a mathematical description for these processes that can be solved either analytically or 

numerically. For this purpose it is important to get an impression on the variables of interest for 

which the model needs to be solved and what simplifications are justified. 

3.1 Mathematical model 
The mathematical model is based on the conservation equations of mass and energy [5]. In this 

report, the reactor is described in 1D where all parameters are assumed to be uniformly distributed 

in radial direction. This results in a set of partial differential equations (PDEs) for the water vapor 

concentration in air 𝑐 [mol/m3], the adsorbed water concentration in zeolite 𝑞 [mol/kg] and the 

temperature in the bed 𝑇 [°C], as a function of time 𝑡 [s] and axial position in the reactor 𝑥 [m]. 

The conservation equation for momentum is not included in the model. Since the model is 1D, the 

dynamics of air flowing around the zeolite particles is not included and the velocity is assumed to be 

constant at all times. In reality, the velocity is not constant since the density of the air is affected by 

the adsorption process. During hydration the air flowing out of the reactor has a higher temperature 

and lower relative humidity than the air flowing in. Both effects contribute to a lower density of the 

outflowing air. To compensate for this lower density, an increase in velocity is required for 

momentum to be conserved. This increase is neglected in the model and the air velocity and density 

are assumed constant everywhere. 

The validity of this assumption can best be illustrated by considering the case of a hydration 

experiment using air with an RH of 80% at 21 °C at the inflow. This air has a density of around        

1,19 kg/m3 [6], while the air at the outflow, with an RH of 0% at 66 °C [4] has a density of around 1,04 

kg/m3. This is the case with the most extreme differences of RH and temperature between inflowing- 

and outflowing air considered in this report. The difference in density in this case is 13%, which 

would result in a 15% velocity increase in the reactor. 

In the model the superficial velocity 𝑢 is used [m/s]. This velocity is determined from the volume 

flow   𝑄 [m3/s] through the reactor, averaged over the reactor cross-section 𝐴 [m2]: 

𝑢 =
𝑄

𝐴 𝜀
.                                                                               [2] 

Here, the bed porosity 𝜀 is included since only the air in the reactor is in motion. Note that the 

superficial velocity is only constant for a constant volume flow and porosity. 
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3.1.1 Conservation of mass  
The conservation equation for the water vapor concentration 𝑐 in air is a convection diffusion 

equation with a negative source term due to water adsorption into the zeolite, governed by the 

adsorption rate 
𝑑𝑞

𝑑𝑡
 [mol/kg s]: 

𝜕𝑐

𝜕𝑡
= −𝑢

𝜕𝑐

𝜕𝑥
+ 𝐷𝑧

𝜕2𝑐

𝜕𝑥2
−
(1 − 𝜀)

𝜀
𝜌𝑝
𝑑𝑞

𝑑𝑡
.                                                  [3] 

Here, 𝐷𝑧 is the diffusion coefficient for water vapor in air [m2/s] and 𝜌𝑝 is the density of the zeolite 

particles [kg/m3]. These parameters are both assumed constant in the model. The particle density is 

the density of dehydrated (dry) zeolite particles. This quantity is included in the equation because the 

zeolite loading is expressed in mol/kg instead of mol/m3, like the water vapor concentration. The 

bed porosity is included to compensate for the difference in volume between the zeolite and the air. 

The adsorption rate of water into the zeolite 
𝑑𝑞

𝑑𝑡
 depends on the vapor pressure, the temperature and 

the zeolite loading. Its value can be determined by an equation for the adsorption kinetics into the 

zeolite. This is discussed later in this report. In the model, the assumption is made that water can 

only be transported through air. Once adsorbed into the zeolite, the water remains in place, until the 

occasion where it can be desorbed again. 
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3.1.1.1 Dimensionless conservation of mass 

It is useful to make equation 3 dimensionless. In the dimensionless equation the size of the different 

terms can be investigated to see what the dominant effects are. The equation is made dimensionless 

by scaling the variables with their typical values. This ensures that all derivatives in the conservation 

equations are of order one. Therefore the size of the pre-factor for each term determines the order 

of size of that term. The water vapor concentration in the air is scaled with the maximum water 

vapor concentration 𝑐0: 

𝑐 ≡ 𝑐0 �̃�.                                                                               [4] 

The time is scaled on the reaction time, which is the time it takes for the reaction front, with front 
velocity 𝑢𝑓, to pass through the reactor, with length 𝐿: 

𝑡 ≡
𝐿

𝑢𝑓
�̃�.                                                                               [5] 

The position in the reactor is also scaled on the reactor length: 

𝑧 ≡ 𝐿 �̃�.                                                                               [6]  

The loading is scaled on the equilibrium loading 𝑞𝑒𝑞: 

𝑞 ≡ 𝑞𝑒𝑞 �̃�.                                                                             [7] 

Applying this scaling on equation 3 and simplifying results in the following dimensionless equation for 
water conservation: 

𝜕�̃�

𝜕�̃�
= −

𝑢

𝑢𝑓

𝜕�̃�

𝜕�̃�
+
𝐷𝑧
𝑢𝑓𝐿

𝜕2�̃�

𝜕�̃�2
−
(1 − 𝜀)

𝜀

𝜌𝑝𝑞𝑒𝑞
𝑐0

𝑑�̃�

𝑑�̃�
.                                             [8] 

In this equation the magnitude of three dimensionless numbers determines which terms dominate 
the system behavior. The ratio between the air velocity and the reaction front velocity determines 
the influence of mass convection and is defined as: 

𝛱𝑐𝑜𝑛𝑣 ≡
𝑢

𝑢𝑓
.                                                                           [9] 

The influence of mass diffusion is determined by the diffusion coefficient of air, the reaction front 
velocity and the length of the reactor: 

𝛱𝑑𝑖𝑓𝑓 ≡
𝐷𝑧
𝑢𝑓𝐿

.                                                                        [10] 

The ratio between the amount of water that can be stored in the zeolite and the amount of water 
that can be stored in the air is given by: 

𝛱𝑎𝑑𝑠 ≡
(1 − 𝜀)

𝜀

𝜌𝑝𝑞𝑒𝑞

𝑐0
.                                                               [11] 

Substituting these dimensionless numbers into equation 8 results in the following expression: 

𝜕�̃�

𝜕�̃�
= −𝛱𝑐𝑜𝑛𝑣

𝜕�̃�

𝜕�̃�
+ 𝛱𝑑𝑖𝑓𝑓

𝜕2�̃�

𝜕�̃�2
− 𝛱𝑎𝑑𝑠

𝑑�̃�

𝑑�̃�
.                                              [12] 
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3.1.1.2 Evaluation of terms 

To find out which effects dominate the system behavior in the reactor, the magnitude of the 
dimensionless numbers in equation 12 can be estimated and compared to each other. For this 
purpose typical values for the relevant parameters have been determined. These values are 
presented in table 3 in the Appendix. 

First, the influences of convection and diffusion are compared to each other. The ratio between 
convection and diffusion effects is given by the Peclet number for mass transfer: 

𝛱𝑐𝑜𝑛𝑣
𝛱𝑑𝑖𝑓𝑓

=

(
𝑢
𝑢𝑓
)

(
𝐷𝑧
𝑢𝑓𝐿

)
=
𝑢 𝐿

𝐷𝑧
≡ 𝑃𝑒𝑀 .                                                         [13] 

From the values in table 3 the Peclet number for mass transport can be estimated: 

𝑃𝑒𝑀 ≈ 𝒪(10
3). 

Since the Peclet number is much larger than 1, diffusion seems to play a negligible role compared to 
convection. 

3.1.1.3 Front velocity 

In the situation where all available water is instantly adsorbed into the zeolite, the adsorption rate is 
governed by the supply of water through convection. Since all available water is instantly adsorbed, 
the water vapor concentration of the surrounding air is constant and equal to zero. This is thus a 
steady state situation with a balance between convection and adsorption: 

𝛱𝑐𝑜𝑛𝑣 ≈ 𝛱𝑎𝑑𝑠.                                                                       [14] 

From this balance a correlation for the front velocity can be obtained: 

𝑢𝑓 ≈
𝑢 𝜀 𝑐0

(1 − 𝜀)𝜌𝑝𝑞𝑒𝑞
.                                                                  [15] 

So, the front velocity scales linearly on both the velocity and the water vapor concentration of the 
inflowing air. Since these are both inlet parameters of the system, this correlation can be tested 
experimentally and should also emerge from the numerically obtained results. 
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3.1.2 Conservation of energy 
The energy conservation equation (equation 16) is an advection convection equation with a positive 

source term due to the energy being released from water adsorption into the zeolite. Important 

parameters in this equation are the average heat capacity per unit volume of the reactor          

 𝜌𝐶𝑝̅̅ ̅̅ ̅ [J/m3 K], the density 𝜌𝑔 [kg/m
3] and the heat capacity 𝐶𝑝,𝑔 [J/kg K] of air, the average 

thermal conductivity of the bed in axial direction 𝜆𝑧 [J/m s K], and the specific heat of adsorption   

 Δ𝐻 [J/mol]. 

𝜌𝐶𝑝̅̅ ̅̅ ̅
𝜕𝑇

𝜕𝑡
= −𝜀𝜌𝑔𝐶𝑝,𝑔𝑢

𝜕𝑇

𝜕𝑧
+ 𝜆𝑧

𝜕2𝑇

𝜕𝑧2
+ (1 − 𝜀)𝜌𝑝Δ𝐻

𝑑𝑞

𝑑𝑡
.                                 [16] 

The average heat capacity per unit volume in the reactor 𝜌𝐶𝑝̅̅ ̅̅ ̅ consists of four contributions – from 

the air in the bed, the air in the particle pores, the zeolite particles, and the adsorbed water in the 

particle pores [5]: 

𝜌𝐶𝑝̅̅ ̅̅ ̅ = 𝜀𝜌𝑔𝐶𝑝,𝑔 + (1 − 𝜀)𝜀𝑝𝜌𝑔𝐶𝑝,𝑔 + (1 − 𝜀)𝜌𝑝𝐶𝑝,𝑝 + (1 − 𝜀)𝑞 𝜌𝑝𝑀𝑤𝐶𝑝,𝑤 .               [17] 

Here, 𝜀𝑝 is the porosity of the particles, 𝑀𝑤 is the molar mass of water [kg/mol], and 𝐶𝑝,𝑝 and 𝐶𝑝,𝑤 

are the heat capacities of zeolite and liquid water [J/kg K] respectively. The average heat capacity 

per unit volume is dominated by the last two terms in equation 17. Note that this parameter is 

dependent on the amount of adsorbed water. In the model this dependency is neglected and the 

average heat capacity per unit volume is assumed constant. 

The thermal conductivity of the bed in axial direction 𝜆𝑧 consists of contributions of both the air and 

the zeolite particles in the reactor. The assumption is made that the heat passes through both 

materials in series and that the contributions of both materials are in correspondence to their 

fraction of the total volume of the bed [7]: 

1

𝜆𝑧
=
𝜀

𝜆𝑔
+
(1 − 𝜀)

𝜆𝑝
.                                                                 [18]  

Here, 𝜆𝑔 and 𝜆𝑝 are the thermal conductivities of air and zeolite respectively [J/m s K].  

The specific heat of adsorption Δ𝐻 is the amount of energy released in the adsorption process. The 

value of this parameter depends on the zeolite loading and can be determined using the van ‘t Hoff 

equation [8]: 

∆𝐻 = ∆𝐸 − (𝛼𝑅𝑇0)𝑛
2 ln (

𝑞

𝑞𝑒𝑞 − 𝑞
),                                                  [19] 

where ∆𝐸 is the isosteric heat of adsorption at half loading [J/mol], 𝑅 is the gas constant [J/mol K], 

𝑇0 is the reference temperature [K], and 𝑞𝑒𝑞 is the equilibrium loading [mol/kg]. In this equation, 𝛼 

and 𝑛 are fit parameters whose values have been determined by Gaeni [5]. The relation between the 

specific heat of adsorption and the zeolite loading is illustrated in figure 3. This relation is not 

included in the model. Instead, the average heat of adsorption is used: 

∆𝐻 = ∆𝐸.                                                                            [20] 
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Figure 3: A graphical representation of the Van ’t Hoff relation for the specific enthalpy of adsorption (red). For higher 
loading, the heat of adsorption is lower. In the model, the average enthalpy of adsorption (blue) is used instead. The 
dashed line shows the evaporation enthalpy of water. 

3.1.2.1 Dimensionless conservation of energy 

For most variables in the energy conservation equation, the same scaling as for the mass 
conservation equation can be applied. The temperature can be scaled on the peak temperature in 
the reactor 𝑇∞ and the temperature at the inlet 𝑇0: 

𝜃 ≡
𝑇 − 𝑇0
𝑇∞ − 𝑇0

.                                                                        [21] 

Here 𝑇0 and 𝑇∞ give the temperature range of interest. Applying this scaling results in the following 
dimensionless equation for energy conservation: 

𝜕𝜃

𝜕�̃�
= −

𝜀𝑢𝜌𝑔𝐶𝑝,𝑔

𝑢𝑓 𝜌𝐶𝑝̅̅ ̅̅ ̅

𝜕𝜃

𝜕�̃�
+
𝜆𝑧
𝑢𝑓𝐿

1

𝜌𝐶𝑝̅̅ ̅̅ ̅

𝜕2𝜃

𝜕�̃�2
+
(1 − 𝜀)𝜌𝑝𝑞𝑒𝑞Δ𝐻

𝜌𝐶𝑝̅̅ ̅̅ ̅(𝑇∞ − 𝑇0)

𝑑�̃�

𝑑�̃�
.                            [22] 

This equation can be described by three dimensionless numbers. The first one is for the effect of 

temperature advection compared to heat storage in the bed: 

𝛱𝑎𝑑𝑣 ≡
𝑢𝜀𝜌𝑔𝐶𝑝,𝑔

𝑢𝑓 𝜌𝐶𝑝̅̅ ̅̅ ̅
.                                                                   [23] 

The conduction effects can be described by: 

𝛱𝑐𝑜𝑛𝑑 ≡
𝜆𝑧
𝑢𝑓𝐿

1

𝜌𝐶𝑝̅̅ ̅̅ ̅
.                                                                   [24] 

Finally, the ratio between the heat being released from adsorption and the heat stored in the bed is 

given by: 

𝛱ℎ𝑒𝑎𝑡 ≡
(1 − 𝜀)𝜌𝑝𝑞𝑒𝑞𝛥𝐻

𝜌𝐶𝑝̅̅ ̅̅ ̅(𝑇∞ − 𝑇0)
.                                                            [25] 

The energy conservation equation can then be written as: 

𝜕𝜃

𝜕�̃�
= −𝛱𝑎𝑑𝑣

𝜕𝜃

𝜕�̃�
+ 𝛱𝑐𝑜𝑛𝑑

𝜕2𝜃

𝜕�̃�2
+ 𝛱ℎ𝑒𝑎𝑡

𝑑�̃�

𝑑�̃�
.                                             [26] 
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3.1.2.2 Evaluation of terms 

For the energy conservation equation the ratio between the advection and the convection term is 
given by the Peclet number for heat transfer and the bed porosity. The bed porosity is included here 
since advection is only possible through the air, while the heat can be conducted through the entire 
bed. 

𝛱𝑎𝑑𝑣
𝛱𝑐𝑜𝑛𝑑

=

(
𝜀𝑢𝜌𝑔𝐶𝑝,𝑔
𝑢𝑓 𝜌𝐶𝑝̅̅ ̅̅ ̅ )

(
𝜆𝑧
𝑢𝑓𝐿

1
𝜌𝐶𝑝̅̅ ̅̅ ̅)

= 𝜀
𝑢 𝐿 𝜌𝑔𝐶𝑝,𝑔

𝜆𝑧
≡ 𝜀 𝑃𝑒𝐻 .                                         [27] 

From the values in table 3 the Peclet number for heat transport (corrected with the bed porosity) can 
be estimated: 

𝜀 𝑃𝑒𝐻 ≈ 𝒪(10
5). 

This value is much larger than 1, indicating that heat transport is dominated by advection, rather 
than conduction. 

3.1.2.3 Temperature increase 

The adsorption of water into the zeolite results in a temperature increase. In case the heat release 

from adsorption remains constant for long enough, the temperature converges to a steady state 

temperature, governed by the balance between advection and heat release from adsorption: 

𝛱𝑎𝑑𝑣 ≈ 𝛱ℎ𝑒𝑎𝑡 .                                                                        [28] 

From this balance a rough estimation for the magnitude of the temperature increase in the reactor 
can be obtained: 

(𝑇∞ − 𝑇0) ≈
𝑢𝑓 (1 − 𝜀)𝜌𝑝𝑞𝑒𝑞𝛥𝐻

𝑢 𝜀𝜌𝑔𝐶𝑝,𝑔
.                                                     [29] 

This expression is based on the assumption that temperature of the cooling air remains constant. For 
the situation where all water is instantly adsorbed into the zeolite, the front velocity in this 
expression can be substituted using equation 15. This gives a simplified expression for the estimated 
temperature increase in the reactor: 

(𝑇∞ − 𝑇0) ≈
𝑐0𝛥𝐻

𝜌𝑔𝐶𝑝,𝑔
.                                                                 [30] 

So, a linear correlation between the temperature increase and the water vapor concentration of the 

inflowing air is expected to emerge from the model and from experiments. 
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3.1.3 Adsorption kinetics 
The adsorption kinetics model describes the rate at which the water is adsorbed into the zeolite. 

There are several models to describe the adsorption rate 
𝑑𝑞

𝑑𝑡
, and although the exact form of the 

expressions used in these models differs, they are all based on two main properties of the system: 

the equilibrium loading of the zeolite 𝑞𝑒𝑞, and the diffusion coefficient 𝐷𝑝 of water in zeolite [m2/s]. 

Two of these models are shown below to give an impression on the form of these expressions [9]. 

This is also illustrated in figure 4. 

3.1.3.1 Linear Driving Force model 

One of the expressions used for describing the adsorption rate is that of the Linear Driving Force 

(LDF) model: 

𝑑𝑞

𝑑𝑡
= 𝑘𝐿𝐷𝐹(𝑞𝑒𝑞 − 𝑞),                                                                 [31] 

where 𝑞 is the average loading of the zeolite [mol/kg] and 𝑘𝐿𝐷𝐹 is the effective LDF mass transfer 

coefficient  [1/s]. This is a parameter that depends on the diffusion coefficient of water into zeolite 

and the geometry of the system. 

3.1.3.2 Quadratic Driving Force model 

Another possible expression is that of the Quadratic Driving Force (QDF) model: 

𝑑𝑞

𝑑𝑡
= 𝑘𝑄𝐷𝐹

(𝑞𝑒𝑞
2 − 𝑞2)

2𝑞
.                                                             [32] 

Just as in the LDF model, 𝑞 is the average loading of the zeolite [mol/kg]. In the expression, 𝑘𝑄𝐷𝐹 is 

the effective QDF mass transfer coefficient [1/s], which, similar to 𝑘𝐿𝐷𝐹, is a parameter that depends 
on the diffusion coefficient of water into zeolite and the geometry of the system. 

 
Figure 4: A comparison between the LDF and the QDF model for the zeolite adsorption kinetics. This figure shows the 
adsorption curves for an isobar loading process where the material is initially completely dry. 
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3.1.3.3 Equilibrium loading 

The adsorption equilibrium 𝑞𝑒𝑞 can be approximated using the Dubinin-Astakhov equation [8], which 

is based on the micro-pore filling theory of Polanyi. In this theory, the maximum loading per kg 

zeolite is 

𝑞𝑒𝑞 =
𝜌𝑎𝑑𝑠 𝑊

𝑀𝑤
,                                                                      [33] 

where 𝑀𝑤 is the molar mass of water, 𝜌𝑎𝑑𝑠 is the density of liquid water [kg/m3]: 

𝜌𝑎𝑑𝑠 =
𝜌𝑤,20°𝐶

1 + 𝛽𝑤,20°𝐶  (𝑇 − 293.15)
,                                                    [34] 

with 𝜌𝑤,20°𝐶 and 𝛽𝑤,20°𝐶 the density [kg/m3] and the thermal expansion coefficient [1/K]  of water 

at 20°𝐶. The adsorption volume per kg of zeolite 𝑊 [m3/kg] is given by 

𝑊 = 𝑊0 exp [− (
𝐴

𝐸
)
𝑛

],                                                               [35] 

where 𝑊0 is the maximum adsorption volume, 𝐸 is the characteristic energy of adsorption [J/kg],      

𝑛 is the heterogeneity factor of the micropore size distribution, and 𝐴 is the adsorption potential 

[J/kg]: 

𝐴 =
𝑅𝑇

𝑀𝑤
ln(
𝑝0

𝑝𝑤⁄ ).                                                                  [36] 

Here, 𝑅 is the gas constant [J/mol K], 𝑝𝑤 is the water vapor pressure [mbar] and 𝑝0 is the maximum 

water vapor pressure [mbar], which can be determined using the Antoine equation [10]: 

𝑝0 = 𝐴 10
𝐵− 

𝐶
𝐷+𝑇 .                                                                    [37] 

The water vapor pressure can be derived from the temperature and the water vapor concentration 

with the assumption that water vapor in air behaves as an ideal gas: 

𝑝𝑤 =
𝑅𝑇𝑛

𝑉
= 𝑅𝑇𝑐.                                                                    [38] 

Combining equations 33 - 38 gives an expression for the equilibrium loading as a function of the 

water vapor concentration of the surrounding air and the temperature. Figure 5 shows a contour plot 

of this expression for the equilibrium loading. For a lower water vapor concentration, less water can 

be adsorbed into the zeolite, while for a lower temperature, more water can be adsorbed. 



19 
 

 

Figure 5: A contour plot of the equilibrium loading (or maximum loading) of zeolite 13X as a function of the temperature 
and the water vapor concentration of the surrounding air. Each line shows points of equal equilibrium loading. The 
dashed line shows the water line. For a lower water vapor concentration, less water can be adsorbed into the zeolite, 
while for a lower temperature, more water can be adsorbed. 

3.1.4 Parameter determination 
Most system parameters needed for mapping the specific system of interest for this report were 

obtained either from literature or by measuring them. The values of these parameters are presented 

in table 3 in the Appendix. Unfortunately, the value for the diffusion coefficient of zeolite 13X was 

not found in literature. Therefore the value of this parameter has to be determined experimentally. 

The experiment conducted for this is discussed in sections 5 and 6 of this report. Because of the time 

needed for conducting this experiment and the limited time available for this project, the diffusion 

coefficient of zeolite 13X could not yet be implemented in the model. Fortunately, zeolite 13X is 

known for its fast reaction kinetics [2]. Therefore the assumption is made that the adsorption kinetics 

has no limiting effect on the adsorption behavior for the models constructed for this report.  
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3.1.5 Model types 
The 1D model constructed for this report is thus based on the assumption that the adsorption 

kinetics of zeolite 13X is sufficiently fast so that it does not play a limiting role in the adsorption rate. 

This implies that an instant equilibrium is reached between the water vapor concentration in air 𝑐, 

the loading of the zeolite 𝑞, and the temperature 𝑇. This equilibrium is governed by two main effects: 

the supply of water and the dissipation of heat. As derived in the previous sections, the supply of 

water and the dissipation of heat are dominated by convection and advection respectively. In the 

model, other effects (like diffusion and conduction) influencing these processes are neglected. In 

particular, the effects of water- and heat transport inside the zeolite particles are neglected. The 

reactor is assumed to consist of a homogeneous mixture of zeolite and air. 

The model is built in multiple phases (illustrated in figure 6), starting off as a simple convection 

model (1), where no other effect than the convection of water vapor through air is included. This 

model is then extended to a model where isothermal adsorption of this water into the zeolite 

particles is included (2). In the next phase, the heat being released during this adsorption is included 

(3), as well as its dissipation through advection. At first, the influence of this heat (and its 

corresponding change in temperature) on the adsorption rate is ignored. This is included in the final 

model for this report, in which the adsorption rate is tuned to find an instant equilibrium within each 

time step (4). 

 

Figure 6: A schematic overview of the different phases in the construction of the numerical model. The final version of 
the model is the instant equilibrium model, where all effects are balanced to obtain an instant equilibrium between 
water vapor concentration, zeolite loading, and temperature in the reactor. 
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3.1.5.1 Simple convection model 

In the first version of the model no effects other than the convection of water vapor concentration in 

air are taken into account. This model represents a 1D tube through which water vapor is 

transported through an air flow with a constant velocity. The mathematical description for this 

system is a simplified version of equation 3, where the diffusion- and the adsorption term are left 

out. 

3.1.5.2 Isothermal adsorption model 

Next, the adsorption of water into the zeolite particles is included. This means that the system can be 

described using equation 3, without the diffusion term. The adsorption term is adjusted in such a 

way that all water supplied through convection is instantly adsorbed into the zeolite until it is fully 

loaded. In this model the final loading of the zeolite is determined according to the water vapor 

concentration and the temperature of the inflowing air. The temperature is assumed constant in this 

model, meaning that no heat is produced due to the adsorption process. 

3.1.5.3 Temperature advection model 

In this version of the model, the released heat from the adsorption process is included, as well as the 

advection of this heat through the air flow. In reality the changes in temperature will affect the 

adsorption rate, but in this version, that effect is not taken into account. The adsorption process is 

thus exactly the same as in the isothermal model and the changes in temperature are only a 

response to that adsorption. The behavior of the temperature in the reactor can be described using 

equation 16 without the conduction term, where the adsorption term is governed by the equation 

for mass balance. 

3.1.5.4 Instant equilibrium model 

In this model, the influence of the temperature on the equilibrium loading is included, meaning that 

not all water is instantly adsorbed. Instead, the adsorption rate is adjusted such that the zeolite 

loading is always equal to the equilibrium loading according to the Dubinin-Astakhov equation, as 

described in section 3.1.3.3. Since the value of the equilibrium loading depends on the water vapor 

concentration and the temperature in the reactor, this adsorption rate is the result of a subtle 

balance between the three variables (q, T, c). 

3.1.6 Boundary conditions 
The boundary conditions are similar for each model. Although situations with different vapor 

pressures and flow rates are investigated in this report. These quantities, as well as the temperature, 

are assumed to remain constant at the inlet. The velocity is also assumed constant everywhere in the 

reactor. No boundary conditions are used for the outlet. For the simulations discussed in this report, 

the used boundary conditions are supplied in the description of the corresponding figure.  
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3.2 Numerical implementation 
The simplified PDEs for the conservation of mass and heat (as derived in the mathematical model) 

are solved numerically using Matlab. Numerical models are constructed for the 4 situations described 

in the previous section. For each model, a brief evaluation of the system behavior is given with the 

focus on stability and numerical artefacts. 

3.2.1 Discretization of the reactor 
A discretization of the space- and time domain is used where all relevant variables (𝑐, 𝑞, 𝑇) are stored 

in 2D matrices, where each location (𝑖, 𝑗) in the matrix corresponds to a certain position (𝑗) in the 

reactor at a certain time (𝑖). For the discretization of the space domain the reactor is split up into 

segments of length ∆𝑥 [m] (see figure 7). Each segment represents a slice of the cylindrical reactor 

where all quantities are assumed to be uniformly distributed over its volume at all times. Each 

segment has a volume of 

𝑉𝑠𝑒𝑔𝑚𝑒𝑛𝑡 = 𝐴 ∙ ∆𝑥,                                                                    [39] 

where 𝐴 is the cross-section of the reactor [m2]. The time domain is split up into time steps of size  

 ∆𝑡 [s]. This discretization results in a (𝑁 ×𝑀)-matrix for each variable, where 

𝑁 =
𝑡𝑟𝑢𝑛
∆𝑡

,                                                                           [40] 

And 

𝑀 =
𝐿

∆𝑥
+ 1.                                                                         [41] 

Here, 𝑡𝑟𝑢𝑛 is the time for which the system is simulated [s] and 𝐿 is the length of the reactor [m]. 

 

Figure 7: A schematic overview of the discretization of the reactor. The reactor is split up into M segments of length ∆𝒙.  
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3.2.2 Simple convection model 
As mentioned before, the simple convection model can be described using a simplified version of 

equation 3, which is discretized at segment 𝑗 as: 

𝑐(𝑗, 𝑖 + 1) − 𝑐(𝑗, 𝑖)

∆𝑡
= −𝑢

𝑐(𝑗, 𝑖) − 𝑐(𝑗 − 1, 𝑖)

∆𝑥
.                                          [42] 

The aim here is to solve this equation for 𝑐(𝑗, 𝑖 + 1) so that the concentration one step further in 

time can be determined with known parameters. It is thus useful to rewrite equation 42 as: 

𝑐(𝑗, 𝑖 + 1) = 𝑐(𝑗, 𝑖) + (
∆𝑡

∆𝑥
) ∙  𝑢 ∙ 𝑐(𝑗 − 1, 𝑖) − (

∆𝑡

∆𝑥
) ∙  𝑢 ∙ 𝑐(𝑗, 𝑖).                          [43] 

Here, 𝑐(𝑗, 𝑖 + 1) is the new concentration at segment 𝑗 after a time step 𝛥𝑡, 𝑐(𝑗, 𝑖) is the old 

concentration at that position. The last two terms on the right side respectively give the 

concentration flowing in from the segment (j − 1) before it and the concentration flowing out of 

segment j each time step. This process is illustrated in figure 8. 

The approach described above for updating the concentration in a segment after times step ∆𝑡 is 

applied to all 𝑀 segments subsequently, starting at segment 𝑗 = 1. This process is then repeated for 

the desired number of time steps 𝑁. 

 

Figure 8: A schematic overview of the convection of water vapor through the reactor in the model. 
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3.2.2.1 Model evaluation 

The figures from the simple convection model show the formation of a steep concentration front 

travelling through the reactor (see figure 9). The width of this front is equal to the segment length, 

since this is the smallest width possible. In the ideal situation, these fronts would be infinitely steep, 

corresponding to a segment length of 0. 

The height of the front is equal to the concentration at the inlet and is determined by the 

temperature and the relative humidity of the inflowing air. This parameter does not affect the 

velocity of the front, which is equal to the flow rate of the air in this model. 

 

Figure 9: The concentration profiles over time in the reactor at 21 °C for air with a water vapor concentration of            

0.81 mol/m
3
 flowing in at a rate of 0,067 m/s. A steep front is formed, with a width equal to the segment length         

(0.001m in this case). The front is travelling from left to right (indicated by the arrow). 

3.2.2.2 Stability 

The different numerical models are evaluated on their stability and accuracy. Since a model gives 

only an approximation of the real behavior of the system there are always errors present in the 

obtained results. For relatively small errors this is not necessarily a problem. However, unstable 

behavior may occur, where the errors grow over time and the results become unreliable. It is 

therefore important to investigate under which conditions the simulations become unstable. 

The simple convection model has a stability condition for the ratio between the time step and 

segment length in relation to the used air velocity: 

(
∆𝑡

∆𝑥
) ∙  𝑢 = 1.                                                                        [44] 

This condition states that the time step should be equal to the time it takes for the air to travel 

exactly the length of one segment. There are two situations in which this condition is not met: 

(
∆𝑡

∆𝑥
) ∙  𝑢 > 1, or (

∆𝑡

∆𝑥
) ∙  𝑢 < 1. Both of these situations are briefly discussed below. 

Since the convection of water vapor is included in all models in this report, the stability condition 

(equation 44) applies for all models. 
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3.2.2.3 Negative water vapor concentrations 

Figure 10 shows the concentrations over time at several positions in the reactor for the same 

conditions as in figure 9, only in this case: 

(
∆𝑡

∆𝑥
) ∙  𝑢 > 1.                                                                        [45] 

In this situation, the amount of water that is transported to the next segment is larger than the 

amount that was present in the segment to begin with. This causes oscillations in the water vapor 

concentration. Since more water is allowed to flow out of a segment than was present there initially, 

negative concentrations can emerge. This, of course, is physically impossible. The missing water from 

this segment is moved to the next segment, where too large water vapor concentrations occur. As 

can be seen in figure 10, concentrations of 300 mol m3⁄  are reached after some time, while the 

inflow concentration used for this simulation was just 0,81 mol m3⁄ . 

 

Figure 10: The concentration profiles over time in the reactor for the same inflow conditions as in figure 9, with an inflow 

concentration of 0,81 mol/m
3
. The values for ∆𝒙 and ∆𝒕 were chosen such that (

∆𝒕

∆𝒙
) ∙  𝒖 ≈ 𝟏, 𝟎𝟏. The stability condition is 

not met in this case, resulting in oscillations, and even negative water vapor concentrations. This happens because in this 
situation more water is allowed to exit the segment than was present in the first place. The air in this simulation is 
flowing from left to right (indicated by the arrow). 
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3.2.2.4 Unwanted diffusion of water vapor 

Figure 12 shows the concentration profiles in the reactor at several times for a situation where 

(
∆𝑡

∆𝑥
) ∙  𝑢 < 1.                                                                        [46] 

In this situation, the velocity of the air in the reactor is not high enough to travel the length of an 
entire segment each time step. This means that after a time step, the concentration front is located 
in the middle of a segment. In this situation the water vapor concentration should not be distributed 
homogeneously over the segment. Since the air has not yet reached the far end of the segment no 
water vapor can be present there. In the model though, the water vapor is homogeneously 
distributed over a segment at all time, allowing water vapor to travel faster through the reactor than 
air (see figure 11). This mismatch can best be described as the unwanted diffusion of water vapor. 

 

Figure 11: An illustration of the mismatch between the desired situation (sole convection) and a situation resulting from 
the model for which the stability requirement is not met. The concentration is distributed homogeneously over a 
segment (unwanted diffusion), resulting in water vapor being present at the third segment while the air has not reached 
that part yet. 

The resulting profiles show slips of concentration traveling ahead of the real front (see figure 12). 
These slips would be present in a model with diffusion included, but since the aim here is to model a 
situation where concentration is only transported through convection, these slips are unexpected. 

 

Figure 12: The concentration profiles over time in the reactor for the same inflow conditions as in figure 9. The figure 
shows a front traveling from left to right (indicated by the arrow). The values for ∆𝒙 and ∆𝒕 were chosen such 

that (
∆𝒕

∆𝒙
) ∙  𝒖 ≈ 𝟎, 𝟎𝟔𝟕.  The concentration fronts become spread out, which would usually be the effect of diffusion. 

Since this effect is not directly included in the model, this behavior does not give a proper representation of the real 
system. 
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3.2.3 Isothermal adsorption model 
In this model, a zeolite loading matrix is added to keep track of the loading of the zeolite, which 

changes over time. The assumption is that all available water is instantly adsorbed into the zeolite, 

resulting in the following expression for the new zeolite loading in segment 𝑗 after time step ∆𝑡: 

𝑞(𝑗, 𝑖 + 1) =

{
 

 𝑞(𝑗, 𝑖) +
𝜀

𝜌𝑝(1 − 𝜀)
𝑐(𝑗, 𝑖), 𝑞𝑒𝑞 − 𝑞(𝑗, 𝑖) ≥

𝜀

𝜌𝑝(1 − 𝜀)
𝑐(𝑗, 𝑖)

𝑞𝑒𝑞 ,                                                  𝑞𝑒𝑞 − 𝑞(𝑗, 𝑖) <
𝜀

𝜌𝑝(1 − 𝜀)
𝑐(𝑗, 𝑖)

            [47] 

The zeolite loading can never exceed its maximum value, so in the case where this would happen if 

all available water is adsorbed, the new loading at that position is set equal to its maximum value. 

This maximum loading is defined as the loading at temperature 𝑇0 and water vapor 

concentration 𝑐𝑖𝑛. It is determined using the Dubinin-Astakhov equation [8], as described in the 

Mathematical model. 

The water vapor concentration is also affected by including the adsorption in the model. In the 

model, the adsorption- and convection processes are dealt with separately. The water vapor 

concentration at a position is first updated to account for the adsorption process: 

𝑐(𝑗, 𝑖) = 𝑐(𝑗, 𝑖) −
(1 − 𝜀)

𝜀
𝜌𝑝(𝑞(𝑗, 𝑖 + 1) − 𝑞(𝑗, 𝑖)).                                      [48] 

In most cases, this concentration will be equal to zero, since all available water is adsorbed into the 

zeolite, but in case the zeolite is fully loaded at that position, some water will remain in the air. Only 

after the adsorption, the convection step, like in the simple convection model, is performed 

(equation 43). 
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3.2.3.1 Model evaluation 

To get a basic idea of the adsorption behavior in the reactor for this model, the zeolite loading 

profiles are plotted at different times, as well as the loading of the first 3 segments over time (see 

figure 13). As expected, a steep reaction front is observed, traveling through the reactor at a certain 

velocity. The finite width of the front in this figure is due to the discretization of the reactor. From 

the plot of the loading of the first 3 segments over time it becomes clear that these segments are 

loaded in order, where the loading of the next segment starts only when the previous one is fully 

loaded. 

From the mathematical model, an expression for the velocity of the reaction front was obtained 

(equation 15). This expression is based on the assumption that the adsorption rate of the zeolite is 

only limited by the supply of water, as is the case in this model. The same front velocity is thus 

expected to emerge from the isothermal adsorption model. 

 

Figure 13: Plots of the zeolite loading profiles at different times (left) and the zeolite loading of the first 3 segments over 
time (right). A steep reaction front can be observed, with a finite width due to the discretization of the reactor. The front 
travels from left to right (indicated by the arrow). Only one segment is loaded at the time. The loading of a segment only 
starts when all previous segments are fully loaded. In this simulation, the air at the inlet had a temperature of 21 °C, an 
RH of 80% and was flowing in at a rate of 1 L/min. 
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3.2.4 Thermal advection model 
In this model, the heat released from the adsorption process is included, as well as the advection of 

this heat. The transport of this heat can be described mathematically using equation 16, without the 

conduction term, which is discretized as: 

𝜌𝐶𝑝̅̅ ̅̅ ̅
𝑇(𝑗, 𝑖 + 1) − 𝑇(𝑗, 𝑖)

∆𝑡
= −𝜀𝜌𝑔𝐶𝑝,𝑔𝑢

𝑇(𝑗, 𝑖) − 𝑇(𝑗 − 1, 𝑖)

∆𝑥
 

−(1 − 𝜀)𝜌𝑝Δ𝐻
𝑞(𝑗, 𝑖 + 1) − 𝑞(𝑗, 𝑖)

∆𝑡
.                              [49] 

Solving this for 𝑇(𝑗, 𝑖 + 1) gives: 

𝑇(𝑗, 𝑖 + 1) = 𝑇(𝑗, 𝑖) −
𝜀𝜌𝑔𝐶𝑝,𝑔

𝜌𝐶𝑝̅̅ ̅̅ ̅

∆𝑡

∆𝑥
𝑢 ∙ (𝑇(𝑗, 𝑖) − 𝑇(𝑗 − 1, 𝑖)) 

−
(1 − 𝜀)𝜌𝑝𝛥𝐻

𝜌𝐶𝑝̅̅ ̅̅ ̅
(𝑞(𝑗, 𝑖 + 1) − 𝑞(𝑗, 𝑖)),                              [50] 

which looks similar to equation 43 for the convection of water vapor through air. The last term on 

the right gives the increase in temperature corresponding to the heat that is released from the 

adsorption. The middle term on the right side describes the advection of this heat, where air with 

temperature 𝑇(𝑗, 𝑖) is flowing out of segment 𝑗, and air with temperature 𝑇(𝑗 − 1, 𝑖) is flowing in 

from the segment (𝑗 − 1) before it. The pre-factor including the ratio between the heat capacities is 

added here to account for the heat being transported only through the air, while it is stored in the 

entire segment. Note that the heat that is released from the adsorption at time 𝑖 starts dissipating 

only one time step later, at time (𝑖 + 1). 
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3.2.4.1 Model Evaluation 

In this model, the temperature in the reactor is not stable, but shows oscillations. These oscillations 

are a numerical artefact caused by the discretization and the homogenization of the reactor, which 

force thermal equilibrium within a segment, while allowing large temperature differences between 

neighboring segments. To illustrate this, figure 14 shows the temperature and zeolite loading of the 

first 2 segments in the reactor. 

The temperature development of the first segment can be divided into 2 phases; heating up and 

cooling down. While the zeolite in this segment is adsorbing water, the temperature of the segment 

is increased to the temperature according to equation 30 from the mathematical model. Once the 

segment is full and no more water is adsorbed, the segment quickly cools down to the initial 

temperature. 

 

Figure 14: The temperature and zeolite loading of the first two segments in the reactor over time. The temperature of 
the second segments spikes at the moment this segments starts adsorbing water. This happens because the first segment 
is still warm, allowing for less heat to be dissipated through advection. Once the first segment is cooled down, the 
temperature of the second segment stabilizes. In this simulation air with a temperature of 21 °C and a vapor pressure of 
12.4 mbar was flowing in at a rate of 5 L/min. 

For the second segment the temperature development looks a bit different. This segment is first 

heated up by air coming from the first segment until both segments have the same temperature. 

Once the first segment is fully loaded, the second segment starts adsorbing water, which produces 

heat. Since at this point, both segments still have the same temperature, no heat is dissipated yet. 

This causes a spike in the temperature of the second segment. As the first segment cools down, the 

temperature difference between the segments increases, resulting in more heat advection. Once the 

first segment is back at the initial temperature, the temperature of the second segment converges to 

the temperature as predicted by equation 30. Once the segment is fully loaded, it quickly cools down 

to the initial temperature. 

To further illustrate this, figure 15 shows the temperature of the first 4 segments over time. Here, 

the temperature of the third segment spikes even before the reaction front reaches that segment. 

This is because the spike from the second segment is transported through the reactor by convection. 

The magnitude of the spikes decreases over the length of the reactor because at each segment a 

little heat is lost to warm up that segment. 
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Figure 15: The temperature over time for the first 4 segments in the reactor. All segments except the first have spikes in 
the temperature, caused by the discretization and homogenization of the reactor. The dashed line shows the 
temperature as predicted in the mathematical model (equation 30). In this simulation air with a temperature of 21 °C 
and a vapor pressure of 12.4 mbar was flowing in at a rate of 5 L/min. 

From figure 15 it appears that the temperature over time for a certain segment depends on the 

number of segments before it. For example, the third segment shows two peaks in the temperature 

profile, while the fourth segment shows three. Note that this number only depends on the segment 

number and is not related to the position in the reactor. This is thus definitely not a physical 

phenomenon, but a numerical artefact. 

To get an idea of the system behavior in a continuous space domain, the effect of the discretization 

size is investigated. Figure 16 shows the temperature over time in the middle of the reactor for 

different discretization sizes, indicated by the number of segments in the reactor. As the reactor is 

divided up into more segments, the discretization has closer resemblance to the continuous case. 

From figure 16 it seems like the temperature over time converges to a block function, but the 

magnitude of the spike at the end of the block is not reduced by the discretization size. 

 
Figure 16: The temperature profiles in the middle of the reactor for different discretization sizes. In these simulations air 
with a temperature of 21 °C and vapor pressure of 19,2 mbar was flowing in with a flow rate of 10 L/min. 
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3.2.5 Instant equilibrium model 
In this version, the equilibrium loading of the zeolite is not constant. Instead, its value is adjusted 
according to the water vapor concentration and the temperature of a given segment. This means 
that not all water can be instantly adsorbed into the zeolite, since the equilibrium loading is zero for 
a water vapor concentration of zero. The model is thus similar to the thermal advection model, with 
a difference in the adsorption rate. The instant equilibrium model runs the following procedure, 
which is illustrated in figure 17: 

1. Run a convection step. 
 

2. Adsorb water into the zeolite such that the system is in equilibrium. 
 

3. Run an advection step. 
 

4. Move to the next segment 

 

Figure 17: A schematic overview of the Instant equilibrium model. The procedure for updating the water vapor 
concentration, zeolite loading, and temperature in each segment is shown. In step 2, an equilibrium solver is used to 
determine the amount of water to be adsorbed. 

3.2.5.1 Equilibrium solver 

A solver is used to find equilibrium within each time step. Equilibrium implies that the new loading 

has to be sufficiently close to the equilibrium loading for the new conditions (after adsorption). The 

goal of the solver is to find the right amount of water to be adsorbed each time step for this to be the 

case. This approach is different from the previous model, where the new loading was matched to the 

equilibrium loading before the adsorption. The solver used for this model follows the bisection 

method (see figure 18). This is a root-finding method that attempts to find a root in a certain interval 

by reducing the size of the interval after each iteration. The method uses the following algorithm: 

1. Determine an interval in which a root is present. 

 

2. Compute the function value in the middle of this interval. 

 

3. If this value is sufficiently close to the desired value, return the value and stop iterating. 

 

4. If not, check if the value is too high or too low and adjust the interval accordingly. 

 

5. Repeat. 
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This method was chosen for its simplicity and because the accuracy of the outcome can be chosen by 

the user. The runtime of the model can be tuned by reducing the accuracy while still obtaining 

reasonable results. The algorithm is explained in more detail below. 

3.2.5.1.1 Determining the interval 

The amount of water to be adsorbed is expressed as a fraction of the water vapor concentration in 

the air, indicated with parameter 𝑎, which is called the adsorption coefficient. This is a parameter 

with a value between 1 and -1, where a value of 1 indicates that all water available in the air will be 

adsorbed and a value of 0 indicates no water is adsorbed. A negative value for  𝑎 indicates that water 

is desorbed from the zeolite. The maximum amount of water that can be desorbed in the current 

model is the amount needed to double the old water vapor concentration in air. The value for 𝑎 

corresponding to this is -1. 

3.2.5.1.2 Computing the equilibrium loading 

For the first iteration a value of 0 is used for 𝑎. As mentioned above, this corresponds to the situation 

where no water is adsorbed this time step. The new equilibrium loading is then computed by first 

determining the new water vapor concentration and temperature, which change due to the 

adsorption, but also due to convection and advection. For this process, the same method as in the 

equilibrium model is applied. The zeolite loading is also updated due to the adsorption (this value is 

thus unchanged in the first iteration). All the values computed in this step are stored as temporary 

variables. 

3.2.5.1.3 Checking if equilibrium is reached 

The new loading and equilibrium loading are then compared to each other. If the difference between 

the two is smaller than a certain threshold 𝑑, chosen by the user, the system is sufficiently close to 

equilibrium and the suggested adsorption is accepted. The new concentration, temperature, loading, 

and equilibrium loading are then set equal to the values of the corresponding temporary variables 

computed in step 2 of the iteration. 

3.2.5.1.4 Adjusting the interval 

In case the difference between the loading and the equilibrium loading is larger than the desired 

threshold, the suggested adsorption is not accepted and the interval for the adsorption coefficient 𝑎 

is adjusted. The interval used for the previous iteration is cut in half. In case the zeolite loading after 

the previous iteration is smaller than the equilibrium loading, more water has to be adsorbed and the 

interval for 𝑎 is changed to the half of the previous interval with the larger values for 𝑎. If less water 

has to be adsorbed (the new loading is larger than the equilibrium loading), the other half, with the 

smaller values for 𝑎 is chosen as the new interval. 

3.2.5.1.5 Repeat 

This process is repeated until the right amount of water to be adsorbed is obtained. The user can 

implement a maximum number of iterations 𝑔 to ensure that the solver will not get stuck when no 

equilibrium can be found in the interval chosen in step 1. When the maximum number of iterations is 

reached, the new concentration, temperature, loading, and equilibrium loading are set equal to the 

values of the corresponding temporary variables computed in the final iteration. A downside to 

implementing a maximum number of iterations is that in some cases the desired threshold for 

equilibrium is not met. This can result in instabilities. 
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Figure 18: A graphical illustration of the bisection method, where the interval is reduced each iteration to approach the 
root of a function F(x). In this figure, the red dot is the root, and the other dots are the guesses made by the solver. 
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3.2.5.2 Model evaluation 

To understand the way the zeolite is loaded according to this model, the equilibrium loading and the 

actual loading of a segment can be compared to each other over time. If the model works as 

intended, these two quantities should not have large differences. Further, since the value of the 

equilibrium loading is determined by the temperature and the water vapor concentration in a certain 

segment, it is useful to compare these quantities as well. 

Figure 19 shows the zeolite loading and the equilibrium loading compared to the water vapor 

concentration and temperature in the first segment during the first 6 seconds of simulation. In this 

time interval, the water vapor concentration is low, indicating that almost all water is adsorbed into 

the zeolite. This explains the negligible changes in the zeolite loading rate. In this interval of water 

vapor concentrations, the equilibrium loading is very sensitive to variations in the water vapor 

concentration. Consequently, the behavior of the equilibrium loading is dominated by the water 

vapor concentration development. The equilibrium loading in the first segment is decreasing over the 

first three seconds while the water vapor concentration remains constant during this time. This 

decrease is caused by an increase of the temperature due to the adsorption of water. 

  

Figure 19: The zeolite loading and equilibrium loading compared to the water vapor concentration and temperature for 
the first 6 seconds of simulation in the first segment. For the first 3 seconds, the water vapor concentration is at its 
minimum, resulting in a mismatch between the equilibrium loading and the actual loading. This mismatch quickly 
dissolves as the water vapor concentration increases. The decrease of the equilibrium loading during the first 3 seconds 
is caused by the increase in temperature due to from water adsorption. In this simulation air with a temperature of 21 °C 
and a vapor pressure of 12.4 mbar was flowing in at a rate of 5 L/min. 

Note that the water vapor concentration follows a stepwise increase. This is caused by the finite 

accuracy of the root finder implemented in the model, which allows for discrete values of water 

vapor to be adsorbed into the zeolite. This accuracy is governed by the threshold for equilibrium and 

the maximum allowed number of iterations. In the simulation of figure 19 a maximum of 20 

iterations was allowed. In the first segment of the reactor the water vapor after a convection step is 

always equal to the water vapor concentration at the inlet, which is equal to 0.5070 mol/m3 for the 

situation shown in figure 19.  Since each iteration can only cut the interval for equilibrium in half, it is 

not possible for all supplied water to be adsorbed. 
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The minimum amount of water remaining in a segment is equal to 

𝑐𝑚𝑖𝑛 = 𝑐𝑖𝑛 ∙ (
1

2
)
𝑔
,                                                                    [51] 

where 𝑐𝑖𝑛 is the amount of water supplied that time step, and g is the maximum number of 

iterations. For the segment in figure 19 the minimum value of the water vapor concentration is then 

𝑐𝑚𝑖𝑛 = 0.5070 ∙ (
1

2
)
20
≈ 4.8 ∙ 10−7𝑚𝑜𝑙

𝑚3⁄ , 

which is the water vapor concentration in the first segment during the first 3 seconds. After this 

period, the equilibrium loading of the segment dips underneath the actual loading. This does not 

immediately result in a change in the adsorption rate since only discrete adsorption rates are allowed 

by the model and changing to a different adsorption rate would result in an even larger difference 

between the equilibrium loading and the actual loading. 

Note that as the water vapor concentration in the segment increases, the response of the 

equilibrium loading on variations in the water vapor concentration decreases. This results in a 

decrease in differences between the equilibrium loading and the zeolite loading. To illustrate this, 

figure 20 shows the zeolite loading and the equilibrium loading compared to the water vapor 

concentration in the first segment during the time interval in which the segment is loaded to its final 

amount. From this figure it becomes clear that the mismatch during the first 3 seconds has a 

negligible effect on the loading behavior on the long term. 

 

Figure 20: The zeolite loading and equilibrium loading compared to the water vapor concentration for the first 100 
seconds of simulation in the first segment. During this time, the segment is fully loaded. The mismatch from figure 18 is 
still visible here, though its effect seems negligible in the long run. In this simulation air with a temperature of 21 °C and 
a vapor pressure of 12.4 mbar was flowing in at a rate of 5 L/min.  
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3.2.5.2.1 Influence of equilibrium threshold 

Figure 21 shows the distribution of the iterations needed per time step for each segment in a typical 

simulation for different threshold values. The parameter 𝑑 gives the allowed deviation from the 

maximum loading in this figure. From this figure it becomes clear that for a smaller threshold value, 

more iterations are needed to find equilibrium in the critical situations, although most of the time 

(around 87% of the steps) just one iteration is necessary to find equilibrium. This is to be expected 

from a hydration process with a sharp reaction front, since most segments are either in their initial 

(dry) or in their final (wet) situation. Just a small fraction of all segments is located in the reaction 

front, where water is adsorbed into the zeolite. In the model, the first guess is always to adsorb no 

water at all. In case the segment is already in equilibrium and the conditions in the segment remain 

constant, or change by a negligible amount, the equilibrium prevails and just one iteration is needed 

to verify this. 

 

Figure 21: The distribution of the number of iterations needed to find equilibrium for different threshold values. In most 
cases (around 87%), the system is already in equilibrium, meaning no water needs to be adsorbed.  In these cases, just 
one iteration is needed to verify this equilibrium. For a smaller threshold value, more iterations are needed to find 
equilibrium in the critical situations, where water adsorption is needed. In the simulation used to produce this figure, air 
with a temperature of 21 °C and a vapor pressure of 12.4 mbar was flowing in at a rate of 5 L/min. 

3.2.5.2.2 Temperature oscillations 

Oscillations in the temperature similar to those in the temperature advection model occur in this 

model as well. This is illustrated in figure 22, which shows the temperature and the loading of the 

first 3 segments in the reactor over time. From this figure it becomes clear that the oscillations are 

caused by the same phenomenon as in the temperature advection model, where the second 

segment starts adsorbing water before the first one is cooled down. The magnitude of the 

oscillations is smaller in this model, as the transition between segments is smoother in this model. 

From figure 22 it becomes clear that the adsorption rate decreases when a segment is almost fully 

loaded. For the first segment the supply of water remains constant due to the boundary conditions. 

The reduction in the adsorption rate must therefore be the result of the high temperature in the 

segment. This limits the adsorption rate since the segment has to cool down before more water can 

be adsorbed. This allows for water to be transported past the first segment and be adsorbed in the 

second, resulting in a more gradual start of the adsorption process there. 
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Figure 22: The temperature and loading of the first 3 segments in the reactor over time. The loading process is smoother 
than that in the previous model, and although the temperature still shows oscillations over time, the magnitude of these 
oscillations is smaller in this model. In this simulation air with a temperature of 21 °C and a vapor pressure of 12.4 mbar 
was flowing in at a rate of 5 L/min. 
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3.2.5.2.3 Influence of discretization size 

Just as in the temperature advection model, the oscillations in the temperature profiles are affected 

by the discretization size (see figure 23). The number of oscillations is directly related to the number 

of segments before the segment of interest. To further investigate the influence of the discretization 

size on the system behavior in simulation, figure 24 shows the loading profiles for different 

discretization sizes 2 hours after the start of the hydration process. From this figure it immediately 

becomes clear that the front width strongly depends on the segment width. Just like in the previous 

models, the hydration front becomes sharper as the segment size decreases. Even though it is clear 

that the hydration front is spread out over more segments than in the previous models, this behavior 

is still greatly affecting the reliability of the obtained hydration fronts, making it hard to draw any 

conclusions from them. 

 

Figure 23: The temperature profiles in the middle of the reactor resulting from the instant equilibrium model for 
different discretization sizes. In these simulations air with a temperature of 21 °C and vapor pressure of 12,4 mbar was 
flowing in with a flow rate of 5 L/min. 

 

Figure 24: The loading profiles in the reactor 2 hours after the start of the hydration process. The figure is zoomed in on 
the hydration front so that the dependency of the width of this front on the discretization size becomes visible. In this 
simulation air with a temperature of 21 °C and a vapor pressure of 12.4 mbar was flowing in at a rate of 5 L/min. The 
reaction front is traveling from left to right (indicated by the arrow). For a smaller segment size (more segments) the 
front becomes sharper. 
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4. Results 
In this section, the simulation results of the models are compared to the experimental results 

obtained by Raemaekers. The aim of these comparisons is to investigate the validity of the 

assumptions made for each model. In his study, Raemaekers investigated the influence of the vapor 

pressure and the flow rate of the air on the air temperature and adsorption behavior in the reactor. 

An attempt is made to reproduce the most dominant figures, like the ones in figures 25 and 26, from 

his study using the models. The first model (simple convection) is not included in this section, since it 

has insufficient resemblance to the system of interest. 

 

Figure 25: Figures from Reamaekers study on the influence of the vapor pressure and the flow rate on the adsorption 
behavior in the reactor. The figures show the temperature of the air in the reactor over time under different 
circumstances. In this section of the report an attempt is made to reproduce these figures. The dashed lines show the 
maximum temperatures reached in the reactor for these situations. 

 

Figure 26: The loading profiles in the reactor measured by Raemaekers. In this figure the formation of reaction fronts 
with a specific shape and velocity, depending on the conditions at the inlet. In this experiment air with a temperature of 
20 °C and a vapor pressure of 12.4 mbar was flowing in at a rate of 1 L/min. One aim of this report is to explain the shape 
and velocity of the reaction fronts that are formed in the reactor during the hydration experiment. The hydration fronts 
in this figure are traveling from right to left (indicated by the arrow).  
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4.1 Isothermal adsorption model 

4.1.1 Influence of flow rate 
From the mathematical model a linear correlation between the front velocity and the inflow rate of 

the air was obtained. This correlation can be tested in the model by looking at the movement of the 

front position in the reactor over time for different flow rates. The reaction front in the model is 

considered to have passed a segment once that segment is fully loaded. By determining the times at 

which this happens for each segment, the movement of the front position in the model can be 

plotted against time. These plots are shown for different flow rates in figure 27. In this figure, the 

solid lines show the movement of the reaction front obtained from the numerical model, while the 

dots show the behavior as expected from the mathematical model. There is good agreement 

between the numerical- and the mathematical model since all dots lie on the corresponding line. 

From figure 27 it becomes clear that for a larger flow rate, the front velocity is also larger. To test if 

this relation is linear, all front positions are scaled on their corresponding flow rate (see figure 28). 

After this scaling, all data points lie on the same line, indicating that the linear relation obtained in 

the mathematical model (equation 15) can indeed be used to determine the front velocity emerging 

from this numerical model. 

 

Figure 27: The front position in the reactor over time for different flow rates. The solid lines show the data from the 
numerical model, while the dots show the front movement according to the mathematical model. The two are in good 
agreement. In the simulations for this figure, air with a temperature of 21 °C and an RH of 80% was used at the inflow. 

 

Figure 28: When scaling the front positions in figure 27 on their corresponding flow rates, the linear correlation between 
the front velocity and the inflow rate of the air becomes visible. 
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4.1.2 Influence of relative humidity 
To investigate the relation between the relative humidity of the inflowing air and the front velocity in 

the reactor, the same approach as for the flow rate is used. The front position from both the 

numerical- and the mathematical model are plotted against time for different RH (see figure 29). As 

in the previous figure, the solid lines show the data from the numerical model, while the dots show 

the expected trend from the mathematical model. Once again, the two are in good agreement. 

The front positions in figure 29 are scaled on their corresponding RH to test for a linear correlation 

(see figure 30). From the scaled graphs it becomes clear that the relation between the front velocity 

and the RH is almost linear. The deviation from linearity here is due to the influence of the RH on the 

equilibrium loading of zeolite. When the surrounding air is more humid, more water can be adsorbed 

into the zeolite. This implies that it takes longer for a segment to reach its final loading resulting in a 

slightly slower hydration front. 

 

Figure 29: The front position in the reactor over time for different RH The solid lines show the data from the numerical 
model, while the dots show the front movement according to the mathematical model. The two are in good agreement. 
In the simulations for this figure, air with a temperature of 21 °C was flowing in at a rate of 8 L/min. 

 
Figure 30: The graphs from figure 29, scaled on their corresponding RH. The relation between the front velocity and the 
RH is almost linear, since the data converges almost to a straight line. The deviation from linearity can be explained by 
the influence of the RH on the equilibrium loading. For a larger RH, more water can be adsorbed into the zeolite, 
resulting in a slower hydration front.   
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4.1.3 Experimental data 
To front velocities obtained from the isothermal adsorption model can be compared to the front 

velocities from experiment. The latter has been determined from the hydration profiles measured by 

Raemaekers for several different conditions in the reactor. This was done by mapping the position of 

the hydration front over time and making a linear fit through this data. In this approach, the 

hydration front was assumed to be located at the position where the zeolite loading was 10 mol/kg. 

This process is illustrated in figure 31, where the black line indicates the loading threshold for 

determining the front position. 

 

Figure 31: An illustration of the process for determining the front velocity from experiment. The figure on the left shows 
the threshold value to determine where the hydration front is located (black line). In this figure, the hydration front is 
traveling from right to left (indicated by the arrow). The figure on the right shows the displacement of this front over 
time, with a linear fit to determine the front velocity. Note that the displacement of the front happens in discrete steps 
due to the discrete measurement locations in the experiment. The front position here is measured from the right end of 
the reactor, where the air is flowing in. 

From the comparison between the numerically- and experimentally obtained front velocities (see 

figure 32), it becomes clear that in experiment, the hydration front moves significantly faster than is 

expected from the model. In the numerical model it is assumed that the zeolite is initially completely 

dry, and is loaded to its theoretical maximum. In reality though, there is already some water present 

in the zeolite, thus less water has to be adsorbed into the zeolite before the hydration front can 

move on. 

 

Figure 32: A comparison between the experimentally- and numerically obtained front velocity. It is clear that the front 
velocities from experiment are significantly higher than those from the model. This can be caused by the assumption in 
the model that the zeolite starts out completely dry. 
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4.2 Thermal advection model 
The temperature advection model is based on the assumption that the adsorption process is only 

limited by the supply of water through the convection of water vapor in air. More specifically, the 

changes in temperature are just a result of the heat that is released from the adsorption of water 

into zeolite. The effect of the temperature on the equilibrium loading is not included in this model. 

The resulting hydration profiles are thus exactly the same as those obtained from the isothermal 

adsorption model (see figure 13), which show a sharp reaction front travelling through the reactor.  

For the analyzation of the results from the temperature advection model, the focus is on the 

temperature profiles (see figure 33). The most notable similarities and differences between the 

experimentally- and numerically obtained temperature profiles are discussed. The differences 

between the model and experiment are the result of the simplifications used in the model. The goal 

here is to gain more insight in the effect of each simplification on the system behavior. 

 
Figure 33: The temperature over time in the middle of the reactor for different vapor pressures (left) and flow rates 
(right). Both figures are the result of a simulation with air of 21 °C flowing into the reactor. For the figure on the left this 
air had a constant flow rate of 5 L/min. For the figure on the right the inflowing air had a constant vapor pressure of 12.4 
mbar. Raemaekers performed experiments under the same conditions. The temperature profiles from these experiments 
are shown in figure 25. The dashed lines in these figures show the temperatures for these situations from experiment. 

4.2.1 Similarities 
From the isothermal adsorption model, the reaction rate was found to scale (almost) linearly on both 

the flow rate and the vapor pressure. This correlation is also visible in the temperature profiles in the 

reactor obtained from simulation (figure 33). For a smaller vapor pressure, the reaction takes longer 

to finish, resulting in a broader temperature profile. Similarly, broader temperature profiles emerge 

for a lower flow rate. The same trend is observed in the experimentally obtained temperature plots           

(figure 25). 

As derived in the mathematical model (equation 31), a higher temperature is reached in the reactor 

for a larger vapor pressure at the inflow, while the flow rate does not affect the magnitude of the 

temperature. For the temperature to stabilize, a balance between heat release from adsorption and 

heat dissipation though advection has to be formed. Since the flow rate affects the adsorption and 

the advection rate in the same way, the temperature at which this balance occurs is not affected by 

the flow rate. For higher vapor pressures, more water is adsorbed into the zeolite each second, 

thereby releasing more heat. Because the vapor pressure has no direct impact on the advection rate, 

the temperature is allowed to increase further before stabilizing. A similar trend becomes visible 

from the experimental data. 
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4.2.2 Differences 
A difference between the numerical and experimental results is the magnitude of the maximum 

temperature. The dashed lines in figures 25 and 33 show the maximum temperature in the reactor 

from experiment for the different circumstances. Especially for the higher vapor pressure situations, 

the temperatures from simulation are lower than those from experiment. 

This is probably caused by the homogenization of the reactor and the assumption of thermal 

equilibrium within each segment at all times. In reality, when water is adsorbed into the zeolite, the 

zeolite heats up first. It takes time for this heat to be transferred to the air and be dissipated through 

advection. In the model, this effect is completely ignored, and the heat produced from adsorption is 

instantly distributed homogeneously over the zeolite and the air, speeding up the advection process. 

This results in lower temperatures in the reactor. 

An exception to this trend is the case with a flow rate of 1 L/min (figures 25 and 33). For this 

situation, the temperatures measured in experiment are lower than the ones computed in 

simulation. This can be explained by the heat loss at the wall, which is not included in the model. For 

sufficiently large flow rates the heat loss at the wall seems to play a negligible role, since heat 

advection dominates in that case. For lower flow rates, other forms of heat dissipation become more 

significant. 

The faster heat advection in the model also has an effect on the shape of the temperature curves. As 

mentioned before in section 3.2.4.1, these curves seem to approach block functions with steep edges 

in the model. This means the air in the reactor heats up and cools down fast. The temperature 

profiles from experiment show a more gentle slope. This also can be explained by the neglection of 

the heat transfer between the air and the zeolite in the model. 
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4.3 Instant equilibrium model 

4.3.1 Hydration fronts 
Figure 34 shows the loading profiles over time from a simulation with the instant equilibrium model 

compared to the experimentally obtained profiles for the same situation. In these figures, the time 

between profiles is 600 seconds. It is clear that the model is not successful in reproducing the loading 

profiles from experiment. Though both figures show a reaction front travelling through the reactor, 

there are significant differences regarding both the shape and the velocity of the fronts. 

In section 3.2.5.2.3 the influence of the discretization size on the front width was discussed. Since the 

width of the hydration fronts is directly related to the segment size (a parameter that can be chosen 

by the user), the resulting front widths are unreliable, making it hard to draw any conclusions from 

them. 

 

Figure 34: The loading profiles from simulation (left) and experiment for a hydration process under the same conditions. 
In both air with a temperature of 21 °C and a vapor pressure of 12.4 mbar was flowing in at a rate of 2 L/min. The time 
between subsequent profiles is 600 s in both cases, with the reaction front moving from left to right (indicated by the 
arrows). It is clear that the model is not able to reproduce the loading profiles as measured in experiment. The hydration 
fronts in both figures are traveling from left to right (indicated by the arrows). 

A difference that can be discussed here is the mismatch in the maximum loading for simulation and 

experiment. In simulation, a maximum loading of almost 20 mol/kg is reached, while in experiment, 

the zeolite seems to be fully hydrated at around 17 mol/kg. Since zeolite starts adsorbing water at 

room conditions, it is difficult to measure its dry mass. In determining the zeolite loading from the 

experimental data, the mass of the zeolite at the start of the experiment was used as the dry mass. 

From figure 34 it is clear that there is already some water present in the zeolite at the start, resulting 

in an inaccuracy in determining the actual zeolite loading from the data. On the other hand, the 

equilibrium loading in simulation was determined using the Dubinin-Astakhov equation, which is 

merely an approximation of the actual equilibrium loading. 

Another difference is the velocity of the fronts, which, like in the previous models, moves slower 

than in experiment (see figure 35). The difference in equilibrium loading has a contribution to this, 

since in simulation more water needs to be stored in the zeolite, thereby increasing the time it takes 

to fill a segment. However, this contribution alone is not enough to explain the large difference 

between the experimental and numerical results. Another possible contribution comes from the 

inaccuracy in the determination of the bed porosity in simulation, which is assumed to be constant. 

In reality, the bed porosity varies in radial direction, causing effects like channeling [11], where the 

air flows faster at the edges of the reactor. Further, the bed porosity used in the model is that of a 

dense packing of zeolite beads with the same diameter as the ones in the experiments. A less dens 

packing may result in a higher bed porosity, increasing the front velocity (see equation 15). 
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Figure 35: A comparison between the experimentally- and numerically obtained front velocity. It is clear that the front 
velocities from experiment are (again) significantly higher than those from the model. 

4.3.2 Temperature profiles 
The temperature profiles resulting from the instant equilibrium model are similar to those from the 

thermal advection model. They resemble block functions with large temperature gradients at the 

edges (see figure 36). The magnitude of the temperatures in simulation is lower than those 

measured in experiment, especially for large vapor pressures. This might be caused by a limitation on 

heat dissipation – like the heat transport through the zeolite beads – that is not included in the 

model. Another possible explanation for the higher temperatures in experiment is the larger front 

velocity measured there. If the water is adsorbed at a higher rate, more heat is released each second, 

resulting in a higher equilibrium temperature. 

 

Figure 36: The temperature over time in the middle of the reactor for different vapor pressures (left) and flow rates 
(right). Both figures are the result of a simulation with air of 21 °C flowing into the reactor. For the figure on the left this 
air had a constant flow rate of 5 L/min. For the figure on the right the inflowing air had a constant vapor pressure of 12.4 
mbar. The dashed lines in these figures show the temperatures for these situations from experiment. 
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4.4 Overview 
To gain more insight in the differences between the model versions, the resulting profiles from each 

model can be compared to each other. A comparison is made between the thermal advection model 

and the instant equilibrium model, since the loading profiles of the isothermal adsorption model are 

identical to those of the thermal advection model. Figure 37 shows the loading profiles after 1 hour 

and the loading over time in the middle of the reactor for the thermal advection model and the 

instant equilibrium model. From this figure it becomes clear that the loading profiles of the two 

models are almost identical. 

A difference in the adsorption behavior can be observed when looking at the loading of an individual 

segment over time. In the thermal advection model, the segments are loaded one after the other, 

which results in a constant adsorption rate during the loading process. In the instant equilibrium 

model, the adsorption curve is smoother. The adsorption rate is gradually increased at the start of 

the loading process and slows down again once the segment is almost fully loaded. 

  

Figure 37: A comparison of the adsorption behavior of the thermal advection model and the instant equilibrium model. 
The figure on the left shows the loading profiles in the reactor after 1 hour. The profiles are almost identical. Note that 
the position of the reaction front in the reactor is identical, indicating that the front velocities of the models are equal. 
The figure on the right shows the loading of one segment over time. From this figure it becomes clear that in the instant 
equilibrium model, the loading process is smoother. In both simulations air with a temperature of 21 °C and a vapor 
pressure of 12.4 mbar was flowing in at a rate of 5 L/min. 

The most notable difference between the models is the temperature development in the reactor 

(see figure 38). Although the profiles look similar, the smoother loading process of the instant 

equilibrium model significantly reduces the magnitude of the temperature oscillations. This 

comparison shows the sensitivity of the temperature on the adsorption rate. Apart from the 

oscillations, both models seem to converge to the same reactor temperature. 
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Figure 38: A comparison between the temperature profiles of the thermal advection model and the instant equilibrium 
model. The profiles look similar, though the magnitude of the oscillations in the profiles is significantly lower for the 
instant equilibrium model. In both simulations air with a temperature of 21 °C and a vapor pressure of 12.4 mbar was 
flowing in at a rate of 5 L/min. 
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5. Material and methods 

5.1 Estimation of adsorption kinetics influence 
The adsorption kinetics of the system is governed by the equilibrium loading and the diffusion 

coefficient of water in zeolite 13X. While the equilibrium loading gives the maximum amount of 

water that can be adsorbed into the zeolite under certain conditions, the diffusion coefficient 

determines the rate at which this happens. The value of the diffusion coefficient of water in zeolite 

13X was not found in literature, so it needs to be determined experimentally. For this purpose 

measurements are performed on the hydration of a zeolite pill to investigate how fast the water is 

adsorbed into the zeolite. These measurements are first used to give and estimation on the influence 

of the adsorption kinetics on the adsorption rate. After that an approximation of the diffusion 

coefficient is obtained from the experimental data. 

5.1.1 Experimental setup 
The experimental setup is illustrated in figure 39. Its main components are a sample holder (which 

consists of an air reservoir and a zeolite pill), an NMR and an air flow controller. The zeolite pill is 

enclosed from all sides except the top surface, which is in contact with the air reservoir. The water 

from the moist air in the reservoir diffuses into the zeolite in vertical direction. Since this diffusion is 

directed primarily in vertical direction and the zeolite pill (cylindrical) has radial symmetry this 

process is considered as 1D. 

The sample holder is placed in an NMR to measure hydration profiles of the zeolite pill along its 

length. These hydration profiles can then be used to draw conclusions about the type of diffusion 

and the diffusion rate. To investigate the effect of the RH of the air around the zeolite, 

measurements are done for different RH values of the air in the reservoir. 

 

Figure 39: A schematic overview of the experimental setup used for measuring the hydration profiles of a zeolite pill 
during the diffusion process. The top of the pill is placed in contact with an air reservoir which is kept at constant 
temperature and RH by an air flow controller. The hydration profiles over the length of the pill are then measured using 
Nuclear Magnetic Resonance. 

  



51 
 

5.1.1.1 Sample holder 

Figure 40 shows a schematic overview of the sample holder. The sample holder is cylindrical, and 

closed from all sides except the top, where air is allowed to flow in- and out. The sample holder is 

made out of Teflon (see figure 41). The inside of the sample holder contains two sections: an air 

reservoir and a zeolite pill. The two sections are in direct contact with each other. Water vapor from 

the air can diffuse into the zeolite pill. This process extracts water from the air in the reservoir, so this 

air is continuously refreshed with air from the air flow controller (with fixed RH). This creates motion 

in the air, which is assumed to have a negligible effect on the diffusion process. 

 

Figure 40: A schematic overview of the sample holder used in this experiment. The sample holder is closed from all sides 
except the top, where air is allowed to flow in- and out of the air reservoir for maintaining a constant RH. A zeolite pill is 
placed inside the sample holder, with the top surface of the pill in contact with the air reservoir. This allows for water 
diffusion into the zeolite in vertical direction. 

           

Figure 41: The sample holder used for the experiment. The picture on the left shows the tube through which the air is 
supplied. Small holes in the lid of the sample holder allow air to flow out. The picture on the right shows the zeolite pill 
that is placed in the sample holder. The sample holder is closed at the bottom, so no air can flow through the zeolite pill. 
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5.1.1.2 Constant RH assumption 

The RH of the air in the reservoir is assumed to be constant since it is constantly refreshed with air 
from the air flow controller. To validate this assumption the typical amount of water extracted from 
the air by adsorption is compared to the amount of water supplied by the air flow controller. The 
data from an experiment with an RH of 80% was used for this. 

Figure 42 shows the total amount of water in the zeolite for this experiment plotted against time. 
From this figure it becomes clear that the loading rate is highest at the start of the experiment. A 
linear fit was made to the data of the first 5 minutes of adsorption to obtain an estimation of the 
average adsorption rate in this time: 

(
∆𝑁

∆𝑡
)
𝑎𝑑𝑠

= 2,2 ∙ 10−6𝑚𝑜𝑙 𝑠⁄  

In this experiment, air with an RH of 80% at a temperature of 21°C was supplied with a flow rate of 
10 L/min. The rate at which water is flowing into the air reservoir is then equal to: 

(
∆𝑁

∆𝑡
)
𝑖𝑛
= 𝑄 ∙ 𝑐.                                                                      [52] 

The water vapor concentration 𝑐 can be determined from the RH and the temperature of the 
inflowing air. The RH is defined as: 

𝑅𝐻 =
𝑝𝑤
𝑝0
∙ 100%,                                                                    [53] 

where 𝑝𝑤 is the water vapor pressure, and 𝑝0 the saturation vapor pressure, which can be calculated 

using the Antoine equation (equation 37). The water vapor concentration for a certain relative 

humidity can then be determined with the help of the ideal gas law: 

𝑐 =
𝑛𝑤
𝑉
=
𝑝𝑤
𝑅 𝑇

=
𝑅𝐻

100%
 
𝑝0
𝑅 𝑇

.                                                         [54] 

Combining equations 52 and 54 gives the following expression for the water inflow rate: 

(
∆𝑁

∆𝑡
)
𝑖𝑛
= 𝑄 ∙

𝑅𝐻

100%
 
𝑝0
𝑅 𝑇

.                                                            [55] 

Inserting the conditions of the experiment into this expression gives a value of: 

(
∆𝑁

∆𝑡
)
𝑖𝑛
= 1,3 ∙ 10−4𝑚𝑜𝑙 𝑠⁄ . 

So, about 1,6% of the amount of water flowing into the sample holder each second is adsorbed into 
the zeolite. Note that this fraction is determined for a time interval at which the adsorption rate was 
relatively high. Since even at this interval only a small fraction of the available water is adsorbed into 
the zeolite, the assumption of constant RH is considered to hold. 
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Figure 42: The total loading over time for a diffusion experiment with an RH of 80% in the air reservoir. A linear fit is 
made through the data of the first 5 minutes, where the adsorption rate is highest. This adsorption rate is then compared 
to the supply of water from the air flow controller to validate the assumption that the air in the reservoir has a constant 
RH. 

5.1.1.3 Constant temperature assumption 

While the adsorption of water into zeolite generates heat, the effect of this heat on the temperature 

in the sample holder is assumed to be negligible. To verify this assumption, a similar approach as for 

the constant RH assumption is used. The rate at which heat is generated during the adsorption 

process is compared against the rate at which it is dissipated by the air flow in the sample holder. 

The amount of heat generated each instant is directly related to the adsorption rate through the 

specific enthalpy of adsorption, as discussed in section 3.1.2: 

(
∆𝐸

∆𝑡
)
𝑎𝑑𝑠

= (
∆𝑁

∆𝑡
)
𝑎𝑑𝑠

∙ 𝛥𝐻.                                                             [56] 

For the estimation of the maximum heat production, the adsorption rate determined from figure 42 

for an experiment with an RH of 80% is used again. This adsorption rate corresponds to a heat 

generation of: 

(
∆𝐸

∆𝑡
)
𝑎𝑑𝑠

= 0,132 𝑊 

This heat can be dissipated through the air in the reservoir. The cooling power of the air is related to 

the temperature difference ∆𝑇 between the air flowing in and the air flowing out: 

(
∆𝐸

∆𝑡
)
𝑐𝑜𝑜𝑙

= 𝑄 𝜌𝑎𝑖𝑟𝐶𝑝,𝑎𝑖𝑟 ∆𝑇.                                                           [57] 

Assuming thermal equilibrium between the air and the zeolite, the temperature difference for 

equilibrium between heat dissipation and generation is given by: 

∆𝑇 =
(
∆𝐸
∆𝑡 )𝑎𝑑𝑠

𝑄 𝜌𝑎𝑖𝑟𝐶𝑝,𝑎𝑖𝑟
⁄ .                                                           [58] 

For a flow rate of 10 L/min, as in the experiment, this gives a negligible temperature increase of 

∆𝑇 = 0,7 ℃. 
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5.1.1.4 Pill pressing 

The zeolite pills are created by pressing zeolite 13X powder together in a mold using a hydraulic press 

(see figure 43). The diameter of the pills is equal to the inner diameter of the mold (18,2 mm). The 

height and density of a pill depend on the amount of powder used and the pressure at which the pill 

is pressed. The aim here is to obtain a zeolite pill with density as close as possible to that of the 

zeolite beads (1152 kg/m3). Unfortunately, due to mechanical limitations, this density could not be 

reached. The pills created for this report contain around 3 grams of powder. This powder was 

compressed with a force of 13,6 kN, resulting in pills with a height of around 11 mm and a density of 

approximately 920 kg/m3. 

The height of the pills is measured with a caliper. Since the pills are cylindrical, their volume can be 

determined from their height and diameter. The mass of the pill is measured by weighing it on a 

scale. Since zeolite adsorbs water from air at room conditions, the pill is dehydrated in vacuum, at a 

temperature of 180 °C before its mass is measured. This ensures that the determined mass is just 

that of the zeolite. This dry mass can then be divided by the volume of the pill to compute its density.  

             

Figure 43: The hydraulic press (left) and the zeolite 13X powder (right) used for pressing the pills. About 3 grams of the 
powder is placed in the mold (indicated in yellow) and compressed with a force of 13,6 kN. This results in pill with a 
density of around 920 kg/m

3
. 

  



55 
 

5.2 Determination of the diffusion coefficient 
The diffusion process of isothermal moisture transport through porous media in one dimension can 

be described with [12]: 

𝜕𝑞

𝜕𝑡
=
𝜕

𝜕𝑥
(𝐷𝑞

𝜕𝑞

𝜕𝑥
),                                                                    [59] 

with boundary conditions: 

𝑞 = 𝑞0 𝑓𝑜𝑟  𝑥 > 0, 𝑡 = 0
𝑞 = 𝑞𝑒𝑞 𝑎𝑡  𝑥 = 0, 𝑡 > 0

                                                              [60] 

Here 𝐷𝑞 is the diffusion coefficient of the material of interest [m2/s], which is assumed to depend on 

the loading of the material. Equation 60 is a partial differential equation, which is hard to solve. 

Applying the Boltzmann transformation: 

𝜆 ≡
𝑥

√𝑡
                                                                              [61] 

reduces equation 60 to an ordinary differential equation: 

−
1

2
𝜆 ∙
𝜕𝑞

𝜕𝜆
=
𝜕

𝜕𝜆
(𝐷𝑞

𝜕𝑞

𝜕𝜆
),                                                              [62] 

with boundary conditions: 

𝑞 = 𝑞𝑒𝑞 𝑎𝑡  𝜆 = 0

  𝑞 = 𝑞0 𝑓𝑜𝑟  𝜆 → ∞
                                                                  [63] 

This differential equation can be solved analytically for 𝐷𝑞: 

𝐷𝑞 = −
1

2

1

(
𝜕𝑞
𝜕𝜆
)
 ∫ 𝜆 𝑑𝑞′

𝑞

𝑞0

.                                                             [64] 

Now, the diffusion coefficient can be determined if an expression for 𝜆 as a function of 𝑞 can be 

obtained from the experimental data. 
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6. Experimental results 
Figure 44 shows the loading profiles from a hydration experiment with an RH of 20%. In this figure a 

hydration front similar to that in the reactor is travelling through the pill. The profiles that are plotted 

here have the same time interval between them (around 1.6 hours). The decreasing distance 

between adjacent profiles indicates a decreasing adsorption rate over time. This is clarified in         

figure 45, which shows the position of the hydration front relative to the top of the pill (where it is in 

contact with the humid air). 

 

Figure 44: The loading profiles over time for a hydration experiment with an RH of 20%. The time between each profile is 
around 1.6 hours. The narrowing of the gaps between adjacent profiles indicates that the hydration front is slowing 
down. 

 

Figure 45: The front position relative to the top of the zeolite pill over time for an experiment with an RH of 20% in the 
time interval where the hydration front has not yet reached the far end of the pill. The displacement of the front position 
from the data is not continuous here because of the discrete measurement points. Therefore a non-linear fit is made 
through the data to obtain an expression for the front displacement over time. Unlike in the packed bed reactor, the 
front velocity is not constant. 

To better map the displacement of the hydration front, a non-linear fit was made through the data. 

From this fit, the following expression for the position of the hydration front was obtained: 

𝑓𝑝 = 𝐴 ∙ 𝑡
(
1
𝐵
)
,                                                                         [65] 

with the values of A and B presented in table 1 for the 20% RH diffusion experiment. 
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Table 1: The values of the fit parameters for the displacement of the front position in the 20% RH experiment. 

A (2.07±0.06)·10
-5

 m/s
0.54 

B (1.84±0.01) 

With this expression, an estimation for the limiting rate of the adsorption kinetics can be made. Note 

that in this experiment 1D diffusion is measured, while in the packed bed reactor, the water is 

diffusing into spherical particles (in 3D). The hydration front in the spherical particles is expected to 

travel faster than the 1D hydration front, since in the spherical particles the volume that has to be 

hydrated decreases as the front approaches the center of the sphere. Due to lack of time a 

qualitative analysis on the exact difference in front velocities between the two situations was not 

possible, instead the 1D diffusion rate is used to estimate the limiting effect of the adsorption 

kinetics on the overall adsorption rate in the packed bed reactor. 

Figure 46 shows the displacement of the diffusion front in the 1D situation compared to the reaction 

front displacement in the reactor for a situation where the packed bed I hydrated by air with an RH 

of 20 % at different flow rates. The aim here is to get an estimation for the time it takes for the 

diffusion front to travel the radius of the zeolite beads (1.5 mm) and compare this to the time the 

reaction front in the reactor needs to travel this same distance. The assumption here is that the 

adsorption kinetics is a limiting factor if the diffusion front travels significantly slower than the 

reaction front. 

For the comparison, the reaction front velocity according to equation 15 is used. Note that this 

velocity scales on the flow rate. It is therefore expected that the limiting factor of the adsorption 

kinetics is more significant for larger flow rates. This expectation is confirmed by figure 46, which 

shows that for lower flow rates, the time difference between the two processes is smaller. For a flow 

rate of 1 L/min the 1D diffusion front is even faster to reach the 1.5 mm mark than the reaction front 

for this case, indicating that for this flow rate, the adsorption rate is barely limited by the adsorption 

kinetics. 

However, for larger flow rates than 3 L/min it seems like the diffusion front takes significantly longer 

than the reaction front to travel 1.5 mm, implying that the adsorption rate is limited by the 

adsorption kinetics in these cases. Note that when smaller beads are used in the reactor, this 

limitation is smaller. 

 

Figure 46: The displacement of the diffusion front position inside a zeolite particle compared to the reaction front 
displacement in the packed bed reactor. For larger flow rates, the diffusion front velocity starts to lack behind, thereby 
limiting the adsorption rate. 
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6.1 Determination of the diffusion coefficient 
Figure 47 shows the loading profiles from an experiment with an RH of 20%. Since the boundary 

conditions (equation 60) do not hold when the diffusion front is located near the edges of the pill, 

these profiles are removed. 

 

Figure 47: The loading profiles from a diffusion experiment with air with an RH of 20%. The figure on the left shows all 
the hydration profiles from the measurements, while the figure on the right shows the profiles that are used for the 
Boltzmann transformation. 

The Boltzmann transformation can now be applied on the profiles. The scaled data points are shown 

in figure 48. A nonlinear fit can be made through these scaled data points to obtain an expression for 

𝜆 as a function of 𝑞. The expression used for the fit shown in figure 48 is:  

𝜆(𝑞) = 𝑐 + (
𝑎 − 𝑞

𝑏
)
1
𝑛⁄

,                                                               [66] 

with the values of the fit parameters presented in table 2. The resulting diffusion coefficient as a 

function of the zeolite loading is plotted in figure 48. From this approximation for the diffusion 

coefficient it becomes clear that for higher loading, the diffusion coefficient rapidly increases. This 

happens when the zeolite loading is approximately 12 mol/kg. Because of the sensitivity of the 

determined diffusion coefficient on the exact expression of the nonlinear fit through the scaled data 

it is difficult to draw conclusions on the exact magnitude of the diffusion coefficient for high loading 

values. 

The rapid increase of the diffusion coefficient around a loading of 12 mol/kg seems to be in 

accordance with the diffusion profiles in figure 47. Once a loading of 12 mol/kg is reached, the 

moisture can travel more easily through the pill, resulting in a reaction front with a ‘height’ equal to 

that loading. The zeolite is loaded a little more, but this final stage in the loading process is 

significantly slower than for the first 12 mol/kg. 

Table 2: The values of the fit parameters for the expression of 𝝀 as a function of the loading 𝒒 (equation 66). 

a 14.5 mol kg⁄
 

b 9.7 ∙ 1076mol 𝑠
6

kg m12⁄  

c 3 ∙ 10−7m
√s
⁄  

n 12 
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Figure 48: The figure on the left shows the data points after the scaling. A nonlinear fit is made through the data to 
obtain an expression for λ as a function of the zeolite loading q. From this expression an approximation of the diffusion 
coefficient can be made. This approximation is shown in the figure on the right. From this expression it follows that the 
diffusion coefficient rapidly increases at a loading of around 12 mol/kg, which is in accordance with the observed 
behavior form the hydration profiles in figure 47. 
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7. Conclusions 
The goal of this study was to develop a model to predict the adsorption behavior during the 

hydration process in the zeolite 13X packed bed reactor. In particular the formation of the reaction 

fronts observed in experiment was of interest. The numerical results indeed show the formation of 

sharp reaction fronts and successful predictions were obtained for the trends of the front velocity 

and the temperature profiles in the reactor. 

Unfortunately, the reaction fronts produced by the model were much sharper than the ones 

obtained from experiment by Raemaekers. This indicates that some relevant effects are not included 

in the model. Further, the front width according to the model scales on the discretization size used in 

simulation. As the segment width is reduced, the reaction fronts become sharper. 

This difference in front shape is not caused by the diffusion of water vapor through air, which is 

negligible for flow rates larger than 1 L/min in this reactor. The different front shapes can partly be 

explained by the diffusion of water through the zeolite beads, which seems to have a significant 

limiting effect on the adsorption rate for flow rates larger than 3 L/min. This effect, however, is not 

the only cause of the differences. Other effects, like differences in the velocity profiles, are likely to 

also have an impact on this. 

The numerically obtained front velocities are in better agreement with the experimental data. 

Although the exact values are different, the dependency of the front velocity on the flow rate and 

vapor pressure was mathematically verified. The difference in magnitude of the front velocities can 

be explained primarily by the extent to which the zeolite is loaded. In the model, the zeolite is 

immediately loaded to its maximum value, while in reality the zeolite is loaded up to a lower amount, 

after which the adsorption rate slows down and more water is allowed to pass. This is in accordance 

with the approximation of the diffusion coefficient. 

The temperature profiles from simulation are a good first order approximation for the actual 

temperature profiles. The order of size of the temperatures reached in the reactor, as well as the 

general shape of the profiles, look similar to those obtained from experiment. More specifically, the 

dependency of the temperature profiles on the flow rate and the vapor pressure were reproduced by 

the models. The effect of heat dissipation through the wall seems to have a significant effect on the 

temperature in the reactor only for flow rates lower than 2 L/min. 

The steady state temperature reached in the reactor according to the models is lower than the one 

found in experiment. This is most likely caused by the limiting factor of heat transport through the 

zeolite beads, which is not included in the models. In the model thermal equilibrium is assumed 

between the zeolite and the air, which results in too fast heat dissipation. Further, the numerically 

obtained temperature profiles show oscillations, which are physically inaccurate. The magnitude of 

these oscillations is much smaller in the instant equilibrium model, giving this model preference over 

the thermal advection model. 

For the implementation of the reaction kinetics in the model, a more accurate determination of the 

diffusion coefficient is needed. The approach for the determination of this parameter seems to work, 

although a method for making a fit through the profiles after the Boltzmann transformation is 

necessary. In this report, an experiment with an RH of 20% was analyzed. For the implementation of 

the diffusion coefficient in the model, more experiments need to be performed to investigate the 

relation between the diffusion coefficient of zeolite 13X and the vapor pressure of the surrounding 

air. 
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8. Outlook 
For further research on this topic the model can be extended with the inclusion of the adsorption 

kinetics. In order to do so, a more accurate expression for the diffusion coefficient has to be obtained 

first. This expression can be found using the method described in this report, although a more 

consistent method for making the fit through the scaled profiles is recommended. Experiments have 

to be performed for different conditions in the reactor, since the diffusion coefficient is likely to 

depend on the temperature and the vapor pressure. 

Once this parameter is determined, the adsorption kinetics can be implemented through the linear 

driving force model. It is advised that a method is constructed for verifying the obtained diffusion 

coefficient before implementing it in the model. An expression for the effective LDF mass transfer 

coefficient 𝑘𝐿𝐷𝐹 as a function of the diffusion coefficient and the particle diameter was already 

obtained by Glueckauf in 1955 [14]. 

Another useful extension of the model is the inclusion of the momentum equation for the velocity. 

For the most impactful effects of velocity differences to be included, the model has to be extended 

to a 2D model or – even better – a 2D asymmetrical model. This allows for the inclusion of effects like 

channeling, caused by a lower bed porosity at the edges of the reactor. Packed bed reactors have a 

typical porosity profile that depends on the diameter of the particles in the reactor. By including 

these effects, a more meaningful numerical investigation on the influence of the particle size can be 

conducted. 

In this report only the hydration process was investigated. For a more complete picture on the 

system behavior, a model can be constructed for the dehydration reaction. In this model a similar 

approach as in the instant equilibrium model can be used, although the amount of water to be 

adsorbed or desorbed can no longer be expressed as a fraction of the water vapor concentration in 

this case. 

Finally, a more effective method for the numerical implementation can be investigated. The models 

constructed for this report are not very time efficient. Especially the instant equilibrium model 

requires a long run time for sufficiently accurate results. Optimizing the numerical procedures can 

greatly reduce the runtime and allow for more accurate results. 
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I. Appendix 

System parameters 
Table 3: The values of the system parameters used in simulation and for the evaluation of terms of the dimensionless 
conservation equations. Since simulations are run for different circumstances, some parameters (like the superficial air 
velocity) have a range of values. 

  
Parameter Value 

Superficial air velocity 𝑢  0.067 − 0.67 𝑚 𝑠⁄  

Water vapor concentration 𝑐0 0.1 − 1.0 𝑚𝑜𝑙
𝑚3⁄  

Reactor length 𝐿 45 𝑚𝑚 
Bed porosity 𝜀 [5] 0,35 

Zeolite density 𝜌𝑝 [5] 1152 
𝑘𝑔

𝑚3⁄  

Equilibrium loading 𝑞𝑒𝑞 [3,5] ~18 𝑚𝑜𝑙 𝑘𝑔⁄  

Diffusion coefficient of air 𝐷𝑧 [13] 3 ∙ 10−5  𝑚
2

𝑠⁄  

Thermal conductivity of the reactor 𝜆𝑧 [3,13] 2.3 ∙ 10−2  𝑊 𝑚 𝐾⁄  

Air density 𝜌𝑔 [13] 1.2 
𝑘𝑔

𝑚3⁄  

Air specific heat capacity 𝐶𝑝,𝑔 [13] 103  
𝐽
𝑘𝑔 𝐾⁄   

Average volumetric heat capacity 𝜌𝐶𝑝̅̅ ̅̅ ̅ [5,13] 1.5 ∙ 106  
𝐽
𝑚3 𝐾
⁄  

Specific heat of adsorption ∆𝐻 [5] 6 ∙ 104  𝐽 𝑚𝑜𝑙⁄  

Tube diameter 𝑑 3 𝑐𝑚 

Water density 𝜌𝑤 (at 20 °C) [13] 998.19 
𝑘𝑔

𝑚3⁄  

Water molar mass 𝑀𝑤 [13] 18 
𝑔
𝑚𝑜𝑙⁄  

Gas constant 𝑅 [13] 8.3145 𝐽 𝑚𝑜𝑙 𝐾⁄  

Water specific gas constant 𝑅𝑤 [13] 461.52 𝐽 𝑘𝑔 𝐾⁄  

Maximum adsorption volume 𝑊0 [3] 3.4103 ∙ 10−4  𝑚
3

𝑘𝑔⁄  

Characteristic energy 𝐸 [3] 1192.3 𝐽 𝑔⁄  

Heterogeneity factor of the micropore size 
distribution 𝑛 [3] 

1.55 
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Gradient calibration 
The gradient can be used to measure hydration profiles of a sample at different heights without 

having to move the sample. By applying a gradient the Larmor frequency differs linearly in vertical 

direction. This means that when a peak is measured at a certain frequency, the position of that peak 

in the frequency spectrum is directly related to a position in the NMR. This relation is given by: 

∆𝑥 =
∆𝑓

𝐺 𝛾
,                                                                           [67] 

Where ∆𝑥 is the position relative to the middle, ∆𝑓 is the difference in frequency relative to the 

Larmor frequency, 𝐺 is the applied magnetic field and 𝛾 is the gyromagnetic ratio, which is a 

constant. So, the relation between ∆𝑓 and ∆𝑥 depends on the magnitude of the gradient 𝐺. The 

gradient is linearly related to the gradient number 𝑁, which is an input parameter: 

𝐺 = 𝑎 𝑁,                                                                             [68] 

where 𝑎 is a constant. To determine the value of 𝑎 Hahn spin echo measurements with a gradient 

are done on a calibration sample with compartments filled with CuSO4 separated by rubber valves 

(see figure 49). The resulting spectra contain periodic peaks at certain locations in the frequency 

spectrum, corresponding to the CuSO4 compartments. The distance between the peaks varies for 

different gradient numbers. Figure 49 shows a plot of the relation between the peak distance and the 

gradient number.   

 

Figure 49: The gradient number against the peak distance. A linear fit is made to the data.  

Since the relation between ∆𝑓 and 𝑁 is given by 

𝑁 =
∆𝑓

𝑎 ∆𝑥 𝛾
,                                                                         [69] 

the value of 𝑎 can be obtained from the slope of the linear fit, provided that ∆x and γ are known. The 

values of ∆x and γ are presented in table 4 together with the value of the slope of the fit in figure 49. 

The obtained value for a is 0.10867, resulting in the following relation between ∆𝑓 and ∆𝑥: 

∆𝑓

∆𝑥
= 𝑁 ∙ 4.627 ∙ 10−3  𝑀𝐻𝑧 𝑚𝑚⁄                                                       [70] 
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Table 4: The values for ∆𝒙, 𝜸, and the slope of the fit shown in figure 49. 

∆𝑥 4 𝑚𝑚 

𝛾 42.577478 𝑀𝐻𝑧 𝑇⁄  

𝑠𝑙𝑜𝑝𝑒 0.054 𝑘𝐻𝑧−1 

 


