Theoretical Analysis of a Water
Desalination System Using Low
Grade Solar Heat

Theoretical analysis of a solar desalination system utilizing an innovative new concept,
which uses low-grade solar heat, is presented. The system utilizes natural means of
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system consists of solar heating system, an evaporator, a condenser, and injection, with-
drawal, and discharge pipes. The effect of various operating conditions, namely, with-
drawal rate, depth of water body, temperature of the heat source, and condenser tempera-
ture were studied. Numerical simulations show that the proposed system may have
distillation efficiencies as high as 90% or more. Vacuum equivalent to 3.7 kPa (abs) or
less can be created depending on the ambient temperature at which condensation will take
place. [DOI: 10.1115/1.1669450
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Introduction collector was investigated by a number of research8rsl(],

. . . which showed that the still performance could improve signifi-
Shortage of drinking water will be the biggest problem of th% tly, but of course the sygtem cost will increasg. Use gf the

world ir! this century due to unsustainable consumption_ rates 8ident heat of condensation to preheat the feed water has been
population growth. Pollution (?f fresh water resouro(eg/ers, tudied[11,12], which improves the still efficiency. Evaporation at
lakes and underground walday industrial wastes has helghtene(g low temperature, under vacuum conditions, leads to a good im-
the problem. , __provement in the system efficiency as was shown by many re-
The total amount of global water reserves is about 1.4 billiogearcherg13-15. Multi effect solar stills were investigated by
cubic kilometers. Oceans constitute about 97.5% of the tofalg 17, where the vapor from one stage condenses at the next
amount, and the remaining 2.5% fresh water is present in t8gyge, giving up its latent heat to that stage, thus evaporating part
atmosphere, polar ice, ground water and other inaccessible forgsthe water from the second stage. Another way to increase the
This means that only about 0.014% is directly available to humafficiency of the still is to minimize the heat losses to the envi-
beings and other organisni¢]. So, development of new cleanronment{18,19. Dutt et al.[20] investigated the effect of adding
water sources is imperative. Desalination of sea and/or brackigie to the water, and showed that the output could be increased.
water is an important alternative, since the only inexhaustibiene effect of adding a passive condenser to the still was studied
source of water is the ocean. [21-23, which showed an improvement in the unit performance.
Desalination processes require significant amounts of energyThis paper gives a theoretical analysis of an innovative new
Due to high cost of conventional energy sources, which are alsgstem, which uses low-grade solar heat. The system utilizes the
environmentally harmful, renewable energy sour@eaticularly barometric pressure to produce vacuum, which allows the design
solar energyhave gained more attraction since their use in desatif a more efficient solar desalination system.
nation plants will save conventional energy for other applications,

and reduce environmental pollution. System Description and Operating Principle

Solar energy can be used to produce distillate directly in a solar_l_he roposed desalination svstem consists of: a solar heatin
still, which utilizes the greenhouse effect to evaporate the Sa“gestemparfd an eva o:atioln chgmber and Ia condenser at a heli ght
water. Design of a solar still requires optimization of many facy ’ P 9

tors: brine depth. tight seal to prevent vanor leakage. thermal cralf_about 10 m above ground level, connected via pipes to a saline
” pth, tig P ap g€, nal Water supply tank and concentrated brine tank, and a fresh water
sulation, cover slope, shape and material of the still. A still r

- . > "3ank, respectively. Figure 1 shows a schematic of the system.
quires frequent flushing of the salt water to prevent precipitatio(), ' P y. F9 Y

which reduces its absorptivity and hence the efficiency. Still eﬁ.é_acuum is created by balancing the hydrostatic and the atmo-

. ) Rheric pressures in the supply and discharge pipes.
ciency, defined as the energy used to evaporate the water t0 thg\ ahoration chamber has provisions to feed the cold fluid di-
solar energy incident on the still, is usually low and rarely excee

o ith ¢ imol | s h (fiéctly to the chamber and provide solar or other low-grade thermal
50%, with an average of 30-40%2]. Simple solar stills have onargy through a closed loop heat exchanger as well as provisions
been subjected to numerous studies, aiming at improving the s{il\yithdraw the concentrated brine. The incoming cold fluid and
efficiency. The effect of coupling the solar still to a flat plate solayithdrawn brine pass through a tube-in-tube heat exchanger in
- _ order to extract the maximum possible energy from the hot brine.

15"2"-“’5"?2";”%3“2"? T‘E‘*<352>'392'0812§H';a§(352) 392-&1)071- " The evaporation chamber is connected to a condenser, which dis-
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A complete mathematical description of the proposed distilla-

/ tion unit requires mass, energy and salt balances. In applying
4 clbow connecto M / """" those balances, it is assumed that the heat capacity of the evapo-
rator and the condenser materials is negligible and no temperature
— j stratification occurs in the system.
Application of conservation of mass gives:
Pivi = vaW+ Peve 1)
_'{ Wi r Application of solute conservation results in:
> s Gt (PCVIs=(pC) Vi~ (pC)sV,, @
Application of the conservation of energy gives:
__ T d : :
&(pCpVT)s:Qin+(PCpT)iVi_(PCpT)sVW_Qe_Qloss
Fig. 1 Schematic of the system (3)

The heat of evaporation will mainly be dissipated to the environ-

0-100°C. This means that if the top of two chambers; saline Wament via the condenser during the process of vapor condensation

chamber(evaporator and fresh water chambecondensar are t{f{d the rest will be carried away by the fresh water produced. So
i

g o £ condenser should be able to dissipate the amount of energy
connected while maintained at the same temperature, water \/é en by:
distill from the fresh water side to saline water side. In order t '

maintain the distillation of water from saline water side to fresh Qe=rnh? (4)
water side, the vapor pressure of the saline water must be kept 9

above that of the fresh water. In the proposed process this will Mere,h?g is the modified latent heat of condensation, given by
done by increasing the temperature of the saline water utilizifig4],

solar energy. So, evaporation from saline water side to fresh water

side is driven by the difference in the vapor pressures between the fg=Nigt 0.68C,(Ts—Tg) (5)

two sides. . .
This amount of heat is to be conducted through the condenser

To start up the unit, it will be filled completely with water . h
initially, and the water will then be allowed to fall under the in.wall, and eventually transferred to the environment by convection

fluence of gravity, in order to establish the vacuum. Depending &fh We neglect radiative transferFor heat conduction through the

the barometric pressure, water will fall to a level of about 10 rﬁondenser wall,

from the ground level, leaving behind a vacuum. 2771 Ke(Toi— Too)
Vacuum enables the desalination of water at a low temperature 3 ;QZM

level, requiring a smaller amount of thermal energy. This heat will IN(r co/Tci)

be provided from solar collectors, which will operate at a highg

6

.. - or convective heat transfer to the ambient, the condenser is as-
efficiency because of lower collector temperatures, which wWillymeq to be a horizontal tube with circular fins. The rate of heat
minimize the heat loss to the environment. Simple flat plate ¢

. X ransferred from the condenséins and prime surfagemay be

lectors may be used to heat the saline water in the evaporator,., - lated as

As saline water in the evaporator starts evaporating, its salinity ’
increases which tends to decrease evaporation rate, so it become®),=[h, i,NA¢ 1ip 7t + heoNAf sigest?t T NeoApl(Teo— Ta)
necessary to withdraw the concentrated brine at a certain flow rate (7)
and inject saline water at a rate equivalent to the withdrawal plus .
evaporation rates. The withdrawn water will be at a temperatu‘f’g‘ere the heat transfer coefficients were calculated from the rela-
equal to that of the evaporator, so it becomes necessary to recdif}s given by Rohsenow et 425]. _
the energy from it. A tube-in-tube heat exchanger will be used for "€ various parameters required to solve the above equations
this purpose, where injected water will flow inside the inner tub@'® given in the appendix A. _
and withdrawn water will flow in the annulus in a counter current | "€ Operating pressure of the proposed unit may be taken as the
direction. The heat exchanger area will be such that a major pH™ Of the pressure in the vapor space at the point of condensation
of the energy is recovered. and the pressure drop occurring in the column. This pressure drop

Under the influence of vacuum conditions at the saline wat6®n be calculated by applying continuity equation and the energy
surface in the evaporator, water can be injected by the effect @fjuation between the inlet and outlet of the column:

atmospheric pressure; hence no pumping power is required. This (pAv)in=(pAV) ®)
makes the proposed system of a continuous process type, unlike PRV Jin=APAV Jout
flat basin solar still, which is usually a batch process. The with- P b2 P 2
drawn concentrated brine can be concentrated further and used to out | “out +zout:—'” + 2 4z,-h, 9)
construct a solar pond, which may be used as a solar energy col- Y 29 Y 29

lection and storage system. The system will require periodjg \acyum distillation there is larger volume of vapor to be
cleaning by flushing and restarting it. So, the non-condensable,jieq. In order to avoid any significant impedance to vapor flow
gases will not be allowed to accumulate to a degree of destroyipgihe connecting pipes, the fubing should be as short and as wide
the vacuum. as possible. It is often the practice to use connecting tubes of
. . diameter larger thafl/10) of the evaporator diameter, at least in
Theoretical Analysis the upper part of the evaporator, where the lowest pressure pre-
In this section a mathematical model that describes the pneails and flooding is most likely to take plag¢26]. This analysis

cesses in each component of the system is presented. A firissumes that evaporation is not impeded by foreign gas
difference method was used to solve the set of coupled equatiomalecules.

Journal of Solar Energy Engineering MAY 2004, Vol. 126 / 775



0.0

100

14

50 020
22000

4 Feo 12
5 019 N
e P 20000 % 0.18
E 40 e & 80 a+ 10
3 - 18000 _| o145 b g
g - go* g 3
§ 6 7 o s % L0 28 g
g * T o000 & 5 3 ote z §
2 s Flow 3 2 3
©
z - 4 oo Bl 6 S
2 ® - b 14000 5
3 - 2 o
3 4 Te 016 w =

e 7 — — Timelosieadystate | |- 12000 lso ta

s T oud
s
2 y . . 10000 ‘o015 042 . w0 Lo
004 008 008 0.10 012 1 10
Depth of water body (m) Withdrawal rate (V/hr)

Fig. 2 Effect of depth of water body inside the evaporator on Fig. 3 Effect of withdrawal rate on the unit performance

the unit performance

scale formation. As the withdrawal rate goes above 1 I/hr, more
Results energy will be carried away by the concentrated brine, hence more
The mathematical relations presented in the theoretical analysisses and less output will result. Therefore, a withdrawal rate of
section were employed to determine the performance of the pf4 I/hr was used, so as to keep the losses low and reduce the
posed unit. For all simulations, the following system specificgpossibilities of scale formation.
tions were assumed. The heat exchanger, through which the reThe effect of fresh water temperature on the unit performance is
quired thermal input is supplied to the saline water, is assumedsioown in Fig. 4. Different values for the fresh water temperature
be a copper tube of 2.4 m length and 1.27 cm outside diameteere calculated by varying the condenser area, while keeping the
The evaporator is a cylinder of 0.2%raross sectional area, 0.2 mheat source temperature constant at 60°C. The figure shows that as
height, with a truncated cone fixed on top of it. The evaporator httse temperature increases the unit output decreases, however, re-
a provision for feed water supply, through a 1.27 cm copper tubdycing that temperature below a certain valskghtly above the
partially enclosed by 2.54 cm PVC pipe which is used for withambienj has a small effect in the unit output, but requires larger
drawing the concentrated brine. The two pipes form a tube-in-tubendenser. For example, to reduce the fresh water temperature
heat exchanger. There is also a provision to provide the additiofidm about 32°C where the unit output is about 0.1739 Kg/hr to
required energy in the evaporator from a heat source througi2aC where the unit output is about 0.1947 Kg/hr, the condenser
heat exchanger. The condenserai 4 inch copper tube of 0.5 marea has to be doubled. The figure also shows that the pressure
length, 0.25 cm thickness. On its lateral surface, 10 fins of 25idside the unit increases as the temperature of the fresh water
cm diameter and 0.0635 cm thickness are soldered 4 cm apintreases. A vacuum equivalent to 3.7 k&9 or less can be
The other end of the condenser is connected to a condensatecreated depending on the ambient temperature at which conden-
ceiver via 1.27 cm PVC pipe. A reference state was fixed as 25%ation will take place.
reference temperature, 3.5% reference solute concentration andhe effect of the heat source temperature was investigated over
1021 Kg/n? reference density. For all calculations the ambierihe range of 40—-100°C. As expected, increasing the heat source
temperature was taken as 25°C. The heat transfer fluid through temperature increases the saline water and fresh water tempera-
evaporator heat exchanger was assumed to be water with a ntagss, as can be seen from Fig. 5. For example, when the heat
flow rate of 10 Kg/hr. This mass flow rate is equivalent to asource temperature is 60°C, the steady state temperatures of the
optimum mass flow rate 50—75 Kg/hfrthrough solar collectors saline water and the fresh water will be about 44.9°C and 32.5°C
[27], assuming that in real life the unit will be supflied with itsrespectively, and distillation efficiency will be about 91%. It is not
energy requirements from a solar collector with T aollector only that the temperature in both chambers will be increased, but
area for each 1 fevaporator area. also the temperature difference between them. And as the tem-
Operating conditions were varied to study the effect of thogeerature difference increases, the driving force for evaporation i.e.
changes on the unit performance. The effect of depth of the wat@por pressure difference increases. Hence the unit efficiency will
body was investigated with the withdrawal rate taken as 0.1 1/he improved.
and the heat source temperature as 60°C. The results are shown in
Fig. 2. This effect is limited to the time period required to get to
the steady state. Once steady state is reached, the effect on the unit 150 - 8500
output and saline water temperature may be neglected. As the
depth of water body varies from 0.05-0.11 m, the unit output
varies only from 0.1769-0.1732 Kg/hr, which is almost constant. < 44 |
Therefore, a water depth of 0.1 m was used for the subsequerg
calculations. The effect of withdrawal rate on the evaporation rates
is shown in Fig. 3. The distillation efficiency decreases from 91% 3 o.1e-

g

for a withdrawal rate of 0.05 I/hr to about 57% at a withdrawal £

Power input (W)

rate of 5 I/hr. For the same variation in the withdrawal rate, unit g
output decreases from 0.1739 to 0.1342 Kg/hr. The efficiency ancg o
output are almost constant in the withdrawal range of 0.05-1 1/hr,

but looking at the concentration curve, which is based on steady -
state conditions in terms of salt concentration, we see that the °%—F——Fr————7— —— —— ™
concentration starts increasing rapidly if the withdrawal rate is Fresh water temperature (C)

less than 0.5 1/hr. At a withdrawal rate of 0.1 1/hr, the salt con-

centration at the steady state conditions will be about 8.58%, apg. 4 Effect of fresh water temperature on the
if the withdrawal rate is reduced further, there will be a danger pkrformance

r 110
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Fig. 8 Variation of input and output with time

Figure 6 shows that the heat input and the fresh water outputinfthe figure, solute concentration will still be increasing by the
the unit, increase with the increase of the heat source temperattirae steady state conditions -based on saline water temperature-
The variation of saline and fresh water temperatures, operatiage achieved.
pressure and solute concentration with time during the transientVariation of heat input and fresh water output with time during
operation is shown in Fig. 7. Steady state conditions are assuntied transient operation is shown in Fig. 8. The heat input starts
to be achieved if the saline water temperature does not vary mérem a high value at the beginning, which is used mainly to raise
than 0.01°C during a time period of 100 seconds. With heat sourte temperature of the saline water in the evaporator. The output
temperature of 60°C, steady state conditions will be achieved aftecreases until it reaches a steady state value of about 0.1739
about five hourgif less rigorous convergence criteria is used, th&g/hr. The accumulated output during the transient period is about
time to reach steady state will be Igssvhen the saline water 0.62 Kg.
temperature will be about 44.9°C, fresh water temperature about
32.5°C, and unit operating pressure about 4.8 (8. As shown  cgnclusion

An innovative water desalination system using low grade solar
heat was studied. The system is of a continuous process type,
unlike flat basin solar still, which is usually a batch process type.

08 The results show that the proposed system may have distillation
Output - efficiencies as high as 90% or more, as compared to the conven-
0s5{ [T Imeu - I tional flat basin solar still, whose efficiency may reach 50% in the
best operating conditions, with an average value of 30—i2Rb6
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Fig. 6 Effect of the heat source temperature on the unit output
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®1 3% p = Density (kg/m®)
e Z L e y = Specific Weight(N/m?)
Bl ==~ Sokto concentaion n = Efficiency
547 . r T S 3% = Volumetric thermal expansion coefficient
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T . . .
e Bc = Solutal expansion coefficient(8* 10 3% 1)
Fig. 7 Variation of saline and fresh water temperature, unit a; = Empirical coefficient(=0.0054, dimensionless
pressure, and solute concentration with time am = Empirical coefficient €10 7—10 8 kg/n?.Pa.s.K9
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Subscripts: The overall heat transfer coefficietd,, , between the working
fluid and saline water may be calculated as

a = Ambient
¢ = Condenser, collector 1
e = Evaporation Up=r———= (29)
f = Fresh water or product e+ FT
h = Hot; he_at_ ex_chan_ger o whereFT is the heat exchanger fouling factor, which may vary in
i = Of the injection pipe; inside practice from 0.0005 for clean tubes to 0.001 W/A/C for ad-
in = Input verse scale conditiorf80], andh; is the heat transfer coefficient
L = Loss between the collector fluid and the evaporator heat exchanger,
o = Outside, outlet which can be calculated as folloy/4];
s = Of sea water chamber or the evaporator If the flow is laminar, i.e.
w = Of the withdrawal pipe
O = Of the reference state 4poVi
= <2300 (20)
mDpu
Appendix A then,
The evaporation rate per unit area from seawater chamber Nup=3.66 (21)
(evaporator to fresh water chambecondenser may be written | the flow is turbulent. i.e.
as[13], '
Rey,>2300 22
. _Qm f(Co) P(Ts) P(Ty) (10) ® e
Ve ; s (Ts+ 273)05 (Tf+273)0'5 then,
In the above equation the pressure drop between evaporator and Nup=0.023Rg%P1* (23)

condenser is neglected, however, this should be calculated a_ndmfe injection pipe, which carries the seawater to the evaporator, is
significant, added to that of fresh water, resulting in the foIIowmg

oaxial and internal to the withdrawal pipe, so, major part of the

equation, energy of withdrawn water can be recovered. The temperature of
o ap P(Ty) P(T;)+AP the injected water, to the evaporator, can be calculated as follows
ve=—|f(Cy) 05 05 (11 [24:
Pt (Ts+273 (T¢+273
Vapor pressure is given as:
porp g T2, (24)
P(T)=exp(63.042-7139.6(T+ 273 —6.2558 If T+ 273))* 100 paViCpo
_ _ (12) ‘whereQ,, is the actual heat transfer rate, given as
The correction factor, which accounts for the solute concentration _ _
is given as: Qnh=£Qmax (25)
f(C)=1-a;,C (13) Q. is the maximum possible heat transfer rate, given by

Variation of density with temperature and concentration can be

expressed by the following equation of state: Qmax= Crinl( Ts=To) (26)

¢ is the heat exchanger effectiveness, given by

p(T,.C)=po(1—BrATo+ BcAC) (14)
Solution concentration and temperature affect the value of the o= 1-exd —NTU(1-C/)] 27)
specific heat, which is given H28] 1-C,exd —NTU(1-C))]
Cp(T,C)=4186*{1.0049— 0.016Z+3.5261*10 “C? NTU is the number of transfer units, given as
—[(3.2506-1.479%C+0.0776%2)*10 4T
NTU= (28)
+[(3.8013-1.2084+0.061ZL2)*10 °T%} Crin
C..
(15) cr:C—m'” (29)
Evaporation energy is given as: max
. Cin @ndCp,,, are the minimum and maximum &, andC,
Qe=pihig(Te) Ve (16)  respectively, where
The latent heat of vaporization of saline water is almost identi- Co—pV.C 30
cal to that of fresh wat€fi29], and is given by, C_po_ i~po (30)
hyy(T) = 100073146~ 2.36 T+ 273)] (17) Cn=pVuCos (31)
Evaporation of water from saline water chamber tends to co-lc;r'e productUA is given as
it, while condensation of vapor tends to heat fresh water, and for 1
the process of distillation to be continuous, heat is to be added UA= 1 I ] 1 (32)
continuously to the evaporator and rejected from fresh water n(ro/ri)
chamber. The amount of energy supplied to the system from the 2arilh; 27kl 27rglh,

heat source, assumed to be in the form of hot water, via the h%te heat transfer coefficient between the injected water and the
exchanger can be calculated as:

injection pipe,h; , can be calculated from eq. 21 if the flow is
— 7Dyl laminar and from eq. 23 if the flow is turbulent.
1—ex e (18) The heat transfer coefficient between the withdrawn water and
mC ¢

Qin= r-ncpf(TcofTw) > >
the withdrawal pipeh, , can be calculated as followj24],
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Table 1 Nusselt number for laminar flow in annulus [24] whereT., , I'si » Ieo s lc » @ndk. are the condenser outside surface
temperature, inside radius, outside radius, length, and thermal

Di /Do Ny conductivity, respectively.
0 - The condenser is assumed to be a horizontal tube with circular
0.05 17.46 fins. The average heat transfer from the tips of the fins is given by
0.1 11.56 [25]
0.25 7.37
05 5.74
; s Nus=cR& (41)
This equation is valid for
2<Ras=<10 42)
) ) ) and
If the flow is laminar, i.e.
. 1.36<1/6<3.73 (43)
D,—D; \Y,
Rep="00 D) PV om0 (az) where
2 0.2 7(D5—Dy) b
then the value of Nusselt number can be selected from table 1. = DC_O (44)
If the flow is turbulent, eq. 23 can be used, with the diameter fin
replaced by the hydraulic diamete24]. Rayleigh number and other constants are given by
The condensation heat transfer will mainly be dissipated to the 3
environment via the condenser. So the condenser should be able to Ra— 9B(Teo—Ta)S™ S (45)
dissipate the amount of energy given by ay Diin
. . b=0.29
=m(h¢y+0.68C,(Ts—T; 34
Qc ( fg p( s |f)) ( ) C=0.44+0.12/§,

where,h¢q is the latent heat of condensation and the second term

in right hand side of the above equation accounts for the sensiBfed Sis the distance between two successive fins. o
heat transfer from the condensate. Heat transfer from the cylinder and lateral fin surfaces is given

This amount of heat is transferred through the condensate filliﬁ’, [25]

then conducted through the condenser wall, and eventually trans- a c1 |34 c1 )34

ferred to the environment by convectiGhwe neglect radiation NUs=—{ 2—ex;{ — (_) —ex;{ _,3(—) ”
Since the velocity of vapor is small, and the condensation rate 127 Ra, Rag

is low, the condensate will flow as a thin annular film inside the (46)

tube. Then it flows in a longitudinal direction along the bottonyhere

side of the tube. For flow with Re30,000, the average film heat

transfer coefficient is given 481] 1.67<1/{<» (47)
B 0 i B=0.17+exp(—4.8) (48)
m,= o.725{ 1- —} (35) c1=[23.7- 1.1(1+152¢%)Y21 + g]*° (49)

T
The rate of heat transferred from the conden$es and prime
tQurface can be calculated as

19K (p1—py)
YD(Ts—Tir)

where,# is the half angle made by joining the center of the tube
the two edges of the flowing liquid at the bottom.

Film properties involved are to be evaluated at an intermediate Qc=[hcq 1ipNAs tip 7t T NcoNAf sides?i T NeoApl(Teo— Ta)
temperature between the interfade,, and the inside surface of
the condensefl,; , so that the temperature jump across the film i\ﬁ/hereN is the number of fins, and is the fin efficiency calcu-

accounted fo{32] lated as followd24],

Tiim=Tei+0.25T;—Tg; 36
o Tm=Tat 0251 Te) (36) KM (i) —ly(mreg Ky(mrzg)
whereT; is the interface temperature calculated.by assuming that 7t [o(MTog)K1(MTp0)+ Ko(Mrog)l1(Miy)
all of the heat transferred from the vapor to the interfage, , is
conducted through the liquid film to the condenser surf@gg; . Where
Therefore, the interface temperature does not change with time,

i 2rco/m
l.e. _ co
== = (52)
dT; M2¢=Teco
dt = O (37) r2c= rfin+t/2 (53)
on. \ 12
and m=( - (54)
) ) Kctin
Qs-i=Qi—¢i (38) andly , I; andKg , K; are the modified Bessel functions of the
or first and second kind, respectively.
Qc=mA(T; = T¢)) (39)
whereA; is the surface area of the liquid film at the interface foReferences
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