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Abstract. An innovative design of a solar natural vacuum desalination (SNVD) system is
proposed and investigated. To obtain a vacuum pressure in a desalination chamber its height is
considered as 9.5 m. The waste heat in the system is efficiently utilized for both brine and distilled
water. Seawater is preheated by the produced warm water, then, it is heated again by the outlet
rejected hot brine before it is charged into the evaporation chamber. In addition, inlet pure water
to a flat-plate collector is preheated by the condensation latent heat of the evaporated vapor from
the evaporation chamber. Later, the outlet hot water from the collector is used as a heat source to
the evaporation process. An optimum design of the system components was provided under the
actual weather conditions for the shortest day of the year. It was found that the collector area is
required to be 23 m? to produce 66.6 liter of distilled water during. A mathematical modeling of
the system was provided to establish a transient simulation and investigate the hourly performance
of the system. Based on the annual performance of the system, the system can produce 76.5 liter
of distilled water daily that is corresponding to 3.5 liter per one quadratic meter of collector. The
annual average specific productivity of the system is obtained as 1.44 liter per kWh of solar
radiation. Moreover, the maximum annual production is estimated as 92.88 liter of distilled water
per day. Accordingly, the evaporation ratio (ER) is dependent on the solar irradiation and the
annual average is found 0.0175 (or 1.75 %) where the gain output ratio (GOR) was estimated as
0.97 on yearly average basis.

Keywords: desalination, solar energy, natural vacuum desalination, seawater distillation, saline
water, brine.

1. Introduction

It is well defined that world suffers from lack of potable fresh water, pollution of the ecology
and environment, shortage of natural and fossil fuels and also steadily increasing energy prices.
Nowadays, the availability of freshwater is one of the most major problems facing the world. Over
a billion people do not have access to clean water today, according to estimates [1].

Distillation is the process by which the contaminants and impurities are effectively removed
from impure water. Several techniques and methodologies are used to make saline water (brackish
water) potable. For example, filtration, sterilization, precipitation, and chemical treatment are
some processes used to remove macro (visible) impurities and heavy particles from impure and
contaminated water.

Although there are several traditional desalination techniques, solar water desalination (SWD)
techniques are suitable technique to convert saline and brackish water into fresh water. These
techniques have received greater attention. Solar energy is considered as a plentiful and
effortlessly available renewable energy [2].

Solar water desalination techniques are, in general, classified as direct and indirect techniques.
In direct method, feed water (i.e., saline or sea water) is directly absorbed by the solar radiator.
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However, for indirect methods, solar thermal collectors and photovoltaic (PV) are used. solar
thermal collectors absorb solar radiation and then transfer the heat to the saline water. PV panels
are used to convert solar radiation into electricity which used to run the desalination plant.
Multi-stage flash distillation (MSFD), multi-effect distillation (MED), vapor compression
distillation (VC) and Freezing are the major indirect desalination types in which solar collectors
are used. Reverse osmosis (RO) and Electro-dialysis are, also, the major indirect desalination
types in which PV panels are used [2], [3]. MSFD and RO are now in use. These two approaches,
which require large amounts of fundamental thermal and/or electrical energy to produce fresh
water from saltwater or sea water, are in use in large-scale facilities generating millions of gallons
of pure water. The humidification-dehumidification (HDH) method has been found to be a
cost-effective and efficient technique of desalination [4]. MED is older than MSFD. However,
MED lost its popularity because it suffered some operational problems and was limited to the
maximum size of the units [5].

The choice between these desalination processes is based on technical, economic and political
bases. For large-scale productions, MSFD is the most popular among the desalination
processes [5].

Various studies related to barometric desalination have been developed throughout the
previous decades [6]. Al-Kharabsheh and Goswami [7] investigated evaporation and condensation
in vacuum circumstances. Water distillation at a lower temperature level consumes less thermal
energy. Solar collectors can produce this heat. Bemporad [8] devised a method for simulating
evaporation rates in evaporators. This model was used to determine the system's optimal operating
conditions and parameters. Bemporad discovered that the production rate was mostly determined
by the temperature of the saline water. As the temperature of saline water rises, the difference in
temperature between the two sides increases as well (which is the driving force). The optimal
operating conditions, according to Bemporad, are 0.08 m water depth in the evaporator and
0.1 kg/h brine extraction rate. The system’s output fresh water rate was reported as 0.1739 kg/h.
After that, an experimental system was built up with a 0.2 m? evaporator area, heated by an electric
heater to imitate the impact of solar panel heating [7], and the experimental production rate was
around 5 %-10 % lower than that anticipated by the simulated process.

Midilli and Ayhan [9] conducted research that ran concurrently with Bemporad's research.
Both researches had a similar design and principles. However, the vapor was driven from the
evaporator to the condenser by a fan. A thermodynamic study of the process under free and forced
convection was provided by Midilli and Ayhan. The model was created with solar energy in mind.
Midilli and Ayhan [10] built an experimental system based on the design provided by the
theoretical model. Free and forced mass convection were used in the studies. They observed that
the production rate is lower than the theoretical model predicts. The theoretical and practical
experiments yielded maximal freshwater production rates of 9.79 and 3.96 kg/h, respectively [10].
The experimental set-up used almost three times the amount of power predicted by the theoretical
study. These discrepancies, according to Midilli and Ayhan, are due to heat and pressure losses in
the connections. Jitsuno and Hamabe [11], recently, performed tests on a system that used a
simulated NVD model. They built an experimental system; this system was evacuated by a
vacuum pump. The rate of freshwater generation was reported to be 0.42 kg/h/m? of evaporator
area.

Reali et al [12] propose another barometric desalination system. Five separate water storage
tanks and up to six pumps were employed. The system was fed by the sea, and the storage tanks
were all held at a depth of roughly 10 meters below sea level. As a heating source, a field of flat
plate collectors (FPCs) was employed. Reali et al. presented theoretical estimates based on a
100 m?/day production rate and a 10 h/day operation period. They did not, however, disclose the
real trial production rate. A total energy consumption per square meter was calculated to be
2.162 kWh/m?.

As can be seen from the above literature review, there is great interest in barometric
desalination systems’ performance and pure water productivity. Despite of the numerous designs
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examined, the goal of this paper is to propose a new solar natural vacuum desalination (SNVD)
system, and examine its thermodynamic performance.

2. Description of the proposed system

In this section, our own SNVD system is described. The schematic diagram of our proposed
SNVD system is shown in Fig. 1. Seawater tank is connected to the evaporator inlet, and the brine
tank is also connected to the evaporator outlet, by tow pipes (one pipe inside the other). These tow
pipes perform as a tube-in-tube heat exchanger. Also, the seawater tank is place inside the brine
tank, and this performs as heat exchanger (recovering the heat of brine exiting from the
evaporator). This is a unique idea in our SNVD system. The outer tube (i.e., brine pipe) should be
insulated, in order to prevent heat losses, and thus, seawater can recover the heat of brine as
maximum as possible.

Before system startup, we should ensure that the system (evaporation chamber, condenser, and
pipes) is air-tight, that means, no leakage and no air entering into the system. At system startup,
the valve 21 is closed while valve 22 is open. The evaporator, seawater tank, brine tank and pipes
8 and 9 are filled with seawater using valve 22. Similarly, using valve 23, the condenser and fresh
water side are filled with fresh water. This is the first step in startup phase. After doing this step,
all valves must be closed, the vacuum pump is used to create a vacuum condition in the evaporator
and condenser.

After startup the system will operate naturally. Flat Plate Collector (FPC) is used to supply
heat required for heating seawater. The pipe of pure water after evaporator is inclined to prevent
distilled water of obstructing pure water. The withdrawn water (brine) has a temperature which is
higher than that of injected seawater, so the proposed system is designed to recover this heat from
brine. Two flow-control valves (18 and 19) are used to regulate the water flow rates in the system.
Another two valves (22 and 23) are used to startup the system and then, be closed during operation.
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Fig. 1. Schematic diagram of the proposed system
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3. Mathematical modeling

In order to do the modeling equations, we will consider two cycles. The first is seawater cycle
(Fig. 2), which include the injected seawater, evaporated seawater, rejected brine, and distilled
water. This cycle is discussed in details in Section 3.2. The second cycle is pure water cycle (see
Fig. 4), which include the pure water used for cooling (in the condenser), and heating (in the
evaporator). This cycle also includes the solar collector used to heat the pure water, and discussed
in Section 3.3.

3.1. Vacuum parameters

As discussed earlier, after system startup, empty space is created in the top surface of seawater
inside the evaporator. This empty space will be filled with vapor that evaporated from seawater,
and then, pressure (Ps,;) corresponding to the seawater temperature is created. The value of Py,
is estimated from the follow equation [13]:

Psat :Patm_pght (1)

where Py, is the saturated pressure corresponding to the seawater saturated temperature (T, ) at
the top surface; P, is the atmospheric pressure; p is the density of seawater; g is the
acceleration of gravity; and h is the height of a seawater column that is required to create Pgy;.
The height (h) is given by:

h = Patm - Psat. (2)
pg

We see that h is a function of seawater temperature and salinity, since P, changes with
seawater temperature, also p changes with seawater temperature and salinity and was calculated
from the correlations given by El-Dessouky and Ettouney [14] as:

p = [a1F1+a2F2+a3F3+a4F4] X 103, (3)
where:

a, = 4.032219G, + 0.115313G, + 0.000326Gs,
a, = —0.108199G, + 0.001571G, — 0.000423G5,

as = —0.012247G, + 0.00174G, — 0.000009G,

a, = 0.000692G, — 0.000087G, — 0.000053Gs,

G, =05 G,=b, Gs=2b*—1, b=[(0.002x%S)—150]/150,

F,=05 F,=d F=2d2—1, F,=4d3—3d, d=[(2xT)—200]/160,

where, p is the seawater density in kg/m3, S is the salinity of seawater in ppm (parts per million),
and T is the temperature of seawater in °C. The red sea is one of the most saline seas in the world.
The salinity is about 41,000 ppm (41 g/kg). Also, the red sea is warm with temperature ranges
from 20 °C to 31 °C[15]. In our calculations, we will consider the temperature of seawater entering
the system to be T; = 20°C. El-Dessouky and Ettouney [14] suggested an equation to calculate
Tsqr corresponding to Py,

3892.7
Toa = | 426776 - —— —273.15, @)
sat \ _
ln(looo) 9.48654
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where P, is in kPa and T, will be in °C.
3.2. Evaporation calculations
The equation of mass conservation of seawater in the evaporation chamber is given by:
m; = M + 1y, )

where m; is the mass flow rate of injected seawater (kg/s); m, is the rate of evaporated seawater
(also called evaporation rate kg/s); 11, is the mass flow rate of rejected seawater (also called brine
kg/s). The parameters used in the equations of this section are shown in Fig. 2. The evaporating
rate of seawater (111, is estimated from the excessive thermal energy (Q,.) contained in seawater.
In other words, when the temperature of heated seawater (T},,;) become higher than the saturated
temperature (Tg,;) by ATy, the seawater contains an excessive thermal energy. This excessive
thermal energy is given by [16]:

Qexc = micp,i@Thot(Thot - sat) = micp,i@Thot ATgqs, (6)

where ¢, j@rhor 1S the specific heat of seawater (evaluated at Tj,.). Therefore, the amount of
evaporated seawater, also called evaporation rate, is calculated as:

_ Qexc
- 5

7
h, )

e

where hg, is the specific enthalpy (kJ/kg) required to evaporate 1 kg of seawater at saturated
conditions (Psqe and Tyq¢). The value of hyy is determined using steam tables, or using the
following equation suggested by [16, 17]:

hsy = 2501.8975 — 2.407 Ty + 0.00119222 (Tyq,)? — 0.000015863 (Tyar)®. (8)

=

Evaporated
seawater (he)

Distilled Water (rh=rhe)

Pure Water ()
Tes

Seawater
Brine (rhb) (mi)
T

Fig. 2. Schematic diagram of the first cycle
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The calculation of the specific heat of seawater depends on its temperature and salinity. In
order to calculate it, we will use the following correlation suggested by El-Dessouky and Ettouney
[14] as follow:

Cpor = [a+ bT + cT? +dT3] x 1073, 9)
where:
a=4206.8—6.6197 S + 1.2288 x 107252,

b =-1.1262 +5.4178 X 10725 — 2.2719 X 107*52,
¢ =1.2026 X 1072 — 5.3566 X 107*S + 1.8906 x 107652,
d=68777 x 1077 + 1.517 X 1075 — 4.4268 x 107252

where, S is the salinity of seawater in (g/kg) or in (part per thousand). The amount of thermal
energy (Qheating) supplied by the FPC is calculated as:

Qheating =1hp Cp,@Tp4 (Tpa — Tps), (10)

where ¢, @rp4 is the specific heat of pure water evaluated at Tp,. Due to this amount of heat, the
seawater (inside the evaporation chamber) will acquire sensible and latent heats. The temperature
of seawater will rise from T, to Ts (sensible heat). Therefore, Qpeqting i given by:

Qheating = Qexc + my, Cp,@T4 (Ts — Ty), (11)

where Q. (= mehsy) is the latent heat of evaporated seawater. Assuming that the evaporation
chamber is well-insulated, the rate of heat losses is negligible. The surface area of the evaporator
(for heat transfer) is given by:

Qheating
A, =—"""""9 12
e Ueva (LMTD)E‘UQ ( )
where U,,, is the overall heat transfer coefficient in the evaporator; and (LMTD),,, is the
Logarithmic Mean Temperature Difference and evaluated by considering the counter-flow. U,,,,
and (LMTD),,, are calculated as given in Eq. (13) and Eq. (14), respectively [17]:

Uppa = 1.9695 + 0.012057 Ty, — 0.000085989 T2, + 0.00000025651 T3,,, (13)
ATy — AT,  (Tps —Ts) = (Tes — Ta)
(LMTD)EUQ = ln (ﬂ) = ln (TP4 — TS) . (14)
AT, Tps —Th

The effectiveness of the evaporator tube is given in Eq. (15):

Ts — T,

€eva Tpy — T4. (15)

LMTD method is appropriate when the inlet and outlet temperatures are known. Therefore,
this method is suitable to determine the size (surface area) of heat exchanger. When the outlet
temperatures are unknown, it is difficult to use LMTD method. Therefore, e-NTU method is
preferred. The e-NTU approach is used to study and analyze the performance of heat exchangers
and also to predict the outlet temperatures of the working fluids [18]. e-NTU approach is based
on the effectiveness of heat exchanger. For our system, the effectiveness of the evaporator is given
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by:

Qheating
My Cparps(Tpa — Ta)

From FPC
me
Tes

!

(16)

Seua -

— 3

Ts

Ta

mp
b ! Tos
mb mj
Ts Ta

Fig. 3. Energy balance on the evaporator

Another method used to estimate the temperature difference in heat exchangers is Arithmetic
Mean Temperature Difference (AMTD). This method is preferred to avoid the complexity of
LMTD method especially when the temperatures are unknown [18]. Eq. (12) can be written as:

Qheating = Aeva Ueva (AMTD)eva' (17)

where (AMTD),,, is calculated as [51]:
1 1
(AMTD) oo = 5 (AT, + AT;) = 5 [(Tpy = T5) + (Tps = )], (18)

The brine has a salinity which is higher than that injected seawater. The salinity of brine (S)
is calculated using Eq. (20). Since:
Sm; = Spmy,. (19)
Therefore, salinity of brine is:

5, =M 20
0= 20)

3.3. Condensation calculations

The pure water (11,), that is used to condense the evaporated seawater in the condenser, is
preheated before entering the FPC. This pure water is preheated by absorbing the thermal energy
of evaporated seawater (Qgong)- This energy is the same value of excessive thermal energy
estimated from Eq. (6). In other words, Qpye = Qcong» assuming that the evaporated steam is
condensed completely. Therefore, the temperature of cooling pure water leaving the condenser
(entering to the FPC) is calculated as:

TP3 — TP2 4= Qcond

)
MpCparp2

21

where ¢cp@rp2 18 the specific heat of pure water and we will evaluate it at Tp,. Because it is not
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important to use the exact value of ¢, and to simplify the calculations, we will evaluate ¢, at Tp,.
The surface area of the condenser tube (for heat transfer) is given by:

A — Qcond
cond Ucond (LMTD)cond’

(22)

where Ug,nq 1s the overall heat transfer coefficient in the condenser; and (LMTD) ynq is the
Logarithmic Mean Temperature Difference. U,,,q and (LMTD) y,q are calculated as given in
Eq. (23) and Eq. (24), respectively [17]:

Ucona = 1.7194 4 0.0032063 Ty, + 0.00001597 T2, — 0.0000001992 T3,,, (23)
(Thot - TP3) - (Thot - TPZ)
LMTD = .
e = (T =Teay 24)
Thot - TP2
To
omeatng ||
| 7
,l: Tf'hp Cooling
| ] P2
Tes

Pure Water (mp)
for Cooling and Heating

Fig. 4. Schematic diagram of the second cycle

The effectiveness of the condenser tube is given in Eq. (25):

Tp3 — TpZ

. 25
Thot - TpZ ( )

Econd =

As mentioned in the previous section, we use e-NTU method when the temperatures are
unknown. For condensation calculations, Equ. (22) can be written as:

Qcond = AconaUcona (AMTD) cona, (26)

where (AMTD) onq is calculated as:

1 1
(AMTD)cong = 2 (AT, + AT,) = 2 [(Thot - Tp3) + (Thot - sz)]- (27)
The effectiveness of the condenser is calculated using the e-NTU method as following [18]:
Econa = 1 —exp (—NTU), (28)
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where NTU is the number of transfer units and we use Eq (29) to estimate NTU:

NTU = A.cond Ucond

. 29
My Cp@Thot 29)

3.4. Tanks and pipes calculations

The pure water leaving the evaporation chamber (with Tps) is mixed with the distilled water
according to Eq. (30) and Eq. (31). After that, this fresh water is used to preheat the inlet seawater
according to Eq. (32):

mf‘resh =mp + My, (30)
Mp Cporpsps + Ma CparsTs = Myresn CparsTos (€28
eresh = mfresh Cp@T9(T9 —Ty) =my Cp@Tl(Tz =Ty, (32)

where Q fresn 1S the rate of heat transfer in the fresh water tank. This amount of heat is transferred
from the fresh water tank to preheat the seawater. Eq. (31) and Eq. (32) are then used to calculate
the temperatures of fresh water (Ty) and seawater (T,), respectively. The tanks and pipes are
treated as double-pipe heat exchangers with counter flow. The surface area of heat transfer in these
is calculated as following:

A _ eresh
fresh Uf‘resh (LMTD)fresh,

(33)

where Ugyqqp is the overall heat transfer coefficient in the fresh water tank which is calculated
using Eq. (13) at Ty; and (LMTD) fyesp, is the Logarithmic Mean Temperature Difference and is
given by:

(T9 - TZ) - (T10 - Tl)
To— T ' (34)
In (Tfo — 731)

(LMTD)fresh =

Arithmetic Mean Temperature Difference (AMTD) method may be used instead of LMTD.
Then Eq. (33) can be written as:

eresh = Afresh Ufresh(AMTD)fresh' (35)

where (AMTD) fyegp is calculated using Eq. (36) and the effectiveness of the fresh water tank is
given in Eq. (37):

1 1
(AMTD)fresn = E(ATl +AT,) = > [(To = T,) + (Tyo — T1)], (36)
T,-T,
Efresh = T, —T, (37)

The inlet seawater inters the second tank with a temperature of T, and preheated again in this
tank and the riser pipe. The amount of heat used for preheating the seawater in this stage (Qeqnk
plus Qpiping) is transferred from the brine that leaves the evaporator with a high temperature. The
temperature of seawater increases from T, to T; in the seawater tank, then from T; to T, in the
riser pipe. In the other hands, the temperature of the brine decreases to T, at the outlet of brine
tank. The governing equations of this stage are the same manner of the fresh water tank. These
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equations are given below:

Q:tank =1m; Cpar2(Tz — T2) = My, Cpare(Te — T7), (38)
Qpiping =my Cp@T3 (T, — T3) = m, Cp@rs (Ts —Té), (39)
Qtank (40)

A = )
U Uyanie LMTD) ¢

Qpiping
A = ! .
piping Upiping (LMTD)piping

(Ts =T3) = (T; = T2)

(LMTD)¢ank =

T, T ! (42)
In (Tj—Tz)
(Ts = T,) — (Tg = T5)
(LMTD) piping = T @3)
n (=)

The values of Upgny and Upiping are determined using Eq. (13) at T, and T3, respectively.
Arithmetic Mean Temperature Difference (AMTD) method may be used instead of LMTD.
Therefore, Eq. (40) and Eq. (41) can be written as Eq. (44) and Eq. (45), respectively:

Q:tank = Atank Utank (AMTD)tank: (44)
Qpiping = Apiping Upiping (AMTD)piping’ (45)

where (AMTD)tgnx and (AMTD)iping are given by Eq. (46) and Eq. (47), respectively. The
effectivenesses of the seawater tank and pipes are given by Eq. (48) and Eq. (49), respectively:

1

(AMTD)¢ani = E [(Te —-T3)+ (T; - Tz)], (46)

1
(AMTD)piping = E [(TS - T4) + (Tg — T3)]: 47)
T3 =T,

Etank = ﬁ' (48)
T4 - T3

Epiping = To—T, (49)

3.5. Solar collector

In this study, FPC is used. The performance of solar collectors varies by the amount of solar
radiation, the time and season and other factors such as wind velocity and the ambient temperature
and. In order to evaluate the temperature of water exiting from the collector, we should use
Eq. (52). The efficiency of FPC is the ratio of a thermal energy (anin) gained by water (the
working fluid) to the solar energy incident on the solar collector [19] and given by:

anin _ mPCp @Tp3 (Tpa — Tp3)

= . (50)
Aot X G Aot X G

Neot =

where 1hp is the mass flow rate of the pure water flowing in the collector; ¢, @rps is the specific
heat at constant pressure of the pure water flowing in the collector; Tp, is the outlet temperature
of water from the collector; Tp5 is the inlet temperature of water to the collector; A.,; is the
effective area of an FPC; and G is the solar irradiation per unit area. The efficiency of FPC varies
by the temperature difference (AT) between the working fluid and the ambient air (i.e.,
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AT = Tp3 — Tymp)- According to the review study by S. A. Kalogirou [20], the efficiency of FPC
is inversely proportional to AT (i.e., 1).,; increases linearly as AT decreases) as shown in Table 2.
To find the efficiency of FPC at any value of G and AT, we will use the following relation [19]:

AT AT?
Neor = 0.763 — 3.322— — 0.018 —. (51)
G G
Table 1. Technical specifications of FPC
Collector type Flat plate
Model SKR500
Gross area 2.57 m?
Aperture area 2.26 m?
Absorber area 2.30 m?
Dimensions 2079%1240%95 mm
Collector capacity 145L
Efficiency 0.763
Heat transfer coefficient 3.322
Temperature depending heat transfer coefficient 0.018

For a given solar radiation, FPC area, water flow rate and inlet temperature, and ambient
temperature, we can calculate the outlet temperature of water as:

Ncol X Acol X G

Tpy =Tps + . (52)
MpCp @1p3
Table 2. Basic size and style requirements
() Ncol
AT, (°0) G =1000 W/m? | G =500 W/m?
0 80 % 80 %
10 74 % 65 %
20 66 % 52 %
30 58 % 38 %

3.6. Evaporation ratio (ER)

The evaporation ratio (ER) is the ratio of the distilled water production. In other words, ER is
the amount of distilled water to the amount of injected seawater. ER is given by:

Water production my

= =— 53
Injected seawater —m; (53)

3.7. Gain output ratio (GOR)

The gain output ratio (GOR) is the ratio between the latent heat of the evaporated seawater
(mehysg) and the supplied heat (Qheating). GOR is given by [21]:

mehsg

GOR = ~ (54)

heating
3.8. Specific productivity (SP)

The specific productivity (SP) is the ratio of the distilled water in kg/h (kilograms per hour) to
the heat supplied by the FPC in kW. SP is given by:

ISSN ONLINE 2669-2465, KAUNAS, LITHUANIA 3 7



AN EFFICIENT SOLAR WATER DESALINATION SYSTEM USING NATURAL VACUUM PRESSURE.
MOHAMMED AL-MUYLABA, A. M. ABDEL DAYEM
water production (kg/h) 3600 x my

SP = heat supplied by the FPC (kW) Qpeating

(55)
where 11, is the rate of water produced (distilled water in kg/s) which is equal to the evaporation
rate (m,) as following:

My = M. (56)
3.9. Thermal efficiency

The thermal efficiency of the system, which is defined as the ratio of useful energy (Q,y.) to
the solar energy input (ch,in), is calculated using Eq. (57). ch_in is the solar energy absorbed by
the FPC, and given by Eq. (58):

Qexc
Nth = = (57)
.t ch,in
ch,in =Ac X G. (58)

3.10. Basic considerations for calculations

In order to initiate the calculations and get the results, we should consider some assumptions.
These assumptions are summarized as follow:

1) Seawater properties: the temperature and salinity of seawater play important roles when
designing the SNVD system. Seawater with high salinity has high density, and then lower height
for the chambers is required. Also, the density and specific heat of seawater depends on the
temperature and salinity. In our calculations, we considered the average properties of the Red Sea
(i.e., S = 41,000 ppm and T; = 20 °C).

2) Solar irradiation (G): the operation of the proposed SNVD system depends on the solar
energy and weather conditions. The solar radiation incident on the FPC and the ambient
temperature vary along the day, therefore, the production of distilled water will be variable. In
order to estimate the area of FPC required to heat the working fluid (pure water), we will consider
average values for solar irradiation and ambient temperature (in 21th December) as 409 W/m? and
Tomp = 27.5 °C, respectively (Uqu weather station).

3) All the evaporated seawater (11,) is completely condensed and then converted into distilled
water (1114). These considerations mentioned above are shown in Table 3.

Table 3. Basic considerations used for calculations

No. Description Symbol Value
1 The salinity of seawater S 41,000 ppm
2 The inlet temperature of seawater T; 20 °C
3 Ambient temperature Tomp 27.5°C
4 | The temperature of pure water entering to the condenser | Tp1 = Ty, 20 °C

3.11. Calculations methodology

The calculations required for designing the proposed SNVD system are done utilizing
Engineering Equation Solver (EES) software. These calculations are done in two steps. The first
step is the initial calculations, from which we want to determine the appropriate area of the FPC
(Aco1), surface area of the evaporator and condenser (A,,, and A.,nq), the height of evaporation
and condensation chambers (h), and the rate of pure water (v71,,). For this purpose, we, initially,
assumed some conditions, for example, the seawater inside the evaporator is to be heated 15 °C
above the saturation temperature (i.e., ATsq: = Thot — Tsqr = 15 °C). The other initial conditions
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assumed are listed in Table 4.

From the initial calculations, we can estimate the values of h, Ay, Aepas> Acona> Mi and 1y,
The second step is to use these values as additional inputs to determine all the parameters of our
system. From these calculations we can analyze and study the performance of our system during
the year. The performance of the system varies with time depending on the change in the solar
irradiation (G) incident on the tilted solar collector. We should note that the basic considerations
listed in Table 3 are used for both initial and analysis calculations.

Table 4. Initial conditions assumed for initial calculations

No. Description Symbol Value
. . 10 liter/hour

1 The amount of water production my (0.00278 ke/s)
2 Average solar irradiation G 409 W/m?
3 The temperature of seawater after fresh water tank T, T, +5°C
4 The temperature of seawater entering the riser pipe T, T, +20°C
5 The temperature of seawater entering the evaporation T, T, +20°C

chamber
6 The temperature of seawater inside the evaporator Thot Toqr +15°C

The temperature of pure water leaving the solar collector

. T +10°
7 and entering the evaporator p4 Thot +10°C
8 The temperature of pure water exiting from the evaporator Tys Ty +5°C
9 The temperature of fresh water leaving the system Tio Tp1

4. Results and discussion

The numerical results are represented and discussed in this section. These results are obtained
by executing the EES codes that include the mathematical equations given in Section 3. The results
are reported in the form of figures and tables.

4.1. Summary of system sizing

The sizing of the proposed SNVD system is obtained by executing the initial calculations as
discussed in Section 3.11 and based on the basic considerations and conditions in Table 3 and
Table 4. The sizing of the system is summarized below, in Table 5, including the size of the
evaporator, condenser, tanks, pipes, and solar collector, in addition, the amount of pure water (111,,)
required for condensing and heating. The results of simulation are based on a constant injected
seawater of 0.1 kg/s.

Table 5. Summary of SNVD system sizing

No. Description Symbol Value
1 The elevation of seawater surface inside the evaporator h 9.5m
2 The surface area of evaporator tube Acvap 0.4 m?
3 The surface area of condenser tube Acond 0.2 m?
4 The surface area of fresh water tank Afresh 0.5 m?
5 The surface area of seawater tank Atank 0.5 m?
6 The surface area of the riser pipe. Apiping 0.5 m?
7 The effective area of the solar collector. Ao 23 m?
8 Mass flow rate of pure water mp 0.12 kg/s

4.2. Annual operation and performance simulation

The performance of the system is simulated hourly throughout the year. The distilled water
production rate, mg, in kilogram per hour is shown in Fig. 5. The outlet temperature from the solar
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collector, Tp4, and the temperature of seawater inside the evaporator, T}, are shown in Fig. 6 and
Fig. 7, respectively.

md, (kg/hr)

}!}HHM (R! ; |

uun R AR A A R

Fig. 5. Distilled water throughout the year (kg/hour)
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Fig. 7. Temperature of seawater inside the evaporator

Fig. 8 represents the production rate of water per day throughout the year. The maximum
production of distilled water is achieved during Spring season, especially in March and April. The
production of our proposed system in that duration reaches 92.88 kg per day, which is equivalent
to 2.13 % of the seawater injected. In addition, in summer season, the system achieves maximum
gain output ratio (GOR), specific productivity (SP), and thermal efficiency (1,) of 0.98,
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1.45 kg/kWh, and 39.6 %, respectively.
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Fig. 8. Daily distilled water and evaporation rate

The accumulated amount of distilled water per month exceeds 2500 kg in April, May and July.
It reaches 2625 kg, as a maximum value of production, and is achieved in July, while in January
the system produces minimum distilled water of 1861 kg. The production of water per month is
shown in Table 6 and Fig. 9. Also, the monthly average evaporation ratio (ER), monthly average
specific productivity (SP), and monthly average SP are represented in Table 6 and illustrated in
Fig. 10 and Fig. 11.
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Fig. 9. Accumulated distilled water per month
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Fig. 10. Monthly average evaporation ratio (ER) and monthly average specific productivity (SP)
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Fig. 11. Monthly average GOR

Table 6. Monthly production of water

Month my, (kg/month) ER GOR | SP, (kg/kWh)
January 1860.84 0.0138 | 0.9762 1.4541
February 2051.64 0.0169 | 0.9761 1.4540

March 2541.24 0.0188 | 0.9760 1.4540

April 2553.12 0.0195 | 0.9606 1.4310

May 2612.16 0.0192 | 0.9580 1.4272
June 2373.84 0.0185 | 0.9580 1.4271
July 2625.48 0.0185 | 0.9582 1.4274
August 2453.76 0.0181 | 0.9589 1.4284
September 2443.32 0.0187 | 0.9600 1.4301
October 2387.16 0.0177 | 0.9685 1.4427
November 2087.28 0.0161 | 0.9762 1.4542
December 1952.28 0.0146 | 0.9761 1.4541

4.3. Characteristics of the SNVD system

In order to analyze the performance of the SNVD system evidently, we executed a simulation
for the system operation throughout a single day (21st December). All the parameters required for
analyzing the performance are discussed in this section. These parameters comprise the
temperatures, heat flow, efficiencies, evaporation rate and ER.

50.00 T
45.00 +
40.00 +
35.00 1
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Temperature, (C)
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e T3 (C) —T4(0) T5(C) - -T6(C)
—T7(C) —T9(C) ——T10 (C) Thot (C)

Fig. 12. Temperatures in the first cycle

The temperature distribution along the first and second cycles are shown in Fig. 12 and Fig. 13,
respectively. These figures show that the temperatures along the system increase with time as the
irradiation increase until midday at which the solar radiation is peak value, then decreasing
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gradually with time. We can note, from these two figures, that all temperatures show the same
trend, however, the outlet temperature from solar collector (T4) shows a slightly different profile.
This is because T4 is affected strongly by solar radiation.
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Fig. 13. Temperatures in the second cycle
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70 T 0.004
60 - + 0.0035
= .
2ol 0003 _
3 e E)
g . + 00025 <
= 40 | 2
g
= 10002 &
£ 30 £
3z 1 0.0015 2
= e
Z 20 &
g T 0.001
g
< 10 | I + 0.0005
o . |

6:00 7:00 8:00 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 6:00
AM AM AM AM AM AM PM PM PM PM PM PM PM

Time (hour )

mm Accumulated water production  — Distilled water production rate

Fig. 15. Accumulated distilled water in 21th December

The useful heat (Qheating) and the input heat (ch,in) are represented in Fig. 14. The useful
heat increases with time until peak value of 16.3 kJ/s at 1:00 PM, then decreases with time. Note
that the useful heat (Qheating) and the input heat (ch,in) increase rapidly, with solar radiation,
from 9:00 AM to 11:00 AM. The system produces maximum amount of distilled water at midday
(12:00 AM-2:00 PM). The temperature of brine leaving the system (T7) is relatively high
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compared to the temperature of injected seawater (T'1). In addition, the temperature of pure water
exiting the evaporation chamber (T)s) is relatively high compared to T,;. Fig. 15 represents
accumulated distilled water in 21st December and the instantaneous rate of water production.

5. Conclusions

SNVD system is one of the most promising solar desalination systems in which tow separated
tanks are filled with seawater and fresh water. These tanks are vacuumed naturally by the gravity
of water. The advantage of using this technique is the efficient use of low-grade heat sources such
as solar radiation.

The proposed SNVD system is described and modeled theoretically utilizing the principles
and equations of thermodynamics. Theoretical simulation is, then, executed hourly throughout the
year based on the solar irradiation and some considerations. The outputs and results of simulation
are illustrated in figures. From these results, it is obvious that the FPC with effective area of 23 m?
is sufficient to supply the heat required to provide, at least, 66.6 liter of distilled water per day in
21st December, which is the shortest day in the year. Maximum production of the proposed system
would be in 30th March with 92.88 liter/day. Based on these values, the system would produce
maximum amount of distilled water of 4.04 liter/m?/day. The proposed system is small-scale when
compared with desalination plants, therefore, it is suitable to construct such system in remote areas
where a large desalination plant installation is difficult or not feasible.

Further study and experimental modeling will be conducted to prove the theoretical results. In
addition, further research and study will be conducted to improve the performance of the system
as possible.
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