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A performance study on a chemical energy storage system
using sodiumsulfide-water as the working pair

Wongsuwan W., Rungpiboonsopit T., Chatchawan C., Kiatsiriroat T.
Department of Mechanical Engineering, Facutty of Engineering, Chiang Mat University, 50200,
. E-mail: Wipawadee@dome.eng.cmu.ac.th

Abstract

Chemical energy storage (CES) uses a chemisorption process to store energy. This experimental study
investigates the performance of a CES system that uses sodiumsulfide-water (Na,S-water). To form a
reactive mixture, Sodiumsulfide nanohydrated salt (Na,5.9H,0) was mixed with a graphite binder. A
prototype using this reactive mixture was comprised of an annular tube reactor, an evaporator and a
condenser. The experiment investigated the effect of three variables, which are evaporating temperature
(40° - 50°C), regeneration temperature (110° - 120°C), and cycle time (45 - 75 minutes). Three
different mass ratios of graphite binder to Sodiumsulfide nanohydrated salt were selected al values of
175, 173, and 1/2. According to the experimental results a number of general trends can be identified.
Firstly, the rate of water adsorption in the reactor increases if evaporating temperature is raised. The
regencration rate was also found to increase with regeneration temperature. Mixing sodiumsulfide salt
with the graphite gave a better coefficient of performance (COP) than using pure Sodiumsulfide salt in
the tested CES system. The mass ratio of graphite to salt of 1/3 resulted in the greatest water
absorbption, heat transfer coefficient and COP.

1. Introduction

Energy storage systems can play an important role in achieving energy
efficiency in energy intensive industries. Large amounts of energy can be saved by a
waste heat recovery and energy storage sysiem. Energy storage systems or heat
pumps, based on reversible chemical reactions, can upgrade industrial waste heat 1o
reusable levels [1]. The potential uses of heat pumps and their concepts, classification
and specification were reviewed by Wongsuwan et al [2]. Chemical energy storage
(CES), a category of energy storage system, uses a chemisorption process to store
energy. This type of system has useful application for heat pumping purposes. The
reaction heat of a CES system is much higher than the latent heat of working fluid.
Thus, the energy densities of chemisorption (e.g. hydration/dehydration of metal salt-
water) are much larger than in the case of physisorption (e.g. adsorption/desorption of
zeolite-water, silicagel-water). Chemisorption is a solid adsorption process, which is
based on the combination and decomposition of adsorbent (in solid phase) and
adsorbate (or working fluid). The adsorbent and adsorbate are the reactants of the
CES.

In the Jast decade, the use of energy storage systems has increased significantly. In
Germany, the CES was implemented in A school for heating purposes [3], using
zeolite/water as working pair. The system worked in two modes: energy storage
during off-peak period and energy discharge during on-peak period. Therefore, peak
power demand could be curtailed while the energy storage density was about 126
kWh/m®. A SWEAT (Salt-Water Energy Accumulation and Transformation) system,
using sodiumsulfide-water as working pair, has been implemented in Netherlands.
This system has been investigated in a joint project involving Inalfa ares, Delft
University and ECN [4]. The development of the SWEAT systern [5] was for cold
production about 5-15 °C in industry and commercial buildings. The heat source was
expected from waste heat supplied by the co-generation system at about 80 °C. They
mentioned that once the experimental test showed the positive results, the 10-kW
prototype would be implemented for continuous cold production in industry. In
Thailand, the research into CES is at an early stage, and such systems have not yel
been implemented in industry,



The CES is principally composed of a reactor, an evaporator, a condenser and a
heating and a cooling system. The operating cycle of the CES consists of three phases:
(1) a heating and regeneration phase (decomposition of working pair), (2) cooling
phase and (3) rcaction phase (chemical adsorption between reactants). In the
regeneration phase, the system receives heat from a high temperature source to
separate the working fluid from the adsorbent. The working fluid is then condensed in
the condenser, where heat is either utilized or ejected into the environment. Then, the
reactor is cooled by the cooling system to recover heat of regeneration. Consequently,
in the reaction phase, the system operation is in heat pump mode. Heat from a low
temperature source is supplied to the evaporator and heat at a higher temperature is
extracted from the reactor to satisfy the load requirement.

There 1s a number of working pairs available for CES. An expenmental
comparison has shown that, among potential salt hydrated adsorbents, Na;S-5H,0
gave the highest energy storage density of 673 kWh/m’ [6]. The reaction between salt
and water is a reversible reaction composed of the forward exothermic absorption and
backward endothermic desorption of vapor in solids. It was stated in Boer et al [7]
that the heat of reaction between sodiumsulfide salt (Na,S) and five water molecules
(5H,0) is about 300 kJ/mol of salt. In their study, the structural, thermodynamic and
phase properties in the Na;S-H,O system for application in a chemical heat pump
have been investigated. Water is an excellent working fluid and is easily obtained.
Heat for regeneration for this working pair must exceed a temperature of 80 °C, which
is thus possible to obtain from solar energy or a waste heat source.

This study focuses on experimentation with a CES prototype. Three important
parameters, which are evaporation and regeneration temperature and cycle time, are
all constdered and their influences investigated experimentally. The effect of graphite
additive on the system performance is also investigated. Sodiumsulfide-water (Na,S-
water) was used for the experimental study due to its high heat of adsorption. This
storage material exhibits advantages over other working pairs due to its monovariant
behavior. The temperature and pressure of the adsorbent does not depend on the
degree of working fluid-saturation. During the reaction and regeneration process,

temperature and pressure are constant. Thus, the operation of the system is not overly
complex.

2. Experimentation
2.1 Experimental Set Up

The experimental prototype consisted of an annular tube reactor, an evaporator
and a condenser as shown in Figure 1. The reactor was a stainless steel (SS), 350-mm
height annular tube with 50-mm OD outer tube and 25.4 mm-OD perforated inner
tube. The reactor used sodiumsulfide-nanohydrate (Na,S-9H,0) (Merck, extra pure
with 35% Na,S) to form the adsorbent bed. This starting material was dehydrated to
remove undesired gas and water content. In another altemative, the graphite binder
was mixed with the Sodiumsulfide nanohydrated salt (Na;S-9H,0) to form a reactive
mixture. The reactor was heated and cooled by a temperature controlled oil bath.
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Figure 1: Experimental set up of the CES system

The evaporator was SS 76.2 mm-OD and 350-mm height with a 25.4-mm OD
vapor path installed at the center. The water bath, with an electric heater, was used to
control the temperature of the evaporator. The glass-type shell and internal spiral tube
condenser was located to bypass the reactor-evaporator connecting pipe. Working
fluid vapor was condensed inside the spiral tube and the cooling water circulated
within the shell. Temperature was measured using a type-K thermocouple and
recorded by the data logger. Pressure was monitored by both a pressure gauge and U-
type mercury manometer.

2.2 Analysis of Experimental Data

The CES system performance was determined by calculating the coefficient of
performance of heating from the experimental data. The COPpeaing 15 defined as the
ratio of heat released during the reaction phase to the heat input during the
regeneration phase, as given by

CO})healing = Q"eﬂc' (])
: Qreg
The heat transfer coefficient (Up) during heat storage and heat discharge from
the reactor is calculated according to:

m.C @
P dt
U, = ST 7] (2)
S sw ]:hf - T.'s‘
where;
my Is the reactive salt mass
Chs Is the specific heat of the reactive salt
Ts Is the reactive salt temperature
Sew Is the heat transfer area between reactive salt and reactor wall
Tt Is the heat transfer fluid temperature

The heat transfer coefficient is the ratio of increased intemal energy (heat
accumnulation) in the reactor to the convective heat transfer averaged over one cycle.



The COPpeaing and the heat transfer coefficient can be used as suitable indicators to
determine systermn performance,

2.3 Experimental Method

The experimentation was divided into two experimental sets. In the first
experimental set, the reactor was filled with pure sodiumsulfide-hydrate. The first
experimental set was carried out by considering variation of three parameters:

- Evaporating temperature (40° - 50°C),
» Regeneration temperature (110° - 120°C), and
» Cycle time (45 - 75 minutes).

In the second experimental set, the reactor was filled with the reactive mixture
(graphite additives mixed with sodiumsulfide salt). The mass ratio of graphite binder
to Sodiumsulfide nanohydrated salt was selected as 1:5, 1:3 and 1:2.

In all the experiments, the CES was working under vacuum conditions. The
adsorbate (water) was vaporized in the evaporator and when the pressure reached the
desired value, water vapor was transferred to the reactor through a connecting valve.
An exothermic reaction took place inside the reactor releasing the heat of reaction to
the heat transfer fluid. The temperature of the reactor, evaporator and heat transfer
fluid were measured by the temperature sensors and recorded with the data logger.
Collected temperature data were afterwards analyzed to obtain heat input and output
per reaction phase and the resultant COPpeating.

2.4 Experimental Results and Discussion

A number of experiments were undertaken with vadous values of the four
parameters: evaporation temperature, regeneration temperature, cycle time and ratio
of graphite to sodiumsulfide salt. In all experiments, temperature, pressure and
amount of cycled mass were monitored. The temperature and power evolution can

thereby be drawn, which allows calculation of the heat transfer coefficient and
COPhealing-

Evaporation temperature

The evaporation temperature was varied to study its influence on the system
performance. Experimental results showed that the evaporation pressure increases
with the evaporation temperature. A higher evaporator temperature leads to better
driving pressure to force the water vapor into the reactive bed. During the adsorption
period, the temperature of the reactor increases due to released heat of reaction. Heat
is dissipated to the heat transfer fluid, and the salt temperature decreases drastically
for 30-40 minutes. After this, the salt temperature remains rather constant for 10-15
minutes, after which the regeneration phase starts. Figure 2 shows the temperature
evolution during the adsorption period of the heat pump cycle. Higher evaporation
temperature produces higher sodiumsulfide salt temperature.
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Figure 2: Temperature of reactive salt during adsorption period
for different evaporation temperature

It was also found that the rate of water adsorption in the reactor increased 1f
evaporating temperature was raised. With the same cycle time, the amount of
adsorbed water was 45.0 g, 47.5 g and 50.0 g for evaporation temperatures of 40 °C,
45 °C and 50 °C, respectively. The average overall heat transfer coefficient was 115
W/m® K during the production phase and 108 W/m? K during regeneration phase. It
also found that the COPycaing of the system increased with this evaporation
temperature. The COPs were 0.692, 0.705 and 0.833 for the evaporation temperatures
of 40, 45 and 50 °C, respectively. The explanation for this is that the more water vapor
adsorbed, the larger amount of heat of reaction. Therefore, the performance of the
CES can be mmproved by operating the system with a high evaporating pressure and
temperature, thus increasing the rate of heat extraction or heating power production.

Regeneration temperature

The regeneration temperature refers to the high temperature heat source applied
to the reactor during its regeneration or decomposition period. This temperature is
controlled by the oil bath. A high temperature leads to a fast increase in the salt
temperature, until it reaches the decomposition temperature. A portion of this heat is
used in the separation of the water vapor from the sodiumsulfide hydrated. The
remaining portion of this heat will be stored in the reactive bed, metal and other non-
adsorbent material. There were three values of regeneration temperature selected of
110, 115 and 120 °C. The evaporation temperature was fixed as 45 °C for all these
tests. The cycle time is similar for all experiments. The experimental results (Table 1)
show that the quantity of adsorbed water in the cycle increased with regeneration
temperature. The decomposition time is faster for the cases with higher regeneration
temperature, implying that the regeneration rate increases with regeneration
temperature. However, the COPs of the heat pump systern were not improved with
increased regeneration temperature, because larger amount of heat was required to




raise the heating fluid temperature. This excess heat is useless and 1s considered as an
energy loss. The heat transfer coefficient between the reactive salt and the heat
transfer fluid were calculated and shown in Table 1. These values did not increase
with the regeneration temperature. In conclusion, the regeneration temperature should
be kept low for maximum performance.

Table 1: The influence of regeneration temperature on the system performance

i Adsorbed amount Heat transfer Coefficient of
Regeneration . . )
temperature (°C) of working fluid coef’ figlem Performance
(kg)  (Wim'K) (COP)
110°C 45 37.56 1.038 -
115°C 50 31.82 0.705
120 °C 60 27.71 0.777 ]

In the next phase of our research program, the heat of regeneration will be
supplied by a low temperature source such as a solar energy or waste heat source. It 1s
expected that the evacuated tube solar collector using a heat transfer fluid as heating
media could be used to sustain a regeneration temperature of about 110 — 120 °C.

Cycle time

The cycle time is the total period of the chemisorption cycle, which consists of
heating pertod, regeneration (desorption) period, cooling period and reaction
(adsorption) period. The influence of the cycle time on the performance of CES was
studied by varying this time between 45 and 75 minutes. The reaction period was
selected as 15, 30 or 45 minutes, while the other periods were the same duration. In all
experiments, the regeneration temperature and the evaporation temperature was
maintained at 115°C and 45°C, respectively. The experimental results showed that the
cycle time did not influence the amount of working fluid adsorbed. Also, the heat
transfer coefficients for all experiments were approximately the same magnitude (25 —
38 W/mz.K). The COPheaing increases with the cycle time because a greater heat of
reaction can be extracted. The COPs were calculated at 0.754, 0.795 and 1.018 for
cycle times of 45, 60 and 75 minutes, respectively. However, too long a cycle time
leads to inefficient CES operation. Therefore, a compromise between high COP and
short cycle time would generally be required.

Mass ratio of graphite additives to sodiumsulfide salt

To improve the thermal conductivity of the reactive salt, graphite was mixed
with the sodiumsulfide salt. The reactor was filled with a mixture of sodiumsulfide
salt and graphite additives, which was then compressed. It was found that the reactive
bed could be formed within the reactor easier than in the case of pure sodiumsulfide
salt. After mixing, the reactive salt grain was spread uniformly over the adsorbent
bed. This provides better opportunity of contact and chemical reaction between the
water vapor and sodiumsulfide salt. In all experiments, the regeneration temperature
and the evaporation temperature were maintained at 115°C and 45°C respectively. The
amount of sodiumsulfide was constant throughout all the experiments. However, the
mass ratio of graphite to sodiumsulfide was varied between 1:5, 1:3 and 1:2. It was
found the amount of adsorbed water could be increased drastically by mixing the
reactive salt with the graphite. Table 2 shows the influence of the graphite additive on
the system performance. It is clear that mixing with the graphite additive could




increase the amount of adsorbed water as well as the heat transfer coefficient and
COP heating-

Table 2: The influence of graphite additives on the system performance

- Graphite mlx.tur_e ratio Adsorbed amount of Heat transfer Coefficient of
{mass graphite; mass

sodiumsulfide) working fluid (kg) coefficient (W/m°.K) | Performance (COP)

Pure sodiumsulfide sait | 50.0 31.82 0.705
1:5 | 52.5 53.82 1.105

1:3 i 102.5 56.98 1.334
i 12 100.0 89.08 1.482

The reactive mixture temperature profiles are shown in Figure 3. The salt
temperature during the reaction period increases afier mixing with the graphite
additives. According to the temperature recorded at different heights within the
reaclor, the temperature at the top of the reactor normally increases faster and
maintains a higher value than the lower part of the reactor. Beneficially, after mixing
with the graphite additives, the temperature distribution in the reactor was more even.
Figure 4 compares the temperature distribution of the pure sodiumsuifide salt and the
reactive mixture of mass ratio 1:3. The temperature at the lower portion and the higher
portion are closer owing to improved heat conduction throughout the reactive mixture
bed of the reactor.
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Figure 3: The influence of the graphite additives on
the reactive salt temperature profile
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If the porous graphite additive is compressed in the reactor container, then the gas
permeability could be lower as the compression could reduce the gas flow channels
and obstruct the uniform gas flows within the packed beds. To improve the heat
transfer coefficient, the graphite additives can be replaced by carbon fibres. In the
study of Fukai et al {8], the effect of carbon fibres additives on the heat transfer rate of
the reactive bed composite in shell-and-tube heat exchangers was investigated. Also,
in the work of Yuichi et al [9] which involved n-octadecane as a working substance, it

8



was found that carbon brushes are effective for use in the packed bed of CES systems
to overcome the problem of low thermal conductivity. In the next phase of this
research, carbon fibres or carbon brushes will be used to replace the graphite additives
used in the present study.

3. Conclusion

This study illustrated experimentally the influence of evaporation temperature,
regeneration temperature, cycle time and graphite additives on CES performance. [t
was found that, if the vapor was evaporated at a higher temperature, the temperature
of reactive salt in the reactor was increased during the adsorption period. A
regeneration temperature of about 110-120 °C was found to be suitable for
decomposition of the working pair. This temperature level could feasibly be supplied
by solar energy. The amount of working fluid regenerated was found to increase when
the regeneration temperature was increased, but the COP did not improve at the
higher regeneration temperatures considered. The cycle time was found not to have a
significant influence on system performance. The sodiumsulfide salt was mixed with
graphite additives in three different proportions. The amount of working fluid mass in
the cycle was increased by mixing with graphite additives. The mixing of
sodiumsulfide salt with the graphite led to better COPs than using pure Sediumsulfide
salt in the CES system tested. The reaction temperature during the reaction period was
also higher with the reactive mixtures. At a mass ratio of graphite to salt of 1:3, the
maximum amount of absorbed water and heat transfer coefficients were obtained.
This sodiumsulfide-water CES has clear potential to store solar energy or waste heat.
To achieve further improvements future research will focus on the choice of binder
and packing of the reactive bed.
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Investigation of Modular Chemical Energy Storage Performance
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Abstract: Among various energy conservation measures of Thailand, a waste heat recovery {(WHR) system is the important technique.
However, if the period of energy recovery and energy usage is unmatched, Thermal Energy Storage (TES) is the interesting aliernative.
Chemical energy storage (CES) is a type of TES system using reversible chemical reactions between the working pair. This research
atms to improve the performance of a (sodivmsulfide/water) CES. A modular-CES system (MCES) combining a reactor, a condenser
and an evaporator as a package was developed and experimented in the laboratory scale. A reactive mixture of sodiumsulfide/water and
graphite additives was used as working pair. The reactor was a tube-in-tube heat exchanger filled by reactive mixture between these two
tubes. The CES was operated under high temperature source about 80 - 95 °C, and temperature sink about 30-40 °C. The MCES could
provide storage and héat supply functions. The leakage problem found during the first phase of the project has been overcome by this
new design of CES. The experimental resulis showed that this modular CES had benter performance than the CES system using
mdividual reactor, condenser and evaporator.

Keywords: Thermal Energy Storage, Chemical Energy Storage, Modular system, Chemical Heat Pump, Experimental Study.

1. INTRODUCTION 200 mmHg. Moreover, the CES is monovariant system which
only pressure was necessary for operation conirol.

In consideration on the design strategy, Bellecci and Conti
[6] suggested the modular latent heat storage unit as coaxial
cylinder, which the phase change material was filled between
inner and outer tubes. The heat transfer fluid Nowed instde the
inner tube. This design enabled the packing of many TES
modules into tube bank with unlimited length, and facilitated
operation and maintenance. ln UK, there has been an
extensively work done on the developmem of the modular heat
At i pump system by Tamainot-Telte and Critoph {7]. They used a
energy utilization in the developed countries. monolithic activated carbon to improve the thermal capacity of

Thermal energy storage (TES) involves a temporary storage adsorption refrigeration system. There were lbree designs of the
of a high- or low- temperature medivm for later use [2}. TES module; MODULAR 1-0.0, MODULAR 2-0.125 and
could help to offset the mismatch of solar energy supply and MODULAR 2-0.3, which were experimental studied. They
heating or cooling demands. The CES as a novel category of stated that at a typical conditions (Tg = 100 °C, T¢ = 30 °C and
TES, has been proved fo perform efficient energy storage and 5 °C < Tg < 20 °C), MODULAR 2-0.125 provided the best
heat pumping functions. CES has the working principle similar performance with a maximum specific coofing of 0.600 kWikg

to the chemical heat pump (CHP), which utilized the reversible . . b
‘ bout 0. t
chemical reaction between the reactive salt and the refrigerant. carbony (;OP“”“'* was about 0.2 (without regencration) and abou
0.5 {with regeneration).

CES could be thermally driven without mechanical work as in Nevertheless, there is no significant research works carried

vap«:}: compression cyc]!é:.b Th}::reforj,blhe 1emg§ramf€ fevel of out in Thailand to develop the CES for WHR applications in
the emal energy could be cnanged Dy upgrading (31 Thai’s industry. Thus, our research group has focussed on the
CES is one of the potential candidates for the improvement development of the CES that appropriate 1o WHR as well as

of e;xergg transfom:ldano:n technct)‘llogy, becau:;)e C]}EIS c9uld {]:e energy storage purposes. The CES developed in our first phase
employed 10 a wide temperature range by choosing the of the research project was significantty improved. The

f}?pm[:jljlale rele“_c;lon S):S!C(r; [4]-]/_;\1'80"‘3 :an[gush\_w;rkltng‘palrs, experimental study was performed to the modular-CES,
p © 50 'mzsu ee \;a erl mazg- ] 1t )] Ea 1? f: g e.i stor_'}l%c combining a reactor, an evaporater and a condenser together as

ensxg and required on’y moceraie lever o nergy wput. the a compact unif, and its pioneer result was readily discussed in
reversible reaction equation taking placed inside the reactor is

It was forecast by the coming years to 2020, a major
emphasis of cnergy issues will be placed on further
improvernents in fuel efficiency. The key factor will be the
overall efficiency as mentioned by Yoshiki Okawa [1]. In
Thailand, the energy conservation policy has been undergoing a
period of implementation to improve overall energy efficiency,
which many waste heat recovery (WHR) techniques have been
considered as the potential measures. During a past decade, the
TES as a type of WHR has been recently promoted for better

given in Eq. (1). The forward reaction is chemical adsorption this paper.

(which transformation of the molecular structure is involved) or 2 EXPERIMENTAL SET UP

hydration of water intoe Na,$ solid. In controversy, the

backward reaction dealt with dehydration or decomposition of The experimental study was conducted on a single effect

the water vapor from the sodiumsulfide-pentahydrate thermochemical storage system, which had a design approach

molecules. The heal of reaction for this equation is about 300 to the modular unit. Modular referred to a TES system having

k)/mole of Na,§ salt [5]. reaclor, an evaporator and a condenser aligned into the same
odsorptiont hydration M and straight line. All !hf:se components were connected

NayS,, + H,0, = Na,§.5H,0,,+ 0...., together so that the refrigerant vapor easily flowed and

distributed throughout those elements, where the uniformity
was possibly created.

desarption dehydration

The sclection of reaction pressure is important to ensure the

safety approach required for the system design. Fortunately, 21 Experimental Components

most of the CES working pair using water as refrigerant The experimental prototype consisied of an annular tube

operated under vacuum condition; in the magnitude about 10 ~ reactos, an evaporator, a condenser, a cooling and a heating loop
: as shown in Fig 1. A reactor was made of stainless steel,

Corresponding author: Wipawadee{@dome.eng. cmu.ac.th 350-mm height annular tube, 50-mm OD ocuter tube, and

25.4-mm OD perforated inner tube. The reacianl was
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sodiumsulfide-nanohydrate (Na;S-9H,0) {from Merck, extra
pure with 35% Na;S) to form the adsorbent (reactive) bed. In
addition, the graphite binder was mixed with the sodiumsulfide
nanohydrated salt (Na,5-9H,0) to form a reactive mixture.
This reactor was modified from the one used in the previous
works as shown in Fig.2; (a) the set up no. 01, (b) the set up
n0.02.

NazS Reactor

Qil buth

Cooling

oil
Swrage

rank Heating oil

Storage 1ank

Fig. 1 The schematic diagram of the module-thermochemical
energy storage system (MCES) in the experimental set up no 3.
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Fig. 2Experimental set up in previous works; (a) Set up no. 01,
(b) Set up no. 02.

The oil bath for heating and cooling of reactor was direcily
integrated to the reactor wall. This could enhance faster heat
supplying to- and ¢xtraction from- the reactor (see Fig.1). Two
systems shown in Fig. 2 (no. 0! and no0.02} were not
considerably efficient systems, due 1o incompactness and large
instaltation space requirement. Their condensers and
evaporators were not afigned in the same line with their
reactors. Vapor and condensate path was always obstructed by
their 90° pipe joints, and led 1o pressure drop.

The condenser was a conventional fube in shell, which
cooling water was circulated in the shell. The glass evaporator
was a spiral tube in shell type, 25.4-mm OD and 300-mm
height, and aligned to the center of the condenser and reactor.

22 Operation Modes

The system operation was divided into two phases (modes):
(a) Desorption phases (storage mode) and (b) Adsorption phase
(heat supply mode), and was simply illustrated by Fig. 3.
Desorption period terminated when the sorption equilibrium
had reached as well and the end of adsorption period. Kato et al.
[8] proposed the model to calculate the rate equation of the
hydration, which the mole fraction of reacted water should be
known. In addition, a gravimetric analysis was required 10
measure the hydration rate. However, in this work only the final
adsorbed and desorbed mole fraction would be determined by
measuring the amount of refrigerant consumed and released
during a particular cycle.
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(a) Desorption phase (b} Adsorption phase

Fig. 3The simple figure shows the operating modes of MCES.

As shown in Fig. 3, during the Desorption phase, high
temperature heat was supplied to the reactor located at the top
of MCES. When the reactor reached the decomposition
ternperature {about 60 — 80 °C), the water (refrigerant) vapor
was desorbed from the reactive bed, flowed down and
condensed in the condenser, where heat released to cooling
waier. Consequently, the condensate was collected inside the
evaporator (located at the bottommost part)

On ihe other hand, during the Adsorption phase, heat was
extracted from the refrigerated space into the evaporator, in
which cooling effect was produced. The evaporated refrigerant
flowed up by buoyancy force into the reactor, whese
exothermic reaction took place, and heat released to the
circulated cooling oil. In this phase, heating and cooling effect
were simultaneounsly produced.

23 Experimental Procedore

The method to carry out expertments is listed below:
- The reactive mixture {75 g graphite adduives (30% by
mass) and 175 g Na,S 9H,0 salt, total mass 250 ) was
filled into the reactor.
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- Heating and evacuating the set up to dehydrate and
remove all non-condensable gases or particles.

- Conducting Leakage test by maintain experimental system
under vacuum pressure (for 24 hours) to ensure the
experiments under vacuum conditions.

- Vacuum charging of the pure water (without contaminated
non-condensable pgases) into the evaporator, checking
vACWUMm pressure.

- Preliminary testing by allow adsorption at first until the
reactor reached equilibrium (stable temperature and
pressure), desorption and finally cooling.

- Starling the experiments for whole cyele; one cycle period
includes; heating, desorption, cooling, adsorption, and the
last cooling at the desired temperature and pressure level.

- Recerding temperature, pressure, amount of water left in
the evaporator, cooling and heating fluid flow rates.

- Analyze experimental data and interpret information to
determine the system performance, and summarize the
output obtained.

3 EXPERIMENTAL RESULTS

31 Temperature and power evolution

The recorded temperatures of reactor during a cycle were
plotted in Fig. 4. During desorption phase, the reactor was
heated to dehydrate water vapor and contaminated gases. The
reaclor temperature increased rapidly from 25 °C to about 70 °C,
and then the desorption started and maintained for 10 minutes.
Next, cooling oil was circulated to extract heat to store inside
oil 1ank, and the temperature decreased to 35 °C within 22
minutes. Therefore, the heating, desorption, and cooling
periods took place about 40 minutes. This was half time shorter
than the operation of set up no.1 (see fig. 2(a)). With this set up,
the maximum temperature increasing rate was 14.1 °C/min,
which much larger than the one obtained from set up no. 01
(0.36 °C/min)[9]. This showed the sufficient heat transfer rate
ko the reactive bed. Power evolution was also shown in Fig. 4.
The averaged heating and cooling powers were about 3.79 kW
and 0.23 kW, respectively.
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Fig. 4 Temperature and power evolution of the MCES during a
cycle (desorption/adsorption phases).

During the heat supply mode, after the water vapor
(evaporated from the bottom evaporator) was charged, the
reactor temperature increased to about 65 °C within 10 minutes.
This showed the released exothermic heat of reaction. Then,
circulation of cooling oil was performed to extract this heat, so
that cooling period last for 40 minutes. Hence, the storage and
supply modes were totaily last for 100 minutes (1 hr and 40
minutes). The amount of power released were 0.24 kW for
adsorption and 0.15 kW for cooling peried.
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32 Operating conditions

By this MCES design, it has found that the heat dissipation
from the outer heat source could be improved from the set up
no.l and no.2 (see also Fig.2). The discussion on desorption
and adsorption temperatures were the followings:

321 Desorption temperalure

Desorption temperature is the temperature during heating
and dehydration periods. If this temperature is too high, it leads
to inefficient energy usage drawback. The Na,S-water system
has advantage over the other sorption pairs that it requires only
moderate heat source temperzature for desorption (100 - 120°C).
In addition, the recommended temperature during desorption of
sodiumsulfide salt is not exceed 80 °C [5). In this work, the
sodinmsulfide-graphite reactive mixture (30% graphite
additives) was dehydrated completely under a pressure of 15
mmHg at average temperature about 60.5 °C {max. 70.3 °C).
Better design of the reactor, the integrated oil bath, resulted in
the lower temperature source reguired; averaged about 79.5 °C
{highest temperature 95.6 °C).

322 Adsorption temperature

Due to the exothermic reaction during the chemisorption
(hydration) process, femperature of reactive mixture increased.
During adsorption period, ro cooing oil was circulated to
enhance observation of reactor temperature rising (normally the
cooling fluid circulation would be provided). It was found that
the average adsorption temperature of 52.6 °C and maximum
about 65.1 °C could be achieved. In addition, when the reaction
temperature increased, the reaction rale decreased because the
hydration process approached the reaction equilibrium.

33 Graphite additive mixing ratio

To improve the thermal conductivity and increase the
reaction area, the graphite additives {or carbon fiber) could be
employed. The graphite additives were mixed with the
grapulated Na,S salt directly similar to the techniques stated in
Wongsuwan et al [10]. In the set up no.2, the mass ratio of
graphite to sodiumsulfide was varied between 1:5, 1:3 and 1:2.
It was found the amount of adsorbed water could be increased
drastically by mixing the reactive salt with the graphite. The
mass ratio 1:3 gave the best COP (about 0.94) as compared to
other mixing ratio, so that this ratio was selected for this
experiment.

Alternatively, the fine sodiumsulfide salt could be mixed
with the porous media, e.g. molecular sieve binder, packing
ceramic, honeycomb binder, etc., to enlarge the heat transfer
area. The carbon fiber having a high therma) conductivity was
also possibly employed to enhance heat and mass transfer, due
to its matrix structure. Moreover, the carbon fibers were
strongly resistant to corrosion and chemical attack [11}

34 Analysis of System Performance

Experimental data {(lemperature, pressure and amount of
evaporated/condensed vapor) were used to calculate heat
generated and extracted during cycle time. These heals
involved were analyzed to obtain system’s COPs. The COPs
were calculated to determine the MCES performance and
compare with the other system. Generally, the COP for hot
production is defined as the ratic of energy output from the
reactor plus the condenser 10 the input energy from high
temperature source and expressed by Eq. (2):
et Oy (2)

COP,,. =
Cree

[



4022(0)

Based on expernimental data analysis, the heatl transfer
coefficient could be calculated by using the equation supgested
in Rungpiboonsopitch et al. [12). The temperature data and heat
transfer rate were used 1o compute the U, (overall heat ransfer
coefficient), which average value for this system was about
146.8 W/m”.X, two times higher than values obtained from the
set up no. 2. The armount of heat supply from high temperature
heat source was 1,829.5 kJ and all heat extraction from
adsorption and two cooling periods was 2.031.5 kJ (not
including heat of condensation). This fed 1o the calcutated COP
about 1.110, which was better than values obtained from the
testing of set up no.1 and no.2.

4. FUTURE WORK

4.1 Usage Potential

The MCESs are easily combined together depended on the
load requirement to form the portable CES unit (CESU). The
compact and movable CESU) enables collection of waste heat
released from different sites in a particular industry, during its
storage mode. Thereafler, cooling effect could be produced at
the evaporator section anytime due to low energy loss from the
system. Hence, it is also possible 10 apply CESU in its cold
production mode to transport the temperature-sensitive goods
by any kinds of vehicles.

The other application is the storage of solar energy by using
CES as the chemical heat pump. There is a great solar enermpy
potential in Thailand, which is very close to ihe equator
(Latitude of 14.7 "N). The main reason is that Thailand imports
great amount of her petrolevm need, and it has expected that oil
crisis might be coming soon. In addition, Thailand’s climate has
many sunny days all year round. The high temperature source
could be supplied by using the evacuated tube solar colleciors,
in which heat input to CESU at 80 — 100 °C is possible.

4.2 System Modification

To comply with the perfect modular design, this
experimental set up would be modified severally. The glass
evaporator would be replaced with the metal one. The SS
evaporator and condenser would be combined without any
junctions 1o remove  passage  obstructions.  The
vapor/condensate path would be shortening to reduce the
pressure drop of particular losses.

5% CONCLUSION

The developed CES enables energy storage in the form of
chemical energy. The CES was designed as modular structure
called MCES. It enhanced efficient operation and compactness
as compared to the old models. Modification of the reactor, by
integrating the heat source into the reactor wall, resulted in
better femperature increasing rate during desorption phase. The
heat imput and output, in all operation phases, could be
identified experimentally. The overall heat transfer coefMicient
and COP were improved. The resulted performance indicated
sufficient energy storage density based on the reaction of
Na,$-H,0 pair.
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NOMENCLATURE
cop Cocfficient of Performance
Qreaar Heat of exothermic reaction, kJ
Qeond Heat of condensation, kJ
Qg Heat of regeneration(desorption), kJ
Te Condenser temperature, °C
Te Evaporator temperature ,°C
Tg Generator temperature, °C

(1]

(2]

{3)

(4]

[51

(6]

(71

i8]

(9]

(10]

1

(23
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Abstract

This research work concentrates on heat and mass transfer enhancerpenl in
adsorplion cooling. The working pair is silica gel / water, Experimental study has
been cairied out with different thickness of the medium. Enhancement on heat
and mass transfer is takenr by mixing smaill copper beads with silica gel o
increases the overall thermal conductivity and by adding copper fin to increases
the heat transfer area.

Comparisen of the experimental and numerical resuits showed that the heal
transfes area and the thermal conductivity have significant influences on heat and
mass transfer. The adsorption rale increases with the heat Lran_s!er area and the

thermal conductivity of the adsorber.
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Abstract The performance of the adsorption refrigeration using
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ABSTRACT The objective of this research is to study about temperature
and humidity control in a paddy silo using chilled aeration and to study for .
a vanation of temperature and humidity in a paddy silo with 1.25 m -
diameter and 1.45 m high. The paddy of 850 kg with 18.12 %dry basis is
placed in a silo to ventilated uncontinuously by cool about 22-26 °C and an
application of the air flow rate of 1.70 m*min/m’ of paddy, which was
used to reduce moisture content from 18.12 % to 13.34 %dry basis. To
sectional 5 levels to study temperature and humidity diffusing. The paddy
qualities are still in very good conditions even the storage time is more than
95 days. In addition, the mathematical model developed can be used to
predict the paddy bed temperature and humidity very well.

ik

/

. o - ‘ ¢ T . i v da 3

1. AUAIATULATNUITDIM TIVY mivaulasenlsd ¥ usrarwiaun  Finnwlauiifedwie &
- - o . - - d <.y - - & . - i
Vizmalnodwdizimanansiu nmmgmjwlﬂum-nwnan mmq“mn‘m'lﬂqwnwm‘)aam TAUIMNTIURsIIRENT H

[ . e -
wasdnuldnnmmrsdesniduiusimilanlzinag . ms
~ X, m - - «~
ﬂgmn’mmmwmﬂ:ﬂgnaaammaﬂ fn Tw uasthnwn
- - ~ - - - -
¥ mafrnmeasiacrelslumiuiinausnfemndiss
- ol » & & & - ~ - A e
Fshosiabafie aumvustmifiomdamsd  Jgwindn
a £ = - - - - - -~ - &
Wiaiunuinsasmifio  Tufemsasmuiuiie ey

. , . . P | x
gazomiminldlasioin  wastruwfend@milasinizen
- - -~ - - Py LY " o -
wiedimies FnuRennianuiuge dunngdagheb
wanmggie  lasawizadwbinsainsadsanmiidienly
- > - - ot . e -
PmsuszammwrestinAsly  Fubniinadedarmmnias
. x . e P
st isun  amyTuveriulion  auIusUWITYDIDINA
- - - - P .
wasdnvuswisyduuuveinssiinddentinadaniizug
pymemolunpsiradien
& & - - -~ o a .
Iaum‘lﬂmm-nwnawaw-mdﬂan\aaemsmmnma:arﬁumq
o & « T
18.0%-26.0% wnwiynulun Sanuiuszaviazgnrhawlslen
. P S - ry a T
Hovngoviunidlavawiziion waznrwisufitietuainnm

winlsvonwdedylauninwinatgullinvoendizsudiliifie

- 128 -

mnzruimiumTALIEmIstemh laaglume 12.0%-
14.0% aspaion Anuinaliormdimaiuimesdenin
UMW IR wohilsrmuriufimmnssonmiiy
I ﬂnﬁ'uﬁmﬂ‘unésawuuﬁom’lﬁﬁmﬁnﬂx:ﬁnﬁmwm
FOUBRITTIA BNa e BRI LA 0B AT BID LR
#5na bisnneauwirimuianinnenninsamolueni
foana Mhbifsnnuinmoseiaufeniuisamsauuis su
WionnmEam un:mwﬁauﬁtﬁafuua:a':ﬂum‘ﬂunm
ffan  sadumaduinemeianslilylaminduszomoa
wnmamsuluamnetmaionimsudmimalnoFenuiie:
lﬁaﬂtgmﬁmm'nﬁnuqmmw WssnmFsrsie i liine
maiEBLTR MR NUUARMLeaTnarsvestyla
Ugwinilandnifadununniuinsdinfonlulels
wEnhlidm e ma
finmi (2541) 'lﬂ’a?ﬂ'hmuﬁauamwmméﬂﬁmmiwmnﬁu

Jorlulslafinmnnimiolsvonuaess  (Wuaa Winsazay

|
.

i
|
{

Y e e

oy




suIoUUAT AT A e 5 = . . . - .
0 aususasusoinwiulela sInauantunoeiy MIFURALITAUAIVBUUBAYIY A IUANANDIIULRAUY WA

g Y = [ . .
munm'lu-uaa'l-nlmuaqmnqwmmmﬁmuuanmmw ROMTAADINWINULRY 1FFHn

prunpivossmalulsledlivdatsisdlolafianings

Nour, Chek and Abdullah (1988) wWirhmnimSnwn 2. AISARNUULATIINAADY
L swlaanluns@ilidnmrsuiveima ALNHTINNLEIETanin nmsoaneuy Chiled Aeration &™iUasniuIouasanuas

- - oo . T . -~ - - - - e
mulunommﬂnan URIINALTOT)  UBDATIUANULLRDNAT 1m:nqnmgu'uaa'u'nuJaanTummuuuﬁmﬂuﬁaoﬂmsﬁmﬁ

whsrifiay Wuraauiouitiasinnwiplefisududosisuinaanain
Frnfen rmW1Lﬂwaqmﬁﬂﬁ'nmmmﬁ'}uulmﬁﬂﬁﬁ'ﬁmmﬁ‘lﬁ
EAB png merbyr pysgitiery ~ o b
TR P el el Bega - ﬁ‘,“
cu?ohn'all.pil
--m-..-.ue-\,,/\. CeHiOp + 60, ——P 6CO, + 6H,0 + 2.831MJ (1)
catd e g . ~ o . .
e o mzuounsmiglizasdldariomrstedrulnaitiuuils
S ons A . . )
g bmidiey deamsawluzvasasuds 1 Alandy ansandled
oM i entarng Mrugh - - w~ - ; - = .
ton ches doh b gandiau 1.07 dlaniu s=ldmivoulanonles 1.47 Alansy b

T

06 Alaniu uazwasrmduznuiow 15.778 M
Z . e e distwasnwislaesilaamniiTSanlud nAud
7 1 uamamsinerosormaiaululelsvneAliinmzog v Usanludaifiviin

g an o 4T . - - -
Pugnwpin R ysnd o nldnagidvuaua
pma(James F, 1998) * v TRiauinan

VAUSRUINE AVTILIUTDY Seib, ef at(1980)
. - - o DMLAB wiausafaniy, ruau auniofmuwsldsng
m3rzuigaInMamoiunatntiomdudtrrmiia i - W Y
. . A we L . . s Dytuuuasii
mnsnasrnniaumslunesirianis  laomlemenls d

- - XL - -4 ..
'lumsxmuﬂa SIMALIARDY mmuaeﬁnuqmnquhmaufp

i mminfnthTanm 25°C - 30°C udxﬁmmmoqmwﬂqi‘n{mmz AT:M(D_M’L) @)
Fanmsiguasmd@mpsnwnuess - maleomemuily ‘p
qmm_wi‘uaﬁwmﬁhmﬂéani'nqmu.gihi’aun‘i'l 25°C (Tw3Emmit DML = 1-exp{-TERM)
'Tnuan‘nm:aaqmw‘lﬁmulunaci'nu.li'ianué'z HIETINaa

) TuuRAnemiuIzuy Chilled Aeration atluszyurianTu

" TERM = A(1000)° expfDX{1.8T,-28)] exp[E (My-0.14)} xﬁuf'nméanlu'l-nlmr‘mv‘%‘lﬂﬁmsﬁuamwma 1oeu e
A =" 0.000914 guﬁnzm 1.25 LAY WAzEY 1.45 1143 ua:ﬁwmﬁﬁqmmmwn.
C = 0654 muuen (Air infet) :huﬁaaugammﬁ {Blawer) TP SYTROPIL PR
D = 003756 anuiurws 3 su o biotmmiuds 22.26°C rewlala
E = 3361 Lﬁulaymuﬁaﬁﬁvmméuﬂmﬂuénmo 0.2wms homebu
AT = gompifuRain, °c Mmasna Yo lslasudam 0.5-3.0 m minim of paddy M
t = 1, 1l 1u1-ﬂamn‘1?’mﬂ5anﬁﬂmm%m8.1z%db_ Win 850 kg ¥iams

uﬂn:ﬁulumﬁez;quﬁua:mmiwanﬁmﬂﬁamﬂu 5 =AU

. LA . e -~ yd ~ P . PO et loe

T=uU Chilled Aeration nmmsﬁnmuanuwmzﬂn 2 'lum'naqmﬂqm-mmﬂnqumr_mm-nJ'l-Li}unuﬂ-n's..:ﬂ'\-
- - - - - v

EYIERU TIEMA, 'nmum'smﬁ‘mﬂmﬂuua:naan’nn'l'ﬁ[a el

125 m pmnninn giourilasldmnmeSludiidasoiiiuData Logger

¥

ﬁ'm'mﬂﬂﬁ'aaugammﬂun:m’maﬁ'm‘nmﬁmﬂunm12- 1417

- Ta d P - 4
* Tus ﬂammnaﬂﬂihnwaangammﬂua:mwamn‘nmuuma
1.45 m 1.25|m g ishaly
i 3 npsjuamwanms
- . T .
wuuItasmundamesriviulasmyiauqeausues
[ - ™ A . - . ~

b > I : WA IAYELUAWRINURITTIT UL IAMAAUHATIVIOING Y

3ton d - 4 4 - >3

b naam’}m:uuua:wmnuna:ﬂu-nnﬂﬂ;:ﬂuuwmaum‘smu

VAT _-T, v (T -7,y =T
TA““-I;H’”?S DAL '_(_ﬂ_—b—_"aca o -m.r.(-lm_'—J
- rp' 'Kp- uvc," .

3

- 129 -




- M - - s
WU ATW. LR DT AR UARUIAUIUDIIZULRVUAIIAINUDU
‘ START
- - ~ . - ~ -
‘v_;-:,3a-ln'1nmlJﬂUu‘lUm’}nuu"n1:muaana‘mmﬁﬂ‘u“nsﬂﬂan -

1Aauns

mawg + mbwl (Mo _Mf) l
U +mp—————— (& o

. Mg +my Al(ma+mb) cpw. mp. 1°=0,
>
v, leolfaumimIovuWabunives Banazek  and /
4 . - o Ta, To. T1, Tl.wb, At, Tb, ma. mb
Sibenmorgen (1990) TwwlaFluggmnnii 12.5.30.0°C _
RH #i 70-90% #3auny3 | l
Pye.wb, Wwb, W1, Wo

;\/!f:Mo—l-(Mo—Meq)d(AI) {5)
d = (exp(—kt" W(—knt"™") :at -
k =0.0038177150M , +0.008185047, —0.0389231415 —

n=0.6792473107

Pvs, Pys.wb, Wwb, RH

.~ < k- e = -
WM lautimmsmquiiiisutsnunuuiedshammns

Wo=w1
Fivimunleg Henderson(1952)
ln(] Rf‘[) 1/2088 -
Mﬂ{ = —5 2088 no
—7.87x107(1.8x7, +491L.7)x100"

(6) Meq. k, Mf, Wi, Tf, TERM, DML, Th{t+/At)

fIMIMKIRM TR BRI It esaTMAaL Bun3a l

ma=ma+mb
a & -~ - -~ -
mnumgan'ﬂmub BENADMANMIINIINGINY  LRUSUURIHE To=T{

=1
\ . x -l*l - Wo=wi
TIUVDIN IV ANF T BAIUT AT DINTTURBTMATUN INALTLAS
spnuUIueTlsusamatisuamdinumelmfGinanisny
L r - [ no
Rl et v:'lagﬂuuutmmmm . =
YESs To=Th{t+A1)

A N e (R et () e ANV

=1+ A Mo=MI

(ma-tmb)(caﬂ"wf)»f chw

{7

- My

= < {8
At{m, +m,)

r - &£ -
vusoulunvdngunpiivszaruinmplulalaiiv

- [Uo 4
marsmdonisa

-4 = ke ~
'_nhn 3 u.amuﬂ:hunmunaum‘shw:mqmnqu

F -~
WRTATIVTWITIYURDN

- 130 -




v 4G

ERIHTI

4. HANIINARADIUAZTLATIV
miulapuwnlssgnnpivessralianinlalaiiu
m-nn'e'iuuuﬂaaqmnr_ai‘mmfﬂ-.ﬂ'éanlu‘l-ﬂmﬁuﬁﬁm:
vuamssmminlizinn 23 devaehuly 11d kg
'LT'mLI‘e’aam:ﬁqnmr‘\ﬂaﬂmﬁam:mm 2325 Cuaswuihmauuu
aa (fuﬁﬁ)a‘:ﬂqmnqﬁgqn—hfuﬁuf]d’m’ﬁ"u?i 1a:§qmugﬁcfﬂfi
an Guamudreulamutu ua:ﬁnum:mm-s:huqmm_ﬁ}vae;u
Rausrsui 5 aluRaofamiliissnndnstpmmaniowan
aﬂmﬁu'mé'aug'naaﬁ’mﬂ?zanﬁnﬁqﬁuﬁ siflusuATiming

UpBNNTUEL G MINTTIIYeMApINEaIRaTUIR4

1 4 ussnENeguwnissirudaninlelanmmesss

qmngﬁz‘ﬁn;ﬂﬁanmmmnéaaaomoﬂn‘mmaa{
- . - - ~ - , b o
snpaEmMITIENugmwaasTRanudarnniizuhay
- 9 = . - - - -
O 23°C w11 D luvrn PUNIITRARIRIION JIUDI
- - A R | - . &
amnnil 23°C UATEMNNTIBITUD 1 Hiidrdngs Toemuia
[ = . - e & . }
natlitervinlutunin girndasna IsTunsulesnduimos
- - . - F - - - -
naY qqm-AQumﬂ*smm:umf_twumlaa‘mﬂqwawnmaango

& - ~ 4
UURIY n'nns:hua‘mw‘muammgﬂn 5

* T
* Tot
Th2
™3
T
. TS
L —T I — =T =T *Ta
[ ] 4 4 L] ] " it
k)

A 5 wamnmnxwgunniesinuientulslaleonyls
WUUNRRIMINRARIART

E g = -
matamalasanuinsassrndianiulsladiu
- X L5 - -
madasuwasauanvessradasnluloladudua

- . - - - P
g5 Tunydn TndRoNUALTWINAY  18.12%db. Tyhuaymna

rnuf-ql‘ui)

Aﬂmﬂu'ﬁuqau'la'mw%maﬁm]m?uqnﬁw 13.34  %db.
AMBTUVDITUR sﬁriw'hfiqamammﬁn‘;uﬁ $ Metuilpeania
Fuh Sﬁqmwgﬁﬁgaua:Lﬁan'nriwmmaejﬁuwﬁu'ln‘ﬁnﬁnﬁ
Tuduquaz Bylimimiauniwiy amun 1 suleommsno
oImn Sriudu phlWiAemsisnreléaaniu dmive
7 3uRz 4 TrImrnEeUTuRd U NRADIAY uezazinls
Tl intizzunseuTeuvoaneasintaenvsvialy
iﬁmﬂﬁnnﬁmwﬁugo{uﬁauq suniluiasseiinvlum:rou

ﬁ'auamluzﬂﬁ 6

T
» A ——
[ » ] » - » L ™ L] L] .
nghe

- X - -
:51.]71 B UARINTINITHIDATIIBUTEIV IR Maned

ATINTEWIDITUAD AR IRULDI DI ARGHIAA T
I - - . T P . W A E oa
ATLTUYBIT IURONUARTTUIZIMGIBIMBERURD  TUN
- - - b 2 s e Eod = r
HWATINATINEANRBTUR 2, 3, 4ussfnganaTun 5 Nal

- - - - - [ & o - .
Wipdndninsssgmnninideuliudasrulensun  1G6winh

[X-0
[R5
s

]

LA
(R
(3.
(RN ]
LA

r s e g yandy

[ Re)

- g - . ool ~ |
qmn’h‘lﬁﬁmmﬂﬁwmmm‘nuuaunmuauqmuaaﬂugﬂn 7

- & -~ - ~ .
'3'1.}71 7 uammm*::ﬂum'\mvmlﬂﬁnn'[ﬂuhuuua'maq

anmamand

msulipwmiyvomnni rnsznTrdiannnmmaand

-y
« d X UL
« 3 3 ¥

- 131 -

——




. - <
RAZVINNULDIADINNAAAITAT

- Ao - &
TUN BUBAITUN 1 :S‘L'Yl 9 naAKITUN 2
v

mghgss
= ¥ 3
5 % ¥ &

TR

A 12 UFSHITUN 5

g L -
n'nul*sumﬁuu MMINIER AR MU anen nMTManony

HAZTINUULI AN WATAAIART

& & 0B

lnwiu‘kd b,

[y

P T =
31]1"1 13 uRRITuUN 5

nadtn s aIAnsuisufivuniinizaeunniuae:
anvzwimddenlulslafvinnmasasuassinuuyinaes
mandinmaninuiuuitasmendinmaninseiusuie
Hunnraoidlnfissaiunanmeassann

A lEMANmM
Tunmauhsoiubdnuinaionluloelafndnsra adu
VA 957U AmSuTzvuIznpemalunuidoi il Emarini
U3zu141538.93 Y06 udpImaBuAlieielifioe 611.80 Sne fn
13975 % ua:Iumxaaqmnqﬁua:nﬂn%uﬁmﬁo 13.34%«db.
Tasmsthenmmiuiag ghesilFiononaedy 387.35 1inm’
FBen wis 17.27 vwiilsndimeaiimmely) winhms
whemadusuuspilesssifofalsnmivn . 4001.35 vnwm®
Trden wla 178.43 vwilaniuvoaifirmnely (BeeiW

wuopR: 1.65 1n)

S ATUNAIWITY

TRl ueusdomanIdumIuipanalinunes
iwmdﬁamﬁainmﬁ'mﬂﬁan'lﬁi')qnmmﬁuam“u'lﬁieumuﬂw
amﬁuqnmqﬁmfw 23°C frpzrEtumainu 95 ?un'nuguqe
Fivee 13.34% db. BanmahudsiTiuiuiiRmanzauty
Przinafifoamadousustitnlizinalng  BanaiTuiduisna
musmauinsifontduinuar ;v ndRenald
m1u%uﬁ'uc’fugo'lé'tﬂuar.quInn'h.iﬂ'\'lﬁiﬁnﬁﬁmsni‘uﬁﬂun:
Qnm’mms%umiﬂmﬁanﬁaLﬂnﬁunﬁu’lﬁﬁaiﬂﬂ %AWV
Wu 38.02% uaz%tnamiln 66.61% UATIINMIARUILLY
v“maamaﬂz{mﬁjam'wuiwuuuhaaammmﬁwmqmw_\ﬁua:
enuaulFdautowiui

[ [
6. AWANBRATR MDY

I

URNB O

3 e

= yaverinnyasn, kg
. [ » [1]
= snnusanuiouinmz, kikg ©

-

= gompivasinulden, c
t = v, ol

UA =313z Antn13mnommnusauIngIzninga mauss us
lala, wi

INFVDITMIAUWD |, kg

A = danah

- &
BRTHNUMNUTUVDIDA, kg H,O/kg dry air

w =

g N -~
M = A70T0, IABENRAGRIIIULA

- .
RH = AMUTNINANTUIBIZIMA, IFNEL
-~ L
WMDY

b = dwsen . vinan
a = oma

v = lash

pw = Yvnlaen

o = nounhawmiu

f = wamhawmdu

1 = fuﬁ 1

eq = FWRHA =
p = aauivesiralfen

w =uasgnuien

7. W@nasaede

[1] Arboleda, J.R. and Manalo, A.S., 1974, Paddy Drying,
Rice Production Training Program, Philiopines, The
Intemational Rice Research Institute, 14 p.

(2} BTIOWT BATRMINNG, 2538, MITIROATTMAUNILYEINGI
Pufoniuleumsminueime, meTRAmnTIne T,

auSmnTiumeand, sounalulsineesmniiswi.

- 132 -




[3] Bala, B.K., 1997, Drying and Storage of Cereal Grians,
Science Publishers, Inc. USA.

[4)  @nend aswiisng, 2541 el uuaniis, SLuAz R TATE)
shinammnyauszinalulaiialshimsimnaourweas
:#m_.rﬁfiwauﬁﬂm‘:mvn. APUNBRTMINTIY, MRATINI
INEAT.

(5] 13 uwowie, Jyad inomund, fiad AsRfiana, Run 3%
Fut, DU dnEumY, GNY m‘uri'aé,mqnﬁ AT,
2537, milglolmmaniyinyadian, 1aIngs
INERIIAINTIY, NUMAUE-NBMIAL.

[6] Nour, D.M., Check, T.N. and Abdullah, R., 1988, Bulk
Storage Paddy Aeration in Concrete Silo, 2 Meiaysian
Experence. in, Bulk handling and Storage of Grain in the
Humid Tropic. ACIAR Proceeding, Vol. 22 No.1, 16 p.

7] Teter, NG, 1979, Grain Storage, Southeas! Asia
Cooperative, Postharvest Research and Develop Program,
Searca, Manilar, Philippines, 120 p.

(8] Wang. C.Y. and R.P. Singh., 1978, A Single Layer Equalion
for Rough Rice, ASAE paper number 78-3001. ASAE, SL
Joseph, M. ’

[9) Natthawod Dussadee, 2001, Design of heat pipe for
reduction of heat sccumnulated in paddy bulk storage, A
Thesis submited as a pasl of the requirements for the
degree of doctor of philosophy in energy, The joint
graduated school of energy and enveronment at }ang
Mongkul's University of Technology Thonburi.

{10} MA. Basunia, 1996, Simulation of temperature and moisture
change during storage of rough rice in cylindrical bins owing
to weather variability, Journal of agricultural Engineering
Research, Vol. 65, 223-233 p.

- 133 -




NI TNt mRAUATIR S Bura I IugUNI Midua LT o (RTIR 2)

TUN 25 - 26 rupipn 2546 m guﬁﬂnammmmﬂnuwmﬁmﬁ Fnovwiias ywdadualng

MINATBUITVLNVS IV IHAI N U DANNS s wAdiniS Imdouda Iia-inilugmsiiau

Study of Sodiumsulfide — Water Thermochemical Energy Storage

atiu jenyalaivg

0@ WP

nuwaAnsd thosaasisan
FIVITHIAINTIUWAIIIU

N1R3THAINTINATEING

AMZIAINTINARAT BAIMENAITo Il

1. unin

nizurunniuinwaneiaulavendmlifivunduny

UNAALD
m*.;ﬁu%’nmwé’a\nummﬁnn?;nnﬂmfun'ﬂunﬁslﬁt%aswﬁwaaqumqaam
n13n  FailwAvvasmivawssuriiuinwa o iaulasardbnszumniswaon
wlaarmsnmuiou-ai uInihRoAnmMmInuLRs NAREUFLITOUSTAYIT LAY
SnwmdzmuunnuiawniRlsarlsdousa s idum mnolwis U jie
M1 ISLUATRATLI TN U Autasn A Tan  Tasaduaamiauan
mmeﬂn‘ﬂﬁumuméqmm%’auﬁﬂﬂuqmm;nﬁmnumiomms’auqmngﬁgqags:v\iw
100 - 115 pemsaiualuturauniivezaunan amlugrmsioamnaion
qmwgﬁﬁn:muﬁm‘%aeﬁ'n:mvas_j'lu-ﬁ'm:whe 40 PIAWTRIBUR IINNNINARTING
iﬁr?oqmugﬁﬁ'n:muua:qmnqi’maauném-nui’auqmﬂqﬁgqﬂuﬁ'uﬂaun-mﬁua:au
WRINUINAFDANTIOUIVHITIUY %n:q[ﬂuﬁﬁﬁ'vﬂs:ﬁn%ﬁmunu:mammfau'uaa

Sy (COP,) uazdimaiuinmmniainw: (SHP)

ABSTRACT

In order 10 improve energy usage, energy storage was used. This
project aimed to siudy energy storage by using heat from chemical
reaction. Sediumsulfide-water was used in this reaction. The work system
including energy storage and energy usage was used heat from electric
heater instead of waste heat. The regeneration temperature of energy
storage was around 100-115 Celsius. The evaporation temperature of
evaporator for energy usage was around 40 Celsius. The results of this
project found that the regeneration and evaporation temperature effected to
performance of work system that are coefficient of performance (COPy,)
and specific heat power (SHP).

MXnG + pG «— MX.(ntp)G + paH

wig

1

. [ - - - R i
gaunsule (reversible reaction) Ujditrwafivfiatusznoy
MuBiBuuueauazmunasunrisu(endothermic/exot

- . P = - - rl
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Heat ovtput
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Regenaration
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Heat inpint

Dry adsorbent + Vapour «— Wet adsorbent + Heat (1)

o L w - - am - . - ~ s
MX Apasassiulumnfieddiionad tiu Infougaldd
(Na,S) . unaidvunaslid (CaCly) wudn & G unums
Y ee maa  w  E . F -
AMmAlR IR nARsedu tiu vin (H;0) . weulwmily
(NH;) illusu n sz p ilwinaulvsupssniliruffim
. a . .- o m— ) . ~
@ AH Aesmdsnunliiisususovoeninld (heat of
. . - — md a - 1-.
chemical reaction) lapufjiSunalimAaiuaaniounlai
P - - k4 oy a
Uhisgmsesoy (adsorption) TurunauAd)RImunEIu
- - - -~ o ~ - a
panw  uamdonUnimdennsulageaniinudnnesaio
- % L v . PR,
Yuszaunsuilugnssuwit nizuaums desorption luwdfiin
- o - w H o - - A
wiiAldlmasusalid uar dtuduemmdulumanisdjiso &

- 4 . - - o T oa
warrwnddovosnuudeuinioinuuuiidn 306 kJ/mol
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(R. de Boer. 2002) ladoudalnd lavhidor sumzos

Na,S + SH.0 «——  Na,S.5H,0 + AH (300kiimol) (2)
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3. masmniljnisnail (heat of chemical reaction)
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8. AyAnwniuata-nion

Fyanunl

C, = arwyrmideuwvosmsinhaUfaioued | Fmol.K

G = waswwdud (Gibbs energy, kJ/kg)

H = wpunial (Enthalpy kJ/kg)

By = MISBINANYTOUIENI reactor HUFIUIRSDY
Wim® K

m = yeai (g)

= ganinmwalavsvosaadiuinauion
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Q = watweouiau, J

.o - .~ . 2 aax
U, = sduduenioslenmanudowsninseivind ifion

wikuaminrmuiau  W/m'K

S = spulv:D (Entropy kike K)
= v“;uﬁ',umuuan;ﬂﬁuummiamm:‘nm:?ﬁﬁfaﬂ_}jﬁ‘%m
wiifusds reactor, m’
T = goannil (<)
ERRETT

reac = yfirol
Wt = awhaedadgniniussaiaioimeniuiou

th = @inaTuisu

9.10NF1TO DY

f1] M. A. Tahat, R. F. Babus'hag, P. W.
O’callaghan and S. D. Probert .’Intergrated
Thermochemical Heat-pump/Energy-
storage’ Intemational Journal of Energy Research,Vol.19
(1995), 603-613

{2] P. Neveu and J. Castaing-Lasvinottes |
‘Development of a numerical sizing too] for a solid-gas
thermochemical transformer-impact of the microscopic
process on the dynamic behaviour of a solid-gas reactor’
, Applied Thermal Engineering, Vol. 17 (1997), No.6,
501-518

[3] V. Goetz and A. Marty , ‘A modei for
reversible solid-gas reactions submitted to temperature
and pressure constraints: simulation of ihe rate of
reaction in solid-gas reactor used as chemical heal
pump’, Chemical Engineering Science, Vo0l.47(1992) ,
No.17/18 , 4445-4454

[4] R. de Boer, W.G. Haije , 1.B.J Veldhuis,
‘Determination of structurai, thermodynamic and phase
properties in the Na,5-H,O system for application in
chemical heat pump’ , Thermochimica Acta 7048
(2002), 1-17

[5] Vg agm’zqh‘;. moilulauBindind’, nmMadmn

Wil Arsinomemeal awdimmdussesuaiunl, wuWaTan 1

2537

-138 -



- o N -~ > L > y
MlsEmATnIGeimImumminuauiouuszalugnialimanuiou (ni 4)

[ | - . -
Wt 4- 5 nanginy 2548 Trsusu InsdurilwiBaain dunedies Smtadoing

PERFORMANCE ANALYSIS OF A SOLAR ADSORPTION HEATING

Peerapong Thumautok
Wipawadee Wongsuwan
Tanongkiat Kiatsiriroat

Department of Mechanical
Engineering, Faculty of Engineering,
Chiang Mai University (CMU)

239 Huaykaew rd., Suthep, Muang,
Chiang Mai, Thailand, 50200

AND COOLING SYSTEM

Abstract

Solid adsorption systems are applicable for both heating and cooling
purposes. The system requires a moderate energy source either waste heat
or solar energy. In this study, solar energy as a renewable energy was a
heat source. The main idea was to develop the integrated solar thermal
system and solid adsorption system for hot water and cooling production.
The system combining a coaxial tube-in-tube adsorber using activated
carbon (AC)-methanol as working pair, an evaporator and a condenser, a
flat plate solar collector, a heating and cooling system. The maximum

system COP,, was 0.11

Keyword: Solid adsorption, hot and cold production, integrated solar

collector-adsorber

Introduction

In Thailand, the refrigeration and air condition
systems are wajor energy consumers. These systems
normally use CFCs as working fluid that induces ozone
depletion and consequently greenhouse effect.
Therefore, promotion of sustainable energy utilization is
an wgent issuc. The solid adsorption system is
considerably an alternative way to reduce CFC usage.
The system could exploit low grade energy source (e.g.
waste heat from industrial process, solar energy) and no
compression work. '

Many solid adsorption systems were developed by
various research groups to improve their coefficient of
performances (COP). Among those, different working
pairs were utilized e.g. zeolite~water, zeolite—methanol,
AC-methanol, AC-ethanol, silica gel-water and silica
gel-methanol etc. Activated carbon was interested to
use (1). Critoph and Voge! [2] tested and compared the
quality of adsorbents, zeolite (SA and 13X) and activate
carbon with refrigerants R11, R12, R22 and R114 for a
solar cooling adsorption system. It was found that AC—
R22 gave highest COP about 0.2. Critoph (1988)
compared that performance of solid adsorption using
AC-methanel, NO,, and methyl amine as refrigerants.
He found that AC—methano! pair gave highest COP [3].

Zhang -and Wang [4] designed and developed the

continuous solid adsorption refrigeration and heating
hybrid system driven by solar energy, using AC-
methanol as working pairs. The solar collector was also
used as an adsorber, which was divided into two paits;
upper and bottom parts. This system could produce
heating and cooling simultaneously.

The current studies showed that solid adsorption
systems were appropriated for cold production. Li et al.
(4] fabricated and tested .the solar adsorption (AC-
methanol) for ice making. The flat plate solar collector
area was 1.5 m’. They used quartz lamps as heat source.
Ice production was about 4.5 kg per day. AC-methanol
was also used in Anyanwu and Ezekwe [5] work. They
designed, assembled and tested the solar adsorption
refrigeration, which the adsorber tubes were contained in
a flat plate solar collector. The evaporator and condenser
coils were immersed in.a .stagnant water tank.”;This -
combined system could reduce water temperature i the . .
evaporator from initially 24-28 °Cto around 1.0-8.5 °C.

In Thailand, the solar cooling was initiated since 10
— 15 years ago; however, none of commercially system -¢
was demonstrated though many works were being done.
The major difficulties needed to overcome were its ™
naturally non-continuous processes, requirement of
maintain vacuum conditions and leakage problems.:This s.
research work has focused on the development. of a 4
combined solar/solid adsorption system, which was
compacted and practical - for “hot * water “and "cooling
production. The prototype was experimented study,:and
COP, was estimated as_well as jits  operational .
performance. : ) e of hae i B

2. Experimental Setup -
2.1 Experimental Compouents =~~~ ¢ ' %777 uny ctoud
The experimental combined solar adsorption system
operated intermittently, and . the schematic diagram- is ™
shown in Fig. 1. The major components of our system ..
include a double pipe heat exchanger as adsorber (OD of .
the inner tube and outer tube were 1/2"and 1 5/8". .
The inner tube was wrapped with stainless steel net, and
AC was filled between inner and outer tubes. The
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adsorber contained about 4 kg of AC. Evaporator was
made by a vertical copper tubes (OD % inch) instalted in
an insulated refrigeration box. Activated carbon (mesh
size 12x40)-methanol (Laboratory grade) was used as
working pair. The main heat source has been a solar
cnergy, and LPG bumer was an auxiliary supply. Energy
transfer was done by circulation of water.

(D fot plate sotor comecton (3) Browver [T
(@) resorder @) Aunrrat Cor rn

@ Evapor ator (D) Mot water ek G mrer pe
(& Cowerner (8 10 devkcr @ merinern e

Fig. 2 The solar adsorption heating and cooling system

2.2 Experimental Procedure

The tested was carried out at Department of
Mechanical Engineering, Chiang Mai University,
Chiang Mai, in the northen Thailand of 14.7 °N latitude.
The combined collector-adsorber was facing south and
aligned with 15 degree horizontally. Fig. 2 illustrated the
completed experimental unit installation. Prior to the
experimentation, the preliminary test was carried out to
verify the system performance and fixed all undesirable
problems. Leakages were tested with the water filling,
and then the experiment started in according with the
following experimental procedure.
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Where; A

. Filling 4-kg AC into an adsorber and sealed. Also,
filling liquid methanol 1nto an evaporator coils.

«  Carying owt the experiments for completed cycle;
cooling. adsorption. heating and desorption under
the designed condittons (adsorber pressure within
0.04-0.4 bar, average cocling water temperature of
28 °C, heating water 1empcrature about 75-95 °C

« Recording temperature and pressure in the adsorber,
condenser and temperature in the refrigerated box,
refrigerant level in the evaporator.

« Analyze all experimental data and interpret the
information obtained 1o determine the system

- performance.

2.3 Results Analysis

The heating capacity of the develop system was
determined COPy,. The load supply was satisfied by hot
water heated by condenser. Heating coefficient of
performances COP,, and were simply calculated by
Equation of Zhang, X.L.. and Wang, R.Z.[4].

dar
M_c =+
(e )

[,A+Q_,
COP,, is the proportion the summation of heat
generated by adsorption process and energy obtained
from solar collector on the total energy input.

COP, =

is solar collector area (m?),
C,.w is specific heat of water (kJ kg'' K™)

M., is mass of water in storage tank (kg)

T. is average water temperature in storage
tank (K)

Q.as is heat of adsorption (KJ)

Q.. 1s heat rate of auxiliary heat (kJ)

Ir is solar radiation (W/m?)

3. Results and Discussion

Experimental results are discussed in this section:

The radiation data that is input to the system is
plotted in figure 3. It had seen that the radiation profile
was alike sinusoidal shape whole day, except after 15.00
hr. The global horizontal isolation was about 17.4
MJ/m?, 16.95 MI/m?, 18.4 MJ/m” for 17 May, 19 May
and 23 May respectively.

i 1000 ey
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200 [oF

—— 17 WA 48 |
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i
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7 8 910111213 1415161718

1849

Fig. 3: Radiation profile on the experimental day



Figure.4 shows the cutput temperature profile of the-

Activated carbon in the solar collector-adsorber for there
variattons of auxiliary heal temperature levels.

Actlvated Carbon
Temperature (*C)

1 26 51 76 101 126 151 176 201

Time{min)

Fig. 4 Temperature profiles of the
solar collector/adsorber

Figure.5 shows the power profile of the Solar
collector —adsorber on the experimental day. 1t had seen
that the power profile was alike sinusoidal shape whole
day same the radiation profile. The power isolation was
about 14.2 MJ/m?, 13.8 MI/m?, 15 MJ/m’ for 17 May, 19
May and 23 May respectively.

1400

1200

1000
800
600
400
200

kdim?

InC)!nC) S VIOWVO VIOV O
QI — O M= O — O

Fig.5 Power profiles of the
solar collector/adsorber

Figure.6 shows the hot water temperature profiles
of the solar cooling system. It had scen that the Solar
heating and cooling system could heated circulated
water during adsorption process from 25°C to 37°C,
24.8°C to 34.1°C, 28.5°C to 33°C for for 17 May, 19
May and 23 May respectively.

% 19 37 55 73 91 109 127

Water Temperature (*C)

Time{min)

Fig.6 Hot water temperature profiles
of the solar cooling system

4, Conclusion

The integrated solar water heater and solid
adsorption cooling system was developed and
experimental tested
and conclusions are obtained as follow:

4.1 The Heating coefficient of performances
{COPyywas 0.11, 0.092 and 0.082 for 17 May. 19 May
and 23 May respectively. —

4.2 The hot water tempcrature depend on power
of Solar collector-adsorber
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Abstract

The potential to use solar energy for cooling and heating
production using solid adsorption (activated carbon-elhanol)
syslem was investigaled. An integraled solar colectorfadsorber
was separaled into two patls to enhance energy collection inlo
both sides. By theoretical sludy. the simulation resulls showed
that the sysiem could be operaled continuously lo produce
cooling and heating effect efficiently under high solar radiation.
The COPumg increased with larger water storage volume,
however, the average water lemperature reduced. By
performance prediclion in December, amount and COPs for hot
and cold produclion were 3.4017 Miday (with COPgmg 0.1936)

and 2.8889 MJ/day (with COP g 0.1644), respectively.
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