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Chapter 10

A Review of Liquid Desiccant Cooling

V. Oberg and D. Y. Goswami

Solar Energy and Energy Conversion Laboratory
Department of Mechanical Engineering
University of Florida
Gainesville, F'L. 32611-6300

ABSTRACT

Desiccant cooling has the ability to provide eflicient indoor humidity
and temperature control, while at the same time reducing the electrical en-
ergy requirement as compared to conventional vapor compression systems.
Uinlike other surveys on desiccant cooling, this review focuses on a more
detailed coverage of liquid desiccant systems. Physical properties are com-
pared for commonly used liquid desiccants (salt solutions and triethylene
glycol). Findings from studies considering desiccant/air contact equipment
such as packed towers, finned coils, and solar collector regenerators have
been summarized in tables for easy comparison. Key features of these tables
include the desiccant material, the influence of design variables on the dehu-
midifier /regencrator performance, and whether experiments were performed.
Iinally, system configurations are presented schematically, with additional
information listed in tabular form.
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432 A Rewview of Liquid Desiecant Cooling

NOMENCLATURE

A area (m?)

a specific surface area {(m?/m?)

b height hetween collector surface and glazing (m)

CELD queous solution of a 30/30 mixture of lithium chloride
and calcium chloride

cor coefficient of performance

cp specific heat (kJ/kg-°C)

d plate spacing in a plate a heat exchanger (m)

EER energy efliciency ratio

' superficial air (gas) flow rate (kg/m?-s)

H enthalpy (kJ/kg)

he gas side heat transfer coefficient (kJ/m?2-s)

[ solar radiation incident on solar collector (W/m? or
kW /m?)

Ka overall gas side mass transfer coeflicient (kmol/m?*-s)

L superficial desiccant flow rate (kg/m®-s)

l length (m)

Le Lewis number

M molar mass (kg/kmol)

m flow rate (kg/s)

N number/quantity (as in number of rows)

NTU number of transfer units

p vapor pressure (kPa)

Q effect (W)

Re Reyvnolds number

SHR sensible heat ratio

T temperature (°C)

TEG triethylene glycol

U heat loss coefficient (kW /m?-s)

w width (m)

X desiccant concentration { % by weight or kg desiccant

/ kg solution)

Y air humidity ratio (kg water/kg dry air or g water/kg dry
air)

Z tower height (m)

o} absorptance

I flow rate per unit coil width (kg/m-s)

¥ surface tension (N/m)

€ effectiveness

1 efficiency
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A latent heat of condensation/vaporization (kJ/kg)
1 viscosity (Ns/m?)
7 dimensionless vapor pressure difference {(equation (10.2))
P density (kg/m?)
Subscripts
a air
amb ambient
avg average
hoil boiler
'Y collector
cond water condensation
cool cooling
cs cross sectional
L RICTEY
cqu equilibrinm
evap water evaporation
g glazed
G Gas
H enthalpy
heat heat
in inlat
L desiccant
0 open
out outlet
R regeneration
r refrigerant
row rows {e.g., used to indicate nuinber of rows)
tot total
W water
Y humidity ratio

10.1 Introduction and Background

Energy efficient control of both temperature and humidity is a challeng-
ing task, With energy savings in mind, conventional vapor compression
systems have been designed to operate at higher evaporator temperatures
which makes them incapable of maintaining indoor relative humidity within
a comnfortable range in hot and humid climates (Marsala et al., 1989). There-
fore, separating the control of humidity and temperature by means of solid
or liquid desiccants could result in both energy savings and improved hu-
midity control. The main energy requirement associated with the use of a
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desiccant dehumidifier is low temperature heat, which may be provided by
solar energy or sources of waste heat.

A number of review articles on desiceant cooling appear in the litera-
ture. Harriman {1990) gives an excellent description of desiccant cooling
technologies. A general discussion of the desiccant cooling concept and a
review of the carly work in this field are given by Grossman and Shwarts
(1978). lowell {1987) performed a survey of active solar cooling methods
with an emphasis on hiquid desiccant cooling systems. A thorough report
on the status of solid and liquid desiccant cooling technologies, including
system design and desiccant materials research, was given by Pesaran et al.
(1992). Waugaman e al. (1993) reviewed publications on solid and liquid
desiccant cooling systems, as well as research on desiccant materials.

[n a solid desiccant cooling systemn, the desiccant bed is typically con-
figured as a rotary wheel. The air to be dehumidified is passed through
one part of the wheel, while a hot air stream passes through the other part
for desiccant regeneration. Thus air dchumidification and desiccant regen-
eration take place simultaneously. In liquid desiccant systems, the direct
contact equipment allows for simultaneous heat and mass transfer between
the air and the liguid. As the desiccant absorbs moisture it beecomes dilute.
The dilute desiccant is then brought to the regenerator where it is healed
to evaporate the water. Some advantages of the liquid desiccant systems
over solid desiccant systems include a smalier air pressure drop. and the fact
that a liquid can be transported directly to the source of regeneration heat
(Hlowell, 1987). The ability to pump the liguid desiccant makes it possible to
connect several small desiccant dehumidifiers to a larger regencration unit
(Harriman, 1990), which would be especially beneficial in large buildings.
Using a liquid desiccant also enables more efficient heat transfer by using of
liquid-liquid heat exchangers (Grossman and Shwarts, 1978). Finally, since
a liquid desiccant system does not require simultaneous air dehumidification
and desiccant regeneration, it is possible to store the dilute liquid until re-
generation heat is availabie, l'or these reasons, further investigation of liguid
desiccant systems is of great interest.

In contrast to the more general surveys listed above, this review focuses
on a detailed coverage of liquid desiccant cooling systems. More than 80
publications regarding liguid desiccants, liquid desiccant cooling svstems,
and the analysis of important system components are reviewed. Physical
properties are compared for commounly used liquid desiccants (salt solutions
and triethylene glycol). Findings from the studies of desiccant/air contact
equipment, such as packed towers, finned coils, and solar collector regencr-
ators, have been summarized in tables for easy comparison. Key features of
these tables include the desiccanl material, the influence of design variables
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on the dehumidifier/regenerator performance, and whether cxperiments were
performed. Finally, system configurations are presented schematically, with
additional information listed in tabular form.

10.2 Liquid Desiccants

Hygroscopic liquids used as desiccants are characterized by their low
vapor pressure. The driving force for mass transfer is the difference between
the vapor pressure in the air and in the desiccant. In addition to low
vapor pressure. desiccants should have low viscosity and good heat transfer
characteristics. Also, it is preferred that they are non-corrosive, odorless,
nontoxic, nonflammmable, stable, readily availlable, and inexpensive {Giflord,
19571, l'urthermore, the surface tension of a liquid desiccant is important
since it dircetly influences the static hold up and surfice welting in the
desiceant/alr contact equipment.,

Desiccants commonly used are aqueous solutions of lithium bromide.
lithium chloride, calcium chloride, mixtures of these solutions, and triethy-
lene glyecol (TEG). The vapor pressures of these common liquid desiccants
as a function of temperature and concentration are shown in Iligure 10.1,
as compiled from Dow Chemical Company {1996 and 1992), Cyprus Foote
Mineral Company, Ertas ¢! el (1992), and Zaytsev and Aseyev (1992).
Other phyvsical properties of desiccants that are important for evaluating
the heat aud mass transfer processes, along with the pumping requirements,
are listed in Table 10.1,

As shown in Figure 10.1, the salt solutions and triethyvlene glycol have
cornparable vapor pressures. However, salt solutions are corrosive, and their
use may increase the equipment cost since corrosion resistant materials are
required. Also, salt solutions have higher surface tension than the glycols
(Table 10.1). Hence, adequate wetting of the extended mass transfer surfaces
would be more difficult using salt solutions, altbough surfactants can be
added to salt solutions to lower their surface tension {(Yao et al, 1991).
While triethylene glycol has low vapor pressure and low surface tension,
the vapor pressure of pure triethylene glycol is not zero, resulting in some
evaporation of the glveol into the air. Triethylene glycol is not particularly
toxic but inhaling vapors may cause respiratory irritation (Fisher Scientific,
1997), making it necessary to prevent glycol vapor from entering into the air.
Adding ten percent by weight of polystyrene sulfonic acid salts to triethylene
glvcol has been found to improve the moisture absorption capacity of TEG
by as much as 15 percent (Meckler et al., 1993). The authors also suggested
that these TEG-polymer mixtures may have lower vapor pressure than TEG,
which would reduce the glycol losses via evaporation. Finally, the high
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Figure 10.1: Vapor pressure of liquid desiccants.

viscosity of triethylene glycol will increase the pumping power in a system
as compared to the less viscous salt solutions.

Desiccant mixtures have been proposed in order to combine the advan-
tages of the individual components and to improve the overall characteristics
of the desiccant. For example, in an attempt to obtain a liquid desiccant
with lower cost than aqueous lithium chloride, but more stable than calcium
chloride. aqucous solutions containing a mixture of these two salts (abbrevi-
ated as CELD]) have been investigated (Ertas et al., 1991, and Lrtas ¢! al.,
1992). Ertas ¢t al. (1991) calculated the heat and mass transfer coefficients
for the air-desiccant system in a packed bed absorption tower using empirical
correlations {rom the literature. Three desiccants were compared: calcium
chloride, iithium chloride, and CELD. The mixture solution was found to
greatly improve the mass transfer compared to the calcium chloride solu-
tion, while the liquid side heat transfer coefficients were similar for the three
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Table 10.1: Physical Propertics of Liquid Desssicants at 23 °C.

Desiccant plo? wigt y 10 ¢, Reference
(ke/m’) | (Nom) | (Nm) | (kikg-*C)
@5 % by weight .
tricthylene Il 28 a6 23 Do Chemical Company
(1992)
glycol
Cyprus Foote Mineral,
55 % by weight 16 6 80 21 Wimby and Bemntsson
{| Hithium bromide ’ : (1994), and Zaytsev and
| Aseyev (1992)
Bogatykh et al. (1966),
40 % calcium 14 7 53 25 Dow Chemical Company
chloride ' ‘ {1996), and Zaytsev and
Aseyey (1992)
Wimby and Berntsson
40 % by weight |2 9 %6 25 (1994), Yao et al. (1991),
[ithium chloride ' ‘ and Zayisev and Aseyey
(1992)
| .
|| 40 %% by weight
| CELD 1.3 5 - - Ertas et al. (1992)

salt solutions, Physical properties of the CELD mixture were measured by
Ertas et al. (1992).

In addition to dehumidification, an added benefit of the desiccants is
that they are capable of absorbing inorganic and organic contaminants in
the air, thus improving indoor air quality. Findings from experiments where
moist air was simultaneously dehumidified and purified in a packed bed
absorber were reported by Chung et al. (1995 and 1993}. The pollutants
were formaidehyde {0.02 ppm), toluene (3 ppm), 1.1,1-trichloroethane (24
ppm), and carbon dioxide {1000 ppm). It was found that all of toluene
and 1,1,1-trichloroethane, 56 % of the carbon dioxide, and 30 % of the
formaldchyde were removed by a 95 % by weight triethylene glycol solution
(Chung ef af., 1993). The removal of micro-organisms by a desiccant system
has also been reported (Niagara Blower Company, 1989).

10.3 Desiccant/Air Contact Equipment

Liquid desiccant cooling systems require two desiccant/air contact de-
vices: a dehumidifier and a regenerator. In the dehumidifier, air is brought
in contact with the liquid desiccant, where water is absorbed from the air
into the desiccant, As water is absorbed, the latent heat of condensation
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of the water, as well as the intepral hicat of solution, are evolved. In the
desiccant regenerator, the temperature of the desiccant is raised so that wa-
ter can be evaporated into a maoisture scavenging air stream. Both the air
dehumidification and the desiccant regeneration involve simultancous leat
and mass transfer with large hean effects,

Many contact devices have been utilized to bring the air in contact
with the desiceant. For justance, packed bed absorption towers have been
commonly used as air dehumidifiers and desiccant regenerators.  Simple
hoilers and trickle solar collectors are also used to regenerate the desiccants.
Some of the less common desiccant/air contact devices proposed in the
literature include a mesh covered rotating cylindrical frame dechumidifier
(Armstrong and Brusewitz, 1984), and a passively controlled simultancous
dehumidifier and regenerator (So'Brien and Satcunanathan, 1989), The
importance of the choice of a dehumidifier and regenerator is hrought forward
by the investigations summarized below.

Lowenstein and Gabruk (1992) studied the effect of absorber design on
the performance of a liguid desiccant air-conditioning system. An adiabatic
packed bed absorber was compared to an internally cooled absorber con-
sisting of a flat plate air to air heat exchanger, with each absorber con-
fizured both in counter and cross flows. The highest system coefficient of
performance was achieved with the adiabatic packed bed ahsorber (COTD
= 0.79). However, it was also pointed out that this configuration was the
mosl capital-intensive of all the systems studied. Also, compared 1o an adi-
abatic absorber, an internally cooled dehumidifier could operate at an order
ol magnitude lower ratio of desiccant to air flow rates. Both the adiabatic
and internally cooled absorbers produced similar COPs when operating in
cross and counter flow arrangements.

Lowenstein and Dean (1992) analyzed the performance of a liguid des-
iccant air conditioner comparing four types of regenerators: an air-dried
packed bed unit, a simple boiler, a multiple-effect boiler, and an engine
driven vapor compression distiliation unit, For all the cases considered. a
counter flow packed bed dehumidifier and indirect evaporative cooling were
used. A system COP of 0.71 was obtained with the packed bed operating at
121 °C, and the replacement of the packed bed with a simpte boiler resulted
in a slightly lower COP due to higher regeneration temperatures. Qperating
the boiler at a sub-atmospheric pressure reduced the required regeneration
temperature, resulting in a higher COP (0.79 — 0.82). Significant improve-
ments were obtained by recovering the Jatent heat in the water evaporated.
A double-effect boiler achieved a system COP between 1.36 and 1.43. The
highest system COP (2.4) was obtained by using an engine driven vapor
compression distillation unit where the evaporated water was compressed so
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that its saturation temnperature was increased. Latent heat was then recov-
ered as this vapor was condensed in a coil passing through the regenerator.

Peng and Howell (1984} modeled the performance of desiccant regene-
rator designs suilable for solar desiccant cooling and dehumidification sys-
temns. Au open surface trickle solar collector regenerator, a glazed trickle
solar collector regenerator, and a regeneration chamher containing a finned
tube Licating coil were analyzed and compared. It was concluded that an
open regenerator design was nol practical for hot and humid climates. As
opposed to a glazed trickle solar collector regencerator, the authors concluded
that a regeneration chamber design would be compact, aliow for steady op-
eration, and it could be powered by low-grade heat from sources other than
solar.

Additional details on frequently utilized packed towers, coil and plate
heat exchangers, and trickle solar collectors are given below.

10.3.1 Packed towers

The performance of a packed bed absorption tower operating as an air
dehumidifier or a desiccant regenerator is influenced by many operating
parameters and conditions: desiccant fluid characteristics {viscosity, density.
and surface tension), packing type (shape, size. and material), desiccant
distribution over the packing, flow configuration (counter or co-current flow),
tower height, fluid flow rates, and the inlel conditions of the desiccant
(temperature and concentration) and the air (lemperature and humidity).
Below, the performance of packed towers with respect to a number of design
variables is summarized. In addition, theoretical models are atso reviewed.

10.3.1A Tower Performance

One way of representing the performance of a packed bed air dehumidifier
is to consider the moisture removal effectiveness, cy. defined as the ratio of
the actual change in moisture content of the air flowing through the tower to
tiic maximum possibie change for a given set of operating conditions (Chung,
1994, Khan, 1994, and Uliah et al., 1988).

£y = Ym — fout
}/in - chu

Here. ¥, and ¥,.. are the humidity ratios at the air inlet and outlet,
respectively, and Yeqy is the humidity ratio in equilibrium with the desiccant
solution at the local solution temperature and concentration. For a counter
flow arrangement, Y.q, would be the humidity ratio of the air in equilibrium
with the desiccant at the desiccant inlet. Ullah et al. (1988) presented a
cnrve fit for the moisture removal effectiveness based on theoretical heat
and mass transfer calculations for an adiabatic packed bed tower. This

(10.1)



140 A Rewew of Liguid Desiccant Cooling

curve fit gave the elfectiveness as a function of the inlet desiccant and air
temperatures, and the desiccant inlet concentration for a given tower height,
liguid flow rate, air flow rate, geometry, and desiccant.

A more general correlation of the meoisture removal effectiveness of a
packed bed tower as a function of air and liqui¢ flow rates, column and
packing dimensions, and equilibrium propertics of the desiccant solution was
suggested by Chung (1994). Lo obtain this correlation, experimental perfor-
mance data already available in the literature were employved. The packings
considered were glass Raschig rings, polypropylene pall rings, polypropylene
flexi rings, and ceramic Berl saddles. Two desiccants were represented:
lithium chloride, and triethylene givcol. A parameter, =, representing the
desiccant was defined as the ratio of vapor pressurc depression to the vapor
pressure of pure water (equation (10.2)). The correlation by Chung (1994)
is given in equation (10.3).

g PwTPL (102)
Pw

0.20.3(%:)0 Tt it (0.935 ;__::H

o {aZ)? 131;1 A :
o T, ] (10.3)

0.1.52(«;;{-0.585( )
1 = *Lin
~31.34a

A scven percent average error between predicted and experimental re-
sults was obtained. In addition to ey, an enthalpy effectiveness, ¢ (equa-
tion (10.4)), was used as a performance parameter by Khan (1994 and 1996).

}la‘in - Ha.oul y
ey H, .- Ha.equ. (10.4)

Here, H,in. Hiou. and H, oqu are the enthalpies of the air at the tower
inlet and outlet, and the enthalpy in equilibrium with the desiccant at the
local desiccant conditions, respectively.

Numerous parametric performance evaluations have been conducted on
packed bed absorption towers operating as dehumidifiers or regenerators.
The influence of design variables on the performance of a packed bed de-
humidifier and a packed bed regenerator is shown in Tables 10.2 and 10.3,
respectively.

These tables show the desiccant employed, the parameters used to de-
scribe the performance, the independent variables and their ranges that
were examined, whether experiments were conducted, and other details
such as packing type. Under each independent variable, the effect of the
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