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BSTRACT

Adsorption refrigeration systems are thermally driven systems. Solar radiation, waste energy from heat engine
can be used to power these systems. Theoretical study and simulation work of adsorption-based cooling systems require
the knowledge about the adsorption pair characteristics and capacities at different conditions of working pressures and
temperatures. After reviewing different parameters on which adsorption refrigeration performances are dependent, simple
equilibrium and dynamic models are developed. These models can be used for generating simulation results of different
combinations of adsorbate and adsorbent. Furthermore, some coefficients and parameters which are required for solving
the governing equations and have been determined experimentally by different researchers for each combination of the
adsorption pair are also included in the paper. The present model adopts the Dubinin-Astakhov adsorption equation,

which has been used by different researchers in their study.
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1. INTRODUCTION

The physical adsorption cooling system is similar to
the basic vapour compression refrigeration setup,
except that the power compressor in the former is
replaced with a thermal compressor. This system
consists of an adsorber/ desorber bed, a condenser
and an evaporator along with heating and cooling
arrangements. The adsorber bed is composed of solid
adsorbent that has an ability to physically adsorb and
desorb the refrigerant vapour. This system operates
intermittently through four different and consecutive
processes. These include: heating and pressurization
process, constant pressure desorption process, cooling
and depressurization process and constant pressure
adsorption process.

A basic adsorption cycle operates on the basis
of the adsorption of a refrigerant vapour (adsorbate)
into an adsorbent (solid matrix) at low pressure and
the subsequent desorption at a high pressure by
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heating the adsorber bed. In the simplest case, an
adsorption refrigerator can be considered to be an
adsorber/ desorber bed connected with an evaporator
and condenser through valves. Different processes of
basic adsorption cycle are explained below.

Process 1-2 (Heating and Pressurisation): The
adsorber (adsorbent), filled with adsorbed refrigerant,
is heated by an external heat source (Q,,) from an initial
ambient temperature T, to a temperature T,. The valves
are kept closed so that the adsorbed mass of refrigerant
remains constant (x ). The pressure of the adsorber bed
increases from the point of evaporating pressure (P, =
P.) up to the condensing pressure (P, = P) while the
adsorber temperature rises. This step is equivalent to
the ‘compression’ in the vapour-compression cycle
(Figure 1a).

Process 2-3 (Desorption and Condensation):
When pressure of the adsorber bed reaches the
condenser pressure (P.), the valve connecting the
adsorber bed and the condenser is opened and the
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Nomenclature

C Constant of Clausius —Clapeyron equation

k,n | Adsorptive parameters of adsorbent- adsorbate pair

Ah,, Heat of desorption,(kJ/kg)

Ah, | Heat of adsorption (kJ/kg)

L. Latent heat of refrigerant (kJ/kg)

h . Enthalpy of refrigerant (kJ/kg)

m, Mass of adsorbent (kg)

m_ Mass of copper (kg)

T Average temperature of the adsorber bed (K)

T, Temperature at the end of adsorption (K)

T, Temperature at the beginning of desorption (K)

T3 Temperature at the end of desorption (K)

T, Temperature at the beginning of adsorption (K)

T, Temperature of refrigerant leaving the condenser (K)

T, Temperature of refrigerant leaving the evaporator (K)

T, . Inlet temperature of hot water (K)

T Outlet temperature of hot water (K)

T, Inlet temperature of cold water (K)

X Mass ratio of adsorbed mass to that of the adsorbent (kg/
kg)

U, The overall heat transfer coefficient (kW/m?2-K)

m, Mass flow rate of cold water(kg/s)

m, Mass flow rate of hot water (kg/s)

m, Mass of stainless steel (kg)

Q. Rate of sensible heat of adsorbent (kJ/s)

Quonp | Rate of heat rejection at condenser (kJ/s)

Q,u Rate of adsorption heat of refrigerant (kJ/s)

Q.» | Heat exchange in evaporator (kJ)

R Gas constant for refrigerant (kJ/kg-K)

Colig Specific heat of liquid refrigerant at a constant pressure,
(function of temperature) (kJ/kg — K)

C, et Specific heat of gas refrigerant at a constant volume,
(function of temperature) (kJ/kg- K)

C,... | Specific heat of gas refrigerant at a constant pressure,
(function of temperature) (kJ/kg- K)

c, Specific heat of steel (kJ/kg- K)

c., Specific heat of copper (kJ/kg- K)

¢, (T) | Specific heat (function of temperature) of activated car-
bon (kJ/kg- K)

Cou Specific heat of hot water(kJ/kg- K)

T, Saturation temperature of the condenser (K)

T, Saturation temperature of the evaporator (K)

adsorber continues to be heated. Due to heating, the
refrigerant vapour is desorbed from the adsorbent and
moves towards the condenser. Thus, the pressure of

the bed remains constant. As the process progresses,
a greater amount of refrigerant is desorbed and
temperature of the bed keeps on increasing. During
the process, the mass of refrigerant adsorbed by the
adsorbent decreases from x, to x, and the temperature
of the bed increases from T, to T, while pressure of the
bed remains constant.

The desorbed vapour, after reaching the
condenser, rejects heat to the cooling fluid (process
2 — 5) and it is condensed to liquid. This process is
equivalent to ‘condensation’in the vapour-compression
cycle (Figure 1b).

Process 2-C (Isobaric de-superheating and
condensation of adsorbent/refrigerant): During the
desorption process 2 — 3, the refrigerant vapour is
desorbed at bed temperature and leaves the condenser.
This refrigerant is first de-superheated (sensibly
cooled) from the bed temperature to the saturation
temperature (T,) corresponding to the condenser
pressure (P)) and then condensed to liquid after
rejecting latent heat of vaporization to the cooing fluid.

Process C-5 (Isobaric sub-cooling of adsorbent/
refrigerant): After being condensed to saturated liquid,
the refrigerant may be further cooled sensibly to reduce
its temperature. The refrigerant leaves the condenser
at temperature T,, which is less than the saturation
temperature (T ). This is the process of sub-cooling of
the refrigerant (Figure 2).

Process 5-E (Throttling of adsorbent/
refrigerant): After the condenser, the refrigerant flows
through an expansion valve or throttling valve where
the pressure of the refrigerant reduces significantly.
As a result, the condenser pressure (P_) converts to
the evaporator pressure (P.). During throttling, a
part of the liquid refrigerant is evaporated, which
causes further cooling of the refrigerant. Temperature
of the refrigerant decreases from T_to T, and the
corresponding pressure falls from P_ to P, (Figure 1c).

Process E-6 (Isobaric evaporation of adsorbent/
refrigerant): After entering the evaporator, the
refrigerant starts to evaporate by extracting heat from
the surrounding, thus producing the cooling effect. The
refrigerant leaves the evaporator either at a saturated
condition (T,) or at a superheated condition (T,) with
the degree of superheating at (T, — T,). The evaporated
refrigerant is then adsorbed at the bed temperature
(which varies from T, to T). Thus, the refrigerant
absorbs some heat from the bed as it is heated from T,
or T, to reach the bed temperature before it is adsorbed
in the bed (Figure 1c).
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Figure 1. (a): Heating and Pressurisation, (b) Heating
Desorption and Condensation, (¢): Throttling and
evaporation of adsorbent/refrigerant, (d): Cooling and
Depressurisation, and (e) Cooling and Adsorption.

Process 3-4 (Cooling and Depressurization):
After desorption, the adsorber has a little amount of
adsorbed mass (xg). The bed along with the adsorbed
refrigerant is then cooled by heat transfer fluid at the
second heat sink (TCS) at a constant mass (XB). The
pressure of the adsorber drops from the condensing
pressure (P_) to the evaporating pressure (P,) due to
the decrease in the adsorber temperature from T, to T,
(Figure 1d).

Process 4-1 (Adsorption and Evaporation): The
adsorber keeps releasing heat while being connected
to the evaporator. Adsorption process starts after
evaporation. In the evaporator, the adsorbate/
refrigerant is in its saturation state and it boils while
extracting heat from the surrounding. Thus, the cooling
effect takes place. The valve between the evaporator
and the adsorber is opened after the adsorber reaches
P.. The evaporated adsorbate molecules are fixed to the
solid matrix of the adsorbent surface and adsorption
mass increases from x_ to x. During adsorption, heat
is released from the adsorber bed and the adsorption
surface restores its initial state at the end of this process
(Figure 1e).
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Figure 2. P-T-X diagram for abasic adsorption system.

. DEVELOPMENT OF NUMERICAL
MODELS

Thephysicaladsorptionprocesshasbeenmathematically
explained by different scientists (Henry, Langmuir,
Gibbs, Freundlich, Braunauer, Emmet, Teller, Toth,
Unilon) (Brunauer et al. 1938; Dubinin et al., 1947;
Ponec, 1974; Dubinin and Stoeckli, 1980; Oscik and
Cooper, 1982; Evans et al., 1986; Mahle et al., 1994;
Do, 1998; Tokarev et al., 2002; Niida et al., 2002; Liu
and Leong, 2006; Hamamotoa et al., 2006; Wang and
Chua, 2007; Gramado, 2009; Louajaria et al., 2011;
Zhao et al., 2012; Zhou et al., 2012; Thu et al., 2013;
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Ouchi et al., 2014) by employing different methods,
based on (i) the adsorption speed, (ii) single molecular
layer adsorption, (iii) Polanyi adsorption potential
theory and Dubinin micropore/minipore filling theory,
as well as (iv) capillary condensation (considering
effect of energy distribution in micropores). Among
these theories, the ‘Micropore Volume Filling Theory’,
proposed by Dubinin-Radushkevich (Brunauer, 1945)
and co-workers, for adsorption from the gas phase and
the ‘Potential Theory’, proposed by Eucken- Polanyi
(Chihara and Suzuki, 1983), are the most accepted ones
to describe the adsorption phenomenon. This theory
was later extended by Stoeckli (Sakoda and Suzuki,
1984) in a manner which is analogous to the global
integral equation used in adsorption of energetically
heterogeneous solids. This theory, describing a
continuous distribution of pore sizes € (or generally
pore characteristics), was later modified by Dubinin-
Radushkevich and Dubinin-Astakov (D-A) (Cho and
Kim, 1992).

According to Polanyi the adsorption potential
energy (e¢) is independent of temperature [van der
Walls forces are also independent of temperature] i.e.,

o)y, =0

V_is adsorption volume of the adsorption phase.

Therefore, potential energy ¢ is a function of
V_ and suitable for all temperature ranges for known
gases.

(1.a)

e = f(Vy) (1.b)
From Equation (1.a), adsorption potential (g) is a
function of P and T for a certain adsorbate whose R
value is constant i.e,

P,(T)

€(P,T) = RTIn ;2

(1.0)

According to theory of Dubinin and
Radushkevich (Wang et al., 2014) the adsorption
potential energy (¢) (is made up of the micropores of
activated carbon with the efficient radius in the range of
18 - 20 x 107°m) expressed as a Gaussian distribution
function, the volume V occupied by the adsorbate is
related to total pore volume V_and to e by the following
equation

V= Vexpl 2] (1)
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where 3 is the affinity coefficient, taken as the ratio
of the adsorbent molar volume at a temperature T to
that of a reference gas (normally benzene) at the same
temperature. It is a quantity that depend upon the
adsorbate only. By convention as reference benzene
has been chosen with  (C.H,) = 1 (Wood, 2001). B in
eqn. (1.d) is a function of the adsorbed microstructure.
Decrease of B value increases the micro-porosity of
adsorbent.

The D-R equation is given as,

B P22

VEL P = Vo (expl ()G ] (1e)

In addition the correlation between
temperature and pressure for saturated adsorbate can
be represented by the Clausius — Clapeyron equation

C
InP=A—--= (1.9
T
where A and C depend on adsorbate. Substituting Eqn.
(1.e) in Eqgn. (1.f) , the D-R equation can be written in
terms of temperature
)]

Accordingly, introduction of the density p(T)
of adsorbate at the adsorbent temperature in D-R
equation, adsorbed mass M(T,T,) becomes
)
M(T: Ts) = Mo(Ts)eXp b

)
where, M_(T,) =V_(T_)xp(T,)

This equation gives an estimate of the quantity
of the adsorbate that can be adsorbed by the adsorbent
porous matrix at any given temperature. The D-R
equation describes fairly well many carbonaceous
solids with low degree of burned-out. For carbonaceous
solids resulting from a high degree of burn-out during
activation, the degree of heterogeneity increases
because of a wider pore size distribution, and for such
cases the D-R equation does not describe well the
equilibrium data.

To take into account of this surface
heterogeneity, Dubinin and Astakhov proposed
another equation (D-A) of the following form:

o]

V(T,Ty) =V, (Ts)e»(p[_(fTBZ)(RCTT_s_RC (1)

T
Rcﬁ—RC

(1.h)

MCT,T,) = My (Texpl (32 (0TS (1)
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To allow a better fit to some of the adsorbent
characteristics in Eqn. (1.i), a variable index n is
introduced instead of 2. Introducing the mass ratio x
of adsorbed mass to the mass of adsorbent in Eqn. (1.i)

_ M(T)
N Mad

kg/kg (1))
where, M is the mass of adsorbate in kg and M _, is the
mass of adsorbent in kg, M_ is the mass of adsorbate
at saturated temperature in kg. So Eqn. (1.i) can be
written in terms of mass ratio becomes,

(T T) = xo(Texpl T2 | )
where,
k= (%) (RC)" (2)

where, k, n are experimental constants, which are
calculated by different researchers as shown in Table 1.

Literature (Critoph, 1991; San and Lin, 2008;
Wang and Zhai, 2010; Wang et al., 2011; Choudhury et
al., 2013) shows that the performance of an adsorption
system depends on adsorbent-adsorbate pair
characteristics and system operating conditions such
as generator temperature, atmospheric temperature,
evaporator and condenser temperature, mass of
adsorbate going through the cycle, the isosteric heat
of adsorption and desorption and their dependency
on temperature and pressure. The important working
pairs studied in the literature as absorbent/adsorbate

Table 1. Different values of x , k and n for D-A equation.

for adsorption cooling were investigated and compared
by different researchers (Qasem and El-Shaarawi,
2015; Khattab, 2004; Wang et al., 2006; Alghoul et
al.,2007; Wang et al., 2009; Louajari, 2011; Hassan
et al.,, 2011; Heninger et al., 2012; Schicktanz, 2012;
Gordeeva and Aristov, 2014; Schicktanz et al., 2012;
Hassan and Mohamad 2013; Hasan et al., 2015).
Researchers revised several refrigerants that work
with carbon adsorbent while a lot of adsorption
refrigeration materials are carefully reviewed (Ponec,
1947; Oscik and Cooper 1982; Critoph and Vogel, 1986;
Meunier, 1988; Wang, 2001; Hamamoto et al., 2006;
Kubota et al.,, 2008; Xia et al., 2008; Hassan, 2012;
Afshar, 2012; Hassan and Mohamad, 2013; Lu et al.,
2013; Wang et al., 2013; Ji et al., 2014; Hong et al.,
2015). Many researchers conducted with adsorption
refrigeration through either theoretical analysis or
prototypes experimental works or the both (Wang,
2011; Chekirou, 2014; Mitra, 2014; Qasem and El-
Shaarawi, 2015; Fada, 2015).

This literature review indicates that there
is limited information regarding the physics of the
transfer processes associated with adsorbent beds.
Despite the above effort detailed information on the
modeling of heat and mass transfer in the adsorption
refrigeration module is limited. In order to further
investigate the characteristic of the module, a modified
adsorption cooling model is designed in current
study and detailed study of heat and mass transfer
performances are presented. This research aims to
explore the thermodynamic processes of intermittent

Adsorbent Adsorbate | X (kg/kg) k n References
Activated carbon 35 CH,OH 0.45 13.38 1.5 Do, 1998
Activated carbon 34 CH,OH 0.284 10.21 1.39 Bansal, 2005
Activated carbon 35 NH, 0.29 3.57 1.38 Ruthven, 1984

Activated carbon 208 NH, 0.290 3.1853 | 1.095 Leite, 2000
Activated carbon 208 R-32 0.476 2.4634 | 1.388 Leite, 2000
Activated carbon 208 | n-Butane 0.259 1.2895 | 1.143 Leite, 2000
Monolithic carbon NH, 0.270 4.3772 | 1.196 Olivier et al., 1994
Monolithic carbon R-32 0.461 2.6729 | 1.333 Olivier et al., 1994
Monolithic carbon n-Butane 0.237 1.3693 | 1.392 | Olivier et al., 1994
PVOC Base carbon NH, 0.232 4.6342 | 1.806 Thu, 2013
LM127 carbon NH, 0.3629 3.6571 0.94 Saha et.al, 2001
LM128 carbon NH, 0.333 3.6972 | 0.99 Scholl et al., 1993
Silicagel H,0 0.346 5.6 1.6 Akiyoshi et al., 1984
Zeolite H,0 0.261 5.36 1.73 Solmus et al., 2010
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adsorption cooling systems through investigating the
main parameters those affect the cycle performance.
Here, we analyse and discuss the heat and mass transfer
processes, identify the parameters which influence
the system performance and generate a mathematical
model. On the basis of this model, computer simulation
results of cycles are presented and discussed. It is
hoped that such a study will lead to optimize the design
of the module, for the commercially availability and to
encourage its wide spread application.

2.1. Formulation of heat of adsorption /
desorption

An adsortion refrigeration is a simple thermodynamics

system which exchanges heat with its surroundings, if,

Q.= heat supplied at the time of desorption,

Q.= heat absorbed by the refrigerant at evaporator,

Q. = heat rejected in the condenser, and,

Q,,= heat released at the time of adsorption.
Accordingly, fromthe 1*law of thermodynamics,

energy balance equation at steady state can be

formulated as:

Qe+ Qe —Qc—Qap =0 (3)

As the adsorption process is exothermic, heat
is released by the system and the adsorption heat is
considered negative.

In the adsorption process, three types of heat
are used: i) Integral heat of adsorption ii) Differential
heat of adsorption, and iii) Isosteric heat of adsorption.
i) Integral heat of adsorption: Under a constant
pressure and variable uptake (x) condition, the total
heat released from the initial state to the final state is
considered as integral heat adsorption.

ii) Differential heat of adsorption: It refers to the
change in integral heat of adsorption with a change in
uptake (x) or variable loading.

iii) Isosteric heat of adsorption: One of the basic
quantities in adsorption studies is the isosteric heat,
which is the ratio of the infinitesimal change in the
adsorbate enthalpy to the infinitesimal change in the
amount adsorbed. The phenomenon of heat release
is important in the kinetic studies because when heat
is released due to adsorption, the released energy
is partly absorbed by the solid adsorbent and partly
dissipated into the surrounding. The part absorbed
by the solid, increases the particle temperature. This
rise in temperature slows down the adsorption kinetics
because the mass uptake is controlled by the rate
of cooling of the particle during the later course of
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adsorption.

In practice, the difference between differential
heat of adsorption and isosteric heat of adsorption
is so small that both of them can be considered to
be identical. This kind of heat can be calculated by
Clapeyron equation where differential/ isosteric heat
is defined in terms of enthalpy (Ah,) and formulated

as:
dlnP
Ahyg = —R |5+
® L(%)L

where, at pressure P and temperature T, constant
loading of adsorbate is x kg/kg of adsorbent (solid).
Integrating the above equation from P to P, and T,
to T, we get,

i omp == 2210 (5)]

in(£2) = — 2001 1]
P, R IT Ts

Equation (4) can also be written in the following

(4)

(5)

(6)

way
Ah;, = RT? [%] (7)
Tls =1+ %ln (;—0)% (8)

Clapeyron equation (Eqn. 1.f) can be written as:

C
where,
C
Ts- (A—ln P)
After substituting Eqn. (9) in Eqn. (8)
1
C 1 X \n
= (e
1
C 1 X \n
lnP1=A—E[1+E1n(Z) ] (11)

Differentiating the above equation with respect
toT
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1
d _C 1 X \n
H(lnPl)—§[1+Eln(g)]

at x= constant loading (isosteric process)
Substituting Eqns. (11) and (7) in Eqn. (12), we

(12)

get,

Ahjg

= (13)

d CJIT ClJ1
Lo = £[2]- -
dT( 1) T2 1] — T LTS

Therefore, isosteric heat of adsorption/
desorption is expressed as:

Ay =R.C— (14)

2.2, Thermodynamic modeling of a basic
adsorption cycle

Abasic adsorption/desorption refrigeration system has
been considered in order to analyse the heat and mass
transfer processes and to identify those parameters
which influence the system performance. The referred
system has four basic components. Desorber/adsorber
(the heart of the system), evaporator, condenser,
receiver and throttling valve. Desorber/adsorber is
attached to both the evaporator and condenser with
two valves (Figure.1). To develop a mathematical model
of different processes for an adsorption refrigeration
system, the following assumptions are made:

2.2.1 Assumptions for mathematical model

« Theadsorption bed is composed of activated carbon
pellets (adsorbent) of uniform size.

« The bed porosity is also uniform throughout.

« There is no phase change in the adsorbent surface
and pores.

« The gaseous adsorbate (refrigerant) behaves as an
ideal gas.

« The pressure is constant in the condenser and in
the evaporator.

« Mass transfer within the adsorber/desorber bed
occurs only in the vapour phase of the adsorbate.

» There is no temperature gradient between the
adsorbate gas and the adsorbent bed.

« Specific heats of the adsorbed materials (steel,
copper, etc.) are constant throughout the process.

« Thereisnoloss of refrigerant when flowing through
the system.

« No desorption takes place till reaching the point of
condensing pressure during the period of isosteric
heating.
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« The isosteric (x=constant) heating and cooling
processes are considered as constant volume
process.

« The refrigerant vapour enters the condenser as
soon as it is desorbed from the desorber, i.e., there
is no heat loss within the desorber or in the passage
between the adsorber and the condenser.

e The heat capacity of the adsorbate in the adsorbed
state is equal to that of the vapour phase.

2.2.2. Desorption process

Process 1-2 (Isosteric Heating): The desorber bed is
initially under the evaporator pressure (PE) and at
temperature (T)) it is filled with adsorbed adsorbate.
Then it is heated at a constant adsorbate mass ratio
(x=x ) from an initial temperature of T, (which may be
considered the same as the ambient temperature) and
from the pressure of P, to a temperature T,, at which
point the pressure increases to P (condenser pressure)
(Figure 2). In this process, the adsorbate and the
desorber bed are sensibly heated with an increase of
pressure. Since the process 1 — 2 is an isosteric process,
T, can be calculated by equating the adsorbate mass
ratios at points 1 and 2 as follows:

x1(Ty, Tg) = x,(T,, Tc) (15)
Adsorbed mass ratio x and x , can be calculated
from Eqn. (1)

-
x1(Ty, Te) = %o (Tg)expl \'e
where T, is the saturation temperature (evaporator
temperature) at evaporator pressure (P,)

n
1)]
where T, is the saturation temperature (condenser
temperature) at condenser pressure(P )

By substituting (16) and (17) in equation (15),
we get,

(16)

T2

X5(Ty, Te) = x4 (T¢)exp [_k(% ) (17)

1

n n
=t [(E o) -t

K %o(Tc) (18)

For the process 1-2, the refrigerant absorbs heat
from the adsorbent bed at a constant volume process
(since there is no desorption) and its temperature
increases from T, to T,. If the mass of the adsorber is
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m_;, then the mass of the adsorbed refrigerant during
the process 1 — 2 is x x m_,. The sensible heat gain
of different components during this process can be
calculated as:

Sensible heat gain of refrigerant:

T
(Q)l—Z,REF = lez Mag. X1. Cv,ref(T) dT

¢, (1) is the specific heat of refrigerant at a constant
volume, which is a function of temperature.
Sensible heat gain of adsorbent:

T,
(Qad)l—Z,AD = le Cad (T)mad dT

Sensible heat gain of the bed can be calculated
as the summation of sensible heat gain of the
materials, such as, steel and copper, which are used for
construction of the adsorbed bed.

(19)

(20)

T

(Qbed)1-2,8eD = fo (Cst Mgt + Cey Mey) dT (21)
c, and c  refer to the specific heat in steel and copper,
respectively, m  and m_ refer to the mass of stainless
steel and copper, respectively, used in construction of
the adsorbed bed.

Therefore, the total heat added during this
process is a summation of the above three components
and is given by:

(@1-2 = Q1288 + (Qaa)1-240 + (Qbea)1-2880 = fTTl * [Mag.Xp. Cypef(T) +
(22)
Cad(T)Mygtcgemg + Coy Mgy JdT
Process 2-3 (Isobaric heating and desorption):
After attaining the condensation pressure (P),
desorption of refrigerant is started. The desorber bed
is heated from T, to the maximum bed temperature
of T, through constant pressure (P_) (Figure 2). If the
maximum adsorbate mass ratio is x_ and the minimum
adsorbate mass ratio at temperature T, is x,, then the
change of adsorbent mass ratio in this process is (x, -
x,) kg/kg.
The adsorbed mass X, can be calculated from
Eqn. (1)

-’
X3 (T3' Tc) = Xo (Tc)exp Te
where T is the saturation temperature at condenser
pressure (P )

During the process 2 — 3, the total sensible heat
gain can be calculated as it is done for the process 1 — 2:

(23)
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(Qz-35en = (Qz-3rer + (Qaa)2-3a0 + (Qvea)z-38E0 =
T, (24)
sz [mad- X(T)- Cp,ref(T) + Cad(T)mad+Cstmst + Ceu mcu]dT

Since the process 2 — 3 takes place at a constant
pressure, for estimating the sensible heat gain of the
refrigerant, the specific heat at a constant pressure of
the refrigerant (adsorbate) has to be applied. Since
desorption of refrigerant takes place during this
process, the heat of desorption is to be transmitted.
The total heat of desorption for the process 2 — 3 is
estimated as:

T dx(T, T
(Q) 2-3pEs = Jp, hid Mag % dT (25)
where m_, is the mass of adsorbent in kg, Ah,, is the
heat of desorption per kg of desorbed refrigerant and
(dx(T,T,))/dT is the temperature rate of desorption at
temperature T.
The heat of desorption is calculated from Eqn.

(14)

T
Ahjq = R CE (26)
where, T is the temperature of the bed during the
process 2 — 3, and T, is the saturation temperature
corresponding to the bed pressure, which is equal to
the condenser pressure.
During desorption, the mass of refrigerant still
remains adsorbed at bed temperature of T and it is
expressed by:

X (T,T) = xo(Toyexpl <Ge ) | (27)

This can also be calculated as

T 0x(T,T
X (T,Te) = (T, Te) = J, Z5EdT

oT (28)

Therefore, at the bed temperature T, during the process
2 — 3, the desorbed mass of the refrigerant is expressed
by:

Myer = (XZ - X(T))mad kg (29)

Hence, the total heat transfer during the process
2 — 3 is the sum of the sensible heat transfer as well as
the total heat of adsorption and is expressed as:
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T
(Qs-3 = (Qo-ssen + Qz-3pes = fT; [myq.x(T). Cp,ref(T) + Ca(T)myg e +

(30)

dx(T, T¢)

" dT

T
Cau mcu]dT t fT; hid. MMyq

Here, it is assumed that there is no heat loss
for the desorbed refrigerant in the adsorber bed. After
being desorbed at temperature T, the refrigerant
passes to the condenser where it is first de-superheated
from temperature T to the saturation temperature
corresponding to the condenser pressure and then it is
condensed to liquid.

2.2.3 Adsorption process
Process 3-4 (Isosteric cooling): At point 3, the desorber
bed is at the maximum temperature T, and contains
the minimum amount of adsorbed mass of methanol
(Xmin=X3) at the condenser pressure (P_). During the
isosteric cooling process, cold water is circulated
through the desorber bed to reduce the bed temperature
from T, to T, (Figure 2). In this process, the refrigerant
vapour pressure is reduced from P, to P, and the bed
temperature from T3 to T4.

As the process 3 - 4 refers to isosteric cooling,
therefore,

x3(T3, Tc) = x4(Ty, Tg) (31)

Adsorbed mass ratio x . and X, can be calculated
from Eqn. (1)

T3

x3(T5, T¢) = XO(TC)e[_k(ﬁ_l) ]

where T, is the saturation temperature at condenser
pressure(P )

(32)

-k E—l B
X4(Ty, Tg) = Xo(TE)e[ (TE ) ]
where T, is the saturation temperature at evaporator
pressure(P,)

Therefore, T, can be calculated by substituting

Eqns. (32) and (33) in Eqn. (30)

T4=TE[1-|-H\/<$_2_ )n_

For the process 3-4, the refrigerant rejects heat
from the adsorbent bed in a constant volume process
(since there is no adsorption) and its temperature

(33)

n _XO(TC)] (34)

k" xo(Tg)
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decreases from T, to T,. If the mass of the adsorber is
mad, then the mass of the adsorbed refrigerant during
the process 3— 4 is (x3 x m_,). The sensible heat loss
of different components during this process can be
calculated as,

(i) Sensible heat loss of refrigerant:

T3
(Q)3-4rer = fT , Mad- X3- Curef(T)dT (35)
¢, ..(T) is the specific heat of the refrigerant at constant
volume, which is a function of temperature.

(i1) Sensible heat loss of adsorbent:

T

Jy

(iii) Sensible heat loss of the bed can be calculated
as the summation of sensible heat lost from the
materials, such as, steel, copper, etc., which are used
for construction of the adsorbed bed.

: Cad (T)mad dT

4

(Qad)3-2aD = (36)

T
(Qved)s-4,8eD = fT:(Cst Mg + Coy My ) AT (37)

c, and c  are the specific heat of steel and copper,
respectively whereas m, and m_ are the mass of
stainless steel and copper, respectively, used in
construction of the adsorbed bed.

Therefore, the total heat lost during this process
is the summation of the above three components and is
given by:

T
(Qs-4 = @s-arr + Quads-sa0 + (Qbed)s-480 = fT: [Mag.¥s. Cyre(T) +

(38)
Cad(T)mad+Cstmst + Cou mcu]dT

Process 4-1 (Isobaric Cooling and Adsorption):
After achieving evaporator pressure (P,), adsorption of
the refrigerant is started. Temperature of the adsorber
bed is reduced from T, to T, at a constant evaporator
pressure (P,) (Figure 2). If the minimum adsorbate
mass ratio at temperature T, is x, and the maximum
adsorbate mass ratio at temperature T, is x, then the
change of the adsorbate mass ratio in this process is
(x, —x,) kg/kg.

The adsorption mass x, can be calculated from
Eqn. (1)

1) |

X1 (Ty, Tg) = X, (Tg)exp [_k(ﬁ (39)
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where T, is the saturation temperature (evaporator
temperature) at evaporator pressure(P,).

During the process 4-1, the total sensible heat
loss can be calculated as it is done for the process 3-4

(Qs-1580 = Qs-1er + Quads-san+ Qbea)s-1880 = fTT " [ X(T)-Cpree() +
' (40)

Cad (T)mad+ CotMst + Coy mcu]dT

Since the process 4 — 1 takes place at a constant
pressure (P, is constant), for estimating sensible
heat gain of the refrigerant, specific heat at constant
pressure of the refrigerant (adsorbate) is calculated.

Since adsorption of the refrigerant takes place
during this process, the heat of adsorption has to be
rejected for adsorption to take place. The total heat of
adsorption for the process 4 - 1 is estimated as:

T dx(T,Tg)
(Q)4—1,AD = fT: hj, myq % dT (41)
where, m_,is the mass of adsorbentinkg, Ah, istheheat
of desorption per kg of the adsorbed refrigerant and
(0x(T,T,))/0T is the temperature rate for adsorption at
temperature T. Ah, can be calculated from Eqn. (14)

Ah;, = R.C—

T (42)

where, T is the temperature of the bed during the
process 4 — 1 and T, is the saturation temperature
corresponding to the bed pressure, which is equal to
the evaporator pressure.

During adsorption, the instantaneous mass
ratio of the adsorbed refrigerant at bed temperature of
T is given by:

T n
x (T, Tg) = X, (TE)exp[‘k<ﬁ -1)] (43)
which can also be calculated as
X(T,Tg) = x4(Ty, Te) + f; Zo22dT (49)

Therefore, at any bed temperature of T, during
the process 4 — 1, the adsorbed mass of refrigerant is
expressed as:

Myper = (X4 + X(T))mad kg (45)

Hence, the total heat transfer during the process
4 — 11is a sum of the sensible heat transfer and the total
heat of adsorption. It is expressed as:
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Qs = (Q)4—1,SEN +(Q s-140 T Q 4-1REF

= [(Qg-sper + Qesan+ Qs +(Q) g-gams + Q-
[(Q)Al 1REF (Q)4 1,AD (Q)A, LBED]SEN (Q)4 1,ADS (Q)4 1REF (4 6)
T. T dx(T, Tg)

= J.T : [mad-X(T)' Cp,ref(T) u Cad (T)mad+ CstMgt u Cu mcu]dT t fT : hia. U - T : dT

d¥(T,Tg)

T
- fT41 (T - Tohmyg. Cpg,ref(T) —_

" dT

2.2.4. Heat rejection in condenser

The refrigerant enters the condenser at pressure (P )
and at the varying temperature (T), it is desorbed
from the bed. It is equal to the bed temperature.
After reaching the condenser, the refrigerant is de-
superheated from temperature T to the saturation
temperature (T, corresponding to the condenser
pressure. Then it is condensed to liquid at a constant
temperature and pressure. There is a possibility of the
liquid refrigerant being sub-cooled up to temperature
T, before it leaves the condenser.

The phenomenon of heat rejection during
different processes can be estimated as:

(i) De-superheating of the refrigerant vapour from the
state (T, P ) to the state (T, P_) (Figure 2):

During the infinitesimal period, when the bed
temperature changes from T to T + dT, the mass of the
refrigerant desorbed from the bed is given as:

m_, x (dx(T,T_))/dT. dT, at temperature of T and at
enthalpy of h _(T,P_).

Therefore, the total heat rejected due to de-
superheating when the bed temperature changes from
T, to T, is estimated as:

47)

dx(T,
ad (L) dThyef(T, Pe) — hper(Te, Po)l

T3
sz m dT
where, h (T, P_) is enthalpy of saturated vapour of
the refrigerant at (T, P).

(i) Phase change of the refrigerant from vapour to
liquid at (T, P,):

The heat released from the refrigerant = Mass
of refrigerant x latent heat of condensation

= Myq(X1 — X3)Lper(Pe) (48)
where, L_. (P ) is the latent heat of condensation of the
refrigerant at the condenser pressure P, in kJ/kg.
(iii) Sub-cooling of liquid from state (T, P ) to the state
(Ts, P ) (Figure 2):

During sub-cooling, the liquid refrigerant is
sensibly cooled from the state (T, P_) to the state (Ts,

P).
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Thus, the heat rejected during sub-cooling =
Mass of refrigerant x specific heat of liquid refrigerant
x change of temperature

= Maq(xg — X3)Cp,1iq(Tc —Ts) (49)

where, C . is the specific heat of the liquid refrigerant
at an average temperature of T,and T..

Thus, the total heat rejected by the refrigerant
in the condenser is given by:

Ts

Qconp = [
T,

+ Mg (Xy — X3)Lrer(Te) + mag (x4 —X3)Cpiig(Te = Ts)

dX(T, Tc)

Myq d—T dT[href(Tv PC) - href(TCJ PC)]

(50)

Enthalpy of the refrigerant at which it leaves the
condenser can be calculated as:

hs (Te, Pe) = hyrer(Te, Po) — Cpig(Te — Ts)  (51)

where, h,_(T,P_) is enthalpy of the saturated liquid of

> “ T ref

the refrigerant at (T,P.).

2.2.5 Heat absorbed in evaporator
The refrigerant enters the evaporator at low
temperature, pressure and in a binary mixture of liquid
and vapour. It extracts heat from the surroundings and
transforms to vapour phase while absorbing the latent
heat of vapourization. There is a possibility of vapour
being superheated to temperature T, in the evaporator
before leaving it (Figure.2).

The total heat gain by the refrigerant at the
evaporator is (Refrigeration effect), (Q),,,=(Q) ., +(Q)gyp

= Maq(%y = X3) [hreg(Te, Pe) = hs] + mag (%1 = X3)Gpre(Ts = Te)  (52)

Here, it is assumed that during throttling of the
refrigerant from pressure P, to PE, enthalpy remains
constant, i.e., h, = h5.

2.2.6. Parameters for measuring performance of the
cycle

Coefficient of Performance (COP) of the cycle is a ratio
of the heat absorbed by the refrigerant in the evaporator
as calculated in Eqn. (53) and the net amount of heat
supplied to the desorber bed, which can be calculated
by summation of Eqns. (22) and (30). Thus, COP is
estimated as:

COP = (Qgvp

T (Q1-2+(Q)2-3 (53)
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Specific cooling capacity (SCC) is the ratio of
the cooling capacity to the weight of the adsorbent.
Specific cooling power is used to determine the size of
the system as it relates to both mass of the adsorbent
and the cooling power.

scc = &

maqg

(54)

2.3. Dynamic model

A dynamic mathematical model for the adsorption
refrigeration system has been developed to calculate
and study the rates of heat and mass transfer during
different processes of the cycle. Many researchers have
analysed the performance of adsorption refrigeration
system by dynamic modeling (Khattab, 2004, Myers,
2002, Qasem and El-Shaarawi, 2015, Schicktanz et
al.,, 2012, Syed, 2015, Wang, 1990). Despite these
investigations, detailed information on the modeling of
heat and mass transfer in the adsorption refrigeration
module is limited. In order to further investigate the
characteristics of the module, a modified dynamic
adsorption cooling model has been developed in the
present study. Such a study is expected to help optimize
the design of the module for commercial viability
and encourage its wide application. The following
assumptions were made for developing the model

2.3.1. Assumptions

Assumptions considered mathematical in character
have also been studied while developing this model.
Two of the primary assumptions are:

(i) An equivalent thermal conductivity is used for the
adsorbent. It depends on temperature but it is uniform
in both axial and radial directions.

(ii) Heat loss between the adsorber and the atmosphere
is considered to be negligible.

2.3.2. Heat transfer between heat transfer fluid and
adsorber bed

The rate of heat loss (Q,) by the hot water flowing
through the adsorber bed at any instant of time can be
written as:

Qh = ri’lhwcpw(Thwi - Thwo) (55)

Heat transfer rate (Q,) between hot water and
desorber bed can also be calculated as:

Qn = UoA,(LMTD) (56)
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The Log Mean Temperature Difference (LMTD)
during the heat transfer process can be estimated as:

Thwi=Thwo
LMTD) = —4/—F
( ) ln<ThW1 T) (57)
Thwo~T
T, can be estimated by combining Eqns. (55),
(56) and (57) as follows:
. Thwi—Thwo
rnhwcpw(Thwi - Thwo) = UoA, % (58)
ln<Thw0 _T)
Hence,
e
Thwo = T + (Thwi = T)e \"hwepw (59)

2.3.3. Estimation of the overall heat transfer coefficient
(U

Asol)lot or cold fluid flows through the tube and heat is
transferred from the adsorbent to the fluid through the
tube wall, the total thermal resistance for heat transfer
between hot water flowing inside the tube and the
adsorbed bed outside the tube can be formulated as:

d D
&), G
n d1 + ln(do)
27Keyl 27 KeqL

1
UoAo

1
T hiA; +

Rii | Rfo 1
+ Aj + Ao + hoAo

(60)

D = d, + Thickness of activated carbon layer around
the tube

2.3.4. Estimation of convective heat transfer
coefficients (h)) and (h )
Dy :%; where,A = % diz (61)

The average velocity (V, ) of water in the tube is
calculated as:

Ihhw

T 2
IDt 0w

Vw = (62)

Reynolds number (Re ) is calculated to check
the type of flow

_ Vth
= ™

Re,, (63)
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If the flow is laminar, Nusselt number inside
the copper tube (Nu,) is written as (Thirumaleshwar,
20009):

1
3

1 0.14
Nu, = 1.86(Re;Pr,)? (%) (:_w) (64)
Pr; = Huow, o
Kw

Convective heat transfer coefficient between
the water and the copper tube is:

K
h; = == (Nuy) (66)
D¢
Convective heat transfer coefficient between the
copper tube and the adsorbent (considered as packed
bed) is written as (Incropera, 2007);

1 1
%20 = 0.203(Rer)s Dy (Priy)5+(0.220) (Re) Dy (Pr)**  (67)
Rey, = ~2o8 (68)
Average velocity of methanol is:
iy
Vm = —Z_Dsz o m (69)
Pr,, = % (70)

For square pitch of adsorber shell, the hydraulic
diameter (D) is:

. 7 D2
4><((Tube PltCh)z XT)

D, = (71)

n D

2.3.5. Governing equations for different processes

In this study, modified Dubinin-Astakhov (D-A)
equation (Chekirou et al., 2014) is adopted to express
concentration x of the adsorbate as a function of
temperature T and pressure P.

k(=) (72)
X(T, Tsar) = Xo(Tsar) eXp[ (Tsat ) ]

The mass fraction, x, is defined as:

_ adsorbed mass ofadsorbatekg/kg (73)

mass of adsorbent
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Process 1-2 (Isosteric Heating): The adsorbed/
desorber bed is initially kept under evaporator pressure
(P,) as well as temperature (T ) and it is adsorbed with
adsorbate. Then the bed is heated by external heating
source, i.e., hot water, which enters the bed at T, , and
circulates through the copper tubes. During the process
1 - 2, the adsorbate mass ratio remains constant (x =
x ) and the bed along with the adsorbed refrigerant get
heated in a constant volume process (since there is no
desorption) while its temperature rises from T, to T,.
The pressure of the bed also rises and when the bed
pressure reaches the condensation pressure (i.e., P, =
P ), the refrigerant is allowed to desorb (Figure 1a). The
rates of the sensible heat gain by different components
of the bed during this process can be estimated as
follows:

(a) Sensible heat gain of the adsorbed refrigerant:

: N dT
(Q)1—2 REF MycXy. Cv,refa (74)

m_x is the mass of the adsorbed refrigerant, which
remains constant during the process 1 - 2; x is the mass
of adsorbed refrigerant per unit mass of the adsorbent;
¢, .. depends on the instantaneous temperature of the

bed.
(b) Sensible heat gain of the adsorbent:

dT

= Cue(T)myy = (75)

(Qad)l—Z,AD
(c) Sensible heat gain of the bed materials can be
calculated as the summation of sensible heat gain of
the materials, such as, steel and copper, which are used
for construction of the adsorber bed.

. dT
(Qbed)l—Z,BED = (Cstmst + Ccy mcu) at (76)
Therefore, the total rate of heat transfer ((Q)(l_z))
during this process is the sum of the above three
components.

U

(Q)l—Z,REF ¥ (Qad)l—z,AD t (Qbed)l-Z,BED

dT
= (mstcst + MgyCey T MygCaq + madxlcvref) T (77)
~ a1
= (mabcab u madxlcvref) E
where,
MypCap = MgtCst + My Coy + MugCag (78)
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Equating (Q),,_,, with the rate of heat loss by
the circulating hot water (Q,) and by substituting Eqn.
(59), the energy equation becomes,

ar
(MapCab + MagXs Cyref) E = mhwcpw(Thwi = Thwo)

(79)

UoAo

= Ii1hwcpw(Thwi -D(1- (e_(thCPW)))

Solution of this equation gives the instantaneous
rates of (i) temperature rise and the heat addition to the
bed during the process, and, (ii) total heat addition to
the bed and the time required for the bed temperature
toreach T,.

By equating the adsorbate mass ratios (x, and
x,) at points 1 and 2 and by estimating them by using
Eqn. (72); T, can be calculated as

n
n:nb+w5—)—
Te

Isobaric desorption process (2-3): During this
process, the bed is heated from T, to the maximum
bed temperature of T, while pressure of the bed
remains constant (at P_). The instantaneous adsorbed
mass fraction,x(T), reduces as the desorption process
progresses from 2 to 3. It is assumed that there is no
heat loss for the desorbed refrigerant in the adsorber
bed. Thus, after being desorbed at temperature T, the
refrigerant passes to the condenser where it is first
de-superheated from temperature T to the saturation
temperature (T,) corresponding to the condenser
pressure (P.) and then it is condensed to liquid and
may be sub-cooled to temperature T, (so that T_ < T,)
(Figure 1b).

During the desorption process, the total
amount of heat supplied by hot water to the bed is a
sum of: (i) the amount of sensible heat transferred to
the adsorbent, adsorber bed materials and refrigerant
(mass of which varies with time) to increase their
temperature from T, to T3; and, (ii) the amount of heat
required for desorption of the refrigerant.

Therefore, the energy equation during this process can
be written as:

1 Xo(TE)
E In m] (80)

. dT dx
(Q)2—3 = (madX(T)- Cpref 1y, Calb) E + hidmada = mhwcpw(Thwi - Thwo)

|

(81)

UoAg

= Ihhwcpw(T}wvj - T) (1 - e_(mhwcpw




Sur and Das, Journal of Environment and Biotechnology Research, Vol. 6, No. 1, Pages 64-81, 2017

where (m_, x (T).cp’ref (T)+m_, c,) dT/dt is the rate of
sensible heat transfer at any point during the process
2 - 3 when bed temperature is T.

The total amount of heat of desorption during

the process 2 - 3 can be estimated as:

T dx(T, T¢)
(Q) 2-3,pEs = fT; hig Mag ——dT

When (dx(T,T.)))/dT the temperature rate
of desorption of refrigerant at temperature T and
Ah,, is the heat of desorption per kg of the desorbed
refrigerant, which can be estimated as:

(82)

Ahyg = R.C Tl (83)
where T is the instantaneous temperature of the
bed during the process 2 - 3 and T, is the saturation
temperature corresponding to the bed pressure during
desorption. Since, bed pressure during the process is
the same as the condenser pressure; T_ can be taken as
equal to T and Cis the constant of Clausius - Clapeyron
equation.

The adsorbed mass ratio (x) at a given
temperature T during the process 2 - 3 can be calculated
from D-A equation as given in Eqn. (72) and the rate of
desorption of refrigerant, (dx/dt) is estimated as,

d _ dx 0T _ [&@TOx(ERxn) (T "
Ta _[ (Tc 1) ]dt (84)

dt  dr’ dt Tc

Isosteric cooling Process (3-4): At point 3, the
bed temperature reaches the maximum desired value
(T.)) and the adsorbed mass fraction of methanol in
the bed reaches the minimum (x_, = xg). The bed is
then cooled down by circulating cold water through
the copper tubes placed inside the desorber bed and
by reducing its temperature from T, to T,. It is an
isosteric (x, = x ) and isochoric process. In this process,
the pressure of the bed is reduced and the process is
continued till the pressure of the bed reaches the value
equal to the saturation pressure (PE) of the refrigerant
corresponding to the evaporator temperature (Figure
1d).

For the process 3 - 4, heat transfer from the
adsorbed refrigerant takes place in a constant volume
process (since the valves remain closed). Therefore,
the total heat lost during this process is summation
of heat losses from the refrigerant, adsorbent and bed
materials. This total heat loss is also equal to the total
heat absorbed by cold water circulating through the
tubes:
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(Q)3—4 - (Q)3—4,REF ¥ (Qad)z—mn 1 (QbEd)3-4,BED

_(po_zx()) (85)
(Tcwi - T) (1 — g \Mewtpw ﬂ

ar_ .
(madxa’- Cyref t mabcab) E = mcwcpw

Solution to this equation gives the instantaneous
rates of (i) temperature fall and heat rejection by the
bed during the process, and, (ii) total heat rejection by
the bed as well as the time required for bed temperature
toreachT,.

By equating the adsorbate mass ratios (x, and
x,) at points 3 and 4 as well as by estimating them by
using Eqn. (72), T, can be calculated as follows:

T4=TEl1+“\/($_z_ )“_%ln

Process 4-1 (Isobaric Cooling and Adsorption):
Adsorption of refrigerant in the bed is started when
the bed pressure reaches P,. During this process,
the bed pressure remains constant, the temperature
of bed reduces from T, to T, and the adsorbed mass
fraction of the refrigerant in the bed increases from x,
to x, (Figure.1e). Thus, during this process, there is an
increase in the adsorbate mass ratio of (x, — x ) kg per
kg of adsorbent.

Heat transfer during this process is the sum
of: (i) sensible heat transfers from the adsorbent,
adsorber bed materials and refrigerant to decrease
their temperature from T, to T, (ii) the heat released
during adsorption of refrigerant, and (iii) the heat
absorbed by the evaporated refrigerant which leaves
the evaporator at temperature T, and gets adsorbed in
the bed at temperature T (T > T ).

Thus, the total heat loss during this process can
be calculated as:

Xo(Tc) (86)
xo(TE)

0= Ot O+ O,

(O W Oy W O,

SEN

dT dX dX 8
= (madx- Cpref mahcab) -t hiamada +(T-To)myg Cp’reﬁ (87)

dt
<mrwﬁwﬁm%

The total amount of adsorbed heat during the process
4 - 1 can be estimated as:

= Moy Cpyy
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T dx(T, Tg)
(Q 41,40 = [, hig mag — = dT

(88)
where,(dx(T,T,))/dT is the temperature rate of
adsorption of the refrigerant at temperature T and Ah,
is the heat of adsorption per kg of adsorbed refrigerant,
which can be estimated as:

T
Ahia = —R. CT_

S

(89)

where T is the instantaneous temperature of the
bed during the process 4 — 1 and T, is the saturation
temperature corresponding to the bed pressure during
adsorption. Since, the bed pressure during the process
is the same as the evaporator pressure; T, can be
considered as equal to T.

Heat transfer in condenser: In the condenser,
the refrigerant enters at pressure (P,) and at varying
temperature T, at which it is desorbed from the bed
and becomes equal to the bed temperature. After
reaching the condenser, the refrigerant is first de-
superheated from temperature T to the saturation
temperature (T,) corresponding to the condenser
pressure and then condensed to saturated liquid. After
that, it is sub-cooled to a temperature lower than T,.
The heat rejected by the refrigerant is absorbed by the
cooling water circulating in the condenser. Since, mass
flow rate of the refrigerant entering the condenser is
(m,, . (dx(T,T))/dt), heat rejection during different
stages can be estimated as the sum of the following
components:

(a) Heat rejection due to de-superheating (Figure 2) of
the refrigerant vapour from the state (T,P ) to the state
(T,P):

dx(T,T
Mag =2 hrer(T,Pe) = hyeg(Te ) (90)

(Q)DSUP -

(b) Heat rejection due to condensation of refrigerant
from saturated vapour to saturated liquid:

(mad

(c) Heat rejection due to sub-cooling (Figure2) of the
refrigerant from saturated liquid to sub-cooled liquid:

(Q)SUB = (mad Cp,liq(TC - TS))

where c . is the specific heat of the liquid refrigerant
and T, is the exit temperature of the refrigerant from

dX(T,Tc)
dt

(91)

(Q) LC = Lref)

dX(T,Tc)

" (92)

78

the condenser.

From the equation of heat rejection rate in the
condenser with the heat transfer rate to the cooling
water, the energy equation becomes

(Q)com) - (Q)DSUP 1 (Q)LC 1 (Q)SUB
TTC = [yt P) = (T, 20) + LT 4 €10 =T5)] - (93)

= My, Cow (Towo = Tow)

The exit temperature of the cooling water from
the condenser, T, can be estimated as:

UcAc

Tcwo = TC + (Tcwi — TC)e_(mcprw)

(94)

This is an approximate equation and can only be
used when there is no de-superheating or sub-cooling,
i.e., when the refrigerant is at constant temperature of
T,, during the heat transfer process.

The total heat lost in the condenser in one cycle
can be estimated as:

dX(T Tc)
ad T

(Qeown = f :

Cplig (TC - TS)]

[href(T‘ PC) - href(TCv PC)]dT + mad(xl - XS)[Lref(TC) +
(95)

Heat Transfer in Evaporator: During the
throttling process, the enthalpy of the refrigerant may
be assumed to remain constant. Thus, the refrigerant
enters the evaporator with an enthalpy of h_and it also
leaves the condenser at this point. In the evaporator,
the refrigerant absorbs heat from the space / substance
to be cooled and evaporated to the saturated vapour.
There is a possibility for the refrigerant vapour to be
superheated (Figure 2) at the evaporator pressure
(P,). Thus, the temperature of the refrigerant (T,) at
the exit of the evaporator is greater than or equal to
the saturation temperature (T,) corresponding to the
evaporator pressure (P,).

Therefore, the heat absorbed by the refrigerant
in the evaporator (cooling power) is given by:

(T Ty)

at [href(TE' PE) - hs t Cp,ref(Tﬁ - TE)]

(96)

= Myy——

(Q)EVP = (Q)Lc T (Q)SUP

= Mgy Cow (Tewi = Tewo)

where, h (TP )isthe enthalpy of the saturated vapour
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of the refrigerant at pressure of P, or temperature T,.
The exit temperature of the cooling water in the
evaporator, T, , can be estimated as:

UgAE

Tewo = Tg + (Tewi — TE)e_(‘hEWcP‘”)

(97)

This is an approximate equation and can only
be used when there is no superheating of refrigerant,
i.e., where the refrigerant is at constant temperature of
T, during the heat transfer process.

3. VALIDATION OF THE MODEL

A detailed thermodynamic and parametric analysis
of simple adsorption refrigeration machine using
activated carbon AC-35/methanol as adsorbent/
adsorbate pair was done by Chekirou et al (W. Chekirou,
2014), where the Dubinin-Astakhov equation is used
to describe the isotherm of adsorption. They predicted
system performance for different operating conditions.
Figure 3 shows comparison between COP achieved by
(Chekirou, 2014) and COP obtained from equilibrium
numerical model wunder variable evaporator
temperature. At 4 °C evaporator temperature, the
present numerical model result shows 3% higher COP
whereas at -10 °C COP 12% lower compare to Chekirou
(2014) numerical model. This variation occurs due
to the design of the adsorbent bed used by Chekirou
(2014) was different. Here calculation was done
on single adsorber but they have used nine parallel
cylindrical adsorbers.

Qasem and El-Shaarawi (2015) developed an
intermittent adsorption refrigeration system numerical
model (by EES and MAT lab) using activated carbon
(AC-35) and methanol as working pair. They predicted
system performance with variation of operating
parameters under Dhahran climate conditions. Figure
4 represents comparison between variation of system
COP under influence of maximum temperature of the
cycle predicted by Qasem and El-Shaarawi (2015) and
our numerical model using the same adsorbent bed
parameters and operating conditions. Upto 85 °C both
curve shows same COP, after that in our model COP
lowers 4% compare to Qasem and El-Shaarawi (2015).

The performance results of the present study
(for COP) were in close agreement with those of
Chekirou (2014) and Qasem and El-Shaarawi (2015) .
This validates the numerical model.
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Figure 3. Validation of numerical result (Chekirou,
2014).
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Figure 4. Validation of numerical result (Qasem and
El-Shaarawi).

4. CONCLUSIONS

In this work, equilibrium and dynamic models for
adsorption refrigeration are developed and discussed.
This work has been carried out with the objective of
developing a novel analytical and simulation model
for predicting the performance of an adsorption
refrigeration system. The other important objective
of this work is to investigate the effects of different
operating parameters on the performance of
adsorption refrigeration. The present work gives a
review on the equations of state for the adsorption
pairs which are commonly used in adsorption cooling
systems. Furthermore, a comprehensive reporting
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for the experimentally calculated parameters for
various combinations of adsorbent and adsorbate is
presented. These parameters cover various types of
activated carbon, silica gel, and zeolite as adsorbents
and methanol, ammonia, water, ethanol, and others as
adsorbates.

REFERENCES

Afshar, O. (2012) A review of thermodynamics and heat transfer in
solar refrigeration system. Renewable and Sustainable Energy
Reviews, 16, 5639—5648.

Akiyoshi, S. (1984) Fundamental study on solar powered adsorption
cooling system. Journal of Chemical Engineering of Japan, 17,
307— 310.

Alghoul, M.A., Sopian, K., Sulaiman, M.Y. and Azmi, B. (2007)
Review of materials for adsorption refrigeration technology.
Anti-Corrosion Methods and Materials, 54, 225—229.

Bansal, R.C. (2005) Activated carbon adsorption. CRC Press,
London, UK.

Brunauer, S. (1945) The adsorption of gases and vapors, Vol.1
Princeton, NJ, Princeton University Press.

Brunauer, S., Emmett, P.H. and Edward, T.J.A. (1938) Adsorption
of gases in multi molecular layers. Chemical Society, 60, 309—
319.

Chekirou, W. (2014) Dynamic modelling and simulation of the
tubular adsorber of a solid adsorption machine powered by
solar energy. International Journal of Refrigeration, 39, 137-151.

Chihara, K. and Suzuki, M. (1983) Air drying by pressure swing
adsorption. Journal of Chemical Engineering Japan, 16, 293-
298.

Choudhury, B., Saha, B.B., Chatterjee, P.K. and Sarkar, J.P. (2013)
An overview of developments in adsorption refrigeration
systems towards a sustainable way of cooling. Applied Energy,
104, 554—567.

Critoph, R.E. (1991) Adsorption refrigerators and heat pump. In:
carbon materials for advanced technologies. Chapter 10, 303—
40. London, Burchell.

Critoph, R.E. and Vogel, R. (1986) Possible adsorption pairs for use
in solar cooling. Applied Energy, 7, 183-190.

Do, D.D. (1998) Adsorption analysis: equilibria and Kkinetics,
series on chemical engineering, Vol. 2, Imperial College Press,
London, UK.

Dubinin, M.M. and Radushkevich, L.V. (1947) Dokl. Akad. Nauk.
SSSR, 55, 327.

Dubinin, M.M. and Stoeckli, H.F. (1980) Homogeneous and
heterogeneous micropore structures in carbonaceous
adsorbents. Journal of Colloid and Interface Science, 75, 34.

El Fada, A. (2015) Thermal behavior and performance assessment
of a solar adsorption cooling system with finned adsorber.
Energy, 83, 674—84.

Evans, R.U., Marconi, M.B.P. and Tarazona. (1986) Fluids in
narrow pores: Adsorption, capillary condensation, and critical
points. Journal of Chemical Physics, 84, 2376-2380.

Gordeeva, L. and Aristov, Y. (2014) Dynamic study of methanol
adsorption on activated carbon ACM-35.4 for enhancing the
specific cooling power of adsorptive chillers. Applied Energy,
117, 127—-133.

80

Gramado, R.S. (2009) Heat and mass transfer recovery in activated
carbon methanol adsorptive chiller 20" International Congress
of Mechanical engineering, November 15-20, Brazil Proceeding
of COBEM.

Hamamotoa, Y., Alam, K.C.A., Saha, B.B., Koyama, S., Akisawa,
A. and Kashiwagi, T. (2006) Study on adsorption refrigeration
cycle utilizing activated carbon fibers. Part 2. Cycle performance
evaluation. International Journal of Refrigeration, 29, 315—327.

Hassan, H.Z. (2012) Development of a continuously operating
solar-driven adsorption cooling system: Thermodynamic
analysis and parametric study. Applied Thermal Engineering,
48, 332-341.

Hassan, H.Z. and Mohamad, A.A. (2013) Thermodynamic analysis
and theoretical study of a continuous operation solar-powered
adsorption refrigeration system. Energy, 61, 167-178.

Hassan, H.Z., Mohamad, A.A. and Bennacer, R. (2011) Simulation
of an adsorption solar cooling system. Energy, 36, 530- 537.
Hassan, H.Z., Mohamad, A.A., Alyousef, Y. and Al-Ansary, H.A.
(2015) A review on the equations of state for the working pairs
used in adsorption cooling systems. Renewable and Sustainable

Energy Reviews, 45, 600—609.

Henninger, S.K., Schicktanz, M., Hugenell, P.P.C., Sievers, H.
and Henning, H.M. (2012) Evaluation of methanol adsorption
on activated carbons for thermally driven chillers part I:
thermophysical characterisation. International Journal of
Refrigeration, 35, 543-553.

Hong, SW., Ahn, S.H., Kwon, O.K. and Chung, J.D. (2015)
Optimization of a fin-tube type adsorption chiller by design of
experiment. International Journal of Refrigeration, 49, 49-56.

Incropera, F.P. (2007) Fundamentals of heat and mass transfer. 7%
Edition. New Jersy: John Wiley & Sons, N.J, United States of
America.

Ji, X., Li, M., Fan, J., Zhang, P., Luo, B. and Wang, L. (2014)
Structure optimization and performance experiments of a solar-
powered finned-tube adsorption refrigeration system. Applied
Energy, 113, 1293-1300.

Khattab, N.M. (2004) A novel solar-powered adsorption
refrigeration module. Applied Thermal Engineering, 24, 2747-
2760.

Kubota, M., Ueda, T., Fujisawa, R., Kobayashi, J., Watanabe,
F., Kobayashi, N. and Hasatani, M. (2008) Cooling output
performance of a prototype adsorption heat pump with fin-type
silica gel tube module. Applied Thermal Engineering, 28, 87-93.

Leite, A.P.F. (2000) Performance of a new solid adsorption ice
maker with solar energy regeneration. Energy Conversion and
Management, 41, 1625 — 1647.

Liu, Y. and Leong, K.C. (2006) Numerical study of novel cascading
adsorption cycle. International Journal of Refrigertion, 29,
250-259.

Louajari, M., Mimet, A. and Ouammi, A. (2011) Study of the effect
of finned tube adsorber on the performance of solar driven
adsorption cooling machine using activated carbon-ammonia
pair. Applied Energy, 88, 690-698.

Lu,Z.S.,Wang,R.Z.and Wang, L.W. (2013) Dynamic characteristics
of a novel adsorption refrigerator with compound mass-heat
recovery. International Journal of Energy Research, 37, 59-68

Mabhle, J.J., Fariday, D.K. and Buettner, L.C. (1994) Measurement
and correlation of the adsorption equilibria of refrigerant vapour
on activated carbon. Industrial Engineering and Chemistry
Research, 33, 346-354.



Sur and Das, Journal of Environment and Biotechnology Research, Vol. 6, No. 1, Pages 64-81, 2017

Meunier, F. (1988) Theoretical performance of solid adsorbent
cascading cycles using the zeolitewater and active carbon-
methanol pairs: four cases studies. Journal of Heat Recovery
Systems, 6, 491-498.

Mitra, S. (2014) Simulation study of a two-stage adsorber system.
Applied Thermal Engineering, 72, 283-288.

Myers, A.L. (2002) Thermodynamics of adsorption in porous
materials. AIChE Journal, 48, 145-160.

Niida, K., Hamamoto, Y., Akisawa, A. and Kashiwagi, T. (2002)
Experimental study on the adsorption of water—alcohol
mixture. Proceedings of the 36" Japanese Joint Conference on
Air-Conditioning and Refrigeration, Tokyo, pp. 93—96.

Olivier, J.P. (1994) In characterization of porous solids ITI, Elsevier,
Amsterdam.

Oscik, J. and Cooper, I.L. (1982) Adsorption Chichester: Ellis
Horwood Limited.

Ouchi, T., Hamamoto, Y., Mori, H., Takata, S. and Etoh, A. ( 2014)
Water vapor adsorption equilibrium and adsorption/desorption
rate of porous alumina film adsorbent synthesized with an
odization on heat transfer plate. Applied Thermal Engineering,
72, 219-228.

Ponec, V. (1947) Adsorption on solids,
London.

Ponec, V., Knor, Z. and Cerny, S. (1974) Adsorption on solids.
London, Butterworths Group.

Qasem, N.A.A. El-Shaarawi, M.A.I. (2015) Thermal analysis and
modeling study of an activated carbon solar. Energy Conversion
and Management, 100, 310—323.

Ruthven, D.M. (1984) Principles of adsorption and adsorption
processes. John Wiley & Sons, New York, USA.

Saha, B.B. and Kashiwagi, A.T. (2001) Solar/waste heat driven two-
stage adsorption chiller: the prototype. Renewable Energy, 23,
93-101.

Sakoda, A. and Suzuki. M, (1984) Fundamental study on solar
powered adsorption cooling system. Journal of Chemical
Engineering of Japan, 17, 52-57.

San, J.Y. and Lin, W.M. (2008) Comparison among three
adsorption pairs for using as the working substances in a multi-
bed adsorption heat pump. Applied Thermal Engineering, 28,
988-997.

Schicktanz, M. (2012)Evaluation of methanol/activated carbons
for thermally driven chillers part II: the energy balance model.
International journal of Refrigeration, 35, 554 -561.

Schicktanz, M., Hugenell, P. and Henninger, S.K. (2012) Evaluation
of methanol/activated carbons for thermally driven chillers
part II: the energy balance model. International journal of
Refrigeration, 35, 554 -561.

Scholl, S., Kajszika, H. and Mersmann, A. (1993) Adsorption and
desorption kinetics in activated carbon. Gas Separation and
Purification, 7, 207—212.

Solmus, I. (2010) Adsorption properties of a natural zeolite— water
pair for use in adsorption cooling cycles. Applied Energy, 87,
2062 —2067 .

Soon-Haeng Cho and Jong-Nam Kim (1992) Modeling of a Silica
gel/water adsorption cooling system. Energy, 17, 829-839.

Syed, M.A. (2015) Thermodynamic modelling and performance
study of an engine waste heat driven adsorption cooling for
automotive air-conditioning. Applied Thermal Engineering,
285-201.

Butterworths and Co.,

81

Thirumaleshwar, M. (2009) Fundamental of heat and mass
transfer. 5™ edition, Delhi, India, Pearson Education.

Thu, K., Chakraborty, A., Saha, B.B. and Ng, K.C. (2013) Thermo-
physical properties of silica gel for adsorption desalination cycle.
Applied Thermal Engineering, 50, 1596-1602.

Tokarev, M., Gordeeva, L. and Romannikov, V. (2002) New
composite sorbent CaCl, in mesopores for sorption cooling/
heating. International Journal of Thermal Science, 41, 470—474.

Wang, J., Wang, L.W. and Wang, W.L. (2013) Experimental study
of a two-stage adsorption freezing machine driven by low
temperature heat source. International journal of Refrigeration,
36, 1029-1036.

Wang, L.W. (2011) Study ofthermal conductivity, permeability, and
adsorption performance ofconsolidated composite activated
carbon adsorbent for refrigeration. Renewable Energy,
36,2062—2066.

Wang, L.W., Wang, R.Z. and Oliveria, R.G. (2009) A review on
adsorption working pairs for refrigeration. Renewable and
Sustainable Energy Reviews, 13, 518—34.

Wang, L.W., Wang, R.Z., Lu, Z.S., Chen, C.J., Wang, K. and Wu, J.Y.
(2006) The performance of two adsorption ice making test units
using activated carbon and a carbon composite as adsorbents.
Carbon, 44, 2671—2680.

Wang, R., Wang, L. and Wu, J. (2014) Adsorption refrigeration
technology theory and application by John Wiley and Sons,
Singapore.

Wang, R.Z. (2001) Performance improvement of adsorption cooling
by heat and mass recovery operation. International Journal of
Refrigeration, 24, 602-611.

Wang, R.Z. (1990) Adsorption mechanism and improvement
of adsorption equation for adsorption refrigeration pairs.
International Journal of Energy research, 23, 887-898.

Wang, R.Z. and Zhai, X.Q. (2010) Development of solar thermal
technologies in China. Energy, 35, 4407—4416 .

Wang, R.Z., Xia, Z.Z., Wang, L.W. and Lu, Z.S. (2011) Heat transfer
design in adsorption refrigeration systems for efficient use of
low-grade thermal energy. Energy, 36, 5425—5439.

Wang, X. and Chua, H.T. (2007) Two bed silica gel water adsorption
chillers: An effectual lumped parameter model. International
Journal of Refrigeration, 30, 1417-1426

Wood, G.O. (2001) Affinity coefficients of the Polanyi/Dubinin
adsorption isotherm equations a review with compilations and
correlations. Carbon, 39, 343-356.

Xia, Z.Z., Wang, D.C. and Zhang, J.C. (2008) Experimental study
on improved two-bed silica gel-water adsorption chiller. Energy
Conversion and Management, 49, 1469-1479.

Zhao, Y., Hu, E., Blazewicz, A. (2012) A comparison of three
adsorption equations and sensitivity study of parameter
uncertainty effect of adsorption refrigeration thermal
performance estimation. Heat and Mass Transfer, 48, 217-226.

Zhou, X., Yi, H., Tang, H., Deong. and Liu, H. ( 2012)
Thermodynamics for the adsorption of SO,, NO, CO,, from
the flue gas on activated carbon fiber. Chemical Engineering
Journal, 200, 399-402.



