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Abstract

An experimental study was carried out to evaluate the liquid desiccant system performance during dehumidification and
humidification processes using air injection through the liquid desiccant solution (Calcium Chloride). The air flows cross the
desiccant solution with different air mass flow rates. The systemis studied at different operating condition (air flow rate, temperature,
humidity ratio and solution levels). The effectiveness of the proposed system for both dehumidification and humidification processes
were evaluated. Also, the cooling effect and mass transfer coefficient was obtained. It is found that the system effectiveness reached
0.75 in the dehumidification process and 0.7 in the humidification process. Mass transfer coefficient depends on the air mass flow rate
and the desiccant solution level in the tank Economical Results of the presented system s estimated
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1. INTRODUCTION

In traditional cooling systems, dehumidificationaishieved by
cooling a moist air stream to a temperature betevdéw point
so that liquid water condenses out of the air. Tgriscess is
familiar to anyone who has seen moisture condensa glass
of ice water on a humid day. The process is ilatsti from
point 1 to 2 on a psychometric chart in Figl. Figomts 1 to 2,
the air passes through the cooling coil, the dif bemperature
continues to decrease as moisture begins to coadenof the
air onto the cooling coil, resulting in a simultans decrease in
the moisture content of the air. Air leaving theokng coil
typically is too cold to deliver directly to theage. In order to
deliver air at the desired condition, some formedfeating must
be used. The reheat process path is shown ind-lguBecause
a standard cooling system is controlled by a thetaip the
system will only run long enough to satisfy the pemature
requirement of the thermostat. Also, the moistuemding on
the coils when the unit shuts off can re-evapoirate the air ,
another disadvantage of using the cooling coil apgh is that
the air leaving the coil is nearly saturated, wéthrelative
humidity typically above 90%. This moist air travethrough
duct work until it either is mixed with dryer air ceaches the
reheat unit.
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Figure 1: Cooling Coil Dehumidification Process

The damp ducts, along with wet evaporator coils stathding
water in a condensate collection pan, can fadlifatoblems
with microbial growth and pose associated healtlgroThe
approximate path of the process air through a dastcdevice
is depicted in Figure 2 for the same inlet andeiutbnditions
as were shown for the sub-cooling system (Figure 1)
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Figure 2: Desiccant Dehumidification Process

As implied by the path from points 1 to 2 in Figu2e the
desiccant process increases the dry bulb temperatithe
process air. The path from point 1 to 2 is closeatbne of
constant enthalpy. After the dehumidification prgie the
process air must undergo a sensible cooling proeeureach
the desired end point, points 2 to 3. This is dlsstrated in
Figure.2.

Dehumidification is one the most important compdseim
liquid desiccant air conditioning system.
dehumidification has long been adopted for bothugtidal and
agricultural purposes, such as humidity controkertile mill

and post harvest low- temperature crop-drying amest, and is

now taking a more and more prominent role in the ai

conditioning field. Its economical and effective nhidity
control at low and moderate temperature really tsvaine
conventional method of humidity control, which isngrally by
lowering the air temperature to around the dry hethperature

Dehumidifying air by direct contact with desiccait-systems
can be used in drying crops. Removal of moistumnfrair
before passing over the dried products decreasesdhd for
high inlet temperatures of air. In the dehumidifica process,
the air is passed over a thin layer of strong tiesiccant. The
desiccant absorbs the moisture from the air passiegit. The
desiccant is diluted during this process. This iiquan be
regenerated to the required concentration by usifay energy.

Several materials can be employed as the desitmdhtsolid
and liquid. Liquid desiccant dehumidification Hzeen proved
to be an effective method to extract the moisturaio with

Desiccant

relatively less energy consumption compared withveational

vapor compression system. Calcium chloride is theapest
and most readily available desiccant, but its vgpessure at a
given temperature is relatively high, and its ubkaonditions

depending on inlet air conditions and desiccanteatration in

solution limit its widespread use.

Several works were done to investigate the perfoomaof
liquid desiccant system [1], [2], [3] and [4] @&tphysical
properties of a proposed liquid desiccant such essity,
viscosity, and vapor pressure were obtained [5]

There are three basic configurations of a liquicsictant
dehumidifier vessel. It can be a spray chambegcked tower,
or a sprayed coil arrangement. In a spray chamher]iquid
desiccant is atomized into the air stream usindp lggessure
nozzles. In a packed tower, a liquid film flows dovard over
the surface of the packing while air is passedhi apposite
direction through the packing. The dry air exitittge spray
chamber or the packed tower is then cooled by ailslenheat
exchanger to remove the heat of sorption. In cehteasprayed
coil dehumidifier combines dehumidification and sibie
cooling in a single piece of equipment. The ligdekiccant is
sprayed over finned coils that carry water suppligaé cooling
tower or other means. The regeneration processlsarutilize
a spray chamber, a packed tower, or a sprayeaaihgement
analogous to the corresponding components in therdiglifier.
In all cases, heat must e provided for regeneratioaddition,
regeneration can be accomplished by exposing amddifuid
solution film to solar radiation and ambient. Artsparent cover
may be placed over he liquid film to form a rectalag channel
for airflow. This increases the liquid temperatubeit he air
humidity in the channel is higher than that of aenbiair. the
selection of a suitable liquid desiccant is of peoant
importance. The following guidelines should be ddesed
when choosing liquid desiccants: They should havialsle
water vapor pressures for absorption and desorti@ughout
the expected range of operating conditions of trecess air
stream [6]

The dehumidification and humidification processdafsiccant
solution by air injection through the liquid desiot solution (
calcium chloride), the system effectiveness readboe@.87 in
dehumidification and about 0.92 in the humidifioatiprocess
Studied [7]. Also, the mass transfer coefficiertafeed 28 kg's
m?’ mm Hg at an air mass flow rate of 0.022 kyis the
dehumidification process.

The performance analysis of a no-frost hybrid ainditioning
system with integrated liquid desiccant dehumidiiicn studied
[8]. In this system, the sensible heat load is prity treated by
a vapor compression heat hump; the latent heatibbaeated
by a liquid dehumidification system that uses laidin chloride
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solution as a desiccant. They found that, Compaeda
traditional air conditioning system, the hybrid agnditioning
system improves the coefficient of performance (Tl
approximately 20% and 100% in summer and winter,
respectively.

The performance analysis of liquid desiccant dedifioation
systems studied [9]. It is found that, the analysdidifferent
empirical dehumidification effectiveness correlago for
packed bed columns using three desiccant solutiams
triethylene glycol, lithium chloride and calciumlgtide has
been reported in this paper. The analysis shows wédiations
in effectiveness values ranging from 10% to 50%nore, with
higher deviations occurring for lower ratios ofuid to gas flow
rates.

The performance of absorption and regenerationnuagufor a
liquid desiccant-vapor compression hybrid system foe
solution to air (S/A) flow ratio are very low indhrange of
0.05-3%. The liquid desiccant is used only for deidlification
of supply air in the absorber which can be subsetijue
regenerated in the regenerator using condenser dtedied
[10]. The analysis shows that higher the specifimidity and
lower the temperature of the inlet air, higher wile the
dehumidification in the absorber. Similarly, thegeeeration
can be increased by increasing the temperaturedaactasing
the specific humidity of the inlet air to the regeator. Further,
the solution temperature has negligible effect dme t
performance of air dehumidification or solution eegration
owing to low flow rate of the solution.

The performance analysis of liquid desiccant capkystems
for air conditioning in residential buildings stedi [11[. The
best dehumidification performance at no temperatucecase
was obtained in an evaporative cooled heat exchawih
sprayed lithium chloride solution. Up to 7 gl/kg
dehumidification could be reached in an isothermacess,
although the surface wetting of the first prototypes low. The
process then provides inlet air conditions below8g0for the
summer design conditions of 3, 40% relative humidity.
With air volume flow rates of 200 vth the system can provide
886 W of cooling power.

The hybrid liquid desiccant based air-conditiongygtem. A
hybrid open-cycle vapor absorption and liquid dessit system
using LiBr for the process of absorption and deldification

studied [12]. The hybrid model presented is fouadbe an
excellent alternative to conventional vapor absompt
machines, particularly in hot and humid climateke TTOP so
obtained is about 50% higher than that of a coneealt vapor
absorption machine.

Once the liquid desiccant has absorbed the moigithis to be
regenerated. Different methods are reported inralitee.
Lowenstein and Dean [13] have investigated advanced
separation processes for liquid desiccant in HVA@liaations.
These options have otherwise been used widelyerchiemical
processes industries. However the initial cost aqfigment of
advanced separation process is high. Peng and Hofjgdl
have discussed the performance of various typesgenerators
for liquid desiccants in air-conditioning applicats using solar
energy. It was concluded that the finned tube tlesahanger
with spray nozzles is the most practical equipmént
regeneration. However, the initial cost and electpower
consumption are high. .Investigations and experiméound
that calcium chloride is the cheapest and mostilseadailable
desiccant, but its vapour pressure at a given testyre is
relatively high, and its unstable conditions depegdn inlet
air conditions and desiccant concentration in smtutimit its
widespread use.

There are generally three flow patterns for theudatifier,
namely parallel flow, counter flow, and cross fldRahamah et
al. [15] gave the theoretical analysis for paraflelv liquid-
desiccant dehumidification based on control voluaperoach.
Their analysis shows that low air flow rate andréased
channel height produce better dehumidification awling
processes. Low air flow rate will increase the actihg time
between air and desiccant thus improves mass ¢m@nsf
however, a certain minimum flow rate of the liqusdneeded
for the normal function dehumidifier. Increasinganhel height
will enlarge the contacting area between air andicdant,
which also enhances mass transfer. Rahamah etl1@]. [
analyzed the parallel flow channel between air soldtion film

in a fin-tube arrangement.

Liquid-desiccant dehumidification techniques havadm great
strides in the past decades, and some are comiigrdiand
employed to satisfy industrial and residential reddeoretical
models about desiccant dehumidification have betmbéshed
and insightful analysis has been performed. Howetés still

uncertain about the exact process of mass and treatfer,
such as the absorption heat distribution betweesiccant
solution film and process air, wetting ratio of tdesiccant
solution. An idea that improves the absorption eegkneration
process studied in the present work. The dehuroatitin and
humidification process studied with the air injectithrough the
liquid solution (Calcium chloride). Calcium chloedsolution is
a cheap desiccant. The experiments were carriediffatent
inlet conditions (Temperature, air flow rate andnidity ratio).

In addition, the study presents the effect of thmerating
conditions on the performance of the proposed systaring
dehumidification and humidification processes affedent
levels of solution in the tank
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2. EXPERIMENTAL SET-UP

An experimental set up was developed to carry tudies on
air injection through the liquid desiccant (Calciwhloride)
during dehumidification and humidification procesg€ig. 3),
Solution tank with dimensions 40 x 40 x 50 cm corgahe
desiccant solution. It is made from galvanized isbieet 2 mm
thick.

Air eontrolling
chanher

walition fank

Fatarr /
e

Fig. (3) Experimental setup of the proposed system.

Blower is used to inject the external air througk solution
tank with different air mass flow rates. Outsidefeom the fan

can pass in two paths where one can be used during

experimental work. In the experiment, an air washkdocated
before the solution tank to control moisture ofdming air,
which flow through the solution by the blower. Thiest path
the outside air passes through humidifier in oraercontrol
humidity for the air inside before injection thotighe solution.
The second path, the outside air passes over emieleeater in
order to increase the air temperature before iigjedhrough
the solution. Connections are used to connect tlogveb,
heater, air-washer and the solution tank. Flexitlets between
ducts are used to damp the noise and vibrations

All ducts used for the three paths has 0.05 m diem&he air
is injected through a series of pipes (ten pipes) distributed
in the solution with homogonous distribution. Thigpgs is
placed which allow to the air exit at the 1 cm freine tank.
The air velocity is controlled by the valves. @&tecal heater
with a thermostat up to 90° C and power of 1.5 ikWised in

activation regeneration of the liquid desiccant.heTliquid
desiccant used in this work has an initial conaditn of 40%
at Copper-constantan thermocouples are fixed derdiit
points to measure the air temperature at inleli¢osblution, air
exit temperature from the solution and solutionntitlity ratio
of the air at inlet and exit of liquid solution tais evaluated by

measuring of air dry bulb temperature and wet bulb

temperature. The solution concentration in the task
determined by measuring the solution density antpé&zature.
The measured density at given temperature is wsettain the
solution concentration [17]. A temperature confrg to 90°C)
is used for changing the temperature of the incgrainflowing
through the solution tank. The aim of changingtdraperature
is to investigate the effect of the different amperatures on
dehumidification process.

In absorption, the moist air flows through the @att chloride
solution. This will decrease the concentrationhaf solution on
the tank after a certain time. In the regeneratwacess the air
exits from the air heater at a high temperaturen tiews
through the solution in order to regenerate thestnoé from the
solution.

The data collections are carried out during 60 teisuwith
interval of 10 minute at different inlet condition&fter every
period the wet-bulb and dry-bulb temperatures efittiet and
outlet, air measured to obtain the air humidityorain addition,
the solution concentration is also evaluated.

3. PERFORMANCE ANALYSIS

The moisture removal rate is an important paramdoer
measuring the thermal performance of the dehureidifi terms
of handling the latent heat load of process air:

md :ma (Win _W®< ) (1)

Where m is the air mass flow rate at the solution inlef,, is

the inlet humidity in the dehumidifier inletw , is the air

humidity at dehumidifier outlet section. These pagters
measured in the experimental work

The regeneration mass flow rat®,, (g/s) is calculated from
the following relation:

mev =ma (Wox _Win ) (2)

The performance of dehumidifier and regeneraton diquid
desiccant system is defined in terms of non dinuevai
parameters related dehumidification effectivenesspling
effect and mass transfer rate.
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Dehumidification effectiveness . (also called humidity or

moisture effectiveness to include both dehumidifiend
regenerator) is defined as the ratio of actual gaan humidity
ratio of the air across the dehumidifier/regeneraim the
maximum possible change in humidity ratio of aior Fan
insulated absorber/regenerator, the
difference in humidity ratio of air is obtained whair is in

equilibrium with the inlet desiccant solution, i.ethen the

partial pressure of water in the air is equal ®\hpor pressure
of the inlet desiccant solution and the drivingcirfor mass
transfer is zero

The dehumidification calculated from the followinglation
(18]
W, —W
€ 4= —n__'& (3)
Win—Weq

Where Weq is the humidity ratio of the air which air is

equilibrium with the desiccant solution and caltethfrom the
following relation?

w,,= 0622—Pv @)

a \

The cooling effect on the air is also involved ihet
dehumidification process if the inlet temperatugéhigher than
that of the desiccant solution temperature. Thdingcaffect
can be calculated from the following equation [19]

(5)

Where
T is the solution temperature

The mass transfer rafieis obtained from the following relations
(Kabeel 2004)

my

=—4d __ 6
A, APAT ©

B

WhereAp is the vapor pressure difference between amhbient
and desiccant surface, which can be expressed as

Ap = Pa' I:>v (7)
Vapor pressure of calcium chloride solution onlted Surface,

p., can be calculated as a function of solution tewmtoee
within a temperature range from 10 to 65 °C andceatration

maximum  p@ssibl

range from 20% to 50% according to the followingiaipns
[20]

—A(y) - B(X) ®)
Ln(R) =AM "1 111,96

Where R is in mm Hg, Tin °C, A(x), and B (x) are regression
dependent parameters that can be expressed asmaflimction
of concentration according to the following relato

A(X)=a+ax ©)

B(X) = bp+ bix (10)
Where:

a = 10.0624a= 4.4674

h, = 739.828 b= 450.96

4. ECONOMIC ANALYSIS

There are several methods recounting the econamailyss for

evaluating any investment. In the present study phesent

worth value and the payback period are used tosaste

presented dehumidification systems. A latent lofat.®6 kW is

used for calculations. The life cycle (N) of th@posed system
is assumed to be 10 years. The present worth féeidF) can

be calculated as follows:

1 1+i
PWF= —|1-(—— 11
d—i( (1+d)) -
if i#d

where i is the energy interest rate and d is theketaliscount
rate. The life cycle savings (LCS) may be calculats follows:

LCS=PWFxCo.~C,.

where: CIC is the initial expenditure (LE) and CRG the
annual running cost.

A simple method for getting a quick evaluation dfet
alternatives is to calculate how long it takes ¢émoaver the
initial investment, i.e. the payback period (PP):

PP= |n(% +1]/|n(i +1)

RC

(13)

4.1 Experimental Uncertainty Analysis

Uncertainty associated with the experimental measants is
shown in Table 1. The error is calculated for therouples,
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slight glass. The minimum error occurred in anytrimeent is
equal to the ratio between its least count andmrmim value of
the output measured

5. EXPERIMENTAL RESULTS & DISCUSSIONS

Experimental tests are carried out at differergtigbnditioning
to study the dehumidification and humidificatioropess with
air injection thought the desiccant liquid. The uhpariables
used in the experiment (dehumidification and hufigdfion
processes) were independent measurable paramateedyn air
mass flow rate, solution concentration solution elevair
temperatures and inlet humidity. The results arepuiu
dependent parameters measured or calculated
experimental data.

5.1 Effect Of Air
Solution On The Temperature Rise At Different
Solution Levels

Flow Injection Through The

The variation of the average air temperature liget(and exit
air temperature difference)) at different mass flmtes and
different solution levels in dehumidification pr@seare shown
in Fig. 4. The temperature difference between iatet exit air
is namely dependent on the amount of air injectedugh the
desiccant solution. The difference reached 3-5 b@iraflow
rate 0.012 kg/s and 7.5-11 oC at air flow rate D.Rg/s. The
Difference value also depends on the desiccantignllevel in
the tank.

Table 1. Experimental uncertainty errors

Instrumen Accuracy Rangt % Errol
Thermocouple + 0.1 0C 0-100 0C 0.2%
Graduated flash +5ml 0-1000ml 1
Anemomete +0.1 m/ 0-15 m/s 0.2

5.2 The Variation Of Humidity Ratio At Different Air
Flow Rate I njection

The temperature rise during the dehumidificatioacpss with
different air injection flow rate at different sdilon levels (8, 10
and 12 cm). Is shown in Fig 4. It can be seen tha
temperature rise increase with the rate the imgadir flow rate
and solution levels. The temperature rise reach@dClat
injection air flow rate value at air flow rate 02DRg/s.

The variation in the humidity ratio during the detidification
process with different air injection shown in F ig 5. The
moisture removal rate increases with increasingflaiw rate
through the solution which being proportional toHigher air
flow rate increases the mass transfer coefficierttivben the

from

desiccant solution and air stream incoming moistate into
the dehumidification pad, due to reduction of tlatact time.
It reached 11g/kg at 8 cm solution level and 1& @t 12 cm
solution level. The value at air mass flow rate 1@.0kg/s
reached 7 g/kg at 8cm solution level and 10 g/kd.atcm
solution level.
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Fig. 4: Variation of air injection temperatures at diffete
solution levels
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Fig. 5: Variation in the humidity ratio during the
dehumidification process

5.3 Effect Of Injection Air Temperature On The
Humidity Ratio

Fig. 6 illustrates the variation of the averageiatson of the
humidity ratio in the humidification process forethifferent
inlet air temperatures 50, 60, 65, 70 C and fded#ht solution
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levels. It can be observed that the change of winidlity ratio
increases with the increasing air temperature. Tdada be
explained as the increasing of the temperature resathe
mass transfer coefficient value. The differenceegeneration
temperature equals 50 reached 7 g/kg at 8 cm snllgiel and
11 g/kg at 12 cm solution level and at 70 C thki® reached
12 g/kg at 8 cm solution level and 12.5 at 12 ciotgm level
g/kg. It can be observed that the humidity ratioréases with
the increase of the solution level. This is du¢ghwincreases of
the contact period between air and solution. Ailsis, expected
that the average solution concentration during ahsorption
period depends on the mass of solution in the tdekefore the
average potential for mass transfer is expecteaetbigher for
higher level. Fig. 6 illustrates the variation dfetaverage
variation of the humidity ratio in the humidificati process for
the different inlet air temperatures 50, 60, 65, J0and for
different solution levels. It can be observed ttt change of
air humidity ratio increases with the increasingtamperature.
This can be explained as the increasing of the eeatpre
enhances the mass transfer coefficient value. Tiferehce at
regeneration temperature equals 50 reached 7 d/i®) @
solution level and 11 g/kg at 12 cm solution lewld at 70 C
the value reached 12 g/kg at 8 cm solution level BAS at 12
cm solution level g/kg. It can be observed that tlumidity
ratio increases with the increase of the solutmrel. This is
due to the increases of the contact period betwaerand
solution. Also, it is expected that the averageutsoh
concentration during the absorption period depeamdthe mass
of solution in the tank; therefore the average i for mass
transfer is expected to be higher for higher level.

14
[ [ [ [ [
A
A [ J
12 — A [ ] *
=
<
2 A ]
9
I
2> 101 [ *
B
E _
= [ ]
£
S lution level
g 8 |— 0 solution leve!
S o H=8cm
* [ ) H=10cm
A H=12 cm
6 —
| | |
40 50 60 70 80

Regeneration temperature (C)

Fig. 6: variation of air exit humidity in the dehumidifidan
process at different solution level

5.4 Dehumidification & Humidification Effectiveness

The variation of the humidification effectivenessithw
regeneration temperature is shown in Fig. 7a, Fly. The
figure shows that the humidification effectivenessched to
about 0.7. This value is higher compared with tladue of
reference [21]. Also it can be observed for dehifination
process that the value decreases with time. Thiduis the
changes of the solution concentration. The decreaségher
after one hour for the higher value of the flonerat
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"
(%]
@
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=
5 06—
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©
£ 05— o
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£
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=
04 —
0.3
1 1T 1T T T T T 1
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Fig. 7a: Variation of the humidification effectiveness witme
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Fig. 7b: Variation of the humidification effectiveness witme

5.5 Variation Of Cooling Effect For Dehumidification
Process

Fig. 8 shows the variation of cooling effect witmé which is
calculated from equation 4. It can be observed thatvalue
depends on the flow rate and the value decreashgimie till
reaching minimum value.

1.0
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(
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Fig. 8 Variation of the cooling effect with the time

56 Variation Of
Coefficient

The mass transfer rate is calculated from Equatfomand is

represented in Fig. 9 for an experimental testhat different

injection air flow rate (0.012, 0.017, 0.019 an@22 kg/s) and
at different solution levels ( 8 10 and 12 cmydh be observed
that the convective mass transfer coefficient ddpeon the
injection air mass flow rate and also the solutievel. The

value at mass air flow rate equals 0.012 kg/s eh¢h 16 kg/s
m2 mm. hg reached to 19 kg/s m2 mm. hg Also,Rigere

shows that the effect of solution level is smallueaat higher
value of air mass flow rate

Convective Mass Transfer
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Fig. 9 Variation of the mass transfer coefficient in
dehumidification process with time

6. ECONOMIC RESULTS

The total capital and running cost of the presemsgtddem are
estimated to be 2800 L.E and 730 L.E respectivigig. price of
one kWh is assumed to be 0.4 LE in average. Thiaataost
of the presented system is financed over 10 yearnaaket
discount rate d = 9% and the annual cost paymeatsxpected
to inflate at a rate of i = 8%. The payback timdosnd to be
3.5 year. This system achieves a total LCS of aB040 LE at
its life cycle end.

CONCLUSIONS

This work presents an experimental research on
dehumidification of air and solution regeneraticogess with
the air injection through the liquid desiccant HZ@CI2.The
air is injected through the desiccant liquid afetiént air flow
rates and different regeneration temperature fdferdint
solution height. The effect of individual paramstesn the
system performance is analyzed. The evaporati@enafwater
from the desiccant increases with the increaserdlaa rate
and solution height. The system effectiveness rhdch75 in
the dehumidification process and 0.7 in the hundadifon
process. Mass transfer coefficient reached to 28 kg2 mm.
hg at flow rate equals 0.022 x 10-3 kg/s in theutrdification
process.
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NOMENCLATURE

A (x) and B (X) Regeneration dependent pararaeter
3o, a, by, by Constants, (-)
m, The rate of water absorption, (g/s)

ma The air mass flow rate at the solutioatin(g/s)
&  The regeneration mass flow rate, (g/s)
®  The rate of water evaporated, , (g/s)

a  The air flow rate, , (g/s)
solution level, cm

N The inlet humidity in the dehumidifier inlet/kg
Wox The air humidity at dehumidifier outlet sectiarkg
W

& The humidity ratio of the air which air is
equilibrium with the desiccant solution, g/kg

P The vapor pressure of calcium chloride solutionttoe
bed Surface, mm Hg

Pa The pressure of ambient air, mm Hg
X The solution concentration

&

de

Ap

The solution temperature, C

The dehumidification effectiveness
The mass transfer rate, kg/$mm. hg

The vapor pressure difference between ambient a
and desiccant surface, mm Hg

The cooling effect on the air, (-)
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