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ABSTRACT

Desiccant systems have been proposed 2s energy saving
alternative to vapor compression air conditioning for handling the
latent load. Use of lignid desiccants offers several design and
performance advantages over solid desiccants, especially when
solar energy is used for regeneration, For liguid-gas contact,
packed 1owers with low pressure drop have offered good heal and
mass transfer characteristics for compact designs. This paper
presents the results from a swudy of the performance of a packed
tower absorber for an aqueous lithium chloride desiceam
dehumidification system. The rate of dehumidification, as weil as
the effectivensss of the dehumidificalion process were assessed
under the =ffects of variables such as air and desiceant fiow rates,
air temperature and humidity, and desiccant temperature and
concentration, A varistion of the Oberg and Goswami
mithematical model was used fo predict the experimental findings
given satisiactory results.

Keywords: Liguid desiccant, lithium ciloride, dehumidification,
packed tower, absorber, desiceant cooling.

INTRUDUCTION AND BACKGROUND

Liquid desiccant cooling systems have been proposed as @n
alternative to the conventional vapor compression cooling systems
0 control air humidity, especizlly in ot and humid aress.
Research has shown that a liquid desiccant eooling system, can
reduce the overall energy consumption, as well as shifl the energy
use away from electricity and toward renewable and cheaper fuels
(Oberg and Goswamni, 19982). Bums et al (1985) found that
uiilizing desiccant cooling in a supennarket reduced the encrgy
cost of air conditioning by 60% as compared to conventional
cooling. Oberg and Goswani (19982) modeled a hybrid solar
conling system obtaining an #lretrical encrgy savings of 80%, and
Chengehao and Ketao (1997) showed by computer simulation that
a solar liguid desiccant air conditioning has advantages over vapor
compression air conditioning system in its suitability for hot and
humid areus and high air flow rates.

Use of liquid desiccants offers several design and performance
advantages over solid desiceants, especially when selar energy is
used for regeneration (Oberg and Goswami, 1998c). Several
liquid desiccants are commercially available: triethylene glycol,
dicthylene glycol, ethylene glycol, and brines such as calciom
chloride, lithium chloride, lithium bromide, and caleium bromide
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which are used singly or in combination. The uscfulness of a
particular liquid desiccant depends upon the application At the

“University of Florida, Oberg and Goswami [1998a, 1998b]

conducted a swdy of a hybrid solar liquid desiccant cooling
system using tricthyiene glycol (TEG) as the desiceani. Their
experimental work concluded that glycol works well as a
desiceant. However, purs triethylene glycol dogs not have zero
vapor pressure and this causes some of the glycol to evaporate
into the ain Although tricthylene glveol is nontoxic, any
¢vaporation into the supply air streamn makes it unacceptable for
use in air conditioning of an cceupied buildine. Therefore, there is
a need o evaluate other liquid desiceants for solar hybrid cooling
desiccant systems, Lithium chloride (LiCl) is a good candidate
material since it hes zood desiceant characteristics and does not
vaporize in air at the ambient conditions. A disadvantage with
LiCl is that it is corrosive, This paper presents an experimental
study of agueous solution of dithium chloride as a desiccant for a
solar hybrid cooling system.

A number of experimental studies have been carried out on
packed bed dehumidifiers using salt solutions as desiccants.
Chung et al (1992, 1993), and Chen ct al (1989) used lithivm
chloride (LiCly, Ullah et al (1999), Kinsara et al (1998), and
Lazzarin et al (1999) used calcium chloride (CaCly); while Ahmed
et al (1997), and Painaik et 21 (1990) used lithium bromide ¢LiBr).
Other experiments for absorbers using LiCl were carried out by
Kessling et al (1998), Kim et al (1997), and Scalabrin and Sealtriti
(19903,

In any thermodynamic system, the cenditions of the warking
fluids and paramaters of the physical equipment define the gverall
performance of the system. In a liguid desiccant cooling system
variables such as air and desiccant fiow rate, air temperature and
humidity, desiceant temperature and concentration are of preat
interest on the performance of the dehumidifier The mass ratio of
air to desiccant solution MR= m,/my, is an important factor for
absorber cfficiency and system capacity. In previons works it
have baen studied the performance of packed bed absorbers and
regenerators with MR between 1.3 and 3.3, The range of MR
varies with the type of abserber/regenerator, but in general better
results are obtained for small MR.

For simulation purposes, validated meodels are required for
modeling the absorber in a liquid desiccant system. Models using
lithium chloride have been described by Khan and Martinez
(1998), Ahmed et al (1997}, and Kavasogullari ¢t al (1991), Due
to the complexity of the delumidification pracess, theoretical
medeling relies heavily upon experimental data, ("_')bcrg and
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newane of e expenmicnl weiity is shown in Fig. 1. The
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AT cpecific surtase area of 210 m¥m®, Fresh, unused lithium
iloride was stored In e tar’ . and its temperature was adjusted by

sold ¢r warm water through a submerged stainless
. Alr was Blown nast an air heater or a cooling coil, and
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desired air and desiceant condilions were obtained, the desiceant
was allowed to flow through the tower. The desiccant was
distributed over the packing by three spray heads evenly spaced in
an equilateral triangular configuration. Once steady state wag
oblained, measurements were taken using & PC-based data
acquisition system. These measurements included inlet and outlet
temperatures of the desiceant and the air using copper-constantan
thermocouples, as well as inlet and outlet air relative humidities
using humidity probes. In addiien, samples of the desiceant
entering the dehumidifier were taken during the experiment and
analyzed for water content using Karl Fischer titration.

The rate of moisture removal from the air (water condensation
rate, Me.,y) was swdied experimentally as a funection of the
following variables: air and desiccant flow rates; air temperature
and humidity ratie; and desjccant temperaturs and concentration.
For the seme variables an analysis of the tower cfficiency was
done using numidity effectiveness. Experiments were conducted
for each variabie at three levels (low, intermediate, and high
value) while keeping the other variables constant. Thres

:&p riments were conducted at each level, and an average was

sed in the results.

Fig. I Experimental facility.

"HEQORETICAL MODEL OF THE PACKED BED
A BEOFTTION TOWER
' Wt Geawemi [1998b] developed & finite difference
uc--.u..l ba.ru on Uu. model for adiabatic gas absorption presented
by Treybal (1962) with the exception that the resistance to heat
transIer m me liguid phase was neglected. For their mods! they
et wedinkatic ehgwption; ~onceniration and temperature
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Fig. 2 Packed bed: (a)overview, (b} diffcrential scgment

inlet conditions of the desiccant are known, the outlet conditions
must initially be guessed, and iterations are required to find the



desiccant outlet conditions that give the known inlet conditions at
the top of the packed bed.

Oberg and Goswami's finite difference model, which worked
well for TEG as the desiccant, required fwo modifications 1o
account for the higher surface tension of LiCl and higher water
concentration in brincs as compared lo water cencentraiion in
TEG. The modifications and governing equations that describe the
changvs in  air humidity and air temperature, desiceant
temperature and desiccant concentration, end desiccant flow rate
ACToSS a segment are given below.

Oberg and Goswami assumed that the interfacial surface arca is
the same for hecat and mass transfer, and is equal 1o the specific
surface area of the packing. Because of the high surface tension of
LiCl sclutions, twice that of glycol, the packing is wetted
insufficiently causing a considerable reduction of the area for
mass transfer, Therefare, 1o estimate the wet area, an eguation for
wetted surface area proposed by Onda et al (1968 was used:
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This couation takes (nto account the liquid surface tensian and the
surface energy of packing materials, and was used by Oberg and

Goswami in the definition of the k-Type mass transfer
coefficiznis™:
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Then, the change in air humidity across the differential segment is
defined by:

dY M, -F,-a,  (l-y
— == - J )
dZ G l-¥
‘Where the interfacial gas phase concentration is given by:
Fy
((x)F
_:1_]_1.1——W (5)
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Equation (3) was used with the vapor-liquid equiiibrium curve for
Lii?} to selve for the interfacial concentrations in the gas and
ligquid phase
The '~Tvpu mass transfer coefficients for liguid phase can be
converied to F-Type cocfficients by:

FszL'xsm"& (6)

M,

Where xg may be considered equal to 1 for very dilute solutions,
For lithium chloride the logarithmic mean desiccant mole fraction

As stated by Onda et al {1968), in equations 2 and 3, Dy represeits the
nominal size of the packing.

difference between the bulk liquid and interface values must be
calculated as:

X—X
Koy = 3 (7)

X
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The  k-Type mass transfer coefficient for gas phass can be
converted to F-Tvpe cocfficients by:

s =k, P ()
The change in ajr temperature across the differential scgment is
given by:

i

dT, hia (T, -T,) o
dZ G (e, +Y ep,)

hzja‘is the hcat transfer coaofficient corrected for

Where
simultaneous heat aud mass transfer:
e, 4Y
hga - o dZz (10)
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Applying the heat and mass transfer analogy, it is found that the
gas phase heat transfer coefficient is:

SCZ.'3
h =Fg M, (C,, +Y-C, ) S
With Schmidt number S¢ = M
PaDg

The change in desiccant flow rate, concentration and temperature
across the differential segment are given by equations 12, 13 and
14 respectively:
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Vapor pressure is an imporiant property which determines the
air humidity ratio in eoguilibrium with the desiccant at the
interface. In this study a second order polynomial was used and
the coefficicnts were obtained from a curve fit using data from
Uemura (1567):

py=(2 +a, Tra, T+, +b, - T+b, T} X

(co+c1-T+c2~T2)-X2 (15)
a,;~4.58208, a,=-0.150174, a=0.0072594 b,—=-18.3816
b=0.5661, be=0.019314 c,=21312, ¢, 0,656

e=0.01332; T {°C), X (kguievKEse))-



desiceant cutiet conditions that give the known inlet conditions at
the top of the packed bed.

Oberg and Goswami's finite difference model, which worked
well for TEG as the desiceant, required two modifications 1o
account for the higher surface tension of LICl and higher water
concentration in brings as comparcd o waler copceniration in
TEG. The modifications and governing cauations that descripe the
changes in  air humidity and air temperature, desiccant
temperature and desiceant conceniration, and desiceant flow rate
ACTOSS & Segment are given below,

Oberg and Goswami assumed that the interfacial surface arez is
the same for heat and mass transfer, and is equal to the specific
surface arce of the packing. Becavse of the hieh surface tension of
LiCl solutions, twice that of glyvcel, the packing is wetted
insufficiently causing a considerable reduction of the arca for
mmass transfer. Therefore, to estimate the wet area, an couation for
wetted surface arca proposed by Onda et 21 (1968) was used:
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Goswami in the definition of the k-Type mass transfer
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Then, the change in air humidity across the differential segment is
defined by:
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Equation (3) was used with the vapor-liquid equilibrium curve for
LiCl to solve for the inerfacial concentrations in the gas and
liquid phases,
The k-Type mass transfer coefficients for liquid phase can be
converted 1o F-Type cocfficients by:
Pu (6)
M,
Where xgu may be considered equal 1o 1 for very dilute solutions,
For lithium chloride the fogarithmic mean desiccant mole raction

Fo=Kky %gy-

’ As stated by Onda et al (1968}, in equations 2 and 3, Dp reprasents the
nominal size of the packing.

difference between the bulk liquid and interface values must bo
calculated as:
X— X‘
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The  k-Type mass transfer coefficient for gas phase can be
converted to F-Type cocfficients by:

Fs=kg P (8
The change in air temperature across the differential seoment is
given by:
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Where hrca( is the neat transfer coefticient corrected for
simultaneous heat and mass transfer:
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Applving the heat and mass transfer analogy, it is found that the
gas phase heat transfer coefficient is:
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The change in desiccant flow rate, concentration and temperature
across the differcntial segment are given by equations 12, 13 and
4 respectively:

With Schmidt number S¢ =
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Vapor pressure is an imponant property which determines the
air humidity ratio in cquilibrium with the desiceant at the
interfzce. In this study 2 second order polynomial was used and
the coefficients were obtained from a curve fit using dawa from
Uemura (1967):

py=n, +2a, Toa, T s (b, +b, - T+b, - T2)- X +
e, +c, T+e, TH)- X (13)
8,=4.58208, 2=-0.159174, 2;=0.0072594  b,=~183816

b=0.5661,  5a=0.019314 21312, ¢,=-0.666
¢=0.01332; T (°C), X (kgvickea).



A sensitivity analysis comparing the datz from Uemura (1967),
and Zaytsev and Aseycv (1992) has shown that the deviation in
waler condensation rate can be of the arder of 11%.

The efftciency of the tower was evajuated through a humidity
effectiveness defined as:

€y= Ym - YOer

YIN - Yzqu

For this relation, Y and Yoyr, are the humidity ratios of the air

at the inle! and outlet of the tower, respectively. Y., is the

humiditv matio of the air, which is in equilibrium with the

desiccant solution at the iocal solution temperature and
concen aiion.

An additional consideration was introduced in the modet to
account for the non-uniform liquid distribution at the top of the
tower The packing volume that is dry is estimated 0Oy uwsing
zeomeric relations allowing the caleulation of 2 correction factor
for unwetied packing fraction, CF. This correction facter was used
1o modity the relation a/a, in equation (1), by z./(a -CF).

(16)

RE ['S AND DISCUSSION

Tabic | presents the experimental results, while figures 3 to 8
show the experimental results foguther with the theoretical
medeling results, Uncertainties of the experimental measuremants
were calculated using the method by Kiine and McClinteck
(1953}, Error bars obtained from these caleulations are also shown
in the figures. It is scen from the figures that the adapted finite
differrnce model shows very good agreement with the
expe aneptal findings. The variables found to have the most
zignificant effect on the dehumidifier performance are: 2ir flow

condensation rate curve (% change in M.y / % change in
variable) in these figures gives an estimation of the influence of
thesc varizbles on the water condensation rate. The water
condensation rate increases with the air flow rate with a slope of
0.9 (Fig. 3). It may be explained that 2 high air flow rate will
remove the dehumidified air mere rapidly from the interfase,
thereby reducing the humidity gradient between the interface and
bulk air, and maintzining a higher potential for mass transfer. The
water condensation rate increases with the inlet air humidity ratio
with a slope of 2.5 (Fig. 5}. It happens because & higher humidity
retio imolies a higher air vapor pressure and conscquently higher
potential for mass ransfer. The water condensation rate decreases
with the desiccant temperature with a siope of —1.4 (Fig. 7). A
hizher desiccant temperature gives a lower potential for mass
transfer in the dehumidifier resulting in 2 lower condensation rate.
The water condensation rzte increases with the  desiccant
concentration with 2 siope of 2.7 (Fig. 8). A hizher desiccant
concemiration gives a higher potential for mass transfer in the
dznumidifier resulting in a greater condensation rate. It may be
pointed out that if the air lemperature is considerably higher than
the desiccant temperature, the desiceant temperature will inerease,
resulling in a reduction of the potential for mass transfer (Fig. 4),
The desiceant flow rate dos not causs significant variation in the
water condensation rate (Fig. 6 howcver, the liquid flow rate
must be high enough 10 ensurc wetting of the packing,

For the range of the variables siudied, humidity effectiveness for
the absorber remains mostly stable, no variation higher than 6%
was found. The only clear trends observed were: slight decrease
of the humidity effectiveness with air flow rate and air
temperaturs; and slignt increase of the humidity effectiveness

raie, humidity ratio, desiccant temperature, and desiccant  with desiceant fiow mte, The lower value of humidity
concentration, Figurcs 3 to 8 show that the influence of these affectivencss was 75% and the higher 8424,
variahles may be assumed lincar. Therefore, the slope of the B
Table | EXPERIMENTAL RESULTS
| INLET OUTLET I
i ¢ Ta v L TL X Ta Y TL X | m |
0.890 301 0.0180 6.124 0.1 346 1 313 0.0104 323 345 | 032
1.180 30.1 0.0131 0.227 303 347 4 322 0.0108 32.6 34.6 0.40
1.513 30.2 0.0181 6,113 30.0 343 | 322 0.0108 32.7 41 1 052
1.189 35.5 0.0188 6.290 30.3 345 | 328 0.0112 32.6 337 1 042 |
1.133 40.1 0.018¢ 6.287 30,5 344 | 331 0.0115 32.% 343 | 036 |
§.214 30.3 0.0142 6.273 30.1 339 § 301 0.0103 31.5 33.8 0.23
1.187 28.9 0.0213 6.272 30.3 339 | 334 0.0120 33.1 337 0.53
1.190 30.1 0.0180 5.019 30.2 344 ) 322 0.0113 32.7 342 | 0.38
1.182 30.2 0.0181 7.420 302 1 344 F 320 0.0110 323 343 | 0.39
| 1198 29.9 0.0177 6.269 25.0 347 | 282 0.00883 28.4 345 | 0.50
| 1176 29.9 0.0178 6.309 352 349 | 357 0.0140 36.2 48 | 0.2]
| 1182 299 0.0179 6.164 30.1 33.1 324 0.0114 322 330 | 036 |
1,192 299 0.0179 6.267 30.2 33.8 32.5 0.0112 32,6 337 | 038 |
1.176 30.0 0.0181 6.206 Efil 48 | 320 0.0107 32.3 347 | 041 |
CONCLUSIONS concentraiion (slopz=2.7), desiccant temperature (slope= -1.4), air

Reliable sets of data for air dehumidification using lithium
chloride were obtained. The influence of the design variables
studied on the water condensation rate can be assumed linear.
Therefore, the slope of the condensation rate curve in Figures 3 to
8 gives a measurement of the impact of the variahlc on the water
condenzation rate. Design variables found to have the greatest
impact on the performance of the dehumnidifier are: desiceant

310

flow rate {slope=0.9), and air humidity ratio (slope=2.5). In this
study the mass flow ratio of air to desiccant solution {MR) was
varied between Q.15 to 0.25 which is lower than the MR values of
1.3 10 3.3 used in most other studies. The adapted finite difference
medel shows very good agreement with the experimental
findings.
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INMENCLATURE
&, = specific surface area of packing {(m¥m®)
&, = wetted surface area of packing {mzi'mB)
specific heat (kJ/k-°C)
diffusivity (m¥s)
{', = nominal size of packing (m)
Fs = gas phase mass transfer coefficient (kmol/m®-s)
F. = liguid phase mass transfer cocfficient (kmol/m’-s)
G = superficial air (gas) flow rate {kg/m?-s)
~ = acceleration of gravity (m/s”)
aas side heat transfer cocfficient (kJ/m*-s)
;. = gas phase mass transfer cosfficient (kmel/m®-5-Pa)
= liguid gas phase mass fransfer coefficient (m/s)

L = superficial desiceant flow rate {kg/m®-s)
M = molar mass (kakmol)

m = flow rate (g/s) or (kg/s)

P = 1ofal pressure (Pa)

Pr = Prandil number
p» = wvapor pressure (Pa)
T = Temperawre (°C)
¥ - desiccant concentration (X2 i, / Kaluricn)
% = desiccant mole fraction (kmoly ;o £ kmolygon)
xsie = logarithmic mean solvent mole fraction difference
berween the bulk liguid and interface values (kmely g
Y = air humidity ratio (kg water/kg dry air)
y = water mole fraction (kmol water / kmol air)
Z = tower height {m)
v = surface tension (N/m)
7 = latent heat of condensation (klikg)
B o= viscasity (N/m%)
n = density (kg/m’)

o
=
=3
i
I
=
=
=

Dew _‘

= air

eritical

gas phase

imerface

= desiccant or liquid phase
reference stagge

= TN
JilE

i
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