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Summary

This paper proposes a three-bed three-stage adsorption cycle with a new operational strategy. The cycle consists of three
adsorber/desorber heat exchangers, one evaporator, and one condenser_The two beds on the low-pressure side operate in a
re-heat cycle, and another bed on the high-pressure side operates in a ggf§ventional cycle. The objectives of the current study
were to evaluate the cycle at a low heat source temperature such that it can be driven by solar or waste heat and to reduce the
number of heat exchangers from six beds to three beds. A simulation model was developed, and the system behavior and its
performance were predicted, The performance of the proposed cycle was compared with that of a conventional six-bed
three-stage adsorption cycle. The simulation results showed that the proposed cycle with the new operational strategy could
operate at low heat source temperature i.e., 45 °C, and offers approximately five times higher performance in terms of SCP
than the conventional cycle. Consequently, the proposed cycle 1s effective for use of a low-grade heat source, even with three

beds.
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1. Introduction

Heat-driven adsorption systems have become one
of the most promising systems because their heat
sources can be driven close to the environmental
temperature during their operation. Additionally,
adsorption chillers that use water and silica gel as
the adsorbent-refrigerant pair show that these
systems are well suited to reduction of greenhouse
gas emission and consumption of low grade energy,
as suggested by Kashiwagi ef al.".

The possibility of reducing the size of the
adsorber/desorber beds is also intriguing because
new adsorption machines could be smaller in size
than the current versions. However, heat source
temperatures below 50 °C cannot be implemented,
as Khan ef al™”, Mizan et al”, and Wirajati ef al”
have reported.

Certain researchers have investigated solutions for
use of low-temperature heat sources by introducing
multi-stage adsorption cycles with multiple beds™”
Saha ef al.'""" simulated these systems analytically
and stated that the systems could use low
temperatures between 60-40 °C as the driving heat
source with the application of six beds. Alam er al.'?
experimentally studied a re-heat two-stage system
reported that four beds could be used to exploit
a heat source h:lrm:iturc ORSSEE.

To address the need for low heat source
temperatures and smaller volume machines, which
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are the focus of in recent studies, a new three-bed
three-stage silica-gel adsorption cycle with a new
operatid@}l strategy is introduced in this paper.

The objective of this study is to evaluate the
proposed cyele in comparison with the conventional
six-bed adsorption cycle. Cycle time optimization is
required for a proper compfa;cm because the cycle
time always depends on the heat source temperature
and the values of the physical properties of the heat
exchangers. Therefore, this study aims to compare
the maximized performance of both cycles in terms
of specific cooling power to understand how the
three-stage system works with three beds.

Nomenclature

A area m’
C  specific heat Jkg'
D, pre-exponential constant m’s’
E, activation energy Jkg!
L latent heat of vaporization  Jkg''
i mass flow rate kgs
P, saturated vapor pressure Pa
g  amount of adsorbed water kg kg'l
g* equilibrium amount of

Edsorbed water ke kel
O, isosteric heat of adsorption  Jkg™'
R gas constant Jkg'K!
R, average radius of a particle m
"  temperature K




time S

overall heat transfer

coefficient Wm?K!
weight kg

bed connection indicator -
adsorption indicator -
heat exchanger efficiency -

e H "8

Subscripts

ads adsorption

ads-eva adsorbed vapor from evaporator to
adsorber

bed heat exchanger

con condenser

ch chilled water

ew cooling water

cycle  cycle

des desorption

des-con desorbed vapor from desorber to
condenser

eva evaporator

hw hot water

1 inlet

o outlet

s adsorbent

total total

v vapor

w water

2. Three-Bed Three-Stage Adsorption Cycle
Working Process.

A schematic of the three-bed three-stage
adsorption cycle and its behavior are presented in
Fig. | in the Diihring agram. and the mode
strategy of the proposed cycle is shown in Fig. 2.
The eycle consists of three adsorber/desorber beds,
one condenser, and one evaporator; it is assumed
that silica-gel-A type is used in the cycle simulation
of this study. The Diihring diagram reflects the
adsorption  isotherm, but the hysteresis of

adsorption/desorption is neglected in the simulations,

which may give rise to a factor of uncertainty. To
complete a full cycle, the system operates
continuously throughout eight modes.

At the beginning of the process (mode A), valves
V2 and V6 are opened. Bedl connects to Bed3, and
vapor is transferred into Bed 3, which is recognized
as the adsorption process for Bed3 and the
desorption process for Bedl. In this mode, Bed2
connects to the evaporator, and the adsorption
process begins. The desorption and adsorption
processes take place at the condenser pressure ()
and the evaporatorfressure (P.), as shown in the
Dithring diagram. During the desorption process,
Bedl is heated by hot water (Q,..) to thcﬂat source
temperature (7). The refrigerant vapor is cooled to
the condenser temperature (1) by the cooling water,

Cooling water
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Bed 1
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(a) Schematic diagram
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Fig. 1 Three-bed, three-stage adsorption cycle
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Fig. 2 Cycle mode operational strategy




which removes the corensation heat (Q.). During
the adsorption process, refrigerant in the evaporator
is evaporated using the evaporation temperature (7,)
and seized heat (Q.) from the chilled water. The
adsorbers of Bed2 and Bed3 absorb the evaporated
vapor. Then, the adsorption heat (0,4) 1s removed
by the cooling water. When the concentration of
refrigerant in all of the adsorber/desorber beds is
near the equilibrium level, the process continues into
mode B.

In mode B. all beds are unconnected (@) the
condenser or evaporator. Bedl 1s positioned at the
end position of desorptfZl] process and the other
beds (Bed2 and Bed3) at the end position of the
adsorption process. Bedl is conndB3d with Bed2
through valve V4 with continuous cooling water in
Bed2 and hot water in Bedl. The Bed2 cooling
process 1s referred to as mass recovery cooling, and
the heating process of Bedl is known as mass
recovery heating. During these processes. vapor is
transferred from Bedl to Bed2. If the pressure of
both Bedl and Bed2 are nearly equal, then the
process continues to mode D. In mode B, Bed3 is
heated by hot water in the pre-heating process. If the
pressure of Bed3 is nearly equal to the condenser
pressure. then the process continues to mode C in
which valve V1 is opened, and the desorption
process for Bed3 begins.
win mode D, all beds are included in the
pre-heating or pffcooling process. Bed1 and Bed3
are cooled by cooling water inffhe pre-cooling
process, and Bed2 is heatd by hot water in the
pre-heating process. If the pressures of Bedl and
Bed3 are nearly equal to thd@ressure of evaporator
and the pressure of Bed2 is nearly equal to the
pressure of the condenser, then valves V3 and V5 are
opened to refrigerant flow. Bed2 and bed3 are now
connected, and Bedl 1s connected with the
cvaporator.

Mode D occurs at the end of the half cycle of the
process. To complete a full cycle, the next process is
the same as the previous half-cycle referred to in the
mode operational strategy of Fig. 2.

In this cycle, the pressure rise from the evaporator
level to the condenser level is split into three
progressive smaller pressure rises, as seen in Fig.
1(b). Bed] and Bed2 pressurize the vapor from the
evaporation level to the intermediate level. Next,
Bed3 pressurizes the vapor from the intermediate
level to the condensation level.

3. Mathematical Modeling
3.1 Adsorber/desorber energy balance
The heat transfer equation for the adsorbent beds
can be described as follows:

To=T+(T-T)exp (i) )
where 7" denotes the bed temperature. The adsorbent
bed temperature, pressure, and concentration of
water content are assumed uniform throughout the
adsorbent bed. The heat transfer fluid amter)
temperature parameters 7} and T, denote the cooling
water upon adsorption and the hot water upon
desorption, respectively.

The energy balance equation of adsorbent beds is
shown below:

(WCAWCog WheiCoct) G =W 0, %

‘ﬂFr
ey o G
W C B[y (T-T o)+ (1) (-1 -

+ 11y Cyeq (TL'T) 2)

where 4§ is either 0 or 1 depending on whether the
adsorbent bed is working as a desorber or adsorber,
and 7 1s either 1 or 0 depending on whether the bed
is connected [Elith the evaporator or another bed.
Equation (1) expresses the importance of the heat
transfer parameters, namely, the heat transfer area
od and overall heat transfer coefficient Ul The
left-hand side of the adsorber/desorber energy
lance equations (Eq. (2)) provides the amount of
sensible heat required to cool or heat the silica-gel
(s), water n') as well as the metallic (bed)
components of the heat exchanger during adsorfZhn
or desorption in a batched-cycle operation. The first
term on the right-hand side of Eq. (2) constitutes the
release of adsorption heat or the input desorption
heat, and the second term denotes the sensible heat
of the adsorbed vapor. The last t@ln on the
right-hand side of Eq. (2) refers to the total amount
of heat released to the cooling water upon adsorption
or provided by the hot water for desorption.
Equation (2) does not account for external heat
losses to the environment because all of the beds are
considered well insulated. The term &,y in Eq. (2)
expresses the heat exchanger effectiveness of the
adsorbent.

3.2 Evaporator energy balance

Equation (3) and Eq. (4) represent the heat
transfer of evaporator and the energy balance of the
evaporator, respectively as follows:

d o d o Uevadeva
?cll.u:i' u\'a+(7|:||.i';, u\'a)exp (' m) (3)
. . ar, . |
( Wc\'.‘l\w(-'w_" Wc\'u\hcd ‘C'U\'-'I\hﬂ:d } ? =y h(-'chsc\a

dy

. o1 ads-cva dq C5-COn al al ol
(?c|l.i'1\:\'ﬂ)-W:{ (dT +":T) (L+('\'(Jum'1urn))
@




The left-hand side of Eq. (4) represents the
sensibldfeat requirement for the liquid refrigerant

and the metal of the heat exchanger in the evaporator.

The first term on the right-hand side of Eq. (4)
represents the total amount of heat from the dffled
water, and the second term accounts for the latent
heat of vaporization (L) for the amount of refrigerant
adsorbed (dg,4./dt) and the sensible heat required to
cool the incoming condensate from the condensation
temperature 7, to the evaporation temperature 7',
The term e, in Eq. (4) expresses the heat
exchanger effectiveness.

3.3 Condenser energy balan

Equation (5) represents the heat transfer of the
condenser, and Eq. (6) describes the energy balance
for the condenser expressed as:

1]I;:mn.o=-Ii"t.'0r|+(?I‘i:\\'.i'-li"r.'uﬂ)'37\'1:' (' M) (5)

sty Cyy
; ; dr .
(u’wn.\\"C\\'+H'u\n.1>uml-(1uﬁn,bed) dt _”'uwC\\'ccxm

‘J‘ L S=COn v -
(Tcw.i 'Tcun )-u’;. (M:T) (L _'LC\(;I \‘.lr:.'-'7 con )) (6)

1

The !ft-hand side of Eq. (6) represents the
sensible heat required by the metallic components of
the heat exchanger due to the temperature vari:ans
in the condenser. The first term on the right-hand
side of Eq. (6) indicates the amount of heat released
to the cooling water, and the second term accounts
for the latent heat of condensation (L) for & amount
of refrigerant desorbed (dg,./dr) and the amount of
heat that the liquid condensate carries away when it
leaves the condenser for the evaporator. The term
Eeon N Eq. (6) denotes the heat exchanger
effectiveness.
3.4 Total mass balance

The total mass balance of the refrigerant (water)
can be expressed as:

_ W gescon | Wads-cva
W =Wy (T + T) W]

where the subscripts of des-con and ava refer to
the vapor flow from the desorber to the condenser
and from the evaporator to the adsorber,
respectively.
3.5 Adsorption rate

The adsorption rate of the silica gel is described in
many studies. i.e.. Sakoda er al.'":

dQ/d" :ksap . (q.- Q) (8)

The overall mass transfer coefficient k., is
estimated using Eq. (9) and (10).

ka,= =2 ©)
|J
D=D, exp(-E,/RT") (10)

The amount of refrigerant adsorbed at equilibrium
g* is predicted by the equation as follows:

. 08 [PUT)PTY)]
1405 [Py(Ty ) P5(T5)] a

(1D

11

g;ere P.(1,) and P.(T,) are the saturation vapor
pressure at temperature 7, (water vapor) and 7%
(silica gel), respectively. The saturation vapor
pressure and temperature are correlated by Antoine’s
equation as shown below:

(12)

P.=133.32 exp (]8.3- 3820 )

7-46.1

3.6 Sysidll performance

The coefficient of performance (COP) and
specific cooling power (SCP), which are the main
performance characteristics of the adsorption
refrigeration cyeles, are measured as:

feyele
COP =ity Cy, f (TeniTeno)
0

I’ C\\' I[:c"ctu(Th\\',i'?.h\'.:u)df (13)
leyele
sCp = muhc\\' I (?::Il,i'Tcll.u)
0
f fu_\'l:lu H/s,luln\ (14)

The values of the physical property parameters
used in the calculations and the standard operating
conditions adopted in the simulation are listed in
Table 1 and Table 2, respectively. Certain values in
Table 1, 1.e., Udys, Udgy. and UA,,, are adopted
from Khan e al.?. The amount of adsorbent in every
bed is 16 kg.

4. Results and Discussion

A complete simulation program was developed
based on MATLAB software and used to solve all of
G equations. Once all of the input parameters (i.e.,
adsorbent-refrigerant properties, flow rates of heat
transfer fluids. and specifications of heat
exchangers) are initially given, the cyclic operation
can be simulated.

Particle Swarm Optimization (PSO)“ is used to
optimize the cycle time in terms of SCP, which was




Table 1 Values of physical parameters®

Symbol Value nit
Ches 20 10° Jkg ' K!
s 2 | Jkg k!
c, (20 e 100 Jkg'K'
C, 4“ x 100 Jkg'K'
D, 2.54% 107 m?s’!
B 233% 10° Jkg!
B 2.50% 10° Jkg!
0, 2.80% 10° Jkg!
R 462100 JkglK!
R, 3.00x 107 m
Udg 200% 100 Wm2K!
UAcon 406% 10° am'z-l("
Ud 236x 100 Wm?K'
Wiea 12 kg
Weonw 3 kg
Weva 25 kg
w, 16 kg

Table 2 Standard operating conditions

Temperature 1"| Rate

c kg's”
Hot water 45-50 1
Cooling water 30 1(ads) +0.5(des)
. Inlet 14 c O &y O
Chilled water Outlet 9 0.1 (45"C), 0.2(50"C)

chosen @the objective function to be maximized,
and the cycle time components (ie.,
adsorption/desorption time, pre-cooling/pre-heating
time, and mass recovery time) were chosen as the
variables. In PSO, the particles contain the values of
the variables, and the algorithm updates the values
toward the optimal solution. After a number of
updating calculations, all of the particles contain the
same value, and the objective function achieves a
maximized value. In this case, the number of
particles and the number of iterations were 20 and
500, respectively. It was observed that all particles
reached their best position prioeo 500 iterations.
Because the main objective is to use a low heat
source temperature (i.e., less than 60 °C{EJthe
investigation was conducted for hot water
temperatures of 45°C and 50 °C.
2

4.1 Temperature Estories of the adsorber/desorber
beds

Figure 3 illustaes the temperature histories of the
three-bed cyele with a heat source temperature of
45°C.

In the beginning of the process (mode A), the
desorption process for Bedl and the adsorption
processes for Bed2 and Bed3 were carried out with
increasing and decreasing temperatures, respectively,
In this process, Bed2 and Bed3 operated at the
evaporator pressure. and Bedl operated at the
condenser pressure. In mode B, Bed3 was operated
in the pre-heating process, and thus, the temperature
of Bed3 increased because Bed3 was heated by hot
water and continued into mode C such that Bed3
was switched into the desorption process. In modes
B and C, Bedl and Bed2 were in the mass recovery
state with heating and cooling and temperature
changes accordingly. During mode D. the
temperature of Bedl and Bed3 decreased, and the
temperature of Bed2 increased due to cooling by the
cooling water and heating by the hot water. Mode D
occurred at the end of the half cycle. The
temperature behavior of the remaining cycle was the
same as in the previous cycle.

4.2 Water content in bed
Figure 4 illustrates the variation of the water
content in adsorber/desorber of the beds for the full

50 A
®asq ...
™
2 40 4
o
2
g 35 - - .
= =i ’
30 1 4 i
++++Bedl ==Bed2 =——Bed3
25 - - -
0 300 600 900 1200 1500 1800
Cycle time /s
Fig. 3 Temperature histories of the
adsorber/desorber beds
0.35 A B C D E F G I

q/ kg kg!

-
-
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Cyele time /s

Fig. 4 Variations of water content in the adsorbent




cyele.

The water content in the Bedl decreased during
the desorption process because the vapor was
transferred into Bed3 in mode A, whereas that of
Bed2 increased because the bed adsorbed vapor
from the evaporator. During the pre-heating and
pre-cooling processes, the water content in all of the
beds remained constant because all valves in the
system were fully closed (i.e., mode B for Bed 3 and
mode D for Bedl and Bed2). In mass recovery with
heating process (mode B-C), the water content in
Bedl decreased because the vapor was transferred

into Bed2. In the mass recovery with cooling process,

the water content in Bed2 increased because it
received vapor from Bed1.

During mode A. Bedl was connected to Bed3.
and during mode E, Bed2 was connected to Bed3.
where the wvapor from the evaporator was
consequently transferred from the lower pressure
side to Bed3. In these cases, Bed3 worked
continuously to send vapor from the intermediate
pressure to condensation pressure, and a full cycle
was properly completed.

4.3 Cycle time optimization

Cycle time optimization was conducted to
compare the performances of the proposed cycle and
the conventional six-bed three-stage cycle, which
Saha et al 'V proved could work with low heat
source temperature. The preferable cycle time
depends on the evele configuration, heat exchanger
profile, and heat source temperature. To compare the
cycles properly. the cycle time should be selected to
maximize the performance. In this work, each cycle
time for the two cycles was optimized in terms of
the specific cooling power.

The results of the optimized cycle time allocation
of the three-bed three-stage cyele and the six-bed
three-stage cycle are presented in Table 3. The
results indicate that a longer cvcle time is required
for both cycles if the heat source temperature is
45 °C rather than 50 “C. The increment between the
two Enperature cases results from the expansion of
the adsorption/desorption process and the mass

Table 3 Comparison of optimized cycle time
allocation level

5 Time

%%‘ Heat ls Total
§5 SWT ady P Mo e
Z D P Mrh

< CS C I

3 gu 45 696 113 1106 1915
m 2

w50 407 95 850 1392
g 45 1008 113 0 1121
m =

el 50 902 108 0 1010

recovery process. From the viewpoint of total cycle
time, the proposed cyele requires a cycle time that is
1.4-1.7 times longer than that of the conventional
cycle.

The performance comparison of the proposed
cycle at two different heat source temperatures is
shown in Fig. 5. It is afffirent that the current cyele
can operate at a low heat source temperature of
45 °C. and the chilled water outlet was he]cacmstant
at 9 °C. Based on Fig. 5, the performance increased
with the heat sourcfllemperature. The performances
of both COP and SCP of the proposed cycle are
superior to those of the six-bed c@ventional
three-stage cycle. Although the same amount of
silica gel was packed in each bed, the performance
of the proposed cycle was almost two times higher
than that of the com’entaal 6-bed process. Because
the proposed cycle uses half the amount of silica gel
compared with the conventional six-bed cyele, the
proposed cycle is advantageous in terms of SCP. The
proposed cvcle has also produces an SCP value that
is approximately 5 times higher than that of the
conventional cycle.

From this point of view, the three-bed
three-stage cycle with the new operational strategy is
promising because it can exploit low temperature
heat sources. Furthermore, the proposed method also

0.5
—3 Bed, 3 Stage
=+=+0 Bed Conventional
0.45 t
L}
-~ 0.4
-
=}
V]
0.35
0.3 - st
0.25
40 45 50 55
Temperature / °C
100
80
2
-.s 60
=
o 40 A
7
201 et
0
40 45 50 55

Temperature / °C

Fig. 5 Comparison of performances between the
proposed cycle and conventional cycle




provides the potential to produce more compact
three-stage adsorption machines by reducing the
number of adsorber/desorber heat exchangers.

5. Conclusion

A simulation study of a three-bed three-stage
adsorption cycle was carried out with cycle time
optimization to evaluate the system performance.
The ability to exploit a low heat source temperature
and reduce bed utilization is the highlight of the
examinations in this study. The simulation results
showed that the proposed cyc]eth the new
operational strategy could operate with a low heat
source temperature of 45 °C, which offers
approximately five times higher performance in
terms of SCP than the conventional six-bed
three-stage adsorption cycle. Consequently. this
work emphasizes that the proposed cycle is effective
for utilization of a low-grade heat source even with
three beds.
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