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ABSTRACT

Description and analysis of the theoretical cycle for absorption of water vapour form air with
subsequent regeneration, by heating, is presented. Properties of desiccant applied in the swdy
are correlated in a simplified form, which can be used in computational anatysis of the cycle
perfunuance. To predict e effect of ambient conditions on the aperaling Limits of the cycle,
heat and mass balance equations are developed. In addition, an expression for the efficiency of
the sunple cycle is introduced. Theoretical analysis shows that sicong and weak solution
concentration limuts play a decisive role in the value of cycle efficiency. ‘Lhe limils of
regeneralion temperature and mass of strong solution per kg of produced ‘water vapour are
found ‘highly dependent on the operating concentration of desiccant.
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NOMENCLATURE

a, b, ¢ d empirical constants, Eqns. 1,2,4,5 and 7
p specific heat, k)tkg."C

h specific enthalpy, kJ/kg

L. Latent heat of evaporation of water, kl/kg
v mass of strong solution per kg vapour, kg
m mass of evaporated water, kg

I vapour pressure on the absorbent surface, bar
P, atmospheric pressure, bar

It condensation pressure, bar

q, heat added 1o vegenerated vapour, kl/kg

2

total heat added in the cycle, kJ

temperature, °C

solution concentration ( mass of CaCly per kg of solution)
cycle efficiency

=N
]
5
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INTRODUCTION

The limiting condition for the need of population growth and development in many areas of
the world is the fresh warer supply. The problem of providing arid areas with fresh water,
from our point of view, can be solved by the tollowing methods

i- Transponation of water from other locations,

2- Desahnation of saline water (ground and underground) and

3- Extraction of water from atmospheric air.

The extraction of water from atmospheric air, however, has several advantages compared
with other methods Air as a source of water s renewable and clean, Amount of water in
atmospheric air is evaluated as 14000 km’, where as the amount of fresh water in the earth
is ooly about 1200 km’ [i]. Tt is preferred to solve water problem in arid areas using the
naiural resources and the renewable energy sources like solar energy, where the available
area 10 collect solar radiation and volumes of air are infnite.

Water can be extracted from air by cooling it to a temperature lower than its dew point
where the moisture is condensed. Several investigators [2-8) have studied this method
Generally, it is reported that the energy consumption was high specially when solar energy
15 used due to low conversion efficiency. Another approach for extraction of water from
atmospheric air 15 by absorption of water {rom the moist air into a solid or liquid desiccant
with subsequent separation of water from the desiccant by heating and condensation of
water vapour [9-10].

Application  of solar energy for regeneration of absorbent was investigated
[11-13). Comparative study for economical evaluation of the two methods mentioned above
shows that, the second system is economic [8]. This comparison was carried out when solar
energy is used as the power supply to drive any of the two systems, with the use of

Li-Br absorption cycle for the cooling system and applying CaCl; as the working desiccant
for the absorption-regeneration system.

In addition, it is observed that the design and operation of the absorption-regeneration
system is simpler than that of the cooling system. An analytical procedure for calculation of
the mass of water absorbed by the desiccant frem the ambient atmosphere as a functicn of
meteorolozical parameters (temperature and humidity) and the desiccant initial condition
{mass and concentration) has been presented in [8]

We are inleresting in setting a theoretical limit on the maximum possitle amount of water,
which can be collected from air using desiccant through the absorption-regeneration cycle at
certain operating limits of ambient conditions, heat 10 be added to desiccant durning
regeneration and maximum available heating temperature. This theoretical limit can be
evaluated through the defination of cvcle efficiency. Defination of cycle efficiency based
on the rigorous heat and mass batance calculations is presented. This paper also studies the
inftuence of relevant parameters on the cycle perfarmance.

THE ABSORPTION-REGENERATION CYCLE

The absorption-regeneration cycle, which can be applied, for the production of water from
atmospheric air, 15 shown in Fig. 1. The theoretical cycle is plotted on the vapour pressure-
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concentration diagram for the operating absorbent and consists of four thermal processes
which are

Process 1-2 1sothermal absorption of water vapour from air,

Process 2-3: constant concentration heating of the absorbent,

Process 3-4 constant pressure reveneration ot absorbent and

Process 4-1: constant concentration coeling of absorbent,

The thermal processes of this cvcle are carried out between two concentration limits, X, and
x, and the cycle has another operation limits which are its maximum regeneration
temperature ;. condensation pressure pg and maximum absorption pressure p, . Evaluation
of these operation limits is important t{rom the point of view of system design and

construction  Therefore, description of the effect of weather conditions on the cycle
operation will be presented. If the ambient temperature is equal 10 t, and sirong solution
conceniration is x,, absorption process starts only when the vapour pressure on the
absorbent surface is lower than the vapour pressure in the atmospheric airp (Fig. 1).
Theoretically, absorption continues from | to 2, i.e. ends at equilibrium condition when the
pressure of water vapour on the absorbent surface s the same as that in atrospheric air.
When the absorption process ends, absorbent i1s isolated from air and to be heated by an
external source Regeneration of weak absorbent can be carried out with instantaneous
condensaticn of vapour separated from the solution ar constant pressure. The vapour
pressure on the absorbent surface at point 2 is equal to p_ Constant pressure condensation at

this pressure requires that the condensatton temperature is the saturanon temperature of
water vapour corresponding  to p_ which will be tower than ambient temperature, when the

relative humidity of atmospheric air 15 lower than 100%. If condensation is assumed to be at
ambient temperature, weak solution must be heated from t, to t, with constant concentration

and water vapour pressure increases from p_to p, i.e the saturation pressure of water
vapour corresponding to ambient temperature. The increase in temperature fromt, 1o t,
depends on the relative humidity of air or the weak solution concentration x,, which
depends also on the relative humidity at the given ambient temperature.

During the constant pressure condensation, solution concentration increases from X, 0 X,

The maximum regeneration temperature depends on the available heat source and the limits
aliowed for desiccant concentration. Strong solution at point 4 is oot able to absorb water
vapour from air due to its higher vapour pressure, therefore pressure is reduced again to P,

by cooling from t to the ambient condition, where the cycle ends at point 1.

THEORETICAL ANALYSIS

(1) Absorbent properties

The absorption equilibrium relation of the calcium chloride, which js used as a workiny
absorbent in this study, is correlated for computer calculation purposes. The actual
mathematical relationship between the equilibrium thermophysical properties (water vapour
pressure, temperature and concentration) is complex. However, when the concentration x is

constant [14], the relation between water vapour pressure and selution temperature is given
as.
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lnp:a—%+c|nT+dT" (1)

and the approximarte form of equation {1) can be written as

.

np=a'-—

(2)

where a, b, ¢, d, a” and b’ are empirically determined constants for the ranges of temperature
and conceniration of interest.

During the isothermal absorption in the cycle, water vapour pressure and solution
concentration varies over a wide range, therefore a mathematical relationship between water
vapour pressure and concentration 15 required. On the other hand, during the regeneration
process 3-4, in Fig.l, temperature and concentration are also varied, consequently a
concentration-temperature correlation is important for the analysis of regeneration process.
In the light of equation {2), with the help of CaCl; data {15), the following correlation is
obrained as a result of treatment of the available data,

np=A B(x)
P =AM e (3)

where p in mm Hgand tin"C, A(x) and B(x) are concentration dependent parameters and
can be expressed as linear functions of x as
Alx)y=a_+na x . (4)

and B(x)=hb +b, x (5)

Where a,a, b andb, arethe regression constants, given in table | for the coresponding
range of P, t and x

Tab. 1 Regression constants for Eqns. 4 and 3

'~ Constant |  Value | Variable | = Range =

10,0624 p 8 -75 mmHg
4.4674 ,

739.828 ) 10-65 C

L 1450.96 X 02-05

For the absorption process. the final concentration, at which absorption ends, depends on the
vapour pressure in the atmosphere and the absorption temperature 1.

x=M{p,t) (6)

An expression for x can be derived as a function of P and t by solving eqns. (3), (4) and (5)
forx, te
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: b | LI
x=Inp—-|a,- a, -
EP *ota111.9 t+111.9 (N

4

During (he reveneration process, sclution temperature increases with increase n
concentration of absorbent, The regeneration temperature can be evaluated by solving
equation {3) fort

The group of equanons from 1 through 7 can be used 1o evaluate the operating limits of the
cycle for a wven ambiem conditions, and can be applied also for a parametric study to
evalue the effect of various operaling parameters on the cycle performance

(2) Calculation of regeneration heat

During regeneration, heat must be applied to the desiccant to accomplish the following:
I heat the solution to mintmum regeneration temperature (process 2-3),
. vaporize the wager,
. heat the solution to its final temperature in the process 3-4 and
heat the regenerated vapour to its final temperature.
Item ) represents the increase n enthalpy of solution through the constant concentration
heannyg process 2-3, item 4 is often negligible compared with items 2 and 3

A VY I R )

Referring to Fig. 2 which represents the input and output parameters during the
receneration process, if the analysis is carried out per one kg of regenerated water vapour
from the absorbent, the quantity of heat transferred during the process will be,

Q=h,+Mh, -t (M+1) (8)

where h_ is the enthalpy of water vapour generated from solution,

M is mass of solution per kg water vapour, which can be expressed as mass ratio.
h, is the enthalpy of weak solution at point 2,

h, is the enthalpy of strong solution at point 4.

The mass ratio M can be evaluated from the mass balance of the working
desiccant, 1.e

X, - X (?)
where X and x, are the concentrations of strong and weak solution respectively.
Substituting by M in eqn (8),

<, - x (10)
or

(11
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The enthalpy of water vapour, h_can be expressed as,

h‘r:'—h’:< +fc” dt (12)

where h__is the enthalpy of dry saturated water vapour at condensation temperature and t_is

the condensation temperature, However, the second term in the right hand side of Eqn (12)
is often neshgible and, accordingly it will be ignored in calculations. The enthalpy of
solution can be evaluated by knowledue of specific heat of solution at the working
lemperature [ 16]

As the purpose of this cycle is to produce water from air and the input energy to the system
is the heat added during the regeneration process Then the efficiency of the cycle can be
detined as the ratio of heat added to regenerated vapour to the total heat added, i.e.

N
3 (13)

In the calculabon of the cycle efficiency, g will be assumed equal to the latent heat of
generated water vapour L. at the corresponding condensation temperature t .
Substituting by Q from eqn. {11) taking into account that x| = X, then,

x,h, -xh,
=I.- h 174 41
- /[ A — ] (14)

RESULTS AND DISCUSSION

T‘q‘r

During regeneration. The temperature of the regenerated selution increases from a minimum
temperature to a maximum regeneration limit. When the condenser temperature is the same
as that of the ambient, the maximum regeneration temperature depends only on the inmitial
(strong) solution concentration X, The minimum temperature required for solution

regeneration is dependent on the concentration of absorbent at the end of absorption
process Fig. 2 shows the effect of solution concentration en the regeneration temperature at
different condenser temperatures. From the figure, it can be observed that the constant
condenser temperature lines are nearly paralle} where the regeneration temperature increases
gradually with increase in condenser temperature for a given solution concentration.

It can be noted also that, if the operating range of solution concentration is the same for
different condensation temperatures the difference between maximum and minimum
regeneration temperaiures is nearly the same. For example, if the minimum and maximum
solution concentrations are 0.1 and 04, the differences between reyeneration limits for

condenser temperatures of 40 °C and 20 °C are about 16 “Cand 14 °C respectively.

An important parameter for the absorption-regeneration cycle is the mass ratio, which is the
ratio between the mass of generated water vapour perunit mass of strong solution. This
ratio depends only on the maximum and minimum solution concentrations Fig. 3 iliustrates
the eftect of the concentration limits on the mass ratio. For the selected range of solution
concentration (0 1-0.4), the mass ratio is plotted for different values of strong solution
concentration  X,, against the weak concentratien. In general, the mass ratio increases with
increase in operating concentration range. However, knowledge of the mass ratio is
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important tor design purposes, through which the mass of strong solution required to
produce a certain mass of water vapor per cycle, for a given conceniration range can be
determined.

The cvcle efficiency. which is the ratio berween heat, added to evaporated water from the
weak sotution to the total heat added to sclution during ihe regencration process, against
weak solulion concentration, at different strong solution concentrations and constant values
of ambient temperature and condenser iemperature is presented in Fig. 4. Generally, cycle
efficiency increases with decrease in weak solution concentration. Higher values of cycle
elficiency (more than 80%) can be realized for different values of sirong solution
concentrations (x,), but the operating concentration range increases with increase in strong
solution concemtration. For example, when the ambient temperature and condenser
temperature are equal to 20 °C. values of efficiency of 91.5% can be obtained. For two
different cases.

X, =040& X, = 0.32,1.e (Ax=10.8)
and x,=0.34 & x,=050, i.e (Ax=0.4)

This means that the concentration difference is doubled when the initial concentration
increases from 0.34 10 0.4 for the same value of efficiency.

CONCLUSIONS

From this investigation, the following conclusions are obtained:

- The thegretical efficiency of the cycle, mass of strong solution required per kg of
generated water vapor and regeneration temperature af desiccant are highly dependent
on the concentration limits of the working desiccant.

2- Values of cycle efficiency higher than 90% can be obtained for different values of
strong solution concentration and this value decreases suddenly when the difference
between strong and weak solution concentrations is small.

3- Mass ratio of strong solution increases with increase of concentration difference and has
maximum values at higher efficiency values.
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