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   Abstract: Thermochemical energy storage is one of the process 
which is capable of both short term and long term energy storage. 
Incorporating this storage method with solar energy is important 
when we considering seasonal or long term thermal energy 
storage. Thermochemical energy storage uses chemical reactions 
to store and release the energy. The charging or storage 
temperature of the thermochemical material (TCM), porosity of 
the reactor bed, concentration of reactants etc. are some of the 
important factors which affects the storage and release of the 
energy of a TCM. In this work we investigate the energy release 
from MgSO4 by modelling the hydration reaction of MgSO4 in a 
packed bed reactor with continuous flow of moist air through the 
bed. It is observed that the parameters such as porosity of the 
reactor bed, mass flow rate of moist air, particle diameter, 
concentration of water vapour etc. play an important role on the 
energy release from the TCM. Thaguchi method is used to 
optimize these parameters. The porosity of the reactor bed and the 
particle size of the TCM are found to be crucial in energy release. 

Keywords : Thermal energy storage, Adsorption Kinetics, 
thermo-chemical material, Packed bed reactor,  MgSO4  

I. INTRODUCTION 

All conventional energy sources in the world are in a 
depleting mode and the depletion rate is alarmingly fast. This 
trend will increase the energy cost [2] in very near future. But 
the energy demand is always increasing and the consumption 
of energy is in an all time high. Increasing energy 
consumption from conventional sources affects the 
environment as atmospheric pollution and climate change [3]. 
One solution for exploiting mother earth in this manner is to 
adopt the advanced, efficient and clean energy technologies 
for different applications [4-6] which will help to reduce the 
use of conventional energy sources. Waste energy recovery, 
use of renewable energy sources, suitable energy storage 
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methods are some of the technologies used worldwide [7-10]. 
All these methods will help to reduce the use of conventional 
energy and bridge the gap between the energy supply and 
demand. 
Different thermal energy storage (TES) systems [11-15] store 
the excess energy and supply this stored energy during the 
peak demand. So thermal energy storage technologies are 
viable solutions for maintaining a balance between energy 
supply and demand. Many factors affect the selection of 
appropriate TES technology, some of them are storage time, 
temperature requirements, storage capacity, heat losses etc. 
Among the commonly used TES systems i.e., Sensible, Latent 
and chemical, Thermochemical energy storage (TCES) 
systems have increased attention of researchers recently. In 
TCES energy is stored by a dissociation reaction and 
recovered it in a reversible reaction. Thermochemical energy 
storage has high storage density than the other TES systems 
which allows large amount of energy to be stored in small 
amount of storage material, which also helps to reduce the 
overall size of the storage system. TCES is more suitable for 
long term energy storage or seasonal storage of energy 
because of no heat loss during the storage period and the 
storage can be done at ambient temperature. 
There are a number of reacting pairs for thermochemical 
energy storage, but to incorporate the storage system with 
solar energy the working temperatures should not be very 
high. So, the selection of thermochemical material (TCM) is 
also important in TCES. The requirements for good TCM are 
high energy density, low reaction temperature, non-toxic, 
non-corrosive etc. [5]. Considering these requirements 
MgSO4 / H2O pair is a promising candidate for TCES. The 
charging temperature of the MgSO47H2O ranging from 50oC 
to 275oC which can be achieved by a solar collector [12,13]. 
The objective of the present study is to investigate the 
suitability of MgSO4 as a thermochemical storage material by 
using a finite volume method of analysis for its hydration 
reaction in a packed bed reactor and to optimize the 
parameters which affects the performance of the TCES 
system using Thaguchi method. Effect of porosity of the 
packed bed, pressure drop across the reactor vessel, particle 
diameter of the salt, concentration of water vapor at inlet, and 
heat capacity of the reactor wall on thermal dynamics in terms 
of adsorption-desorption reaction and temperature profile at 
the outlet of the reactor with time are analyzed.rectification in 
the final paper but after the final submission to the journal, 
rectification is not possible. 
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II.  MATHEMATICAL MODELLING 

A. Adsorption kinetics 

The attraction between adsorbate molecules and adsorbent 
surface involve molecular forces otherwise known as Van 
Der Waal’s forces. This physical adsorption is characterized 

by the liberation of heat [19]. In this study moist air at ambient 
temperature is modelled to flow through a porous bed of dry 
MgSO4, the water vapour in the moist air absorbed by the dry 
MgSO4, liberating heat to the surroundings. Thus the air at the 
outlet will be of higher temperature and lower relative 
humidity than the inlet condition. The problem domain is 
shown in Fig 1. 

 
Fig.1 Simulated domain 

The chemical reaction of this process is shown below. 
MgSO4 + 7H2O → MgSO47H2O + ΔH   

Where ΔH is the heat liberated during the reaction. From the 
chemical reaction, it can be seen that one mole of MgSO4 

adsorbs 7 moles of H2O to form one mole of MgSO4.7 H2O 
and liberate 100 kJ of heat. Using this data, the maximum 
number of moles of H2O that can be absorbed by 1 kg of 
MgSO4 is calculated. When the vapor comes in contact with 
the salt, the amount of vapor adsorbed, ‘q’ is always less than 
the maximum possible. It depends on the partial pressure of 
the water vapor and the temperature. The adsorption kinetics 
of the system is represented by the linear driving force (LDF) 
approximation 

 

 
Where ‘q’ and ‘qeq’ are the originally absorbed and 

equilibrium mole of water by dry MgSO4 and ‘km‘ is the mass 
transfer coefficient. 

The equilibrium loading of water on MgSO4 is estimated 
by Langmuir isotherm 

 

Where ‘p’ is the partial pressure of the vapour and ‘b’ is 

given by the following equation. 
 

‘A’ is the Arrhenius factor for the chemical reaction, ‘R’ 

is the universal gas constant, T is the temperature, and ‘ΔH’ is 

the heat of adsorption. 

The mass transfer coefficient ‘km’ is given by 
 

Where dp is the particle diameter, kf is the mass transfer 
coefficient for the fluid film around the particle, ϵb is the 
porosity and Dp is the macro pore diffusivity. 

The process involving adsorption or evaporation the 
mass balance should include an axial dispersion term in terms 
of Sherwood number [21]. It was shown that the mass transfer 
coefficient could be expressed in terms of the dimensionless 
Sherwood number (Sh) by the relation 

 

 
Where ‘Sc’ is Schmidt number, Re is Reynold’s number and 

Dm is the molecular diffusivity. The macro pore diffusivity Dp 
is a lumped parameter consisting of tortuosity factor (τ), 

molecular diffusivity (Dm) and Knudsen diffusivity (Dk). 
In pores of diameter much greater than the mean free path of a 
molecule, diffusion occurs by a process of molecular 
collisions in the gas phase within the pore (called Maxwell or 
bulk diffusion), if the molecular mean free path is much 
greater than the pore diameter, diffusion occurs by molecules 
colliding with the pore walls (Knudsen diffusion). 

B. Assumptions 

 The flow in the reactor can be described by an axially 
dispersed plug flow model. 

 radial gradients in the bed are negligible; therefore, heat 
and mass transfer balances are considered as 
one-dimensional problems. 

 the gas phase behaves as an ideal gas and is in thermal 
equilibrium with solid phase 

 the adsorbent particles have identical characterizations and 
the bed properties are uniform. 
Based on these assumptions, the governing heat and mass 

balance can be written by a set of partial differential equations 
with space coordinate z, and time coordinate t. 

C. Governing equations 

Water mass balance equation 

where, c is the water vapor concentration, ϵb is the bed  
porosity, ρp is the particle density of the salt, q is the 

average amount of adsorbed water per kg of salt, u is the 
velocity of flow and Dz is the axial dispersion coefficient. 
This coefficient is derived from Wakao’s relation, 
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where Dm is the molecular diffusivity, Re is the Reynolds 

number ( ), Sc is the Schmidt number ( ) and μg is 

the viscosity of the feed gas. 
2.3.1 Energy balance 

In the above equation, T is the temperature of the gas,  is 
the specific heat capacity of the gas, hi is the heat transfer 
coefficient of porous medium to the reactor wall, di is the 
inner diameter of the reactor and Twall is the wall temperature. 

The overall volumetric heat capacity  is given by the 
following equation: 

The overall volumetric heat capacity consists of the heat 
capacity of the air in bed voids, the heat capacity of the air in 
pores, the heat capacity of the solid and the heat capacity of 
the adsorbed water. 

Here,  is the specific heat capacity of the salt, 
 is the specific heat capacity of water, and  is 

the molar mass of the water.  
The effective thermal conductivity, keff, can be estimated 

using Zehner and Schlunder model. 
 

where, kg is the thermal conductivity of the gas,  , 

kp is the thermal conductivity of the salt, and the term B is the 
shape factor given by the following equation: 

Reactor wall heat balance 
In the above equation, the final term represents the heat loss 
from the packed bed to the reactor wall. It contains the term 
Twall which is to be obtained from heat balance of the reactor 
wall. 

where, Awall is the cross sectional area of the wall,  is the 
density of the wall,  is the specific heat capacity of the 
wall,  is the outer diameter of the reactor vessel,  is the 
heat transfer coefficient of the wall to the atmosphere and  
is the ambient temperature. 

Heat is removed from the outer surface by natural 
convection and the value of the external heat transfer 
coefficient is obtained from the Nusselt number at the outside 
wall of the reactor [17]. 

where, Ra is the Rayleigh number and Pr is the Prandtl 
number. 

The heat transfer coefficient at the inside surface of a 
porous bed can be estimated using Leva’s correlation [20]. 

1.1.1 Darcy’s law 
The governing equations described above 

require the velocity field. There are many empirical 
relations available for the velocity field in a porous 

medium. In this analysis Darcy’s law is used. 
Darcy’s law relates the pressure drop (head) to the flow rate 

across a porous column. The velocity ‘u’ can be expressed as: 

where,   is the pressure drop across the reactor and K is the 
permeability of the porous medium, where K is a function of 
porosity and particle diameter as given by the expression 
below:  

These governing equations are being non-dimensionalised 
and then discretized using finite volume method and solved. 
The reactor wall heat balance equation is discretized using 
FDM method since there is no requirement of spatial 
discretization. 
The various parameters affecting the performance of the 
system are pressure drop across the reactor ( ), particle 
diameter of the salt (dp), water vapour concentration at inlet 
(c), porosity of the packed bed ( ), and thermal mass of the 
reactor wall ( ). 
Grid independence and validation 
A grid independence study is preformed to model the domain, 
Fig 2 shows the non dimensional temperature change as a 
function of non dimensional time at varying grid sizes at z = 

0.5,  = 0.7,  = 0.4, dp = 35ϻm, c = 0.6 mol/m3 and 

 = 10000. Where ‘z’ is the position (centre of 

the reactor). 

 
Fig 2. Grid Independency Test 

 
The analysis is done for 5 different grid sizes with the number 
of grid points M = 50, 100, 200, 250, and 300. It is evident 
from Fig 2 that the results become grid independent at 
M=250. The variation of temperature between grid point 
M=250 and M=300 is less than 1% (Table 1).In order to 
validate the model, the results thus obtained were compared 
with the experimental data (shown in Fig 3) for hydration of 
Zeolite 13 X reported by Gaeini et al. [17]. Fig 3 shows the 
transient variation of temperature at different positions of the 
reactor. 
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Fig 3. Temperature vs. time for different positions Gaeini 

et al.  [17] 
The reactor used in the work by Gaeini et al [17] was of 

0.1 m length. M1 in Fig 3 represents the temperature at 0.025 
m. It reaches to a value of almost 35 oC at a time of about 1000 
s. This value is compared with the result (Fig 4) obtained from 
the present model with the same working material and 
working conditions as in the case of Gaeini et al. Fig 4 shows 
the variation in non-dimensional temperature as a function of 
non-dimensional time, varying from time t=0 to 10000. The 
non dimensional temperature reaches a maximum of 1.027 at 
about t=1000. The equivalent value of maximum temperature 
obtained by multiplying the reference value of temperature 
(300 K) is 308.1 K (35.1 oC) and the time is 1000 s. These 
results are same as the result from Gaeini et al [17], thereby 
the model is validated. 

 
Fig 4. Non dimensional Temperature vs. Non dimensional 

time for validation 

III. RESULT AND DISCUSSION 

The modeling of the domain is carried out with grid size 250 
and with the following boundary conditions porosity = 0.75, 
pressure drop = 0.3 bar, particle diameter=35 µm, inlet water 
vapor concentration = 0.9 mol/m3 and wall heat capacity = 
26720 J/ m3K. The results of the modeling are presented in 
this section.  Fig.5 shows the variation of temperature with 
time at various axial positions, z = 0.25, 0.5, 0.75, 1.  

 
Fig 5. Axial distribution of Non Dimensional 

Temperature 
For z = 1, the temperature remains at T = 1 up to t = 

0.255, then suddenly increases up to a maximum value of T = 
1.38 following which it linearly decreases up to t = 350.  It 
then decreases suddenly up to t = 550 after which it decreases 
asymptotically and reach the initial value at t = 624. The 
temperatures at other points also follow similar pattern. The 
rate of increase is maximum for z = 0.25 compared to the 
other positions. This happens because thermo-chemical 
reaction starts only when the water vapor is available at the 
inlet. Since the adsorption process is exothermic, the enthalpy 
of adsorption gets liberated as heat and during this process 
water vapor gets adsorbed. So, the salt particles nearer to the 
inlet get into contact with the water vapor early than the 
particles at locations away from the inlet. The temperature 
starts to decrease due to heat losses through the reactor wall to 
the surrounding. As the moist air entering from the inlet is at 
ambient temperature, it also absorbs heat and the overall 
temperature decreases. 
As the moist air flows through the porous medium, the vapor 
is adsorbed by the salt particles. Therefore, the air at the exit 
of the reactor will be mostly dry. This is evident from vapor 
concentration c = 0 up to t = 10 at the outlet (Fig 6). After t = 
10, the vapor concentration increases and reaches the value 
equal to the inlet condition and remains constant. This is 
because the adsorption process is completed all along the 
reactor, and no more vapor adsorption is possible in the 
reactor. 

 
Fig 6. Non Dimensional Vapor concentration vs. Non 

dimensional time at outlet 

A. Optimisation of parameters using Thaguchi Method 

Taguchi suggested the use of orthogonal arrays instead of 
a full factorial design for designing the experiments. 
According to the Thaguchi method optimization of the factors 
are done by a 4 level 5 factor orthogonal array. 16 different 
simulations were conducted up to 
time t = 1000.  
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Three different responses were recorded and the results 
are obtained. 

The three different time responses are: 

 Beginning of the temperature rise of the air at the outlet of 
the reactor. 

 Air temperature attaining at the outlet, and 

 Heat carried away by the air at the outlet. 

This can be obtained from the integration of the   vs t 
curve. 

Effect of porosity 
Porosity is the ratio of the void space to the total space in the 
domain. More porous the medium, lesser the amount of salt in 
the domain and faster the flow of moist air through the 
medium. Fig.7 shows the effect porosity on time required to 
start the reaction and its effect on the rise in the outlet 
temperature, the effects of porosity on the maximum 
temperature attained at the outlet is also shown in Fig.7. Fig. 8 
shows the heat liberated by the salt material during the 
reacton. It can be seen that as the porosity increases the time 
required to attain temperature rise decreases. This is due to 
the fact that the velocity of flow is higher when the porosity is 
high, which leads to a faster rate of adsorption and heat 
release. The maximum temperature attained at the outlet of 
the domain decreases as the porosity increases. This can be 
attributed to the higher velocity of flow, leading to lower 
residence time. But the heat liberated during the time interval 
t = 0 to t = 1000 in the form of sensible heating of the outlet 
air, increases with the porosity.  

 
Fig 7. Effect of porosity on reaction time and 

temperature. 

 
Fig 8. Effect of porosity on heat liberated. 

Pressure drop across the reactor 

The effect of fluid pressure drop across the domain is similar 
to that of porosity. As shown in Fig. 9 as the velocity of flow 
increases the pressure drop also increases along with 
increased rate of convection of vapor and heat.  The 
temperature increases at outlet at lesser rate. The maximum 
temperature obtained at the outlet decreases with increase in 
pressure drop across the reactor. This is due to the lesser 
residence time of contact between the vapor and salt particles. 
The heat liberated increases as the pressure drop increases 
shown in fig. 10 because, the sensible heating of the outlet air 
increases with increased flow rate of the moist air. 

 
Fig 9. Non-dimensional time and Temperature as a 

function of pressure drop 

 
Fig 10. Heat liberated Vs Pressure drop 

Particle diameter 
Particle diameter plays an important role in the reaction 
kinetics of the adsorption process. Finer the particle size, 
higher is the mass transfer coefficient of adsorption process. 
Less resistance for adsorption leads to more heat release. So 
coarser the particle size, more time is required for the 
temperature to rise in the outlet as shown in Fig 11. The 
maximum temperature is higher in the case of finer particles  
due to the improved adsorption characteristics. But the total 
heat liberated is found increasing with increasing particles 
size Fig. 12.  
This is because increasing the particle size increases the 
permeability of the porous medium. 

 
Fig. 11. Non-dimensional time, Max Non-Dimensional 
Temperature as a function of Particle Diameter (µm) 

 

 

(17) 



Numerical Analysis and Parametric Optimisation of Heat Release from a Packed Bed (MgSO4) Thermochemical 
Reactor 

 

825 

Published By: 
Blue Eyes Intelligence Engineering 
& Sciences Publication  

Retrieval Number: C6421098319 /2020©BEIESP 
DOI:10.35940/ijrte.C6421.018520 
Journal Website: www.ijrte.org 
 

 
Fig. 12. Heat liberated in kJ as a function of particle 

diameter 
Water vapour concentration 
The effect of inlet water vapor concentration on time required 
to start the rise in the outlet air temperature is shown in Fig. 
13. As the concentration of water vapor at the inlet region is 
high the vapor gets convected downstream and reaction rate 
increases. Fig 13 shows that the maximum temperature 
attained decreases when the inlet vapor concentration is 
increased. The heat liberated from the thermo-chemical 
material decreases with increase in inlet vapour concentration 
and is shown in Fig.14 

 
Fig 13. Non-dimensional time, Max Non-Dimensional and 
Temperature as a function of Inlet Vapor Concentration 

(mol/m3) 

 
Fig 14. Heat liberated as a function of vapour 

concentration 
Volumetric heat capacity 
The volumetric heat capacity of the wall which is enclosing 
the thermo-chemical material  signifies the 

ability of the reactor wall to conduct heat from the porous 
medium to the external surrounding.  If the volumetric heat 
capacity is high, the rise in the wall temperature shall be 
negligible. Thus, the temperature difference between the bed 
and the reactor wall will be larger, owing to higher heat loss. 
Fig 15 shows the effect of volumetric heat capacity on time 

required to start the rise in the outlet air temperature and 
maximum temperature attained at the outlet. There is not 
much effect in the time required for the onset of temperature 
rise with increasing heat capacity. The maximum temperature 
decreases as the heat capacity increase because of the increase 
in the heat loss through the reactor wall.  The heat liberated 
shows a similar behavior. Heat liberated shows a minor 
decrease with increase in heat capacity Fig. 16.  

 
Fig 15. Non-dimensional time, Max Non-Dimensional 

Temperature as a function of Volumetric Heat Capacity 
of Wall 

 
Fig 16. Heat liberated Vs. Volumetric heat capacity 

IV. CONCLUSION 

Modeling of energy release from a fixed bed filled with 
MgSO4 on hydration using the finite volume method shows 
the effect of various design and operating parameters on the 
performance of the bed.  The porosity of the bed plays an 
important role in determining the velocity of flow in the 
medium along with the pressure drop.  Since the void space 
between the particles increases with porosity, the temperature 
of the outlet air increases at a higher rate. But the maximum 
temperature attained for the same flow rate is found to 
decrease when both porosity and pressure drop increase, 
because of less residence time of the air. The particle diameter 
plays an important role on adsorption kinetics. Finer the 
particle size, larger is the mass transfer coefficient.  Another 
important factor which affect the performance of the reactor is 
the vapor concentration of the inlet air. Higher the vapor 
concentration of supply moist air, faster is the reaction rate 
and lesser the time required to attain the maximum 
temperature. Thus, while designing a thermochemical reactor, 
the porosity of the reactor, mass flow rate of moist air, particle 
diameter of the salt, and vapor concentration of the inlet moist 
air are to be optimized to get the maximum performance from 
the reactor bed. 
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The charging temperature of the MgSO4 salt can be easily 
attainable with a solar collector, so we can integrate the 
thermochemical reactor with a solar charging system or a 
waste heat recovery system. Main applications of this energy 
storage system are domestic hot water supply, drying process, 
seasonal storage of thermal energy etc. Main drawback of this 
system is the sudden release of the heat when it is in contact 
with the water vapour. Controlling the chemical reaction is 
very difficult once it is initiated. This can be done by 
controlling the vapour content or humidity of the air passing 
through the reactor bed. But more in-depth studies are 
required in this area. 
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