Manscura Engineering Journal, {MEJ), Vol. 23, No. 4. December 1998. M. 35

REGENERATION OF CALCIUM CHLORIDE IN PACKED
TOWER FOR OPERATION WITH OPEN SOLAR
ABSORPTION COOLING SYSTEM
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ABSTRACT.

This paper presents the expenmental results of using packed tower for regeneration of
weak solution {(x=0.37) of calcium chleride when used as the absorbing solution in an
open solar absorption cooling system. The effect of the operating parameters on the
regeneration process is highlighied. Also, tréaiment of calcium chloride solution data is
carried out and regression constants of the comelation are obtained for a wide range of
operating perameters. The effactiveness of the reganeration process is dependeant on
the air inlet temperature, Comparison of the experimental data with theorstical
invastigation, given in literature, shows reasonable agreement.
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mass transfer area, m*

barometric pressure, mm.Hg

specific heat, J/kg.X

linear dimension or characiersistic length, m
diffusivity, m%'s

fluid mass velocity, kg/m’.s

mass transfer coefficient, kg/m?.hr.mmHg
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latent heat of evaporation of water, Jikg
mass transfer coefficient, m/s
mass flow rate, kg/s

atmospheric prassure, mmHg
vapour pressure, mmHg

rate of heat transfer, kW
temperature, K

lemperature, °C

fluid velocity, m/s

solution concentration:, by weight
humidity ratio of air, kQuaeKGary air
effectiveness of regenerator,
dynamic viscosity, kg/m.s
density, kg/m®

TECEXCTADDOIXF

INTRODUCTION:

Liguid desiccants have a great potential for use in solar air conditioning applications.
The inherent advantage of using desiccants in air conditioning systems is the possibility
of using waste heet or available soiar energy for regenerating the desiccant. Although
the coefficient of peformance of such systems is very low as compared o vapour
compression systems and it's initial cost is higher, the energy required for running the
system can be costless {in case of 100% solar energy or waste heat utilization), which
makes its usa attractive.

The concept of the open absorption solar cooling systam has received much attention
due 1o its high feasibility. Kakabyev and Khandurdyev [1,2] first reported the concept of
open absorption cooling system and their prototype experiment. Since 1968, many
siudies in this area have been reported [3-9). In the first reported application, a sloped
flat roof of a building was used as the regenerator.

A schematic of an open solar absorption cooling system is shown in Fig. 1. The weak
absorbent solution is heated and subsequently concentrated in the solar collecter,
which is open to the atmosphere. The sirong reganerated solution leaves the collector
and passes through a liquid column, to allow the strong solution to go from etmospheric
pressure to reduced pressure efficiently. The strong solution then passes through a
regenerative heat exchanger on its way to the absorber, where the strong solution
absorbs waler from the evaporator, maintaining the reduced pressure fequired. In tha
evaporator, water from an external source is evaporated at reduced pressure with the
energy suppiied by heat from the cooled space. The rasultant weak solution is pumped
from the absorber back (o atmospheric pressure through the regenemative heat
exchanger and to collector, completing the cycle. The thermodynamic equations, which
describe the performance of the open system, are essentially identical to those
describing the performance of closed one when the condenser is removed. An
important aspect in the operation of the open refrigeration systems, however, is the
unique refationship between regensrator performance and system performance. For
every kilogram of water evaporated in the regenarator, cne kg of water can ba
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Fig.1 Open cycle solar absorption cooling system [5]

evaporated and absorbed in the absorber. That is the water evaporation rate from the
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regenerator determinas the amount of water that can be evaporated in the evaporalor -

and, henca, detarmines cooling systarm capacity. Increasing mass of evaporatad waltar,
for certain heat added in the generator, improves the system coefficient of
performanca, C.Q.P.

Packed column supplied with solar heated air as tha regenerator in the solar absorption
cooling systern has been reparted [3]. Operation of the system whan packed column is
applied (Fig. 2) is the same as that discussed before. Hot air and solution fiow
counterly, with the solution antaring at the top of the column, Air from the solar coilechor
enters at the botiom and leaves through the exhaust duct. As the packed column
functions as aregenerator, tha mass of water avaporated from the entanng sohution to
hot air detarmines the cooling effect of the cooling system,
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Fig. 2 Operation of open system when packed column is applied [3]
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As calcium chloride is the cheaapest and easily available desiccant, it is the object of
this investigation to test the operation of the packed tower as a regenerator of tha apen
absomption cooling system and Ca Cl; as the working solution. Also, it is almad to
obtain system performance with application of hot air in the temperature range
applicable with solar heating.

THEORETICAL ANALYSIS:

Schematic of an adiabatic counterflow packed tower showing inlet and outlet propanies
is given in Fig. 3. Because of tha abundance of variables involved with the packed bed
ragenarator, the analysis becomes increasingly complex and is achieved at very high
computational cost [10]. From tha mechanism of mass transfer, it can be expected that
the mass transler coefficien K would depend on the diffusivity D, and on the variables
that control the characier of the fluid flow, namely, the valocity u, the viscosity p, the
density p, and some linaar dimension D [11]. Since the shape of the interface can be
expected to influance e process, different relations may appear with each shape. For
any given shape of heat transfer suiface,
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Fig.3 Schematic of an adiabatic counterflow packed
tower showing intet and outlet properties,
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Dimensional analysis [11] gives:
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If equation (2) is multiplied by (-Ey-"—} it gives:
p D
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_ Sherwood number ;
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L Schmidt number ;
pD,
G Mass velocity and |
o6 Reynolds number
N
The overall mass transfer coefficient hp can be defined by the following expression:
My AW
Bp=—2~2 4
D™"A P, @

The mass transfer coefficient is expressed as evaporaied mass per unit time per unit
vapour pressure difference per unit area.

For regeneration of liquid desiccant in packed bed, it was possible to study the effect of
individual parameters on evapaoration rate and regression equation was obtained [3].
The varables used in the regression equation were the independent measurable
variables, namely, entering air temperature, solution concentration, solution flow rate,
and air iniet humidity. The regression equation oblained from the data of experiment
camied on pecked bed reconcentrator was:

Mevap :'at:r x© W: m:nl (5}

where a, b, ¢, d and e are the constants of regression and t,, is the hot air entering
temperature; x is desiccant concentration | wy, is inlet air humidity ratio and myy is
solution flow rate.

EFFECTIVENESS FOR REGENERATION PROCESS:

The purpose of regeneration process is to reduce water conlent of the solution or to
increase its concentration. The effectiveness of regeneration pracess in packed lower
may be defined in terms of the change in moisture content of air. The regeneration
elfectiveness can be defined as the rato of the actual change in moisture contant of air
during regeneration process to the maximum pessibie change in moisture content
under a given condition:
(H auk w ,I.n}—l
1

g = ("" out "W 44 =
(Inl' wtma — " :D A(U out max b in

We are interesting in setting a thearetical limit to the maximum possibie hurmidity ratio

(6)

of air at outlet, such that, air cannot be humiditied over that limit under the prevailing
conditions. For a counter flow packed tower, (Fig. 3) at air outlet we have the liquid
desiccant infet {at the top of the packing). At this cross-section one has the highest
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liquid vapour pressure (lower concentration}. Also, the highest air vapaur pressurs is
at the top of the tower. As long as the eir vapour pressure is lower than tha Siquid
vepour pressure, regeneration can lake place. Therefore, the liquid inlst conditions set
a theoretical limit on the maximum vapour pressure, and therefora on the maximum
humidity ratio that air can achiave. in the limit,

P, out, man = Phguid, in )

where Pigud w = ' (Won ma), Which depends only on the properties of solution
{concenlration and temperature) and the humidity ratic of air at packing towar outiet.

Woumax 20 be evaluated from the following relation:

P .
Wout, man = 0. §22——Sinb (8)
BP i ia
The vapour pressure on the surface of liquid desiccant at constant solution

concentration depends only on solution temparature and can be expressed as given by
(121 in the following fonm:

LnP:n—E)+anT+dT' ()
T

With approximation, the above relation can be written as;

b
LnP=a- =
np=a- o (10

Another important factor, which can be used to evaluate the performance of the packed
tower as & regenaralor coupled with an open absorption coofing system is the
regeneralor coefficient of performance (G.C.O.P}, which can be defined as the ratio of
cocling effect of tha system to the heat input to regenerator.

in case of air healting:
G.C.OP =0,/ Qu 11
Where:

Oo =(I'I1 u‘rAw) hfq {12)

and Q n:"‘& " CF'AT)“ (13)

r

Where hy is the latent heat of water at the operating vapour prassura in the évaporator,
and AT is the lemperature rise of heated air when it passes through the heating
system. The coefficient of performance of the regenerator may be correlated in
accordance to equations (11), {12} and {13} as:

G.C.0.P = Awh, /{C;AT), . {14)
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EXPERIMENTAL PROCEDURE:

A schematic layout of the exparimental set-up is shown in Fig. 4. It consists of a tower
1 fitted with plastic material. The air is pushed upwards inside the tower by a cantrifugal
fen 2. In order to heat the inlet air, the system has been equipped with a special air
heater 3. A pump 4 circulates the strong solution from the bottom (collection basin) 5
upwards to the lop of the tower. The regenerated solution leaves the towar to the
collection basin, which is equipped with a make-up waler valve 8 that keeps the
solution lavel constant by drawing water from the tank 7. The hot air enters from the
tower side of the column, passes through the column packing, and then [gaves through
the exhaust outfet 8. The column which is filled with Z shaped plastic packing is square
in cross section and has the following specifications:

Filling volume =0.0135 m?
Exchange surfacs = 2.1600 m?
Column dimension= 15x15x60 cm

Calcium chloride solution, which i8 used as the operating desiccant in the system, is
coftacted i the collection basin, which is equipped with an electric heater 9 o contrat
the solution temperature at tower inlet.

Liquid flow rate is measured with a rolameter 10 calibrated with water as the working
fluid, and correcled for the differenca in density between the water and the caicium
chioride solution. Temperatures at different points (pump inlet, tower iniet, tower exit)
are measured by Hg. in glass thermometers. Dry and wet bulb temperatures at tower
inlet and exit are measured with the help of dry and wet bulb thermometers.
Concentration of calcium chloride solution is evaluated by measuring the density and
temperature, The measured density at a given lemperature is then used to find the
concentration, which is given as a function of density and temperatura in referenca
[13]). Air velocily is measurad by hot wire anemometer through the ¢ross section of the
lower exhaust cutlet, to evaluate tha air mass flow rate,

I
A
operating conditions ©)
Hot air temperatwre to packed bad 30 -70 °C X - @ :
Hot gir flow rate to packed bed 80-100 kgthr L!L_ﬁ‘1 ;
Concentration of Ca Cly 3t indet I w ' =
Solution (Ca Ch} flow rate 68-407.7 kg/hr ==
Solution temperature a* packing ‘nlet 38-52 °C Qi —

Fig.4 Experimental Set-Up
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RESULTS AND DISCUSSION:

With the heip of the available Ca Ci, solution dala [13}, tha conslants of equation (10)
ere rearrangad and the ragression constants are evatuated in the range of solution
concantration from 30% wit to 50% wt as follows:
b
LnP=a- ——————
t+111.96 (15)

Whera P is waler vapour prassure on the solution surface in mmHgQ; L is solution
temperature, °C; a and b ere constants depending on the operating soiution

concentration. Valugs of a and b with the corrasponding concantration are given
in 1able 1

Table 1 Regression constants of equation 15

L ox %, wt 30 35 40 45 50
[ A 11,469 115983 | 11.7503 12.0918 [12.3388
B 1193.2081 | 1237.4119 [ 1297.2577 | 1387.0680 | 1476.1203

Equation {15} is applicabls in a range of weter vepour prassure from 8.82 mmHg to
76.2 mmHg with a maximurm amor of about 6%.

Using e~uation (8), the maximum vaiua of humidily ratio W, ma Of air at tower sxit
can be evaluated. Then, the tower effectiveness = can be calculated using the
measurad dala of w, & W, of air. The effactivenass obtained from the experimental
data with the help of equation (8) has been plotted versus the air inlet temperature.
Figure 5 shows the etfact of inlet dbt on effectiveness of the regeneration process for
two diffsrent opereting conditions of solution flow rate, The regeneration procass is
shown 1 be more effective in the group of experiments with lower flow rates.
Generally, for a given flow rete of liquid and air, tha sffectiveness has its minimum
value in a given lemperature range between the higher and lower dbt
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w J |- é, r
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Referring to equation (8}, if the air inlet humidity ratio (w,) and liquid inlet temperature
have constant values, the effectiveness ot the process depends only on humidity ratio
of air at outlet of the tower (wou). Howaver, the effect of inlet dbt on the value of w,, is
plotted as shown in Fig.B. It can be noted that the vailue of w,., increases with increase
in inlet dbt.

The dehumidification mode is different from the regeneration mede mainly in the
direction of mass transfer. However, the driving force and the contrqlling paramaters
are the same in both procasses. Theoratical investigation of the process of air
dehumidification is presanted in [10]. The rasuits of this thecretical invesligation show
agreement in the trand of the effect of air inlet temparature on the effectiveness with
the exparimantal results of this study,

The influence of inlat liquid tempereture on the effectiveness has baen prasented in
Fig.7. As expected, the effectiveness decreases with increase in liquid iniet
temperature when inlet air conditions (dbt and W\,) aré constant

Values of regenerator coelficient of performance calculated from the experimental data
when air is heated to different values of air inlet temperatures are shown in Fig.8 . It
can be observed thatthe trend of the G.C.O.P agrees with that of the effectiveness of
regeneration process. The chilled water temperature of the cooling system can be
evaluated from the knowledge of watar vapour pressure on the solution surface, in the
absorber, and the absorber cooling water temperature. For example, # absorber
temperature is 25°C and the operating concantration of Ca Cl; is 37% then, the
evaporator temperature will be 12°C. Howsver, when the solution concentration
increases, absorber/ eveporator pressure decreases and condensing ternparature can
be decreased.

o H mu=135.9 kg/br
. =38,
| % ° g o e =38-43 JI‘t’.“
- S S 1o v =0.0168 k§/Kfuy ur
~ 0.70 o o
3
3 0.0
0.50 3 -‘
i o o 0.8 4
0.80 4
\b 0.7 1
0.4 7 0.6 4
°¥ g 35 AN P 48 2 O e g &, y
Indet Liguid Temp.°C 95 40 48 h?ﬂg 8 ,._93 4 70 78
Fig.7 Effect of iniet liquid temperature Fig.8 EffecL of inlet br on the generator
on the tower effeciiveness coefficient of performeance ?G.C.O.P.)

Typical operating resuits for runs with air heating are given in tabte 2. Alsa, the
eéquivalent cooling capacity can be avaluated for the system. This capacity is
the product of mass of evaporated vapour per unit time and latent heat of
evaporation of water at the corresponding evaporator pressure. Values of the
calculated cooling capacities based on experimental data are also givenin
Table 2.
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Table 2 Sample of resulls of operation of packed bed regenerator
{Ca Cl; 37% wt. airiniet 32 °C dbt, Wi, = 0.0188 k0/K0uy o}

hot air air Air outlet lquid hquid max. ifectiv Tiguid Al quivabEn
L] culbet | humidiy, inial outint outlet o fow fiow } cooling
dit, db, Ismp., ! tamp,, Purracity af Tain rale capacity,
‘c ¢ [+ L7 T < °c regensr | kgihe /e Wy
ation, ¢

e

0.0248 0.887 1358 11018 041

0.0260 0.787 358 109.8 0.44

449 3538 Q6741 385 30,
500 40 0.0245 03 &
55.8 433 0.0248 420 | a3 00264 | 0794 358 | 1090 0.458
[ 608 455 0.0255 438 a5, 00274 | 0820 | 1358_| 10825 | 0535
840 6.5 0.0278 45.0 46.0 00282 | 0958 | 1358 | 10792 | 0613
7.0 480 | 00308 a8 E 480 6.0308 0990 | 1355 | 10343 | D855
Although, the expermental data are not sufficient for complate statistical analysis, the
effact of eir dbt on the value of the humidity ratio, w, can be axprassed as:

P (2] (=31

W= 0.0033 t50" (18)

Tha driving force for the regeneration process is a strong funclion of the differerce in
potential between absolule humidity of air and the absolute humidity comespanding to
the water vapour pressure at the liquid air interfaca. This fact can be cbserved in the
results of the experimental data shown in Fig.9, whare the diffarenca in humidity ratio
of air betwean inlet and exit is plotted against the difference in average values of water
vapour pressure in solution and air respectively.

An average value of the overall mass iransfer coefficient can be evaluated for each of
the three cases, where the air side mass transfer coefficient is given by eqn.(4), For
example, the mass transfer coefficient for () equals to 0.0367 kgMr.m .mmHg.

AW, g/ K&wr

.18 4 -
o
o
pr—

00059 & D (K/B) L (C) b {0

[sa'nn's) 2710 5L-54.83 - 4iT.8

— = & v = » 407.7 8 ~40.5 13-313.48
o [LE.2.¥.V.1 tis.g W.5-40 -84
T

0.000 ~

4] 2 - 1 8 i1 12 14 18 18 ra
A AP, mm Hg

Fig.8 Bifect of mean pressure difference on evaporation rate




Mansoura Engineering Journal, (MED), Val. 23, No. 4, December 1998.

CONCLUSIONS:

Regeneration of calcium chloride solutiondn packed column for application with open
absorption cooling system is experimentally invastigated, Regression constants of the
equation descnbing the most important thermal properties, namely water vapour
pressure, concentraton and temperature are obtained. ENectiveness of the
regeneration process is found to be highly dependent on the air inlet temperature.
Experimental results show good agreement with theoretical results of other
investigators.
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