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ABSTRACT

Adsorption cycle is a practical and inexpensivehudtof desalinating the saline
and brackish water to produce potable water foh btlustrial and residential
applications. In recent years, many researcher dbasloped and experimented
on the use of cost effective and environmentalnétig adsorption cycle for
desalination that require only low temperature wdmsdat to operate. Such waste
heat is available in abundance from the exhaushadistrial processes, micro
turbines of co-generation plants and renewablecesuBeing waste heat driven,
useful effects are generated by the adsorptionlidasan (AD) cycle with no
additional burning of fuel and thus, mitigating tb#ects of global warming.
Fundamental studies of adsorption, adsorption &ath kinetics and adsorbent
used in the process of adsorption desalination werg importance to evaluate
the cycle. With the implementation of adsorpti@sarption phenomena, the
cycle simultaneously produces high-grade potabkemfeom a single heat input.
In this proposal, it proposed the adsorption daatibn (AD) system of two-bed
operation mode that employs a low-temperature weasergy for numerically
studies. The cycle will be calculated based on utikzation of waste heat
sources in terms of mathematical modeling of a bhed-adsorption cycle based
on adsorption isotherm, kinetics, mass and eneaipnbes between the sorption
elements, the evaporator and condenser. Thenythe will be monitored using
key performance parameter namely (i) specific daiéter production (SWDP),
(i) cycle time, and (iii) performance ratio (PRdrfvarious heat sources
temperature, mass flow rates, cycles times alonth va fixed heat sink
temperature. The numerical results of the adsarptiycle are validated using
experimental data from the past researched.
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CHAPTER 1

INTRODUCTION

1.1 Background Study
1.1.1 Desalination and Adsorption desalination (AD)

Desalination refers to any of several processdsrémaove some amount of salt and
other minerals from saline water. More generalgsalination may also refer to the
removal of salts and minerals, as in soil desabnatSalt water is desalinated to
produce fresh water suitable for human consummgrdrrigation. One

potential byproduct of desalination is salt. Desaiion is used on many
seagoing ships and submarines. Most of the modeterest in desalination is
focused on developing cost-effective ways of primmgdresh water for human use.
Along with recycled wastewater, this is one of the rainfall-independent water
sources. Large-scale desalination typically usegelaamounts of energy and
specialized, expensive infrastructure, making itrenexpensive than fresh water

from conventional sources, such as rivergroundwater.

In Adsorption Desalination (AD), water is producéy the amalgamation of
evaporation and condensation processes, which tuggered by adsorption and
desorption of silica gel respectively. This wategsalination technique is an
innovative clean energy technology which can wizaste heat/solar heat energy,

saving huge amount of electric energy.
1.1.2 Problem Statement

The World Health Organization (WHO) reported thabat 41% of the earth’s

population lives in “water-stressed” areas, and thater-deprived population is
likely to climb to 3.5 billion in a decade or sohds, innovative and cost effective
desalination technologies for producing fresh weadee urgently needed. Most
conventional and commercial-scale desalinationtplaave been built and operated

and based on the evaporative and reverse osmogisase Such methods are energy
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intensive, both electrically and thermally. Tablel shows thermal and electric

energy consumed for desalination processes [1].

Table 1.1: Thermal and Electric Energy Consumed foiConventional Desalination processes [1]

. Energy
Tary | Seare | primary [ costof
Method of Desalination consumed | kwh/me flli\e/:\llrl]r;r;:;n Uvggterer
kwWh/m? consumed msp
Multi-stag_]e Flash 19.4 5.2 37.9 0.647%
Multi-effect Distillation (MED) 16.4 3.8 30.5 0.52
Vapor Compression (VC) _ 11.1 29.2 0.49Y
Reverse Osmosis(RO) - singlke ~ 8.2 215 0.366
pass
Reverse Osmosis (RO) - doul}le ~ 9 237 0.403
pass
Adsorption Desalination Free 1.38 3.9 0.06y

The total cost of water production in a desalimagudant consists of more than the
electricity consumption - electricity constitutegically 25% of the overall cost
whilst the other major costs include maintenancemiirane replacement, capital

depreciation, etc.

In spite of the incremental improvements of thecpsses of desalination, which
have contribute to the cost effectiveness and &isizble production of fresh water,
the conventional desalination plants are plaguedhbse major drawbacKg] and
they are (i) the high energy (primary or electyicitonsumption of the plant, and the
associated environmental emissions, (i) erosiod éfockage of materials of
membranes and mass exchangers and (iii) high main¢e costs arising from salt
deposition or fouling in the outer surfaces of heathangers as well as the corrosion
of the tubes. Fouling and corrosion are known tcakde at high solution
temperatures and the threshold for high salt dépasfrom the saline solution is

known to occur when temperatures excee@®0

As compared with the commercial desalination methdlde adsorption technology
has the unique advantages [3] such as (i) thezaiiidin of the low-temperature waste
heat, (ii) low corrosion and fouling rates on th#d materials due to the low

temperature evaporation of saline water, (iii) @rths almost no major moving parts
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which renders inherently low maintenance cost. dditéon, the adsorption cycle
offers two important benefits that are not avagald the existing desalination
technologies; namely, (i) a two-prong phenomenalridéa to any “bio-

contamination” during the water generation process compared with existing
methods and (ii) the reduction in global warmingedo the utilization of low-
temperature waste heat which otherwise would haea Ipurged to the atmosphere.

1.1.3 Objectives
The objectives of this project are of followgi

+ To conduct a numerical modeling and performanceaulsition of the waste
heat driven AD cycle based on the literature.
+ To evaluate the AD cycle performances and to ogentine operation of two

bed configuration.
1.1.4 Scope of Study

* Adsorption desalination cycle using two or four-bmgaeration mode driven
by waste heat.
* Energy balance of the evaporator, condenser arattz&tswith respect to the

heat sources temperature.

* Analyze the specific water production, cycle tiperformance ratio (PR) for

various heat sources temperature.



CHAPTER 2

LITERATURE REVIEW

2.1 Adsorption

Process that occur when a gas or liquid soluteraatates on the surface of a solid
or a liquid (adsorbent), forming a molecular omaiofilm (the adsorbate) was called
adsorption. It is different from absorption, in whia substance diffuses into a liquid
or solid to form a solution. The term sorption empasses both processes, while
desorption is the reverse process. Most naturakiply biological, and chemical
systems are adsorption operative medium and is lwidsed in industrial

applications such as activated charcoal, synthesins and water purification.

gas molecules

Academy Antworks
Figure 2.1 Adsorption on the surface of activatedharcoal [4]

Similar to surface tension, adsorption is a consege of surface energy. In a bulk
material, all the bonding requirements (be theyiconovalent or metallic) of the
constituent atoms of the material are filled. Baubnas on the (clean) surface
experience a bond deficiency, because they arewhotly surrounded by other

atoms. Thus it is energetically favourable for thienbbond with whatever happens to



be available [5]. Depending upon the nature of derexisting between adsorbate

molecules and adsorbent, the adsorption can bsifetakinto two types [6]:

1. Physical adsorption (physisorption): Force of attraction existing between
adsorbate and adsorbent are Vander Waal's fortes. also known as Vander
Waal's adsorption. In physical adsorption the fomf attraction between the
adsorbate and adsorbent are very weak, therefasetyipe of adsorption can be

easily reversed by heating or by decreasing thespre.

2.Chemical adsorption (chemisorption): Force of attraction existing between
adsorbate and adsorbent are almost same strengtheasical bonds. It is also
known as Langmuir adsorption. In chemisorption foece of attraction is very
strong, therefore adsorption cannot be easily sexker The extent of adsorption

depends upon the following factors:

Nature of adsorbate and adsorbent.
The surface area of adsorbent.

Activation of adsorbent.

0N

Experimental conditions. E.g., temperature, pressetc

2.2 Adsorption Isotherms

Adsorption isotherm known as a graph of adsorptimtesses. Basically, it shows
graph between the amounts of adsorbate (x) adsorbéae surface of adsorbent (m)
and pressure at constant temperature. Differenbrptisn isotherms have been

Freundlich, Langmuir and BET theory.

2.2.1 Basic Adsorption Isotherm

In the process of adsorption, adsorbate gets agldanbh adsorbent [7].

Adsorption
Adsorbate + Adsorbent ——— Adsorption
desorption
A+B AB




According to Le-Chatelier principle, the directiohequilibrium would shift in that
direction where the stress can be relieved. In ohaeplication of excess of pressure
to the equilibrium system, the equilibrium will &hin the direction where the
number of molecules decreases. Since number ofcolele decreases in forward
direction, with the increases in pressure, forwdir@ction of equilibrium will be

favored.

>
>

Adsorption Isotherm

.

Saturation Pressure

52

AdsorbedConcentréon (x/m)

P——)Ps

Figure 2.2: Basic Adsorption Isotherm

From the Figure 2.2, we can predict that afterrséiton pressur®s, adsorption does
not occur anymore. This can be explained by thetfat there are limited numbers
of vacancies on the surface of the adsorbent. g lpressure a stage is reached
when all the sites are occupied and further inereéagressure does not cause any
difference in adsorption process. At high pressadsorption is independent of

pressure.
2.2.2 Freundlich Adsorption Isotherm

In 1909, Freundlich gave an empirical expressiopragenting the isothermal
variation of adsorption of a quantity of gas adsadrby unit mass of solid adsorbent
with pressure. This equation is known as Freundlasorption Isotherm or
Freundlich Adsorption equation or simply Freundlisbtherm. Though Freundlich
Isotherm correctly established the relationshi@d$orption with pressure at lower

values, it failed to predict value of adsorptiorhggher pressure.



2.2.3 Langmuir Adsorption Isotherm

In 1916 Langmuir proposed another Adsorption lsethéknown as Langmuir
Adsorption isotherm. This isotherm was based ofeiht assumptions one of which
Is that dynamic equilibrium exists between adsorpeskous molecules and the free

gaseous molecules.

Based on his theory, he derived Langmuir Equatitwclv depicted a relationship
between the number of active sites of the surfagdergoing adsorption and
pressure. The basic limitation of Langmuir adsanptequation is that it is valid at

low pressure only.
2.2.4 BET adsorption Isotherm

BET Theory put forward by Brunauer, Emmett and dreéixplained that multilayer

formation is the true picture of physical Adsorptio

One of the basic assumptions of Langmuir Adsorptsmtherm was that adsorption
is monolayer in nature. Langmuir adsorption equmti® applicable under the
conditions of low pressure. Under these conditioggseous molecules would
possess high thermal energy and high escape weldaita result of this less number

of gaseous molecules would be available near tHacgiof adsorbent.

Under the condition of high pressure and low terapge, thermal energy of gaseous
molecules decreases and more and more gaseousufasl@muld be available per
unit surface area. Due to this multilayer adsorptwould occur. The multilayer

formation was explained by BET Theory.

2.3 Adsorption Kinetics

The rate of adsorption of a molecule onto a surfzae be expressed in the same

manner as any kinetic process.
The rate of adsorption is governed by,

1. the rate of arrival of molecules at the surface
2. the proportion of incident molecules which undeagisorption

7



We can express the rate of adsorption (per una afesurface) as a product of the
incident molecular flux and the sticking probalyilithe flux of incident molecules is

given by the Hertz-Knudsen equation.

The sticking probability is clearly a property dfet adsorbate / substrate system
under consideration but must lie in the range ®<1. It may depend upon various

factors.

2.4 Adsorption Characteristics of Silica Gel-WatePair

2.4.1 Physical Adsorption of Silica Gel

Silica gel is a partially dehydrated form of thdymoeric colloidal silicic acid and its
chemical composition is expressed as SiBLO. The adsorption/desorption

equation for silica gel is given by

SiO; NHO ()& SIG (n-1) HO (s) + O (g) (2.1)

where s and g denote, respectively, solid phase and vapor ph@seimercially
available silica gels are produced from silicat@ &% of SiQ), the basic material
in a sol—gel process that employs aluminum ionsaagrowth inhibitor for the
primary silica gel. The production process of silgel, as described by Ito et al [8],

comprise the following:

() Reaction: Sodium silicate (S}Q- 20 wt%) + HSQ,, (i) monomer, (iii) dimmer,
(iv) particle, (v) silica solution (agueous aluminusulfate), (vi) three-dimensional

gel network, (vii) pH washing of aluminum sulfate, and (viii) drying.

Furthermore, silica gel can described as a dehsdredlloidal gel produced under
controlled conditions from sulfuric acid and sodiusilicate solution. Being
chemically oxidized to silicon dioxide (Si) it is made of an extremely hard and
inert material which does not dust in service and quite inert when it comes into
contact with most chemicals. The adsorptive actbrsilica gel for vapors is a
physical effect and not a chemical reaction. Theéigdas suffer no change in size or

shape even when they are saturated with the adspréiad the particles appear

8



perfectly dry. The adsorptive property of the gelamates from its high porosity,
where the dimensions of the pores are sub-micrascdje internal structure of
silica gel has been proposed for the sorption behathat is, silica gel is described
as a body with sub-microscopic pores piled togethea homogeneous mass. The
pores are formed by the juxtaposition of silicatishes with a distribution of sizes.
Normal commercial silica gel will adsorb approxielst 25-50% of its weight of
adsorbate (water vapor) in a single component gture of saturated air. It has been
estimated that 1 fnof adsorbent contains surface pores having a ceirégea of
about 2.8x10 m% This enormous internal surface and infinite numbg small
diameter capillaries attract vapors and hold therfedsorbed phase” in the pores of
capillaries. The weight of any compound adsorbedilica gel depends on its partial
pressure in the original gas mixture, the tempeeatd the silica gel and of the gas
mixture, the compressibility and surface tensiothefcondensed liquid, its ability to
wet the pore surface, and the volume and shapkeopares. Silica gel can adsorb
vapor from a gas mixture until the pores of the gye filled to a point where the
internal vapor pressure of the adsorbed phaseemtiies at a given temperature
approaches as a limit the partial pressure of dp®win the surroundings at the same
temperature. The amount of an adsorbate that igrlagls$ in silica gel at any gel
temperature increases as the partial pressureeofapor increases, and they would
exist if the gas were “saturated” at the gel terapee. For example, silica gel at
28C in contact with air saturated at this temperatwil adsorb an equilibrium
uptake from 0.4 to 0.45 kg of water per kg of gkt a result, increasing the
temperature of the gel could result in a decreases iadsorption capacity. Thus, it is
clear that higher adsorption occurs with decreasarmgperature. The maximum
concentration of the vapor that is adsorbed ocatlnen the pores are saturated with
vapor. In a reactivation process, silica gel woalldve at residual moisture content,
and the useful concentration in the gel is theedgiice between the equilibrium
concentration and the residual concentration utfterconditions of use. Adsorption
of an adsorbate liberates an equivalent amouneaf that is slightly greater than its

latent heat of evaporation.

In order to regenerate silica gel, the amount at hequired varies with the design of
the equipment, in addition to the supply of thethrescessary to release the adsorbed

refrigerant from the gel, which is equivalent te theat of adsorption. Heat must be
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added for rising the temperature of the adsorbeat &dnd the adsorber, and to
overcome heat leaks in the system. The action bfasigel is practically
instantaneous under dynamic adsorption conditiand,the length of the adsorption

period may be arbitrarily established [9].

The properties of silica gel are analysed usingAanoSorp-1 analyser. This
instrument measures the amount of gas adsorbedsortzed from a porous surface
at a predetermined equilibrium (vapour) pressurehgy static volumetric method
with liquid Nitrogen at 77K as the filling fluidThe adsorption and desorption of N2
by different types of silica gels s observed tlypetRD-manufactured silica gel has

the highest uptake. This type of adsorbent wilubed in this investigation.

2.5 Desalination

Desalination has been a practical solution to thatew shortage problems
encountered in many countries of the world, inipalar, in semi-arid regions as
well as in countries with high population densiQver the decades, numerous
commercial-scale desalination plants have beergued) built and operated [10],
such as (i) the multi-stage flash (MSF) type, {ii¢ multi-effect desalination type,
(i) the membrane-based reverse osmosis (RO) qldvibre recent improvements
include the hybrid plants, which combine the RO M%F processekl1-1q, could
recover higher quality and yield of water with tygi dissolved solids of less than
500 mg/l as required by the World Health Organ@at{(WHO) standards. lon
exchange is another method whereby ions of disdah@rganic salts are chemically
replaced with the more desirable ions, and suctoeegs has been used to minimize
the fouling and carry-over to the water. Electrakgiis (ED) or electro-dialysis
reversal (EDR) [17]s deemed as one of the most promising techniduasgver,
the expected breakthrough has yet been realizeteriReevelopment on adsorption
desalination cycles is aimed to mitigate the shammnings of the conventional
desalination methods. The earliest patent relateddsorption-based desalination
was reported by Broughton [18], using an ion-rezdrdesin for the vapor uptake,
where a process with a thermally-driven two-bedfigomation is simulated. Similar

theoretical simulations of adsorption desalinajitent were also proposed recently
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by Zejli et al. [19]and Al-Kharabsheh and Goswami [20]. Solar heat csowas
studied as a heat source for the desalination ,ptamhbined with an open-cycle
adsorption heat pump using the Zeolite as the s@lmbr adsorbent. In another
example, Richter [21jeported a similar solar-assisted desalinationtptamprises
an initial desorbed phase during the day and fdltwy an adsorption phase in the
night hours. The long cycle time employed in thrawdation yields a high coefficient
of performance (COP) but being solar-driven, itweather dependent. In this
investigation, a unique two-bed adsorption desabnaplant that employs a low-
temperature waste energy was proposed and nunheritatied. Figure 2.3 below

shows the diagram of AD system in two-bed operatiaale.

Cooling water tank Condenser
Cooling Tower

il

Collection Tank

Hot Water Tank

-

Feed Sea Water

Evaporator

‘ Gas Valve Close Q Gas Vaive Open X X Open/Close Water Val ve

Figure 1.3: Skeletal diagram of AD system in 2-bedperation mode.

2.6 Adsorption desalination working principle

The cycle consists of three major components nar@lythe evaporator which is

made of stainless steel or cupronickel to prevemtosion, (b) the adsorber reactors
where silica gel is packed around the heat exchandpes and (c) the condenser
where the water vapor is condensed. The operafitmecAD cycle can be described

as follows:
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(i) Sea or brackish water is pretreated using datia® method and is fed into the
evaporator. The evaporator is the only unit whlmade of anti-corrosive material
such as cupronickel or stainless steel. A chilledewcircuit is utilized to maintain
the evaporation of the sea water. The outlet chilater temperature ranges from 7
to 25C and it can be employed for cooling purposes. 3y water system is
implemented to enhance the evaporation of feedrihteugh flash evaporation.
The sea or brackish water is sprayed at certaisspre into the evaporator whose
pressure varies from 1.1 to 2.9 kPa depending @n cthlled water supplied

temperature.

(i) The sea water level in the evaporator is rated to maintain evaporation and
control salt concentration. Concentrated brine fribre evaporator is periodically
purged for salt concentration control. In AD cy¢lése evaporation occurs at low
temperatures typically lower than®&render.

(i) The affinity for water vapor uptake by the saturated silica gel in the adsorber
bed enhances the evaporation of the sea waterwatex vapor from the evaporator
Is adsorbed on the surface of the silica gel ingi@eadsorber reactor. Cooling circuit
is used to reject the heat of adsorption as welhamtain the adsorption process.

The adsorption process continues until the pregedé ¢ime is achieved.

(iv) The water vapor from the saturated silica det¢sulted from previous adsorption

phase) is expelled from the adsorber using low tatpre hot water.

(v) The desorbed vapors are condensed in the watded condenser.

(vi) The condensate (fresh water) is collectedhia tollection tank which is either

intermittently pumped out to the ambient or extdctia a 10 m high U-bend tube.

The numerical study was adapted from previousarebed on a two and four-bed
operation mode [22-24]. The specific water yieldmgasured numerically with
respect to the key controlling parameters sucheas$ fource temperatures, coolant

temperatures, system switching and half-cycle dperal time.
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CHAPTER 3

METHODOLOGY

This investigation is related with a cost-effectiaad environmentally friendly
Adsorption (AD) cycle for desalination using wadteat. The adsorption cycle
employs the adsorbate’s affinity to an adsorbarthss the silica gel and water pair,

and operates in partial vacuum with no major moyags.

The methodologies applied in this research include:

1) Fundamental studies on the adsorption and desorpif@aracteristic of
adsorbent-adsorbate pair.

2) Study on the advantages and disadvantages of Adsorplesalination
process in producing potable water.

3) Performance analysis of the AD cycle using two-bpedrational modes.

4) Mathematical modeling and graphical data representa
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3.1 Research Methodology Flow-Chart

 Adsorption Theory

» Adsorption Isotherms
» Adsorption Kinetics
 Desalination

» Adsorption Desalination cycle using
two-bed operation mode

» Adsorption Desalination cycle using
four-bed operation mode

» Mathematical Modeling(MATLAB)

» Graphical Data Representation
(EXCEL)

 Specific daily water production
(SDWP) and performance ratio(PR)
of the AD cycle.

J
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3.2 Gantt Chart for FYP 2
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CHAPTER 4

RESULT AND DISCUSSION

For developing equation in MATLAB, it is based dmetadsorption isotherms,
kinetics and energy balances between the sorptenents, the evaporator and the
condenser and the type-RD silica gel is employethasadsorbent. The parameters
involve in this simulation was adapted from curlgnprototype facilities of
Adsorption Desalination that located in Nationalivémsity of Singapore. All the
properties of condenser, evaporator, adsorber asdrider were adapted in order to

write the simulation program.

4.1 Mathematical Modeling

The following lumped parameter assumptions are méale the temperature is
uniform across the adsorbent (silica gel) laye);tlle adsorption of the water vapor
by the silica gel inside the adsorber bed is umfceind (c) both the adsorbent (silica
gel) and the adsorbate gas phases are in equiilmaundition in order to simplify the

model.

The uptake of water vapor by the silica gel at terajure (T) and pressure (P) can be

estimated using Freundlich Equation and adaptedrerpntal data [26].

q" = A(Ty) X [Ps(T,,) /P (T5)]PT (4.1)

wherePg(T,) andPs(Ty) are the saturation vapor pressure at temperaluvdsater
vapor) andTs (silica gel) . The numerical values 80 ~ A3 andBO ~ B3 are
determined by the least-square fit of experimemtata and presented in the
Appendix B.3.

The transient uptake of water vapor at specificperature, pressure and adsorbate
i.e., the kinetic of adsorption or desorption, &calated by the linear driving force
[27, 28] and this is given by,
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d(t)

- =K@ —x(®) (4.2)

whereK is the mass-transfer coefficient. For a small raoigessure regime (2 to 10

kPa),K is expressed in terms of key parameiyandDg as [29].

_Eq
15D RT

K= =207 — (4.3)

Rp

WhereE, is the activation energy of surface diffusiéfdenotes the average radius

of a silica gel particle, anlly is the kinetic constant for the silica gel watgstem.

The inventory of the amount of sea water is fed the evaporator and potable water
is extracted from the condenser of the AD cycle @nedmass balance of the cycle is

thus given by

dMs,evap . . .

T = Mgin — Mg,cond — Mp (4-4)
Here, Msevaps IS the amount of sea water in the evaporatgr,, is the rate of feed
sea watenn, .onq IS the mass of potable water extracted from thelenser andh,
is the mass of concentrated brine rejected fromettagporator. The feed sea water is
intermittently pumped into the evaporator dependinghe amount and level of sea
water whilst brine is discharged once the concéntraeaches to the predetermined
limit.

The mass and salt balance for the evaporator dkheycle is given as

Feed Brine discharge

AMjs evap — — dqads
dt = ems,in - YMprine —nx [A (d—td)] Msg (4-5)
dXs,evap _ . . aq,4,
Ms,evap dt - HXs,inms,in - st,evapmbrine —nX XD [A ( dtd )] Msg (46)

where Xssn and Xsevap @re the concentration of the feed and sea watethen

evaporatoiXp is the concentration of the vapor.
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The AD plant comprises of two reactor beds wheesatisorbent is packed around
the fins and tube of the heat exchanger. Basedhentlieoretical framework
developed, the energy balance of the evaporatoorimmunication with adsorber bed
undergoing the adsorption process is written as,

Tevap _

d
[Ms,evap Cp,s (Tevap,Xs,evap) + MHX,Evap Cp,HX] T

0 X hy(Topap) [A (d‘(’;“)] Mg +

mchilledcp (Tevap)(Tchilled,in - Tchilled,out) -y X hf (Tevap,Xs,evap)mbrine (4-7)

where M nxevap IS the total mass of the evaporatdg is the mass of silica
gel, my,ine IS the mass flow rate of brine discharggs denote water vapor uptake
by the master adsorption and slave adsorption psese The first term in the right
hand side of Equation 4.7 represents the sensdaely the supplied feed seawater,
the second term stands for the heat removal bypkeke of adsorbent, the third and
fourth terms denote the energy supplied by thdethivater and the sensible heat by
the brine discharge. The specific he@, ) and enthalpylf) of sea water are
calculated as functions of temperature and pres3uine vapor pressure depression
due to the concentrated salt water is taken intsideration in terms of boiling point
elevation BPE). Properties of sea water are givenAppendix D. The vapor
pressure depression affects the uptake of watesrvapthe adsorbent which varies

with temperature and the pressure.

The energy balance of the condenser which is inncomcation with the desorber

bed is given by,

chond —

[Mcond Cp,s (Tcond ) + MHX,cond Cp,HX] T

_hf(Tcond) % +nX hfg (Tcond) [A (%)] Msg +

dt

mcond Cp (Tcond) (Tcond,in - Tcond,out) (4-8)
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where Mux cond 1S the total mass of the condenser &dis the mass of distillate
extracted from the condenser.

The energy balance Equation of the adsorber bedeoted with the evaporator is

[Msgcp,sg + MHXCp,HX + Mabecp,a(T,P)] % —

dqaq
tn X AHst(Tads' Pevap)Msg # +
mcw/hwcp (Tads)(Tcw/hw,in - Tcw/hw,out) (49)

The energy balance for the desorber bed is wratgn

dees
dt

[Msgcp,sg + MHXCp,HX + Mabecp,a(T,P)]

dqq
= 4n X AHg (Tges, Peona) TesMsg

imcw/hw Cp (Tdes) (Tcw/hw,out - Tcw/hw,out) (4-10)

where Townwout 1S the outlet water temperature of the master rhesesorber bed,
AHg andCp 5 are the isosteric heat of adsorption and the 8péwat of the adsorbed

phase are is calculated using the expression derivihermodynamic framework.

Using the heat transfer Equation, the outlet teatpee of the water from each heat
exchanger is estimated using log mean temperattfezethce method (LMTD) and
it is given by,

—UA
TO‘U_t = TO + (Tm - To)exp (mcp(TO)) (411)

WhereT, is the temperature of the heat exchanger. Theggnmequired to remove
water vapors from the silica gels, here desorpga can be calculated using the

inlet and outlet temperatures supplied to the mracand this is given by,
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Qaes = mhwcp (Tdes) (Thw,in - Thw,out) (4.12)

The energy rejected in an AD cycle to the coolirajer by the adsorption process is

estimated to be

Qaas = mcwcp (Tads)(Tcw,in - Tcw,out) (4.13)

The heat of evaporatio@es, and the condensation ener@nq rejected at the

condenser are given by

Qevap = mchilledcp (Tchilled) (Tchilled,in chilled ,out) (4-14)

Qcond = mcondcp (Tcond)(Tcond,out - Tcond,in) 4-:(5)

Finally, the performance of the AD cycle is assddseterms of specific daily water
production (SDWP), and the performance ratio (PRictvcan be calculated as,

tcycle Qcond
DWP=N X ——dt 4.16
fo hfg (Tcond)Msg ( )

tcycle mq hfg (Tcond) d

PR =
0 Qdes

t (4.17)
wherem, is the fresh water production rate in kg/s andg the number of cycles per
day. The SDWP can be expressed as kg of potabkr wetduced per kg of silica
gel per day or can also be presented using equivakpression of thof potable
water per tonne of silica gel per day. The perfarcearatio of the AD cycle is the

ratio of the condensation heat to the heat inputiésorption.

The above model predicts the performance of diffeoperation modes of the AD
cycle of the 2-bed by using the coefficieAts, ¢, and 6 of which values are given in
Table B.1 in the Appendix B The mathematical modeling equations of the AD
cycle will solve using simulation code written in AVILAB, using the input

parameters summarizedTiable B.2 in the Appendix B.
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4.2 Simulation Result

For simulation result, the predicted performancéhefAD cycle for 2-bed operation
mode is calculated from the solution of matheméatitadeling. The transient
temperature profiles of the major components scadsorber, desorber, evaporator
and condenser of the AD cycle operating as a 2Abade are given in Figure 4.1. In
the two-reactor mode, one of the beds served asrtztsand the other one as
desorber. The predictions show that cyclic stedadtess achieved after two half-
cycles. The equivalent specific daily water product(SDWP) is estimated to be
about 10 ri¥tonne of silica gel per day whilst the producti@tio, defined here as

the ratio of the latent energy of condensate to Hlbkat input to produce the
condensate or PR is about 0.80.
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Figure 4.1: The temperature profiles of the major omponent of the AD cycle operating in 2-bed
mode: T,=85C, T¢y=30°C, T¢=30°C, Fiwcw=0.8 kg/s, Frilea=0.8 ka/s, Falf—cyclezGOOSy gwitching:4os

The investigations performances of the AD cycletlosm operation cycle time of 2-
bed are discussed. In practice, it is obvious tiattemperature of the available hot
water to operate the AD cycle might not be constant it will fluctuate depending

on the process from which the waste heat is extan the other hand, desorption
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rate is faster for higher temperatures and thusder cycle time may be required to

regenerate the water vapor.

Table C.1 in the Appendix C shows the correspon8&WP and PR with respect to
the cycle times and the hot water inlet temperatdiradsorption desalination cycle

of 2-beds operation modes.

On the basis of optimal conditions (the hot watanperature of 85°C, operating
cycle time 4800s, and the cooling water temperadfii@°C), the maximum SDWP

and PR are obtained as 19per tonne of silica gel and 0.80, respectively.

The AD cycle was investigated using different hattev temperatures ranging from
65°C to 85C to evaluate the optimal cycle time at which tigele gives the highest
water production rate. Figure 4.2 shows the SDW&nag cycle times for two-bed at

different hot water inlet temperatures.

115

10.5

8.5 // Thw=85°C

e Thw=75°C

7.5 Thw=65°C

6.5

SDWP
(m3 of water per tonne of silica gel per day)

5.5

0 2000 4000 6000 8000
Cycle time(s)

Figure 4.2: SDWP at different cycle times at T,- 85°C, 75°C, 65C

These results denote the existence of optimal dyeles at the specific hot water
inlet temperature as the SDWP varies with cyclestitrower SDWP is obtained at

relatively shorter cycle times, and this is du¢hi® fact that the regeneration process
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during desorption is not completed and the watpox&from silica gels are not fully
emitted for condensation and producing water incbredenser. This means that the
affinity of the adsorbent (silica gel) for the uggaof water vapor in the next cycle
will be damped due to the incomplete regenerat{on.the other hand, the lower
SDWP at longer cycle time is due to the waste efrttal energy resulting from the
excessively longer supply of the hot water to thiggon elements during desorption
process. As a result, the additional energy sugfliethe hot water has no effect for
desorption but just heating the adsorbents anchéla¢ exchanging components. In
addition, the total numbers of operation cycles gy is also significantly reduced.
The evaluation of the cycle time for different vaditer inlet temperatures showed

that the longer cycle time is required for lowet tvater temperatures.

(m3 of water per tonne of silica gel per day)

9, 93 - SDWP
9.1
8.9
8.7
8.5
60 65 70 75 80 85 90

Hot water inlet temperature(°C)

Figure 4.3: SDWP at different hot water inlet tempeature range from 65°C to 85°C

Figure 4.3 shows the comparison of the specifitydaater production of AD cycles
operating at two-bed operation modes at respehtiwvevater inlet temperatures. It is
noticed that the AD cycle in higher hot water intemperatures produces higher
SDWP compared with lower hot water inlet temperduiThis is because of fastest
regeneration process in the desorption bed at highet temperature.
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Meanwhile, the performance of adsorption desalmaitn terms of performance ratio
is investigated based on hot inlet water tempeeatlfigure 4.4 shows the
performance ratio of adsorption desalination cynle2 bed operation mode. It is
observed that the PR is increased with the incred$et water inlet temperature.
The PR signifies the ratio of the condensation teeétte heat input for desorption. In
this 2-bed operation mode, it shows that the cosatgon heat is higher if the heat
input is higher.
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Figure 4.4: Performance Ratio of 2-bed Adsorption Bsalination at different hot water inlet

temperatures.
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CONCLUSION

As a conclusion, this numerical investigation ea&dd the performance of
adsorption desalination cycle driven by waste ffiaih industry.The results showed
that two-bed mode AD process was capable of produspecific daily water production
(SDWP) of 10 miof potable water per tonne of silica gel per ddye Bptimal cycle time
for a specific hot water inlet temperature rangingm 65°C to 85C for two-bed
operation modes was numerically evaluated. Theemgal results showed that the
operation cycle time for the optimal performancetioé AD plant varies with the
regeneration temperature of the plant. A longedecyitne is required for lower heat
source temperatures in order to completely regémesabsequently giving the higher
water production rate. This work may be appliec @eneral operation guideline in the
adsorption desalination industry where the avadldidat source temperature may not be
at a constant temperaturkt. will give a large benefit to the world populatidn
producing potable and safe water for daily usetifeumore, by using this method to
produce potable water, it can reduce thermal aedtretal energy consumption

respectively, and also avoid global warming by gsirmste heat from the industry.
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APPENDICES

Appendix A: Tools

For numerical investigation on the Adsorption Desdlon Cycle, MATLAB and
Microsoft Excel will be use to perform all the callation needed and also producing
a graph for graphical representation of data.

A.1) MATLAB

MATLAB is a programming environment for algorithnexcelopment, data analysis,
visualization, and numerical computation. Using MAB, it can solve technical
computing problems faster than with traditionalgreonming languages, such as C,

C++, and Fortran.
A.2) Microsoft Excel

Microsoft Excel is a commercial spreadsheet apgdinawritten and distributed by
Microsoft for Microsoft Windows and Mac OS X. Itd®ires calculation, graphing
tools, pivot tables, and a macro programming lagguealled Visual Basic for

Applications.
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Appendix B: Mathematical Modeling Parameters

Table B.1: Values of the indicators for changing th operation mode of the AD cycle [25]

Mode Parameter 2-bed mode
n 2
Operation 0

1 (charging sea water)

A 1
Y 1 (brine discharge)
n 2
Switching 0 1 (charging sea water)
A 0
Y 1 (brine discharge)

Table B.2: Parameters use in the simulation [25]

Parameters or material properties Values Unit Reference

Sorption thermodynamic properties

Kinetic constant 2.54 x 10* )

m-/s 28

Activation Energy 4.2 x 10*
J/mole 28

Average radius of silica gel particle | 1.7 x 10*

m Manufacturer
Specific heat of silica gel

921 J/kgK 28
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Adsorber bed

Mass of silica gel per bed 36 kg
Adsorber/desorber bed heat transfer area )
41.7 m
(Abed)
Tube length 0.576
m
Number of tubes/cake 15
Number of pass/distribution 30
Thermal mass of adsorber bed including
_ 284.6 kJ/K
fins and support
Experimental
Overall heat transfer coefficient of ) Data
250 W/im~ K
adsorber
Overall heat transfer coefficient of
desorber 180-330 5
W/im~ K
Condenser
5.08 )
Condenser heat transfer arég;q) m
Thermal mass of condenser including
_ 18.61 kJ/K
fins and support
Condenser heat transfer coefficient 2657.5 )
Wim® K
Mass of condensate in the condenser 10 .
g
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Evaporator

Evaporator heat transfer aré®.p) 3.5 5
m
Evaporator heat transfer coefficient 1715.2
W/m? K
Thermal mass of evaporator including
_ 25.44
fins and support kJ/K
Mass of refrigerant in the evaporatof 250 .
g
Concentration of the feed 35,000
ppm
Concentration limit to discharge brine 110,000
ppm

Experimental
Data

B.3: Numerical Values

A(Ts) =A0 +ALTs + A2.T& + A3TS
A0 = -6.5314

Al = 0.72452E-01

A2 =-0.23951E-03

A3 = 0.25493E-06

B(Ts) = B0 +B1.Ts + B2.TZ + B3.TS
B0 =-15.587

B1=0.15915

B2 =-0.50612E-03

B 3 = 0.53290E-06.

AHg = 2.8E+6 J/kg

32




Appendix C: Simulation Result

Table C.1: Specific daily water production and optinal cycle times at different regeneration

temperatures
SDWP
_ PR | Max SDWP
Temp/Time| 1200s| 2400s| 3600s| 4800s| 6000s
85T 8.61 | 9.94| 10.02 1008 -| 0.0 10.03

75C 8.13 | 9.51| 9.66] 9.6 9.69 0.65 9.69
65C 7.53 | 8.96| 9.19] 9.25 9.2Y 0.49 9.27
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Appendix D: Properties of Sea Water

1) Vapor pressure of sea water
Pog = Poqt(T) X (1 =537 X 107* x S)

where Psea is the vapour pressure of sea watsat is the saturation pressure of
pure water an&is the salinity in ppm.

3820
T—-46.1

Psat = 133.32x exp(18.3 — )

2) Boling point elevation

BPE=(A+BXS) XS
A=(6714+643%x1072XT+9.74 x 107> X T?) x 1073
B=(2384+959%x 103X T+9.42x 107> X T?) x 107°

where BPE is the boiling point elevation which iaction of sea water temperature
and salinity.

3) Specific heat capacity

Cpsea = 2:38846 X 107* x (A1 + A2 X T + A3 X T? + A4 x T?)
Al = 4.2068 x 103 — 6.6197 X S + 1.2288 x 1072 x S2

A2 = —1.1262 + 54718 X 1072 x S — 2.2719 x 10~ x S2

A3 =1.2026 x 1072 — 53566 X 10™* X S + 1.8906 x 1076 x S2
A4 = 68774 %1077 + 1.5170 X 1076 x S — 4.4268 x 107 X S2

4) Specific enthalpy of sea water

hy.q = (Hy + CPS X T) X 4186.8

Hy =2.3D—3XS—1.03 x 107% x S2

CPS = 2.38846 X 107* X (A1 + A2 X T + A3 X T2 + A4 X T3)
Al = 42068 x 103 — 6.6197 X S + 1.2288 X 10~2 x S2

A2 = —1.1262 + 54718 x 1072 x S — 2.2719 X 10~ x S2

A3 =1.2026 X 1072 — 53566 X 10™* X S + 1.8906 x 1076 x S2
A4 = 68774 %1077 + 1.5170 X 1076 x S — 4.4268 x 107 X S2
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