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This article presents the dynamic modelling of a single effect two-bed adsorption chiller utilizing the
composite adsorbent ‘‘CaCl2 confined to KSK silica gel” as adsorbent and water as adsorbate, which is
based on the experimentally confirmed adsorption isotherms and kinetics data. Compared with the
experimental data of conventional adsorption chiller based on RD silica gel + water pair, we found that
the new working pair provides better cooling capacity and performances. From numerical simulation,
it is also found that the cooling capacity can be increased up to 20% of the parent silica gel + water adsorp-
tion chiller and the coefficient of performance (COP) can be improved up to 25% at optimum conditions.
We also demonstrate here that the best peak chilled water temperature suppression, and the maximum
cooling capacity can be achieved by the optimum analysis for both cycles.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

The development of adsorption cooling system is based on the
thermal compression of natural working refrigerants like water
or alcohols and lies in its ability to operate with motive energy
derived from fairly low temperature sources such as waste heat
in process industries or sun light which indicates the adsorption
process as an avenue for avoiding the use of ozone depleting sub-
stances [1]. The widespread acceptance of the adsorption systems
is hindered by its relatively poor performances and large size due
to limited properties of solid adsorbents. Principal advantage of
adsorption chillers (ADCs) is that it is amenable to regenerative
use of adsorption heat. Adsorption system incorporates no
mechanical moving parts and generates no noise or vibration.

It should be noted here that the performance of ADC depends
largely on the adsorption isotherms, kinetics and the isosteric heat
of adsorption of adsorbent–refrigerant pair. A review of literature
reveals that numerous investigations are reported on various
adsorption system configurations, experimental investigations
and mathematical modelling of the steady state and transient
behavior of adsorption cycles [2–4]. A certain number of adsor-
bent–adsorbate pairs have been tested theoretically and experi-
mentally for evaluating the performances of ADCs. These are
silica gel + water, zeolite + water, silica gel + methanol, activated
carbon + methanol, activated charcoal + NH3, zeolite + CO2, etc.,
and a literature review of these pairs [5–32] is furnished in Table 1.
This table demonstrates that the Freundlich, Tóth, Dubinin–Astak-
hov, Dubinin–Radushkevich equations are mainly used for describ-
ll rights reserved.
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ing the equilibrium adsorption. The heat of adsorption is derived
from the isosteric chart of adsorbent–adsorbate pair presented in
the Clapeyron coordinates. Adsorption kinetics is approximated
by the linear driving force (LDF) model suggested for analyzing
chromatographic and adsorption columns [33,34].

Recently, a new family of composite sorbents called selective
water sorbents (SWSs) has been presented for sorption cooling
and heat pumping [35]. It is based on a porous host matrix (silica,
alumina, etc.) and an inorganic salt (CaCl2, LiBr, MgCl2, MgSO4,
Ca(NO3)2, etc.) impregnated inside pores [35–40]. Among the differ-
ent SWSs, the SWS-1L (‘‘CaCl2 confined to KSK silica gel”) shows
very high water sorption capacity (up to 0.8 g of water per 1 g of
dry adsorbent). This composite adsorbent was synthesized by a
dry impregnation of a mesoporous KSK silica gel (average pore size
15 nm) with a saturated aqueous solution of CaCl2 with subsequent
drying at 150 �C. The salt content was 33.7 wt.%. Furthermore,
according to the SWS-1L water sorption isobars, most of the ad-
sorbed water can be removed at temperatures of 80–100 �C. The
thermodynamic performances of SWSs for application in ADCs have
been evaluated by means of a lumped mathematical model and
compared with those obtained using other adsorbents [41]. The
results showed that this new material allows us reaching COP at
0.7–0.8 for basic cooling cycle and 1.4–1.6 for basic heating cycle
that is higher than that calculated at the same regeneration temper-
ature (about 95 �C) for micro-porous silica gel + water or 4A
zeolite + water pairs. Another important benefit is that the rela-
tively low temperature required for regeneration yields this SWS
very attractive for utilization of low grade heat sources, such as so-
lar heat, industrial waste heat, automotive exhaust gas or cascade
and tri-generative systems. It should be noted that the dynamic
parameters of this adsorbent were studied in [42,43] by an
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Nomenclature

Symbol
A area (m2)
cp specific heat capacity (J/kg K)
hfg latent heat of evaporation (J/kg)
h enthalpy/heat transfer coefficient (J/kg, W/m2 K)
Ko pre-exponential coefficient (1/Pa)
L Length (m)
M mass (kg)
P pressure (Pa)
R radial direction (m or mm)
T temperature (�C)
T average temperature (�C)
t time (s)
u fluid velocity (m/s)
U overall heat transfer coefficient (W/m2 K)
V volume (m3)
X uptake (kg/kg)
Dx the difference between uptake and off-take during

adsorption desorption processes (kg/kg)
Z axial direction (m or mm)
q density (Kg/m3)
k thermal conductivity (W/m K)
DHads isosteric heat of adsorption (J/kg)

Subscripts
ads adsorption

des desorption
chill chilled water
fin fin
ref refrigerant
cycle cycle time
f fluid
M maximum value
f–m fluid–metal
m–s metal–silica gel
fin–s fin–silica gel
eff effective value
s saturation

Superscripts
sg silica gel
evap evaporator
cond condenser
bed sorption bed
chill chill water
f liquid phase
g gaseous phase
in inlet
tube heat exchanger tube
a adsorbate
cool cooling fluid
heating heating fluid
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Isothermal Differential Step method [34], and the kinetics of water
adsorption on loose silica grains was measured over temperature
range of 30–65 �C. It was found that the evolution of the water
uptake can be described in terms of the Fickian diffusion model.
The apparent water diffusivity in silica pores was calculated and
appeared to be close to the Knudsen diffusivity. Basing on the data
obtained the specific power of adsorption cooling device was esti-
mated. The adsorption rate for SWS-1L was found to be not less
than that for conventional silica Fuji RD used in commercial ADC.

Experimental tests confirmed the promising properties of
SWS-1L [41]. It was shown that the use of SWS-1L in the one-
bed ADC allowed reaching the cooling COP up to 0.6 at the low
desorption temperature of 85–90 �C. This was a gross COP af-
fected by heat losses, the heat capacity of the inert masses and
the heat exchangers efficiency which were not optimized in the
unit tested. It was also shown that the low specific power of
the tested device is due to the not optimized design of the adsor-
ber heat exchanger as well as to the grain shape of the adsorbent
which impedes heat conductivity of the layer. The authors men-
tioned that both the COP and cooling power are expected to be
further improved in the multi-bed system with internal heat
recovery and well-designed heat exchanger. The aim of this study
was to analyse the performances of SWS-1L in more optimized
configuration similar to that used in commercial adsorption chill-
ers. Building from the previous works, this article presents both
the steady state and dynamic behaviors of SWS-1L in a two-
bed solid sorption cooling system using a transient distributed
model. These results are compared with those of commercial
adsorption cooler based on silica gel type RD such that a device
for new generation of cooling can be enlightened commercially.
Both the heat and mass transfer resistances of the adsorption
heat exchanger as well as the temporal energetic behavior in
the evaporator and condenser are also taken into account in
the present model. In this paper, we also elucidated the effects
of the isosteric cooling and heating times as well as the total cy-
cle time on the system performances, and demonstrate that the
current cooler design tends at optimum conditions.

2. Description of adsorption cooling model

The adsorption chiller which utilizes the adsorbent–adsorbate
characteristics and produces the useful cooling effects at the evap-
orator by the amalgamation of ‘‘adsorption-triggered-evaporation”
and ‘‘desorption-resulted-condensation” was described elsewhere
[14–16]. Fig. 1 shows the schematic layout of the adsorption chil-
ler. It comprises an evaporator, a condenser and a pair of reactors
or adsorbent beds. For continuous cooling operation, firstly a
low-pressure refrigerant (hence water) is evaporated at the evapo-
rator due to external cooling load (or chilled water) and is ad-
sorbed into the solid adsorbent located in the adsorber. The
process of adsorption results in the liberation of heat of adsorption
at the adsorber providing a useful heat energy output and a cooling
effect in the condenser/evaporator heat exchanger. Secondly, the
adsorbed bed is heated by the external heat source and the refrig-
erant is desorbed from the adsorbent and goes to the condenser for
condensation by pumping heat through the environment. The con-
densate (refrigerant) is refluxed back to the evaporator via a pres-
sure reducing valve for maintaining the pressure difference
between the condenser and the evaporator. Pool boiling is affected
in the evaporator by the vapor uptake at the adsorber, and thus
completing the refrigeration close loop or cycle. These phenomena
are expressed mathematically using the mass and energy balances
between major components of the adsorption chiller system.

2.1. Evaporator

The energy balance becomes

ðMcpÞevap
eff

� �dTevap

dt
¼ �hfgMsg dxbed

ads

dt
þ hf M

sg dxbed
des

dt
þ ðUAÞchill Tchill � Tevap� �

; ð1Þ



Table 1
Summary of adsorbent–refrigerant pairs for cooling applications

Adsorbent–refrigerant pair System description Adsorption characteristics System performance

Silica gel (type A) + water [5,6] Two-bed adsorption chiller

Lumped modelling
Experimental
investigation

Isotherms:
Freundlich’s model
c* = 0.346 kg/kg
Constant n = 1.6, constant
DHads

Kinetics: LDF model

A favorable combination has
been established for adsorbent-refrigerant pair

Silica gel (type RD) + water [7] Two-bed adsorption chiller

Lumped modeling
Experimental
investigation

Isotherms:

Freundlich’s model
c* = 0.552 kg/kg, n = 1.6
constant DHads

Kinetics: LDF model

Optimum cooling capacity 1.6 RT.
COP values are not given

Silica gel (type RD) + water [8–12] Adsorption chiller

Single-stage
Two-stage
Three-stage
Multi-stage multi-bed
duel mode
Lumped modelling
Experimental analysis

Isotherms:

Freundlich’s or modified
Freundlich’s model
c* = 0.346 kg/kg, n = 1.6
Constant DHads

Kinetics: LDF model

Cooling capacity and COP have been
calculated for different mass flow rates,
adsorption/desorption temperatures and
cycle periods

Silica gel (type RD) + water [13,14] Electro-adsorption chiller

� Lumped modelling
� Experimental

investigation

Isotherms:

Tóth’s model
c* = 0. 45 kg/kg
Tóth constant s ¼ 8 and
constant DHads

Kinetics: LDF model

Optimum COP is calculated 0.8 for micro-cooling
applications

Silica gel (Type RD) + water[15,16] Two-bed/four-bed
adsorption chiller

� Lumped modelling
� Transient distributed

modelling
� Experimental

investigation

Isotherms:

Henry’s model
Tóth’s model
c* = 0. 45 kg/kg
Constant s ¼ 8
Constant DHads

Optimum COP = 0.35 for cooling capacity of
10 kW. The chilled water temperature
fluctuations are removed

Silica gel + water [17,18] � Lumped modelling
� Experimental

investigation
� Heat and mass recovery

Isotherms:

Freundlich’s model/Dubinin–Astakhov (D–A)
isotherm equation, constant DHads.
Limiting uptake = 0.346 kg/kg and n = 1.6

COP has been increased 34.4% by heat recovery
and 18.3% by mass recovery

Zeolite + water [19–21] Adsorption cooler

Transient distributed 3-D
modelling
Experimental
investigation
Account for both internal
and external heat and
mass transfer

Isotherms: adsorption equilibrium

ln P ¼ aþ b=T , where a and b depend on the
amount of adsorbate c. DHads is calculated as
a function of c.
Kinetics: linear driving force

COP = 0.45 for TH,in = 300 �C, Tevap = 10 �C,
Tcond = 45 �C

Charcoal (AC35, DEG, NORIT RB,
etc.) + methanol, ammonia, etc.
carbon + ammonia [22–24]

Adsorption cooling cycle

Very simple thermody-
namic analysis
Performance calculation
for adsorbate (ideal gas)

Isotherms: Dubinin–Astakhov/Dubinin–
Radushkevich

DHads is calculated from Clausius–Clapeyron
relations

Overall methanol gives the best COP with 0.5

AC35 + methanol AC35 + ethanol [25]
ACF + ethanol [26,27]

Adsorption refrigeration
machine

� One-dimensional distrib-
uted modelling

� Annular adsorber
� Comparison with

experiments

Isotherms: modified Dubinin–Radushkevich
equation

DHads is calculated as a function of the
amount of adsorbate and thermal expansion
coefficient of liquid

Not mentioned. For ACF–ethanol system, COP is
predicted 0.54 and the size of the bed can be
reduced

Carbon + methanol AC + HCFC123/
HCFC124 [28]

Dynamic behavior of
adsorption system

� Lumped modelling
� Adsorbed phase is consid-

ered as liquid phase
� Experiments

DHadsis calculated from Clapeyron equation for
perfect gases

COP = 0.29 for regeneration temperature of
125 �C

Zeolite NaX + water activated carbon
AX21-ammonia [29,30]

Regenerative heat pump

Numerical analysis
Simplified distributed
modelling
Adsorbate is considered
as ideal gas

Isotherms: Langmuir model (three terms) for
NaX–water pair, and Dubinin equation for AX21-
ammonia pair

COP = 0.4 for NaX–water system, and COP = 0.35
for AX21-ammonia system at heat source temp.
of 250 �C
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Fig. 1. Schematic of a two-bed adsorption chiller.

Table 1 (continued)

Adsorbent–refrigerant pair System description Adsorption characteristics System performance

Zeolite 13X + ammonia zeolite
NaX + ammonia AC + ammonia
[31,32]

Adsorptive heat pump

Distributed two-dimen-
sional modelling
Specific heat is consid-
ered liquid
Showed the thermal con-
ductivity effects on
adsorption bed

Isotherms: Dubinin–Radushkevich equation
Constant DHads

Optimum COP is calculated 0.8 as a function of
thermal conductivity of adsorbent bed
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where ðMcPÞevap
eff is the sum of all mass capacities of the evaporator.

The first term on the right hand side defines the latent heat of evap-
oration that goes to adsorption bed, the second term is the enthalpy
of liquid condensate and the last term denotes the cooling capacity
of evaporator, which rises from the cooling of chilled water. The
energy balance equation on the chilled water control volume is
written as

qchill
f cchill

p;f
oTchill

ot
¼ � uchill

f qchill
f cchill

p;f
oTchill

oz
þ kchill

f
o2Tchill

oz2

� UAð Þchill

V chill
f

ðTchill � TevapÞ: ð2Þ
Hence the terms,
dxbed

ads
dt and

dxbed
des

dt indicate the adsorption rate and
the desorption rate. The boundary conditions of the chilled water
tube are Tchillðz ¼ 0; tÞ ¼ Tchill;in and oTchill

oz ðz ¼ Ltube; tÞ ¼ 0.

2.2. Adsorption isotherms and kinetics

The adsorption/desorption rate is calculated from the knowl-
edge of adsorption equilibrium and kinetics and is given by the
conventional linear driving force (LDF) equation [33]

dx
dt
¼ 15Dsoe�

Ea
RT

R2
p

fx� � xg; ð3Þ



Table 2
Adsorption isotherms of silica gel + water systems

Type Ko (Pa�1) DHads (kJ/kg) xm (kg kg�1) t1 Reference

RD (Tóth isotherm) 7.3 � 10�13 2800 0.4 8 [44,45]
SWS-1 L (Tóth isotherm) 2 � 10�12 2760 0.8 1.1 Derived from experimental data [46]
Type a b c � 109 DF kJ/mol Reference
SWS-1L 2.83378 �3.0133 � 10�4 7.46702 1–5 [47]
(polynomial equation) 5.80313 �0.00119 69.9054 5–9 [47]
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where Dso defines a pre-exponential factor of the efficient water dif-
fusivity in the adsorbent, Ea represents the activation energy, R is
the universal gas constant and Rp is the average radius of the adsor-
bent grains. Kinetic data were taken from [42,43]. Hence the
adsorption uptake at equilibrium condition is expressed as a func-
tion of pressure (P) and temperature (T). The authors have mea-
sured the isotherms of water adsorption on silica gel type RD,
type A [44,45] and on SWS-1L [46,47]. These experimentally mea-
sured data are fitted using the Tóth’s equation [48], i.e.,

x� ¼ xmKo � expfDHads=ðR � TÞg � P
½1þ fKo � expðDHads=ðR � TÞÞ � Pgt1 �1=t1

; ð4Þ

where x� is the adsorbed adsorbate at equilibrium conditions, xm

denotes the monolayer capacity, DHads the isosteric enthalpies of
adsorption, Ko the pre-exponential constant, and t1 is the dimen-
sionless Tóth’s constant. These values are furnished in Table 2.
The most significant difference between these two adsorbents
(silica type RD and SWS-1L) lies in their water vapor uptake charac-
teristics. From Table 2, one could observe that the water vapor up-
take capacity of SWS-1L is higher than that of type RD. On the other
hand, the adsorption uptake of water vapor on SWS-1L is expressed
in terms of mole/mole by the polynomial equation, i.e.,
x� ¼ expðaþ bDF þ cDF2Þ [42,47], where DF indicates the Polanyi
adsorption potential and is represented by DF ¼ �RT lnðP=PsÞ. The
values of the adjustable coefficients a, b and c that provide the best
approximation of the two segments of the temperature-indepen-
dent curve of sorption of water by SWS-1L composite [42,47] are
also furnished in Table 2. Using these adsorption isotherm data,
the conceptual ideal adsorption cooling system developed from
type RD silica gel and SWS-1L are shown in Fig. 2. One can also
understand from Fig. 2 that the difference between the uptake
and off-take Dxf¼ xads � xdesg of SWS-1L + water is higher than that
of type RD silica gel + water system. It should also be noted here
that the values of Dso, Ea and Rp are found same for both RD silica
gel + water and SWS-1L + water systems, i.e., the adsorption/
desorption rate for both systems are nearly same but the difference
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Fig. 2. P � T � x diagram for understanding the conceptual diagram of an adsorp-
tion cooling cycle in terms of adsorption uptake against pressure. Here A–B–C–D–A
indicates adsorption cooling cycle where SWS-1L and water are used as adsorbent
refrigerant pair. In this diagram a–b–c–d–a also defines an adsorption cooling cycle
for type RD silica gel and water based system.
between the two systems are occurred due to their different uptake
capacities.

2.3. Bed

As the evaporated refrigerant is associated onto the solid adsor-
bent by the flow of cooling fluid at ambient conditions during
adsorption period, and the desorbed refrigerant is dissociated from
the solid adsorbent by the flow of heating fluid during desorption
period. The heat energy is exchanged between cooling/heating
fluid and the adsorption bed. A schematic of the adsorption bed
with heat exchanger is shown in Fig. 1. The energy balance for
the heat transfer fluid is given by

oTj
f

ot
¼ �uj

f

oTj
f

oz
þ kj

f

qj
f c

j
p;f

o2Tj
f

oz2 �
hj

f—mAj
f

qj
f c

j
p;f V

j
f

ðTj
f � TmÞ; ð5Þ

where u defines the flow rate of cooling/heating fluid, j indicates
heating or cooling for desorption or adsorption, hj

f—m represents
the heat transfer coefficient and is calculated from the Dittus–Boel-
ter correlation [49]. The boundary condition for fluid flow becomes

during adsorption: Tj
f ðz ¼ 0; tÞ ¼ Tcool;in

f and
oTj

f
oz ðz ¼ Ltube; tÞ ¼ 0,

during desorption: Tj
f ðz ¼ 0; tÞ ¼ Thot;in

f and
oTj

f

oz ðz ¼ Ltube; tÞ ¼ 0.

The energy balance of the metal tube that contains heat transfer
fluid is written as

oTtube

ot
¼ ktube

qtubectube
p

o2Ttube

oz2 � hj
f—mAtube

qtubectube
p V tube Ttube � Tj

f

� �

� hm—sA
tube

qtubectube
p V tube ðT

tube � TsgÞ � f
Atube

qtubectube
p V tube kfin oT fin

or
:

ð6Þ

Here the value of 1 is equal to 1 when any fin is attached with the
tube, otherwise 1 ¼ 0. The boundary conditions of the heat exchan-
ger tube inside the adsorber are oTtube

oz ðz ¼ 0; tÞ ¼ 0 and
oTtube

oz ðz ¼ Ltube; tÞ ¼ 0, respectively.
The fin thickness is very small and the heat transfer in the fin is

assumed to be one-dimensional in the radial direction. The energy
balance equation of the fin is given by

oT fin

ot
¼ kfin

qfincfin
p

o oTfin

or r
� �

ror
� hfin—sA

fin

qfincfin
p V fin ðT

fin � TsgÞ: ð7Þ

The boundary conditions are T finðr ¼ roÞ ¼ T tube and
oT fin

or ðr ¼ rfinÞ ¼ 0.
The energy balance of the adsorbent control volume can be

written as (heat flow is considered both in r and z direction)

qsgcsg
p þqgxca

p

� �oTsg

ot
¼r:ðkeffrTsgÞþqsgDHads

dx
dt

�hfin—sAfin

V fin
ðT fin�TsgÞ�hm—s

A

tube

V tubeðT tube�TsgÞ;

ð8Þ



Table 3
Values adopted for adsorption chiller simulation used in the present model

Dso 2.54 � 10�4 m2/s for SWS-1L and RD silica gel
Ea 4.2 � 104 J/mol for SWS-1L and RD silica gel
Rp 1.7 � 10�4 m for type RD and 1.74 � 10�4 m for SWS-1L
csg

p 924 J(/kg K)
hm—s 36 W/(m2 K) [16]
hfin—s 36 W/(m2 K) [16]
ðUAÞchill (2557 W/(m2 K) � 1.37 m2)
ðUAÞcond (4115 W/(m2 K) � 3.71 m2)
ðMcpÞevap

eff (8.9 kg � 386 J/(kg K) + 40 kg � cp,water J/(kg K))
ðMcpÞcond

eff (24 kg � 386 J/(kg K) + 5 kg � cp,water J/(kg K))
ri 7.94 mm
Atube ¼ 2proLtube ro = 8.64 mm, Ltube = 1 m
Vchill

f ¼ pr2
o Levap Levap = 2.1 m

Vcool
f ¼ pr2

o Lcond Lcond = 2.34 m
V fin ¼ pNh r2

fin � r2
o

� �
N = 100, h = 0.1 mm, rfin = 22 mm

uchill
f 0.18 m/s

ucool
f 0.198 m/s

uheating
f 0.14 m/s

Msg 20 kg
Tcool;in

f 31 �C
Thot;in

f 85 �C
Tchill;in

f 14.8 �C
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where the specific heat capacity of the adsorbed phase is given by
[50–52] ca

p ¼ cg
p þ DHads

1
Tsg � 1

vg
ovg

oTsg

� 	
� oðDHadsÞ

oTsg . The first term in the
right hand side indicates the specific heat capacity at liquid phase,
and the other terms occur due to the non-ideality of gaseous phase,
which incorporate two additional inputs from the properties of
adsorbent + adsorbate system, namely the DHads and the isotherms
ðP � T � xÞ data [50]. On the other hand, the effective thermal con-
ductivity of the adsorbed phase is keff ¼ kg=ð/þ 2=3 kg

ksgÞ [34], where

/ indicates the porosity of bed. Here keff is defined as the total ther-
mal conductivity of adsorbent particles stacked together in the
adsorber. The boundary condition at radial direction becomes

�keff oTsg

or




r¼ro
¼ hm—sðTtube � TsgÞ and oTsg

or




r¼rfin ¼ 0.

2.4. Condenser

After desorption, the desorbed refrigerant is delivered to the
condenser as latent heat and this amount of heat is pumped to
the environment by the flow of external cooling fluid. In the mod-
elling, we assume that the condenser tube bank surface is able to
hold a certain maximum amount of condensate. Beyond this the
condensate would flow into the evaporator via a U-tube. This
ensures that the condenser and the desorber are always main-
tained at the saturated pressure of the refrigerant. The energy
balance of the condenser is expressed as

ðMcpÞcond
eff

h idTcond

dt
¼ �hfgMsg dxbed

des

dt
þ hf M

sg dxbed
des

dt

þ UAð Þcond Tcool
f � Tcond

� �
; ð9Þ

where ðMcPÞcond
eff is the sum of all mass capacities of the condenser.

The first term on the right hand side defines the latent heat of con-
densation, the second term is the enthalpy of liquid condensate and
the last term denotes the sensible cooling of the condenser. The en-
ergy balance equation of the cooling water control volume is writ-
ten as

qcool
f ccool

p;f
oTcool

f

ot
¼ �ucool

f qcool
f ccool

p;f
oTcool

oz
þ kcool

f
o2Tcool

oz2

� ðUAÞcool

Vcool
f

ðTcool � TcondÞ: ð10Þ

The boundary conditions of the cooled water tube are
Tcoolðz ¼ 0; tÞ ¼ Tcool;in and oTcool

oz ðz ¼ Ltube; tÞ ¼ 0.

2.5. Mass balance

The mass balance of refrigerant in the adsorption chiller is ex-
pressed by

dMref

dt
¼ �Msg dxbed

des

dt
þ dxbed

ads

dt

� �
; ð11Þ

where Msg is the mass of adsorbents packed in each of the two
adsorbent beds, and Mref is the mass of refrigerant in liquid phase.

The roles of the beds (containing the adsorbent) are refreshed
by switching which is performed by reversing the direction of
the cooling and the heating fluids to the designated sorption beds
and similarly, the evaporator and condenser are also switched to
the respective adsorber and desorber. It is noted that during
switching interval, no mass transfers occur between the hot bed
and the condenser or the cold bed and the evaporator.

The cycle average cooling capacity Q chill, heating capacity
Q heating and COP are, respectively, calculated as
Q chill ¼ qchill
f uchill

f Atube;chill
f cchill

p;f

Z tcycle

0

Tchill;in
f � Tchill;out

f

tcycle
dt;

Q heating ¼ qheating
f uheating

f Atube;bed
f cheating

p;f

Z tcycle

0

Theating;in
f � Theating;out

f

tcycle
dt;

and COP ¼ Q chill

Q heating :
3. Results and discussion

The adsorption bed design incorporates a circular finned tube
heat exchanger. The values for the parameters used in the present
model are furnished in Table 3. Fig. 3 features the temperature his-
tories at the outlets of the type RD (red lines in Fig. 3) and SWS-1L
based chiller system (thick black lines in Fig. 3) and these are com-
pared with experimental data (thick blue lines and circles) of type
RD silica gel and water based adsorption chiller. Due to the posi-
tioning of the temperature sensors, the experimentally measured
outlet temperatures are affected by the time constant of down-
stream mixing valves in the pipeline. It is evident that our present
simulation results exhibit a sufficiently good agreement with the
experimental data stemming from a distributed parameter model.
Fig. 3 also shows the temperature histories at the outlets of the
condenser and chilled water. It should be noted here that the deliv-
ered chilled water temperature is slightly lower for adsorption
chiller employing SWS-1L as can be seen in Fig. 3.

Fig. 4(a) presents the simulated Dühring diagram of the cyclic
steady state condition of an entire bed comprising SWS-1L, from
which one observes that during cold-to-hot thermal swing of the
bed, momentary adsorption takes place although heating source
has already been applied to heat up the bed in pre-heating mode.
The entire bed is observed to be essentially following an isosteric
path (constant x) during switching. In contrast, the local spatial
points in the bed are not evolving in an isosteric manner, which
is confirmed by the present analysis. This shows that while some
parts of the bed may continue to adsorb, other parts desorb, result-
ing in the entire bed following an isosteric path. At the end of hot-
to-cold thermal swing, there is a pressure drop in the bed. This
causes the adsorbate in the cool bed to desorb momentarily and
condense into the evaporator. The P � T � x diagram for adsorption
bed employing RD type silica gel during steady state is also
imposed in Fig. 4(b) for comparison.
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Fig. 6. Effect of switching time on average cooling capacity and peak evaporator
chilled water outlet temperature for (a) SWS-1L and water and, (b) type RD silica
gel and water systems.
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the reader is referred to the web version of this paper.)

100

1000

10000

20 30 40 50 60 70 80 90
Temperature (oC)

P
re

ss
ur

e 
(P

a)

0.01

0.03

0.06

0.1

0.13

0.20.30.40.5

20.x =Δ  kg kg-1

100

1000

10000

20 40 60 80 100
Temperature (oC)

P
re

ss
ur

e 
(P

a)

0.01

0.03
0.050.10.130.20.30.40.45

0.02

10.x =Δ kg kg-1

a

b

Fig. 4. Dühring diagram of the whole bed under cyclic steady state condition for (a)
SWS-1L and water based adsorption chiller, (b) type RD silica gel and water based
adsorption cooling cycle.

2

3

4

5

6

7

8

9

10

11

100 300 500 700 900 1100 1300

Cycle time (s)

C
o

o
lin

g
 c

ap
ac

it
y 

(k
W

)

0.1

0.3

0.5

0.7

0.9

1.1

1.3

CaCl2-in-silica gel + water 

RD type silica gel + water

C
O

P

Fig. 5. Effect of cycle time on COP and cycle average cooling capacity.

522 B.B. Saha et al. / International Journal of Heat and Mass Transfer 52 (2009) 516–524
Fig. 5 presents the effects of cycle time on COP and cycle aver-
age chiller cooling capacity for type RD and SWS-1L based adsorp-
tion chillers. It is clearly seen that the COP increases monotonically
with the cycle time. The reason is that with a longer cycle time, the
relative time frame occupied bed switching which involves a
significant sensible heat exchange is reduced vis-à-vis that of a
shorter cycle time. This will lead to a favorable effect on the COP.
The variation of cooling capacity is not monotonic. For SWS-1L
based adsorption chiller, the cooling capacity increases steeply
up to 500 s, and it begins to decrease with a similar slope for cycle
time over 500 s. Lower cooling capacity under a relative shorter cy-
cle time is caused by a reduced extent of adsorption, which is also
related to a reduced extent of desorption due to the insufficient
heating of the desorber. At a certain cycle time, the maximum
adsorption/desorption capacity is achieved at the prevailing heat-
ing and cooling source temperatures. Extending the cycle time fur-
ther brings forth unfavorable effect on useful cooling as the cycle
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average cooling capacity decreases. For the SWS-1L + water based
pair, cycle times longer than 300 s can be realized with higher
cooling capacity and COP as compared to the adsorption cooling
system based on RD type silica gel + water pair.

When the adsorber or desorber is saturated, the adsorber must
be switched to the desorber for regeneration and the desorber
must be switched to the adsorber to provide cooling. The switching
phase plays an important role on the chiller’s performances and
may be indispensable. Figs. 6(a) and (b) present the effects of
switching time on cycle average cooling capacity and the peak
chilled water temperature for SWS-1L + water and RD type silica
gel + water systems, respectively. The cycle average cooling capac-
ity varies slightly with switching time and reaches a peak value at
30 s but the maximum chilled water outlet temperature varies sig-
nificantly with switching time. One can observe that (i) 30 s is the
best value for the switching time for SWS-1L and water system as
shown in Fig. 6(a), and (ii) 30 s is also the optimum switching time
for type RD silica gel + water system [Fig. 6(b)].

The system performance at different driving heat source tem-
peratures in case of optimum conditions [(i) cycle time 420 s,
switching time 30 s for type RD silica gel + water system, and (ii)
cycle time 630 s, switching time 30 s for SWS-1L + water system]
is shown in Fig. 7 for the same heat sink temperature of 31 �C.
For type RD silica gel + water system the COP reaches the maxi-
mum value of 0.35 at T = 75–80 �C. For SWS-1L + water system at
this temperature range the COP is larger (0.42–0.45) and remains
almost constant at higher T. The COP of SWS-1L + water system
is higher than that of type RD silica gel + water system because
of high cooling and less driving heat generation powers, which
may occur due to larger Dx for the same heat source and heat sink
temperatures. This much larger COP shows significant advantage
of the new working pair as compared with the conventional unit.
Thus, from the present simulation results, it is found that the new-
ly SWS-1L based adsorption chiller provides a promising unit for
cooling applications. This theoretical conclusion should be con-
firmed practical testing of the new adsorbent in the optimized
ADC configuration.

4. Conclusions

We have successfully modeled and predicted the performances
of SWS-1L and water based adsorption chiller using a simplified
distributed approach such that both the transient and steady state
behaviors of ADC can be captured. It is found that the perfor-
mances of ADC incorporating SWS-1L as adsorbents, in terms of
cooling capacity, coefficient of performance and peak chilled water
temperature, are better than those of the commercial available sil-
ica gel + water based adsorption chiller. An optimum switching
time of 30 s is obtained for both cycles and the cycle performance
improves with increasing hot water inlet temperature.
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