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X CONCCMErALON rlw sve sysiem
Z height of desiccan) bed. m O toral
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ABBREYIATIONS

ADS  Absorption-desorption system
AEY  Air exhaust valve

ATV air inlet valve

VV  vapour valve

INTRODUCTION

Aunospherie air is a huge and renewable reservoir of water in vapour form. This
endless source of water is available every where on the earth surface Several
investigators [1-6] had studied the proce~: [or the production of domestic water
from ambient atmosphere. Desiccant based water recovery from almosphceric air
sysiems are finding increasing demand in research work [7-12]. In addition, research
aclivities in the field of using desiceant-based air conditioning systcms are finding
applications in humidity control deviees %¥ith sume modificalions, these systems may
be used tor recovering warer from air it arid areas. Analysis of adsorption /desorption
cycle producing water from air wilhh applicanion of Caleium Chloride as the working
desiccant is presented in [! /| In thc adsorption /desocption system (ADS), air is
passed over an adsorbing material -aheore water vapour is isothermally adsorbed In
lhe desorption (regenuvrairon® process, the sorbenl is heated. while water vapour is
evaporated and condersed sn a cooled sirfane.

In recent years, desiccant s-steras have significant changes in their design to inerease
the weight of adsorbed water from air per unit weight of sorbent material [10]. Packed
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porous adsorbing material can be used to produce compact units operating on the
principles of the (ADS). In this case, forced convection adsorption is fiecessary. Solar
energy &s a clean and renewable energy source can be applied to power the (ADS). In
addition to solar energy, waste heal of some projects in desert areas, such as mining
projects and gas turbines, can be used to regenerate the desiccant. When wasie heat is
applied, such systems can operate continuously and the productivity is not restricted
by the intensity of solar radiation and radiation collection area. Moreover, continuous
operation of such systems offers the advaniages Lhat the equipment is small relative to
the quaotity of product. The system daily productivity is simply equals the cyelic
productivity multiplied by the system frequency (number of cycles per day).
Increasing the mass transfer rate by forced convection decreases the sorption period
and conseqoently increases the system frequeney. Also, it is necessary to operate with
minimum power consumption to keep the cost of produccd water as minimum as

possible.

The aim of the present work is to evaluate the effect of system design parameters and
ambient conditions on the performance, when forced adsorption is applied. Also, it is
objecied to determine the adsorption [imits a1t which maximum sysiem efficiency can
be attained.

THE PROPOSED SYSTEM AND ITS OPERATION

The ADS, presented in this study operates on the basis of the adsorption / desorption
cycle. Figure | shows a typical plant layout arranged for this method. The system
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Fig. | Typical layout of the adsorption/desorption system producing water from air
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operates in two riodes, namely adsorplion mode and desorption mode. In the
adsorption mode, ambient air is forced onto the sorbent bed where the moisture is
adsorbed and desiccant concentration decreases with lime. At the top of the sorbent
bed, air is exhausted outside the system Lhrough the air exhaust valve, whieh is
opened during this mode of operaticn. At the end of this stage, air inlet valve (ATV)
and air exhaust valve {AEV) are closed. During the desorption mode, sorbent bed is
heated and desiccant is rcgenerated. Vapour pressure on the desiccant afr surface
increases and as a resull water vapour flows to an air-cooled condenser through the
vapour valve (VV). Evaporation from the bed with subsequent condensation on the
condenser surface take place during desorption mode. The condensate is collected
theough the condcnser opening shown in figure 1. Regeneration ends when desiccant
concentration in the bed reaches its initial value at start of adsorption process. New
cycle staris when bed temperature decreases to the initial sorplion lemperature
{ambient temperature)

SYSTEM MODEL

Because of the abundance of parameters involved in the systeim operation, some sor
of syslematic approach must be employed in order 1o cvaluate the effect of various
factors. Some parameters such as ambient air icmperature and humidity are
uncontrollable and determine an operation limits for the sysiem. Other system
parameters, such as initial concentration of desiccan:, concentration at the cnd of
adsorplion, and design characteristics of the desiccant bed can be selected fir
optimum systemn performance.

An important aspect of any system simulalion is the determination of ihe conditinns
for optimized performance. When sorption / desorption cycle is applied with nztnal
abserption of water vapour from air, system efTiciency can be simply evaluated {ron
the multiplication of the cycle efliciency by the etficiency of the heat trars®
equipment (ex. collector eflteiency, whea solar energy is applied) In casc of forced
air adsorption, when packed bed is applicd, cnergy added to forced air stream muet be
accounted in defimtion of system efficiency. Therefore, systcm efficiency is delined
as the ratio of heat added to generated warer vapour ¢, to the tlotal equivabunt heat
added to the system H, i.e

N, =4q,/H ()
Total heat added to the system can pe expressed as
Q, =Q,+Q, (2)

where O is the heai added to bed material and Qg is the heat added to desizeart and
vapour,

Q, =M, Cp,(T.-T,) i
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where My and Cps are the mass and specific hent of bed imaterial, respeetively,
T, and T. are lhe bed temperatures at the end of regeneration and end of adsorpticn,

respectively.

The heal addcd to desiccant and water vapour during the desorplion process can be
expressed as given in[11 ] as

Q.:'_-[ mh, + M h, —(Md+m]h_ ] ()

where h is the enthalpy. Subscripts v, r and a denote water vapour, desiccant condition
at the end of regeneration and desiccant eondition at the end of adsorption,

respectively.

Knowing dcsiccant concentration limits and mass of desiccant My one can evaluate
the mass of adsorbed (or regenerated) water vapour as follows,

T )Md (5}

where X, and X, are desiccant concentralion at the end of regeneration and end of
adsorption, respectively. As the mass of desiccant changes during the processes, in
equation (5), My is taken at start of adsorption

The heat eguivalent Lo energy added Lo air siream during adsorplion can be evaluated
hy dividing the energy by the Carnot energy factor Ca,

Q.= EI;(V“A )AP(z, ) (6)

where v, is the air veloeily al bed entrance, A is the free cross sectiona! area of the
packed coiumn, AP is the pressure drop through the bed, and 1,is the adsorption lime.
Carnot energy factor is dependent on the operating lemperature limits of the cycle,
ambient temperature. which is equal o the adsorption temperature T, and maximum
regeneration lemperature, which is equal to the desiccant lemperalure at the end of
regeneration proeess T,. Consequently, Carnot energy faetor ean be expressed as

T, -T
Ca=[ 4——2t 7
(= ) ()
The Lotal equivalent heal added to the system is expressed as
H=Q, +Q, +Q, (8)

Ambient conditions (temperature and velative humidity) are outside controlling
parameters, which determine the maximum possible mass of vapour adsorbed by the
desiccanl In other words. for specilie sorbent the lower value ol desiceant
concentration at the e of sorplion process is dependent on ambient paramercrs
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Whan Calcium Chloride is the warkipg desiccant, The lower concentralion can be
expressed as given in {11] by

r {/ o, 3l 3 9
X =llnp, —la, =t —
me =P h 4 =T /| t+119) ®

where, tis the ambient tetnpeiaiit &, °C, 4o, by, a1, by are regeession constants given in
[11]. The vapour pressure in a:inbient atmosphere is dependent on the relative
humidity e and saruiai or nressuse of waler vapor al amoient temperature, pdf), 17

p, =up,[t) ('0)
Uydle etliciency is Jdedr 2+ -herato of hea' added vy geperats vapour ‘¢ "he by
e gy Jesiceant dorin e ocration process.ie,

qew :(1V/Qd ( '11
where
(. = TL et

i ters of desiceun prranisteds, wyole sthoenes can be espeessed an oo 0
;T . g
X, -Xh, |
e = L ‘hl ™
X -X

whe=e Lis the later leat el evapersien alwater al the copees - -
the enthalpy of gererated vapolur, ¥ and h are the concentrr v e

resiccant, respectively  Subseriple = and r denote the condition v
adsorption and regenecation, respeclive y

- . f
. v f

Ve bali

Referring to Eq.{8) and substitunng by Qg Oy, and Q, from equaonns ;) (41 god
respeetively, yields

=lmby, 0000 fn, X, 2 OpT, ) (v, AdPr, J ]

Ca
Tosaibing 3voRos oty (o e and (14) in Eq (1), swstem sticiency conoe
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Ty MOp(T, -T) v, AAPT, 1 .

qsw = i/ ) — t T A T At A | {16)
T D MUK, X)) XL LM, cafix, -X) X,
To evaluate the effect of system parameters and ambient conditions on the system
efficiency M., 1 Eq {16} the pressure drop AP and adsorplion time 1, must be

expressed in terms of system operaling parameters,

The pressurc drop AP suffered hy a fluid in Rowing through a bed of packed solids
such as spheres, cvlinders, eic is dependent on bed height Z. porosity € and
reasonably well correlated by the Grgun equation {13]

ap edyp,  130f )
— T -+

LA S 5 (1
Z (1-c)G° Re
where
d, G )
Re = ——- (i

'
L

and dp 1s the eflective diazineter of the particles and G is the mass velocity of
strea.

According 10 the analysis of the adsorption process through porous bed impregni:. 1
with liguid desiczari [11], the dimensionless adsorption nme yt is dependesi ur o

mass transler porential ratio and can be expressed in the following dimero - <
{orm,
(Cc-C%
Y=l —-—z {1
\c-c")

where © and €7 are the molar concentration of water vapour in ambicne air« o
corcentration ar cguldibrium with adsorbed phase. the subseript v denotez the fn »
condition of desiccant. The dimensionless time wy is defined i terms of e e

ransfer coefficient k. total interfacial area per unit volutme a, adsorption time 1, 6.c

keight 2, hed porositv © and air stiream velocity v, which is uivenin -] a3
-
, ka | o) .
[, R (20)
Kt -}l v,

where w1 the an aflinity constanr for adsorption equilibrium  From equations ¢ 19)
and {29, can be noticed that. for specific bed characteristics anu Cuubnent conditions,
the adsor st e is depeadent on tie solulion conceniration iv ww { 2
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However, it is more convenient to express the system efliciency in terms of non-
dimensional parameters. This cxpression can be obtaincd by substituting equations
(19) and (20) in Eq. (16} and réarranging,

r,“=;/ [QL}KH[EWC—?HV‘P)J !

The dimensionless parameters presented in Eq (21) can be defincd in two groups' The
lirst group represents the ambient conditions and operating concentration limits of the
applied destccant, this group includes the cycle efliciency 1ey, the dimensioniess
concentration ratic X, the Carmot (aetor Ca and the dimensionless time y. The sccond
group of parameters, whieh represents the bed and air siream conditions, includes Lhe
mass ratioM, dimensionless specific heal cof bed material Cp, dimensionless

pressure drop P and dimensionless velocity V

The dimensionless paramelers are defined as Tollows.

X= X, : (22}
X, -X,

N

MM (23)
M,

- Cp,T -T

Cp: pb(r 1), [24J

L

f’:ﬂand (25)
Lp,

v:[}\\'{_ I-BJ (2())
kaZ E

N

where ppis the bed average density, defined as

M, (27)

Py AZ

14
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The operating paramcters alTecting e systemn performance are summanzed with the
correspanding dimensionless groups and presented in Fig. 2
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Fig. 2 System operaling parameters
In the peesent work it s iterssted o set a limil for the desiceant concentration a; ti
end of adsorption process {lower value ol conceutration} Lo maxiinize the syster
etficiency Foi ihis puipuse. the foregotng equations have beca intraduced j:
computer mode. Bwostng!den s Tthe proposed systemn (Fig. 1), The sivuiation i
may he deserlixd as follows, Knowing the ambient conditioos { wemperature i
humidity ), ecuililitiv ne y raverios of operaling desiccant are evaluated from 1
property  tables or correfauon [11] Hlence, desiccant concentration a st .o
adsorption is assumed. This value is usually higher than the equilibrium vaiue
eorresponding 1o tie ambiznt cendinons, and lower than the crystallization luniz i
packed bed parametcrs, presenied in Fig. 2 are introduced into the modet as weli b
the air velocity. From eqs. (22-26), the dimensionless parameters of eq (Zijaie
calculated  Caleulilivus are perfored for different values of aibient «eraperatur:
andd Twmidity.

RESULTS AND DISCUSSION

As the sorbent conceniration at ihe end of adsorption process plays a decisive 1ok 1
derermining the swstem performance, the lower value of this coneentrase n o Lo
br e ambient coaditions Adserpiion process continues until the vap o0 oesn e or
the desiceant surfiee eqrals that of ambiend air. The humidiy ratic & Bicat au
derormeings the cuibbriom vaporer preccure ar which adsarption . o 2P e
surbent  lower  possihle concentration is evaluated by knowledge of ~quiithringm
Jressure and the adsorption temperature Fig, 3 demronstrates the effect sfambeni
pargpicters o1 the winnmum possible value of adsorplion concentraiien A chawn in
ligure 3, for a consiant valee of eatdity ratio in atmospheric air. 1 s well kpown
that the redotive hwnddity decrcases with temperature nise while o

CAu L lnan
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concentration increases It can be observed that the increase in humidity ratio, for a
given ambienl temperature, decrcases the value of equilibrium conceniration, which
cquals the lower possible value at the end of adsorption.

Analysis of the adsorption/desorption cyele [11] shows that lower values of sorbent
final concentration at the end of sorption results in higher values of cycle efficiency
and mass of sorbed water per cycle. Fig 4 illustrates the effect of desiccant
concentration al the end of sorption on the thermal efficiency of the
adsorption/desorption cyclc and the dimensionless adsorption time. 1t can be observed
that the cycle efficiency has its highest value al the Jower adsorption concentration.
On the other hand, adsorption time exponentially incrcases wilh decrease in sorbent
concentration, which means an expenential increase in the energy, added to air stream
flowing through the bed. However, in condition of natural adsorption, higher svstem
efficiency is aitained at higher cycle efficiency, because no work is added to the
system during the adsorplion mode.

For forced convection adsorption, energy is added to the system in two forms namely
power added to air stream during adsorption process and heat added to the desiccant
hed tu reconcentrale the desiccant and regenerate vapour lor speeific system
parameters and ambient temperatnre, the ratio of heat 10 work added to the system is
presented in Fig.5, for difTerent values of refative lumidity of ambient air Il can be
noticed that the value heal/work ratio decreases with deerease in concentration at ihe
end of adsorption. The influence of relative humidity of inlet air, for a given
temperature, shows an increase in this ratio for higher values of relative humidity
For Lhe same operating conditions, system efficiency is plotied versus desiccaut
concentration during sorption (Fig. 6). ltis shown thal a maximum value of systent
efficiency exists at specific value of concentration, for a gtven value of relative
humidity. [n addition, system efTiciency generally increases with increase in humidity
ot air. Therefor, desiccant minimum concentration must be selected 10 maximize the
system performance in case ol forced adsorption

In addition {o ambienl conditions, the optimal selection for the desiccant
concentration X, is also dependent on the system operating paramelers As an
example let us consider a system with the following operating conditions

fnitial concentration = Q 4

Ambient temperature = 30 "C

Relative humidity =0.8

Bed nass/desiccant mass = 10

Dimensionless specific heat ¢ Fbed materie! =0 012

Piot of the system elTicieney versns desiceant concentration X, is shown in Fig 7. for
dilYerent values of dimensionless pressure drop P Generally, higher values of
systemn elficiency can be attained with lowering the dimensionless pressure drop
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CONCLUSTOS

Analysis of (he opzrativ. of the adsorption/desorption system (ADS) for product- -

of water from armbient air, with forced convection adsorption has been developed 7

efTects of meleorological conditions and systein design parameters are well dofh-_*

Also. system efficiency s delined in terms of operating cycle efficiency and sy

design parameters  The appropriate seleetion of desiecant concentration at the enc

adsorption has becn discussed Based on the obtained simulation resuils, the fofoy

conclusions ean be drawn:

- Cycle efficiency and system efficieney don’t reach maxima at the sam,
desiecant concentration at the end of adsorption

- The lower concentration for the operating desieeant ts strongly dependend on t!
ambicnt temperartire and hunmidity

- The optimum desiceant cone- dration at the end of sorption decreases wit:
decrease (n pressure drop through the system

- For a givea ambrent icmipereture, sysien overall efficiency 1s nghiy dependen ¢
relative huosi ity

Slue
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