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A continuous solar still (SS) integrated with a solar humidification-dehumidification (HDH) is investi-
gated. An evacuated solar water collector is utilized in the HDH. The idea of closed-air and open-water
cycles is considered as the operating principle of HDH process. The different water mass flow rates
(1.5, 2, 2.5 and 3 L/min) of HDH is investigated. To avoid a large water loss during HDH desalination, a
SS is fed with the exit warm water from HDH during day and night time. Therefore, the productivity
of the SS with exit warm water from HDH is greater than that of the conventional solar still (CSS) by
approximately 242% and the gain output ratio (GOR) is increased by about 39%. The daily water produc-
tions of the CSS, SS with exit warm water from HDH, HDH unit and continuous solar desalination unit are
3.9, 13, 24 and 37 L/day, respectively.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Everything in the world, either for society or personal using,
needs water. Unfortunately, only less than 0.1% of the existing
water covering 71% of the earth’s surface is accessible potable
water [1]. Improving the effectiveness and efficiency of water
purification technology is considered by many as perhaps the main
challenge of the 21st century [2]. Therefore, intensive efforts are
underway throughout the world to avert this looming crisis with
conservation of the existing limited freshwater supply and conver-
sion of the abundantly available seawater through various desalt-
ing technologies.

Humidification-dehumidification (HDH) desalination is a sim-
ple technology that is similar to rain cycle and has the possibility
to carry out with solar heating [3,4]. The various system configura-
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tions of HDH, operating and meteorological conditions of a solar
distillation system have been investigated in details [5,6]

Hamed et al. [7] investigated mathematically and experimen-
tally a solar HDH system. They got high productivity of about
22 L/day due to preheating. The exergy analysis of HDH unit has
been afforded [8]. The collector has lowest exergy efficiency and
HDH process has lower exergy efficiency but the exit warm water
from HDH has great exergy loss. Many improvements can be made
on HDH process. Three ways were proposed to enhance freshwater
yield per square meter area of collector. The first way depends on
increasing both exergy and energy efficiencies and that is, to take
measures for extra amount of energy and extra exergy. The second
way is to enhance the flow of HDH process in order to gain a high-
energy recover rate and the gain output ratio (GOR). Finally, the
third way is based on reusing the exit warm water to get
freshwater.

Zhani [9] has used the solar energy to generate a desalinate
water depending on the HDH principle. Yildirim and Solmus [10]
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Nomenclature

a specific area of evaporator, m?/m>

A area of SS, m?

Ac external area of condenser surface, m?
Acond evaporator area of heat transfer, m?
A external area of evaporator, m?

Cp heat capacity, J/kg °C

Cp, heat capacity of air, 1.009 kJ/kg °C

Cp, heat capacity of vapor, 1.88 kJ/kg °C
Cpw heat capacity of liquid water, 4.193 k]J/kg °C

Cpp heat capacity of liquid water brine assume =4.193
kJ/kg °C

e correction factor for cross-flow heat and mass transfer

H, enthalpy of saturated air, kJ/kg

Hgci condenser inlet air enthalpy, kJ/kg

Hgce condenser exit air enthalpy kJ/kg

Hani humidifier inlet air enthalpy, kJ/kg

Hgpe humidifier exit air enthalpy, kJ/kg

hy, evaporation and condensation latent heat of, k]/kg

hpw convection heat transfer coefficient between the basin
and water, W/m? °C

hea convection heat transfer coefficient with the ambient,
W/m? °C

hew convection heat transfer coefficient between the water
and glazier, W/m? °C

hpess latent heat of vaporization for SS, J/kg

I(t) solar insolation normal to glazier s cover, W/m?

m mass, L

Mg air mass flow rate, kg/s

my rate of desalinated water for HDH, kg/h

mw water flow rate, kg/min

Mye rejected water from HDH, L

Myss rate of mass evaporation, L/s

Pam atmospheric pressure, kPa

Py water vapor pressure at glass temperature, Pa

Py water vapor pressure at water temperature, Pa

Py water vapor pressure at the dry bulb temperature, kPa

P saturation pressure, kPa

Tace air temperature at condenser exit, °C

Taci air temperature at condenser inlet, °C

Tamp ambient temperature, °C

Tavec average temperature in the condenser, °C

Taose average temperature in the, evaporator, °C

Twee water temperature at condenser exit, °C

Towhe water temperature at humidifier exit, °C

T water temperature at humidifier inlet, °C

U heat loss coefficient from basin and sides to ambient,
W/m? K

Ucond over coefficient of heat transfer at condenser, J/m? s °C

Uic over all heat loss coefficient for condenser, J/m? s °C

Ue over all heat loss coefficient of evaporator, J/m? s °C

Vv evaporator volume, m>

Va wind velocity, m/s

Wace humidity ratio at condenser exit, kg,/kg,

Wi humidity ratio at condenser inlet, kg,/kg,

W e humidity ratio at humidifier exit, kg,/kg,

W ani humidity ratio at humidifier inlet, kgy/kg,

Wst humidity ratio at saturation, kg,/kg.,

Qpw heat transfer from basin to water in basin, W

Qe heat transfer from glass to ambient, W

Quw heat transfer from water in basin to glass, W

Q. heat transfer due to evaporation, W

Qloss heat transfer from basin to ambient, W

Qumw energy needed to heat makeup water to water basin
temperature, W

Qg radiation heat transfers from glass to ambient, W

Qrw radiation heat transfers from water in basin to glazier,
w

T temperature, °C

Greek letters

o absorption coefficient

€ emissivity coefficient

o Stefan-Boltzmann constant, W/m? K*

Subscripts

a air

b basin

g glass

sky sky

w basin water

examined theoretically the performance of a solar HDH unit with
different configurations such as water heating only, air heating
only and water-air heating. Hou and Zhang [11] studied the hybrid
multi effect HDH and the conventional type. The GOR was
improved by 2-3.

The amount of condensed water in SS depends on the glass-
water temperature difference. Increasing this difference increases
the circulation of air inside the SS which is the main reason to
increase the productivity in desalination process. Regenerative SS
[12], double glasses [13] and triple-basin SS [14] were investigated.
Preheating is a method for increasing the SS yield. The collector
increases the thermal energy given to the saline water of the SS
[15-17]

Yadav [18] evaluated the performance of a SS connected with a
collector using the forced circulation and thermosyphon modes. In
case of forced circulation style, the system gave approximately
5-10% greater production than that of thermosyphon mode
whereas; 30-35% improvement was obtained with simple SS. The
water depth strongly influences the SS productivity [19-22].

The principal components of the SS system were also presented
and compared. According to energy analysis, using continuous
solar desalination process aims at enhancement the freshwater

output per square meter area of solar collector. Evacuated tube
solar collector is involved in the desalination system to heat enter-
ing water to the humidifier and the exit warm water from HDH
process is reused to feed SS during the day and night time.

The objective of this work is to improve the performance of
HDH and SS by using exit warm water from HDH. The operation
involves two steps. In the first theoretical and experimental step,
HDH system operates from 13 pm to 18 pm and the exit warm
water from the humidifier bottom with high temperature of
about 66-75 °C moves to an insulated tank. In the second (theo-
retical) step, the stored water in the insulated tank feeds the sin-
gle stage SS at high temperature (assumed T, = 70 °C). The exit
warm water from HDH is of high temperature enough to feed
water to SS during 24 h (change all water in the still basin every
hour by warm water).

The contributions of this work are:

1. Increasing the output of the continuous system compared to
HDH and CSS separately by using the exit warm water from
HDH to feed CSS.

2. Increasing the thermal performance of the continuous system
compared to HDH and CSS separately.
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3. The different of feed water mass flow rates (1.5, 2, 2.5 and 3 L/
min) on HDH performance was investigated.

4. SS with exit warm water from HDH can work during day and
night time.

2. System description

Detailed drawing of the desalination unite is shown in Fig. 1.
The solar HDH unit consists of two vertical ducts joined together
from the top and the bottom making a closed loop for air circula-
tion and open loop for water circulation. In a forced draft mode,
the unit is run out by using a fan fixed at the bottom of the connec-
tion duct as illustrated in Kabeel et al. [23] A large surface con-
denser is settled in one of the two ducts (dehumidifier); whereas
cellulose paper with opening packing of 5 mm and total surface
area of approximately 10 m? is utilized in the other duct for more
efficient humidification of the air (humidifier). Firstly, a cold-water
pump is used to force the cold brackish water to move from the
cold-water tank to enter the condenser. This cold water is used
to condense partially the warm saturated air. The unsaturated cold
air exits from the condenser (dehumidifier) bottom to enter the
evaporator (humidifier) to become warm and saturated. The air
is continuously heated and humidified (closed loop). The conden-
sation latent heat is used to raise the temperature of the feed
water. The preheated water leaves the condenser from the top to
be further heated in an evacuated collector. By using a warm water
pump, the warm water from the collector is forced to move to the
humidifier inlet. Last, the feed water at humidifier inlet (at the top
of humidifier) is sprayed through water sprayers over the cellulose
packing in the humidifier. The exit warm water from the bottom of
humidifier is pumped to an isolated tank to feed the SS then, the SS
has a new advantage of working during daytime as well as night-
time. The description of the HDH unit is tabulated in Table 1.

Water sprayers

Hot wire
. anemoter
Digital
hygrometer

Digital hygrometer

3. Experimental procedures and error analysis for HDH system

The experiments were run out in the period from May to June
2014 at the Engineering Faculty, Kafrelsheikh University, Egypt
(Latitude 31.07°N and longitude 30.57°E). The present experimental
results illustrate that highest solar intensity is about 1050 W/m? at
noon as shown in Fig 2. Stored energy in the collector from the
morning to 13 pm increases its water temperature up to 85 °C.

Through the experiments, some parameters were gauged to
obtain the system performance. The measured parameters are flow
rates of water and air, inlet and exit water temperature from the
tanks, temperatures of air and water at the inlet and exit of each
tower, relative humidity of each tower and the yield of the unit.
Table 2 illustrates the accuracy, range and uncertainty errors of
each measuring instrument.

4. System process model
4.1. Energy and mass balance equations in HDH

To estimate the performance of HDH unit theoretically, a math-
ematical model is proposed through solving of the energy balance
equations for collector, dehumidifier and humidifier. The air tem-
peratures, water temperatures and productivity can be evaluated
at various conditions are written here as in [7,24]

Assuming steady state condition, the energy balance in the
dehumidifier element

ma(Huci - Hace) + mfwcpw(Twci - Twce) - ULCAC(Tang - Tamb) =0 (1)

The total heat transfer rate in condenser as a faction in LMTD

(Taci — Twee) = (Tace — Twei)
=Ty fe—T=| o

(Tace=Twci)

mWCpW(Twce - Twci) = eUcondAcond
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water
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Fig. 1. Schematic diagram of the experimental setup.
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Table 1 Table 2
System technical specifications data used for Hybrid HDH-SS. Experimental measurements, Accuracy, range, uncertainty errors.
Technical specification Value Instrument Accuracy Range % Error
Humidifier Solar meter, to measure solar +1 W/m? 0-2000 W/m? 1.5
Galvanized steel thickness, mm 1.5 radiation
Rectangular cross sectional area, cm 50 x 80 Temperature indicator, +0.1°C 0-100 °C 1.5
Height, cm 200 thermocouples of K-type
Packing material, honey comb shape with total surface area, m? 10 Humidity sensor, to measure the +1.5% RH 0-100% RH 1
Dehumidifier relative humidity
Galvanized steel thickness, mm 15 Air ﬂ(l)w.ineter, to measure air +0.1 m/s 0.0-10 m/s 0.75
Cylindrical shape with diameter, cm 40 velocity
. Water flow meter, to measure +0.1 LPM 0.02-8 LPM 1
Height, cm 200 .
. S either cold or hot water flow
Coil which is a copper tube of length, m 15 te. lit inute (LPM
Thickness of coil, mm 1.5 rate, liter per minute ( )
Outer diameter, cm 1.27
Mounted by copper corrugated fins
Vacuum tube solar collector
Total projected area, m? 2 (Hwhi — Hane) — (Hwhe — Hani)
Vacuum tubes 20 Mq(Hane — Hani) = ekaV 1n Funi—Han) 4)
A cylindrical stainless steel water tank, insulated with 5 n (Hwhe—Hani)
polyurethane foam, Thickness, cm . . .
Capacity, L 220 where e is the factor of correction for cross-flow heat transfer and it
equals unity for condensation and boiling regardless the flow
Pumps and fans
Three centrifugal pumps power, W 373 arrangement [7] . . . .
One electric fan power, W 15 The energy balance in solar collector is written as in [7].
Water storage tank Q. = Mgy Cpy (Toni — T, 5
Cold water tank having a volume, L 250 solar v W( i ch) ( )
Made from Polyvinyl Chloride (PVC) with thickness, mm 2 The distillate flow rate is obtained by the mass balance assum-
Insolated hot water tank having a volume, L 220 ing the change of water content between the air entering and leav-
Made from steel with thickness, mm 1.5 . . 1 . . . L. .
ing the dehumidifier. This rate of purification is given as in [7,24],
Solar stills
Basin area, m? 1.16 Manpr = Ma(Waei — Wace) (6)
Basin dimension, m 1x16 . .
High-side wall depth, m 0.450 The amount of water exit from humidifier can be calculated by:
Low side wall depth, m 0.160 _ _
Glass cover with thickness, mm 3 Muwhe = MfwkpH — MdHDH @)
Myhe = mwaDH - (Waci - Wace)ma (8)
30 = — 1200 For solving the governing system of equations that illustrates
olar Radiation Accumulated Prodactivity HDH . . T T
——&—— 25/06/2014 c 2510612014 15 the mathematical modeling for humidifier, dehumidifier and solar
— igﬁgggg:: ——A—— 28/05/2014 heater, the next parameters are considered to be known. Flow
Pl By —— & 05/052014 4 1000 rates: m, and my,, Properties Cp,,, Cp,, Cpy, Cp,,, Hyap, Parm, EXternal
000 geometry Ac, Ag, Internal geometry: Ao, a, V,
(Tace = Tahi1 Taci = Tahe)a Twch Tamb’ Twce- These ParamEterS are
20 | - 800 used to calculated the mean values of heat and mass transfer,

Productivity, L
>
]

are 24.254, 23.254, 147.056 and 0.17 respectively.

4.2. Theoretical modeling for solar still

1
3
o
Solar Radiation, W/m?

Ue, Ucong, Uc and K coefficients using Matlab program which

The energy balance for the SS should be presented for three

Assuming steady state condition, energy balance in the humid-

7 8 9 10 11 12 13 14 15 16 17 18 19
Time, h

Fig. 2. Shows the accumulated productivity starting from 13:18 pm.

ifier can be written as

mq (Hahi - Hahe) + mﬁNpr(Twhi - Twhe) - ULEAE(TaugE - Tamb) = O

can be written as

(3)

The mass transfer rate in the humidifier as a faction in LMTD

regions: brackish water, absorber plate and glass cover. The tem-

5 -1 300
peratures of saline water, basin plate and glass cover can be esti-
°r 1% mated at every moment. By the use of Matlab program, the
L 4 100 differential equation can be solved. The next assumptions are
, o o , taken into consideration for the SS energy equations:

e Steady state conditions through the SSs.

e The glazier cover is suggested to be thin enough to render
absorption of any incident radiation and the glazier conduction
resistance could be neglected.

e The SSs prevent leakage of vapor.

Energy balance for the absorber plate [25]

MyCpp (dTp/dt) = 1(t)Apoiy — Qpw — Qloss 9
Energy balance for the brackish water [25,26],
mwcpw(dTw/dt) = I(t)Aw(xw + wa - ch - Qrw - Qe - Qmw (10)
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Energy balance for the glazier cover [25]
MgCpg (dTg/dt) = I(t)Ag0ts + Qe + Qv + Qe — Qg — Qg (11)

The convective heat transfer rate between basin plate and
brackish water [27,28],

Qpw = howAs(Ty — Tw) (12)

The convective heat transfer coefficient between basin plate
and brackish water, hy,, is assumed as 135 W/m2 K [27,28].

The rate of heat losses by convection through the basin and
sides to the ground and ambient is given as [29],

Quoss = UpAp x (Tp — Ty) (13)
where U, is taken, 14 W/m? K as [26].

The convective heat transfer rate between water and glazier
cover is given by [27,28],

Qow = howAw(Tw — Tg) (14)

where the convective heat transfer coefficient between water and
glazier cover is given by [12],

1/3

) [Pw — Pg|[Tw + 273.15]

hew = 0.884{(Tw ~ T8+ 268900 — py] "
where

P, = e(331772) e
Py = e(253173135) )

The radiation heat transfer rate from the basin to glazier cover
is predicted from [26],

Qry = TbeqAn [(Tw +273) — (T, + 273)4] (18)
where

1 1 -
ﬁeq: |:a+g—1i| (19)

The evaporative heat transfer rate between water and glazier is
given by [27,28],

Q. = (16.237X10 )he,An (P — Py) (20)

It is also assumed that, the makeup water is at ambient temper-
ature and takes heat from basin. The heat taken by the replaced
water is estimated from [26],

Qmw = mreCW(Ta - Tw) (2])

The heat transfer rate by radiation between glazier cover and
sky Q, is given by [27,28],

Qre = 6A:T[(Tg +273)* — (Tqy + 273)") (22)
The sky temperature is taken from [12],
Tgy = To — 6.0 (23)

The convective heat transfer rate between glazier cover and sky
is given by [30],

ch = hcaAg(Tg - Tsky) (24)
where h, is taken from [12],
he =2.80+3.0xV, (25)

SS productivity

Myss = (26)

<€
hfgss

At the first iteration, water and glazier temperature are taken as
ambient temperature, but basin temperature is taken as 70 °C and
the increase in basin plate temperature (dT}), brackish water tem-
perature (dT,,) and glass cover temperature (dT,) are computed by
solving Eqgs. (9)-(11), for CSS. The equations are evaluated numer-
ically using the first order backward difference formula. The size of
the time step is 1 s. In the next time step, the parameters are rede-
fined as follows T, =Ty +dTy, Ty =Tw +dTy and Tg =T, + dT,
(see appendix. for the program flow chart). To be very close to real
ambient conditions, solar intensity I(t) and surrounding tempera-
ture (T,) are measured at different days from 8 am to 18 pm during
the period from May to June 2014 at the Engineering Faculty,
Kafrelsheikh University, Egypt. Depending upon the weather con-
ditions, the wind speed is varied from 0.3 to 6.5 m/s and the ambi-
ent air temperature is varied from 22 to 34 °C at different days and
solar intensity is varied from 35 to 1050 W/m?. The physical and
operating parameters used in the theoretical calculations are
shown in Table 3. The physical parameters used are taken as that
of Ref. [31].

5. System performance assessment

In order to properly asses the feasibility of the proposed system.
Many parameters are often used for describing the performance of
desalination systems. The gain output ratio. (GOR) it is defined as
the ratio of the evaporation latent heat of the produced water to
the net heat input to the unit. The thermal performance of HDH
is defined as [7]:

m h
GORwon ==& % (27)
m
The thermal performance gained by SS is define as.
GORSS _ (mdsswithHDH _decanvitional)hfg (28)

The performance of the (HDH-SS) desalinate unit is calculated
as [11]:

GORsys = GORypn + GORss (29)

6. Results and discussion
6.1. HDH daily productivity

The experimental results illustrate that highest solar intensity is
about 1050 W/m? at noon as show in Fig. 2. Stored energy in the
collector from the morning up to 13 pm raises the water tempera-
ture in the collector to reach 85 °C at 2.5 L/min. Fig. 2 shows the
variation of the accumulated productivity and solar intensity with
time during three different days. From the figure, the first hour
(13:14 pm) of operation gives the highest productivity of nearly
13.5 L/h due to the higher temperature of water entering the evap-
orator from collector and then the productivity reduces until it
reaches the lowest value of about 0.9 L at 17:18 pm owing to the
lower temperature of the water entering the humidifier. The accu-
mulated productivity reaches a value of approximately 24 L/day.

Table 3
Physical and operating parameters used in the theoretical calculation [31].
Item Mass  Area  Specific Absorptivity ~ Emissivity
(kg) (m?)  heat (J/kg K)
Saline water 5.9 1.16 4190 0.05 0.96
Glass cover 9 1.12 840 0.05 0.85
Basin plate 14.5 1.16 460 0.95 -

Latent heat at hy = 2,335,000 J/kg.
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The results of HDH are validated by comparing the results from the
experimental data with the theoretical. The experimental system
was started up relying on the collector and was neglected for a long
time enough to reach steady state condition. Fig. 3 shows a com-
parison between the calculated and the measured productivity of
the system. A good agreement is obtained from the validation
between the experimental and theoretical data.

6.2. Effect of temperatures on HDH performance

The effects of variation of humidifier inlet water temperature
(Twri), humidifier exit water temperature (T,;.), condenser inlet
air temperature (T,) and condenser exit air temperature (Tyc),
with time are shown in Fig. 4. From the figure, all temperatures
are affected by the humidifier inlet water temperature. At the first
operation, all temperatures are high due to the high T, then; they
all decrease with time due to the decrease in the T, so that the
large productivity is obtained at the first hour of operation range
from (66:75 °C) going to isolated tank and used to feed the SS dur-
ing the daytime and nighttime.

6.3. Effect of water flow rate on the HDH performance

Fig. 5 shows a comparison between the cold and warm feed
water at different flow rates. The various flow rates (1.5, 2, 2.5
and 3 L/min) affect the productivity. The figure shows that as the
water flow rate increases, the productivity increases for the three
tested cases (1.5, 2 and 2.5). In addition, any increase in the flow
rate more than 2.5 will cause an increase at the first time of oper-
ation followed by a decrease in the productivity so that the best
flow rate of warm and cold water equals to 2.5 L/min, this is
because the vapor formation is better for the flow rates of
(2.5 L/min). While for lower flow rates (1.5 and 2 L/min), the exit
vapor from the sprayers looks like a free water stream. In contrast,
the flow rate of 3 L/min exits from the sprayers as a jet. So, for the
flow rates (1.5, 2 and 3 L/min), there is no chance to vaporize all of
exit water from sprayers. On the second hand, most of the exit
water from the sprayers are vaporized at 2.5 L/min.

Fig. 6 shows the difference between Ref. [7] and present work
for HDH. In Ref. [7] Hamed et al. Studied the productivity at
mw =2 L/min but, in the present study, the productivity is at
mw = 2.5 L/min. The figure illustrates that the first hour of opera-

25 1200
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—2—— Measured Productivity

- - @ - - Calculated Productivity p
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Time, hr

Fig. 3. Comparison between calculated and measured productivity of HDH.
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Fig. 4. The hourly temperature variation with time.
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Water mass flow rate for HDH
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mw= 2.5 I/min

—&9— mw=3I/min

10

Accumulated Productivity, L

Time,hr

Fig. 5. Effect of feed water mass flow rate on the HDH performance.

tion (13:14 pm) gives the highest productivity of nearly 13.5 L/h
due to the higher water temperature entering the humidifier from
the collector and increasing the warm water mass flow rate at
mw = 2.5 kg/min. Furthermore, the first hour of operation
(13:14 pm) in the previous study gave the maximum productivity
of nearly 11.2L/h at mw =2 L/min. In addition, in the present
study, the time of operation is increased from 13 to 18 pm but in
the previous study, it was from (15 to 17). In addition, the produc-
tivity of HDH in the present study is 24 L/day but it was 22 L/day in
the previous work.

6.4. Effect of solar intensity on solar still performance

Fig. 7 shows the variation of solar radiation, basin, water and
glass temperature for CSS and SS with exit warm water from
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Fig. 6. Shows a difference between accumulated productivity of Ref. [7] and that of
the present work.

HDH. The higher solar intensity, the higher SS performance. So the
best performance is obtained at the period from 11 am up to 3 pm.
Also, from figure, the basin, water and glass temperature of SS with
exit warm water from HDH are higher than that of CSS by about
15-32°C, 13-28 °C and 11-23 °C, respectively [due to using feed
water from insulation tank with high temperature]. Using warm
water gave better performance because warm water enhances
energy input to the SS with exit warm water from HDH. The results
indicated that, the basin plate glass temperature and basin water
temperature of SS with HDH were higher than that of CSS type.
Consequently, the evaporation and condensation rates in SS with
exit warm water from HDH were increased.

6.5. Hourly water productivity for solar stills during the daytime

A theoretical comparison between the average hourly variation
of freshwater productivity for SS with exit warm water from HDH
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Fig. 7. The hourly temperature variation and solar radiation for SSs.
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Fig. 8. Variation of freshwater productivity for the SS with HDH and the CSS during
the daytime.
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Fig. 9. Accumulative variation of freshwater for the SS with water rejected from
HDH and the CSS during the daytime.

and CSS is illustrated in Fig. 8. From the figure, it is found that the
average maximum freshwater productivity at noon has the highest
values for the present solar desalination systems. In addition, the
higher water production is observed in SS with water exit warm
from HDH compared with CSS type. This is due to high tempera-
ture of water in the SS from insulation tank at all time and does
not need time to warm up (change all water in the basin occurs
every hour from storage tank at T,, = 70 °C during 24 h), but tem-
perature of water in the CSS is low in the early morning and water
needs more time to warm up. In addition, the figure shows that a
wide productivity change was recorded. Fig. 8 shows that the
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Fig. 10. Hourly and accumulated output during the nighttime from SS with rejected
water from HDH.

water productivity was around 0.58 and 0.07 L/m? h in the early
mornings, reaching up to 1.15 and 0.6 mL/m? h as a maximum pro-
ductivity at 12 pm for SS with exit warm water from HDH and CSS,
respectively. Therefore, the performance has the best value at the
mid-noon where the losses are minimal.

6.6. Water productivity during the daytime from solar stills

Fig. 9 shows a theoretical comparison between the average
hourly accumulative variations of freshwater productivity from
9 am to sunset. It is found that the amount of accumulated distil-
late for SS with HDH is higher than that of CSS at all time, where
the average hourly freshwater productivity is higher for SS with
exit warm water from HDH. In addition, the distillate reaches
3.62 and 8.2 L/daytime for CSS and SS with exit warm water from
HDH, respectively. In this case, the increase in distillate production
for SS with water exit warm from HDH is 126.5% higher than that
of CSS type.

6.7. Effect of feeding warm water during nighttime on the stills
productivity

Fig. 10 illustrates the average prediction of the alteration of
freshwater output per hour (from 19 pm to 8 am of the second
day) of SS during night times at inlet water temperatures of
about 70°C. The ambient air temperature is in the range of
17-26 °C, whereas wind velocity is in the range of 1.2-4.5 m/s
during the average measurement day. During the early hours
of the night, the temperature difference between the SS and sur-
roundings increases as the air temperature decreases, and hence,
more heat losses happen. As a result, the productivity decreases.
Furthermore, the first hours of the second day cause an increase
in the productivity due to sunrise, decrease the temperature dif-
ference between the still and the surrounds and heat losses
decrease. In addition, the distillate reaches 0.2 and 4.8 L/night-
time for CSS and SS with exit warm water from HDH,
respectively.

45
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Fig. 11. Accumulated productivity during 24 h for SS, HDH and HDH-SS.

Table 4
Comparison between present study and different research works about HDH or CSS
systems.

References Productivity (L/day)

Present study

Solar still with rejected water from HDH 13
HDH system 24
Continuous solar desalination system 37
Nafey et al. [5,6], HDH 10.25
Hamed et al. [7], HDH 22
Omara et al. [31], CSS 2.7

6.8. Continuous system productivity

Fig. 11 shows the accumulative freshwater of the system during
daytimes and nighttime’s. The accumulative freshwater production
improves with strengthening the solar radiation intensity and vice
versa. The daily water production of the SS with exit warm water
from HDH, HDH and continuous system (HDH + SS with rejected
water from HDH) are 13, 24 and 37 L/day, respectively.

7. Comparison between present work with other research work

Comparison between present study and different research
works about HDH or CSS systems are tabulated in Table 4.

8. Conclusions

Performances of a continuous solar desalination system consist-
ing of HDH unit and SS have been studied. It was noticed that small
HDH unit or SS unit individually is not efficient for desalination of
brackish water and seawater. The best performance of HDH is
obtained at feed water flow rate of 2.5 L/min. Reusing the exit
warm water increases, the highest productivity of SS with exit
warm from HDH by about 242%; and increases the GOR of the sys-
tem by about 39%. The daily water production of the CSS, SS with
rejected water from HDH, HDH system and continuous solar
desalination system are 3.9, 13, 24 and 37 L/day, respectively.
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Appendix A

Flow chart for Theoretical modeling

intial condition T,,T, =T, and T, =70 °C

Metrological Parameters I(t), V, Ta and time

}

Compute the heat transfer coefficients

Compute the heat transfer rates (gained and 1)

}

Solve the energy balance equation for the absorber plate

Solve the energy balance equation for the brackish water

Solve the energy balance equation for the glass cover

l

Calculate dT,.dT,, dT,,

Hourly productivity

!

T,=T,+dT,, T, =T, +dT,,T,=T,+dT,

Calculate daily distillate
productivity
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