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Abstract

This thesis deals with the perfonnance investigation of a silica gel/ water-based two-
stage adsorplion chiller employing re-heal scheme with differcnt mass ratios and
comparcd with that of the two-stage conventional chiller with re-heat scheme using
equal mass allocation {upper bed : lower bed = 1:1). The perlormance of a two-stage
adsorption chiller using re-heat scheme with differcnt mass allocation between upper
and lower beds huve been investigated numerically. Results show that cooling capacity
can be improved with the optimum allocation of adsorbent mass to the upper beds than
that of lower beds. The improvement in Co-efficient of Performance (COT) vatues.
bowever, is less significant, It is also scen that the improvement in cooling capacity 13
more signilicant for the relatively higher heat source temperature. It is shown that the

cooling capacity can be improved up to 8% if the heat source temperature is 80°C.

¥i



Nomenclature

area (mz)
E, activation energy (Jkg'')
latent heat of vaporization {J ke
m mass flow rate (kg ")
q concenlration (kg refrigerant/kg adsorbent)
g concentration at equilibrium ( kg refrigerant/kg adsorbent)
(Js  lsostenc heat of adsorplion {Tke™)
F pressure (Pa)
Py condensing pressure (Pa)
Iy cvaporation pressure {Pa)
B, salurated vapor pressurc (Pa)
R, gasconstant (Jkg' K
R, average radius of a paricle (m)
T temperature { K)
t time (£}
U overall heat transfer coelMicicnt (WK
W weight (kg)
C specific heat (]KE'lK']J
Dy, pre-expongntial constant (m*s™}
Subscripts
ads  adsorber or adsorplion in inlet
cond  condenser out outlet
chill  chilled water 8 sihica pel
oW cooling water w water
des  desorber or desomtion Greek symbol
eva  evaporalor [ aflinity coefficient
Hex  heat exchanger & variance
Hw  hot water 3 fractional loading
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797 Chapter One

1.1 Introduction

invironment Proleclion mitiatives of international and enviromment agencics have led to
the intensification of research efforts on development of ozone and global wanming safc
heat pump technology. A nomber of older, but not fully exploited, technolopies are
heing reassesscd for refrigeration and heat pump application. These include absorption,
adsorption, themmoelectric and starling cycle. Along with a consideration for energy
efficiency, increasing attention is being given also to the use of waste heat and solar
energy. Absorption technologies using lithium bromide-water are faitly well developed
and have already been in use for many years but water - ammonia systcnis have
considerable scope for improvement and applications in many cowntries, e g., Europe
ncluding the United Kingdom, Adsorption technologics have been used extensively for
separation and purification of gases for the past few decades but their exploitation for
refrigeration and heating purposes is rather reccnt. This thesis is aimed at studying the

implications of silica gel/ water as adsorbent and adsorbate panr.

1.2 Background of the study

in the promotion of environmentally friendly energy utilization systems, one major goal
iz to develop CFC-free refrigeration/ heat pump systems that utilize waste heat or
renewable cnerey sources. Heat driven sorption (adserptiony/ desorption) cyele 1s one of
the promising candidates to utilize waste heat at near environment temperaturc, 30 that
waste heat below 100%C can be recovered. In the moment absorption (Liquid-vapor} is
the most promising technology in the area of heal driven heat pump/refnigeration
technologies, however, adsorption (solid-vapor) cycles have some distinet advances
aver the other systems in view points of their ability lo be driven by relatively low
temperature heat source [1]. In the last three decades, extensive investigations on the
petformance of the adsorption heat pump refrigeration have been conducted considering
various adsorbenl! adsorbate pairs.

The following are (he represenlative cxamples: zeolite/ water [2], active carbon/

ammotnia [3], active carbon/ methanol [4] and silica gel / water [5].



1.3 Objective of the study

The primary objective of the siudy will be determined the optimum adsorbent mass

allocation berween the upper and lower beds. The working prnciple of the present

systemn is simiilar to conventional (1:1 mass ratio). To get.the eptimum cooling capacity

and the co-cificient of performance of the chiller, we have to investipate the following

resulls.

(1) To delermine the influence of the mass ratio between upper and bottom beds on
the calculated cooling capacity and its improvement ratio.

(i}  To investigate the influence of the mass ratio between upper and borlom beds
on the calculated co-efficient of performance.

(i) To determine the inllucnce of the mass ratio bebween upper and bottom

beds on the caleulated average chilled water outlel temperature



Chapter Two

Principle of adsorption

2.1 Introduction

Adsorption ocours at the surface interface of two phases, in which cohesive forces
including clectrostatic forces and hydrogen bonding, act between the molecules of all
substances irrespective of their state of aggregation. Unbalanced surface forces at the
phase boundary cause changes in the concentration of molecules at the solid/fluid
interface. The process of adsorption invelves scparation of a substance fiom one phase
accompanied by its accumulation or concentration at the surface of another The
adsorbing phase is the adsorbent, and the material concentrated or adsorbed at the
surface of that phase is the adsorbate, Adsorption proccsses can be classified as,

(i) Physical

{ii} Chentical, depending on th forces causing the adsorption process.

(i) Physical adsorption (physisorption} occurs the solid phase, these intermolecular
forces are as same as ones that bond molecules to the suwrfice of a iquid. Molecules that
are physically adsorbed to a solid can be 1eleascd by applying heat; therefore. the
process is reversible,

(i} Chemical adsorption {chemisorptions) occurs when covalent or ionic bonds are
farmed between the adsorbing melecules and the solid substance. The bonding forces of
chemical adsorption are much greater than that of physical adserption. Thus, more heat
is liberated. This bonding leads to change in the chemical form of the adsorbed
compounds and hence, it is imeversible. For this particular rcason, most of the
adsorption processes applicable to the thermal system or cooling machine mainly
involve physical adsorption.

Adsorption is an exothermic process accompanicd by evolution of heat; the quanuty of
heat elease depends upon the magnitude of the electroslatic forces involved, latent heat,
¢leetrosmtic and chemicat bond encrgies.

The heat of adsorption is useally 30%—100% higher than the heat of condenszation of the

adsorbate. In general adsorption is sironger than condensation to liquid phase. Hence, if



a fresh adsorbent and adsorbate in liquid form co-exist separately in a clesed vessel,
rransport of adsorbate from the liquid phase to the adsorbent cccurs in the form of
vapor, ‘The liquid temperature becomes lower while the adsorbent temperamre nsca,
Air-conditioning and refrigeration utilize this phenomenon to obtain a cooling effect,
Heat of adsorption is either derived from adsorption isotherms, generally referred to as
cither the isosteric heat (the energy rcleased in the adsorption process), or, as the
dilfercntial heat of adsorption determined experimentally using a calotimetric method.
1%{fizrential heat of adsorption for seme adsorbent! adsorbate paies is given i Table 2.1
The performance of adsorbents used in physisorption is govemed by surface properties,
such as surface area, micro-pores and macra-pores, size of granules in powders, crystals
ot in pellets. Adsorbents having special affinity with polar substances like waler are
termed ‘hydrophilic’. These include silica gel, zeoliles and porous or active alumina,
Non-polar adsorbents, termed ‘hydrophobic®, have more aliniry for oits and gases than
fur water, These substances include activated carboms, polymer adsorbents and
silicalites. The peneral term ‘sorption’ is used when both adserption and absorption
ocours simultanecusly *Desiccants’ are a type of adsorbent having speeial affinity for
water and lLave been used extensively for dehumidification o1 drying in ar processing
applications.

Adsorbents are characlerized by surface propertics such as surface arca and polanity. A
large specific surface area is preferable for providing large adsorption capacity, lut the
creation of a large internal surface area m & limited volume inevilably gives nisc to large
numbers of small sized pores between adsorption surfaces. The pore size distnibution of
miciopores which determines the accessibility of adsorbate molecules (o the inemal
adsorption surface is important for characterizing adsorptivity of adsorbents. Materials
such as zeolile and carbon molecular sicves can be engincered specifically for precise

pore size distribulions and hence ‘tuned’ for a particular separation,

2.2. Commercial hydrophilic solid adsorbents

2.2.1. Silica gel

Silica gel ($i0..xH,0) is prepared from pure silica and retains chemically bonded traces
of water (about 5%). If it is overheated and loses this water, its adsorption capacity is
lost and therefore it is generally used in temperature applications under 200°C. It is

available in various pore sizes, and the smaller the pore size the preater is the surface



area per unit mass, which is typically 650 m’ g”'. Silica gel grades with the finest pores
have a molecular sieve effcet similar (o those of Zeolites. Silica gel has a large capacity
for adsorbing watcr, especially al high vapor pressurcs, and therefore it is widely used as
a desiccant for debumidification purposcs. It is also used in the separation of gases and
liquids. Silica gels, ranging from pore sizes 2 to 3 nm (Type A) to about ¢.7 nm (Type
B) are mostly uscd in commercial applications, Specifically Type A is used for general
drying and Type B for relative humidities greater than 50%. Heat of adsorption of water

vapor on silica gel is predominantly due the heat of condensation of watcd,

2.2.2. Activated {or porous) alumina

Activated alumina is aluminium oxide in a porous fomn prepared by dehydralion of
alumimum hydrates (mostly Aly0;.31H:() to about 6% moistue level and having
surface area ranging between 150 and 300 m’ g" with pore sizes ranging from .53 to 6

nm. It is generally usciiil as a drying agent and adso bent for polar organic substances.

2.2.3. Zeolites

Zeolites including crystalline zcolites, also called molecular sieves, are aluminosilicate
miinerals and are natorally occuming. Many types of synthetic zeolites have been
developed for special applications. For example, molecular sicves, using types 4A, 34,
10X and 13X, which have been developed by the Linde Co., U.S.A. These substances
have caviry volumes in the range of §.03 to 0.30 sm’g’' ITowever, they may be heated Lo
about 500°C without damage eccurring to their adsorption and regencralion properties.
Type 4A (also termed as NaA by other manufaclurers), is used for drying and separalion
of hydrocarbon mixturcs. For example, type 5A (or CaA) is uscd to separate paraffing
and, some cyclic hydrocarbons, and type 10 (or CaX) and 13X {or NaX} adsorb quite a

wide tange of adsorbates beeause of their larger diameler of inlet necks of their pores.

2.24. Calcium chloride

Caleium chloride is a very widely available adsorbent that remains solid until saturated,
beyond which it dissolves in water but can still be uscd as a Jow temperature liquid
desiccant. It also has good potential for use as a sotid chemical adsorbent for methanol

and ethanol vapors.



2.3, Commercial hydrophobie solid adsorbents

2.3.1. Activated carbons

Activated carbons are made by pyrelizing and carbonizing sovrce materials, such as
coal. Lignite, wood, nutshells and synthetic polymers, at high lemperatures (700°C to
80G°C). Activaled carbons are available in many forms including powders, micro-
potous, granulated, molecular sieves and carbon fibers. Generally, the activated carbon
in the powdered form (15 1o 25 pm particles) 13 used for adsorption of liquids and in
prantlated (sieved granules of 4 to 20 mesh or about 3 mm to 0.8 mm diameter) or
pellet {extruded pellets of 4 to 6 mm length) forms for ar purification and gas
separation. Aclivated carbon in micro porous forms has molceular sieving ability and is
widely used for separation of nitrogen and exygen in air Activated carbon fibers (iber
diameter of 7 to 15 pmj made by carbonizing synthetic fibers is available in forms of

mats, cloth and fiber chips and is used for air and water purification

2.3.2. Mcla) oxades

Metal oxides including titanium oxide, zireomium oxide, and magnesium oxide, has
been used as adsorbents for special uses involving chemisorptions. For example cerium

oxide 15 used for adsorption of fluoride in waste waler.

2.3.3. Specially developed porous metal hydrides

Specially developed porous metal hydrides (PME) or Mish metal (M m} matrix alloys,
containing Ni, Fe, La, Al, H, have very high rates of sorption and heal of adsorption
with hydrogen as adsorbate and have promising uses in developmient of metal hydride

refrigeration and heat pump systems.

2.3.4. Composite adsorbents

Composite adsorbents made frem metalflic foams, zeolites and natural zraphite have
good prospects in improving the heat transfer rates in the adsorbent beds, consequently

increasing the refrigeration or heat pump system performance [6]



2.4 Adsorbents and adsorbates used in heat pump systems

Although, early efforts to use solid adsorbents for heat pump applications were made
decades ago, it was only after the oil crisis during Ithe 1970s that more attention was
given to exploit their full potential. In the investigations on solid adsorplion heat pump
systems, the following adsorbent and adsorbate combinations have been used:

{1} Zeolite and warter

{iy  Zeolitc composites and water

{(iii}  Activated carbon and ammonia

(iv)  Caleium chlotide and methanal.

(v)  Metal hydrides and hydrogen.

{vi)  Complex compounds/salts and ammonia or water

Other combinations of adsorbents and adsorbates, including silica gel-water, activated
carbon-ammenia and calcium chloride-ammonia have been used in adsorption

refrigeration only systems, utilizing solar energy for regeneration of adsoibent bed [7]

2.4.1. Zcohte-water systems
seolite-water combination has been used extensively for open lype desiccant cooling

systems [V]

2.4.2. Zeolite composites and water system

Guilleminot ¢t al [8] in their very pramising investigation used the composite adseibent
made from highly conductive carbon (graplutes) and metallic foams with zeolites
{typically 65% zeolite + 35% metallic foam and 7% zeolite + 30% graphite). The
thermal conductivities of these composites weze improved by about 100 times using tlus
approach. Adsorption systems using these composites yielded a cooling capacity af
1500 W ke'! of adsorbent and an adsorption heating rate of 2800 W kg™ as compared to

respective values of 31 W kg and 200 W kg for non-composite systems

2.4.3. Aclivated carbon-ammonia systems
Investigations into the use of charcoal-ammonia are apparently more recent and mainly
during the current decade Using a novei carbon moulding technique and incorperating 2

lhermal wave regeneration concept, used in the drying of gas streams [8], a small unit



using 0.51 kg of charcoal, developed by Jones [9] at the Califorma Institete of
Technology, produced 293 wais of cooling with an adsorbent heating and cooling cycle
of 6 min with ammonia as adsorbate, With R-22 and R-134 a as a_dsorbates, cooling
rates of 113 and 99 waits were reporicd. Many other recent mvestigations using

charzoal-ammonia invelve effarts on performance enhancement [7].

2.4.4 Metal hydridcs-hydrogen systems

Many metals and alloys adsorb or desorb hydrogen and form chemical Liydrides
depending upon temperature and pressure. The process of adsorption o hydnding is
exolhermic and the dehydriding Iprocasa iz endothermic. Specially devcloped porous
metal hydrides {PMH) or mish metal (Mm) matrix alloys, containing Ni, Fe. La, AT, H,
have very high rates of sorption and heats of adsorption when hydrogen is used as the
adsorbate, Fxperimentzl results are promising in devclopment of metal  hiydnde

re[migeration and heat pump systems.

2 4.5. Complex compound/ salts and ammonia or water

Beijer and Harsman [10] have developed an intercsting NapS-H2O adsorption heaf pump
storage sysiem, which they called Salt Water Encrgy Accumulation and Transformation
(SWEA I). SWEAT modules are of tubular construction of 0.2 m diameter and 1 7 min
heiglt. These modules have been developed 1o store 5 kWh of heat, and 3 ¥Wh of cold,
which can be combined in various capacities. Bougard et al. [11] has investigated the
use of gas-salt reactions (g.g. ammonia-chloride} for thermo transformer designs. They
used the salt couple CaCly, (8-4INTLAZnCl;. (4-2)Nh Which could upgrade part of the
high tcmpersmre heat source at 90°C to a temperature of 160°C.7 Using & fow

(cmperature heat sink at 30°C with pressurc range of 0.5 to 12 bar,

1.5 Adsorption equilibria

To undersiand the adsorption process, the adsorption equilibria are introduced to
describe the adsorption process and several state equations known as isolherms of
adsorption. Several basic theories have been proposed and used to define the main

isotherms of an adsorption process and are Jisted below:



Heunry's Law:

FFor an adsorption process on a uniforn sorface at sufficiently low concentrations (such
that all molecules are isolated from their nearest neighbors), where the cquilibrium
relationship between Muid phase and adsorbed phase concentrations will always be
linear [12].

Langmuir’s approach:

Tn order to understand the monolayer surface adsorption on an ideal surface, Langmuir's
approach is used and Lhis approach is based on kinetic equilibrium; that is, the 1ate of
adsarption of the malecules is assumed to be equal to the rate of desorption from the
surface [131.

Gibbs' theory:

This 1s based on the ideal gas law, in which the adsorbate is treated in croscopic and
bidimensional form and provides a general relation between spreading pressure and
adsorbed phase concentration. In this concept, volume in the bulk phase is replaced by
the arca and the prassure is replaced by the so-called ‘spreading presserc’. By assuming
some forms of thermal equation of state  relating the number of moles of adsorbate.
the area and the spreading pressure and using them in the Gibbs equation a numbcer of
fundamental equations can be derived, such as the linear isotherm, the Volmer isothenmn,
ctc.

Adsorption potential theory:-

it is purely a thermodynamic approach, suitable for adsorption in microporous materials
which was bascd om a model originaily proposcd by Polanyi and furiher developed by
Dubinin by the end of the 1920s. Recent equations for ideal solids are intreduced by
Nitta and his co-workers [14] are based on sutistical thermodynamics with features
similat 1o the Langmuir theory and encompass the Langmuir equation as a special case.
Duc to the complexity in siructure of practical solids, the above fundamenlal desorphion
isotherm cannot completely describe the process. Henee, the analysis of ideal solids are
initially used as a basis for the development of equilibria theory for practical snlids, and
a number of cmpirical as well as semi-empirical cquations to describe adsorption
equilibria have been developed. In onder to describe adsorption of gases and vapors
below the capillary condensation region, equations such as Freundlich, Langmuir—
Freundtich (Sips), Toth, Unilan, and Dubinin—Radushkevich (DR) have been used.

Similarly, to describe equilibrium data in the region of multilayering adsorption, the



classical equation of Brunaver, Emmett and Teller (RET) 1s used. To account for the
varions feamures inherent with real sofids, BET equation is further modified and is listed
in the teference [14]. The above-discussed cmpirical relations are applicable to both sub
critical as well as the wider range of supercnitical vapors. To analyze more critically the
adsorption process due to the presence of sub critical vapors in the micro porcs solids,
the semi-empircal DR equation’ was developed by Dubinin et al. [15]. To analyze more
critically the adsorption process due to the presence of sub critical vapors in the micro

pores solids, the semi-empirical DR equaron’ was developed by Dubinin et al. {151

2
W= W, Exp[—[%} ] (2.1

In the above cquation, A is the adsorption potenbal and iz defined asd = RRT In[ﬂj;

”
B, is the interaction energy berween solid and adsorbing molecale. The DR equation has
been widely used to describe adsomtion isotherms of sub critical vapors in micro porous
solids such as activated carbon and zeolite, The MR equation deseribes fairly well many
carbonaceons solids with low degree of burned-out, For carbonaceous solids resulting
from a high degree of bum-out during activation, the degree of heterogeneity inereases
because of a wider pore size distribution, and for such cases the DR equation dots not
deseribe well the equilibrivm data. To take into account of this surface heteloyencily.

Dubinin and Astakhoy [14] propesed another equation (DA) of the following form:

W=Wnexp1:_[§]n] 22

where, the exponent n describes the surlace heterogeneity. Rewriting the above
cquation in terms of the characteristic energy of the reference vapor, the expression

becomes,

W =, EXp —[ﬁiF] (2.3)
']

whete, the parameler b represents the affinity coefficient, which is the ratio of the liquid
molar volume to that of the reference vapor. With the additional exponent n in the
adsorption isotherm equation, the DA equation provides flexibility it the description of
adsorption data of many micro purous solids ranging from a narmrow to wide micro pore

size distrbution.
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Table-2.1

Heat of adsorption of some adsorbent/adsorbatce pairs

Adsorbent Adsorbate Heat of Adsorplion Remarks
&Ike')
Activated Water 3000 Water iz applicable
Alumina except [or very low
OPErating pressurcs
Zeolite (various Water 3300-42400 HMatural zeolites have
prades) lower valucs  than
synthetic zeolites
Ammonia 4000-6000
Carbon Dioxide 800-1000
Methanol 2300-2640
Silica gel Methyl alcohol 10001500 Not suitable above
200"C
YWater 2800 Used maostly for
desiccant cooling
Charcoal C:Hy 1000-1200 Rcacts at approxmiale
100°C. Ammeonia and
methanol are not
compatible with copper
al high temperatare
Ammania 2000-2700
Water 2300-2600
Methanot 18002000
C:H:OH 12001400

Adsorption isotherms of many micro porous solids do not usually conform to the simple
DR equation. Even with the inclusion of adjustable exponent in the DA equation, it

situations. This mability to [it the data is attributed (o the cannot refllect experimental

1n



data corresponding to different heterogeneity of the system, in which the characteristic
encrgy varies with the different regions in the solid. Since adsorption of many
adsorbates in micropores of carbonaceous solids is due (o the dispersion force, the
micropore size is therefore playing a major role in the attraction of adsorbate molecules.
In this sense, distribution of the micro pore size dictates the heterogeneity of the solid

surface than the distribution in characteristic encrgy. For a micro pore
volumne, w? f{x),(f(x)) represents the micro pore size distribution), having micre pore

size between 1 and | +d1; the volume of micre pore occupied by adsorbate at a given

adsorption potential A is:

w=wl [ 0(4/BE.n) (1)l 2.4)

wherc 8 is the fraction of the micro pore volume occupicd by the adsorbate, which 15 2
function of {47 AE;,n) [14]. 1 is the micro pore half width, with Imi and Ipe, arc its

minimum and maximum, respectively, However, for mathematical convenience, those
limits are usually replaced by 6 and 1, respectively, to facilitate the analytical integration
of the above intepral.

To evaluate the intcgral Eq. (2.4), the parameters of the local isotherm must be
cxpressed in terms of the micro pore half width: The parameter n is usvally regarded as
a constant, The parameter Ep; is the characteristic encrgy of the reference vapor. which

follows the following relationship with the micro pore half width, as:

E,== (2.5)
The micro pore size distribution can then be assumed to take the following Gaussian
distribution:

dhy wh {1-1, ]E

1]

—r__ " — ——
= el 1=/ 0) (2.6)

where, dw ; is the total micro pore volume, Iy is the half-width of a slit shaped micro pore
which corresponds to the maximum of the distribution curve, and 8 is the variarce.
Using the rclationship between the characteristic energy and the micro pore half width,

the DR equation can be written in terms of this half width | as:

w=1w, exp[-mi*A’] (2.7
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where m= /lfﬂ :}2
K

In order to eblain an equation for a heterogeneous solid, the above adsorption equation

is differentiated to obtain micro pore volume clement  dW:

dw  dw,

ks expi(—mi’ A7) (2.8)

combining [sq. {2.6) and {2.8) yields the volume occcupied by the adsorbate (W)

Evaluation of the above integral results:

(

o 1
Wy '{_'!Icl} 2 42
= — - AT 2,
W 5o _Eexp[ T Jexp( m } i3 (2.9
!

0 1,1

Wy mfﬂf! ;

B exp(- =) (210
Wiramistdr | 1+2mb4 Nt i T

This cquatien was first obtained by Dubinin and Stoeckli [16], and hence referred as

'H_.l

TIx[I+erf{
P

D5 equation. In this equation, ‘erf represents the error function. Using the above

equation to fit experimental data, three parameters can be extracted from this fiting
process, namely wy, !, & Knowing these parameters, the micro pore size distribution in

terms of volume can then be calculated from Eq. (2.6).

I'hermodynamic analysis suppests that an adsorption isotherm must exhibit the lMenry
taw behavior when pressure is very low, Unfortunately, the DA as well as the DR
couations does not follow the perfect Henry law when the pressure is approaching zero.
The above DR, DA, DS equations, however, suffer from the disadvantage of zere Henry

comslant al zero pressurs,

2.6 Refrigerants and adsorbents

There are several working pairs for solid adsorption. For the successful operation of a
solid adsorption system, careful selection of the working medium is essential. It is
beeause; the performance of the system varies aver a wide range using different working
pairs at different temperatures. The advantages and disadvantages of different working
media and their properties are listed and discussed in this section. For any refrigerating

application, the adsorbent must have high adserptive capacity at ambient temperatures
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and low pressurcs but less adsorptive capacily at high temperatures and hagh pressures.
‘Thus, adsarbents are Orst characterized by sunface properties such as surtace area and
polarity. A large specific surface area is preferable for providing large adsorption
capacily, and hence an increase inl internal surface area in a limited volume incvitahly
gives rise to large number of smali sized pores between adsorption surlaces. The size of
the micro pores detenmines the cffectiveness of adsorptivity and therefore distribution of
micro pores is yet another important property for characterizing adsorptivily of
adsorbents. Based on the above discussion, the choice of the adsobenl will depend
mainly on the following factors:

(1) High adsorption and desorption capaciry, to attain high cooling elfeet;

{11} Good thermal conductivily, in arder to shorten the cycle tme;

(iij)  Low specific heat capacity;

{ivi  Chemically compatible with the chosen refrigerant;

{v}  Low costand widely available.

The selected adsorbate (working fluid) must have most of the following desivable
thermodynamics and heat transfer properties:

(i) High latent heat per unit volune;

{il  Molccular dimensions should be small enongh to allow easy adsurption;

(i)  Yigh thermal conductivily;

{iv) Good thermal stability;

(v)  Low viscosity;

{vi}  Low specitic heat,

(vii) Nen-toxic, non-inflammable, non-comosive; and

(vili) Chemically stable in the working temperatiure range.

Based on the above criteria, some of the appropriate working pairs are 7eolite - wates,
zeolite - organic rofrigerants, silica gel - water, zeolite - water and activated carhon—
methanol in solid adsorption svstems. Several refrigeration applications have been
studied using various adsorbent and adsorbate pairs. The recent new development of
activated carbon fibre - ACF, shows the possibility for applications in adsorption
refrigeration, One good example is the development in Byelorussia of a refrigerator
prototype using ACF—cthanel and ACF-acetone pairs has becn reported [17]. New
experiments have also been shown (o use a heat pipclfor heating/cooling ACF adsoibers

far the ACF-NHj pair [18]. In China, scveral studies had been carried oul on solar
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powered refrigerators using ditferent adsorption pairs such as zeolite - water and
activated carbon-methanol,, Tamainat and Critoph [19] investigated the themmo physical
properties of two types of menolithic activated carbons with an intention to design and
fabricate a high performance generator for somplion refrigeration systems and heat
pumps using ammonia as refrigerant. It was found that, reduction in volume from
pranlar bed 1o monelithic bed was up to 50%, which could lead 1o a substantial

ecanomie gain.

2.7. Heat of adsorption

All adsorption processes are accompanied by heat rclease, ie. they are, exothermic
processes. Since in adsorbed phase, adsorbate molecules arc in more ordered
configuration, entropy decreases; and from AG =AH-TAS; exothermic character of the
process i5 obvious,
The three terms which arc often used in adsorption process arc:
{1 Integral heat of adsorption which is the total heat released from initial state 1o
final state of adsorbate leading, at constant temperature:
(i) Differential heat of adsorption is the change in integral heat of adsorption
with change in Joading;
(i)  Isosteric heat of adsorption is defined by using adsorption isosters and
(iv}  Clausius Clapryron relationship.
[n practice, the difference between dilferential heat of adsorption and isosteric heat of
adsorption is so small that it can easily be neglected, as well as, these two can be

considered as identical. At constant loading, (e, = o) using the DA [q. (2.3) and the

following Clapeyron eguation,

Af ]
L - aﬂ”] @2.11)
RT ar .

an expression for the [sosteric heat can be obtained.

{BE,Y éT

—Aff=A+AH, + i (2.12)
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Thus, the isosteric heat is a summation of three tenns. The first term 1§ duc w© the
adsorpiion potential, the second is (he heat of vaporization and the third conesponds duc
to the change in maximum capacity with temperalure.

To cxpress the isosteric heat of adsorption in terms of adsorption rate, -the above
explession can be rewriten as:

o —[n=1}'a
AH +,BEH[II1$]+{’3—E;1§—I(1HIE] (2.13)

whete the fractional loading 0 can be expressed as ¢ /¢

15



Chapter Three

Thermodynamics of adsorption cycles

3.1 Tntroduction

The enviromment — friendly adsorption cooling system is an attractive altemnative to the
aditional CFC based vapor-comprassion cooling system as it employs safe and natural
refrigerants. Another advantage of such adsorption cooling systems is that they can be
driven by low-grade energy such as waste heat or solar energy. As g result, adsorption
cooling systems have attracted considerable atlentions in vecent ycars. Adsorplion
cooling systems is a noiseless, non-cormsive and environment — friendly cneigy
conversion system. So, many researchers around the world have made sipnificant eflocts
to study such typical adsorption refrigeration cycles.

(i) Basic cycle,

(i)  Continucus heat recovery cycle,

(iil)  Mass recovery cycle, thermal wave cycle,

{ivi  Convective thermal wave cycle,

(%) Cascade multi effect cyels,

(vi}  Hybrid heating and cooling cycle ele.

3.2 Basic adsorption cycle

A basic adsoption cycle consists of four thermodynamic steps, which can be well
represcnted with the aid of the Clapeyron diagram, as shown in Fig. 3.1. The idealized
cycle begins at a point (point A in Fig. 3.1) where the adsorbent is at low tcmperabue
T, and al low-pressure Pz {cvaporating pressure). A-B represents the lheating of
adsorbent, along with adsorbate. The collector is cormected with the condenser and the
progressive heating of the adsorbent from B to D causcs some adsorbate to be desorbed
and ils vapor to be condensed (point C). When the adsorbent reaches its maximum
temperalure Tp; desorption ceases. Then the liquid adsorbate is ansfemred into the
evaporator from C to E and the collector i3 closed and cooled The decrease in
temperature D to F induces the decrease in pressure from Pe to Pg: Then the collector is

connected to the evaporator and adsorption and evaporation occur whale the adsarbent is
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cooled from F to A. During this cooling period heat is withdrawn to decrease the

temperature of the adsorbent.

InP
C 0 D
P
© l | W5

1 |

| |

I |

| |

| [

W

I C A = I

L | 1

1 I |

| . |

I ! g o
Te Ta Ty

Fig.3.1: Clapeyron diagram of ideal adsorption cycles

3.3 Heat recovery adsorption refrigeration cycle

I'he semi-continuous heat recovery cycle is usually operated with two adsorption beds.
The adsorber to be cooled will transfer its heat to the adsorber to be heated, which
includes scnsible heat as well as heat of adsorption. This heat recovery process will lead
to a higher system COP. Multi-beds could be also adapted to get more heal recovery
and thereby 1o attain higher COP, but the operation of a practical system will be
complicated.

A quasi-continuous adsorption refrigeration system with heat recovery was investigated
by Wang et al. [20] and the flow path is shown in Fig. 3.2. While adsorber | is cooled

connected to the evaporator to realize adsorption relrigeration in evaporator, the
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absorber 2 connected to the condenser is heated to obtain heating-desorption-

condensation,

The condensed refrigerant liquid flows into evaporator via a flow control valve. The

operation phase can be changed, and the go-between will be a short time heal recovery

PIOCESS.

Condenser

Evaporatar

l Heater

pad
Adsarber-1 §§ %g Adsorber-2
>

Cooler |

Fig 3.2. Schematics of heat recovery two-bed adsorption refrigeration sy stem

I'wo pumps are used to drive the thermal Muid in the circuit between two absorbers (the
connection to the heater and cooler are blocked during this process). Jones [21]
suggested an improvement to the process by [nstalling more than two absorbers into the

system. The operating principle of the cycle remains the same, relying on heat transfer
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Nowing between the absorbers and the desorbers. As compared to the hasic cyele, heat
recovery in this process is only cifective if the heat transfer fluid temperature leaving
the absorbers 8 sufficiently high. Simulation results have shown that the maximum
value of the COP depends on the number of absorbers and desorbers installed, The
analysis was Turther extended to a system containing six absarbers and six desorbers at

lhe same test temperature conditions (evaporation at 5%C and condensation at 35 °C)

3.4 Mass recovery adsorption refrigeration cycle

Apart from the above discussed heal recovery operation, it had been proved that mass
recovery is also very elfcctive for heat recovery adsorption heat pump operation. In this
process, at the end of each half eycle, one absorber 13 cold and the other one iz hot.
Meanwhile, the former one, which is at low pressure, £, nust be pressurized up to the
condenser pressure, and similatly, the other one, which is at high pressurc, must be
depressurized down to the evaporator pressure. With just one mbe between the
adsorbers and a vapor valve, part of this pressurization-depressutization can be
achieved by transferring vapor from the latter absorber to the former one. This process
can also be called as an “internal vapor recovery process’, and is reported to enhance the
cooling power of the unit without reducing the COP by more than 10%.

The above explained process involves only mass transfer and hence the process i5 rapid.
To obtain a ‘double effect’, mass recovery could be initiated followed by heal recovery
An ideal heat and mass recovery eycle is shown in Fig. 3 3, in which the heat 1ecovery
state for a two bed system is shown by the state pointse—e'. The mass recovery
eyclele, -2, - g —g, -2, ~8, — 7 4 ~a,) is an extended form of a two bed basic
cycle or two-bed heat recovery cycle (az -8, 8,4, — a, ) shown in Fig. 3.3, and the
cyclod mass is increased from Ax to Ax+ 8x, which cavscs the reftigeration effect to
increase. The principle of these cycles can be descrihed using Fig. 3.3. The very first
part of each half cyele is the mass recovery process (path g, —g;and g, —«, }. Then the
heat recovery process proceeds: heat is transferred from the hot absorber to the cold one

(path g, — &' ). As a consequence, the hot absorber is first depressurized (pathg, —a; ), 1t

then adsorbs vapor from the evaporator (path). Meanwlule, the cald abserber is [irst
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pressurized {pathea, —a; ), and then vapor that is desorbed passes into the condenser

(pathg) —e).

InP
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Fig. 3.3, Mass recovery cycle

passes into the condenser (pathg| —e). Theorctically, the heat recavery process
develops until the adsorbers reach the same lemperature. Actually, there still remains &
temperature ditference between the adsorbers at the end of this period. Then, for closing
each half cycle, the adorers are, respectively, connected to the heat source and heat sink
{path e — g, and &' —a,). The second hall-cycle is performed the same way excepl that
the adsorbers now exchange their roles. Due to this process, about 33% of the total
encrgy transmited to each absorber can be internally recovered, including part of the

latent heat of sorption.
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3.5 Thermal wave cycle

I'n further improve lhe heat tegenerative ratio, Shelton |22] had propuscd an altractive
cycle called *lhermal wave cycle’. In this process, it is assumed that a large temperature
pradient exists along an adsorption bed. Heating and cooling of the adsorhent beds 1s
achieved via a heat transfer fluid such as high temperatare oil. ‘The system consists of
two absorher beds and hwo heat exchangers connecied in series (Fip.3.4) to effect semi
continuous process, The function of the bed and heat exchanger is to combine a Tmge
arca of heat transfer surface with a low oil flow rate.

A typical thermal wave cycle is shown in Fig.3.4. The cycle consists of two phases. Tn
the first phase, the oil recovers heat from bed 2 (hot), has a further heat addition from
{he lieat exchanger and then proceads to heat bed -1 (cold). As the heating of the hed
proceeds, bed | desorbs relriperant which passes to lhe condenser {giving a useful heat
output in the casc of a heat pump) and bed 2 adsorbs gas from the evaperator, which
provides cooling,

In the following phase (second phase} of the cycle the pump is reverscd, and hence. bed
1 is cooled (adsorbing} and bed 2 is heawd {desorbing) in a similar fashion until the
priginal conditions are reached and the pump can again be reversed,  Though the
procedure is simple, significant heat recovery can be achieved. Further. the sysicm
would achieve much beter performance due o the combination of the special nature of
the internal bed Leat exchangers and the low fow rate. Although many researchers have
sludied the cycle, up to now, there is no report of a successful protobype adopting
thermal wave cycle. Also, some experimental reports had shown that the performance of
the thermal wave cycle is not very good. The elficiency of the thermal wave
regencrative system depends on a relatively large number of parameters: for crample,
rates of various heat transfer processes, the flow rate of the circulating fluid, the cycle
time, the adsoiber confipuration, ete. A numetical analysis of adsorptive heal pumps
with ihermal wave heat repenertion had been presented by Sun et al. [23]. They had
derived two time constants, which can De used directly to guantify the relative
importance of the lwo heat transfer processes, This allows teady determination of which
of the two processcs is rate limiting and needs to be improved. The work has also
confirmed that the performance of an adsorptive heat pump system using a maditienal
packed-bed would be too Iow, even will: heat regeneration, and therelore a significant

enhancement of heat transfer properties inside the adsorber is necessary. Sinilar to the
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above numerical study, the offect of various operating paramecters on the performance of
an adsorptive thermal wave regenerative heat pump had been studied by Ben Amar et al.

24], theoretically.
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Fig. 3.4. Thermat wave cycle

‘L hey had developed a two-dimensional model which simultancously considers heat and
mass transfer in the bed. The results have shown that under ideal conditions, the
performance of a thermal wave regencrative heat pump is considerably better than that

of a basic ‘uniform temperaturg’ heat pump.

3.6 Convective thermal wave cycles
Thermal wave cycles normaltly suffer from low power densily because of poor heat

transfer through the adsorbent bed. Rather than attempting to heat the bed directly. it is
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possible to licat the refrigerant gas outside the bed and to circulate it thraugh the bed in
arder 1o heat (he sorbent, The high surface area of the grains lcads to very elfective heat
ransfer with only low levels of parasitic power needed for pumping. Hence, Critoplt
[25] has presented a modificd version of a thermal wave cycle, known as “convecuve
thermal wave cycle’. The concept is the same as thermal wave cycle, however, the
thermal fluid for heating and cooling to the beds is initiated by the refrigerant jtsell and
thus the heat transfer between thermal fluid and adsorplion bed is a direct contact heat
transfer, which is incorporated with mass transfer in the system. A practical schematic
of the proposcd system is shewn in Fig, 3.5,
The two ‘active’ beds are packed with activated carbon and the two “inert’ beds are
packed with non-reactive particles such as steel balls. The diagram shows the first half
of the cycle, during which Active bed 1 is heated and desorbs ammonis while Active
bed 2 is cooled, adsorbing ammonia. In the [uid circulation loop shown on the luft, a
low power pump circulates ammorma stean through inert bed 1 wluch is tnitially hot.
The gas stream is heated by the bed and a *cold" wave passcs through the bed from right
to left. Having been preheated by the inert bed, the ammonia streant is heated to the
maximum cycle temperature ( 150%C—200%C) in a heat exchanger.
The ammeonia gas then passes to active bed 1 where it beats the carbon. A “hol” thes ial
wave passes from left to right through the active bed. As the (emperature of the active
led rises it desorbs ammonia which Tirst increases the pressure in the left hand loep and
then condenses in the condenser, rejecting heat to the emvironment.
The mass (low rate of circulating ammeonia is typically ten times that of the condensing
stieam of ammmonia and it may lake gbout ten minutes for the two thermat waves (o
trave! the length of their respective beds. In similar fashion hand toop the circulating
flow might be ten times the adsarption flow from the evaporator. The advantages of this
syslem arc:
{i) The four packed beds are in clfect heat exchangers of very high surface areas but
at minimal cost. They arc not anly cheap but very compacl.
(i)  There are only four comventional heat exchangers and this is the mimnum
number allowed by thermodynamics. These are the evaporator and condenser, a
pas heater whereby high-grade heat is input and a gas cooler whereby the low

grade heat of adsorption is rejected to the environment.
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Fig.3.5. Adsorption refrigeration system with convective thermal

wave cycle

3.7 Multi-stage and cascading cycles

The adsorption cvcles discussed in previous sections are applicable only to a single
stape cycle, The single stage cycle systems have certain limitations, that is, they cannot
cffcctively utilize high temperature heat source, as well as do not perform well at very
low temperatures. Hence, to improve the system performance under such situations.
adsorptive processes may be adapted for advanced cycles, such as, multi-stage and
cascading cycle. The basic idea of a multi-stage cycle is to perform the desorption —
condensation processes  and  evaporation—adsorption  processes  at different
temperature/pressure levels by using the *same working paic’. The internal re-use of heat

of condensation or adsorption can increase the system performance significantly.




Another practical cycle that can make good use of high temperature hoat source is the
‘cascading cycle’, which operates with ‘different working pairs® (either hquid/liquid or
solid/liquid), such as zeolite—water/ activated carbon-methanocl, or zeolile-water/ silica
gel-water, ete. These cascading cycles are applied to silvations especially, when there
cists & lage temperature difference between the heat source/ambient and the
temperature in the evaporator/refrigeration space. For such silualions, it may not be
practical to usc single stage cycle. Hence, one way of dealing with such situations is to
perform the evaporation/refrigeration process in stages, that is, to have two or more
cvcles that operate in serics at different temperature levels (cascading) A high
temperaturc heat source {e.g. boiler) is vsed to diive the high temperature stagc
adsorption refnigeration cyele.

The low temperatute stage adsorption refrigeration is duven by sensible heat and heat of
adsorption obtained from high temperalure stage. To minimize the contribution of
sensiblc heat, special care has been attached to the heat management of the adsorbers; n-
adsorber cycles operating with a single evaporator and a single condenser have been
proposed with scquences of heat tecovery between adsorbers, Such cycles offer some
advantapes: for example, a single condenser is used and pressurc in the n-adsorber unit
is not higher than that in the unit operating an intermittent cy¢le;, moreaver, adsorption
heat at high temperature is used as desorption heat at low temperature. Counleracting
heat traosfer fuid ciicuits belween adsorbers reduces entiopy gencration in companison
with what happetis in intermittent cycles. The driving hieat supplied to the cycle is al
high temperature level {Fig. 3.6} so that the entropy generation - due to (he inadajration
between the temperature levels of the source and of the adsorber is much less in an n-
adsotber cycle than in an intermitlent cycle. The same thing happens for the rejected
heat: the rejection temperature is much closer from the ulity temperature with an n-
adsorber cycle than with an intermitient cyele. Very similar conclusions to that drawn
by Scharfe et al. [26] have been presented by Meunier [27] in the case of heat tecovery
between adsotbers. In a patiicular case, Meunier has shown that using an infinite
number of adsorbers with ideal heat recovery between adsorbers, the maximum
achievahle-with given conditions of opemting temperatures-would be a cooling COP
equal to 1.85 comesponding 1o 68% of ideal Camot COF. Another cascading cycle
which inciudes a triple effect machine cperating a cascade between a waler zeolite heat

pump and a single stage 1iBr— H>O refrigerator has been tested
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3.8 Continuous adsorption systems

Continuous solar adsorption refrigeration systems are being reported widely because of
their higher system performance over intermittent alicrnatives and for their timely
coincidence with the requirement of the cooling and refrigeration demand. Continuous
adsorption eycles depending on their technologies, can be grouped as!

{1} Multi-stage and cascading systems:

(i)  Thermal wave adsorption systems;

(il Convective thermal wave adsorption systems,; and

{iv]  Hybrid syslems.

In general, thermal wave and convective thermal wave adsorption systems are alsn

called as ‘heat regenerative systems® owing to its heat recovery properties,

3.8.1 Multi-stage and cascading sysicms
A lot of theoretical studies exist on the possibilities of cascading cycles while very fow
experimental data are available, Douss and Mevnier [28] had reporied the expe iments

on a cascading adsorptive heat pump. The cyele comprised of a two-adsorber zeolite—
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water system at high temperature stage and an intermittent active carbon—methanal
system at fow temperature stage. Driving heat was supplied by a builer to zeolile
adsorbers while active carbon adsorber was heated by heat recovered from zeolife
adsorber under adsorption. Evaporaiors from both bastc cycles operated at the same
temperature and contributed to the evaporating load. The cycle had adapted well to air
conditioning as long as the evaporation temperature lilt was less than 45 °C.

A similar study on combined cycle comprising of an adserption—absorption cascading

multi-effect refrigeration cycle was carrled out by Shu et al. [25].

InP
F 1

Q,
13} desorption 1 [
»
;?h
o}
T
- =]
& @ §
i
a
Qyes e i Q
A adsarption B “ads
— H
E G
Qahs . ].

¥

T

Fig. 3.7. Adsorption—-absorption (1) adsorption cyele; (2) High pressur
absorption  cycle and {3} low pressure  absorption eyele cascading

multi-effcet refrigeration cyele:

28



The systen consists of a high temperaturc stage of solid adsorption unit working, with
veolite water and a low lempcrature stage of double effect absorption unit werking with
LiBr-watct. The working principle of this multi cflect cascading cyele can be explained
wsing Clapeyron diagram shown in Fig. 3.7.

The single stage cycle with heat source Oy ropresents the adsorption cycle using szolife
+water as working medium. The double stage cycle obtains the absorption heat of the
single stage cyele as is driving heat (Qae) for ils high temperature stage. The heat
obtained from the condenser of the single stage cycle is used as the heat source for its
low temperature stage. The sindy has shown that the COP of (he cycle can he greatly
mproved by elficient utilization and recovery of energy within the system. Also, they
had reporfcd that there exisls no coreosive problem though (he tempeiare of the
working pair i higher than 200 UC in the adsorption unit. Saha et al. [30] has proposed a
wo-stage non regenceative adsomtion chifler design and cxpetimental prolotype wsing
silica gel-water as the adsorbent refrigerant pair. The main advantage of the two-stage
adsorption chiller is its ability to utilize low temperaturc solar/waste heat (49°C - 75 ")
as the driving heal source in combination with a coolant at 30°C. With a 55°C diiving
source in combination with a heat sink at 30°C, the COP of the two-stage chiller is 0,36,
Wang [31] carricd a study on a four-bed adsorption refrigeration system and the multi-
stage system configoration is shown in Fig. 3.8 The system consisted of [our adszoibers
{(Aq; Az By I33); one condenser {C), and onc cvaporator (E). The wo king prineiple can
e explained as follows according to the Clapeyron diagram as shown in Fig. 39. To
Lepin with, A, and A; are in the high temperature stage, for which generalion
(tempecrature about ZODﬂC) is initiated try heat input. The desorbed water vapor will 2o
through the adsorber B, ar Bs at the low temperature slage to relcase heat for desomtion.
The adsorplion pressures of the two stages ate the same because only ene evaporator 15
used in the system. During phasc 1, the desorplion process in desorber By is furmshed
by the heat from desorber A; and adsorber A in the high temperarure stage. The
coordination of adsorption and desorption of the lwo stages is very lmportant to operate
the system properly. By the way, the desorption pressure in desorber A must e higher
than the desorption pressure of desorber By in order to facililale the vapor desorbed from
Ay 10 pass through desorber By effectively. In this multi-stage system, waler is the
refrigerant and the desorbed vapor [lows through the adsorbent bed in desorber By to get

a (riple-cffect installation. Here, a double effect is accomplished with sensible and
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adsorption heat recovery lo generate low temperaturs stage in additign to the heat input
to the high temperature stage, & triple effect is accomplished with the heat recovery of

the desorbed vapor in the high temperature stage in addition.
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Fie. 3.8. The system configuration of four-bed cascading

adsarption refrigeration cycle

The heat used in a double cllect arrangement fo generate low temperature stage. The
maximum energy recovery from high temperaturc stage can be arranged by a triple
elfect system, in which the sensible heat of adsorbent bed, heat of adsorption and the
latent heat of refriperant vapor are fully used to drive the low lemperature stage system.
The simulation work has shown that, the performance of a cascading cyele interve of
COP can be triple (COP = 1.56), compared to (wo independent stage sysiem (COP =
{) &). This concept could be used for muiti-sffect adsorption systems, as well as extended

to adsorption—absorption cascading systems [31].
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3.8.2 Thermal wave adsorption systems

Thermal wave adsorption is the most commonly attempted technology. In & mwo-bed
adsorption system shown in Fig.3.4, substantial part of heat from the adsorbent bed is
rejected at a tcmperature ymeater than the temperature of the bed being hcated.
‘i herefure, it was soon tccognized that part of this rejected heat could be used [or
heating the desorbing bed, (hns providing gains in efficicncy. Fubler et al. [32] design
models for this lechiique, by means of a single heat transfer Muid loop passing through
adsorbent beds, a fluid cooler, a Muid heater and a revemsible circulation pump. Tor a
teo-bed system, high temperature thermal fuid flows into the adsorber, exchanges heat

wilh the bed, and the temperature goes down along the bed rapidly, thus the outlet
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temperature will be close lo ambient. After being cocled by ambicnt surroundings, the
fluid Aows into another adsomption bed, absorbs heat from the bed, and the temperature
of the fluid poes up. At the exit of this bed, the thermal fuid lemperature will be very
close lo the temperaturc of heat source.

In this case, only less heat is added to the system, and lcss heat released to the
environment. ‘Thus, heat recovery ratio is high and the COP is increased sigmficantly.
Analytical models of square and ramp wavefonns predicted that heating COF of up to
1.6 is possible. .

Tn a similar effort, Zheng et al. [33). using a charcoal-ammonia pair, found that system
performance improves significantly with a reduction of ambient tempurature, and 1s also
alfected by cycling speed and regeneration temperature, Wang et al. [34] had developed
two heat regenerative adsorption systems, with two dilferent types of heat exchungors:
(i) heat tegenerative adsorplion refrigerator with a spiral plate heat exchangers
adsorhers; {ii) splate fin heat exchangers or plate fin shell heat cxchangers adsobers,
The activated carbon-methanol adsorption pair was used for the above two adsorption
systems. The bwo adsorbers were independently operated for heating and cooling, along
wilh the inteomediate heat recovery process. Fig, 3.4 shows the schematic of the unit. A
recelver was installed for casy obsenvation of refrigerant flow in the system. An ice box
was used which was cooled by a salt water coaling heat exchanger. With a heat souree
temperature of 100°C, the refrigerator achicved a refrigeration power density of more
than 2.6 kg per day of ice per kg of activated carbon with a COP of 0 13, and the heat
pump achieved 150 W kg activated carbon for air conditioning with a COF of about
04

3.8.3 Convective thermal wave adsorption systems

Critoph et al. [25] suggested the use of a forced convection cifect by direct use of
refrigerant vapors, During desorplion, the refrigerant is heated externally and passes
through the adsorber bed, where it heats the adsorbent rapidly because of gzood heat
transfer cocfficient and the large surface area of the adsorbent bed. The desorbed vapor
is condensed in a condenscr in the usual way. During the adsorption proeess, the flow 15
reversed and heat of adsorption is removed by Lhe refrigerant, which is cooled
externally. This technique enhances performance by virtue of the combined effects of

forced convection and thermal wave, Flow of hot gas through the adsorbent gives rise to
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a thermal wave traveling tlmough the bed during desorption, and vice versa guring
adsorphion process.

Based on this theory, a new continuous adsorption refrigeration/heat pump systern using
a number of simple tubular adsorption modules was developed. Each single module
comprised of a generator and a receiver/condenser/evaporator. A complete module was
1ested in a2 simple rig, which was subjected to alicmnating hot and cold air slreams,
desorbing and adsorbing ammonia,

The performance of a femperature wave regencrative heat pumgp has been analyzed
using a two-dimensional model by Ben Amar et al. [24]. The model simultanecusly
considers heat and mass transfers in the adsorbent bed. The mathematical wode! has
been solved numerically by use of the ADI finite difTerent method. The consideration of
both heat and mass transfer in the model has made it possible to determine the impact of
{he comvective tramsport of the gaseous adsorbate in the adsorber on the rlabal
performance, in addition to that of the heat transfer.

It has been shown that with a traditional packed bed, which generally has a low thermal
conductivity {, 0.2 W m K, the performance of the resulting heat pump is very poor.
In contrast, with a consolidated adsorbent material, which can have a much improved
thermal conductivity but relatively poor mass transfer properties, the heat pump
performance could be poor as well, duc to the large mass transfor resistances
encountered by low pressure adsonbates hke water. A proper design of the adsomber
should therefore ensure good properties for beth heat and mass transfer, in particular

when the adsorbate used has low working pressurcs,

3.9 Conclusions

The development of adsorption system for refrigeration is promising. An overall
thermodynamics-based compatison of sorplion systems shows that the porformance of
adsorption systems depend highly on both the adsorption pairs and processes, Of the
several kinds of adsorption systems analyzed in this chapter, the internuittent sysicm has
been extensively studied both theoretically and experimentally, Owing to itz simplicity
and cost effectiveness. However, the main disadvantages such as long adsorption/
desorption time have become obstacles for comniercial production of the system. Hence,
to compete with conventional absorption and vapor-compression technologies, more

efforts should be made in enhancing the COP and SCP). Heat tecovery, mass recovery,
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multi-bed and multi-stage technologies are promising technologies in improving the
COP and SCP. Adsorption technology combined with olher technologies for muld-
purpose application seems to be 2 new trend in the research. This will widen Lhe area of
applications of adsorption technologies and make the adsorption relrigeration more cost
cffective, Any method that improves the efficiency even marginally would improve the
economic viabilily of operating such devices. Thus, further studies need to be camried

out to validate the potential for possible application in houschold refrigerators.
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Chapter Four

Multi-stage adsorption chiller using silica gel/ water as
adsorbent-adsorbate pair

4.1 Introduction

With the increasing awareness of global warming and ozone depletion problems,
adsorption refrigeration and heat pump systems have received much attention by
rescarchers in many parls of the world; in particular, the low-temperature waste heat
sources for cooling energy production. The use of waste heat at near environment
remperature is an important conlemporary problem. Heat driven sorption {absorption or
adsorption) cycle is one of the promising candidates to utilize waste heat at near
environment temperature. Though the absorption cycles are predominant in the area of
heat driven refrigeration cycles, adsorption cycle has a distincl advantage over
absorption systems in thelr ability to be driven by relatively low-temperature heal
source, which cannot effectively regenerate the absorption systems [1]. In the last three
decades, extensive [nvestigations on the performances of adsorption refrigeration/heat
pump systems have been conducted considering various adsorbent/ vefrigerant pairs.
such as zeolitef water |2]. activated carbonfammonia [3], activated carbon/methanol (4]
and silica gel'water [3]. 1t is well known that the performance of adsorption
cooling/eating system is lower than that of other heat driven heating/cooling systems
specially, absorption system provided that the available heat source temperalure is at
75°C or higher. From this context, many authors proposed andfor investigated the
adsorption cooling and heating syslem to improve the performance. To improve the
coefficient of performance, Shelton et al. [35] studied thermal wave regenerative
adsorption heat pump using zeolite/ ammonia pair. Meunier [36] analyzed the system
performance of cascading adsorption cycles in which an active carbon/methanal cycle is
used, which is topped by a zeolite/ watet cycle. Pons and Poyelle [37] studied the
influence of mass recovery process in conventional lwo beds adsorption cycle
improve the cooling power. In a similar cfforr, Wang [38] investigated the performance
of vapor recovery cycle with activated carbon/methanol as adsorbent/adsorbate pair and
indicated that mass recovery cycle is cffective for low regenerative temperature.,
Akahira et al. [39] investigated two-bed mass recovery cycle with novel strategy, which
shows that mass recovery cyele with heating/cooling improves the cooling power. Being

low-temperature waste heat driven, the COP of such systems is low, which 1s classified
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by Ng [40] in an editorial report. T herefore, there is a need to cxplore various thermal
utilization schemes. To wlilize low-lemperature waste heat source betweer 4°C and
60"C, Saha et al. [41] proposed and examined experimentaily a three-stage adsorption
chiller with silica gel/ water pair. It is shown that the three-stage chiller can be operated
with a driving heat source of temperature 50°C in combination wilh a coolant 36 °C.
Saha et al. [42] also introduced a rwo-stage adsorption chiller and the required driving
heat source temperature is validated experimentaily. In the two-stage chiller, it is
possible to get effective cooling with driving heat source temperature below 60°C. Alam
ct al. [43] proposed and analyzed a ro-heat two-stage adsorption chiller, which can be
operated with driving heat source temperatures between 50°C and 90%C along with a
caolant at 30°C. 'I'he COP of the re-heat twa-stage chiller is higher than that of two-
stage chiller without re-heat. Moreover, the re-heat two-stage chiller produces effective
cooling even though heat source temperatures are varied between 50°C and 90°C.
Recently, Khan et al. [44] studied on a re-heat two-stage adsorption chiller with silica
gel/ water as adsorbent/ adsoibate pair.In the present study, the chiller invest] cated the
elfect of mass allocation between upper and bottom beds on cooling capacity) (CC), co-

efficicnt of performance (COP), chilled water outlet and their improvement ratios.

4.2 Working principles

4.2.1 Single stage chiller without re-heat seheme

A single-stage adsorption chiller consists of four heat exchangers, namely, a condenser,
an ¢vaporator and one pair adsorbent bed and metallic tubes for heat transfer fluid and
refrigerant flows as shown in Fig. 4.1, In an adsorption refrigeration system, adsorbent
beds are operated in a cycle through the four thermodynamic states, namely, pre-
heating, desorption, Pre-cooling and adserption period. The chiller can be operated in
different strategies. Only onc strategy has been described in the present study; the chiller
has four modes, A, B, C, D (Table 4.1). To describe the cycle of the system mode-A, it
. Is assumed that Hex-1 is in cooling position while Hex-2 is in heating position. At the
boginning of the cycle all valves are closed. The desorber Hex-2 heated by hot water
while adsorbier Hex-1 cooled by cooling water, During a short intermediate process (30s
for this systern} no adsorption/ desorption occurs, After this short periad, valves Vs and
V3 are opened to allow refrigerant to flow from Hex-2 to condenser, from cvaporator 1o
Hex-i.
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Table 4.1 aperational sirategies of a single-stage adsorpiion chilter
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4,2,2 'VYwo-stage chiller without re-heat scheme

Before going to describe working principle of a two-stage chiller employing re-heat
scheme it is betler to know about basic of two-stage chiller without 1e-heal and s
opcerational strategy. A conventional silica gel-waler adsorption ¢yele cannet be
operational with the driving heat sovrce temperature 30°C, if the heat sink 1s at 30°C or
more, For practical utilization of these temperaturcs (between 50°C and 75°C} to
adsorption chiller operation, an advanced two-stage adsorption cycle can be imtroduced.
As can be scen from Figd.3.the cycle allows reducing tegencration temperature
(pressure) lift of the adsorbent (Tge-Tass) by dividing the evaporating lemperamre
(pressurc) lift (Teona - Tewa} into two smaller lifts. Thus refmycrants {waler- vapor)
pressure rises into two conseculive steps from evaporation to condensation level;
achicve this objective, an additional pair of adsorber/dcsorber heat exchangers is
necessary to include to the conventionat two bed adsorption chiller, An advanced two-
stage adsorption chiller conststs of six heat exchangers, namely, a condenser, an
evaporator and two pairs adsorbent bed heat cxchangers as shown in Fig. 4.3, Inan
adsorption refrigeration system, adsorbent beds are operated in a cycle through the four
thetmodynaniic slalcs, namely, (i) pre-heating (ii) desorption {jii) pre-cooling and {iv}
adsorption period. To describe the cycle ef (he system, it 15 assumed that Hex-1 and
Hex-4 are in cooling position while 1lex-2 and Hex-3 are in heating position. At the
beginning of the cycle all valves are closed. The desorbers (Hex-1 and Hex-4) arc
heated by hot water while adsorbers (Hex-2 and Ilex-3) arc cooled by cooling water.
During a short intermediste process (30s for this system) no adsorption/ desorption
occurs, After this short period, valves 2, 4 and 6 are opened 1o allow refrigerant to Nonar
from Hex-1 to condenser, from evaporalor to Hex-2, and from Hex-4 to Hex-3. When
refrigerant concentralions in the adsorbers and desorbers are at near their gquilibriun
level, the Mows of hot and cooling watcr are redirected by switching the valves so that
the desorber can change its mode into adsorber and adsorber into desorber. The
adsorption/ adsorption process can be continued by changing the direction of hot and
cooling water flow. The standard operational strategy of two stages without re-heat is

shown in Table- 4.2
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Table.4.2.Oporabional strategy of Two-Stage adsarption chiller without re-heat scheme.
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4.2.3 Two-stage chiller with re-heat scheme

The design criteria of the two-stage adserptivn chiller using re-heat is almost similar to
that of a two-stage adsorphion chiller without re-heat, which is developed by Alam ¢t al.
[43]. Operational strategy of the chiller (Table 4.3), however, is completely different
from the operational stratcgy of a convenlional two-stage chiller (Table 4.2). In hwo-
stape adsorption chiller, the evaporating pressurc lifi is divided mto hwo comsecutive
pressure lifts to exploit low heat source lWwmperature by introducing four adsorbent beds.
In the two-stage adsorption chiller using re-heat, the evaporating pressure {temperature]
lift (Fig.4.6), however, can be divided into diffcrent ways from the conventionial (wo-
stage chiller (Fig.4.4). If one bed is in the end position of adsorption-cvaporation
process (Fig. 4.6) and another bed is in the end position of desorption-condensation
process (Fig. 4.6}, those two beds can be connecled with each other by continuing
cooling and heating and that can be done in the two bed conventional adsorption chiller
which is known as the mass rccovery process presented by Akahira ct al [39]. In this
time, another two beds are connected with condenser and gvaporatar to continue cooling
effects. To complete one full cycle in re-heat scheme, all adsorbent beds pass through
six consecutive steps: (i) desorption (ii} masgs recovery process with heating {iu} pre-
cooling (iv) adsorption(v) mass recovery process with coaling, and (vi} pre-heating, The
two-stage adsorption chiller using re-heat compriscs with four adsorbent beds, onc
condenser, unc cvaporator, and metallic tubes for hot, cooling and chilled water fiows as
shown in Fig. 4.5 In a conventional two-stage chiller, lower two beds never nteract
with the condenser and upper two beds never interact with the evaporator. However, in
the bwo-stage adsorption chiller using re-heat, all beds wndergo through all processes
and interact with the condenser and evaporator. ‘The chiller can be operated in different
strategies. However, only one strateyy has been considered in the present study. The
chiller has 10 modes, mode A, B, C, D, E, F, G, H, I, and ) {lable 4.3}. Table 4.3. mode
A, B, and C, eva-Hex-2 is in adsorption process and cond-Hex-1 1s in desorplion
process. In the adsorption-gvaporation process, refrigerant (waler) n evaporalor 13
evaporated at evaporation temperature, Te., and seized heat, Qe from the clilled waler.
The evaporaicd vapor is adsorbed by adsoibent (silica gel), at which conling water
removes the adsorption heat,Qus. The desorber (Hex-1) is heated up to the temperature

{Tyes) by heat Qye., provided by the driving heat source. The Tesulting refrigerant is
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cooled down by temperatusc {Tppnd} in 1he condenser by the cooling water, which
removes hieat, Q. In mode A, adsorber (Hex-4) is connected with desorber {1lex-3)
throtigh pipe with continuing cooling water in Mex-4 and hot water in Hex-3. [t is noted
that, at the beginning of mode A, Hex~d was in the cnd position of evaporation-
adsorption process and lMex-3 was in the end position of desorption-condensation
process. Due to higher-pressure differcnce at Hex-3 and [lex-4 in mode A, the
refrigerant mass circulation will be higher than that of conventional two stages. This
will lead the chiller to provide betier performance. In mode B, adsorber (Hex-4) is
heated up by hot water, and the desorber (Hex-3) is cooled down by caoling. Mode B s

warm up process for |Jex-4 and Hex-3.

Concentration

P
-1
L
=1

40

s
-
{Condenser Pressure, o

. //////
_'EEP 'f?)ffﬂ///// / / _Tﬂ

r Whtep-Tamp

= | 1 0
0 10 20 3D 40 50 60 70 &8O

Saturated Vupor Pressure [kp,]
Saturated Vapor Temperalure [IDC]

Silica gel Temperature [C]

Fig.4.6 Concepiual P-1-X diagram for re-heat two-stage chiller.

When the pressure of adsorber {(Hex-3) and desorber (Hea-4) are nemly cqual to ihe
pressure of evaporater and condenser respectively, then Hex-3 and Hex— arc connected
to evaporator and condenscr tespectively to flow the refrigerant.

This mode is denoted as mode C. In made C, Hex-4 works as desorber and lex-3
works, as adsorber and this process will continue up to mode E. In mode D. Hex-2 {at
the end position of adsorption-evaporation process) and Hex-1 (at the end position of
desorption-condensation process) are connecled with gach other continuing cooling

water and hot water respectively.
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Al
kil B

4444
44444

A A R A R RER R B

et ——
ey v Mass recovery % Pre-heating
2 With heating

Maes recovery (] pre-cooling
With cooling S ATHE

desorption

When the pressure (temperature) of both Hex-1 and Hex-2 nearly equal, then wann up
process witl start, called mede E. In mode F, Hex-2 is heated up by hot water, and
cooling water-cools down the Hex-1. When the pressurc of Hex-1 and Hex-2 arc nearly
equal to the pressure of evaporator and condenser respectively, then 1Mex-1 and Hex-2
are connected Lo evaporator and condenser respectively to Mow the refrigerant. This
connection will continue up to mode F, G, and i1 for Hex-1 and Hex-2. In mode I, 1ex-
3 (at the end position of adsorption-evaporation process) and Hex-4 (at the end position
of desorption-condensation process) are connected witl each other continuing cooling
water and hot water respectively. When the pressurc (temperature) of both Hex-3 and
Hex-4 are nearly cqual, then warm up process will start, called mode G. In mode (j,
Hex-3 is heated up by hot water, and coaling water-cools down the Hex-4. When the
prossure of Hex-4 and Hex-3 are nearly equal to the pressure of evaporator and
condenser respectively, then Hexd and Hex-3 are connected to evaporator and
candenser respectively to flow the refrigerant. This connection will continue up to mode
H, I, and J for Hex-3 and Hex-4. In mode I, Hex-1 (at the end position of adsorption-
evaporation process) and Hex-2 {at the end position of desorption-condensation process)
arc connected with each other continuing ceoling water and hot water respectively.

When the pressurc (temperature) of beth Hex-1 and Hex-2 are nearly ggual, then warm
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up process will start, called mode J. In mode J, Hex-1 is heated up by hot water, and
cooling cools down the Hex-2. The mode J is the last process and after this mode, all
return (0 mode A {Table-1). The values adapted in simulation are presented in Table 4.4
and Table 4.5

4.3 Formulation of the problem

4.3.1 Energy balance for the adsorher/desorber

Adsorption and desorption heat balances [41] are described by identical equations,
where heat transfer fluid (water) temperature term Ty and Ty denotes cooling water
upon adsorption and hot water upon desorption. T denoles bed temperature. The
adsorbent bed temperature, pressure and concentration are assumed to be uniform
throughout the adsorbent bed. We have Laken the specilic of refrigevant (water) in liquid
phase as our system works in low the concentration range, The heat transfer and energy

batance equations for the adsorbent bed can be described as follows:

T, =1 +(T, T, exp - Yo i (4.1)

%{{mc\ +we g+ Wm-xf-'bu) T} =w, (2 % -dwe_ {y{T— TM} +{1-7)(T —?:W]I}

- m-r] (4-2}

where, § is either 0 or § depending whether the adsorbent bed is working as desorber or
adsorber and ¥ Is either 1 or 0 depending on whether the bed is connected with
evaporator or another bed.

Equation {4.1) expresses the importance of heat transfer parameters, namely heat
transfer area A, and heat (ranster coefficient Uy The left hand side af the
adsorher/desorber energy balance equations (Eq.4.2) provides the amount of scnsible
heat required to cool or heat the silica-ge! (s}, the water (w) as well as merallic (hex)
pars of the heat exchanger during adsorption or desorption. This term accounts for the
input/cutput of sensible heat required by the batched-cycle operation. The [irst tetm on

the right hand side of Eq. (4.2) represents the relcase of adsorption heat or the input of
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desorption hecat, while the second and third terms for the sensible heat of the adsorbed
vapor. The last term on the right hand side of Eq. (4.2) indicates the lotal amounl of heat
released to the cooling water upon adsorption or provided by the hot water for
desorption. Equation (4.2} docs not account for external heat losses to the environment
as al! the beds are considered to be well insulated. Also Eq. (4.2) does not account the
thermal mass effect of reactor vessel becauise for a relatively longer cycle time operation
like the present case the thermal mass effect of reaclor vessel will be lesser in

comparison to that of a shott cycle time.

4.3.2 Energy balance for the evaporator

In the present analysis, it is assumed that the tube bank surface is able 1o hold a certain
maximum amouwtt of condensate and the condensate would llow into the evaporatar
easily, The heat transfer and energy balance equations [41] for evaporator can be
expressed

U I‘.‘Iﬁ [
Trvu,mr.' = Te’v:r + (T:h.'ﬂ,m - Teuu) exp - -_I?—h {:4_3}

kil € oy

d
?r{(wuu,nfw T W e hexCevahex )T‘v"}
- —Lw, %_gr_m__ w e, (Tons = Tous )—dz,j“ (4 4)

+ B ochati C:}u” (T:hrﬂ.uf = T:-"H”.f-rul)

Where the suffixes chill and eva indicate chilled water and evapoerater respectively. The
left hand side of Fq. {4.4) represents the sensible heat required by the liquid refrigerant
{w) and the metal of heat exchanger tubes in the evaporator. On the right hand side, the
first term gives the latent heat of evaporation (L) for the amount of refrigerant adsorbed
{dqags/d1), the second term shows the sensible heat required to cool down the incoming
condensate from the condensation temperature Tena to vaporization temperature T,

and the last term represents the total amount of heat given away by the chilled water.
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4,3.3 Energy balance for ihe condenser

The heal transfer and energy balance equations [41] for condenser can be expressed as:

U

_ caind Acywr-l'

Tcaud,u:.'.r = Tcrma' + (Tcw wo T:.um_.f )exp
Moew

< T
) (“’ cw,ucw Tt oW r.un.-_.l',bexc:und,.l'rex ) coard }

N dq.?u'-. - lef'w (Tﬂ-c,r _ Tlr__alrﬂ. )dqder

ait

4.3.4 Mass balance

(4.5)

(4.0}

Mass and heat balances [41] are based on the assumption that both the lemperature and

the amount of refiigerant adsorbed are uniform In the adsorbent beds. Since the

teraperatures in an adsorption cycle arc unsteady state, the energy balance equations

(Gas. 4.2, 4.4, 4.6) must account for sensible heat input and/or curput during cycle

period. The mass balance for the refrigerant can be expressed by neglecting the gas

phase as:

f'!r1"'|"lt'uc:|.m = -1, [d':hu—mmb + dqrm—nd: J
dt dt di

4.3.5 Adsorption rate

The adsomption tate [41] is expressed as

dig '
.;r? =0, x(-‘i’*?}

where, the overall mass transfer coctYicient (k.a,) for adsorption i3 given by,

xa,=(15D,) [ (R,Y
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The adsorption rate is comsidered to be conlrolled by surface diffusion inside a pel
particle and surlace diffusivity (Ds) is expressed by Sakoda and Suzuki [45] as 4

(unction of {enmperature by:
D, =D, xexp[-(E,) / (RT)] (4 10)

and g+ is the amount adsorbed in equilibrivm with pressure Po(Tw} and is denved from

the mamafacturer property data by the following equation

_osfRay /e
_1+ﬁ.5x[ﬁ(:r;,)/ﬂ(?1}]

where P,(T.) and P,(T,) arc the sanration vapor pressure al lempetabues T, {watcr vapor)

tf

4.11)

and T, (silica gel}, respectively. The saturation vapor pressurc and temperature ae

correlated by Anloine’s equation, which can be wiitten as:

3320
F-4a.1

11:133.32“31}[18 3= {4.12)

4,3.6 Mecasurement of system performance
The performance of a two-slage adsorption chiller using 1e-heat 1s mainly charactienzed
by cooling capacity (CC), coefficlent of performance (COP} and can be measured by the

fullowing equations [41]:

crecilr

Cooling capacity = m o, (Te:am,m — T onitt ous )dr/rrym'e

Co-ciTicient of performance {COT) =

'rr; cle Terty

Moohdl €, I (Tcmu,m - Tr.h.-h',uu.r )dr {1 oy Cw J‘ (Tﬁur,m - Thur,uur)df
g
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Table 4.4, Buseline Parameiers

Values Adopled in Simulation

Symbol Value Unit

Abed 1.45 m’
e 0.665 m*
FL 0.998 m*
Cs 524 TrkeK
Cu 4.18E+3 TkeK
Cetin 4,20G43 IkeK
Dy 2.54E-4 m/s
£, 2.33E+3 kg
L 2.50E+6 Ik
Qse 2.80E+6 kg
R 4.62E+2 kg
R, 0.35E-3 M
UAd, 2497.6 Wk
UAges 2532.5 Wk
U 089.9 Wk
LFAcond 24043 Wk
W, 16 Kg
Wew 5 kg
W evam 25 Ky

Table 4.5 Standard operating conditions

Temperatuee (C)

Flow rate (kg's)

Hot waler L 0.5
{Cooling water 30 {.3(ads)+0 3{cond)
Chilled water 14 03

cyele Time 1300s = (480 ads/dest140mr+30 phipe) 5% 25

Ads/des = adsorption/desorption, mr = mass recovery, ph/pc = pre-heat/pre-cool
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4.4 Solution procedure (Finite difference technigue)

In (lic present analysis, a cyelic simulation computey programme is developed fo predict
the performance of the nnovative two-stage chiller using rc-beat. The systerms of
ditferential equiations (4.1) - {4.12) arc solved by {inite difference approximation with a
time slep 1 sec. The results taken in the study are from the cyclic steady state comditions.
A real chiller staris its operation with unbalanced conditions, however, after a [ew
cyeles {typically 2-3 cycles) it reaches 115 cyclical steady state condition. Therefore, an
iteration proccsses has been employed in selution procedure to fix all the initial valves
for the cyche steady state conditions. In the beginning of the solution process, the initiat
values are assunicd and finally those are adjusted by the iteration process. When two
beds arc commected with evaporator or condenser, the vapor pressure is unknown that anc
caleutated (hrough the Antomie’s cquiation as tlie vapor temperaturc is caleulated from

the encrgy balance cquation of evaporator or condenser.

It is however, difficult to calculate the saterated vapor presswie when two-beds arg
connected with each other, which are essemtial for the calculation of adsorption/
desorplion rate inside the adsorbent beds. In the state, (he piessure is assunied and e

amounts ol vapor adsorved/ desorved beds are calculated.

Conceptually, the desorved vapour is equal to the amount of adsorved vapor by the other
beds. If these amounts are not equal then vapour pressure are adjusted for next eration.
Once the satisfactory comvergence criterion is achieved, then process gocs for the next

time step. The convergence criterion for all cases of present study will be taken as 10-3
The calculations are shown here for desorber (Equ. 4.1 and 4.2):
For heat transfer equation:

We kuow the heat of equaition,
Q'}Lm‘cr = .I'?:IE.‘F(T” - Tw )

Again, we know from thermodynamics, Logarithms Mean Temperaturc difference,

IMTD — (—Twa - Tu‘a’ )_ (Tiwr - Tud )
In ‘Illl-ﬂ' -1 ad
Tm!' - Tad
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The heat equation for water is

O e = LMTD * U

— (Twﬂ - Tarf ]_ (T:Pr — Tﬂﬂ' ); A
1o Tuu — Jf ad
T'I"r'] - Jrfrd
LA }
= — = — M g
In W j ad
Tm' - { ad
1 moe,
—_ = -
- r {14
ln Tuu ”an'
Tw’ -7 el
- T £74
= In ( T“U ! ad ] = — —
T - T BioC,

For Energy balance equation:

d
dt
dT ;.

o
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Similarly, we can discretize the energy balance equations for the cvapoiator and

comdenser,

4.5 Results and discussion

The effect of mass allocation between upper and lower beds on coaling capaeity (CO),
co-efficient of performance (COP), chilled water outlet and their improvement ratic 1%
shown in Fig. 4.7{a) — 4.13{b). It should be noted here that the total silica gel mass of
the four beds are considered same, however, the mass ratio ol upper cycle o the bollom
cycle is varicd in the present analysis. It can be seen that the improvement in cooling
capacity with ihe addition of adsorbent mass to the bottom ¢yele is lss significant if the
heat source temperature is fow.

Tn Figs.4.7 (a) and (b), numercal values of CC and improvement ratios are depicted
againsl the driving heat source inlel temperature fromn 50%C to 90" The highest cooling
capacity is obtained at 3:2 ratio of mass allocation of upper bed to boom bed. [t is seen
that (he CC and improvement rtatio increases wilh the increasc of lheat source
temperature from 60°C to 90°C in all cascs.

In Fig.4.7 (b). It is seen that the improvement ratios are; 3120, 5,22, 6.24% and
7.0%. But the CC and improvement ratio decreases with the increasc of heat source
temperature from 50" to 90°C in 2l cases when the mass allocation is upper bed to
lLottorm bed s 1:2. The decreascs ratios are; 2%, 2.8%, 3.18%, 3.23% and 2.470%,

In Figs.4.8 {a} and (b}, the effect of heat source temperature on COP, the {COP 1ncreases
with the increase of heat source lemperature from 30 to 90°C in all cases when the mass
allocation is upper bed (o bottom bed is 1:2 and when the mass allocation js npper bed to
botlom bed is 3:2 then COD decreaszes at 50°C but increases from 60°C to 90°C in all

cases,

eli]



conhng Caywnty impevemert[ )

10

e lfng Smpacity [kw]

Fig. 4 7 (1) Eifect of Heat source Temperature [*C} en cooling capacily

10

L

aq all

L

iy 80 an

Haal nource Temperature[C]

104

FFH_,J__.—-X —_— K
-___\_‘_h\_x
—r—ralkz k1 ba Sk
it — rEld 101 b 102
44 S0 =it TO ai 20

Fig. 4.7 (b) Effect of Heat source Temperalurc |°C] on cooling

capacity

Hest aource Tewnperatura[ o]

61

o0



In Figs.4.8 (b), it is scen that the improvement ratios are, A7.05%4, 26.51%, 20,869,

15.67% and 11.38% when the mass allocation is upper bed to botom bed is 1:2. When

the mass allocation is uppet bed to bottom bed is 3:2 COP decreases (.59% at 30°C but
increase [rom 60°C to 96°C in ali cases 0.35%, 0.67%, 1 12%

andl 4%,
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Again, when the mass allocation is upper bed to botom bed is 2:3 then COP increase at
50°C to 60°C but decreases from 61°C o 90°C in all cases. The increasing ratios at 50°C
to 60"C are; 0.09%, 0.87% and the decreasing ratios arg; 3.22%, 6.09%, 7.26%. In an
adsarption chiller, the chilled water for air-condition purposes is oblained from the
outlet of the chilled water. Generally, less chilled water outlet temperature is expected,
while the requircment of cooling capacily is high. The chilled water outlet temperature,
however, affects cooling demand of the demand side. Therefore the requirement of
chilled outlet temperature is very important. From this context, the effect of heal source
termperature as well as mass allocation ratios is presented in Tipz.4.9 (a) and (b). 1t may
be scen that the chiller with differcnt level heat source temperature provides different
leve! chilled water ontlel temperature even the other operating conditions are the same.
It can be also seen that the higher is the heat source temperature; the lower is the chilled
water outlet temperature. From the Fig.4.9 (a), it is also observed that when (he mass
allocation is upper bed to bottom bed is 3:2 the chilled water outlet wemperature s bow.
tn Fig.4.9 (1), it is seen that chilled water outlel temperature improvement ratios are;
0.97%, 2.74%, 5.26%, 7.2% and 7.82% when the mass allocation is upper bed to bottom
bed is 2.3, But the chilled walter outlet decreases ratios are; 5.19%%, 1.02%, 1.92%
3.35% and 5.194% when the mass allocation is upper bed to bottomn bed is 3:2.

In Figs.4.10 {a) and (b), the numerical values of CC and improvement ratios are
depicted apainst the cooling water temperature from 20°C to 40°C. From the Fig4.10
(a}. we see that the CC increases with the decrease of heat source temperature from
40°C to 20°C in all cases when the mass allocation is upper bed o botom bed s 3:2and
2.1 but cooling capacity deercases when the mass allocatien is upper bed to bottom bed
i5 2:3 against the decrease of cooling water temperature Trom 40°C to 20°C in all cases,
1t is found that the coeling capacity 2:]1 mass ratio provide more cooling capacity of 3:2
mass ratio for upper 1o bottom bed. In Fig.4.10 (b), it is seen that the Improvement ratios
are; 9.12%, 8.73%, 10.02%, 10.02% and 10.78% for the mass allocation is 3:2, the
improvement ratios arc; 13.001%, 14.17%, 15.9%, 14.74% and 14.92% for the mass
allocation is 2:1. But the CC decreasing ratios are; 9.959%, 10.206%, 10.577%,
10.617% and 7.133% when the mass allocation is upper bed to bottom bed iz 2.3

Against the decrease of cooling water lemperature from 40°C to 20°C in all cases.
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In Figs.4.11 (a) and (b), the numerical values of COP and improvement ratios are
depicted against the cooling water temperature from 20°C to 40°C. From the Figd.11
(a), we see that the COP increases with the decrease of cooling source temperature from
40°C 1o 35°C in all cases and decreases al 40°C when the mass allocation is upper bed to
botom bed is 32 and 2:1. It is found that the COT of 2:1 mass ratio provides more COP
than 3:2 mass ratios for vpper to bottom bed.

In Fig.4.11 (b), it is scen that the improvement ratios are; 4.618%, 3.253%, 2.808%,
0.518% and decreasing 1.752% for the mass allocation is 3:2, the improvement ratios
are; 7.07%, 5.13%, 4.04%, 0.71% and dccreasing 4.94% for the mass allocation is 2:1.
Hut the COP decreasing ratios are; 6.31%, 4.87%, 3.09%, 0.42% and increasing 7.53%
when the mass allocation is upper bed to bottom bed is 2:3.

In Fig.4.12 (&) and (b}, it may be seen that the chiller with different level cooling
temperature provides different level chilled water outlet temperature even the other
operating conditions are the same. It can be also seen that the lower is the cooling source
temperaturc; the lower is the chilled water outlet temperature. From the Fig, 4.12(a), it is
also observed that when the mass allocation is upper bed to bottom bed s 3:2 and 2:1
the chilled water outlet temperature is low but the chilled water outlet temperature is
high for the mass allocation is upper bed to bottom bed is 2.3.

In Fip.4.12 (b}, it is secn that chilled water outlet temperature decreasing improvemenl
ratios are; 5.736%, 4.49%, 3.483%, 2.004% and 0.766% when the mass allocation is
upper bed to bottomn bed is 3:2. The decreasing ratios are; 9.19%, 7.29%, 5.53%, 2.88%
and 0.99% when the mass allocation is upper bed to bottomn bed is 2:1.1t is observed
that. The decreasing ratios of mass allocation 2:1 are greater (han that of 3:2. But the
chilled water outlet improvement ratios are;, 6.774%, 5.299%, 3.677%, 2.123% and
0.472% when the mass allocation is upper bed to boftom bed is 2:3, In Figs.4.13 (a) and
(b}, numerical values of CC and COP are depicted against the effect of chilled water
temperature from 10°C to 18°C. The highest cooling capacity is oblained at 3:2 and 2:1
ratic of mass allocation of upper bed 1o bottom bed and the lowest cooling capacity is
oblained at 2:3. 1L is seen that the CC and COP increases with the increase of heat source

temperature from 10°C 1o 18°C ir all cases.
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Conclusions

The performance of a two-stage adsorptien chiller with different mass ratio of upper to
bottomn cycle was investigated numericalty. It is found that the cooling capacity and
COP of a two-stage adsorption chilter can be improved by allocating adsorbent mass
between upper and bottom cycle. It can be found that the improvement ratio in cooling
capacity, however, increascs with the increase of heat source temperature. It is also sein
that the bwo-stage adsorption chiller with re-heat scheme for mass allocation 3:2
upperibottom provides more cooling capacity than that of two-stage adsorption chiller
with re-heat scheme for mass allecation 1:1 upperbottom for the heat source
temperature from 50°C to 90 C. 1t is also secn that the diflercnt temperature Tevel of the
heat source and mass allocation provide differsnt temperature level of the avecraged
chilled water temperaturc. If the average chilled water outlet temperaturc is 10%C 1018
°C, the cooling capacity is improved at mass ratio 3:2. The COP is also improved
sinificantly. Finally, it may be concluded that if a nwo-stage adsorption chiller with 1e-
heat scheme is designed at 3:2 (upper/bottom) tato, the chiller can perfonn better in
terms of cooling capacity than that of conventional two-stage (wo-stage adsorpuon
chiller with re-heat scheme for mass allocation 1:1 upper/botlon chiller even the heat

source tomperature is fuctuated between 50°Cand 90 °C.
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Chapter Five

Future Work

The present studies may be extendad further,

In this work, the performance of a two-siage adsorption chiller using re-heat scheme
with dilferent mass allocation between upper and lower beds have been investigated
numerically. it may be extended as three beds and three stages.

This thesis deals with the performance investigation of a silica gel! water-bascd bwo-
stage adsorption chiller cmploying te-heat scheme with different mass tatios and
compared with that of the two-stage conventional chiller with re-heat scheme using
equal mass allocation (upper bed : lower bed = 1:1) without changing the flow Tate
of hot water, cooling water, chilled water and cycle hme. If the flow rate and cycle
lime are changed then the problem may be extended.

Although, tass is allocated between upper bed: lower bed but their bed size didn't
change. If the beds sizes are changed then the problem may be extended.
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