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Abstract. This paper presents results and analyses of stibnk performed for a desiccant evaporative air
conditioning system operating in two different msidventilating and recirculating. The analysesetak account the
first and second thermodynamic laws. The simulatiorere performed for different exterior air condits. The
coefficient of performance (COP) shows to decreaih the increase of the absolute humidity at fixedernal
temperature for both operating modes: 80% for \atitig and 33% for recirculating when the absoldtemidity
changes of 4 to 2Q,8/kduy «ir - They show yet a decrease of 2% for the firstl & for the second with the increase
of the exterior air dry bulb temperature, 27 to @5at fixed humidity ratio. The second law analgtisws that both
the reversible and the Carnot cycles follow theneabehavior of the COP found for the real cyclesofparison
analyses for the two different operating modes pasormed and the results show that strategiesgusiombined
modes can offer better opportunity to increaseGeP.
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1. INTRODUCTION

Over the last fifteen years, active desiccant systdiave become a common component of HVAC systems.
Desiccant cooling systems are heat-driven coolimitsland they can be used as an alternative toectional vapor
compression and absorption cooling systems. Theaags are natural or synthetic substances capdlalesorbing or
adsorbing water vapor due the difference of watgrov pressure between the surrounding air and aegicurface.
Prevalently used desiccant materials include lIithiahloride, triethylene glycol, silica gels, alumim silicates,
aluminium oxides, lithium bromide solution and iitm chloride solution with water.

According Harriman lllet al. (1999) its operation is based on the use of ayalehumidifier (desiccant wheel,
DW) where air is dehumidified. The amount of maisttemoved by desiccant wheel depends on a nunilvariables
including the entering air temperature and moisttine type and quantity of desiccant, the depththefwheel, the
surface area of the honey-comb, the velocity ofaving through the wheel and the wheel rotatiomesp However,
the most common variable used by commercial matwfas to remove the moisture of the wheel is theegictivation.
Commercial desiccant wheel are usually reactivaii#ul air temperatures varying between 82°C and €07°

Note that the temperature rise of the supply dryisihigher when more moisture is removed fromTihe
temperature rise in the supply air comes from theversion of latent heat to sensible heat becawsstune is removed
from the air.

A desiccant cooling system comprises principallye¢ghcomponents, namely the regeneration heat sotivee
dehumidifier (DW), and the cooling unit. The coglinnit can be the evaporator of a traditional ainditioner, an
evaporative cooler or a cold coil. The role of twling unit is to handle the sensible load whie tesiccant is
responsible to remove the latent load. The regéineraeat source supplies the thermal energy napessr driving
out the moisture that was absorbed by the desicgdantent during the sorption phase. Renewable m®erych as
solar, geothermal as well as, waste heat frorvexational fossil-flue systems may be used to regeaghe desiccant
wheel (Daotet al (2006)) .

A typical system combines a desiccant cooling systeith direct and indirect evaporative system#wehg a
filtered and cooling air supply under controllednfeerature, humidity and speed conditions so as rapitate
environmental thermal comfort, even in equatoriad &opical climates. These typical systems camerated in a
recirculation mode, in a ventilation mode and itoabined mode (ventilation-recirculation modesyohematic of the
desiccant evaporative cooling system operatingittilation, in recirculation and combined modessirewn in Fig. 1.

A number of studies are dedicated to the desigmeldpment, and analysis of desiccant evaporativairop
systems. According Kanoglet al. (2004) some theoretical studies concentrate orysisaand optimization of
operating variables for the entire systems and samme@imed only to the desiccant wheel. There la®esome studies
that concentrate on the potential use of desiceaaporative cooling systems in various location&8A, Europe e
South America.

A good number of theoretical and experimental ssidiave been done to study specific aspects otadedi
evaporative cooling systems; however, not manyiassudave been performed on the second law analysignet al.



(1982) apud Kanoglet al.(2007) present a general second law analysisesitlsystems and introduce the concept of
the equivalent Carnot temperatures for evaluavgnsible COP, which depends on the operatinghpetes.

Camargo (2003) presented an analysis of the comibirade, involving second law analysis, which carubed to
establish potentials and limitations of air coratitng systems by evaporative and desiccant coslstems when used
for human thermal comfort and lower power consuampti

Kanogluet al. (2004) presents a procedure for energy and exarglysis of desiccant evaporative cooling systems
in ventilation mode applied to an experimental viegkunit. The analysis of Kanoglet al. (2004) showed that an
exergy analysis can provide some useful informatespect to the theoretical upper limit of the sgstperformance,
which cannot be obtained from an energy analysiseal
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Figure 1. Schematic desiccant evaporative coolindem

Kanoglu et al. (2007) presented a model of desiccant evaporato@ing systems in ventilation mode and
recirculation mode. Parametric studies were perfario investigate the effects of ambient tempeeatind relative
humidity over the COP (coefficient of performanesyd cooling load profiles. As part of this analysiariations of the
thermal COP, the cooling load, the reversible Co# the Carnot COP were obtained due to the chahtle @mbient
temperature and relative humidity for both operatmodes. According, Kanoglet al. (2007) the thermal COP and
reversible COP have similar trends. The thermal @@# be considered as a practical limit and possibbbtain with
the current technology, while the reversible CORhis theoretical upper limit for desiccant evap@emtcooling
systems.

In this paper, a procedure for the energy and gxanglyses based on Kanogltial. (2007) model is applied to a
desiccant evaporative cooling systems operatingeimtilation mode and recirculation mode (Fig. 1laji)is model
assumes the effectiveness for the direct and icideeaporative cooling equal to 100%. Also, theiamst cooling
process is considered ideal.

2 MODEL DESCRIPITON

A procedure is developed to analyze the desiccemparative cooling system operating in both vetitita and
recirculation modes, from the point of view of tiirst and second thermodynamics laws. A schemdttbedesiccant
evaporative cooling system, operating in ventilatioode, is shown in Fig. 1(a). The model proposedHe desiccant
cooling process assumes the desiccant wheel (D¥4),igdvhich means that the air is completely dehiffadtiat outlet
of wheel, having an absolute humidity, w, equatéco.

w, =0 )

When the moisture air flows through the desicctmnent of the DW the latent heat of the water vapaonverted
to sensible heat, promoting the increase of theatdriemperature, named the “air of the process’eAergy balance on
the desiccant wheel gives,

hz = h1+ (Wl_ Wz)hw 2

where h is the enthalpy of the moisture air atréspective points shown in Fig. 1(a), ahgl is the enthalpy of liquid
water. The contribution of the liquid water energymall and can be neglected because both théugdsomidity and
liquid water enthalpy are small. Then,
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h, =h, 3)

An energy balance is performed in the indirectpevative cooling (IEC) shown in Fig. 1(a), carryiogt the
following equation:

hz_h3:h7_h8 (4)

This model considers the effectiveness for ther@mdievaporative cooling heat exchanger equal €84, Go,

T, =T, (5)
where T is the air dry-bulb temperature at thepeesve to the points shown in (Fig. 1a). For teatiating mode the
air mass flow rates are the same in both the psoaed in the regeneration lines. Also, the absdiutaidity remains
constant through this heat exchanger, that is,

w,=w, and w,= w, (6)

Before entering the room, the dry air is cooledamyevaporative cooler heat exchanger, which isidered to
follow a saturation adiabatic process (3-4). Irt tase, liquid water is sprayed in the air streaomting the reduction
of the air temperature. The air temperature draquigcdue to the necessity of latent heat to evapadhe liquid water
that comes from the reduction of the sensible bé#te air. Considering as limits of border of dwntrol volume the
process air at the entrance and exit of the dieaporative cooler (DEC1), and the liquid wateths sprinkler, the
energy balance gives,

h, +(w,-wy)h, =h, 7

As mentioned before, the liquid water enthalpy bameglected, because both the difference of atesblumidity
and the enthalpy of liquid water are very smakrth

h,=h, (8)

Considering the effectiveness of the direct evapardeat exchanger equal to 100%, then the reldtivmidity at
the outlet of the equipment will be,

%=1 )
Similarly, for the ideal direct evaporative coolipgpcess installed in the regeneration lines (DEGR)have,

h, = hg (10)
%=1 (11)

The state 5 corresponds to the room condition wisidhe room air return temperature, being a fixallle called
(T5, @). The enthalpy difference between points 5 andrdesponds to the specific room air conditioningdowhich

has the contribution of both sensible and lateati$o
Pursuing its path in the regeneration line thepaisses through another direct and indirect evaperaboling
process before entering the heater. The extermdlsupplied to the regeneration air is given by,

Qg = M=, (12)
The model considers the process through the DW,igeacess in which means that the regeneratioh swggplied
by the heater must be no more than the necessamt laeat for the complete dehumidification of #Hrabient air

entering the DW. Then, the regeneration heat aBplme calculated from,

qreg = (Wl_ WZ) hfg (13)



where hy, is the latent heat of vaporization of the water.
In that manner performing balance of mass in the, B/obtain,

(wg —wg) =(w,—w,) (14)
Similarly to process 1-2 a energy balance in tlee@ss 8-9 gives,
hg + (W, —wg)h,, = hy (15)

Once more the liquid water enthalpy is negligibéeduse both the difference of absolute humidity emttialpy of
liquid water are very small, then,

hg = h, (16)
The room load is given by,
qcool = h5 - h4 (17)

The coefficient of performance of the system, CidRlefined as the ratio of the room load to theenegation heat,
conforms is presented bellow.

COP= Jea (18)
q reg

The Egs. (1) to (18) can be solved simultaneoushsidering as input variables the ambient airestht and the
room state, 5.In the present work the proprietiethe moist air and the solution of the equatiores evaluated using
the commercial equation solver of the Klein andakado (2008).

The cycle described above can also be applied folesiccant evaporative cooling system operatinghin
recirculation mode, as illustrated in Fig. 1(b).the recirculation mode, the room air is reciroathto the process line
while the outside ambient air is drawn into of thgeneration line. Note that, for this mode, tlatest 1 and 5 represent
the room and external ambient air states, respaygtiv

A second law analysis was also performed in thiskwdhe reversible coefficient of performance, GQRnd the
Carnot coefficient of performance, CQRvere determined for both the ventilation and nedation modes using the
procedure based on Kanogti al. (2007) and Lavart al. (1982). The COPis calculated assuming that the entire
cycle is totally reversible. It means that for atdriven cooling system the heat from the heatmgomes from a
heat engine working at the Carnot cycle, while wak delivered by this engine feeds another Carabigeration
cycle, in order to remove the heat generated imabhen. According Kanoglet al. (2007) the expression for CQB,

Tambient Tcooled room (19)
Theatsource T ambient_T cooled roo

where Tambient Theat source@Nd Teooled room @re the temperatures of the air ambient, heatceoand cooled room,
respectively. In the systems presented in Figs,bl(dne temperatures of air ambient and the cootexin are,

respectively, Tand T; for the ventilation mode, ands &ind T, for the recirculation mode. The temperature oftbat

source is considered equal to the regenerationdeahpe, T.

The desiccant evaporative cooling systems involeemgonents that are inherently irreversible, for nepke,
adiabatic humidification and desiccant processes{igluet al. (2007)). Lavaret al.(1982) investigated the desiccant
evaporative cooling systems using different appneacwhich were based on equivalent Carnot tempesfor the
evaporator, condenser and heat source. In thatthey;OR., is defined as,

. T
Coprev - [ 1_ TamblentJ[ €,evap J (20)
T, T T e eva

e,hs e,cond

coe:(r

where T s Tecona@nd Tecong@re the equivalent temperatures for heat sour@gmagator and condenser, respectively.
Lavanet al.(1982) also defined the equivalent Carnot tempegads,
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_Xmh-Ymh
Te - . R (21)
Sms -2 ms
where T is equivalent temperature, s is the entropy ferfliid, and the subscripts i and o stand for thetiand outlet

states. Kanoglwet al. (2007) applied Eq. 21 in their model for the viaitbn mode, and obtained the following
expressions for the equivalent temperatures,

h,-h
Te,hs = : (22)
S-S
- h4 - hs + AWcooled roomh w (23)
eeve S,—st A Weooled room Sw
h _h - AW +AW +AWcooe rool h w
e.cond — ° ! ( pECt e = f) (24)

ST (A Woeer TAWpee, P AW g0 roor) Sw

In the equations presented abovev .., and Aw,.., refer to the moisture added per kg of dry airhe DECs

installed in the process and regeneration linegpeaetively, while theAw is the moisture added per kg of dry

cooled room

air in the cooled room due to the latent load a)dis the entropy of liquid water at the ambient stite. In the
recirculation mode Kanoglet al. (2007) defined the equivalent temperatures as,

h, —h, +Aw h

cooled room" " w
: 25
€.evap S4 - % +A Wcooled room SW ( )
h _ h — AW + AW hW
L (AWpec, +AW,,) (26)

Sy _%_(AWDEC2+AWDW) Sy

In the equations abovéw,,, is the absolute humidity exchange in the desicoduetel.
Therefore, applying Egs. (20) to (26) we can deieenthe COR, for desiccant evaporative cooling systems.

3 RESULTS’ AND DISCUSSIONS

The model presented above was applied to a desieeaporative cooling system for both the ventilgt{Fig. 1(a))
and recirculation modes (Fig. 1(b)). The dry ailbbiemperature and relative humidity of the airidesthe room were
maintained constant and equal to 25°C and 50%eaotisply. A psychrometric diagram of the systemshiswed below
(Fig. 2). In these, for the external air, the dejtbtemperature is 30°C and humidity ratio 14®0ary air
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Figure 2. Psychrometric diagram of systems.



It was performed parametric analyses to see thavi@hof COP under the influence of the externalcanditions,
specifically the dry bulb temperature an absolutsiality.

The behavior of the COP ar@iieq for the ventilating mode is presented in Fig 3ajl Fig. 3(b). The influence of
the absolute humidity of the air exterior is presdnin Fig. 3(a), for an external air temperatufe8@°C, while the
influence of the dry bulb temperature of the aiteeior is presented in Fig. 3(b), for an absolutenidity of 14 grams

of vapor per kg of dry air.
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Figure 3. Behavior of the COP afgkgas a function of the air exterior condition foe trentilating mode.

It can be observed from Fig 3(a) that the COP dmsa® and the regeneration heat increases as tilatatisimidity
increases. From Eq. (13) it can be seen that theneration heat depends mainly on the amount oftorei to be
removed from the wheel, therefore, the increaséhefabsolute humidity at the inlet of the wheell wilomote an
increase of the difference of absolute humidityotiyvh the wheel (w= 0), and consequently increases of the
regeneration heat. As the cooling load was maiathoonstant then COP will drop.

It can be observed from Fig. 3(b) that the COPeases slightly and the regeneration heat decrdéightlysas the
dry bulb of the exterior air temperature increaggem Eq. (13) it can be seen that the regenerdiian also depends
on the latent heat of the water. For our model aehaken the latent heat at the temperature ditHeaving the well
(point 2). Therefore, as the exterior air tempamtacreases the temperature leaving the wheeht{@pialso increases

becausew, = 0, consequently the latent heat decreases andetfeneration decreases. As result the COP irgeas

because the room load was maintained constant.

The behavior of the COP aifq for the recirculating mode is presented in Fig) 4fad Fig. 4(b). The influence of
the absolute humidity of the air exterior is presdnin Fig. 4(a), for an external air temperatufe8@°C, while the
influence of the dry bulb temperature of the aiteeinr is presented in Fig. 4(b), for an absolutenidity of 14 grams

of vapor per kg of dry air.

Tdbs=30°C
) | | 50
145
3 140
135
i 30
% J
Uregen L
o, ’ - |
120
i - 115
k e T e
N 110
e

1 - : - : ‘ - : 5
0,004 0,006 0008 001 0©O012 0,014 0016 0018 0,02
Ws [ka/KGdry airl

(a) Effect of the absolute humidity.

Areg [kJ/kg]

COP

35

25}

15;

Tobg=30°C

50

S S

145

{40

135

130

125

120

27 28 29

115

110

T
Thss [C]

33 34 35

(b) Effect of the dry bulb temperature.
Figure 4. Behavior of the COP afgkgas a function of the air exterior condition foe ttecirculating mode.
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It can be observed from Fig. 4(a) that the COPelesms and the regeneration heat maintain constainé absolute
humidity increases. The temperature of air at p6imbcreases as the absolute humidity of the etterir (point 5)
increases due to the isenthalpic process whichredouthe direct evaporative cooler. As this modstumes the
temperature of the air at point 3 equal to thgt@ht 6, then the temperature of point 3 increaapd,consequently, the
temperature at point 4 also increases (isenthéhm¢. The temperature difference of points 5 ardkedreases because
the state of point 5 is fixed (room air temperatut@onsequently, the enthalpy difference of theames points
decreases and the room load decreases. On thehather the regeneration heat remains fixed bedhesstate of the
room air was maintained fixed amil, = 0. Therefore, COP decreases as the absolutedhyrof the exterior air
increases.

It can be observed from Fig. 4(b) that the COP eleses and the regeneration heat maintain constainé alry bulb
of the exterior air temperature increases. Likegtevious explanation, the increasing of the aliedfwmidity of the
exterior air causes increasing of the temperatfimomt 6 which promotes the increase of the tempee of point 3,
and consequently, increase of the temperatureiat pdisenthalpic line). For the same reason shpvaviously the
room load decreases. The regeneration heat agaaine fixed because the state of the room air waistained fixed
and w = 0. Therefore, the COP also decreases as th&utgbbamidity of the exterior air increases.

At this point it is presented the influence of tliations of temperature and absolute humiditthefexternal air in
the behavior of COfand COR, using a thermodynamic second law analysis. Thecetif the dry bulb temperature of
the exterior air is shown in Fig. 5 considering #iesolute humidity constant and equal to 14 grainvapor per kg of
dry air for the ventilating mode.
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Figure 5. Behavior of CQR and CORfor dry bulb temperature changes of the exterior a

The behavior of COR, shown in Fig. 5(a) is similar to the COP behayimesented previously in Fig. 3. According
Lavanet al.(1982) the increase of the dry bulb temperaturta@fexterior air causes an increase in both thé swmirce
and the condenser temperatures, and consequerdlyC®FR., tends to decrease. The CO#so decreases with the
increasing of the exterior air dry bulb temperaturewever, it can be seen from Fig. 5(a) that taduction is much
more accentuated because this parameters depdgdmadhe temperatures.

The effect of the dry bulb temperature of the égteair is shown in Fig. 5(b) considering the albgelhumidity
constant and equal to 14 grams of vapor per kgyéil for the recirculating mode.

From Fig. 5(b) it can be observed that the behayithe COR,, and COR with the variation of exterior air the dry
bulb temperature is similar to that of the veniigtmode.

From the parametric analyses shown in Figs. 56a) ®(b) we can say that for both operating mode$LO
represents the limit superior maximum for the dogfht of performance. On the other hand, GORpresents the limit
superior, although this value is not the maximuntueadepending of the operating system conditidxecording
Kanogluet al. (2007) the COR, is the best parameter to measure the performantte afesiccant evaporative cooling
systems.

An additional analysis to compare the ventilatimg aecirculating modes is presented in Figs. 6(a) &b), using
the COP values obtained from Figs. 3 and 4, whatsitler, respectively, the variations of the absohumidity and
the dry bulb temperature of the exterior air. Fifa) shows that for low values of the absolute Hiyithe ventilating
mode shows higher values of COP; however, as tlelatie humidity increases the COP of the ventitatinode
decreases rapidly and at certain point a commowmevaf COP is found for both modes. Beyond this pitican be
observed that the COP for the recirculating mode ligtle superior than the COP of the ventilatingde. From Fig
6(b) it can be noticed that the COP values forrdfeérculating mode is always superior to those foethe ventilating



the mode. From these two figures it can be recordneentrol strategies that promote mixture of thenreand outside
air in order to obtain better values of COP.
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Figure 6. Comparison of the COP for the ventilatmg recirculated modes.

4 CONCLUSIONS

This work presents a model to analyze desiccanp@asive cooling systems operating in both ventifatand
recirculating modes, through the point of viewtlod first and second thermodynamic laws.

The model assumes the efficiencies of the direaperative coolers, the indirect heat exchangerthediesiccant
wheel equal to 100%.

It has been analyzed the influence of the extaiorconditions in the coefficient of performancetbé cooling
system. The results show a considerable COP dewresith the increase of the absolute humidity fothbmodes.
Regarding the variation of the exterior air tempae, the COP shows insensitive for the ventilatimade, although it
decreases as the temperature increases for theutating mode.

The COR,, and COR follow the same behavior of the real COP for tlagiation of the exterior air day bulb
temperature. The CQRcan be a good parameter to measure the highaseréy of a real cooling system.

It can be recommended a strategy which providesrileure of the exterior with the return air in erdo improve
the efficiency of the cooling system, being necegsaerefore, to simulate in the future the consbiimodel.
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