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Abstract

Heat storage has become more important becausdizesi the
wasted energy to improve the overall efficiency erergy
systems. This study was aimed to develop a chentieal
storage system using magnesium hydroxide (Mg¢DEN its
endothermic and exothermic reactions to recover thteemal
energy of the exhaust gas in internal combustigines. It was
proposed that the reactor receives the thermabgrarexhaust
gas in the dehydration of Mg(Ofjo become MgO and J@,
and releases the stored energy in the hydratioMg®D. To
increase the thermal conductivity of pure Mg(@Hy enhancing
the reactor's performance, the working material dysEM8
block, is the mixture of Mg(OH)and expanded graphite at a
ratio of 8:1. Experiments were conducted on a @der spark
ignition engine (Toyota Aurion 2GR-FE 3.5L) at stubmetric
air/fuel ratios to estimate the amount of energglm the exhaust
gas. Experimental data of exhaust gas temperandevalume
ratios of exhaust gas constitutions were used toulzde the
energy rates of each of the exhaust gas consttuant to
estimate the reactor efficiency in the dehydrapioscess. Results
of the preliminary investigation show that the pyeed chemical
heat storage system may be feasible to recoveosippately 5.8
% of the heat loss in the exhaust gas.

Introduction

In today’s modern life, internal combustion (IC)gares are still
widely used in many fields, such as transportat@mmstruction
or agricultural sectors. However, a significant amoof fuel
energy is lost as wasted heat through exhaust gdsceoling
systems in IC engines. Recovery of waste heat nigt directly
increases the engine overall thermal efficiency dab reduces
the environment pollution. If a certain amount ghaust gas heat
could be recovered, the equivalent amount of pynfiael can be
saved. As predicted, if 6% of the exhaust gas gniergonverted
to electric power, the same amount of electricalgrowill be
released, and the fuel consumption could be redogd®% [1].

Energy storage is a method used to store energyewas a
power system and use the stored energy when geaded. It is
usually divided into two groups: electrical and rthal [2].
Electrical energy storage includes electrochemisgbtems,
kinetic energy storage systems and potential enstgyage.
Sensible, latent and chemical heat storages amssifital as
thermal energy storage. In the chemical heat stotachnology,
heat is stored in chemicals, so it has advantagédlaws:

¢ Chemical energy storage has higher energy dersity that
with physical energy storage (sensible heat changehase
change) [3].

e Heat can be stored for a long period and with srhe#t
loss. Chemicals are stored separately and in thigieam
condition, so the heat lost to the environmentiisimel.

The focus of this study is to apply the chemicahthstorage
technology to store a part of engine’s wasted hadtuses it for

heating purposes, such as defogging and heatifigebiheating
for the cold-start process.

Chemical heat storage

Chemical heat storage technology uses the chemasalbeat
storage materials. In the present study, it wapgsed that the
chemical Mg(OH) be adopted. Mg(OH)is an environmentally
friendly material which exists abundantly in natuaed its
working temperature is in the range of the exhagas
temperature at the engine exhaust port.

To store the heat of the exhaust gas, it was pemptisat two
main devices would be installed in the exhaust grtbway, a
reactor and a condenser/evaporator (condensee inetiit storage
and evaporator in the heat output process).

In the heat storage mode, Magnesium hydroxide abswasted
heat of the exhaust gas and converts to magneskite and
water vapour in the dehydration of magnesium hyidiexn the
reaction chamber, as shown in Figure 1.
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Figure 1. The heat storage process.

During this chemical process, MgO is retained ieditk reactor
chamber, and the water vapour produced from thenicia
reaction is moved into a condenser/evaporator todecsate.
The equilibriums are expressed as follows:

Mg(OH)x(s) +AH; — MgO(s) + HO(9) (1)
H20(g) — Hz0(l) + AH; 2

Magnesium oxide and water vapour produced from phizess
are stored separately in the ambient temperatutbatdhey can
be stored for a long time with small heat loss.
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Figure 2. The heat output process.

In the heat output mode as shown in Figure 2, thtemliquid in
the evaporator is heated by a small heating tapevéporate.
Before heating, the water liquid is stored in theporator at low
pressure and with small volume. Therefore, the ggneequired
for evaporating (heating tape) the liquid watervesy small
compared with the stored exhaust gas energy. Therwapour
will flow from the evaporator into the reaction chiaer. The
reaction takes place between the MgO and the watsour, and



heat energy will be released. The equilibriums described as
follows:

H20(l) + AH; — H,0(g) 3
MgO(s)+ HO(g) — Mg(OH)(s) +AH, 4)
Estimation of the heat loss in the exhaust gas

To obtain the information needed to investigatefdasibility of
chemical heat storage of engine exhaust gas enexggriments
were conducted on a 6-cylinder spark ignition Taydturion
engine. The major specifications of the engine mavided in
table 1.

Parameters Unit Value
Number of cylinders 6
Number of strokes 4
Bore mm | 94
Stroke mm | 83.10

Displacement volumeg cc 3456
Connecting red length mm | 147
Compression ration 10.8:1
Maximum power kW | 200@6200rpm
Maximum Torque N.m | 336@4700rpm
Table 1. Major specifications of the tested engine.

Experiments were conducted on the engine at thehstonetric

air-fuel ratio and 18 sample power conditions. €nhgine power
is calculated based on the engine speed and torguen

measurement data, the exhaust gas temperaturer{@esired by
a thermocouple installed at the exhaust port) ésxdamponents
(were acquired by Horiba MEXA-584L gas analyseegtioss is
calculated by the summing the energy of components is

showed in figure 3.

~39.0 h
—e— Engine
37.0 8 Power

&
>
(o2}
o]
5 35.0 = —a— Exhaust
kS . gas
% 83.0 energy
5 310 —=a— Other
—

8 30 ey snergy
a 29.0 loss

27.0

25.0 T T T T T ]

45 50 55 60 65 70 75
Power (kW)

Figure 3. The energy consumption.

As shown in figure 3, at the stoichiometric procéss=1), the
average heat loss in exhaust gas is 31.93% ofdntalyy and the
aim of the current study is to cover part of thergy loss.

Estimation of the dehydration efficiency of the reactor

To store a part of the exhaust gas heat, a re#torstalled

between the engine exhaust port and the catalgtiverter. The
experimental results (the temperature and compsnehtthe

exhaust gas at the outlet of the engine exhausy were used in
the initial design of the reactor and estimating éfficiency of

the reactor in the dehydration or heat storagega®@ one hour
working time.

Choosing chemical material

The material originally considered was magnesiundrbyide

(Mg(OH),).The thermal conductivity of the packed bed of

Mg(OH), pellets is within 0.15 — 0.16 W mK™ [4]. The
decreased thermal conductivity of pure Mg(@Hbellets will
reduce the heat absorption capacity of chemical twedeby

decrease the efficiency of the reactor. To incretge heat
transfer efficiency of chemical, Massimiliano sagted using a
new material that was a combination of Mg(®@tdhd expanded
graphite with the mass mixing ratio 8:1 and in tileck state
(EM8 block) [4]. EM8 block was selected in the pmetsstudy.
As reported in [4], the advantages of this mater@hpared with
pure Mg(OH}) include:

¢ Higher thermal conductivity: The thermal condudgivof
EMS8 block is about ten times that of the pure Mg{©H
pellets.

¢ Higher density: Compare with the density of the b&gure
Mg(OH), pellets were randomly arranged in the reactor, the
density of EM8 block is 1.6 times that of Mg(QHellets.
With higher density, the capacity of the energyrage
system will be increased.

« Reduced void fraction of bed will enhance the conta
between the thermochemical and the inner surfacthef
reactor and consequently improve the thermal candtyc
of the reactor.

As investigated by Massimiliano[4], the volumetheat storage
of EM8 block and other compounds are showed irréigu
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Figure 4. Comparison of volumetric heat storageaciy of pure
Mg(OH),, EM8 in the pellets state and EM8 block [4].

As shown in figure 4, the heat storage capacitigMB block is
1.4 times that of pure Mg(Okand EM8-b (the combination of
Mg(OH), and expanded graphite in the mass mixing rat®lis
and in the state of pellets) in one hour workimgeti

The volumetric heat storage capacity of EM8 bloan de
estimated using Eq. (5) [4]:

—AH?

M DX iy -Poe ()

qd,v =

Mg (OH),

Where

Qa.v iS the volumetric storage capacity (kJm

Mpyg0m),'S mole mass of Mg(OH)58.322 g/mol).

I'mix IS the mass mixing ration.

Preais the density of the packed begs piockis 1.002 glcr).

AXq4 is the mole reacted fraction change.



The mass mixing ratio is expressed as follows:

(o= Mug(om), ©)
Myeg

The mole reacted fraction change is showed in doaton 7:
A, =X—X,, @
X is the reacted fraction and
Am/ M,
Mugiony, / Mugiomy,

WhereAm is the mass of water vapour moving out of thetiea
Mygcom), 1S the initial mass of Mg(OH)in the reactorMy,, is
the molecule weight of the water (18.01 g/mol).

X=1+ (8)

The related physical properties of EM8 block arevah in the
table 2 [4].

Properties Unit | Value
Mass mixing ratio () 8:9
Density of bed g/cn? | 1.002
Heat storage capacity in one hourMJ/m® | 700

Table 2. Physical properties of the EM8 block.

Choosing reactor material

The maximum service temperature of the materialsehoto
fabricate the reactor, steel grade 153MAmnust be greater than
the temperature of exhaust gas at the outlet ofetiggne (the
maximum exhaust gas temperature was 1065 K in tieert
study or 1113 K in Tianyou experiments [5]). Themperties of
the steel grade 153MX are shown in table 3 [6].

Properties Unit | Value
Maximum service temperatureK 1273
Mass density glen? | 7.8

Thermal conductivity W/m.K | 25.5
Heat capacit J/kg.K | 50C
Table 3. 153MAY steel properties.

Reactor design

The reactor consists of two tubes: inner and otitbes. EM8
block is stored inside the inner tube, and the eghgas flows in
the space between the two tubes.
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Figure 5. The reactor design.

Heat is transferred from the exhaust gas to EM8lhland the
dehydration reaction takes place inside the innde.t Water
vapour from the dehydration of Mg(OH)ows out of the reactor
from the vapour outlet placed at the top of thect@a In the

space between the two tubes, two wings are designedke the
temperature inside the reactor become even andctedse the
moving time of the exhaust gas flow in the reactbereby to

increase the heat transfer efficiency of the readfgure 5

shows the initial design of the reactor with theige parameters
listed in table 4.

Parameter | Unit | Value
Inner tube
Diameter mm | 100
Thickness mm | 3.05
Outer tube
Diamete mm | 16C
Thickness mm | 3.05
Exhaust gasinlet
Diameter mm | 88.9
Thickness mm | 3.05
Exhaust gas outlet
Diameter mm | 88.9
Thickness mm | 3.05
Vapour outlet
Diameter mm | 88.9
Thickness mm | 3.05
Wings
External diametef mm | 160
Internal diameter| mm | 53.05
Thicknes mm | 3.0

Table 4. The design parameters of the reactor.

The parameters of exhaust gas at the exhaust gas inlet

It was proposed to install the reactor betweeretigine exhaust
port and the catalytic converter. The temperattrthe inlet of
the reactor is assumed to be equal to the temperatu the
engine exhaust port. This temperature and the wwlum
percentages of exhaust gas components are givahlen5.

Parameter | Unit | Value
Temperaturel K 1028
CO %vol | 0.1
CO, %vol | 15.5
HC ppm | 9.9
NO, ppm | 2335.7
0O, %vol | 0.2

Table 5. Information of the exhaust gas at thet iofiehe reactor.

CFED simulation of the designed reactor

ANSYS Fluent was used to simulate the gas flows hedt
transfer processes in the reactor. The input degathee initial
design parameters, exhaust gas parameters andrrezterial’'s
thermochemical properties.

As the temperature of the exhaust gas at the emginaust port
is high (1028K), the mixed thermal condition (comdtion of
convection and radiation) model was chose to simaulee heat
transfer between the exhaust gas and the reactist wa

EMS8 block is assumed as a solid material so th& transfer
process inside the EM8 block is assumed as thedoeaiuction
process with the properties given in table 4.

It is assumed that the heat absorption proces& lock does
not vary with time in one hours working time. Theah storage
capacity in 1 hour is 700 MJAEquivalently the heat generator
rate is 194.4 kWit



Figure 6 illustrates the temperature contours ef ékhaust gas
inside the reactor.
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Figure 6. The temperature distribution of the egha@as inside the
reactor.

Simulation results in Figure 6 shows that the ayer@mperature
of exhaust gas over the cross section of exhassogget port is
approximately 985K. This temperature was used toutate the
heat energy of exhaust gas at the outlet, andrtiwuat of heat
stored in the reactor. Results are shown in table 6

Parameter Unit | Value
Heat energy at the inlet of the reactor kW | 61.91
Temperature at the outlet of the reactor | K 985
Heat energy at the outlet of the reactor | kW | 58.27
Energy stored in the reactor kw | 3.64
Percentage of energy stored % 5.8
Volume of EM8 block stored in the reactpidm® | 2.51
Mass of EM8 bloc stored in the react kg 2.51

Table 6. Results of simulation for the processhreactor.

As shown in table 6, with a small reactor and ire dmur

operating time, the chemical heat storage devicestare 5.8%
heat loss in the exhaust gas. The amount of stoeatl depends
on the size of the reactor, the temperature of @sthgas at the
exhaust gas inlet and the vehicle operating time.

EMBS8 block is stored in the reactor in the blocktestwith the

outer surface of EM8 block fits with the inner faglethe inner

tube of the reactor so the volume and mass of EM&tcan be

calculated through reactor parameters. As showtalite 6, to

store 5.8% of exhaust gas heat, the amount of ENM8kb
required is 2.51 kg. This mass is enough to ussméhour. After

this period, almost Mg(OH)in EM8 block is converted to MgO
and heat is stored in the reactor.

Conclusions

To investigate the feasibility of chemical heatrage for saving
the exhaust gas energy in an IC engine, experimems

conducted on a 6-cylinder spark ignition enginee Tverage
percentage of heat lost is calculated based ommegesurement
data obtained from operating parameters of thenenguch as
engine torque, speed or components and the teroperaf

exhaust gas at the engine exhaust port. The sttiyaed the
potential of chemical heat storage technology wineorporated
with the engine to store a part of energy losse iHfitial design
was verified by numerically simulating the heat lewcge

processes inside the reactor in one hour working.tWith 5.8%
heat energy of exhaust gas stored in 2.51 kg of BMB8K, the

chemical heat storage technology is feasible, tirsdeixpected to
be applicable as a heat storage system for vehicles
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