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ABSTRACT

Fresh water production of solar desalination system is most influenced by the distillation module
performance. In this paper, we propose a new design of a compact distillation module used in a
desalination unit. The desalination process is based on humidification-dehumidification principle.
In order to be able to simulate the dynamic behavior of the distillation module exposed to a variation
of entrance parameters, a mathematical model is developed in dynamic regime from the governing
heat and mass transfer equations in both the evaporation chamber and the condensation chamber.
The obtained distributed systems of equations are transformed into a system of ordinary differential
equations using the orthogonal collocation method. The theoretical study shows the effects of oper-
ating parameters on the performance of the distillation module. The experimental validation shows a
good agreement between predicted and measured parameters.
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1. Introduction

Water is one of the most abundant resources on earth,
covering three fourths of the planet’s surface. However,
there is a shortage of fresh water in many regions world-
wide. Regions facing the scarcity of fresh water resources are
dry regions where solar energy is abundant. Considering the
limitations and available resources of dry areas throughout
the world, a standard solution widely in use is desalination
using solar energy technology. Environmentally, the solar
energy harnessing system has advantages as it vanishes
pollution into the atmosphere as they are with the combus-
tion of fossil fuels. Thus, as a long-term option, the solar
energy system can be considered as an alternative to all the
finite fuel system. Several countries throughout the world
have experimented with the application of solar energy to
desalination processes where they use solar still to produce
freshwater.

* Corresponding author.

Classical solar desalination systems, such as those using
solar still, have often been reported to entail some limita-
tions [1-7]. The most prohibitive drawback of a solar stills
is their low efficiency (gained output ratio <0.5) which is
primarily the result of the immediate loss of the latent heat
of condensation through the glass cover of the still. Several
experimental and theoretical studies have recently reported
that other more promising solar desalination techniques that
are based on the humidification-dehumidification principle
have been developed for the production of freshwater in
remote and sunny regions. Solar desalination units based on
humidification—-dehumidification principle are characterized
by their limited production of fresh water. So, to optimize
the functioning and then the productivity of solar desalina-
tion units, we should first study in depth the behavior of each
component constituting the unit. For this purpose, according
to the literature review, many investigators have developed
and investigated theoretically and experimentally different
elements of various solar desalination systems using the
humidification and dehumidification principle.
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Behnam and Shafii [8] have developed a novel solar
humidification technique incorporating the heating of water,
the heating of the air stream and the humidification of air in
one compact unit to improve the performance of solar humid-
ification and dehumidification desalination systems while at
the same time reducing the size of the whole system. The
effects of various parameters including the incoming air flow
rate into the humidifier and the first depth of water in the
humidifier have been studied. It was found that increasing
the inlet air flow rate to the humidifier and initial water depth
in the later equal to the length of the heat pipe condenser
inside the humidifier increase daily fresh water produc-
tion. They reported that the daily fresh water productivity
and the daily efficiency increased significantly and reached
6.275 kg/d m? and 65%. The cost of fresh water produced
through the presented system is estimated to be 0.028 $/L.

Muthusamy and Srithar [9] developed an experimental
investigation to enhance the fresh water production of the
humidification-dehumidification desalination system. The
studied desalination system includes an air heater, water
heater, humidifier and condenser. They tested two types of
packing materials such as gunny bag and saw dust in the
humidifier region to improve the mass transfer mechanism.
It was found that the gunny bag gives a higher mass transfer
rate inside the humidifier. They inserted into the condenser
spring for pitch ratios of 3 and 4 in order to enhance the
overall heat transfer coefficient in the condenser. They
revealed that, for the same input power, the improved
system boosted the heat exit and productivity equivalent to
a power saving of 40% and 13%, respectively.

Malek [10] studied the effect of condenser unit attached to
the passive solar still on the daily productivity and carried out
a comparative study for passive solar still and condenser con-
nected to the solar still. It has been observed that condenser
attachment gives the higher productivity as compared to the
passive solar still. In the same year, Tow and Lienhard [11]
have studied the heat flux experimentally and parallel flow
effectiveness of a bubble column condenser using signifi-
cantly smaller cooling coils. In addition, they have developed
a mathematical model which predicts the heat transfer rate

with an average error of less than 3%. It is found that heat flux
rises and effectiveness decreases with decreasing coil area.
Increasing both the air flow rate and air temperature lead to
increased heat flux but reduced efficiency.

The distillation module is the most complicated component
of the solar desalination unit since it involves the two reverse
physical phenomena (humidification and dehumidification).
Furthermore, the humidification/dehumidification process is
actually a multiphase flow, with phase change and simultane-
ous mass and heat transfer between the phases. As shown in
Fig.1, the heat transfer between water and air can be divided
into two categories according to the direction of the mass trans-
fer, heat transfer with humidification (evaporation) and heat
transfer with dehumidification (condensation). They have the
following differences [12]: (i) in humidification, the heat and
mass move in opposite directions, while in dehumidification,
they have the same direction; (ii) the vapor enters the interface
at the water temperature in case of evaporation while it enters
the interface at the air temperature in case of condensation; (iii)
the air film is thicker in case of evaporation but thinner in case
of condensation; (iiii) condensation commences when the par-
tial pressure of water vapor in the air phase is higher than the
partial pressure at the interface while evaporation starts when
the partial pressure of water vapor at the interface is higher
than the corresponding partial pressure in the air phase.

The developed solar desalination system using the
humidification-dehumidification principle includes five
components: water and air solar collectors, humidifier and
the distillation module. In two previous papers [13,14], we
have presented the detailed study of the air and water solar
collectors and the humidifier. The current paper deals with
the distillation module study. Its underlying objectives are
as follows:

e To present the design of the distillation module.

* To develop and validate a dynamic mathematical model
able to predict the thermal performance of the distillation
module.

e To study the effects of operating and design parameters
on the performance of the distillation module.
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Fig. 1. Heat transfer with humidification (a) and with dehumidification (b).
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2. Distillation module design

Fig. 2 presents the design of the distillation module. The
latter consists of the air humidifier (evaporation chamber)
and dehumidifier (condensation chamber). There is no wall
separating the two chambers. In order to ensure the long-
term operation of the distillation module, the evaporation
chamber and the condensation chamber are well designed
and realized. The condensation chamber is constituted of
12 dismantled vertical rows, to ensure its maintenance, and
arranged in a triangular arrangement. Each row contains
12 circular tubes in copper of inner diameter 12 mm and
outer diameter 14 mm, and its length is 1.5 m. The transverse
and the longitudinal pitch are designated, respectively, by
50 and 50 mm. The evaporation chamber consists of 12 hor-
izontal tubes made in copper of inner diameter 20 mm and
outer diameter 22 mm equipped with small holes (1.5 mm
diameter) provided on the higher surface of the tube. The
holes work as pulverizers that pulverize the hot salt water.
To augment the contact surface between air and water, thus,
to increase the evaporation rate and to prevent pulverized
hot salt water at the top of the evaporation chamber to be
mixed with the fresh water at the bottom of condensation
chamber, each horizontal tube mentioned previously is
covered with a textile of exchange surface 49 m2 Table 1
summarizes the properties of the distillation module used
in the simulation.

The principle of functioning of the distillation module
is as follows: hot salt water coming from the solar water
collector enters the module at the top of the evaporation
tower. The packed bed absorbs it (textile of viscose). Due
to heat and mass transfers between the hot water and the
partially dehumidified air stream exiting the condensation
tower at the bottom, air is loaded with moisture. The satu-
rated moist air is then drifted toward the tower of conden-
sation by natural convection where it enters in contact with

D Outlet feed water

2m Evaporator

Condenser

D Inlet feed water

- o : ‘)’((\
15m 0!
Fig. 2. Schematic diagram of the distillation module designed

with Solidworks software.

Table 1
Properties of the distillation module components used in
simulation

Components  Description Value/Type
Evaporation  Size 0.5x0.5x1.5m?
chamber Packing Textile
Exchange surface 49 m?
Mass tr.ar.lsfer ( 2.09m’ mU.l;JSlS)
coefficient K, = A e sev
aev
Heat transfer ( 5,900 mz.i%)
coefficient h, = e —
Air-film heat h,=C,. K,
transfer coefficient
Heat transfer (5 900m1® m0.5894)
coefficient RS S
aev
Condensation Size 0.5x0.5x1.5m?
chamber Tubes type Copper
Inner diameter, d, 0.014 m
Outer diameter, d, 0.012m
Tube length, L 1.5m
Transverse pitch, P, 0.050 m
Longitudinal pitch, 0.050 m
P

1

a surface, the temperature of which is lower than the dew
point of the air. The natural convection occurs when a solid
surface is in contact with a fluid of different temperatures
from the surface. Density differences provide the body force
required to move the fluid. The condensed water was col-
lected from the bottom of the condensation tower, while the
brine (the salty water exiting the evaporator) at the bottom of
the evaporation tower will be either recycled and combined
with the feed solution at the entry point or rejected in case of
an increase of saltiness rates.

3. Theoretical analysis
3.1. Mathematical model development

The first stage of all survey of a thermal process requires
its representation by a mathematical model. This model
must characterize the real behavior of the studied system.
The distillation module may be modeled as shown in Fig. 3.
Air flow rate enters the bottom of the evaporation chamber
at a temperature Tgl,ev(t) and a humidity ng,ev(t)' The mass
velocity of air is . (£). The air flow rate exits at the top of
the evaporation tower at a temperature T, (0) and a humid-
ity W,, .(f). Hot water coming from solar water collector is
pulverized at the top of the tower with a temperature T, , (f)
and no evaporated water is in the bottom of the tower with
a temperature T  (#). The mass velocity of water is m, ().
The humid air, in provenance from the evaporator, enters
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Fig. 3. An element of volume of the distillation module.

the condenser by the top at temperature To(8), humidity
W_(t) and mass flow rate m (t)- The cooling water is intro-
duced at the bottom of the condenser at temperature T, (t)
and a mass flow rate D (t).

The method of setting up the heat and mass balances
will be undertaken with the following simplifying assumptions:

¢ The process is adiabatic.

® The air and water flows are in countercurrent and one
dimensional.

® The specific heat of water is constant during its passage
by the distillation module.

¢ The humid air is considered as a perfect gas.

* Water phase at the evaporation chamber:

oT, m oT, ha,,

lev — 1 x l,ev _ ; T —T 1
o0 M oz M c,( Lev I'QV) M)

Lev Lev

* Air phase at the evaporation chamber:

aTg,ev _ mg,ev a’I:g,ev _ hgaev
oz M, C

g.ev g.evgev

Ry (T ~Tier) @
e The air-water interface at the evaporation chamber:

The following equation gives the balance of mass at the
level of interfacing air water:

oW, m oW K
eV o 8 o 8V 4 ey (WI " w ev) (3)
ot M,., 0z M, 8

The balance of heat at the level interfacing air-water is
given by the following equation:

g (T =T ) =1 (T = T )+ 2 K, (W~ W, ) (4)

I,ev o tm ev

e Water phase at the condensation chamber:

T T A
oL _ m OL UA  (r 1) )
ot M, ez MC, ‘o

® Air phase at the condensation chamber:

oT. m, oT. h A K A
3 zib‘xib_bi(]"c _TIC)_M(WC _WIC) (6)
o M, oz M\ M,C, \®

¢ Air-condensate interface

The following equation gives the heat balance at the
air-condensate interface:

h A, (Tgc - T) +UA (T, -T,)=1,K, A, (wgc - w) )

The mass balance at air-condensate interface is given by
the following equation:

%_m oW KA(

_ th 8¢ 4 Zme®7c

W,_-W, 8
o0 M, &z M ‘C) ®)

gc
gc

The water condensation rate is determined by using an
algebraic equation that relates the variation of the water
content with the height of the tower:

dm, =K, A (W, - W, )dz )

3.2. Mathematical model approximation

The analytical solution of Egs. (1)—(9) is impossible and
they must be discretized to obtain approximate, but still accu-
rate, solutions. The orthogonal collocations method (OCM)
approximates the solution by a polynomial trial function,
and the resulting set of the ordinary differential equations
(ODE) is often considerably smaller [15,16]. The set of partial
differential equations is transformed to the following set of
ODE using the OCM with the boundary conditions: 0<z<H.

T, (Ht)=T, . (t), T.(0,£)=T,(t)
Tgrev (O’t) = Tglyev (t)’ Tgc (H’t) = Tgcl (t)

W (0,8)=W,, . (t), W (H,t)=W_,(t)

glev gc gel

The expression of the distillation module-reduced
dynamic model is given by the following equations:

_ hlaev
M, _C,

dT evi m N
ﬁ = L {Zlij’r;,evj + l[N+1’I;,ev2:| (’I},ev - T;,evi) (10)

lLev [ j=0 lev

gevi g,ev

dt

dT m {NH

ha,
LT LT o |————
ij=gevj i07g,ev M C

g.ev o gev

(T = T,.) (11)

8.ev j=1
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dW N+1 K a
g,ew _ m_ev
At M |:le] gevj + iow«g,evo} + M (V\]l,ev - V\/g,evi) (12)

&€ g.ev

0" tmev

M, (T = T ) = 8 (T, = Tos) + 2Ky (W =W, o) (13)

dT N+1 UA
= |:Z Zl]TEI + leTLl:| ML,CC‘E (Tlc - Te]) (14)
dT, . h, A
—= =i |:zl,] gei 1N+1 gc2:| MS C (Tgci _Tlc)_
gc j=0 gc o ge
A K A,
Semmee (W -W,) (15)
gc o gc

Sl -w,)  a6)

gc

aw__
g _
7 - 1\4gc {zlqwgcl + 11N+1 gc2:| +

j=0

A gu—Tk)+UAC(Tk—Te )= 2K, A (W, - W) 17)
dd":f =K, A (W, -W,) (18)

wherei=1,2,3,..., N+1.

3.3. Algorithm of the model solution

A computer simulation program was compiled in terms
of the distillation module model to determine the air and
water temperatures, the amount of water in the air at the out-
let of the distillation module as a function of water and air
temperatures, air mass flow rate, water mass flow rate and
absolute humidity at the inlet of the distillation module. Egs.
(10)—(18) were solved using the fourth-order Runge-Kutta
method. In the computer program, water and air flow rates
and an initial guess of all the temperatures were introduced
as an input to the computer simulation program. The accu-
racy criterion (taken equal to 0.00001) and the distillation
module height was divided into n = 6 collocation points.
Hence, the number of equations to be solved was also intro-
duced to the simulation program. The operating variables
are air and water temperatures, absolute and humidity, heat
and mass transfer coefficients and evaporation chamber effi-
ciency. They were calculated at each collocation point until a
specified accuracy was achieved.

4. Simulation results

Figs. 4 and 5 show the effect of air and water inlet tem-
peratures and the height of the packed bed, respectively,
on the outlet absolute humidity of the air stream inside the
distillation module. The simulation results depicted in Fig.
4 were obtained by fixing the inlet air temperature while
different values for inlet water temperature values were
introduced to the simulation program and vice versa. The
obtained results illustrate that the absolute outlet humidity

80
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fb 40 v
:i: 304 KV/
z —
—
204 —_—
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Fig. 4. Variation outlet absolute humidity of the air stream versus
air and water inlet temperatures.
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Fig. 5. Variation of outlet absolute humidity of the air stream
versus the height of the the packed bed.

of the air stream increases with increasing air and water inlet
temperatures. This is because increases in water or air inlet
temperature rises the gradient temperature between air and
water inside the humidifier which in its turn leads to increas-
ing the mass and heat transfer coefficients and then its out-
let parameters. It is also noticeable from these simulation
results that the absolute outlet humidity is more affected by
the inlet water temperature than the inlet air one. Therefore,
according to these results, one can infer the interest of work-
ing with high values of inlet water temperature at the inlet
of the evaporation tower instead of high values of inlet air
temperature to allow the latter to provide high values of
absolute air humidity. Fig. 5 presents the effect of the height
of the packed bed used in the evaporation tower (textile of
viscose) on the outlet absolute humidity of the air stream.
In this study, all the parameters were fixed while different
values for the height of the packed bed were introduced to
the simulation program. It is clear from the figure that the
outlet humidity absolute could be increased significantly if
the packed bed surface area is increased. The same trend was
found by Ben Amara [17].

Figs. 6-8 show the variation of the amount of evapo-
rated water, m_, inside the distillation module as a function,
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Fig. 8. Variations of evaporated amount water versus inlet
absolute air humidity.

respectively, of water and air inlet temperatures for different
values of air flow rates and inlet absolute humidity. Results
depicted in Fig. 6 show that the amount of evaporated water
increases with increasing inlet water temperature and air
flow rate. This can be explained by the fact that increases

inlet water temperature increases the gradient temperature
between air and water inside the distillation module which
in its turn leads to increasing the mass and heat transfer
coefficients and then the amount of evaporated water. Fig. 7
reveals that the amount of evaporated water increases with
the inlet air temperature. The heating air inside the evapora-
tion chamber increases its capacity to load water vapor thus
resulting in the high amount of evaporated water. According
to the Fig. 8, it was found that the amount of evaporated
water decreases as the inlet absolute air humidity increases,
apparently due to the low capacity of the air stream to load
water vapor.

Figs. 9 and 10 present the variation of the humidification
efficiency, ¢, and the amount of evaporated water, m_, as a
function of operating parameters. The humidification effi-
ciency is defined as [18-20]:

W, lev W, 2,ev
g=—S 8 (19)
Wer e =W,
glev ,ev
where W, , and W,, _are, respectively, the absolute humidity

of air at the inlet and the outlet of the evaporator. W, , rep-
resents the absolute humidity at saturation state calculated
by using the following empirical correlation [21].

W, - 0.622
’ Pamb _
910°°T?, —0.0003T’,, +0.0406T2, ~0.1179T, , +10.738

(20)

where P shows the ambient air pressure.

Fig. 9 shows the variation of distillation module humid-
ification efficiency versus inlet water temperature at the
evaporation tower for different values of water flow rates.
It is clear from the obtained curves that increasing the
evaporator inlet water temperature decreased the values of
humidification efficiency. However, increasing water flow
rates increased the humidification efficiency. This result
is due to the fact that higher water flow rate will improve
both the mass transfer rate and the degree of wetting of
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—O=—m;=0.03 kg/s
—v—m=0.04 kg/s

0.6 O\o\

Efficiency
o
=
L

0.2

:
40 50 60 70 80 90 100 110
O

Fig. 9. Variation of distillation module efficiency versus inlet
water temperature and water flow rate.
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Fig. 10. Variations of humidification efficiency versus inlet
absolute air humidity.

packing [22]. Variation of humidification efficiency versus
inlet absolute air humidity is depicted in Fig. 10. The result
shows that increasing inlet absolute air humidity decreases
the humidification efficiency.

5. Experimental validation of the distillation module

The experimental validation of the mathematical model
developed for the distillation module is a very important con-
sideration because it determines whether the mathematical
model is a faithful representation of the actual physical sys-
tem and indicates the level of accuracy that may be expected
in the predictions obtained from the model. In order to
validate the developed model of the distillation module, a
series of experiments was conducted using the pilot desali-
nation unit, as shown in Fig. 11, located at the National

-

Fig. 11. A photo of the solar desalination unit experimental
setup.

Engineering School of Sfax (ENIS)—Sfax University, Tunisia.
Experimental measurements were taken on the distillation
module (evaporation and condensation chambers) shown
in Fig. 12. Table 2 presents some experimental measurement
of average values of the main parameters in the distillation
module.

The distillation module was equipped with Pt 100 therm-
istors with a sensibility of 0.3799X/°C for measuring the out-
let and the inlet water and air temperatures. All the sensors,
which were calibrated before using to determine the probes
sensibility, were connected to a data acquisition system (type
Agilent 34970A). During experimentation, all the parameters
were measured and recorded every 1 min for up to 420 min.
All the measurements started at 10:30 a.m.

Table 2

Experimental average values of the main parameters in the distillation module
TWp) T, (0 kgl (e £l £, () T, (O T, (O it (kg/day)
536 32 0.01 0.04 7,541 49,339 54.6 45.55 16
602 31.89 0.0103 0.03 12,487 51,070 55.9 69.57 18.5
576 30.75 0.01 0.045 8,805 49,817 54.67 59.70 17.12
693 32.75 0.01 0.04 11,480 50,126 53.60 44.69 21.75
574 32.69 0.0074 0.07 18,547 56,936 52.86 39.17 17
569 35.05 0.0092 0.07 18,718 57,195 57.14 39.07 16.75
621 34.89 0.0092 0.07 20,210 57,340 56.65 41.65 18.85
653 36 0.0103 0.07 21,755 57,669 60.77 45 20.25
635 37.30 0.0103 0.02 20,940 57,584 60.85 48.95 19.25
584 37.48 0.0088 0.02 20,835 57,472 57.78 60.64 17.25
635 33.502 0.0103 0.03 22,403 58,221 52.20 71.70 19.75
656 35.16 0.0103 0.03 26,114 58,840 60.81 54.12 20.5
588 41.95 0.0103 0.03 24,231 58,389 56.90 62.97 17.5
671 37.02 0.0074 0.03 28,322 59,230 58.58 64.10 21
689 36.59 0.0103 0.03 29,951 59,255 62.48 63.10 21.25
624 39.29 0.0166 0.036 29,018 59,187 59.52 51.77 19
572 35.32 0.0166 0.03 26,931 59,151 55.20 66.53 17
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Fig. 12. Outside and inside photos of the realized distillation
module.

Figs. 13 and 14 present a comparison between predicted
and measured values, respectively, of air and water outlet
temperatures and the absolute humidity at the level of the
humidifier. According to these figures, the experimental
and simulation variations are identical for almost the entire
period. In addition, water and air outlet temperatures of the
distillation module present only a small change during the
variation of the solar radiation for both experimental and
numerical tests. The accuracy of the experimental results
may be calculated using the following definition:

T (i)=-T. (i
sar(%)=@xk—e“’(l) .5““(1)| (21)
= ()

The error analysis of the studied parameters is presented
in Table 3. It is seen in this table that the agreement between
experiment data and the results calculated from the theo-
retical prediction of the present device is fairly good. The
uncertainty in the experimental results presented in this
work is estimated using the approach described by Barford
[23] and Moffat [24]. The uncertainty in the measurements
is defined as the root sum square of the fixed error of the
instrumentation and the random error observed during
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Fig. 13. Comparisons between numerical and experimental
values of water temperature at the evaporation chamber exit.
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Fig. 14. Comparisons between numerical and experimental
values of air temperature at the condensation chamber exit.

Table 3
The accuracy of the experimental results

Parameter Average Maximum Minimum
relative error  absolute absolute
e (%) error ¢ (°C) error ¢ . (°C)
ey 5.382 9.995 3.91 x 10
o 2.101 3.317 3.29 x 107
Note: & =max| T, = T, (0) |, & =min| T (@) = Ty ) |,i=1,2,..k

different measurements. The systematic experimental error
for temperature is +0.5°C.

The good agreement between experimental and simu-
lation results demonstrate the validity of the mathematical
model established for the distillation module and the effec-
tiveness of the orthogonal collocation method used to solve
them. In addition, the validated mathematical model would
help in the development of computer-based design and
simulation software for such type of distillation module.

6. Conclusion

This paper focuses on the theoretical and experimental
studies of a distillation module used in a solar desalination
unit utilizing the humidification and dehumidification prin-
ciple. The first part of the study deals with the presentation
of the designed and constructed distillation module. In
the second part, a mathematical model based on heat and
mass balances for air and water inside the distillation mod-
ule is presented. The developed model is simulated using
the Borland C++ software to study the influence of operat-
ing parameters on both the humidification efficiency of the
distillation module and the amount of evaporated water.
The predicted and the measured parameters are in good
agreement. From the results and discussions, the following
conclusions can be drawn:

® The absolute outlet humidity of the air stream increases
with increasing air and water inlet temperatures.

® The absolute outlet humidity is more affected by the inlet
water temperature than the inlet air one.
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* Increasing the inlet water and air temperatures to the
evaporation chamber increases the amount of evaporated
water.

* Increasing the evaporator inlet water temperature
decreases the humidification efficiency.

* Increasing the inlet absolute air humidity decreases the
amount of evaporated water and the humidification
efficiency.

* Increasing water flow rate increases the humidification
efficiency.

The above findings from the experimental and theoret-
ical studies of the distillation module can serve as a blue-
print for future attempts to optimize and improve the design
parameters influencing the performance of the distillation
module. In addition, the validated mathematical models
would help in the development of a computer-based design
and simulation software for such type of distillation module.
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Symbols

S

— Air-water exchanger area in the condensation
tower, m?

—  Air-water exchanger area, m?

—  Water-specific heat, J/(kg K)

—  Fluid specific heat, J/(kg K)

Moist air specific heat in the humidifier, J/(kg K)

— Moist air specific heat in the condensation tower,

J/(kg K)

Moist air specific heat in the evaporation tower,

J/(kg K)

Water mass velocity in the condensation tower,

kg/(m?s)

Heat transfer coefficient, J/(kg K)

Air heat transfer coefficient at the air-water

interface, W/(m? K)

Water heat transfer coefficient at the air-water

interface, W/(m? K)

— Number of experimental measurements

Thermal conductivity, W/(m K)

— Water vapor mass transfer coefficient at the
air-water interface, kg/(m?s)

— Mass flow rate, kg/s

Fresh water production, kg/s

— Total mass velocity of moist air in the condenser,
kg/(m?s)

— Relative humidity (%)

Saturation pressure, Pa

— Temperature, K

— Experimental value of temperature, °C

I 33
|

gt

o B Ha~
|

i

2T S
3

o N

— Temperature at the air-water interface, K

—  Theoretical prediction of temperature, °C

— Overall heat transfer coefficient in the condensa-
tion tower, W/(m? K)

— Air humidity, kg water/kg dry air

— Saturation humidity, kg water/kg dry air

— Coordinate in the flow direction, m

— Latent heat of water evaporation, J/kg

—  Error

Subscripts

QO QN

g 0Q

— Tower bottom

— Tower top

— Air

— Condensation tower
— Cooling water

— Evaporation tower
— Moist air

— Water
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