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Abstract 

Utilizing the wasted energy is one of the important strategies for addressing the current 

issue of sustainability by increasing the energy system overall efficiency. Thermal energy 

storage (TES) systems have been in development to address the above strategy by storing 

the wasted energy and reusing it when needed. Chemical heat storage (CHS) system is 

one kind of TES systems, with its advantages of high energy density and long storage 

time and has been studied in recent years.  CHS systems have been applied to storing the 

solar energy for domestic hot water, air-conditioning, etc. and heat energy required in the 

thermal power plants. However, research is needed to exploit more applications of CHS 

to store and utilize the wasted heat energy. 

Internal combustion (IC) engines have been and are still the main power resource for 

vehicles and stationary electricity generation systems. However, the heat lost through the 

exhaust gases of an IC engine is significant and it is the major factor limiting the engine 

thermal efficiency. Technologies for instantaneously converting the heat energy of the 

engine exhaust gas to be other forms of energy have become mature, such as 

thermoelectric generation (TEG) and heat exchangers. Difference from them, CHS stores 

the wasted energy and reuses it when needed. However, applying CHS in the IC engine 

is still new. This study was aimed to develop a CHS system using magnesium hydroxide 

(Mg(OH)2) and its dehydration and hydration reactions to store the engine exhaust gas 

energy rather than instantaneous energy conversion until the stored energy was need.  

To experimentally investigate the performance of the CHS system, a CHS system was 

developed and tested on a Diesel engine (D1146TI). In the heat storage process, the 

experiments were conducted at 60%, 70% and 80% engine load conditions. Experimental 
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results showed that at 80% engine load, 61.4% of chemical material reacted and 5.05 % 

heat energy of exhaust gas was stored in an hour. The percentage of the stored exhaust 

gas energy reduced with the decrease of engine load due to the decrease of the exhaust 

gas energy. In the heat output process, as one of the proposed applications, the engine 

intake air was heated with the stored energy by hydrating MgO at the ambient 

temperature. The experimental results showed that the intake air could be heated to the 

temperature 5.70C - 17.30C higher than the ambient temperature of 230C.  

To further investigate the CHS system in engine conditions more than that in experiments, 

a CFD model of the CHS system was developed using the commercial code of ANSYS 

FLUENT as a platform. The model was verified by comparing the simulation and 

experimental results. In the heat storage process and 60 minutes mode, the maximum 

stored energy in the CHS system was 21.9 MJ which was equivalent to 4.78% of exhaust 

gas energy with 72.54% of the EM8block reacted at the full engine load. The stored 

energy and the percentage of reacted EM8block decreased with the decrease of the engine 

load. In the full charge mode, the simulation results showed that the time on fully charge 

of the CHS reduced with the increase of the engine load and that the shortest time was 

67.1 minutes at full engine load. This time on full charging increased to 110.3 minutes at 

50% engine load. The simulation results also showed that the maximum percentage of the 

exhaust gas energy stored in the CHS system was 7.14% at 70% engine load. In the heat 

output process, the CFD model was used to test the CHS system at different ambient 

temperature values. Simulation results showed that the temperature of the engine intake 

air heated by the CHS could be increased from the ambient temperature of -100C to 

12.150C. 
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Numerical simulation was also performed to investigate the CHS system modified with 

two wings added to the exterior wall of the tube of the reactor, aiming to enhance the heat 

transfer between the exhaust gas and the reactant. In the heat storage process in 60 

minutes mode, both the percentage of the stored exhaust gas energy and reacted 

EM8block increased. Compared with the original CHS system, the percentage of reacted 

EM8block increased from 72.54% to 81.6% and the percentage of stored exhaust gas 

energy increased from 4.78% to 5.47% at the full engine load. The effect of the modified 

CHS system became stronger with the increase of the engine load. In the full charge mode, 

using the modified CHS system, the full charge time reduced 3.1 minutes at the full engine 

load and 8.2 minutes at 50% engine load compared with the original CHS system. 

Furthermore, the maximum percentage of stored exhaust gas energy increased from 

7.14 % to 7.58% at 70% engine load. In the heat output process, the effect of the modified 

CHS system was stronger at the lower ambient temperature and higher reactor wall 

temperature. In the same condition at the ambient temperature of -100C and the reactor 

wall of 850C, the heated air temperature in the modified CHS system was 1.20C higher 

than that in the original one. 
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Chapter One 

1  Introduction 

1.1  Research background and motivation 

The problems of fossil resources and greenhouse gas emissions have become more and 

more severe. Research on thermal energy storage (TES) is required to minimize energy 

consumption by storing the wasted thermal energy and reusing it when needed. Chemical 

heat storage (CHS) is considered as one of the promising methods for storing and 

releasing heat energy through the reversible reaction of chemical material. With CHS, 

heat energy is stored in chemical material with the high energy density, long storing time 

and small heat loss as the products of chemical reaction are stored separately in the 

ambient temperature. At present, CHS systems have been applied to store the solar energy 

for domestic hot water, air-conditioning, etc. and heat energy in the industrial processes 

and the thermal power plant. However, applying CHS to store heat energy in other areas 

has not been fully exploit. 

Internal combustion (IC) engines have been widely used in many fields. However, a 

significant amount of fuel energy has to be lost as wasted heat through exhaust gas. The 

energy loss is 71% of the total energy in an IC engine including 22% through the exhaust 

gases [1]. Therefore, if the waste heat of exhaust gas could be reused, the overall 

efficiency of the IC engine will increase and the fuel and the pollutant emissions will 

reduce.  
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Some techniques have been developed to recover the heat energy of exhaust gas of IC 

engines including thermoelectric generation (TEG), and heat exchangers. However, they 

convert and use the heat energy of exhaust gas to be another form of energy 

instantaneously. On the other hand, they are not effective in the cold-start process when 

the temperature of the exhaust gas is low. Different from the existing techniques, CHS 

can store the heat energy to be used in the cold-start process. Although the application 

potential of CHS in IC engines is significant, the research in this area cannot fully exploit. 

1.2  Research methodology and objectives 

Based on experimental and simulation works, the current research focuses on applying 

CHS to recovering exhaust gas energy of IC engines by using the stored energy for 

heating purposes of the vehicle. In the current study, the prototype of the CHS reactor 

using Mg(OH)2 was designed and built. Experiments were conducted on a Diesel engine 

(D1146TI) equipped with the CHS to investigate the performance of this CHS system and 

its application to heating the engine intake air. The high-temperature intake air could be 

used to heat the engine, catalyst, lubricant in IC engine vehicles or the batteries and the 

cabin in hybrid vehicles or defrosting system in the ice-areas. 

Although, experiments had been conducted to demonstrate the advantages of the CHS 

system in recovering thermal energy of exhaust gas of IC engine, the multidimensional 

computational fluid dynamic (CFD) model had been built to reduce both times and cost 

in design, production and experiment. The CFD code ANSYS FLUENT had been used 

to investigate the CHS system in conditions more than that in experiments. Detailed aims 

of the project are described as follows: 
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 To develop a CHS system which can be used for experimental investigation.  

 To investigate the performance of CHS system in the heat storage and heat output 

processes. 

 To investigate the performance of the modified CHS system when two wings 

added to the exterior wall of the tube of the reactor. 

 To identify possible applications of CHS system in IC engine and hybrid vehicles. 

1.3  Thesis outline 

This thesis consists of eight chapters with the following structure. 

Chapter One: Introduction. This chapter presents the research background, together 

with the methodology and the objectives of the research. Chapter 1 finishes with the 

layout of the thesis. 

Chapter Two: Literature review. This chapter presents the fundamental knowledge 

about thermal energy storage, including CHS and current applications of the CHS system. 

The chapter also reviews the background information of IC engine and solutions to 

recover exhaust gas heat energy. Besides, the main parameters of the chemical material 

using in the research (EM8block) is presented in this chapter. The chapter finishes with 

the reviews about the CFD modellings. 

Chapter Three: CHS system. The chapter presents the principle of the CHS system 

using EM8block to recover exhaust gas energy of IC engine. The chapter also presents 

the main parameter of the tested engine. The chapter finishes with the design of the main 

device of CHS, the reactor.  
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Chapter Four: Experimental and Numerical methods. This chapter shows the 

processes to make EM8block and the experimental apparatus of the heat storage and heat 

output processes in the engine test bed. This chapter also presents the CFD model using 

ANSYS FLUENT verifying against the experimental results. 

Chapter Five: CHS in heat storage processes. This chapter presents the criteria for 

evaluating the performance of CHS in the heat storage process. This chapter also presents 

the experimental and simulation results in the heat storage process of the CHS system in 

the 60 minutes and full charge modes. 

Chapter Six: CHS in heat output processes. This chapter presents the experimental and 

simulation results of the heat output process. The results are compared with other thermal 

energy storage systems using to recover exhaust gas energy of IC engine to evaluate the 

operation of the CHS system.  

Chapter Seven: Numerical investigation to improve the CHS system. This chapter 

presented the modified CHS system when two wings added in the exterior wall of the 

tube of the reactor. The performance of the modified CHS system in the heat storage and 

heat output processes are investigated using the verified CFD model and compared with 

the original one.  

Chapter Eight: Conclusions and Future work. The chapter summaries the major 

finding and the contribution of the research. The proposed application of the CHS system 

in IC engine and hybrid vehicles, the suggestions for future work are also presented in 

this chapter.  
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Chapter Two 

2  Literature Review 

2.1  Chemical heat storage (CHS) 

2.1.1  Thermal energy storage systems 

TES systems have been applied to storing energy wasted in power systems and using the 

stored energy when it is needed. TES technology involves three main steps: heat charging, 

storage and heat recharging. Sensible, latent and chemical heat storages (CHS) are 

classified as TES systems.  

Sensible heat storage technology results in the change of dry-bulb temperature of material 

which stores the heat energy [2, 3]. In the heat charging process, the material receives 

heat energy, thus, increasing its temperature and energy capacity.  

In the discharging process, the temperature of the material decreases while the stored heat 

is released. The rate of storage sensible heat storage system, Q, can be calculated with 

Eq. (2.1). 

Q = m∆h         (2.1) 

Where m is the mass flow rate of the material (kg) and ∆h is the enthalpy change of the 

material. 

Water is the most well-known sensible heat storage material [4, 5]. The hot water storage 

system is applying to store the thermal energy of solar thermal collectors or co-generation 
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energy supply system for district heating. In Ulm, Germany, a pressurized hot water 

storage with the storage capacity 140 MWh was connected with two biomass co-

generation plants to store the wasted heat energy and use for the city’s district heating 

system [6]. Similarly, in the co-generation plants in Munich, Germany, an underground 

seasonal hot water storage was adopted in the solar district heating “Am Ackermann-

Bogen” to supply space heating and domestic hot water for 320 apartments with 30.400 

m2 of living area[7]. A back-up system using a big hot water storage with the storage 

capacity 1200 MWh was adopted in the co-generation plant in Potsdam, Germany [8]. 

The stored energy of the co-generation plant could be used as a back-up system or help 

to enable to shut down of the co-generation during weak load periods. 

Thermal oils [9], molten salts [10, 11], liquid metal [12], concrete blocks, rock [13, 14] 

are other main materials using in the sensible heat storage systems. They are applied to 

store solar energy [15] or wasted energy of industrial processes for space heating [16, 17] 

or domestic hot water.  

In the latent heat storage systems, the thermal energy is stored in the phase change 

material (PCM) [18]. In the charging step, PCM absorbs heat energy and changes to a 

new phase. When this energy is released in the discharging process, PCM releases heat 

and changes back to the initial phase. The rate of stored latent heat storage, Q, can be 

express as follows: 

� = �∆� 	         (2.2) 

Where m is the mass flow rate of PCM (kg) and ΔH is the change in latent heat of PCM 

(kJ/kg). 
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Depending on PCM, the latent heat storage system should be used for both cold and hot 

storages. Ice is presented as the main PCM for cold storage. In French, ice storage is using 

for the cold network to increase the cooling capacity and better reliability of cold supply 

at the business district of Paris La Defense [8]. Besides, seasonal snow storage is adopted 

to reduce the need for cooling machine in the hospital in Sundsvall, Sweden [19]. In 

Hokkaido, Japan, snow, and ice cryogenic energies are currently applied in agricultural 

facilities, housing complexes and welfare facilities [20]. Snow and ices are stored in the 

winter and used as cold sources in the summer to reduce the use of energy for the HVAC 

system. For cool storage, salt hydrate is another potential PCM. A latent heat storage 

using commercial salt hydrate was suggested by Pepe at Chalmers University of 

Technology, Sweden [21]. The heat storage system is charged by the campus cooling 

system during the night and supplies the additional cold energy during daytime. It helps 

to reduce the use of energy in the on-peak time, therefore, reducing the energy cost.  

For hot storage, latent heat storage systems have been applied to stored wasted heat 

energy from the building, solar collectors, industrial processes or thermal power plants. 

There are two main types of PCM using for hot storage systems, organic and inorganic 

materials. Paraffin [22, 23], fatty acids [24], esters [24], alcohols [25], glycols [2] are 

classified as organic PCMs. The organic PCMs are usually adopted in the medium 

temperature TES systems. The main inorganic PCMs include salts, salt hydrates [26, 27], 

metals and alloys [28-30]. Inorganic PCMs are usually applied in high-temperature TES 

systems.   

Both organic and inorganic PCMs are used [31] for heating and cooling purposes in active 

and passive storage systems in the building [32]. PCMs can be incorporated in 

construction materials to store heat energy on the sun day and use for cooling, heating 
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systems [33]. The use of latent heat storage in the building provides thermal comfort with 

minimal use of HVAC energy. Besides, PCM could be applied to store solar energy from 

the solar collector system. Palomba in [34] suggested using PlusICE A82, a commercial 

paraffinic material, as PCM with the melting temperature of 820C to support hot water 

for the building. The latent heat storage system using PlusICE A82 supported hot water 

at 650C, and the storage efficiency is 30%. In the industry, a latent heat storage using 

sodium nitrate as PCM was adopted in a co-generation plant in Saarland, Germany [35]. 

In the plant, one of the customers requires a constant high- quality steam. To ensure the 

delivery, a backup boiler is kept at the minimal load. With the latent TES system, the 

stored energy will supply the necessary steam and the backup boiler can be reduced to a 

warm load. It will reduce the use of fossil fuel of the plant.  

It can be seen that, sensible and latent heat storage systems are based on physical 

processes. Different from them, chemical heat storage systems uses chemical materials 

as heat storage materials [2] and it is based on the reversible reaction of the chemical 

materials as described in Eq. (2.3). 

A + heat ↔ B + C         (2.3) 

Where A is the initial chemical material, B and C are products from the endothermic 

reaction. 

In the charging process, the thermochemical material A absorbs heat energy to become 

two components B and C in the endothermic reaction (B and C are stored separately). 

During the discharging process, the reverse reaction occurs when two products B and C 

react together to become the initial form A and heat energy is released in the exothermic 

reaction. The stored energy of this technology could be estimated using Eq. (2.4). 
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� = ����         (2.4) 

Where nA is the mole number of the reactant A and Hr is the reaction enthalpy (kJ/mol). 

Compared with sensible and latent TES systems, two main advantages of the CHS can be 

summarized as follows [36-38]: 

 CHS has higher thermal capacity compared with sensible and latent heat storage. 

 CHS has longer storing time and with small heat loss. Products, B and C, are 

stored separately, and in the ambient temperature, so the heat lost to the 

environment is minimal. 

However, CHS system is more complex than sensible and latent TES systems [37]. Thus, 

the cost of complete system for this technology will be higher.  

2.1.2  Classification of CHS systems 

Depending on the material and the chemical reaction, CHS can be classified into three 

main groups: gas-gas reaction, liquid-gas reaction and solid-gas reaction CHS systems 

[39].  

2.1.2.1 Gas-gas reaction CHS 

In the gas-gas reaction CHS, both initial material A and products B and C are gases. The 

gas-gas reaction CHS bases on the following form. 

���	(1) + ���� ↔ ���(2) + ���	(3)     (2.5) 

The gas-gas reaction CHS usually has high reaction enthalpy but it has the following 

disadvantages [40]. 
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 It has poor heat transfer characteristic and needs more space to store materials (the 

density of gases are small).  

 Products are in the state of gas so it is difficult to separate them.  

 Gas products usually need pressure vessels to store so it makes the investment 

cost increase.  

Some main chemical materials using for gas-gas reaction CHS systems are shown in 

Table 2.1. 

Table 2.1 Chemical materials for gas-gas reaction CHS 

Chemical 

material 

Chemical reaction Reaction 

Enthalpy 

(kJ/mol) 

Working 

temperature 

(K) 

Reference 

Ammonia 

(NH3) 

2NH �(g) ↔ N�(g) + 3H�(g) 

 

66.8  Below 673  [41][42] 

Sulphur 

trioxide 

(SO3) 

2SO�(g) ↔ 2SO�(g) + O�(g) 

 

98.94  1073-1273  [43] 

Methanol 

(CH3OH) 

CH�OH(g) ↔ 2H�(g) + CO(g) 

 

95.04  373 – 473  [43] 

Cyclohexane 

(C6H12OH) 

C�H��(g) ↔ C�H�(g) + 3H�(g) 

 

 478 – 589  [40] 

Methane 

(CH4) 

CH�(g) + H�O ↔ 3H�(g) + CO(g) 

CH�(g) + CO� ↔ 2H�(g) + 2CO(g) 

206.2  

247.4  

973 – 1133 

973 – 1133 

[40][44] 
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2.1.2.2 Liquid-gas reaction CHS 

Different from the gas-gas CHS systems, in the liquid-gas reaction CHS systems, the 

initial material A is liquid and reaction products B and C are gases. Equation 2.6 shows 

the reversible reaction of a liquid-gas reaction CHS system. 

������(1) + ℎ��� ↔ ���(2) + ���(3)     (2.6) 

Compared with sensible, latent TES or gas-gas CHS systems, the liquid-gas CHS has 

higher reaction enthalpy but it has the following disadvantages. 

 It is difficult to separate reaction products when all of them are in the gas state. 

 Pressure vessels can be used to store products in the gas state, so it makes the 

investment cost increased. 

Some candidates for the liquid-gas reaction CHS system are shown in Table 2.2. 

Table 2.2 Chemical materials for liquid-gas reaction CHS 

Chemical 

material 

Chemical reaction Reaction 

Enthalpy 

(kJ/mol) 

Working 

temperature 

(K) 

Reference 

Isopropanol 

(CH3)2CHOH 

(CH�)�CHOH (l) 			

↔ (CH�)�CO(g) + H�(g) 

 

Endothermic 

reaction: 100.4 

Exothermic 

reaction: 55 

353 – 483 [45] 

[46] 

Ammonium 

hydrogen sulfate 

NH4HSO4 

NH �HSO�(l) ↔

NH �(g) + H�O(g) +

SO�(g)  

336.5  436 – 1173 [47] 

[48] 
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2.1.2.3 Solid-gas reaction CHS 

In the solid-gas reaction CHS system, the initial material A and product B are solids and 

product C is in the gas state. This CHS system bases on the following form. 

�����	(1) + ���� ↔ �����(2) + ���(3)      (2.7) 

Compared with gas-gas and liquid-gas reactions CHS systems, solid-gas CHS system has 

some advantages as follows: 

 The reactions are very attractive with high reaction enthalpy. 

 Products are in the difference states (solid and gas) so it is easy to separate and 

store them.  

 The density of solid is much higher than gas and liquid so solid-gas reaction. CHS 

system will be more compact than gas-gas or liquid-gas reaction CHS systems. 

Besides advantages, the major problem of the solid –gas reaction CHS system is the 

thermal conductivity of solid materials is small and it affects the efficiency of the whole 

system. There are three main solid-gas reaction CHS systems based on the chemical 

material including metal oxides, carbonate and hydroxide CHS systems.   

Metal oxides CHS 

Metal oxides CHS system is based on the thermal dissociation reaction of metal oxides, 

MO2x+1 as follows: 

������(�) + ���� ↔ ��(�) + ���(�)     (2.8) 
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The working temperature and reaction enthalpy of metal oxides CHS systems depends on 

the material are shown in Table 2.3. 

Table 2.3 Metal oxide materials for solid-gas reaction CHS 

Chemical 

material 

Chemical reaction Reaction 

Enthalpy 

(kJ/mol) 

Working 

temperature 

(K) 

Reference 

BaO2 ����(�) ↔ ���	 + 	1/2	�� 80.9 1011 [49] 

[48] 

[50] 

[51] 

PbO2 ����(�) ↔ ��� + 1/2�� 55.1 565 

CuO ���(�) ↔ ���� + 1/2�� 143.1 1298 

MnO2 ����(�) ↔ ��� + 1/2�� 133.9 1226 

Li2O2 �����(�) ↔ ���� + 1/2�� 38.4 460 

Na2O2 �����(�) ↔ ���� + 1/2�� 99.6 1200 

SrO2 ����(�) ↔ ��� + 1/2�� 48.1 416 

MgO ���(�) ↔ �� + 1/2�� 752 3360 

CaO ���(�) ↔ �� + 1/2�� 828 3800 

SrO ���(�) ↔ �� + 1/2�� 755 3550 

BaO ���(�) ↔ �� + 1/2�� 729 3600 

Li2O ���O(�) ↔ 2�� + 1/2�� 906 2650 

Na2O ���O(�) ↔ 2�� + 1/2�� 634 1880 

K2O ��O(�) ↔ 2� + 1/2�� 544 1652 

Rb2O ���O(�) ↔ 2�� + 1/2�� 502 1494 

Cs2O ���O(�) ↔ 2��+ 1/2�� 481 1432 
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Carbonate CHS 

Carbonate CHS system is based on the decarbonation reaction of carbonate. 

CaCO3,PbCO3, MgCO3, ZnCO3, SrCO3 can be selected as candidates for a carbonate 

CHS. All of them are usually used in high temperature CHS systems. Equation 2.9 shows 

the decarbonation reaction of carbonate in a carbonate CHS system. 

����(�) + ���� ↔ ��(�) + ���(�)     (2.9) 

The working temperature and reaction enthalpy of candidates depend on the material as 

shown in Table 2.4. 

Table 2.4 Carbonate materials for solid-gas reaction CHS 

Chemical 

material 

Chemical reaction Reaction 

Enthalpy 

(kJ/mol) 

Working 

temperature (K) 

Reference 

CaCO3 CaCO�(s) ↔ CaO(s)

+ CO�(g) 

178 Heat charge: 1133 K 

Heat release: 1153 K 

[37] 

[52] 

PbCO3 PbCO�(s) ↔ PbO(s)

+ CO�(g) 

88 Heat charge: 723 K 

Heat release: 573 K 

[37] 

 

MgCO3 MgCO�(s) ↔ MgO(s)

+ CO�(g) 

125 670 [53] 

ZnCO3 ZnCO�(s) ↔ ZnO(s)

+ CO�(g) 

67 406 [53] 

SrCO3 SrCO�(s) ↔ SrO(s)

+ CO�(g) 

234 1281 [53] 
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The challenge of the carbonate CHS system is that the CO2 is rather difficult to liquefy 

[48]. To store the product, CO2 is cooled down from the reaction temperature to 373K 

and is compressed and stored at 1100 kPa [53]. This system is called as CO2 compressed 

system. CO2 is stored in high-pressure vessel so it makes the cost for a carbonate CHS 

system increases. 

Hydroxide CHS 

The hydroxide CHS system is based on the dehydration and hydration reaction of 

hydroxides. Ca(OH)2 and Mg(OH)2 are two main materials in the system. The main 

properties of Ca(OH)2 and Mg(OH)2are shown in Table 2.5. Hydroxide CHS system 

using hydroxide, M(OH)2,is based on the reversible reaction as follows: 

�(�� )�(�) + ℎ��� ↔ ��(�) + ���(�)     (2.10) 

Table 2.5 Hydroxide materials for solid-gas reaction CHS 

Chemical 

material 

Chemical reaction Reaction 

Enthalpy 

(kJ/mol) 

Working 

temperature (K) 

Reference 

Ca(OH)2 Ca(�� )�(�) + ℎ��� ↔

Ca�(�) + ���(�)  

148.6 780 [54][55] 

Mg(OH)2 ��(�� )�(�) ↔

���(�) + ���(�)  

81 540 [56] 

In the charging process, M(OH)2 absorbs heat energy from a heat source to become MO 

and H2O in the dehydration reaction. Products, MO and H2O, are stored separately at the 

ambient temperature. In the discharging process, two products react to become the initial 

material M(OH)2 and heat energy is released. 
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2.1.3  Current application of CHS systems 

CHS systems have been applied to store the wasted heat energy in domestic heating, 

industrial processes and power plants in order to bring a wide range of advantages.   

For domestic heating, in the Netherland, to harvest the solar energy in the summer and 

support the hot water demand in the winter, an active solar heating and domestic hot water 

(DHW) system using MgCl2.6H2O is being researched [57]. In the summer, the chemical 

material, MgCl2.6H2O, can be dehydrated by the solar energy through solar thermal 

evacuated tube collectors. In the winter, it will be hydrated by moist air from the ambient 

and heat energy will be released and used for DHW.  

For industrial processes, in Italy, a CHS was developed for low-temperature storage. It 

absorbs the wasted heat energy from industrial processes at the low temperature 

(T<1000C) and uses for equipment and space cooling. The principle of the CHS system 

is shown in Figure 2.1 [8]. 

 

Figure 2.1 Process diagram of CHS system for industrial processes 
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As shown in Figure 2.1, a CHS system consists of two chambers, for the absorber ( the 

dimensions of 250 x 353 x 774) and the phase change (the dimension of 240 x 543 x 769) 

[58]. The experimental results show that the CHS was able to store from 620 Wh at the 

charging temperature 750C up to 1100 Wh at 910C. The cooling temperature of the system 

was from 5 to 100C when the efficiency was between 30 and 42%.  

Besides domestic and industrial areas, CHS systems have been applied to store heat 

energy in the thermal power plants including solar, fossil fuel or nuclear power plants. 

Pardoe [59] and Sylvie [60] suggested using Ca(OH)2/CaO in a fluidized bed reaction to 

store heat energy of a concentrated solar power plant during the day. The principal of the 

Ca(OH)2/CaO CHS system using in the solar power plant is shown in Figure 2.2. 

 

Figure 2.2 Concentrated solar power plant using CHS: (a) heat storage process during 

the day, (b) heat output process during the night 

A is the initial chemical material (Ca(OH)2) and B, C are products (CaO and H2O). During 

the day, a part of solar energy from the solar field is stored in the reactor of the CHS 

system. The stored energy after that is used through the heat output process during the 
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night. It can be seen that using the CHS, the solar power plant can produce electricity 

during the night without the sun. 

Zamengo [36] suggested using Mg(OH)2/MgO in a CHS system to store heat energy in 

the off-peak hours and release in the on-peak electricity times of a nuclear power plant. 

Therefore, it would make easier to manage the load variations of the power plant and 

contribution to the operation of a smart grid.  

It can be seen that, CHS systems have been researched and applied in many fields to 

recover wasted heat energy. However, they still have a lot of potentials to be applied to 

other areas such as internal combustion (IC) engines. 

2.2 Heat storage technology applied to internal combustion 

engines 

2.2.1  Exhaust gas energy in internal combustion engines 

In today’s modern life, IC engines are still widely used in many fields, such as 

transportation, construction or agricultural sectors. However, a significant amount of fuel 

energy is lost as wasted heat through exhaust gas and cooling systems in IC engines.  

As shown in Figure 2.3 [1], the total energy losses in a vehicle is 71% and 22% of total 

energy is lost in the exhaust gas of IC engines [1]. Therefore, if the heat loss in the exhaust 

gas can be stored and used, the efficiency of the IC engines will be increased. When a 

certain amount of exhaust gas heat could be recovered, the equivalent amount of primary 

fuel can be saved and the environment pollution could be reduced [61].  
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Figure 2.3 Example map of energy flows in a vehicle 

2.2.2  Methods to recover engine exhaust gas energy 

Thermoelectric generation (TEG), heat exchangers in direct and indirect heating methods 

and TES systems have been developed for recovering the heat energy in gasses exhausted 

from the combustion of IC engines. 

2.2.2.1 Thermoelectric generation 

Thermoelectric generation is used to convert the heat energy into electricity at the junction 

of difference materials [62]. When two dissimilar metal wires are formed into a closed 
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loop and its two junctions are held at different temperatures, it has the ability to deflect a 

galvanometer needle or having electrical current through the wires. 

 

Figure 2.4 Thermoelectric recovery for IC engines 

In IC engines, TEG can be used to convert heat energy from exhaust gas into electricity. 

A model of TEG applying for IC engines is shown in Figure 2.4 [63]. In the normal 

operation condition of IC engines, heat energy from the exhaust gas of IC engines is 

captured by a heat exchanger that is connected with the catalytic converter of the vehicle. 

Electricity generated from the TEG system is transmitted to a power converter and used 

for other vehicle needs.  

TEG is a technology for directly converting thermal energy into electrical energy. It has 

no moving and complex mechanical parts so it is compact, silent operation, high 

reliability and environmentally friendly. However, there are some challengers of TEG as 

follows: 

 Low efficiency: The efficiency of TEG depends on thermoelectric materials and 

the temperature of the hot side (the exhaust gas temperature). However, the 
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current efficiency of thermoelectric materials still low. To recover the exhaust 

gags energy of IC engines, the maximum efficiency of 8 TEGs using heat pipe of 

62mm by 62 mm in size is 2.46% was reported by Bradley [64]. 

 A bigger size of the exhaust manifold: The voltage drop in a thermocouple is small 

so to have higher voltage, a lot of thermocouples is combined together. By this 

reason, using TEG needs a bigger size of the radiator and extended piping to the 

exhaust manifold [65]. It can increase the size of engines and vehicle. 

 High initial cost: As recorded in [66], the investment cost for 1kW TEG system is 

4773.77$ and for 5 kW TEG system is 19273.13$ (experiments and calculations 

were done on Cummins ISX 6 Cylinder diesel engine). 

2.2.2.2 Heat exchangers 

The main purpose of the lube oil in IC engine is to reduce friction losses. The performance 

of engine components lubricating by the lube oil depends on its viscosity that depends on 

its temperature. The viscosity of the lube oil is designed to get the highest efficiency at a 

warm-up temperature. The low temperature of the lube oil in the cold start process and in 

the cold weather makes the viscosity of the lube oil increases as shown in Figure 2.5 [67].  

As shown in Figure 2.5, at the low temperature, the viscosity of the lubricant increases 

sharply. The high viscosity of the lube oil leads to the high friction losses of the engine 

and it affects to the engine efficiency. Therefore, heating the lube oil in the cold start 

process and the cold weather is necessary. As reported in  [68], When the temperature of 

the lube oil increase 100C from 250C to 350C, the viscosity is reduced by 46%. Due to the 

reduction of the viscosity of the lube oil, it would be expected that the same reduction in 
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engine consumption. Therefore, a quite small increase in the temperature of the lube oil 

in the cold start process brings a significant diminution in fuel consumption. 

 

Figure 2.5 Change in dynamic viscosity of the lube oil with temperature. 

To warm-up the lube oil, a heat exchanger system was installed in the lubrication system 

instead of the coolant system using the direct heating method in [69]. The main equipment 

of the system are shown in Figure 2.6. Exhaust gas from the catalyst flows to the heat 

exchanger to warm up directly the lube oil from the oil filter. The system was tested in a 

vehicle over the NEDC test cycle with the exhaust gas heat exchanger and without it. 

Over the test, the fuel economy of the engine was improved by 7%. Moreover, the carbon 
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dioxide (CO2) emission reduced 21g/km, the carbon monoxide (CO) emission reduced 

27% and NOx was 19%.  

 

Figure 2.6 Oil/exhaust gas heat exchanger system. 

In the indirect heating method, as reported in [68], water was used as an intermediate heat 

carrier to heat up the lube oil. The main principle of the exhaust gas heat exchanger using 

in the indirect method is shown in Figure 2.7 [68]. 

In this method, the exhaust gas heat exchanger was placed between the exhaust ports and 

the manifold inlet. In the heat exchanger, the water was heated from the ambient 

temperature (200C) to 350C by the exhaust gas. Water after that was used to heat the 

engine oil through an oil heater located between the oil filter and the sump. It can be seen 

that, because of the temperature of the water after going through the heat exchanger, the 

maximum temperature of the engine oil after going through the heating system was 

smaller than the temperature of the water after going through the heat exchanger.  



Duc Luong Cao DOCTORAL THESIS 2019 

 
24 

 

 

Figure 2.7 Exhaust gas heat exchanger 

Using heat exchanger to recover the heat energy of the exhaust gas both in direct and 

indirect heating methods, the efficiency of the system highly depends on the efficiency 

of the heat exchanger. 

2.2.2.3 Thermal energy storages 

The solutions, as mentioned above, recover and use the heat energy of exhaust gas 

instantaneously and they are not effective in the cold-start process when the temperature 

of the exhaust gas is low. Different from the instantaneous energy conversion system, 

TES systems can store the heat energy of the exhaust gas until it is used including in the 

cold-start process. 

V.Pandiyarajan [23] conducted the experiments using a TES tank and a shell and tube 

heat exchanger to recover heat energy from the exhaust gas of a diesel engine. The TES 

system in the research was the combination of sensible and latent heat storage systems. 

The experimental diagram is shown in Figure 2.8 [23]. 
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Figure 2.8 Thermal energy storage for warming-up the lube oil 

With a heat exchanger (the diameter is 323 mm and length of shell is 500 mm), a 450 x 

720 mm thermal energy storage tank and PCM was paraffin, the system as reported in 

[23] could store 10 – 15% of exhaust gas energy after 245 minutes, 180 minutes, 150 

minutes and 85 minutes, respectively for 25%, 50% , 75% and full engine load. The 

maximum temperature of the storage material was 1200C for all conditions.  

However, after the heat storage process, in the storing time, the temperature of the TES 

tank (the temperature of PCM) was higher than the ambient temperature, so overtime the 

stored energy was lost to the ambient. The temperature of PCM decreases in the storing 

time as shown in Figure 2.9 [23]. It can be seen that, at ambient temperature 300C, the 

tank temperature decreased overtime and almost stored energy is gone after 5500 minutes 

of the storing time. 
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Figure 2.9 Temperature of PCM in the storing period at the ambient temperature of 

300C 

 

Figure 2.10 Combination of the exhaust gas heat recovery system (EGHR) with a latent 

heat storage accumulator to reheating a diesel engine 

In the cold weather, it is difficult for the fuel in atomization, evaporation and the mixture 

with the air to create the correct air/fuel ratio for complete combustion. The incomplete 

combustion leads to the increase in the fuel consumption and pollutant emissions in the 

cold start process. Therefore, heating the engine in the cold weather is necessary to reduce 

the fuel consumption of the engine. In [70],the combination of the exhaust gas heat 

recovery system (EGHR) with a latent heat storage accumulator was used for preheating 

of the engine in the cold-start process and additional heating of the engine if the coolants 
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temperature drops below a thermostat set point during the drive cycle. The principle of 

this method is shown in Figure 2.10 [70].  

In the system, EGHR and the heat storage accumulator were connected to the interior heat 

loop of the vehicle. An electric pump was added between EGHR and the heat accumulator 

to assist the engine water pump. In charging process, the hot coolant from EGHR would 

be used for charging the heat accumulator. The stored energy then was used to heat the 

coolant in the engine start-up. The experimental results showed that using the suggested 

system, during the engine start-up, it took 15 minutes for the coolant to reach 700C when 

the ambient temperature varied between -6 to -100C. 

M.Gumus in[71] presented a latent heat storage system using Na2SO4.10H2O connection 

to the cooling system of the engine to preheating the engine in the cold start process. In 

the study, TES system was connected to the engine water jacket to store heat energy 

releasing from the engine in the charging process. In the discharging process, the stored 

energy was used to preheat the engine. The principle of this system is shown in Figure 

2.11 [71]. 

The results showed that when the ambient temperature was 20C, using Na2SO4.10H2O 

CHS system, the temperature of the engine block cover can be increased to 17.40C after 

500s. Furthermore, CO and HC emission decreased by approximately 64% and 15% 

respectively.  
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Figure 2.11 TES system for pre-heating the engine. 

Tessa thermal storage system is designed to stored exhaust gas energy of the IC engine 

and the stored energy can be used for pre-heating the engine, heating the cabin [72] or 

using as hot water and space heating in the building as shown in Figure 2.12 [73]. 

 

Figure 2.12 Tessa-Thermal energy storage system for house hot water and heating 

system 

This system is in the final development stage with the energy unit cost is 160 £/kWh. The 
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weight of PCM is 36kg and the total weight of the CHS system is 60 kg. With the 

dimensions 610Width x710 Depth x230 Height, the system can stored 8.15 kWh at the 

temperature of 2300C. 

Besides sensible and latent heat storage, CHS with higher thermal capacity is also being 

researched to recover exhaust gas energy of IC engines. A CHS system using the stored 

energy of exhaust gas to heat the catalyst when starting the engine in [74].The updated 

versions of this research were published in 2016 and 2017 [75-77]. The main function of 

the catalytic converter in IC engine vehicle is purifying environment harmful elements 

such as CO2, CO, NOx, HC in the exhaust gas. The lowest limit for optimal temperature 

(for purification performance) of a catalyst is 1500C. However, the temperature of exhaust 

gas immediately after starting the engines is around 1000C lower than the requirement 

temperature of the catalyst. In the research presenting in [74-77] CHS system was used 

to warm up the catalyst to the active temperature in a shortest time. The exhaust gas 

purification system includes a CHS system is showed in Figure 2.13 [77]. 

When starting the engine, the temperature of exhaust gas is lower than the active 

temperature of the catalyst, the open-close valve is opened. When valve opens, ammonia 

from the absorber flows to the reactor through a connection tube. Heat creating from the 

chemical reaction between ammonia and reaction material inside the reactor is transferred 

to exhaust piper, whereby the temperature of DOC is increased to its active temperature. 

When the temperature of the exhaust gas is higher than the active temperature of the 

catalysts, the dehydration reaction is taken place in the reactor by absorbing the exhaust 

gas heat energy, thereby generating ammonia. Through the connection valve, ammonia 

flows from the reactor to the absorber and it is absorbed by an absorbent.  
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Figure 2.13 Exhaust purification system. 

In the present study, a new CHS system consisting of a reactor with Mg(OH)2 as the initial 

chemical material has been developed and investigated to recover the exhaust gas energy 

of a diesel engine. The experiments were conducted to estimate the performance of the 

CHS system in the heat storage process at various engine operating conditions. In the heat 

output process, the stored energy was used to heat the engine intake air, aiming to extend 

this application to other heating required in IC engine and hybrid vehicles. 

2.3 Chemical processes 

The chemical material adopted in this research is Magnesium hydroxide (Mg(OH)2). 

Compare with other candidate materials of CHS systems, Mg(OH)2 has some advantages 
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as follows: 

 It is an environmentally friendly material contained in the sea water. 

 It is one candidate material of solid-gas reaction CHS system, so it has all 

advantages of this system such as high reaction enthalpy compared, higher density 

and easy to separate and store reaction products compared with gas-gas and liquid-

gas reaction CHS systems. 

 The working temperature of Mg(OH)2 is suitable for the temperature of the 

exhaust gas of IC engines. 

The CHS system using magnesium hydroxide is based on its reversible reaction as 

follows: 

��(�� )�(�) + ℎ��� ↔ ���(�) + ���(�)    (2.11) 

It was proposed that the wasted heat of exhaust gas of IC engines will be stored in the 

dehydration of Mg(OH)2 to become MgO and H2O, and releases the stored energy in the 

hydration of MgO. The storage density of this material is 81 kJ/mol and the reaction 

temperature of Mg(OH)2 is around 540 K [78]. 

A drawback of the CHS system using pure Mg(OH)2 is the thermal conductivity of the 

packed bed of Mg(OH)2 pellets is too low (within 0.15 – 0.16 W/m.K) [78]. The low 

thermal conductivity of the pure Mg(OH)2 pellets reduces the heat absorption capacity of 

chemical material and thereby decreases the efficiency of the system. To increase the heat 

transfer efficiency of Mg(OH)2, a new compound was suggested by Massimiliano. It was 

the combination of Mg(OH)2 and expanded graphite (EG) with the mass mixing ratio 8:1 

and in the block state (EM8block). The EG, a nonhazardous material, with the high 
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thermal conductivity will help to enhance the heat transfer coefficient inside EM8block 

[36]. 

Table 2.6 Main properties of pure Mg(OH)2 pellets and EM8block 

Parameter Unit Mg(OH)2 pellets EM8block 

Density of bed g/cm3 0.966 1.002 

Working temperature K 523-553 523-553 

Reaction enthalpy kJ/mol 81 81 

Thermal conductivity W/m.K 0.15 – 0.16 1.5 – 1.7 

 

As reported in [78], the advantages of EM8block compared with pure Mg(OH)2 include. 

 Higher thermal conductivity: As shown in Table 2.6, the thermal conductivity of 

EM8block is ten times higher than that of the pure Mg(OH)2 pellets. 

 Higher density: Compare with the density of the bed with pure Mg(OH)2 pellets 

were randomly arranged in the reactor, the density of EM8block is higher than 

that of Mg(OH)2 pellets. The higher density means the size of the system will be 

more compact.  

 Reduced void fraction of the bed: EM8block in the block state will enhance the 

contact between the packed material and the inner surface and consequently 

improve the thermal conductivity of the reactor. 

EM8block, with its advantages as discussed above, was adopted in the present study. The 

exhaust gas energy will be stored in the dehydration process and the stored energy will 

be released in the hydration process of EM8block. 
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2.3.1  Dehydration reaction 

In dehydration process, the volumetric heat storage capacity of EM8block can be 

estimated using Eq. (2.12) [36, 79]. 

��,� =
�∆��

�

���(��)�
∆���������������      (2.12) 

Where ��,� is the volumetric heat storage capacity of the dehydration reaction of 

Mg(OH)2 (kJ/m3), ∆��
�is the reaction enthalpy of the dehydration reaction (kJ/mol), 

���(��)�  is mole mass of Mg(OH)2 (g/mol), ��������� is the density of EM8block 

(kg/m3) and ∆�� is the mole reacted fraction change of the dehydration reaction. 

The mass mixing ratio is expressed as follows: 

����=
���(��)�

���������
        (2.13) 

Where ���(��)� is the mass of Mg(OH)2 in EM8block (kg) and ��������� is the mass 

of EM8block (kg) (rmix = 8/9). 

The mole reacted fraction change is showed in Eq. (2.14). 

∆�� = �� − ��
�        (2.14) 

Where �� is the reacted fraction and ��
� is the initial reacted fraction of the dehydration 

reaction. The reacted fraction is defined as follows: 

�� = 1 +
����/����

���(��)�/���(��)�
       (2.15) 
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Where ���� is the mass of water vapour generating from the dehydration reaction (kg), 

���� is the molemass of the water (g/mol). The reaction fraction of the dehydration 

reaction,��, depends on dehydration rate kd (s-1) and time td as follows: 

���� = −��. �� + ����
�       (2.16) 

 

Figure 2.14 Reaction rate for other materials 

The reaction fraction of pure Mg(OH)2 and other compound of Mg(OH)2 including EM4 

(the compound of Mg(OH)2 and EG in the mass mixing ratio is 4:1), EM8 (the compound 

of Mg(OH)2 and EG in the mass mixing ratio is 8:1) and EM16 (the compound of 

Mg(OH)2 and EG in the mass mixing ratio is 16:1) are shown in Figure 2.14 [36]. It can 

be seen that the reaction rate does not depend on the percentage of EG on the materials, 

it only depends on the temperature of the material. Moreover, the mole fraction of the 

materials highly depends on the temperature. 
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Figure 2.15  Reacted fraction at 300, 340, 370 and 4000C 

Figure 2.15 shows that the reaction rate at the high temperature is much higher than at 

low temperature. At 4000C, after 7 minutes, more than 70% of the chemical material is 

decomposed. However, at 3000C the reaction rate decreases very sharply. 

As reported by Massimiliano in [36, 79], the volumetric heat storage of EM8block and 

other compounds are showed in Figure 2.16. As shown in Figure 2.16, the heat storage 

capacity of EM8block is 1.4 times higher than pure Mg(OH)2 and EM8-b (the compound 

of Mg(OH)2 and EG in the mass mixing ratio is 8:1 and in the state of pellets) in one hour 

working time. 
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Figure 2.16 Volumetric heat storage capacity of pure Mg(OH)2, EM8 in the pellets 

state and EM8block 

In summary, compared with the pure Mg(OH)2 and other compounds of Mg(OH)2 and 

EG, EM8block has higher density and heat storage capacity. Therefore, CHS using 

EM8block will be more compact than other CHS systems using Mg(OH)2 as the energy 

stored material. However, the reaction fraction of EM8block reduced sharply at the low 

temperature so CHS using EM8block is only suitable when the temperature of the heat 

source is higher than 3000C. With IC engines, in almost operation condition, the 

temperature of the exhaust gas is higher than 3000C so applying EM8block CHS in IC 

engines is feasible.   

2.3.2  Hydration reaction 

In the hydration process, the stored energy will be released. The volumetric heat storage 

capacity of EM8block in the hydration process can be estimated using Eq. (2.17) [36, 79]. 

��,� =
�∆��

�

���(��)�
∆���������������      (2.17) 
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Where ��,� is the volumetric heat output capacity of the hydration reaction of EM8block 

(kJ/m3) and ∆�� is the mole reacted fraction change of the hydration process.  

After the dehydration process, the solid product and water are stored separately and in the 

ambient condition. In the hydration process, the water vapour reacts with the solid 

products of the dehydration process to become the initial chemical material, EM8block. 

In the hydration process, the hydration pressure (water vapour pressure), Ph, affects 

directly to the temperature, the volumetric heat output of EM8block and the mole reacted 

fraction change of the hydration process ∆xh [80]. The properties of EM8block in the 

hydration process at the hydration pressure of 47 kPa, 101 kPa and 361 kPa [36], [81]are 

shown in Table 2.7. 

Table 2.7 EM8block properties in the hydration process at the water vapour pressure of 

47 kPa, 101 kPa and 361 kPa 

Properties Unit 47 kPa 101 kPa 361 kPa 

Vapour temperature 0C 79.69 100 139.95 

EM8block temperature in the hydration 

reaction 

0C 130 – 140 150 – 175 220 – 230 

Volumetric gross heat output after 60 min MJ/m3 347  588 911 

Volumetric heat output rate after 30 min and 

60 min 

kW/m3 118 (30’) 

87 (60’) 

300 (30’) 

    - 

400 (30’) 

253 (60’) 

As shown in Table 2.7, the higher pressure leads to the higher temperature and heat output 

of EM8block. However, with the higher temperature, the energy input (the required 

energy for evaporating the water) is higher. Moreover, at the high pressure, the pressure 

vessel makes the investment cost of the CHS system increases. 
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2.4  CFD modelling 

An advantage of CFD model is reducing both times and cost in design, production and 

experiment. It makes possibility to analysis the geometrics, the operation condition 

changes. The commercial code of ANSYS FLUENT provides a system level modelling, 

meshing and complex flow simulations. CHS modelling using ANSYS FLUENT 

includes the modelling of the turbulence fields, the heat transfer, and the chemical 

reaction inside the CHS system. 

2.4.1 Turbulence modelling 

There are different approaches to calculate the turbulence flow, including Direct 

Numerical Simulation (DNS), Large Eddy Simulation (LES) and Reynolds Averaged 

Navier-Stokes Simulation (RANS). DNS offers the ability to provide 3D and time-

dependent solutions of the Navier-Stokes equations. However, because of the inherent 

complexity of the transport equations, simulating the complex flow is impossible [82]. 

LES is a simulation method in CFD solves the spatially averaged Navier-Stokes 

equations. In this method, the large eddies are resolved directly but the eddies smaller 

than the mesh are modeled. Compared with DNS, LES is less expensive but the 

computational resources and efforts are still too large for  practical applications [83]. 

RANS is the most widely used method. It solves time-average Navier-Stokes equations 

and is suitable with all turbulent length scales. As reported in [84], the computation cost 

of LES on the coarse grid is 80-100 times and on the basic grid is 160-400 times than 

steady RANS simulation on the basic grid. Moreover, LES is often referred to the 

turbulence model only. If applying LES in other model such as heat transfer and chemical 

reaction models, they should be modified to adapt with LES [85]. 
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There are various RANS sub-models in ANSYS including one-equation model, two 

equation models (k-ε, k-ω models), three equation model (transition k-kl-ω model), four 

equation model (transition SST model) and seven equation model (Reynolds stress 

model) [86]. The computational cost per iteration increases with the increase of the 

number of equations in the model. The two equation models have advantages at 

computing efficiency [87].In these two equation models, the turbulent viscosity is based 

on the solutions of the equations for turbulent kinetic energy (k) and specific dissipation 

rate (ω) or turbulent dissipation rate (ε).  

The k-ε model, a two equation model, is the most widely-used turbulence model. The k-

ε model contains many sub-models for compressibility, combustion, buoyancy, etc. It is 

robust and accurate for a wide range of application. However, it is inaccurate for flows 

with a larger pressure gradient, strong separation and large streamline curvature. 

Compared with the k-ε model, the k-ω model has much better performance for boundary 

layer flows. With pressure gradient, k-ω accurate and robust for a wide range of boundary 

layer flows. However, the k-ω needs a higher computational cost than k- Ԑ model. To 

combine the merits of both the k-ε and the k-ω model, the Shear Stress Transport (SST) 

model, a sub-model of the k-ω model, is suggested in ANSYS. In the SST model, the k-

ω model is applied for area closing to the wall and the k-ε model is used for the freestream. 

To investigate the turbulence flow in the narrow area using CFD model, Hu in [88] 

compared the experimental results with the simulation results of four RANS turbulence 

models (standard k-ε, RNG k-ε, standard k-ω and SST k-ω models). He concluded that 

the best agreement between the experimental and numerical data with respect to the mean 

velocity vector fields and turbulent kinetic energy contours was obtained using the SST 

k-ω model [88].
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2.4.2 Heat transfer modelling 

Convection, radiation and conduction are three dominating mechanism of the heat 

transfer. In the cylindrical coordinates, the heat conduction inside a solid cylinder could 

be expressed as follows [89]: 

���
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+
�

�

��

��
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�

��
���

�∅�
+
���

���
+
�.

�
=

�

�

��

��
      (2.18) 

Where T is the temperature (K), r is the radical distance (m), k is the thermal conductivity 

(W/m.K). �. is the heat generated per unit volume (W/m3), � is the thermal diffusivity of 

the material (m2/s). The thermal diffusivity could be found from Eq. (2.19). 

� =
�

��
          (2.19) 

Where � is the density (kg/m3) and c is the specific heat (kJ/kg) of the material. 

At the high temperature of the fluid, the heat transfer between the fluid and the wall was 

presented as the combination of the heat convection and radiation. In this case, the heat 

transfer between the fluid and the reactor wall, ��,�,� (W) could be presented by Eq. (2.20) 

[90, 91] 

��,�,� = ��,����,�,� − ��,�,����,� + �����,�,�
� − ��,�,�

� ���,�   (2.20) 

Where ��,�,� is the temperature of the wall at the node i, j (K), ��,�,�is the log mean 

temperature of the fluid (K),��,�the heat convection coefficient of the fluid (W/m2.K), � 

is the emission coefficient of the wall, � is the Stefan-Boltzmann constant and A is the 

surface area of the wall.  The log mean temperature of the exhaust gas can be determined 

as follows [89]: 
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��,�,� = 	
���	��,�,����,�,���(��	���,�,����,�,�)

��
��	��	�,����	�,�

��	���	�,����		�,�

      (2.21) 

Where ��,��,�,�, ��,���,�,� are the temperatures of the fluid at the inlet and outlet of the node 

i,j (K). When ignoring all heat loss from the system to the ambient, the heat transfer from 

the fluid to the wall ��,�,�is the energy change of the fluid in the node i, j presenting by 

Eq. (2.22). 

��,�,� = ��,�,���,�,�(��	��,�,� − ��	���,�,�)     (2.22) 

Where ��,�,� is the specific heat of the fluid at the node i, j (kJ/kg.K), and ��,�,� is the mass 

flow rate of the fluid at the node i,j (kg/s). 

2.4.3  Chemical reaction modelling 

In the chemical reaction modelling, a typical chemical reaction is expressed as follows:  

∑ ��,�
� ��

��,�/��,�
�⎯⎯⎯⎯⎯⎯� ∑ ��,�

�� ��
�
���

�
���       (2.23) 

where N is the number of chemicals,��,�
�  is the stoichiometric coefficient of reactant i in 

reaction r,��,�
��  is the stoichiometric coefficient of product i in reaction r,��,� and ��,� are 

the reaction rate constant in reverse and forward reactions, respectively.  

According to the Arrhenius law, the forward reaction rate is presented as follows [86]: 

��,� = ���
������/��        (2.24) 

Where �� is the pre-exponential factor, �� is the temperature exponent, �� is the 

activation energy and R is gas constant.  

The reverse reaction rate is computed as follows [86]: 
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��,� = ��,��
��,�����,�/��       (2.25) 

Where ��,� is the backward reaction pre-exponential factor, ��,� is the backward reaction 

temperature exponent, ��,� is the backward reaction activation energy. 

After the reaction, the mass change of the solid material in the CFD model was developed 

based on the pyrolysis model. There are many pyrolysis models including single-step 

global mechanisms and semi-global multi-step mechanisms [92]. In the simplified 

models, the single or two-step Arrhenius reaction schemes were used to define 

devolatization rates [93]. The single-step model could be expressed as follows: 

−
���

��
= �[�� − (1 − ��)��,�]      (2.26) 

Where �� is mass of the solid material, �� is the mass fraction of volatiles initially, ��,� 

is the initial mass of the solid material, k is the reaction kinetic rate and it could be found 

from the single –step Arrhenius fashion as follow: 

� = ��exp	(
��

��
)        (2.27) 

In the mathematical model of the chemical reaction proposed by Massimiliano in [36] the 

reaction rate of the reaction fraction at the node i, j at time � +	∆�	of the solid material 

could be expressed as follows: 

��,�
� = ��,�. �

��,�.∆�        (2.28) 

Where ��,� is the reaction rate that is considered as constant between time � and � +	∆�, 

��,� is the reaction fraction at time �.  
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In the heat storage process, the exhaust gas energy will be stored in the dehydration 

process. Based on the amount of the reacted chemical material between time � and � +

	∆�, the stored energy per time step ∆� is given by Eq. (2.29). 

��,�,�=
�∆�

∆�
��,�∆��,�,���,�       (2.29) 

Where ��,�,� is the stored energy in the node i, j, ∆�  is the reaction enthalpy of the 

chemical material, ��,� is the density and ��,�is the volume of node i, j. ∆��,�,�is the reaction 

fraction change of the node i, j in the heat storage process between time � and � +	∆�. 

In the heat output process, the stored energy will be released in the hydration process. 

Based on the amount of the reacted chemical material in the heat output process between 

time � and � +	∆�, the stored energy per time step ∆� is given by Eq. (2.30). 

��,�,�=
∆�

∆�
��,�∆��,�,���,�       (2.30) 

Where ��,�,� is the released energy in the node i, j and ∆��,�,�is the reaction fraction change 

of the node i, j in the heat output process between time � and � +	∆�. 
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Chapter Three 

3  CHS system 

3.1  Principle of CHS system using Mg(OH)2 

To store the waste heat of the exhaust gas, it was proposed that two main devices would 

be installed in the exhaust gas pathway of an IC engine, a reactor and a water tank. 

EM8block is stored inside the reactor. The water tank is for condensing the water vapour 

in the heat storage process and evaporating the water liquid in the heat output process. 

The reactor is located between the engine exhaust port and the catalytic converter. The 

principle of the heat storage process is shown in Figure 3.1. 

 

Figure 3.1 Heat storage process 

As shown in Figure 3.1, in the heat storage process, heat energy, Qd, is transferred from 

the exhaust gas to Magnesium hydroxide (Mg(OH)2)  and converts to magnesium oxide 

(MgO) and water vapour (H2O) in the dehydration reaction in the reactor. The 

equilibriums are expressed as follows [94]: 

Mg(OH)2 (s) + Qd→ MgO(s) + H2O(g)       (3.1) 
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 H2O(g) → H2O(l) + ΔH1       (3.2) 

During this process, MgO is retained inside the reactor, the water vapour moves into the 

water tank and condenses into the liquid state. As the reaction products, MgO and water 

vapour are stored separately in the reactor and water tank. 

In the heat output process, the stored heat is used to heat the intake air. The principle is 

shown in Figure 3.2. 

 

Figure 3.2 Heat output process 

As shown in Figure 3.2, the water liquid in the water tank is heated by a small electrical 

resistor and evaporates. The water vapour flows from the water tank into the reactor and 

reacts with the solid retaining in the reactor after the heat storage process (MgO). Heat 

energy, Qh, is released from the hydration reaction of MgO and water vapour as follows: 

H2O(l) + ΔH2 → H2O(g)          (3.3) 

MgO(s) + H2O(g) →Mg(OH)2(s) + Qh     (3.4) 

Heat energy releasing from the hydration reaction in the reactor, after that, is transferred 

to the object to be heated, here is the engine intake air. 
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3.2  Tested engine 

Experiments were conducted on a Diesel engine, D1146TI, at the Engine Laboratory at 

the Hanoi University of Science & Technology in Vietnam. D1146T1 is a 4-stroke 6-

cylinder Diesel engine for buses in Vietnam. The major specifications of the tested engine 

are shown in Table 3.1 

Table 3.1 Major specifications of the Diesel engine 

Parameters Unit Value 

Number of cylinders   6 

Number of strokes  4 

Bore mm 111 

Stroke mm 139 

Displacement volume cc 8071 

Compression ration  16.7:1 

Maximum power kW 151@2200rpm 

Maximum Torque N.m 735@1400rpm 

 

The total energy of the IC engine, ������, is the amount of fuel chemical energy releasing 

in the combustion process. It can be written function of the fuel consumption of the engine 

and the heating value of the fuel as follows: 

E����� = m����Q��        (3.5) 
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Where ��� is the heating value of the fuel (kJ/kg) and ����� is the fuel mass flow rate 

(kg/s). 

In IC engine, besides the useful work defining as the engine power, a part of the total 

energy is lost in the exhaust gas. The energy of the exhaust gas is determined by the sum 

of the energy of exhaust gas components (H2O, CO2, CO, O2, NOx, HC, etc.) at the 

exhaust gas temperature as follows: 

��� = ���� + ���� + ��� + ��� + ���� + ���    (3.6) 

Where ��� is the energy of the exhaust gas (kW) and ����, ����, ���, ���, ���� , ��� are 

the energy of the exhaust gas components (H2O, CO2, CO, O2, NOx, HC) (kW). 

The energy of an exhaust gas component can be written function of the mass flow rate 

and the enthalpy of the exhaust gas component as follows: 

���� = ����ℎ���        (3.7) 

Where ���� is the energy of the exhaust gas component (H2O, CO2, CO, O2, NOx, HC) 

(kW), ℎ��� is the enthalpy of the exhaust gas component (kJ/kg) and ���� is the mass 

flow rate of the exhaust gas component (kg/s). The mass flow rate of a component can be 

calculated with Eq. (3.8). 

���� = ����.���        (3.8) 

Where ���� is the mass percentage of the component in the exhaust gas (%) and ��� is 

the mass flow rate of the exhaust gas (kg/s). The mass flow rate of the exhaust gas is 
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defined as the sum of the mass flow rate of the fuel, ����� (kg/s), and the air, ���� (kg/s), 

at the inlet of IC engine as follows: 

��� = ����� + ����        (3.9) 

Besides the engine power and the energy lost in the exhaust gas, the other energy losses 

of IC engine, Eother (kW), including energy losses in the combustion, transmission, noise, 

cooling systems, etc. is determined as follows: 

E����� = E����� − P − E��       (3.10) 

Where P is the engine power (kW).  

 

Figure 3.3 Energy distribution varied with of the engine load 

Based on the experimental data and Equations 3.5, 3.6, 3.10, the energy distribution 

varied with the engine load of the diesel engine is calculated and shown in Figure 3.3 

[95]. As shown in Figure 3.3, in the D1146TI diesel engine, the heat energy lost by the 

exhaust gas was higher than 40% of total energy, especially in some operation conditions, 
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this energy lost could be up to 70%. The aim of this research is to store and reuse as much 

as possible the wasted exhaust gas energy for heating purposes of the vehicle. 

3.3  Reactor design 

As mentioned in 3.1, to store the wasted heat energy of the exhaust gas, a reactor 

containing EM8block is connected with the exhaust gas manifold of the D1146TI diesel 

engine. The main requirements of the CHS using EM8block were defined as follows: 

 It was small enough to be located in the vehicle.  

 It could store enough EM8block for one hour at the full engine load. 

 The maximum service temperature of the material chosen to fabricate the reactor 

must be greater than the temperature of exhaust gas of the engine. 

The maximum exhaust gas temperature of the diesel engine in the current study was 850 

K. Based on the maximum temperature of the exhaust gas of the diesel engine, the 

material chosen to fabric the reactor was the steel grade 153MATMwith the maximum 

service temperature of 1273 K. It can be seen that the maximum service temperature of 

the steel is not only higher than the temperature of the exhaust gas of the diesel engine 

but also that of gasoline engines. The maximum temperature of the exhaust gas of the 

Toyota Aurion gasoline engine at UTS laboratory was 1078 K and 1113 K for the gasoline 

engine in Tianyou experiments [96]. Therefore, the CHS system in the current study could 

be extended to apply in gasoline engines in the future. The main properties of steel grade 

153MATM [97]are shown in Table 3.2. 
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Table 3.2 153MATM steel properties 

Properties Unit Value 

Maximum service temperature K 1273 

Mass density g/cm3 7.8 

Thermal conductivity W/m.K 25.5 

Heat capacity  J/kg.K 500 

 

To design the reactor of CHS system, some assumptions were raised as follows: 

 Ignore the heat loss in the connection piper between the exhaust manifold of the 

IC engine and the reactor: the properties of the exhaust gas at the reactor inlet are 

the properties of the exhaust gas at the exhaust manifold of the IC engine. 

 Ignore the heat loss from the reactor to ambient: it means the energy change of 

the exhaust gas in the reactor is the absorbed energy of the reactor. 

 Ignore the gap contact between the inside wall of the reactor and EM8block. 

EM8block was made in a mold before putting in the reactor, so in fact, there is 

some small gap contact between the reactor and EM8block. This gap was filled 

by the EM8 powder in the experiment.  

Based on the requirements of the reactor and the volume of EM8block, the reactor was 

designed as a shell and tube heat exchanger using the reactor design process as shown in 

Figure 3.4. Based on the temperature of exhaust gas at the reactor inlet (T1) and the 

hypothetical temperature at the reactor outlet (T2), the heat energy of the exhaust gas at 

the inlet and outlet of the reactor could be defined by Equation 3.6. By ignoring the heat 

loss from the reactor to the ambient, the captured energy of the reactor (��������� , kJ) is 
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the energy change of the exhaust gas between outlet and inlet of the reactor.  

��������� = 	 (���,��− ���,���). �      (3.11) 

Where ���,�� and ���,���  are the energy of exhaust gas at the inlet and outlet of the reactor 

presenting by Equation 3.6 (kW) and t is the time (s). 

The captured energy of the reactor will be used to increased the temperature of the reactor 

(��), EM8block (���������), from the ambient temperature to the reaction temperature 

of the reactant and stored in the dehydration reaction of EM8block (���������). The 

energy for heating the reactor can be calculated using the Eq. (3.12). 

�� = ����(�� − ����)       (3.12) 

The energy for heating EM8block can be estimated as follow. 

��������� = ������������������(�� − ����)    (3.13) 

Where ��, ��������� are the mass of the reactor and EM8block (kg); ��, ��������� are 

the specific heat of the reactor and EM8block (kJ/kg.K); ��, ���� are the reaction 

temperature of EM8block and the ambient temperature. 

The stored energy in the CHS system could be estimated using Eq. (3.14). 

��������� = 81
�������������

���(��)�
	1000      (3.14) 

Where 81 kJ/mol is the reaction enthalpy of Mg(OH)2, ���� is the mass mixing ratio of 

EM8block (8/9). 

The mass of EM8block stored inside the reactor could be found from Equations 3.11, 
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3.12, 3.13 and 3.14. The volume of EM8block inside the reactor can be written function 

of the mass,���������, and the density,���������, of EM8block as follows: 

��������� =
���������

���������
        (3.15) 

 

Figure 3.4 Reactor design process 

From the volume of EM8block inside the reactor, the design of the reactor based on the 

shell and tube heat exchanger was proposed. After that, the temperature of the exhaust 

gas at the reactor outlet (T2) was checked and adjusted based on the reactor design and 

used as the input temperature of the next loop as shown in Figure 3.4. The design process 

ended when the temperature difference of exhaust gas at the outlet of the reactor at the 
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input and output of the loop was smaller than 5%. The structure of the reactor is shown 

in Figure 3.5 and the parameters of the reactor of the CHS system are shown in Table 3.3. 

As shown in Figure 3.5, the reactor consists of one shell and one tube. EM8block is stored 

inside the tube, and the exhaust gas flows in the space between the shell and the tube. 

EM8block was filled up to a height of 460 mm when the total mass of the material is 

24.46 kg with the volume 0.0244 m3. 

 

Figure 3.5 Reactor design 

In the heat storage process, the exhaust gas flows into the reactor at the exhaust gas inlet 

and out at the exhaust gas outlet port, while heat energy is transferred from the exhaust 

gas to EM8block through the reactor wall. The dehydration reaction occurs inside the 

tube of the reactor when the temperature of EM8block reaches the reaction temperature 

of 2800C.  Water vapour from the dehydration reaction of Mg(OH)2 flows from the reactor 

to the water tank at the water vapour port on the top of the reactor. After the heat storage 
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process, the solid product is stored inside the tube and the water vapour is condensed and 

retained inside the water tank. 

Table 3.3 Reactor parameters 

Parameter Internal diameter (mm) Thickness (mm) Length (mm) 

Tube 260 6.5 500 

Shell 360 6.5 500 

Exhaust gas inlet 88.9 3.05 

Exhaust gas outlet 88.9 3.05 

Vapour port 88.9 3.05 

In the heat output process, the water liquid in the water tank is heated by an electrical 

resistor and evaporates. The water vapour, after that, flows from the water tank to the tube 

of the reactor through the water vapour port and reacts with the solid product in the 

reactor. The hydration reaction between the solid product and water vapour occurs inside 

the tube and heat energy is released. The heat energy releasing from the hydration reaction 

in the reactor is then transferred to the engine intake air. 
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Chapter Four 

4  Experimental and Numerical Methods 

4.1  Experimental methods 

4.1.1  Preparation of EM8block 

As discussed in section 2, EM8block is the compound of Mg(OH)2 and EG in the mass 

mixing ratio of 8:1 and in the block state. The EG was made by graphite flakes before 

mixing with Mg(OH)2 at School of Chemical Engineering (SCE), Hanoi University of 

Science and Technology, Vietnam as follows: 

 Pure Mg(OH)2 was crushed to the average particle size smaller than 150 µm. 

 Mg(OH)2 was mixed with EG in the mass mixing ratio 8:1 and purified water was 

added. A spatula was used to mix the compound gently.  

 The compound was placed in the furnace for 15 minutes at 1200C. 

 The compound was remixed before replacing in the drier for 15 minutes. This step 

was repeated to ensure that Mg(OH)2 was mixed with EG perfectly. 

 The compound was placed in the furnace until it was dry completely. 

 The compound was removed from the furnace and crushed to the average particle 

size smaller than 150 µm. 

 The compound was compressed in the mold to get the required parameters of 

EM8block. 
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  (a) Expanded graphite (b) Dried compound        (c) EM8block in the reactor 

Figure 4.1 Preparation of EM8block 

EM8block, after that, was removed from the mold and stored inside the reactor as shown 

in Figure 4.1.c. There was a small gap between EM8block and the reactor wall due to 

EM8block and reactor manufacturing processes. The gap was then filled by the compound 

powder. 

The experiments were conducted in the heat storage and heat output processes. In the heat 

storage process, exhaust gas energy was stored in EM8block. In the heat output process, 

the stored energy was used to heat the engine intake air. 

4.1.2  Heat storage process 

In the heat storage process, the experiment apparatus was set up in the AVL engine test-

bed as shown in Figure 4.2. Figure 4.3 shows its schematic diagram. The experiment 

devices and instruments include a dynamometer, a D1146TI Diesel engine, a fuel balance, 

a reactor, a water tank, a scale and other instruments used to analyze the exhaust gas and 

measure temperatures, the pressure difference between the inlet and outlet of the reactor. 

The reactor was manufactured based on the design in section 3.3. EM8block was made 

based on the process, as shown in section 4.1. 
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Figure 4.2 Experimental apparatus of the heat storage process 

In the heat storage process, as shown in Figure 4.3, the reactor was located after the engine 

exhaust gas port and connected with the engine by a spring metal pipe. A thermostat was 

used to measure the exhaust gas temperatures at the inlet of the reactor (T1). The exhaust 

gas after going through the reactor was collected by the exhaust gas system of the 

laboratory. At the outlet of the reactor, another thermostat was used to determine the 

temperature of the exhaust gas at this point (T2). When the exhaust gas moved into the 

reactor, EM8block next to the reactor inlet was the hottest area. A thermostat was installed 

to measure the temperature of this area of EM8block (T3). T3 was used to recognize the 
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processes of the heat storage process inside the reactor. The pressure difference of the 

exhaust gas between the inlet and outlet of the reactor was recorded by a manometer. The 

water vapour from the dehydration reaction of EM8block inside the tube of the reactor 

flowed out at the water vapour port of the reactor and condensed in the water tank. It 

made the weight of water in the water tank changed. The weight of water in the water 

tank was measured by an electrical balance. All experimental data, including T1, T2, T3, 

pressure difference, the weight of water in the water tank and operation data of the engine 

were recorded by the data acquisition system. 

 

1. Dynamometer 2. Engine 3. Reactor 4. Water tank 5. Electrical balance 6, 7, 8 

thermostats using to measure T1, T2, T3 9. Manometer 10. Data acquisition 

Figure 4.3 Schematic diagram of the experimental apparatus of the heat storage 

process 

In the heat storage process, the experiments were conducted at 60%, 70%, and 80% 
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engine loads. At an engine load, the experiments took place in around 60 minutes, and 

the data was recorded every 2 minutes. Because of the moisture content of EM8block 

(from uncompleted drying process on EM8block built process and the environment), each 

experiment was performed in four stages as follows: 

 Stage 1: The reactor received heat energy from the exhaust gas to increase the 

temperatures of the reactor and EM8block. The temperature of EM8block (T3) 

increased from the ambient temperature to around 800C-900C. In this stage, the 

heat energy of the exhaust gas was used for heating the reactor and EM8block. 

 Stage 2: The temperature inside EM8block was not uniform due to the heat 

transfer inside the reactor. The highest temperature of EM8block was at the outer 

layers and next to the reactor inlet. At other areas of EM8block, the temperature 

was smaller. At T3 was 80-900C, the temperature of some hottest areas of 

EM8block reached to the saturation temperature of the water, 1000C, and the 

moisture containing insideEM8block evaporated. This stage finished when the 

temperature ofEM8block, T3, was around 110-1200C. At this temperature, the 

temperature of all area inside EM8block was higher than the saturation 

temperature of the water and all moisture containing inside EM8block evaporated. 

The water vapour releasing from EM8block flowed to the water tank, and it made 

the weight of the water in the tank increased. In this stage, the heat energy of the 

exhaust gas was used not only for heating the EM8block and the reactor but also 

for evaporating the moisture inside EM8block. 

 Stage 3: After all moisture evaporated and condensed in the water tank, the weight 

of the water in the water tank was constant. In this stage, when the exhaust gas 

continuously flowed in the reactor, the heat energy of exhaust gas was used for 
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heating the reactor and EM8block. This stage finished when T3 reached around 

250-2800C (the reaction temperature of Mg(OH)2). 

 Stage 4: When the temperature, T3, was in the range of 2500C to 2800C, the 

temperature of the hottest areas inside EM8block reached to the reaction 

temperature of Mg(OH)2. At this temperature, the dehydration reaction of 

Mg(OH)2 began inside EM8block. In this stage, the gas product of the dehydration 

reaction of Mg(OH)2, the water vapour, moved out of the reactor and condensed 

in the water tank. The weight of the water in the water tank increased quickly. The 

heat energy of the exhaust gas in this stage was used for both heating EM8block, 

the reactor and storing in the dehydration reaction of Mg(OH)2. 

After the heat storage process, two products of the dehydration reaction were stored 

separately. The solid product (EM8blockp) was stored in the reactor and the gas product 

(water vapour) was condensed, and stored in the water tank. 

4.1.3  Heat output process 

In the heat output process, the stored energy was used to heat the engine intake air. The 

schematic diagram of the experimental apparatus of the heat output process is shown in 

Figure 4.4. 

As shown in Figure 4.4, the reactor was connected with the water tank in the heat output 

process to heat the intake air supported by a small fan at the reactor inlet. After the heat 

storage process, the water was condensed and stored inside the water tank. In the heat 

output process, the water liquid in the water tank was heated by an electrical resistor to 

evaporate and flow into the reactor. The electrical energy was supported to keep the 

temperature of the water inside the water tank was 1000C, and the evaporation occurred 
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continuously. Because of the evaporating of water in the water tank, the weight of the 

water tank decreased and it was measured by the electrical balance.  

 

1. Fan 2. Reactor 3. Water tank 4. Electrical resister 5. Electrical balance 6, 7, 8. 

thermostats using to measure T4, T5, T6 9.Velocity meter 10. Computer 

Figure 4.4 Schematic diagram of the experimental apparatus of the heat output process 

The solid product of the dehydration reaction (EM8blockp) storing inside the reactor 

reacted with the water vapour from the water tank in the hydration reaction to become the 

initial form, EM8block, and heat energy was released as shown in Equation 3.4. The 

releasing heat energy from the hydration reaction inside the reactor was used to 

heatEM8block and the reactor wall. Inside the reactor, the intake air absorbed heat energy 

from the reactor wall through heat convection process and flowed out at the reactor outlet. 

The engine intake air temperatures at the reactor inlet and outlet (T4, T5) and the wall 

temperature of the tube of the reactor (T6) were recorded by three thermostats. The 

thermostat for measuring the temperature T6 was located in the middle of the tube of the 

reactor. At the reactor outlet, a velocity meter was located to determine the velocity of 
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the heated air. The pressure difference of the engine intake air at the inlet and outlet of 

the reactor was recorded by a manometer.  

In the air heating process, the heat energy from the hydration reaction of MgO and water 

vapour was used to heat EM8block and the reactor wall. It made the temperature of the 

reactor wall (T6) increased over time. Each experiment in the air heating process was 

performed in two stages. 

 Stage 1: The water vapour evaporating from the water tank flowed into and 

reacted with EM8blockpinside the reactor. The heat energy of the hydration 

reaction in this stage was used for heatingEM8block and the reactor wall and it 

made their temperatures increased. 

 Stage 2: The hydration occurred inside the reactor continuously. In this process, 

the engine intake air supported by a fan flowed in the reactor at the reactor inlet. 

The intake air, after that, absorbed heat energy from the reactor wall, and its 

temperature increased. The heat energy of the hydration reaction in this stage was 

used not only for heating EM8block and the reactor but also for heating the engine 

intake air.  

4.2  Numerical methods 

To investigate the CHS system in engine conditions more than that in experiments, a CFD 

model of the CHS system was developed using the commercial code of ANSYS FLUENT 

as a platform. The model was verified by comparing the simulation results with the 

experimental ones. The verified model was then used to test the CHS system, which was 

further improved from the one used in the experiments. 



Duc Luong Cao DOCTORAL THESIS 2019 

 
63 

 

4.2.1  Computational mesh 

Based on the assumption of the symmetry of the CHS system, half of the reactor was 

simulated to minimize the simulation time. Figure 4.5 shows the computational mesh 

generated on the half of the reactor that includes the chemical material, EM8block, storing 

inside the tube of the reactor. 

 

      EM8block                 Reactor wall                  Exhaust gas  

Figure 4.5 Geometry and mesh structures of the reactor, EM8block and the exhaust gas 

The mesh of the reactor mainly consists of the tetrahedral grid. The computational mesh 

includes the reactor, EM8block, and the fluid body of the exhaust gas are shown in Figure 

4.5. 

The normal angle is the maximum allowable angle that one element edge is allowed to 

span. To make sure that the size of one element will not violate the size or the normal 

angle, the curvature size function was chosen to control the size computation. In the 
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computational mesh, the relevance center was fine, and the curvature size function on all 

edge and face zones was 18. The mesh with 101130 nodes was created with skewness 

was 0.2386, and the orthogonal quality was 0.77. 

4.2.2  Heat transfer model 

The inlet data of the heat storage model was the exhaust gas parameters. In the 

experiment, the exhaust gas velocity at the reactor inlet at all engine load was higher than 

30 m/s, and the Reynolds number (Re) was higher than critical Reynolds number of the 

flow in a circular pipe (2000 → 3000), so the flow was turbulent in the reactor.  

Standard two-equation turbulence models are often fail to predict the onset and the 

amount of flow separation under adverse pressure gradient conditions. To avoid this 

problem, the k-ω SST Model was used for the simulation. The SST model, as mentioned 

in section 2.4, is a hybrid two-equation model that combines the advantages of both k-ε 

and k-ω models. The k- ω model performs much better than k-ε models for boundary 

layer flows. In the SST model, the k- ω is applied for the area close to the wall and the k-

ε model for the area in the freestream. It can give highly accurate predictions of the onset 

and the amount of flow separation under adverse pressure gradients by the inclusion of 

transport effects into the formulation of the eddy-viscosity. 

In the heat storage model, the heat transfer process inside the reactor includes the heat 

transfer by convection and radiation from the exhaust gas to the reactor wall, conduction 

through the reactor wall and conduction in EM8block. The heat transfer by heat radiation 

and convection,���,�,�	(kW), between the exhaust gas and the reactor wall is mathematical 

described by Eq. (4.1). 



Duc Luong Cao DOCTORAL THESIS 2019 

 
65 

 

���,�,� = ���,�,�����,�,� − ��,�,����,� + ������,�,�
� − ��,�,�

� ���,�  (4.1) 

Where ��,�is the contact area between the node i,j and the exhaust gas (m2), ��,�,�is the 

temperature of the reactor wall at the node i, j(K), ���,�,� is the log mean temperature of 

the exhaust gas next to the node i,j (K) and ���,�,� is the convection heat transfer 

coefficient of the exhaust gas at the node i, j (W/m2.K).The convection heat transfer 

coefficient of the exhaust gas could be found from the Nusselt number as follows: 

���,�,� =
���.��

�
         (4.2) 

Where ��� is the thermal conductivity of the exhaust gas (W/m.K), Nu is the Nusselt 

number and l is the characteristic dimension of the node (m). The Nusselt number of the 

turbulence heat transfer of exhaust gas could be estimated using Eq. (4.3). 

�� = 0.018	���.����.�       (4.3) 

Where Re, Pr are the Reynolds and Prandtl numbers.  

To investigate the heat conduction process between the solid material inside a reactor, a 

3D model was suggested by Zamengo in [36] as shown in Figure 4.6. 

The reactor wall and EM8block are solid materials, so the heat transfer process are 

assumed as the heat conduction. Based on the model in [36],the heat conduction inside 

the reactor wall and EM8block in stages 1, 2 and 3 before the chemical reaction is shown 

by Eq. (4.4). 
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Figure 4.6 Model of packed bed reactor: (a) the nodes on the top, (b) the nodes inside, 

(c) the nodes next to the side walls and (d) the nodes next to the bottom of the reactor 

When the temperature of a node is higher than the reaction temperature, the dehydration 

reaction occurred at the node. At this step, the node is assumed as a heat source, and it 

will absorb heat energy Qa,i,j (kJ) as follows: 

��	�,���	���	�,�

∆�
�T�,��� − T�,�� +

��	�,���	��	�,�

∆�
�T�,��� − T�,�� +

��	�,���	���	�,�

∆�
�T���,� − T�,�� +

��	�,���	������	�,�

∆�
�T���,� − T�,�� =

��	�,�.��	�,�

∆�
V�	�,��T�	�,�	��∆� − T�	�,�	�� + Q�,�,� (4.5) 

Where �� is the thermal conductivity (W/m.K), �� is the contact area (m2), �� is the 

density, �� is the volume, �� is the specific heat of the reactor wall or EM8block at the 

node i, j. ��,�, ��,���, ��,���, ����,�, ����,� are the temperature of the node i, j and next 
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nodes. ��	�,�	� and ��	�,�	��∆� are the temperature of the node i, j at time  τ and τ+∆τ. ��,�,� 

is the dehydration reaction energy in the node i, j when the reaction occurs.  

The dehydration reaction energy is described by the function of the mass of the node, 

��,�, and the enthalpy of the dehydration reaction (81 kJ/mol) as follows: 

Q�,�,� = 81����
��,�

���(��)�
1000       (4.6) 

The amount of the reacted EM8block after the heat storage in the simulation model is 

determined by the amount of EM8block with the temperature is higher than the reaction 

temperature of Mg(OH)2. Therefore, the percentage of the reacted EM8block in the 

simulation could be found from the history of the temperature of EM8block.  

In the heat output process, the stored energy was used to heat the intake air. The heat 

energy of the hydration reaction was used as a heat source for heating EM8block, the 

reactor, and the intake air. The heat source releasing from the hydration reaction, ��, is 

the enthalpy of the reaction, 81 kJ/mol. From the experiments, the heat transfer coefficient 

of the whole system, k (W/m.K), was found from the absorbed heat energy of the intake 

air, the average temperature of the intake air in the reactor and temperature of the reactor 

wall, T6, as follows: 

� = 	
��

�(�����)
         (4.7) 

Where � is the outside area of the tube (m2), �� (kW) is the absorbed energy of the intake 

air after going through the reactor, and Ta is the average temperature of the intake air in 

the reactor. The outside area, A, could be found from Eq. (4.8) as follows: 
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� = ����         (4.8) 

Where �� is the outside diameter of the tube (m), � is the length of the reactor (m). The 

absorbed energy, Qa, could be determined from Eq. (4.9). 

�� = ��.��. (�� − ��)       (4.9) 

Where �� is the mass flow rate of the intake air (kg/s) and �� is the specific heat of the 

air (kJ/kg.K). The average temperature of the intake air, Ta, could be found from T4 and 

T5 as follows: 

�� =
�����

�
         (4.10) 

The heat transfer coefficient finding from the experiments was used in the CFD model to 

investigate the operation of the CHS system in the engine intake air heating process at 

other ambient temperatures. 

4.2.3  Chemical reaction model 

As discussed above, EM8block is the compound of Mg(OH)2, and EG in the mass mixing 

ratio is 8:1. The operation of the CHS system in the current study is based on the reversible 

reaction of Mg(OH)2. In the CFD model, the initial reaction is EM8block, and the solid 

product after the dehydration reaction is denoted as EM8blockp. The chemical reaction in 

the CFD model is presented by Eq. (4.11). 

��8����� + ℎ���	 ↔ ��8������ + �����	������   (4.11)  

To simulate the chemical reaction inside the reactor, the species transport and the 

reactions model were chosen in ANSYS FLUENT. The chemical reaction model chosen 
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is the particle model, and the turbulence-chemistry interaction was adopted as a finite-

rate model. In the reaction model, the constituent species include EM8block, EM8blockp, 

and water vapour. EM8block and EM8blockp were set as the solid material. Water vapour 

was in the gas state.  

In the heat storage process, the chemical reaction occurs when the temperature of the node 

inside EM8block reaches the reaction temperature of Mg(OH)2. After the dehydration 

reaction inside the reactor, EM8blockp is retained in the reactor and water vapour flows 

out at the vapour port of the reactor. 

In the heat output process, as presented in 2.3.2, the hydration reaction of EM8blockp 

depends on the water vapour pressure. In the simulation, the water vapour pressure chosen 

is the ambient pressure. The water vapour was set from the database with the temperature 

at the water vapour port was the saturation temperature of water at the ambient pressure 

(1000C). The mass flow rate of the water vapour in the heat output process was that in the 

experiments. The main parameters of EM8block and EM8blockp, were shown in Table 

4.1. 

Table 4.1 Main properties of EM8block and EM8blockp 

Parameters Unit EM8block EM8blockp 

Initial density of bed kg/m3 1002 1001.446 

Activation Energy kJ/mol 81 81 

Thermal conductivity W/m.K 1.6  1.6 

Reaction temperature K 540 435 
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In the heat storage process, the reaction temperature of EM8block was set as the reaction 

temperature of the dehydration reaction, 540K. The reaction took place when the 

temperature of a node reaches the reaction temperature. At this temperature, EM8block 

absorbed activation energy to become EM8blockp and water vapour. 

In the heat output process, EM8blockp reacted with water vapour to become the initial 

chemical material, EM8block. The reaction temperature in this process was it of 

EM8blockp, 435 K (1620C). The mass diffusivity and thermal diffusion coefficient of the 

reaction were set following kinetic-theory in ANSYS FLUENT [86]. The hydration 

reaction took place when the water vapour contacted with EM8blockp. After the hydration 

reaction, the activation energy released from the reaction, and the temperature at the node 

increased to the reaction temperature of 435 K.  

4.2.4  Boundary condition 

In the heat storage process, the fluid material in the CFD model was set as the exhaust 

gas. In the CFD model, the heat lost from the exhaust gas manifold of the engine to the 

reactor was ignored. Therefore, the parameters of the exhaust gas at the reactor inlet was 

its parameters at the exhaust gas manifold of the engine in the experiment. At an engine 

load, the parameters of the exhaust gas were variable in 60 minutes of the experiment. 

The data was recorded every two minutes. In the simulation, the parameters of the exhaust 

gas were assumed as constant in a time step (two minutes), and they were the average 

parameters in a time step of the experimental data. 

In the experiment, the reactor was well insulated. The heat lost from the reactor to the 

ambient was small. In the simulation, this heat loss was ignored, and the outside of the 

reactor was set as the free zone.  
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As discussed above, in the CFD model, only half of the reactor was simulated to reduce 

the time and computational cost. Therefore, the symmetry boundary was set for the 

contact area of the CFD model and the rest of the reactor. 

4.2.5  Model verification 

To verify the CFD model, the simulation results were compared with the experimental 

ones in both heat storage and heat output processes. 

4.2.5.1 Heat storage process 

In the heat storage process, the CFD model was run at 60%, 70% and 80% engine loads. 

The parameters of the exhaust gas at the reactor inlet was the parameters from the 

experiment as shown in Table 4.2. 

Table 4.2 Main parameters of the exhaust gas at the reactor inlet at 60%, 70% and 80% 

engine loads 

Parameter Unit 60% 70% 80% 

Fuel flow rate Kg/h 14.34 17.53 18.66 

Air flow rate Kg/h 424.39 453.49 463.93 

Exhaust gas temperature  K 656 720 761 

Exhaust gas mass flow rate Kg/s 0.122 0.131 0.134 

Exhaust gas volume flow rate m3/s 0.319 0.367 0.391 

Inlet area of the reactor m2 0.0065 0.0065 0.0065 

Exhaust gas velocity m/s 48.7 55.95 59.59 

Reynolds number  21178.4 21759.9 21711.8 
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It can be seen that the Reynolds number in three engine loads were higher than the critical 

Reynolds number of the flow in the circular pipe, so the exhaust gas flow was turbulence 

as predicted. 

 

Figure 4.7 Temperature at the centroid, checkpoint and average temperature of 

EM8block at 60%, 70% and 80% engine loads 

In the experiment, the temperature of EM8block, T3, was recorded by a thermostat, and 

it was used to recognize stages in the heat storage process, as shown in section 4.2. Similar 

to that, in the CFD simulation, the temperature at the same point (checkpoint) was 

collected and compare with the experimental temperature. In the CFD simulation, besides 

the checkpoint temperature, the temperature at the centroid and the average temperature 

of EM8block were recorded. The CFD model was run in 60 minutes and three 

temperatures as mentioned above (the checkpoint, the centroid and the average 
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temperatures of EM8block) at three engine loads are shown in Figure 4.7. It can be seen 

that the temperature of the checkpoint was highest because it was located in the hottest 

area of EM8block. At the centroid of the reactor, the temperature was the smallest. At the 

engine started, the temperature at the centroid did not change. It need time for transferring 

the heat energy from the outer layers to the centroid of EM8block. After 60 minutes, the 

temperature profile of the outside surface of EM8bock at other engine loads are shown in 

Figure 4.8. 

 

Figure 4.8 Temperature distribution at the outside surface of EM8block 60 minutes 

after the engine starts at 60%, 70%, 80% engine loads 

As shown in Figure 4.8, the temperature of EM8block at the bottom and opposite to the 

reactor outlet is the smallest. The reason is that when the exhaust gas moved from the 

inlet to the outlet of the reactor, the area at the bottom and below the reactor inlet received 

the least heat energy from the exhaust gas.  
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To verify the CFD model, the temperature at the same point of EM8block in the 

experiment (T3), and in the simulation (the checkpoint) were compared and the results at 

three engine loads (60%, 70%, 80%) are shown in Figure 4.9. 

 

Figure 4.9 Comparison of experimental and simulation results of the checkpoint 

temperature at 60%, 70%, 80% engine loads 

As shown in Figure 4.9, the difference between the experimental and simulation results 

at three engine loads were insignificant. The biggest average difference between 

simulation and experimental results is 3.34% at 70% engine load. At 80% and 60% engine 

loads, the difference reduced to 3.1% and 2.78%, respectively. In the experiment, the 

operation parameters of the engine changed overtime, especially in the engine start up. In 
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the simulation, based on the experimental data recording every two minutes, the 

parameters of the exhaust gas were set constant in 2 minutes. It led to the difference 

between the simulation and experimental results. Furthermore, in the experiment, the 

CHS system was well insulated, but the heat loss from the CHS system to the environment 

was inevitable. In the simulation, ignoring the heat loss from the CHS system to the 

environment led to the temperature of the checkpoint was slightly higher than it in the 

experiment. Another reason leading to the difference between the experimental and 

simulation results was the chemical material, EM8block. In the experiment, because 

EM8block was compressed in the mold before storing inside the reactor, there was a small 

gap between EM8block and the inside In the CFD model, the gap between EM8block and 

the inside surface of the tube of the reactor was ignored. The difference in the gap contact 

between the experiments and simulation could lead to the difference in the temperature 

of the checkpoint.  

The temperature of a node inside EM8block depended on the operation condition of the 

engine and its position inside EM8block. As discussed in section 2, in the heat storage 

process, the dehydration reaction occurred when the temperature of a node was higher 

than the reaction temperature of Mg(OH)2. The percentage of the reacted EM8block was 

determined by the weight of the reacted EM8block per the initial weight of EM8block. In 

the experiment, the weight of the reacted EM8lock was determined by the weight of the 

water condensing in the water tank and based on Equation 3.1. In the simulation model, 

the percentage of the reacted EM8block was determined by the percentage of EM8block 

with the temperature higher than the reaction temperature of Mg(OH)2. This percentage 

at three engine loads could be found from the temperature profile of EM8block 60 

minutes after the engine starts, as shown in Figure 4.10. 
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Figure 4.10 Temperature history of EM8block at 60%, 70% and 80% engine loads 

It can be seen in Figure 4.10, the percentage of EM8block node having the temperature 

higher than the reaction temperature of Mg(OH)2 at the high engine load (80%) was much 

higher than at the low load (60%). The reason was the higher exhaust gas temperature at 

the higher engine load. The difference in the percentage of the reacted EM8block between 

the experimental and simulation results at three engine loads are shown in Figure 4.11. 

It can be seen that the percentage of reacted EM8block in the simulation is higher than in 

the experiment, however, the difference between experimental and simulation results is 

insignificant (smaller than 3%). Similar to the temperature of the checkpoint, the 

difference in the percentage of the reacted EM8block between the experimental and 

simulation results could be come from the difference in the operation condition, the heat 

loss from the CHS system to the ambient and the difference in the gap contact between 

EM8block and the reactor wall. However, as shown in Figure 4.9 and 4.11, the differences 
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between the simulation and experimental results are insignificant, so the accuracy of the 

simulation is considered in the heat storage process. 

 

Figure 4.11 Percentage of reacted EM8block 60 minutes after engine starts at 60%, 

70% and 80% engine loads 

4.2.5.2 The heat output process 

After the heat storage process, the solid product, EM8blockp was retailed inside the 

reactor and water was stored in the water tank. In the heat storage in the current study, 

the stored energy was used to heat the engine intake air. The operation condition of the 

CHS in the simulation was set based on the experiments and controlled by the mass flow 

rate of the water vapour moving in the reactor.  In the heat output process, the amount of 

water vapour moving in the reactor was controlled by the electrical resistor and it was 

measured each two minutes. The parameters in the CFD model are the average ones in 

the time step (two minutes) of the experimental data.  
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The temperature of the heated air after going through the reactor depended on the 

temperature of the reactor wall and the ambient temperature. In the experiments, at the 

ambient temperature of 230C, the temperature of the reactor wall was recorded by a 

thermostat at the middle of the tube of the reactor. In the CFD model, the checkpoint in 

the heat output process was set at the same position as the thermostat in the experiment, 

so that the comparison of the temperature values from experiments and simulation can be 

used to verify the CFD model. Figure 4.12 shows the comparison of the temperature of 

the checkpoint in the experiment and simulation at the ambient temperature 230C in the 

heat output process. 

 

Figure 4.12 Checkpoint temperature in the experiment and simulation at the ambient 

temperature of 230C 

As shown in Figure 4.12, the difference between the experimental and simulation results 

is insignificant. The biggest difference between the simulation and experimental results 

was at 5 minutes (8.9%). The temperature of the checkpoint did not change in the two 

first minutes because it was the time for evaporating the water liquid inside the reactor 
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and the heat transfer from the reacted areas inside EM8blockp to the checkpoint. In the 

heat output process, the hydration reaction took place when the water vapour from the 

water tank moved into the reactor and reacted with EM8blockp inside the reactor. When 

the hydration reaction occurred at a node of EM8block, the temperature of the node 

increased to the reaction temperature of EM8blockp, 1620C. The heat energy after that 

was transferred to other areas inside EM8blockp and the reactor wall and it made the 

temperature of the reactor wall increased. Similar to the heat storage process, the 

difference in the checkpoint temperature between the experimental and simulation results 

came from the difference between the experimental and simulation conditions, the heat 

loss from the CHS system to the ambient and the gap contact between EM8blockp and 

the reactor wall. Moreover, the penetration of water in EM8blockp affected the reaction 

process inside the reactor in the heat output process.  

The temperature of a node inside EM8blockp depends on its positions inside EM8blockp. 

The temperature of the reaction node was higher than other nodes. As shown in Figure 

4.13, the temperature at the central and on the top of EM8blockp and opposite with the 

water vapour port was the highest and decreased towards the lower layer of EM8blockp. 

As discussed above, the hydration reaction occurred when the water vapour reacted with 

EM8blockp inside the reactor. The water vapour from the water tank moved into the 

reactor at the vapour port locating on the top of the reactor. Therefore, the hydration 

reaction of EM8blockp took place firstly in the area located opposite with the vapour port 

and on the top of EM8blockp. After all nodes on the top of EM8blockp reacted, water 

penetrated and reacted with EM8blockp at the lower areas. The heat energy from the 

hydration reaction of EM8blockp, after that, was transferred to other areas inside 

EM8blockp and the reactor wall.  
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Figure 4.13 Temperature profile of the surface crossing the centroid and the outside 

surface of EM8blockp in the heat output process at the ambient temperature of 230C 

In stage 2 of the heat output process as discussed in 4.1.3, the engine intake air was 

supported by a fan flowed in the reactor and received heat energy from the reactor wall 

by convection. The temperature of the intake air increased after going through the reactor. 

The temperature of the heated air in the experiments and simulation at the ambient 

temperature of 230C are shown in Figure 4.14. 

Figure 4.14 shows that the difference between the experimental and the simulation result 

was slightly higher at the higher temperature of the reactor. At the reactor temperature of 

41.90, the simulation temperature was higher than the experimental one 3.97%. Besides 

the reasons as mentioned above, at the higher temperature, the heat loss from the reactor 

to the ambient was higher. It made the difference in the temperature of the heated air in 

the experiment and simulation was higher. 
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Figure 4.14 Variation of the heated air temperature with the reactor wall temperature 

in the experiment and simulation at the ambient temperature of 230C 

It can be seen from Figures 4.12 and 4.14, the differences between the experimental and 

the simulation results are insignificant, so the accuracy of the simulation is considered in 

heat output process. 

4.3  Summary 

This chapter presented the experimental and numerical methods. It includes the 

experiment set up and procedure in the heat storage and heat output processes, and the 

CFD model code ANSYS FLUENT using to simulate the operation of the CHS system 

in other operation conditions of the engine and further improved from the one used in the 

experiments. The major results of this chapter can be concluded as follows: 

 The heat storage process occurred in four stages. Stages 1,2,3 were for heating the 
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reactor, EM8block, and evaporating the moisture inside EM8block (stage 2). The 

energy of the exhaust gas was stored in stage 4 of the heat storage process. 

 The heat output process occurred in two stages. Stage 1 for heatingEM8blockp 

and the reactor. Stage 2 was for heating the engine intake air. 

 In the CFD model, half of the reactor was simulated to minimize the simulation 

time and cost. The simulation model in the heat storage and heat output processes 

were developed and verified by comparing the simulation results with the 

experimental results.  
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Chapter Five 

5  CHS in Heat Storage Processes 

Experimental and numerical results will be presented and analysed to investigate the 

performance of the CHS system. The criteria for evaluating the CHS performance will be 

defined in subsection 5.1, one based on fixed time of 60 minutes and the other on full 

charge. In 5.2, experimental results will be presented and analysed against the criterion 

time based to evaluate the performance of the CHS in the heat storage process. CFD 

simulation results will be reported in 5.3 to further investigate the performance of the 

CHS system at more engine operation conditions than that in experiments. 

5.1  Criteria for evaluating the performance of CHS 

In the heat storage process, at an engine load, the performance of the CHS system was 

evaluated by the percentage of the reacted EM8block, the percentage of the exhaust gas 

energy stored in the CHS system and the time taken by the heat storage process. 

5.1.1  Percentage of reacted EM8block 

In the experiment, based on the weight of the condensed water vapour in the water tank, 

the hydration reaction of Mg(OH)2 and the mass mixing ratio of EM8block, the amount 

of the reacted EM8block in the heat storage process is calculated as follows: 

��������� =
�

����
���(��)�

����

����
(g)      (5.1) 
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Where ���� is the weight of the condensed water in the water tank in stage 4 (g), ���� 

is the mole mass of the water (g/mol). From the weight of the reacted EM8block and the 

total weight of EM8block before the heat storage process, the percentage of the reacted 

EM8block could be found from Eq. (5.2). 

��������� = 100
���������

������
 (%)      (5.2) 

Where ������ is the total weight of EM8block (g). 

5.1.2  Percentage of stored exhaust gas energy. 

In the heat storage process, 81 kJ heat energy will be stored when one mole of Mg(OH)2 

inside EM8block reacted, and consequently one mole of water vapour is generated, flows 

in and condenses in the water tank.  In the experiment, the recorded water weight in the 

water tank will be used to find the stored energy, �������(kJ), with Eq. (5.3). 

������� = 81
����

����
        (5.3) 

Where 81 kJ/mol is the reaction enthalpy of Mg(OH)2. 

As discussed in 3.3, when the heat loss in the connecting piper between the reactor and 

the engine was ignored, the parameters of the exhaust gas at the reactor inlet are these at 

the engine manifold. In the experiments, data were recorded every two minutes (a time 

step). The parameters of the exhaust gas were assumed as constant in the time step. The 

total energy of the exhaust gas at the reactor inlet, ���,�� (kJ) can be determined as 

follows: 

���,��= ∑ ���,��. �
�
�         (5.4) 
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Where t is time taken by the heat storage process (s) and Eex,in (kW) is the exhaust gas 

energy calculating from Equation 3.6. The percentage of the exhaust gas energy stored in 

the reactor is calculated from the stored energy and the total exhaust gas energy at the 

reactor inlet with Eq. (5.5). 

������� = 100
�������

���,��
	(%)       (5.5) 

5.1.3  Time taken for heat storage process 

In the heat storage process, the percentage of the reacted EM8block and stored exhaust 

gas energy depended on the time taken. The performance of the CHS system in the current 

study was investigated in two time modes including 60 minutes mode and the full charge 

mode. 

In 60 minutes mode, the engine run in 60 minutes and the criteria for evaluating the 

performance of CHS includes. 

 The percentage of the stored exhaust gas energy. 

 The percentage of the reacted EM8block. 

In the full charge mode, the engine run until all EM8block inside the reactor reacted. In 

this mode the performance of CHS is presented by criteria as follows: 

 The percentage of the stored exhaust gas energy. 

 The full charge time. 

5.2  Experimental results 

In the experiment, because of the safety requirements, the diesel engine could not run at 
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the 90% and full engine load in the 60 minutes mode. The experiments of the heat storage 

process were conducted at 60%, 67% and 80% engine loads in 60 minutes mode. The 

data was recorded every 2 minutes. From the experimental data, the energy of the exhaust 

gas at the inlet and outlet were determined based on exhaust gas components, temperature, 

and Equation 3.6. The captured energy of the reactor (���������, ��) was the energy 

difference of the exhaust gas between the inlet (���,��, kW) and outlet (���,���, kW) of 

the reactor as shown in Eq. (5.6). 

��������� = ���,��− ���,���       (5.6) 

The percentage of the captured energy, ���������, is calculated from the captured energy, 

���������, and the energy of the exhaust gas at the reactor inlet, ���,��, using Eq. (5.7). 

��������� = 	
���������

���,��
	(%)       (5.7) 

The results were calculated every two minutes (a time step) using the average value of 

the exhaust gas temperature and components. The exhaust gas energy at the reactor inlet 

and the percentage of the captured energy at 60%, 70% and 80% engine loads are shown 

in Figure 5.1. 

As shown in Figure 5.1, the exhaust gas energy at the reactor inlet increased with the 

increase of the engine load. At an engine load, the percentage of the captured energy was 

the highest after engine start-up and reduce over time. The reason is that at the beginning, 

the temperature difference between the exhaust gas and the reactor was higher, so the heat 

transfer process occurred stronger. 
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Figure 5.1 Exhaust gas energy at the reactor inlet and the percentage of captured 

energy at 60% (a), 70% (b) and 80% (c) engine loads 
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In the heat storage process, the captured energy of the reactor could be used for  

 heating the reactor to increase the temperature of the reactor (��). 

 heating EM8block inside the reactor to increase EM8block temperature 

(��������). 

 evaporating the moisture inside EM8block (stage 2), energy storage in EM8block 

(stage 4), other heat losses (connecting pipers, reactor to the environment, etc.) 

(������). 

Assume that the temperatures of EM8block and the reactor are constant in a time step and 

they are the average values of the experimental data. Based on the reactor and EM8block 

temperatures, the heat energy for heating them can be calculated using the Equations 5.8 

and 5.9. 

�� =
��.��(��,������,�)

���
        (5.8) 

Where �� is the mass of the reactor (kg), �� is the specific heat of the reactor (kJ/kg.K) 

and ��,�, ��,��� are the average temperatures of the reactor at the time step n and n+1 (K). 

��������� =
������.���������(���������,�������������,�)

���
    (5.9) 

Where��������� is the specific heat of EM8block (kJ/kg.K),���������,�,���������,��� 

arethe average temperatures of EM8block at the time step n and n+1 (K). 

������ (kW), as discussed above, including the energy for evaporating the moisture in 

stage 2, storing in EM8block in stage 4 and other energy losses could be presented by Eq. 

(5.10). 
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������ = 	��������� − �� − ���������     (5.10) 

The distribution of the captured energy at 60%, 70% and 80% engine loads are shown in 

Figure 5.2. 

As shown in Figure 5.2, at 80% engine load, from the engine started to 28th minute is the 

time for stages 1, 2 and 3 of the heat storage process as discussed in Chapter 4. In this 

time, the “other energy losses and storage” section, ������, is small compared with the 

energies for heating the reactor, ��, and EM8block, ��������. After that, the “other heat 

loss and storage” section increases sharply in stage 4. In this stage, the exhaust gas energy 

started being stored in the dehydration reaction of EM8block inside the reactor. The 

energies for heating the reactor and EM8block were smaller in stage 4 because the 

temperature difference between the exhaust gas and the reactor, EM8block were smaller. 

The similar processes at 70% and 60% engine loads are shown in Figure 5.2 with the time 

for stages 1, 2, and 3 is around 34 and 45 minutes, respectively. At the lower engine loads, 

the time for the heating stages (stages 1, 2, and 3) was longer, so the time left for heat 

storage stage (stage 4) was shorter in the total time of 60 minutes. 
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Figure 5.2 Distribution of the captured energy in the reactor at 60% (a), 70% (b) and 

80% (c) engine loads 
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Furthermore, as discussed in section 4.1, in stages 2 and 4, water vapour from the 

evaporating process of the moisture inside EM8block (stage 2) and dehydration reaction 

of EM8block (stage 4) flowed to the water tank. The water vapour after that condensed 

inside the water tank, and it made the weight of the water tank increased. Figure 5.3 [98] 

shows the temporal variation of EM8block temperature (T3) and the weight of water in 

the water tank with time in the heat storage process at 60%, 70% and 80 % engine loads.  

 

Figure 5.3 EM8block temperature and the water weight in the water tank in the heat 

storage process at 60%, 70% and 80% engine loads 

The solid lines in Figure 5.3 show the temporal variation of EM8block temperature (T3) 

and dotted lines show the weight of the condensed water accumulated in the water tank.  
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80% engine load, 0-5 minutes for 70% engine load and 0-6 minutes for 60% engine load. 

In stage 1, the water weight did not change, and the time taken depended on the engine 

start-up condition. 

Stage 2 started when the temperature of EM8block (T3) reached around 800C-900C. At 

this temperature, in the hottest area inside EM8block, the temperature reached to the 

saturation temperature of the water (1000C) and the moisture inside EM8block 

evaporated.  As shown in Figure 5.3, it took about 6, 7, and 9 minutes for 80%, 70% and 

60% engine loads, respectively. The time for stage 2 depended on the amount of moisture 

inside EM8block formed in the chemical material built process and the environment. It 

also depended on the exhaust gas temperature and energy. It increased with the decrease 

of engine load because the temperature and energy of the exhaust gas reduced with the 

decrease of the engine load. This stage finished when T3 reached around 110-1200C. At 

this temperature, all moisture inside EM8block evaporated and condensed in the water 

tank.  

In stage 3, EM8block was heated by the exhaust gas continuously from 110 - 1200C to 

the reaction temperature of Mg(OH)2, T3 in a range of 2500C to 2800C. As shown in Figure 

5.3, the time taken was approximately 18 minutes (from the 10th minute to the 28th minute) 

at 80% engine load, 22 minutes (from 12th minute to 34th minute) at 70% engine load and 

30 minutes (from 15th minute to 45th minute) at 60% engine load. In this stage, when no 

water vapour was generated, the weight of the water tank was constant. 

Stage 4 started when the temperature of EM8block (T3) reached around 2500C – 2800C. 

At this temperature, the dehydration occurred when the temperature of the hottest area 

inside EM8block reached the reaction temperature of Mg(OH)2 of 2800C.  In stage 4, the 
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weight of water in the water tank increased quickly when the water vapour generating 

from the dehydration reaction of EM8block in the reactor, flowed in and condensed in 

the water tank.  

5.2.1  Percentage of reacted EM8block 

 

Figure 5.4 Variation of the percentage of the reacted EM8block and the engine load 

Based on the weight of water in the water tank in stage 4, the percentage of the reacted 

EM8block were determined based on Equations 5.1 and 5.2. At each engine load, five 
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the ones of the percentage of reacted EM8block shown in Figure 5.4 and that of the 
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Table 5.1 Percentage of the reacted EM8block 

Parameters Unit Engine load 

60% 70% 80% 

Weight of water inside the water tank Kg 2.26 3.59 4.12 

Weight of reacted Mg(OH)2 Kg 7.32 11.64 13.35 

Weight of reacted EM8block Kg 8.24 13.12 15.02 

Percentage of reacted EM8block % 33.68 53.54 61.41 

 

As shown in Figure 5.4, at 80% engine load, 60 minutes after engine started, 61.4± 2.5% 

of EM8block reacted. By taking the same time of 60 minutes, 53.54± 3.4% of EM8block 

reacted at 70% engine load, and 33.68± 2.2% of EM8block reacted at 60% engine load. 

In 60 minutes mode, when the engine load increased, the percentage of the reacted 

EM8block increased. The reason is that at the higher engine load, the exhaust gas 

temperature was higher so the time taken for the heating stages (stages 1, 2, and 3) were 

shorter and the time left for the storage stage (stage 4) was longer. The longer time for 

stage 4 and the higher exhaust gas temperature led to the higher percentage of the reacted 

EM8block at the high load of the engine. 

5.2.2  Percentage of stored exhaust gas energy 

Based on the weight of water in the water tank in stage 4, the percentage of the exhaust 

gas energy stored in the CHS system were determined based on Equations 5.3-5.5 and the 

results are shown in Figure 5.5. 
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Figure 5.5 Variation of the percentage of the stored exhaust gas energy with the engine 

load 
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5.3  Simulation results 

As discussed in 5.2, in the heat storage process, the experiments were conducted at 60 

minutes mode at 60%, 70% and 80% engine loads. The verified CFD model was used to 

investigate the performance of the CHS system at conditions different from that in the 

experiments in the 60 minutes and full charge modes. 

5.3.1  60 minutes mode 

5.3.1.1 Percentage of reacted EM8block 

 

Figure 5.6 Variation of the percentage of the reacted EM8block in 60 minutes mode 

with the engine load 

In the simulation, the percentage of reacted EM8block could be found from the 
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It can be seen that the percentage of reacted EM8block in 60 minutes mode highly 

depends on the engine load. At 50% engine load, 60 minutes after the engine started, only 

9.6% EM8block reacted inside the reactor. By take the same time of 60 minutes, the 

percentage of the reacted EM8block increased 7.55 times to 72.54% at the full engine 

load. With the CHS system using EM8block as the storage material, heat energy of the 

exhaust gas was stored in EM8block when the dehydration reaction occurred at the 

reaction temperature of 2800C. In the diesel engine in the current study, the temperature 

of the exhaust gas at the low engine load (50% engine load) was not high enough, so the 

time for heating stages (stages 1, 2 and 3) were longer. Therefore, the time left for stage 

4 decreased in the total time of 60 minutes corresponding to the small percentage of the 

reacted EM8block. Moreover, at the engine load lower than 50%, the low exhaust gas 

temperature led to the low performance of the CHS system and applying the CHS system 

in this case is ineffective. 

5.3.1.2 Percentage of stored exhaust gas energy 

Another criterion to evaluate the performance of the CHS system in the heat storage 

process in 60 minutes mode is the percentage of the stored exhaust gas energy. In the 

simulation, the amount of the reacted EM8block, ��������� (kg), was calculated from 

the initial mass of EM8block, ������ (kg), and the percentage of reacted EM8block, 

r�������� as shown in Eq. (5.11). 

��������� = ���������.������      (5.11) 

Based on the amount of the reacted EM8block, the amount of the stored energy, ������� 

(kJ), was determined using Eq. (5.12).  
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������� = 81.
����.���������

���(��)�
       (5.12) 

The percentage of the stored exhaust gas energy determining from Equation 5.3 depended 

on the stored energy and the total energy of the exhaust gas in the time of 60 minutes. 

The total energy of the exhaust gas depended on the engine load and it increased with the 

increase of the engine load. The amount of the stored energy and the percentage of the 

stored exhaust gas energy at 60 minutes mode are shown in Figure 5.7. 

 

Figure 5.7 Variation of stored energy and percentage of stored exhaust gas energy in 

60 minutes mode with the engine load 
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at 70%, 80%, 90% engine loads with around 5.05% of the energy of the exhaust gas was 

stored in the 60 minutes mode. This percentage decreased sharply when the engine load 

was smaller than 70%. In the 60 minutes mode, the percentage of the stored exhaust gas 

energy decreased to 3.69% at 60% engine load and 1.26% at 50% engine load. The reason 

was the low temperature of the exhaust gas at the low loads of the engine. The low 

temperatures at the low loads of the engine led to the longer heating time (stages 1, 2 and 

3 of the heat storage process), so the storing time (stage 4) was shorter and the stored 

energy was smaller. Moreover, compared with 70%, 80% and 90% engine loads, at the 

full engine load, the percentage of the stored exhaust gas energy was slightly decreased 

at 4.78%. The reason was that when the engine load increased, the total energy of the 

exhaust gas increased. However, the increase rate of the exhaust gas energy was higher 

than the stored energy, so the percentage of the stored exhaust gas energy at the full engine 

load was smaller than that at 70%, 80% and 90% engine loads. 

5.3.2  Full charge mode 

After 60 minutes, when the engine kept running, the dehydration reaction of EM8block 

continuously occurs inside the reactor until all EM8block reacted. In the full charge mode, 

the verified CFD model was used to investigate the performance of the CHS system. In 

this mode, as shown in 5.1, the full charge time and the percentage of the stored exhaust 

gas energy are criteria to evaluate the operation the CHS system. 

5.3.2.1 Full charge time 

As shown in Figure 5.8, the longest full charge time was at 50% engine load at 110.3 

minutes. This time decreased to 95.1 minutes at 60% engine load, 79.05 minutes at 70% 

engine load, 72.9 minutes at 80% engine load, 70.04 minutes at 90 % engine load and 
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67.1 minutes at the full engine load. It can be seen that the full charge time highly 

depended on the engine load. At the higher engine load, the temperature of the exhaust 

gas was higher and the heating effect of the exhaust gas was stronger. It contributed to 

the shorter charge time of the CHS system. 

 

Figure 5.8 Variation of the full charge time with the engine load 

Compared with the requirement of the CHS system when designing it for D1146TI diesel 

engine as shown in section 3.2, the full charge time of the CHS at the full engine load in 

the simulation was higher (67.1 minutes compared with 60 minutes in the design). The 

reason of the higher full charge time came from the difference in the operation condition 

of the engine between design and simulation. In the reactor design, the parameter of the 

exhaust gas was assumed as steady. In the experiment and simulation, the energy and 

temperature of the exhaust gas was unstable and they were lower in the engine start-up. 

It led to the longer full charge time in the simulation.  However, the difference in the full 

charge time between design and simulation was insignificant and it can be accepted. 
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5.3.2.2 Percentage of stored exhaust gas energy 

 

Figure 5.9 Variation of the percentage of the stored exhaust gas energy in the full 

charge mode with the engine load 

The percentage of the stored exhaust gas energy could be found from the stored energy 

and the total energy of the exhaust gas as shown in Equation 5.5. As shown in Figure 5.9, 
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exhaust gas energy stored in the CHS system decreased in the full charge mode. On the 

contrary, at the lower engine loads, the energy of the exhaust gas per unit time decreased, 

but the full charge time was longer. It led to the total energy of the exhaust gas increased 

and the percentage of the stored exhaust gas energy in the whole charge time decreased 

compared with that at 70% engine load.  

5.4  Summary 

This chapter presented and discussed the experimental and simulation results of the heat 

storage process. The results were presented in two modes: 60 minutes and full charge 

modes. The major results of this chapter can be concluded as follows: 

 For the diesel engine in the current study, D1146TI diesel engine, the CHS system 

using EM8block as the storage material was feasible when the engine load was 

higher than 50%. 

 The weight of the water in the water tank was used to recognise stages of the heat 

storage process of the CHS system. 

 At 60 minutes mode, at the higher engine loads, the time for heating stages (stages 

1, 2 and 3) were shorter. Therefore, the time left for the heat storage stage (stage 

4) was longer and the amount of reacted EM8block, the percentage of reacted 

EM8block and stored energy were higher. However, the percentage of the stored 

exhaust gas energy was stable at 70%, 80%, 90% engine loads, slightly decreased 

at the full engine load and sharply decreased at 60%, 50% engine loads.  

 At the full charge mode, the shortest full charge time was 67.1 minutes at the full 

engine load. This time increased to 110.3 minutes at 50% engine load. The 

percentage of the exhaust gas energy stored in the CHS system changed 
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insignificantly with the change of the engine load. This percentage was highest at 

70% engine load and decreased when the engine load changed.   
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Chapter Six  

6  CHS in Heat Output Processes 

This chapter presents and analyses the experimental and numerical results to investigate 

the performance of the CHS in the heat output process. The experimental results are 

presented in subsection 6.1. Subsection 6.2 presents the simulation results. The 

comparison between the CHS in the current study and other TES systems to evaluate the 

performance of the CHS is shown in subsection 6.3.  

6.1  Experimental results 

After the heat storage process, the solid product of the dehydration reaction, EM8blockp, 

was stored inside the reactor and water vapour flowed into and condensed in the water 

tank. In the storing time, EM8blockp and water liquid were stored separately in the reactor 

and the water tank at the ambient condition. Therefore, the stored energy of the CHS 

system could be stored for a long time with small energy loss. The energy loss of the CHS 

system in the storing time could be come from the penetration of the water vapour in the 

ambient to the reactor. The water vapour from the ambient will react with EM8blockp 

inside the reactor to release the energy loss. The energy loss of the CHS system can be 

avoided if the system is sealed to the environment.  

After storing time, the stored energy of the CHS system is used to heat the engine intake 

air in the heat output process. The heated air then is used for heating purposes of the 
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vehicle. Therefore, the temperature of the intake air after going through the CHS system 

is a criterion to evaluate the performance of the CHS system. 

In the heat output process, water liquid inside the water tank was heated by an electrical 

resistor. It evaporated, moved into and reacted with EM8blockp in the reactor. After the 

hydration reaction between EM8blockp and water vapour in the reactor, the stored energy 

was released and transferred to the reactor wall. The engine intake air was driven by a fan 

to flow into the reactor and received heat energy from the reactor by heat convection.  

In the experiment, because the laboratory was not air conditioned, the experiments were 

only conducted at the ambient temperature of 230C. The operation of the CHS in the 

engine intake air heating process at other ambient temperatures were investigated using 

the verified CFD model. The difference between the temperature of the intake air at the 

outlet (T5) and inlet (T4) of the reactor was used to evaluate the performance of the CHS 

system in the heat output process. 

As discussed in Chapter 2, the temperature of EM8blockp after the hydration reaction 

depends on the water vapour pressure. For heating purposes of the IC engine, the required 

temperature of the engine intake air is not too high. Therefore, in the current study, the 

air heating process was conducted at the ambient pressure. At this pressure, the 

requirement of pressure vessels to store the water vapour were unnecessary, so it could 

reduce the initial cost of the CHS system. At the ambient pressure, as shown in Table 2.7, 

the temperature of EM8blockp after the hydration reaction was 150 – 1750C (the reaction 

temperature). After the hydration reaction, the temperature inside the reaction regions 

increased quickly. The heat energy was then transferred from the high-temperature 

regions (reaction regions) to the low-temperature regions (unreacted regions) in 
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EM8blockp and the reactor wall by heat conduction before transferring to the engine 

intake air by heat convection.  

In the experiment, besides the temperature of the engine intake air at the reactor inlet and 

outlet (T4 and T5), a thermostat was located at the middle of the reactor wall to record the 

temperature of the reactor wall at this area (T6). The experimental results showed that 

when the temperature of the reactor wall was lower than 450C, the heating effect of the 

reactor was insignificant as shown by the small difference between T4 and T5 (less than 

5oC). Therefore, in the experiment, the engine intake air was not flowing in the reactor 

until the wall temperature, T6, reached 450C. It took 11 minutes for the reactor wall 

temperature increased from the ambient temperature of 230C to 450C. 

 

Figure 6.1 Variation of temperature of the reactor wall with the weight of the supplied 

water vapour 

The temperature of the reactor wall (T6) depended on the reaction inside EM8blockp, and 

the reaction carried on with the supplied water vapour moving from the water tank into 
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the reactor. As shown in Figure 6.1, the temperature of the reactor wall increases linearly 

with the increase of the weight of evaporated water in the water tank. The solid line shows 

the experimental data. The dotted line is the linear regression fitting. In the linear 

regression equation shown in Figure 6.1, the independent variable x is the weight of the 

evaporated water in the water tank, and the dependent variable y is the temperature of the 

reactor wall (T6). The correlation coefficient, R, of 0.9785, shows a good agreement 

between the experimental data and the data calculated with the linear equation in Figure 

6.1, except in the condition when the reactor wall temperature is lower than 48oC. This 

linear function between the weight of the water and the temperature of the reactor wall 

can be useful for predicting and controlling the reactor wall temperature and 

consequently, the heated air temperature. 

Figure 6.2 shows the variation of the intake air temperature with the temperature of the 

reactor wall at the ambient temperature of 230C. In the linear regression equation, x is the 

reactor wall temperature, T6, and y is the temperature of the heated air after going through 

the reactor, T5. The correlation coefficient, R, is 0.9966. This linear function can be useful 

for predicting the heated air temperature based on the reactor wall temperature.  

Given the temperature of the heated air, the required temperature of the reactor wall (T6) 

can be calculated with the linear regression equation in Figure 6.2. To get T6 as required, 

the required weight of water required for the reaction can then be determined based on 

the linear regression equation shown in Figure 6.1. At the ambient temperature 230C, the 

heated air temperature after going through the reactor increased by 5.7 to 17.30C 

depended on the temperature of the reactor wall as shown in Figure 6.2.  
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Figure 6.2 Variation of the heated air temperature with the temperature of the 

reactor wall at the ambient temperature of 230C 

6.2  Simulation results 

The operation of the CHS system at other ambient temperature was investigated using the 

verified CFD model. Based on the experimental results, the heat transfer coefficient of 

the system as shown in Equation 4.7 was determined and used in the CFD model to 

simulate the operation of the CHS system in the heat output process and at other ambient 

temperature. The temperature of the heated air, T5, depended on the temperature of the 

environment (T4), and the reactor wall (T6) as shown in Figure 6.3. 

It can be seen in Figure 6.3, even when the ambient temperature is -100C, after going 

through the CHS system, the temperature of the heated air increases to higher than the 

freezing point 00C, from 2.98 to 12.150C depending on the reactor wall temperature. At 

the same reactor wall temperature, the performance of the CHS system presented by the 
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temperature difference of the intake air between the outlet and inlet of the reactor was 

smaller at the higher ambient temperature. The reason is that at the lower ambient 

temperature, the temperature difference between the reactor wall and the engine intake 

air was higher, so the heating effect of the reactor was stronger leading to the higher 

temperature difference between the heated air and the ambient. At the reactor temperature 

850C, the temperature increase of the engine intake air after going through the reactor at 

the ambient temperature 230C was 17.30C. However, it increased to around 22.150C when 

the ambient temperature reduced to -100C.  

 

Figure 6.3 Variation of the heated air temperature with the temperature of the ambient 

and the reactor 

For the heating purposes, the heated air, after that, could be used for heating the engine 

or extent to other heating required in IC engine and hybrid vehicles. Based on the required 

temperature of the heated air in the vehicle and the ambient temperature, the temperature 
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of the reactor wall can be determined based on Figure 6.3 and the required weight of the 

water for the reaction could be found from Figure 6.1. 

6.3  Comparison between the CHS and other TES systems 

TES systems with its advantages as storing and using the heat energy whenever, are being 

researched and applied to recover the exhaust gas energy of IC engines as shown in 

Chapter 2. In this section, the advantages and disadvantages of the CHS system in the 

current study will be compared with other TES systems in recovering the exhaust gas 

energy of IC engines. The main properties of the CHS system in the current study and 

other TES systems are shown in Table 6.1. 

Table 6.1 Main properties of CHS system in the current study and other TES systems to 

recover exhaust gas energy of IC engines 

Parameter PandiyarajanTES 

system [23] 

Pertti TES 

system [70] 

M.Gumus 

TES 

system 

[71] 

Tessa TES 

system 

[72] 

CHS system 

in the 

current 

study 

Applications Heating the engine 

oil 

Heating the 

engine 

Heating 

the engine 

Heating the 

engine, the 

cabin 

Heating the 

intake air 

Size A heat exchanger: 

450 mm ID x 720 

mm H 

A TES tank: 323 

mm ID x 500 mm 

H 

A 

accumulator:  

195 mm OD 

x 300 mm H  

Two plate 

heat 

exchangers: 

190 mm x 

170 mm 

A stored 

tank: 220 

mm OD x 

400 mm L 

A stored 

tank:610 

W x 710 D 

x 230 H 

mm 

A reactor: 

360 mm OD 

x 500 mm H 

A water 

tank: 20 mm 

OD x 30 mm 

H 

Heat storage process 

Stored 

energy 

19.500 kJ 2500 kJ 2277 kJ  30.197 kJ 
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Percentage 

of stored 

exhaust gas 

energy 

11% at 50% 

engine load 

14% at 75% 

engine load 

15% at full engine 

load 

   6.5% at 50% 

engine load 

7.14% at 

70% engine 

load 

6.1% at full 

engine load 

Full charge 

time 

180 min at 50% 

engine load 

150 min at 75% 

engine load 

85 min at full 

engine load 

   110 min at 

50% engine 

load 

79 min at 

70% engine 

load 

 

67 minutes 

at full engine 

load 

Storing process 

Storing time 90 hours  12 hours 12 hours More than 

90 hours 

with small 

heat loss 

Heat output process 

The 

working 

temperature  

1200C 70-820 C 32.40 C 2300 C 900 C 

Start-up 

time  

Short  Short  Short   Long 

ID: inside diameter, OD: outside diameter, H: height, W: Width, D: depth, L: length  

As discussed in Chapter 2, a combination of a sensible and latent heat storage system was 

developed to recover the waste heat of the exhaust gas of a Diesel engine in [23] to 

warming-up the lube oil. Compared with this system, the CHS in the current research has 

some advantages as follows: 

 Size: the size of the CHS in the present study is smaller than that of TES system 
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in [23].  TES system in [23],as shown in Figure 2.7, included two main devices, a 

cylindrical vessel of inner diameter 450 mm x height 720 mm for the heat 

exchanger and a TES tank, 323 mm x 500 mm. In the current study, the reactor is 

a cylindrical vessel of 360 mm x 500 mm, and the water tank is another cylindrical 

vessel of 20 mm x 30 mm. It can be seen that the total size of the CHS in the 

current study is much smaller, so it will be easier to locate in the vehicle than the 

TES system in [23]. 

 Stored energy:  The stored energy of the CHS system in the current study is higher 

than the TES system in [23]. The TES system in [23] stored energy based on the 

sensible and latent heats of paraffin with the total stored energy of the system of 

19,500 kJ. The CHS in the current study stored energy based on the reversible 

reaction of Mg(OH)2.With 24.46 kg of EM8block in the reactor, the stored energy 

of the CHS system was 30,197 kJ, 1.5 times higher than the TES system in [23]. 

 Storing time: The CHS system in the current study stored energy in the longer 

time than the TES system in [23]. In the TES system in [23], the stored energy 

was stored at the high temperature so it was lost to the environment overtime. The 

heat loss process of the stored energy of the TES system in [23] occurred in two 

periods. In the initial period when the temperature of TES was from 1200C to 

650C, the temperature of TES system dropped very quickly, and the sensible heat 

was lost to ambient. When the temperature was 650C, the latent heat of paraffin 

was lost but with the slower speed. As reported in [23], almost the stored energy 

of the TES system was gone after 5500 minutes. With the CHS in the current 

study, two products of the dehydration reaction of EM8block was stored 

separately at the ambient temperature so the heat loss to the ambient was very 

small. It can came from the penetration of the water vapour in the ambient to the 
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reactor as discussed in 6.1 and it can be avoided if the system is sealed to the 

environment. 

Besides advantages, compared with the TES system in [23], the CHS in the current study 

have some drawbacks as follows: 

 The start-up time of the heat output process: The CHS system in the current study 

need a longer start-up time compared with the TES system in [23]. With the TES 

system in [23], in the heat output process, the liquid paraffin was pump to the heat 

exchanger to heat the oil so the start – up time was very quick. In the current study, 

as discussed above, it need time to heat the reactor to the required temperature 

(stage 1 of the heat output process). This time depended on the required 

temperature of the reactor wall, T6, and it was usually higher than 10 minutes.  

 The applied temperature in the heat output process: The applied temperature in 

the heat output process of the CHS system in the current study is lower than the 

TES system in [23]. The applied temperature in the heat output process of TES in 

[23] depend on the temperature of paraffin inside the system and the maximum 

temperature could be 1200C. In the CHS in the current study, the temperature of 

the hydration reaction in the heat output process was 150 – 1750C. However, by 

the heat transfer to the other part of EM8blockp and the reactor wall, the maximum 

temperature of the reactor wall, T6, was only around 900C, smaller than the TES 

system in [23]. 

Another TES system applying to recover the exhaust gas energy of a Diesel engine as 

mentioned in Chapter 2 is the combination of the latent TES system and the exhaust gas 

heat recovery system in [70]. The stored energy was used to pre-heating the engine in the 
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cool weather. This TES system using Stabilised trisodium phosphate dodecahydrate as 

the PCM consists of two main devices: a latent heat accumulator and exhaust gas heat 

recovery system. The accumulator was a cylindrical vessel of outer diameter 195 mm and 

height 300 mm. The exhaust gas heat recovery system was made by two plate heat 

exchangers with the parameter 190 mm x 170 mm. It can be seen that the total size and 

the working temperature in the heat output process of the TES system in [70] and the 

CHS system in the current study are almost the same. However, the stored energy of the 

combination system in [70] was only 2500 kJ smaller than in the CHS system in the 

current study.  

With the same purpose for pre-heating the engine, another latent heat storage system 

using Na2SO4.10H2O was suggested by M.Gumus as presented in [71]. The maximum 

stored energy of the TES system in [71] with the parameters of outer diameter 220 mm 

and length 400 mm was 2277 kJ. It can be seen that compare with the TES systems in 

[71], the total volume of the CHS system in the current study is 3.3 times higher than that 

of the TES system in [71], however, the stored energy of the CHS is 13 times higher. 

Moreover, the storing time of the CHS system is longer when the stored energy of the 

TES system in [71] was only available in 12 hours. 

Tessa thermal storage system in [72] was another TES system applying to recover exhaust 

gas energy of IC engines. The TES system in [72] was tested in a Land Rover Freelander 

2 with a 2.2 litre diesel engine. In this system, the exhaust gas energy was stored in the 

high temperature PCM, which melts at 1640C. The stored temperature could be up to 

2300C. It can be seen that, the Tessa thermal storage system in [72] can store energy at 

the higher temperature than other TES systems applying to recover the exhaust gas energy 

of IC engines including the CHS system in the current study. Therefore, Tessa TES 
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system can be applied for high temperature applications of the vehicles. The stored energy 

of Tessa system is the same as the CHS in the current study. However, the total size of 

Tessa system, 610 x 710 x 230 mm, is two times bigger than that of the CHS in the current 

study. Moreover, similar to the TES system in [71], the stored energy of Tessa thermal 

storage system was only available for 12 hours after being fully charged.  

In summary, compare with other TES systems applying to recover exhaust gas energy of 

IC engine vehicles, the CHS in the current study has a higher stored energy and the longer 

storing time. However, the disadvantage of the CHS system is that it needs a start-up time 

in the heat output process. This time depends on the requirement of the heated air 

temperature as discussed in section 6.1.  

6.4  Summary 

This chapter presented and discussed the experimental and numerical results of the heat 

output process. This chapter also presented the comparison of the CHS system in the 

current study with other TES systems applying to recover the exhaust gas energy of IC 

engines. The main results of this chapter can be concluded as follows: 

 The temperature of the heated air depended on the ambient temperature and the 

temperature of the reactor wall. The temperature of the reactor wall depended on 

the reaction inside EM8blockp carried on with the supplied water vapour moving 

into the reactor. Depending on the required temperature of the heated air, and the 

ambient temperature, the amount of water vapour moving in the reactor can be 

determined. 

 Compared with other TES system applying to recover exhaust gas energy of IC 
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engine, the CHS in the current study has the higher stored energy and the longer 

storing time. However, it needs start-up time before the stored energy can be used. 
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Chapter Seven  

7  Numerical Investigation to Improve CHS System 

Based on the above experimental and simulation results, the original CHS system was 

modified with two wings added to enhance the heat transfer process between the exhaust 

gas and EM8block. Subsection 7.1describesthe modification of the CHS system. The 

performance of the modified CHS system in the heat storage will be presented and 

compared with that of the original one in subsections 7.2 and the heat output process in 

7.3. 

7.1  Modification of the CHS system 

As discussed in Chapter 5, the stored energy depends on the amount of the reacted 

EM8block. The dehydration reaction occurs in EM8block when the temperature of the 

EM8block is higher than the reaction temperature of 523-553K. Therefore, in the 

simulation, the stored energy in the CHS system depends on the number of node that have 

the temperature higher than the reaction temperature of Mg(OH)2. If the number of 

EM8block nodes with the temperature higher than reaction temperature increases, the 

amount of the reacted EM8block and the stored energy will increase. Furthermore, the 

temperature of a node inside EM8block depends on the temperature of the exhaust gas, 

the heat transfer process inside the reactor and its location in EM8block as shown in 

Figure 7.1. 
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Figure 7.1 Temperature profile at the cross surface passing through the central of 

EM8block 

As shown in Figure 7.1, the temperature profile inside EM8block is not uniform. The 

highest temperature profile is at the first quarter, next to the reactor inlet of EM8block 

(area 1). The temperature prolife is lower in the areas 2 and 3 (opposite the inlet of the 

reactor). The lowest temperature profile is at the last quarter of EM8block, area 4, below 

the reactor inlet and opposite the reactor outlet. The reason is that in the original CHS 

system, the exhaust gas flowed directly from the inlet to the outlet and the area 4 received 

the least heat energy from the exhaust gas. It can be seen that, the nodes at the lower 

temperature areas (areas 2, 3, and 4) are harder than area 1 to reach to the reaction 

temperature of Mg(OH)2, therefore, increasing the temperature of the low temperature 

areas could be a solution to improve the efficiency of the CHS system. Furthermore, the 

temperature of EM8block also depends on the temperature of the exhaust gas and the heat 

transfer process inside the reactor. The parameters of the exhaust gas are unchanged at an 

engine load, and they depend on the operation condition of the IC engine. Therefore, to 
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improve the performance of the CHS system, enhancing the heat transfer process inside 

the reactor could be a proposed solution. 

To enhance the heat transfer process between the exhaust gas and the EM8block, an 

improvement has been made by adding two wings to the exterior wall of the tube and 

between the shell and the tube of the reactor as shown in Figure 7.2. 

 

Figure 7.2 Reactor of the modified CHS system 

The wings were made by the same material with the reactor, steel grade 153MATM, and 

the thicknesses are 3.05 mm. The wings were located in the exterior wall of the tube, and 

they divide the volume between the shell and the tube inside the reactor to three equal 

parts. The modified CHS system, after that, was tested using the verified CFD model. 

Figure 7.3 shows the comparison of the temporal variation of the temperature at the 

checkpoints in the modified and the original CHS systems. 
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Figure 7.3 Temporal variation of the temperature at the checkpoint at 60%, 70%, 80% 

engine loads in the original and modified CHS systems 

As shown in Figure 7.3, the temperature at the checkpoint changed insignificantly in the 

modified CHS system, compared with the original one (the biggest average difference 

was 2.06% at 80% engine load). The reason is that the checkpoint was located in the area 

1 in both original and modified CHS systems. The exhaust gas flowed directly in area 1 

so the difference in the checkpoint temperature between two systems is insignificant.  
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Figure 7.4 Exhaust gas flow in the original and modified CHS systems at 80% engine 

load 

Figure 7.4 shows the exhaust gas flow in the original and modified CHS system at 80% 

engine load. As shown in Figure 7.4, in the original CHS system, the exhaust gas moved 

directly from the exhaust gas inlet to outlet and rarely to the area 4. It made the 

temperature profile of this area was lower than other areas inside the reactor. The 

temperature profile of this area was improved in the modified CHS system. In the 

modified CHS system, the exhaust gas flowed through most of the areas inside the reactor, 

and it made more uniform temperature distribution inside the reactor. Furthermore, the 
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longer movement distance and the smaller velocity of the exhaust gas in the modified 

CHS system led to the increase of the moving time of the exhaust gas inside the reactor. 

Therefore, the heat transfer between the exhaust gas and the reactor was enhanced and 

the amount of EM8block nodes with the temperature higher than the reaction temperature 

of Mg(OH)2 increased.  

 

Figure 7.5 Temperature profile of the outside surface and the cross surface passing 

through the central of EM8block in the original and modified CHS systems at 80% 

engine load 

Figure 7.5 shows the temperature profile of EM8block in the original and modified CHS 
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systems at 80% engine load. As shown in Figure 7.5, the temperature of EM8block in 

area 4 defined in Figure 7.1 was lower than that in other areas (areas 1, 2, and 3) in the 

original CHS system because of the movement of the exhaust gas inside the reactor. In 

the modified CHS system, the temperature profile of EM8block was enhanced, especially 

in the area 4. The lowest temperature area in the modified CHS system was at the bottom 

of EM8block. Moreover, as shown in Figure 7.5, the temperature difference between the 

smallest temperature area and other areas in the modified CHS system was smaller than 

in the original one. The improvement in the temperature profile of EM8block led to the 

improvement of the performance of the CHS system in the heat storage process. 

The performance of the modified CHS system in the heat storage and heat output 

processes was investigated using the verified CFD model. The performance of the 

modified CHS system in the heat storage process is presented in section 7.2 and the heat 

output process in section 7.3. 

7.2  Performance of the modified CHS system in the heat 

storage process 

7.2.1  60 minutes mode 

7.2.1.1 Percentage of reacted EM8block 

In the modified CHS system, as discussed above, the temperature distribution inside 

EM8block became more uniform with two wings added. As a consequence, Figure 7.6 

compares the volume percentage of the reacted EM8block with the temperature higher 

than the reaction temperature of Mg(OH)2. 
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Figure 7.6 Variation of the percentage of the reacted EM8block in the heat storage 

process in the original and modified CHS systems with the engine load in the 60 

minutes mode 

As shown in Figure 7.6, the percentage of the reacted EM8block in the modified CHS 

system is higher than the original one in the 60 minutes mode. At the low load of the 

engine, the heating effect of the exhaust gas is weaker so the difference in the percentage 

of the reacted EM8block between two CHS systems is smaller. At 50% engine load, the 

percentage of the reacted EM8block in the modified CHS system was 10.1%. It was 

0.49% higher than the original CHS system. The difference in the percentage of reacted 

EM8block in two CHS system increases to 1.81% at 60% engine load, 3.44% at 70% 

engine load, 4.04% at 80% engine load, 6.5% at 90% engine load, and 9.06% at the full 

engine load as shown in Table 7.1. 
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Table 7.1 Comparison of percentage of reacted EM8blockin the original and modified 

CHS system in 60 minutes mode 

 Unit Engine load 

50% 60% 70% 80% 90% 100% 

Original CHS system % 9.61 33.69 53.56 61.41 69 72.54 

Modified CHS system % 10.1 35.5 57 65.45 75.5 81.6 

Improvement % 0.49 1.81 3.44 4.04 6.5 9.06 

 

Table 7.1 also shows that in the 60 minutes mode, the maximum percentage of the reacted 

EM8block increase from 72.54% in the original CHS system to 81.6% in the modified 

one (12.49% higher) in the full engine load. 

7.2.1.2 Percentage of stored exhaust gas energy 

Based on the percentage of the reacted EM8block, the stored energy could be found based 

on Equations 5.11 and 5.12. Figure 7.7 shows the stored energy in the original and 

modified CHS system in the 60 minutes mode. As shown in Figure 7.7, the effect of the 

modified CHS on the stored energy is stronger at the high engine load. At 50% engine 

load, 60 minutes after the engine starts, compared with the original CHS system, using 

the modified one, the stored energy increased 0.15 MJ from 2.9 MJ to 3.05 MJ. By the 

taking the same time of 60 minutes, the effect of the modified model increased to 0.55 

MJ at 60% engine load, 1.04 MJ at 70% engine load, 1.22 MJ at 80% engine load, 1.96 

MJ at 90% engine load and 2.74 MJ at the full engine load as shown in Table 7.2.  
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Figure 7.7 Variation of the stored energy in the 60 minutes mode of the original and 

modified CHS systems with the engine load 

Table 7.2 Comparison of stored energy in the original and modified CHS systems in 60 

minutes mode 

 Unit Engine load 

50% 60% 70% 80% 90% 100% 

Original CHS system MJ 2.9 10.17 16.17 18.54 20.83 21.9 

Modified CHS system MJ 3.05 10.72 17.21 19.76 22.79 24.64 

Improvement MJ 0.15 0.55 1.04 1.22 1.96 2.74 

 

Another criterion for evaluating the performance of the CHS system in the 60 minutes 

mode as discussed in section 5.1 is the percentage of the stored exhaust gas energy. Based 

on the stored energy and the total energy of the exhaust gas, the percentage of the exhaust 

gas energy stored in the CHS system could be determined by Equation 5.3 and shown in 

Figure 7.8. 
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Figure 7.8 Variation of the percentage of the stored exhaust gas energy of the original 

and modified CHS systems with the engine load in the 60 minutes mode 

It can be seen that compared with the original CHS system, the percentage of the stored 

exhaust gas energy in the modified CHS system is improved, especially at the high loads 

of the engine. In the original CHS system, as discussed in Chapter 5, the maximum 

percentage of the stored exhaust gas energy is at 70%, 80%, 90% engine loads and it 

decreased slightly at the full engine load. Difference with the original CHS system, the 

maximum percentage of the exhaust gas energy stored in the CHS system in the modified 

one is 5.52% at 90% engine load as shown in Table 7.3. At the full engine load, the 

percentage of the stored exhaust gas energy of the modified CHS system is 12.49% higher 

than that of original one (5.37% of the exhaust gas energy stored in the modified CHS 

system compared with 4.78% in the original one). The difference in the percentage of the 

stored exhaust gas energy between two CHS system reduced with the decrease of the 
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engine load. At 50% engine load, this percentage in the modified CHS system is 5.15% 

higher than that in the original one (from 1.26% exhaust gas energy stored in the original 

CHS system to 1.33% in the modified one).  

Table 7.3 Comparison of percentage of stored exhaust gas energy in the original and 

modified CHS systems in 60 minutes mode 

 Unit Engine load 

50% 60% 70% 80% 90% 100% 

Original CHS system % 1.26 3.69 5.03 5.05 5.05 4.78 

Modified CHS system % 1.33 3.89 5.35 5.38 5.52 5.37 

Improvement % 0.07 0.2 0.32 0.33 0.47 0.59 

 

It can be seen that both the percentage of the stored exhaust gas energy and the percentage 

of the reacted EM8block were increased in the modified CHS system, in 60 minutes 

mode, compared with the original one. The effect of the modified CHS system was 

stronger at the higher engine loads. 

7.2.2  Full charge mode 

At the full charge mode of the modified CHS system, as discussed in section 5.1, the 

criteria for evaluating the performance are the full charge time and the percentage of the 

stored exhaust gas energy. The difference of the full charge time and the percentage of 

the stored exhaust gas energy between two CHS systems are shown subsections 7.2.2.1 

and 7.2.2.2. 
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7.2.2.1 Full charge time 

 

Figure 7.9 Variation of the full charge time of the original and modified CHS systems 

with the engine load 

As shown in Figure 7.9, because the heat transfer process inside the reactor was enhanced 

with two wings added, the full charge time of the reactor was decreased. The full charge 

time of the modified CHS system was 8.2 minutes shorter than the original one at 50% 

engine load, 6.1 minutes at 60% engine load, 4.65 minutes at 70% engine load, 3.95 

minutes at 80% engine load, 3.54 minutes at 90% engine load, and 3.1 minutes at the full 

engine load as shown in Table 7.4. The shorter full charge time in the modified CHS 

system came from the better heat transfer process between the exhaust gas and the 

reactant when two wings added in the reactor. The effect of the modified CHS system in 

the full charge time was stronger at the low load of the engine. At 50% of engine load, 

using the modified CHS system, the full charge time improved 7.43% compared with the 

original one. It decreased to 4.62% at the full engine load. 
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Table 7.4 Comparison of full charge time in the original and modified CHS systems in 

the full charge mode. 

 Unit Engine load 

50% 60% 70% 80% 90% 100% 

Original CHS system Minute 110.3 95.1 79.05 72.9 70.04 67.1 

Modified CHS system Minute 102.1 89 74.4 68.95 66.5 64 

Improvement Minute 8.2 6.1 4.65 3.95 3.54 3.1 

 

7.2.2.2 Percentage of stored exhaust gas energy 

 

Figure 7.10 Variation of the percentage of the stored exhaust gas energy of the original 

and modified CHS systems with the engine load 

The decrease of the full charge time led to the higher percentage of the stored exhaust gas 

energy in the full charge mode of the modified CHS system. As shown in Figure 7.10 and 
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Table 7.5, the difference in the percentage of stored exhaust gas energy between two CHS 

systems was larger at the low load of the engine. At 50% engine load, using the modified 

CHS system, the percentage of the exhaust gas energy stored in the CHS system could be 

improved 8.03% (from 6.67% the exhaust gas energy stored in the original CHS system 

to 7.21% in the modified one). The improvement in the percentage of the stored exhaust 

gas energy in the modified CHS system decreased to 6.85% at 60% engine load (from 

6.92% to 7.4%), 6.25% at 70% engine load (from 7.14% to 7.58%), 5.73% at 80% engine 

load (from 6.77% to 7.16%), 5.32% at 90% engine load (from 6.55% to 6.9%) and 4.84% 

at the full engine load (from 6.27% to 6.57%). Similar to the original one, the maximum 

percentage of exhaust gas energy stored inside the reactor in the modified CHS system 

was 7.58 % at 70% engine load. 

Table 7.5 Comparison of stored exhaust gas energy in the original and modified CHS 

systems in the full charge mode 

 Unit Engine load 

50% 60% 70% 80% 90% 100% 

Original CHS system % 6.67 6.92 7.14 6.77 6.55 6.27 

Modified CHS system % 7.21 7.4 7.58 7.16 6.9 6.57 

Improvement % 0.54 0.47 0.45 0.39 0.35 0.3 

 

In summary, in the heat storage process, the performance of the CHS system was 

improved in both the 60 minutes and full charge modes with two wings added. In the 60 

minutes mode, both the percentages of stored exhaust gas energy and reacted EM8block 

were higher, especially at the high loads of the engine. At the full charge mode, the higher 
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performance of the modified CHS system was presented by the shorter full charge time 

and the higher percentage of the stored exhaust gas energy. The improvement of the 

modified CHS system can be up to 7.43% in the full charge time and 8.03% in the 

percentage of the exhaust gas energy stored in the CHS system at 50% engine load. 

7.3  Performance of the modified CHS system in the heat 

output process 

In the heat output process, the stored energy of the CHS system was used to heating the 

engine intake air. When two wings added in the reactor, similar to the heat storage 

process, the heat transfer coefficient and the moving time of the intake air inside the 

reactor increased leading to the increase in the absorbed energy of the intake air. The 

higher absorbed energy of the intake air was presented by the higher temperature of the 

heated air after going through the CHS system. The difference between the temperature 

of the heated air in two CHS systems are shown in Figure 7.11. 

The solid lines in Figure 7.11 show the variation of the heated air temperature with the 

reactor and ambient temperatures in the original CHS system, and the dotted lines show 

the variation in the modified one. As shown in Figure 7.11, at a fixed ambient 

temperature, the heated air temperature in the modified CHS system is higher than that in 

the original one. The difference between two systems is higher at the lower ambient 

temperature and higher temperature of the reactor wall. The reason is that at the higher 

temperature of the reactor wall and lower temperature of the ambient temperature, the 

difference between two temperatures is higher. It leads to the stronger heat transfer 

process inside the reactor. At the ambient temperature -100C, the temperature of the 

heated air in the modified CHS system increases from 0.7 to 1.20C compared with the 
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original CHS system when the reactor wall increases from 450C to 850C. 

 

Figure 7.11 Variation of the heated air temperature with the temperature of the 

ambient and reactor wall in the original and modified CHS systems 

In the modified CHS system, based on the required temperature of the heated air and the 

ambient temperature, the temperature of the reactor wall could be founded from Figure 

7.11. Similar to the original CHS system, based on the reactor wall, the amount of water 

vapour required for the reaction inside the reactor could be determined from Figure 6.1. 

7.4  Summary 

This chapter presented the modified CHS system when two wings added in the exterior 

wall of the tube of the reactor. The chapter also presented and discussed the simulation 

results of the heat storage process in both the 60 minutes and full charge modes and the 

heat output process of the modified CHS system. The results of the modified CHS system 
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after that were compared with the original one. The main results of this chapter can be 

concluded as follows: 

 To improve the heat transfer process inside the reactor, two wings added in the 

exterior wall of the tube of the reactor (the modified CHS system). Using the 

modified CHS system, the low temperature issue of EM8block in the area 4 was 

solved. The temperature profile of EM8block in the modified CHS system was 

higher and more uniform than the original one. 

 In the heat storage process, both the percentages of the stored exhaust gas energy 

and the percentage of the reacted EM8block were improved in the 60 minutes 

mode. The maximum improvement of the modified CHS system was at the full 

engine load with 2.74 MJ stored energy and 12.49% of the percentage of the 

reacted EM8block higher than the original CHS system at the same engine load. 

In the full charge mode, using the modified CHS system, the full charge time was 

reduced 3.1 minutes at the full engine load and 8.2 minutes at 50% engine load. 

Furthermore, the maximum percentage of the exhaust gas energy stored in the 

modified CHS system increased to 7.58% compared with 7.14% in the original 

one at 70% engine load. 

 In the heat output process, at a fixed ambient temperature, the heated air 

temperature after going through the modified CHS system was slightly higher 

than that in the original one. The obvious difference in the heated air temperature 

between two CHS systems was at the high temperature of the reactor wall and the 

low temperature of the ambient. 
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Chapter Eight  

8  Conclusions and Future Work 

8.1  Conclusions 

To investigate the performance of the CHS using Mg(OH)2, experiments were conducted 

in both heat storage and heat output processes. In the heat storage process, the 

experiments were conducted at 60%, 70% and 80% engine loads in 60 minutes. In the 

heat output process, the stored energy was used to heat the engine intake air at the ambient 

temperature of 230C.  

Numerical simulations were performed using the commercial CFD code ANSYS 

FLUENT as the platform and verified by comparing the simulation and experimental 

results. The verified model was used to investigate the performance of the CHS system 

at condition different from that in experiments. 

To improve the performance of the CHS system, an improvement was made in the reactor 

design with two wings added to the exterior wall of the tube of the reactor. The 

performance of the modified reactor was simulated using the verified CFD model.  

8.1.1  CHS for heat storage 

In the heat storage process, the experiments were conducted at 60%, 70%, 80% engine 

loads of the 60 minutes mode. At the other engine loads of the 60 minutes mode and the 

full charge mode, the performance of the CHS system was estimated based on the verified 

CFD model. The majors results in the heat storage process of the original CHS system 
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can be concluded as follows: 

 For D1146TI diesel engine, using the original CHS system to recover the wasted 

heat of the exhaust gas was feasible at the engine loads higher than 50%. At the 

lower engine load, the temperature of the exhaust gas was not high enough, so the 

time for heating stages (stages 1, 2 and 3) were higher and using the CHS system 

at these engine loads was ineffective. 

 In 60 minutes mode of the heat storage process, the maximum percentage of the 

reacted EM8block was 72.5% at the full engine load. This number decreased to 

9.6% at 50% engine load. The highest percentage of the stored exhaust gas energy 

was 5.05% at 80% engine load and it dropped to 1.26% at 50% engine load. 

 In the full charge mode, the full charge time of the CHS system depended on the 

engine load, and the shortest time was 67.1 minutes at the full engine load. This 

time increased with the decrease of the engine load and it took 110.3 minutes at 

50% of engine load. The variation of the percentage of stored exhaust gas energy 

with the engine load was insignificant. The highest percentage was 7.14% at 70% 

engine load, and it decreased slightly when the engine load changed. The smallest 

percentage of the stored exhaust gas energy was 6.27% at the full engine load. 

8.1.2  CHS for heat output 

In the heat output process, the CHS system was used to pre-heating the engine intake air. 

The experiments were conducted at the ambient temperature of 230C. At other ambient 

temperature, the verified CFD model was used to investigate the performance of the CHS 

system in the heat output process. The major results of the heat output process of the CHS 

system can be concluded as follows: 
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 The temperature of the heated air after going through the reactor depended on the 

temperature of the reactor wall and the ambient temperature. The temperature of 

the reactor wall depended on the amount of the water vapour supporting from the 

water tank in the heat output process. Based on the required temperature of the 

heated air and the ambient temperature, the amount of water required for the 

reaction could be found based on Figures 6.1 and 6.3.  

 The temperature of the heated air could be kept at 12.150C when the ambient 

temperature was 100C below freezing point, increased to 20.10C when the ambient 

temperature was at the freezing point 00C and was 40.020C when the ambient 

temperature was 230C.  

8.1.3 Modification of the CHS system 

In the modified CHS system, when two wings added on the exterior wall of the tube of 

the reactor, the heat transfer process inside the reactor was enhanced, resulting in 

increased average temperature of EM8block and more uniform temperature distribution 

in the reactor. The simulation results showed that the performance of the CHS system in 

both heat storage and heat output process were improved. The major results of the 

modified CHS system can be concluded as follows: 

 In 60 minutes mode of the heat storage process, the improvement in the 

performance of the CHS system was evaluated in both the percentages of the 

stored exhaust gas energy and the reacted EM8block. The effect of the modified 

CHS system was stronger at the high load of the engine and it decreased with the 

decrease of the engine load. The percentage increase in the percentage of the 

reacted EM8block and the percentage of the exhaust gas energy stored in the 
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modified CHS system increased from 5.15% to 12.49% when the engine load 

increased from 50% to full engine load. 

  In the full charge mode of the heat storage process, the maximum percentage of 

the exhaust gas energy stored by the CHS system raised to 7.58% at 70% engine 

load and it decreased when the engine load changed. Moreover, using the 

modified CHS system, the shortest full charge time was 64 minutes at the full 

engine load, 4.48% shorter than in the original one. In the full charge mode, the 

effect of the modified CHS system was stronger at the low load of the engine that 

was presented by the higher percentage increase in the full charge time and the 

percentage of the exhaust gas energy.  

 In the heat output process, at a fixed ambient temperature, the heated air 

temperature in the modified CHS system was slightly higher than that in the 

original one. At the lowest ambient temperature of -100C in the simulation, the 

heated air temperature increased by 0.7 to 1.2 0C when the reactor wall 

temperature was changed from 450C to 850C compared with the original CHS 

system. 

8.2  Suggestion for future work 

8.2.1 Suggestion for applications of the heated air in the vehicle 

As shown in Figure 6.3 for the original CHS system and Figure 7.10 for the modified one, 

even when the ambient temperature is below 00C, the temperature of the heated air after 

going through the reactor can increase to 100C or more depending on the ambient and 

reactor temperatures. Furthermore, the stored energy of the CHS system in the current 

study was absorbed by the air that is easy to transport to other parts of the vehicle. 
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Therefore, the high temperature of the heated air after going through the CHS system can 

be used not only for a fixed system but also simultaneously for many different 

applications of the vehicle such as: heating the engine, the lube oil of the IC engine 

vehicles or the batteries, cabin of the hybrid vehicles or defogging system of the vehicles 

in the ice regions. 

Heating the engine is a possible application of the CHS system. As discussed in Chapter 

2, heating the engine resulted in lower fuel consumption in the cold-start process. 

Compared with other TES systems applying to heat the engine in the engine start-up as 

discussed in section 6.2, the CHS system using EM8block with the higher stored energy 

and storing time could become a candidate for this heating purpose.  

Heating the lube oil in the cold weather is another possible application of the CHS system. 

As discussed in Chapter 2, heating the lube oil can decrease the friction losses and 

increase the efficiency of the IC engine. From the results of the air heating process of the 

original CHS system in 6.2 and the modified one in 7.3, it can be seen that using the 

heated air from the CHS systems to increase the lube oil temperature to the effective 

operation range is possible or this application is very feasible. 

In the hybrid vehicles, the operation of a battery in a hybrid vehicle highly depends on 

the surrounding temperature. The battery is designed to get the highest efficiency at a 

fixed range of temperature, from 250C to 450C [99]. If the temperature of the battery is 

lower than that required, the change of the viscosity inside the battery may lead to 

sluggish ion transport. The mobility of the ions decreases causing a rise in internal 

resistance [100]. The increase in the inside resistance of the battery leads to lower battery 

performance and it impacts the power capacity of motor and vehicle acceleration. The 
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capacity of a battery collapses rapidly at the low temperature, especially at the 

temperature lower than 00C [101]. In the version 3.2.3 of the Tesla app publishing on 22nd 

December 2017, Tesla gave a recommendation for the batteries of their electric vehicles 

in the cold weather “When temperatures are near freezing, preconditioning will also heat 

your battery for better driving and charging performance. We recommend you plug in to 

reduce range loss, and start pre-conditioning about an hour before you plan to leave since 

it can take some time to warm up the battery in colder weather”. This recommendation 

can also apply for the battery of the electric motor in the hybrid vehicles. Therefore, for 

the battery of the hybrid vehicle, pre-heating it in the cool weather is a requirement to 

increase the capacity and maintain the lifespan of the battery. In this case, the high 

temperature of the heated air after going through the CHS systems can be used to heat the 

battery without engine start-up.  

Moreover, the high temperature of the heated air after going through the reactor could be 

used as a heating assistance system to heat the cabin of the hybrid vehicle when the 

electric motor is in being used. Electric motors are different from IC engines. When the 

IC engine is in being used, the waste heat from IC engine could be provided for thermal 

requirement of the passenger, so the energy cost for heating the cabin could be reduced. 

However, with electric motors, they do not make much heat energy in operation as IC 

engines. Therefore, using the electric motors, the vehicles need more energy from the 

battery for heating purpose in the cool weather, and it affects the operation and the 

efficiency of the vehicles. As reported in [102], the average heating requirement of an 

electric vehicle in Edinburgh was 18% of the energy consumption. Matthew in [103] 

reported that a electric vehicle cabin heating at 200F ambient can reduce electric vehicle 

range by 20% - 59% compared with no heating. It can be seen that heating the cabin in 
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the cold weather adversely affect to the operation of the electric vehicles. Similar to that 

is the hybrid vehicles when the electric motors are in being used. Some solutions for this 

problem are using a bigger battery, electrical heaters [104], or heat pumps [105]in the 

winter. However, they will add more to the cost of the vehicles, and they still use a lot of 

energy from the batteries for their operation. Using the CHS system in the current study, 

as shown in Figures 6.3 and 7.10, the heated air temperature after going through the 

reactor can reach to around 200C even when the ambient temperature is 00C. This 

temperature is very suitable for heating the cabin of the hybrid vehicle in the cold weather. 

In ice regions, warming up the vehicles a few minutes before driving is necessary, 

especially when frosted windshields appears. Heating the vehicle in the ice weather helps 

protect the engine and extend the life of the vehicle. To defrost the car’s windshield, the 

hot air is provided to the inside of the windshields. It makes the temperature of the 

windshields increases and the ice melts. However, the hot air creating from HVAC system 

also increases the fuel consumption and polluting emissions of the vehicle, especially in 

the cold start of IC engine. As shown in Figures 6.3 and 7.10, even when the ambient 

temperature is smaller than -100C, the heated air temperature after going through the 

reactor should increase to higher than 100C. The high temperature of the heated air from 

the CHS system can be used in the defrosting assistance system to reduce the fuel 

consumption and emission of the vehicle. 

In summary, besides heating the engine intake air, the CHS in the current study can be 

applied for many different applications of the vehicle such as heating the lubricant, engine 

in IC engine vehicles or the batteries, cabin in hybrid vehicles or the defrosting system in 

both IC engine and hybrid vehicles.  
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8.2.2 Suggestion for future work 

Based on the current results of the research, some suggestion for future work may be 

adopted as follows: 

1. Firstly, in the current research, as presented above, the laboratory was not air 

conditioned, the experiments on the intake air heating process were only 

conducted at the ambient temperature 230C. The intake air heating process at other 

ambient temperatures was investigated using the verified CFD simulation. 

However, experiments are still needed to verify the current simulation results.  

2. Secondly, based on the heated air temperature, some possible application were 

suggested in 8.2. However, the applications suggested above still need a more 

detailed study. 

3. Thirdly, in the current study, the reactor was designed based on the shell-tube heat 

exchanger. To improve the performance of the CHS system, in the modified CHS 

system, two wings added in the improvement model. However, a different design 

with higher efficiency could be developed in future work.  

4. Finally, the gasoline engine with the higher exhaust gas temperature is the 

potential object of the CHS system in the current study. The higher temperature 

of the exhaust gas of the gasoline engine makes the heating time of the CHS 

system (stages 1, 2 and 3) is shorter, so the full charge time, accordingly, will be 

shorter. A CFD model was developed based on a tested gasoline engine, Camry 

Aurion, at the engine laboratory at University of Technology Sydney[94, 106]. 

However, it still needs a more detailed research. 
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