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Abstract
In this paper, an experimental investigation of re-heat two-stage adsion cyele is verified by MATLAB simulation, and the working
principle of the cycle introduced as well. The objective is to verify the effect of heat saoe temperature on the performance if chilled water

outlet temperature 1s fixed at 9 °C in simulation and compared with the experiment. Coefficient of performance and cooling capacity are

the performance indicator of the cycle.
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1. Introduction
Adsorption  refrigeration  system is one of the
environmentally friendly cooling systems because of not
only as an alternative for reducing CFCs and HCFCs uses
but also as an energy efficient technology and contributes
for the green technology [1]. When compared to other
cycles, the adsorption evele has advantages in terms of its
ability to use a relatively low heat source which is close to
the environment temperature so that temperatures below
100 °C can be used, which are investigated by Kashiwagi et
al [2]. One of the adsorption cycles namely reheat two-stage
has been studied by Alam et al [3] and Khan et al [4].
However, chilled water outlet temperature is arranged in
fluctuated. Thong et al [ 5] alleged that it is also important to
[Ekintain a constant chilled water outlet temperature in order
to increase the conversion efficiency of the system and
Wirajati et al [6] conducted the experiment by implementing
the fixed chilled water outlet conditions. In this paper, a
MATLAB program is developed and compared with the
experiment to shown the performance of the cycle. The
results show that the performance increased along with heat
source temperature and cycle times 2000 — 2500s produces
highest cooling capacity.

2. Working Principle of the Cycle

Figure 1 (a) show the reheat two-stage adsorption cycle
scheme while Figure 1 (b) shows the P-T-X diagram for
standard conditions. The adsorbent heat exchangers of the
chiller are operated in a cycle through six thermodynamic
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processes, namely: adsorption (1-2), mass recovery with
cooling (2-3), pre-heating (3-4), desorption (4-5), mass
recovery with heating (5-6), and pre-cooling (6-1). In the
adsorption-evaporation process, refrigerant (water) in
evaporator is evaporated at the temperature (T..,) and seized
heat (Qeva) from the chilled water. At the end of each half-
cycle, one heat exchanger (HEX-1) is cold and the other one
(HEX-2) is hot. Simultaneously, HEX-1 is at low pressure
and must be pressurized up to condenser pressure; HEX-2 is
at high pressure and must be depressurized down to
evaporator pressure. Making up and down of this pressure,
vapor is transferred from desorber to adsorber.

This process is known as mass recovery process.
Adsorption/desorption process will occur automatically due
to a difference in heat exchanger’s pressure. HEX-2
pressure increases while HEX-1 pressure decreases. Both
HEX pressures reach the same point. To provide more
cooling capacity, desorber temperature (HEX-2) is still at
high temperature or continuing heating process. Refrigerant
release is still occurring from HEX-2 to HEX-1. It causes
HEX-2 concentration to decrease. Afterwards, HEX-1 1s
heated up by hot water and HEX-2 is cooled down by
cooling water. During this process, refrigerant circulation is
stopped by closing all refrigerant valves. This process 1s
known as pre-heating/pre-cooling process. When the
pressures of HEX-1 and HEX-2 are nearly equal to the
pressures of condenser and evaporator, the valve between
HEX-1 and condenser (as well as the valve between HEX-2
and evaporator) is opened, allowing refrigerant to flow.
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m'nenclature

A Area (m?) q* Concentration equilibrium (kgrer kgaa™)

C Specific heat (kI kg™ °C"' 3 Qu Iso-steric heat of adsorption (J kg™)

Do Pre-exponential constant (m?s™) R Gas constant (J mol"'K™")

a Activation energy (J mol™) Ry Average radius of a particle (m)

B Latent heat of vaporization (J kg™) T Bmperalure (K)

m Mass flow rate (kg s7') t Time (s)

P Saturated vapor pressure (Pa) u Overall heat transfer coefficient (W m= K'')

q Concentration (kgeer kgas™") W Weight (kg)

Adsorption and desorption process then starts. In this Table 1. Operational strategy
process, refrigerant from HEX-1 will be liquefied in .
; . Hex Mode

cond_cnscr b) Fc]casmg heat condenser to heat sink. Y B C D E F G O 1 ]
Refrigerant liquid flows from condenser to evaporator. In 1 Des Mh  Pc Ads Mc  Ph
evaporator, refrigerant will be adsorbed 1so-barically by 2 Mh Pc Ads Mc Ph Des
HEX-FIEvaporation process occurs and produces cooling 3 Ads Mc Ph Des Mh Pe
effect. Evaporation heat is supplied by flowing chilled water 4 Mc¢  Ph Des Mh  Pe Ads
at low heat source temperature. To complete one cycle, the Ads = adsorption, Des = desorption, Mh = mass recovery heating,

next process is the same as the previous half-cyele. Only,
the position of HEX-1 is as desorber and HEX-2 is as
adsorber.

(a) Cond
Hex1 Hex2
Hex3 Hex4
Eva
Chilled Water
®) 50

40

Saturated Vapor Temperature
(°C)

Silica gel Temperature (°C)

Figure 1. (a) Reheat two stage adsorption scheme and (b)
P-T-X Diagram

5
Mc = mass recovery cooling, Ph = pre-heating, Pc = pre-cooling

3. Developing Equation

3.1. Heat Transfer in Evaporator, Condenser and Heal
Exchanger EE)

Heat transfer in evaporator, condenser and heat exchanger

describes as follow:

B (222) 0
Tonito=T vt (T Tws)exp (-2 5ee) @
Tron, o Tfﬂ" + (_Tmr,j = Tmn )exp (- I‘:("::“T') (3)

In this case, T indicates the temperature. The
temperature and concentration of the liquid in both Hex,
evaporator and condenser are assumed uniform. Specific
heat from refrigerant (water) in the liquid phase because the
system works in the low concentration range. The
temperature of fluid (water), T; and T, fluid heat transfer
shows cold water and hot water when the process of
A sorption and desorption. U and A in the formula state the
heat transfer parameters, namely the overall heat transfer
coefficient and heat transfer area

3.2. Energy Balance in Evaporator, Condenser and Heat
Exchanger

Energy balance in evaporator,

exchanger express below:

(W, .CotW,.Cop.qtWieg Chea) % =

WoQ 7-W, €3V (T-To )+ () (T-Ty )15+

1y, Cyy-Epeq (Tl--T) 4)
(Wc\'a.\\'-C\\'+we\'a.1\od-cc\'n.bod) % =

Mehint- Cenitl- Eeva (Tenini-

Tcl:ill.n)ws (% + %) (L+C\' (Tcun'Tc\:l) (5)

condenser and heat
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Tc\\'.o)'ws (dﬁ:;lu + d‘::;:“) (L+C\. (Tdcs'Tum) (6)

Where 8 either 0 or 1 depends on whether the adsorbent
functions as desorber or adsorber and y either 1 or 0
depending on whetHfl) Hex is connected to the evaporator or
with another Hex. The left side of the ads@fBer/desorber
energy balance equation in equation (4) gives the amount of
sensible heat needed to cool or heat the silica-gel (s), water
(w) and the heat exchanger (hex) metal part during the
adsorption or desorption process. This term takes into
account the sensible heat input / output required when the
cycle opatcs in accordance with the stages of the process.
The first term on the right side of equation (4) is tfBrelease
of heat from adsorption or heat desorption input, while the
EBcond term for sensible heat from steam is adsorbed. The
last term on the right side of equation (4) refers to the total
amount of heat released into cooling water afier the
adsorption process or provided by hot water for the
desorption process. Equation (4) does not take into account
the loss of external heat to the environment because all
layers are considered well isolated. The term ¢ in equations
(4.5 and 6) states the effectiveness of the heat exchanger
deriveffom the log difference in the average temperature
of the heat exchanger (hex. evaporator and condenser) in the
flow system.

The left side of Equations (5 and 6) represents the
[usible heat needed by liquid refrigerant and metal tube
heat exchanger in the evaporator and condenser. The first
term on the right side of equation (5) represents the total
amount of at from cold water and in equation (6) gives the
amount of heat released into the cooling wateffil'he second
term in equation (5) describes explaining the latent heat of
evaporation () for the amount of adsorbed refrigerant
(dques/dt) and the sensible heat needed to cool the incoming
condensate from the T, condensation temperature to the
Tew evaporation temperature, while the second term
eql.non (6 ) describes the latent heat of evaporation (L) for
the amount of refrigerant absorbed (dqdu@ and the amount
of heat carried by the liquid condensate when it leaves the
condenser to the evaporator

3.3. Performance Inff¥ator

The performance of a re-fat two-stage adsorption chiller is
mainly characterized by cooling capacity (CC), codficient
of performance (COP), and can be measured by the
following equations:

, v, teyele
Cooling Capacity =t enm Cw Jy ™ (Tenitin —
Tck:'u,cur)dfa,tcycie (5)
L,
TiehitCw [, Y (T it in =T chitt ot it ()

Eeycle
thpoeCw [y YT hotin=Tnot,out )it

COP =

3.4. Total Energy Balance
The total mass balance of refrigerant (water) can be
expressed as:

- gescon , Wutweva
we\'a,\\'_'ws (_L'I'Jt"‘" * _':Iir‘_) )

3.5. Adsorption Rate
The combination of silica-gel adsorption rate was modeled
as a function of temperature [7]:

d .

=k (a7~ q) (8)
The overall mass transfer coefficient, kea,, was

estimated by Eq.(9) and (10). as below:

_ 15D

ksap_ﬁ (9)
d .
D-Dy exp(-E./RD) % = k.a, . (q — @) (10)

The amount adsorbed in equilibrium, q*, is predicted by
equation as follows:
. 0.8 x [[J}.(T\\')":ps (T'i)]
4 TS x [P,(TO/P,(T))]

an

where P,(T,) and P,(T,) are the saturation vapor pressure
at temperature 'nf (water vapor) and Ts (silica gel),
respectively. The saturation vapor pressure and temperature
are correlated by Antoine’s equation, as follows:

3820 )

P13332x cxp(lg_:s-m

(12)

4. Results and Discussion

The MATLAB simulation program was developed to
identify the performance and compared with the
experiment. Both simulation and experiment were operated
based on the Table 1 and Table 2.

4.1. Temperature Histories of Heat Exchanger (Bed)
Figure 2 has shown the temperature histories of Bed in both
simulation and experiment. Heat source temperature 75°C
and total cycle time 1300s are chosen

Table 2. Standard operating conditions of the simulation
and experiment

Teiipaiatie Flow rate Flow rate
P (simulation) (experiment)
) (ke.s™) (kg s")
Hot water 75 0.364 0.51
Cooling
Water 30 0.8 1.4
Clitlled 14 0364 0.51
waler

Cycle ime 1300 s = (420 + 30 +200)x 2

(Ads/Des + Ph/Pc + Mc/Mh) x 2

Ads/Dies : Adsorption-Desorption time
Ph/Pe: Preheating-Precooling time
Me/Mh : Mass recovery cooling & heating time

In the beginning (420s). mode A into mode C, Bedl in
desorption process, and therefore the temperature of HEX1
increased. In mode D, Bedlin mass recovery with heating
process. The temperature of Bed! decreased suddenly and
after that the temperature of Bed lis increased due to heating
by hot water. In mode E, Bedl in pre-cooling process, so
that temperature of Bed 1 decreased.
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Table 3. Parameter's values in simulation

Symbol Value Unit
Cs 924 Jkg K
Cv 1 89E+03 Jkg K
Cw 4.18E+03 Jkg K
De 2.54E-4 m¥/s
Ea 2.33E+06 Jkg
Lw 2.50E+06 kg
Qs 2.86E+06 Vkg
R 4 62E+2 Jkg K
R; 3.00E-04 m

UAads 2.00E+3 W/m?K
UAies 2.23E+3 W/m?K
UAeva 236E+3 W/m2K
Ucon 4.06E+3 W/m2K
W, 16 kg
Weon.w 5 kg
Woevaw 25 ke

F

The next process is adsorption process for Bed | (mode
F. G and H). In this process, Bed 1 operates in evaporator
pressure. Refrigerant in evaporator will be evaporated and
adsorbed by Bed1. In mode I, Bed1 is in mass recovery with
cooling process. The temperature of Bed | increased slightly
and after that the temperature of Bed 1 is decreased due to
cooling by cold water. In mode J, Bedl in pre-heating
process, so that temperature of Bed] increased.

Bedl sim === Bed] exp
90

D £ F & H I
80 1 1P i

70 '/"b--lb‘---

6 4 &
50 1Y
40 H

30 4

"emperature (°C)
’
4
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2
S

— ]

0100 200 300 400 500 600 700 800 900 10001 10012001300

Cycle time (s)

Figure 2. Temperature histories of bed

4.2. Pressure Histories of Heat Exchanger (Bed)

Figure 3 illustrates the pressure histories of the four
adsorbent beds (heat exchangers) with heat source
temperature is 600C and total cycle time is 2000s. It is worth
to mention here that in the beginning (300s) heat exchangers
2 and 4 are in mass recovery process (340s) where bed 2 is
in heating mode and bed 4 in cooling mode (30s). It is seen
that in the beginning of mass recovery process, the
temperature of bed 2 decreased fffthat of bed 4 increased
though the bed 2 and bed 4 are in heating and cooling mode,
respectively. In the beginning of mass recovery process, the
saturation pressures of beds change suddenly, so that bed 2
starts to desorb and bed 4 to adsorb water vapor very fast.
Therefore, temperature of bed 2 decreased and that of bed 4

increased for few seconds in the beginning of mass recovery
process and then the temperature of bed 2 starts to increased
and that of bed 4 start to decreased. It is also seen that afier
half cycle (1000s), temperature of bed 1 and bed 3 did not
reach near to imlet hot and cooling water temperature,
respectively,

6

Bedl = === Bed2
————— Bed3 Bedd4
59 -
’ S
o= -;.( “““
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— ]
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$ 2 ;\
& i
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1] 500 1000 1500 2000

Time |s]

Figure 3. Pressure histories of bed

After mass recovery process, pre-heating and pre-
cooling process will occur. Bed 2 is in cooling process and
Bed 4 in heating process. Temperature of Bed 2 will
decrease during the process of pressure decline and
temperature of Bed 4 will increase respectively. The next
process is desorption-adsorption process (mode C, D, E). In
this process, Bed 2 operates in evaporator pressure.
Refrigerant in evaporator 2 will be evaporated and adsorbed
by Bed 2. Bed 4 operates in condenser pressure. Refrigerant
will be released in desorption process and will be condensed
in condenser. Up to mode E is a half-cycle, the next process
(F-J) is similar to mode A-E, only adsorber and desorber
position will change for each bed pairs.

4.3. Effect of Heat Source Temperature on Pefbrmance
The effect of heat source temperature on the coefficient of
performance (COP) and cooing capacity are presented in
Figure 4 and 5 respectively. Chilled water outlet
temperature was 9 °C and total cycle time was 1300s. COP
and cooling capacity both increased along with heat source
temperature.

035
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5 025 4
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50 55 65 70 75 80 85

Heat source temperature ("C)

Figure 4. Effect of heat source temperature on COP
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Figure 5. Effect of heat source temperature on
performance

The same tendencies are shown in both simulation
results compare with the experiment results. Performance
simulation is bigger than experiment because there is always
some heat loses to the environment in a real system, which
is neglected in simulation model.

4.4. E¥fect of Cycle Time on Performance

The effect of cyele time on performance (COP and cooling
capacity) described in Figure 6. Seven cycles times are
chosen from 1000s to 4000s. As consideration, the
experimental and simulation nditions were set up at the
same condition as heat source temperature and chilled water
outlet temperature were at 60°C and 9°C, respectively.
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Figure 6. Effect of cycle time on performance

4.5. The average of chilled water out temperature and mass flow
rafte

As can be shown in simulation results that the trend of the

average chilled water out is flat smoothly because it is easy

to give the mass flow rate values in simulation to reach the
chilled water out 9°C. The tendency became different in the
experiment results because it is a little bit difficulties to
control mass flow rate to gain chilled water out 9°C. From
Figure 2 (b) we can say that in order to gain chilled water
out 9°C, we must increase mass flow rate if heat source
temperature increased.
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Figure 7. (a) Average chilled water out (b) Mass flow rate
behavior of the chiller

5. Conclusions
The following concluding remarks can be drawn from the
present study.
(a) In both experiment and simulation are showing the
same tendency results.
(b) COP and cooling capacity increased along with heat
source temperature.
(c) Cycle times within 2000 — 2500s produces highest
cooling capacity.




30

Wirajati et al. / Journal of Applied Mechanical Engineering and Green Technology, 1'ol. 1, No. 1 (2019) 25-30

References

(1]

(2]

(3]

(4]

(3]

[6]

(71

A.O. Dieng , R.Z. Wang, “Literature review on solar
adsorption technologies for ice-making and air
conditioning purposes and recent developments in
solar technology”, Renewable and Sustainable Energy

Reviews, 5, 2001, pp. 313-342,

T. Kashiwagi, A. Akisawa, S. Yoshida, K.C.A. Alam,
and Y. Hamamoto, “Heat driven sorption refrigerating
and air conditioning cycle in Japan”, Proceedings of
the International Sorption Heat Pump Conference.
Shanghai, China, 2002, pp. 50-62.

K.C.A Alam, M.Z.I. Khan, A.S. Uyun, Y. Hamamoto,
A. Akisawa, T. Kashiwagi, “Experimental Study Of A
Low Temperature Heat Driven Re-Heat Two-Stage
Adsorption Chiller”, Appl. Therm. Eng.. 27, 2007, pp.
1686-1692.

M.Z.I. Khan, K.C.A. Alam, B.B. Saha, A. Akisawa, T.
Kashiwagi, “Study On A Re-Heat Two-Stage
Adsorption Chiller - The Influence Of Thermal
Capacitance Ratio, Overall Thermal Conductance
Ratio And Adsorbent Mass On System Performance”,
Appl. Therm. Eng.. 27, 2007, pp. 1677-1685

C.H. Tong, N.K. Choon, A. Malek, T. Kashiwagi, A.
Akisawa, B.B Saha. “A Regenerative Adsorption
Process And Multi Reactor Generative Adsorption
Chiller”, Espacenet Description:EP 1140314 (Al).
[.G.A.B. Wirajati, A. Akisawa, Y. Ueda, and T.
Miyazaki, “Experimental Investigation of a Reheating
Two-Stage Adsorption Chiller Applying Fixed Chilled
Water Outlet Conditions”™, Heat Transfer Research. 46,
2015, pp.293-309.

A. Sakoda, and M. Suzuki “Fundamental Study on
Solar Powered Adsorption Cooling System”, Joumal
Chemical Engineering of Japan, 17, 1984, pp. 52-57.




j4

ORIGINALITY REPORT

1 4% % % 14%

SIMILARITY INDEX INTERNET SOURCES  PUBLICATIONS STUDENT PAPERS

PRIMARY SOURCES

Submitted to Universiti Teknologi Petronas 4
Student Paper %
Submitted to Indian Institute of Technology, 2
M %
adras

Student Paper

Submitted to University of Birmingham
Student Paper y g 2%
Submitted to University of Birmingham 1
Student Paper %
Submitted to Asian Institute of Technology 1 .
Student Paper /o
Submitted to Brunel University 1 o
(0]

Student Paper

Submitted to University of Technology, Sydney

0
Student Paper 1 A)

B B

Submitted to University of Liverpool 1 o
(0)

Student Paper

Submitted to University of Greenwich



Student Paper

<19
gtﬂg?;gt:eerd to University of Ulster <1 o
glﬂzmit:§d to University of Teesside <1 "
3:\!3:2:2? to Pandit Deendayal Petroleum <1 "

Student Paper

gig]rtrggt:eerd to Padjadjaran University <1 "
giljn:rggt:eerd to Ohio University <1 "
Sigmgt:(aerd to Eastern Mediterranean University <1 o
ilﬂg]m;t:e?d to University of Hull <1 o
gil:n:r;iat:eerd to CSU, San Jose State University <1 o
Submitted to Kennedy-Western University <1 "

Student Paper




Exclude quotes On Exclude matches Off

Exclude bibliography On



	j4
	by Wira Jati

	j4
	ORIGINALITY REPORT
	PRIMARY SOURCES


