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ABSTRACT

The present study introduces an attempt for the application of flash desalination technique for small scale needs.
An integrated system uses a flashing desalination technique coupled with nano-fluid-based solar collector as a
heat source has been made to investigate both the effect of different operating modes and that of the variation of
functioning parameters and weather conditions on the fresh water production. The flashing unit is performed by
similar construction design technique of commercial multi-stage flashing (MSF) plant. The thermal properties of
working fluid in the solar collector have been improved by using different concentrated nano-particles. Cu nano-
particle is used in the modeling to determine the proper nano-fluid volume fraction that gives higher fresh water
productivity. An economic analysis was conducted, since it affects the final cost of produced water, to determine
the cost of fresh water production. Although a system may be technically very efficient, it may not be economical.
The effect of different feed water and inlet cooling water temperatures on the system performance was studied.
The mathematical model is developed to calculate the productivity of the system under different operating
conditions. The proposed system gives a reasonable production of fresh water up to 7.7 1/m?/day under the opera-
tion conditions. Based on the cost of energy in Egypt, the estimated cost of the generated potable water was 11.68 US
$/m>. The efficiency of the system is measured by the gained output ratio (GOR) with day time. The gained output
ratio (GOR) of the system reaches 1.058. The current study showed that the solar water heater collecting area is
considered a significant factor for reducing the water production cost. Also, the produced water costs decrease
with increasing the collecting area of the solar water heater. The volume fractions of nano-particle in solar collector
working fluid have a significant impact on increasing the fresh water production and decreasing cost.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

is forecasted to be increased during the next decades, especially in the
developing countries. The large scale implementation of the standard

Fresh water demand is persistently increasing both as populations
around the world keep growing and as existing fresh water reserves
keep declining due to consumption and pollution. Energy demand is
also continually increasing due to relentless global industrialization.
Oil and gas remain the primary sources of energy for most of the
world; however, their reserves are dwindling, production is peaking,
and consumption is harming the environment. The electricity demand
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high-capacity desalination methods faces numerous technological, eco-
nomic and policy barriers, and they are not used in decentralized re-
gions with a poor infrastructure due to their permanent need of
qualified maintenance and electricity supply. Solar thermal production
technologies are promising, though they are expected to be able to sat-
isfy good part of future desalination need. So, desalination units driven
by solar energy are a suitable choice for the production of fresh water
in remote and sunny regions. In concept, large scale desalination tech-
nique based MSF and MED system applications for small scale solar de-
salination needs are similar to conventional thermal desalination
systems. The main difference is that in the former, solar energy collec-
tion devices are used. Some proposals use centralized, concentrating
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solar power at a high receiver temperature to generate hot water. Ther-
modynamically, flash evaporation occurs when a saturated liquid un-
dergoes a sudden reduction in the surrounding pressure so that a part
of the liquid immediately turns to vapor to regain equilibrium; under
adiabatic conditions, the generated vapor receives its latent heat of va-
porization at the expense of the surrounding liquid and both the
vapor and the residual liquid are cooled to the saturation temperature
at the reduced pressure. Nafey et al. [1] investigated theoretically and
experimentally a small unit for water desalination by solar energy and
a flash evaporation process at different real environmental conditions.
The system consists of a solar water heater (flat plate solar collector)
working as a brine heater and a vertical flash unit that is attached
with a condenser/preheater unit. The mathematical model is developed
to calculate the productivity of the system under different operating
conditions. Comparisons between the theoretical and experimental re-
sults are performed. The average accumulative productivity of the sys-
tem ranged between 1.04 and 1.45 kg/day/m?. The average summer
productivity ranged between 5.44 and 7 kg/day/m? and 4.2 and
5 kg/day/m?. Baig et al. [2] investigated the effect of various operating
conditions on the performance ratio, brine temperature and salinity as
it leaves the last flash stage in a once-through the multi-stage flash
(MSF) distillation system. They use reliable correlations for calculating
brine properties that vary with both temperature and salinity. They
compared the numerical results obtained with the published data on
similar plants. A sensitivity analysis to identify the key parameters
that significantly influence on the desalination plant performance is car-
ried out in an attempt to contribute a better understanding on modeling
and optimum operation of MSF desalination processes. Both analytical
solutions and experimental/field analysis were required to identify the
most influential parameters that affect the performance and set proper
plans for performance optimization. To accurately estimate the vari-
ables related to the brine heater, selecting the proper number of stages
and the stage-to-stage temperature drop is of crucial importance. The
thermal properties dependent on the operating conditions may affect
the accuracy of numerical results. The salinity of the feed seawater has
a significant effect on the plant characteristics. Junjie et al. 3] studied
experimentally the heat and mass transfer properties of static/circulato-
ry flash evaporation, i.e., nonequilibrium fraction (NEF), evaporated
mass and heat transfer coefficient. The heat transfer coefficient was
redefined as average heat flux released from unit volume of water film
under unit superheat. The results indicated that this coefficient has a
time-dependent function and a peak value existed at its evolution ver-
sus time. Saad et al. [4] proposed and designed a new desalination sys-
tem for converting sea water into fresh water utilizing the waste heat of
internal combustion engines. The desalination process is based on the
evaporation of sea water under a very low pressure (vacuum). The
low pressure is achieved by using the suction side of a compressor rath-
er than a commonly used vacuum pump. The evaporated water is then
condensed to obtain fresh water. The effects of operational variables
such as evaporator temperature, condenser temperature, vacuum pres-
sure, and flow rate of both evaporator and condenser on the yield of
fresh water are experimentally investigated. It is found that decreasing
the vacuum pressure causes a significant increase in the yield of fresh
water. It is also found that decreasing the condenser temperature, or in-
creasing the evaporator temperature leads to an increase in the yield of
fresh water. Moreover, increasing the condenser flow rate tends to in-
crease the yield of fresh water. The same trend is attained by increasing
the evaporator flow rate. Abutayeh and Goswami [5] simulated theoret-
ically and experimentally a passive vacuum flash desalination system.
The system consists of a saline water tank, a concentrated brine tank,
and a fresh water tank placed on a ground level plus an evaporator
and a condenser located several meters above the ground. The evapora-
tor—condenser assembly, or flash chamber, is initially filled with saline
water that later drops by gravity, creating a vacuum above the water
surface in the unit without a vacuum pump. The vacuum is maintained
by the internal hydrostatic pressure balanced by the atmospheric

pressure. The ground tanks are open to the atmosphere, while the
flash chamber is insulated and sealed to retain both heat and vacuum.
The simulation results showed that running the system at higher flash
temperatures with a fixed flash chamber size resulted in faster vacuum
erosion leading to less overall evaporation.

Asirvatham et al. [6] studied experimentally the steady state convec-
tive heat transfer of de-ionized water with a low volume fraction
(0.003% by volume) of copper oxide (CuO) nano-particles. The results
have shown 8% enhancement of the convective heat transfer coefficient
of the nano-fluid even with a low volume concentration of CuO nano-
particles. The heat transfer enhancement was increased considerably
as the Reynolds number increased.

Yousefi et al. [7] investigated experimentally the effect of Al,05/
water nano-fluid, as working fluid, on the efficiency of a flat-plate
solar collector. The weight fraction of nano-particles was 0.2% and
0.4% and the particle dimension was 15 nm. The mass flow rate of
nano-fluid varied from 1 to 3 1/min. The results showed that, in compar-
ison with water as absorption medium using the nano-fluids as working
fluid increases the efficiency. For 0.2 wt.% the increased efficiency was
28.3%.

Banat and Jwaied presented an economic assessment performed to
estimate the expected water cost, which is the ultimate measure of
the feasibility of the two solar powered stand-alone membrane distilla-
tion units (compact and large) [8].

Kabeel et al. [9] introduced an economic analysis of a small scale de-
salination plant based on two different technologies; the first technolo-
gy is air humidification - dehumidification process while the second
one is the water flashing evaporation process. The total cost of owner-
ship (TCO) concept was adopted in the analysis.

Mabrouk [10] presented a technoeconomic comparison between
once through long tube (MSF-OT-LT) with atmospheric deaerator, and
brine recycle cross tube (MSF-BR-CT) evaporators.

The novelty and contribution in the proposed system can be summa-
rized in the following points:

- Study the applicability of (MSF) multi-stages flashing desalination
technology and design in small-scale water production.

- Development of solar collector water heaters using nano-fluid (Cu/
water) as a heating source for desalination system in continuous
conditions.

The current work aims to introduce an attempt for the application of
flash desalination technique for a small scale needs. A pilot unit was the-
oretically designed and analyzed to insure;

- Quasi-steady theoretical analysis of desalination system for predic-
tive modeling of small-scale single stage flash (SSF).

- Performance and economical analysis of SSF desalination system.

- Studying the possible factors and parameters those have an effect on
the system production and cost.

2. System Process Description

The solar SSF unit consists of flashing chamber, condenser, mixing
tank, solar water heater and helical heat exchanger as shown in Fig. 1.
The water at (3) is pumped to the flashing chamber to be evaporated
suddenly through flashing. The extracted water vapor on flashing
chamber is flowed to the condenser. The saline cooling water at (6) is
fed to the flashing unit condenser to condense the water vapor and
exitat (7). A part of saline water at (7) is flowed to helical heat exchang-
er to backup water inside the closed loop at (11) while the rest is
drained at (10). The desalinated water at (8) is collected from the bot-
tom of the condenser tray, while is rejected from the bottom of the con-
denser tray. The flashing evaporation depends on the pressure
reduction. So, the inside the condenser and flashing chamber is
vacuumed by using vacuum pump at (9).
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Fig. 1. Schematic diagram of (SSF) system.

Then, the brine reject from flashing chamber at (4) is returned to
heat exchanger (Hex). As a result of the saline water flow in a closed
loop between the flashing chamber and helical heat exchanger the
water salinity will increase with time. So when the level of water salin-
ity reaches a certain value a quantity of high-salinity water will dis-
charge from the loop and replaced by an amount of low-salinity water
exit form condenser at (11).

Description of the equipments of the system is shown in Table 1.

3. System Mathematical Modeling

A steady-state mathematical model is developed to allow the deter-
mination of coupling equations between the water temperature and
water content inside each component. The water salinity will be consid-
ered. For the energy balance and governing equations for each of the
system components the following assumptions are considered:

1. The system is behaved of a quasi-steady-state manner and one di-
mensional; i.e. the variables, while varying from hour to hour, are

Table 1

System technical specifications data used for the simulation.
Technical specifications and operation data Value
Water heater solar collector
Total aperture area, m? 7.075
Glass type low iron glass thickness, mm 3
Collector insulation Fiberglass sides thickness, mm 30
Fiberglass back thickness, mm 50
Nano-particles size, mm 30 x 107°
Heat exchanger
Exchange surface area, m? 137
Flashing chamber
Size, m 0.2 x 0.5 x 0.5
Brine pool height, m 0.10
Condenser surface area, m* 0.2
Condenser
Size, mm 186 x 144 x 260
Exchange surface area, m? 0.1

considered constant during every hour of analysis and the unsteady
terms in the governing equations are neglected.

2. Heat losses from the edges of the solar water heaters, mixing tank,
and flashing unit to the ambient are neglected (i.e. the heat ex-
changer outside walls are adiabatic).

3. Negligible conduction resistance in glass covers of solar collectors.

4. The absorption of solar radiation in the cover is neglected insofar as
it affects loss from the solar water collector.

5. The temperature distribution over every cross section in the mixing
tank is uniform.

6. The nano-fluid composition is water and Cu only.

7. There are no phase changes (condensation or vaporization) in the
fluid streams flowing through the heat exchanger.

8. The distillate product is salt free.

9. The flash chamber is in equilibrium with the brine leaving the stage.

10. The distillate vapor always condenses completely.
11. The flow of non-condensable gases is negligible.

The energy balance equation can be written for the entire system in
the following manner, by taking input energy terms equal to output en-
ergy terms:

3.1. Flat plate solar water heater

Flat plate solar collector as shown in Fig. 2 is used to heat water.
Under steady-state conditions, the useful rate of heat delivered by a
solar collector is equal to the rate of energy absorbed by the heat trans-
fer nano-fluid minus the direct or indirect heat losses from the surface
to the surroundings. The model solves the energy balance of the solar
collector under steady-state conditions according to the modeling equa-
tionsin [11].

The energy conducted to the region of the tube per unit length in the
flow for both sides is given by:

Q;; = (Wtube_dwc,o) F[S_ UL.WC (Twc,p_Tam)] (1)
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Fig. 2. Sheet and tube dimensions of flat plat solar collector.

Where fin efficiency (F) is given by:

e tanh {F(mee_dwc.o)/z] (2)
F(mee_dwc,0> /2

The useful gain of the collector is also including the energy collected
above the tube region. This is given by

QQube = dwc,o [S_ UL.wc (Twc‘p - Tam ) } (3)

Accordingly, the useful energy gain per unit length in the direction of
the fluid flow is calculated as follows:

q;l = q[/J + q,tube = KWtube_dwc.o) F+ dwc‘a] [S_UL,WC (Twcp_Tam)] 4)

This energy ultimately must be transferred to the fluid, which is
expressed in terms of two resistances as follows:

, Tywep—T
Gu=—"7—"" (5)
e — + E—
hnf we, inndwc‘in Cbo

In Eq. (4), Gy, is the bond conductance, which can be estimated from
knowledge of the bond thermal conductivity, (Kj,), the average bond
thickness, (6p,), and the bond width, (Wj,). The bond conductance on
a per unit length basis is given by

_ K bo Wbo

Coo =287 6)
0

To obtain an expression for the useful gain in terms of known dimen-
sion, physical parameters, and fluid temperature, (Tnsw) must elimi-

nate. So, Solving Eq. (4) for, (Tu.p), substituting it into Eq. (3), and
solving the resultant equation for the useful gain, we get

qy = Wtube F [S_ UL,wc (Tnf.wc_Tam)] (7)
Where the collector efficiency factor (F') is given by:

1
UL.wc

F =

8)
1 1 1
W, b
¢ { ULwe [dwc,o + F(Wtube_dwc‘o)] Cho hnf,wc,,-n”dwc,in }

By the consideration of an infinitesimal length (dy) of the tube. The
useful energy delivered to the fluid is q,/dy. Under steady-state condi-
tions, an energy balance for n tubes gives:

m
Cp.nanf,wc_ Ni

nf,wc
we, wc,tube

’ m dTnf,WC -
audy + Cong(Tuwe + g dy) =0 (9

Dividing the above equation by (dy), finding the limit as (dy) ap-
proaches 0, and substituting Eq. (7) results in the following differential
equation:

dTnf wc

mnf,wccp,nfT _ch,tubewtube F/ [S_ULWC (Tanwc_Tam>] =0 (10)

Assuming variables F/, Uy ., and Gy to be constants and performing
the integration gives:

In Tnf,wco ~Tan— (S/ UL’WC) _ ch,tube chLcoil.wcF’ UL,wc
Tnf,wc.in _Tum - (S/UL,WL‘> m"f~WCC

(11)
pnf

Where
ch =N we,tube WtubeLtube‘wc

Substituting by (Aw,.) in Eq. (11), the following equation is obtained

Tnf‘wc‘o _Tam - (S/UL‘WC> — exp (_ ch F, UL,WC> (12)
Topwein—Tam— (S/ULWC) Mg e Cpa
Then
AsFU
Topweo = |Tpmein—Tam—(S/Urnc)| |:exp <_mel;f CL.v;c> + Tom
nf.wc™~p.n
+ (S/Upe) (13)

The heat transfer coefficient of nono-fluid in Eq. (8) (hufwc,in) inside
the solar collector of tubes can determined using experimental correla-
tions are given in the Appendix A.

3.2. Single stage flashing unit
The mathematical model for the single flash unit is simply intro-

duced. It includes heat and salt mass balances, rate equations for the
heat transfer units, as well as energy balances for the condenser.



14 A.E. Kabeel, EM.S. El-Said / Desalination 333 (2014) 10-22

I_ _____________ -1
; | Condenser !
mcw,fu 1 I
1 1 y
— pa—7y
ew, fu,0 1 I\I\I\AI\ : cow, fu
I
. I__________________________'.'.'I ew, fiin
M 4is, fu I Distillate Tray |
[ I S p——— |
Tdis,fu — ] 4 —————————————— I 1
LA o e e e e e e o |
X dis N Demister
M s i
) —
wa,fu
X fiv, i

Fig. 3. Single stage flash desalination unit.

3.2.1. Flashing pool model

Fig. 3 shows the schematic diagram of the flashing pool section, the
mass and heat balances are given as followed:

Total mass and salt mass balances:

My =1 i HMgis fu (14)
X fulMw fu = Xb fulTlp f (15)

Eq. (15) assumes that the salt concentration, (X4, ), in the formed
vapor is zero.

3.2.2. Energy balance
The energy balance for the flashing brine is expressed as follows:

mﬁmfuiﬁmfu :mb.fuib.fu mdisfu)\vfu (16)

The brine is assumed to leave the flashing pool at saturation condi-
tion, and is calculated as a function of temperature and salinity of the
exit brine conditions.

3.2.3. Condenser tube bundle model

The flashed brine vapor and flashed distillate vapor are flowed over
the tube bundle to be condensed, where the condensate flows back to
the distillate tray. The effect of pressure loss over the tube bundle on
the heat transfer coefficient was neglected in this model. However, the
effect of the pressure loss across the tube bundle on the energy balance
was considered in the form of temperature drop. The condensate was
considered as a saturated liquid. The effect of condensate sub-cooling on
the energy balance was evaluated as function of sub-cooling temperature.

3.2.4. Energy balances

mdisfu }\v.fu :mcwfu (icw,aju - icw.in fu) Hﬁdis‘fu idisfu (17)

3.2.5. The heat transfer rate equation for the condenser is
mcwfu (icw.o.fu - icw‘in.fu) :mcw.fu Cp,CW,ﬁ,l (Tcw.o Ju™ Tcw,in,m)
= Ucoquco.fu (LMTD)m_fu (18)

Where

(Tcw,ofu - Tcw,infu)

In [((TWW

vau —v Tcw,ofu)

(LMTD) cofu =

From Eq. (18) and after a few steps of simplification; the following
equation is obtained:

(1 _C)Tcw‘infu + Cvau :v‘fuTcw,ofu (20)

Where

U A
C=1—¢"Mand NTU = — —C0fcoft
M fuCp.cw

For the equilibrium correlation; the relation between the outlet brine
temperature (T,) and the condensation temperature of the vapor, (T,), is
presented by[7].

Ty = Tpju—NEA—BPE (21)

The non-equilibrium allowance (NEA) and Boiling Point Elevation
(BPE) are calculated by the equations indicated in the Appendix.

4. Mathematical programing model

The main constraints of the mathematical model of the solar SSF unit
were presented in the previous section. Algebraic equations are used
in to the model in original form. For the iteration procedure, the
outlet water temperature from the solar water heater is guessed. The
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calculation procedure then marches along the solar water heater and
flashing chamber. The outlet temperature of each unit is taken as an
input for the next step. Finally, the outlet water temperatures are com-
pared with the guessed inlet temperatures. The water physical proper-
ties are calculated as functions of temperature. The values of solar
intensity are calculated numerically through the day and it used as an
initial condition for the solution. A computer code in MATLAB® is pre-
pared to solve the nonlinear set of equations of several variables using
Gauss-Seidel iteration method.

5. Economic analysis

It is of great interest to study economically the current desalination
unit because a system may be technically very efficient. However, it
may not be economic; the cost of water production may be too high.
The current economic analysis is conducted to determine both the
cost of the water product. The total cost of ownership (TCO) concept
was adopted in the analysis. The TCO concept includes different types
costs like; the fixed investment costs, the production costs, the internal
rate of return on investment, the operating costs, the energy costs and
some other economic parameters. The investment cost of each compo-
nent constituting the system is presented in Table 2.

The costs are varied from country to country depending on a lot of
factors like; the labor costs, the site of the country (transportation
costs), the local currency of the country and its relation to the interna-
tional currency (USD).

Many assumptions are considered during the simulations as;

Some aspects of investments are not included, like the lower proba-
bility of the systems to shutdown or proven process control is used
for the desalination plants.

- All the environmental costs and the possible environmental impacts
of investments are not considered.

Costs that are not included in the capital cost estimates are: cost of
drinking water conveyance facilities outside the plant boundary
and interest charges during construction.

The operating costs include the amortization or fixed charges, oper-
ating and maintenance costs and energy costs.

A zero net salvage value is recorded (for land, buildings, equipment,
etc.) and a continual replacement of such capital items into perpetu-
ity.

The capital cost estimate for all options is based on local prices for
the equipment and no import taxes or duties are considered.

The capital costs also include all costs for engineering, transporta-
tion, construction as well as commissioning.

The operating and the maintenance costs are 20% of plant annual
payment [12].

Zero pretreatment costs.

- The interest rate is 5%.

- The plant life expectancy is 20 years.

- The plant availability (f) is 90% [12].

The calculation methodology is based on; the salvage value of the
units will be zero at the end of the amortization period. The produced

Table 2

Capital investment cost (the installation costs are included).
Item Description Cost
Solar water heater 850 US$
Helical coil heat exchanger 80 US$
Flashing evaporation unit 85 US$
Tank 10 US$
Pumps 340 US$
Control devices 33 US$
Pipes, fittings 14 US$

Accessories 6 US$
Nano-particle kg 80 US$

fresh water can be blended with the raw water to achieve adequate po-
table water salinity (500 ppm according to the WHO recommended
value). The amount of water that can be blended will depend on the
blend water quality and the goals of the final required product water
quality. For 1000 ppm brackish water, the simple mass balance results
indicated that, the total produced potable water will be two times the
distilled water produced, where the potable water salinity is 500 ppm.
The total cost of ownership is calculated from the following relation;

TCO = Cop + Crgin + Cpx (23)
Where;

Cop is the cost of operation; it includes the energy, the operating
personnel, and the handling of raw materials.

Crnain is the cost of maintenance; it includes the maintenance per-
sonnel, the maintenance facility cost, the test equipment,
the maintenance support and handling cost, the maintenance
spares and repair parts.

Crix is the fixed charges cost, it is calculated as follows;

Crw =axC. (24)

Where amortization factor (a), which is given by [13]:
. n
Q= ———7— (25)

i, is the annual interest rate (%) and n is the plant life time.
C. is the capital cost; hence the product water coat is calculated from
the following relation assuming 365 working days.

TCO
Coroa = F < CA x 365 (26)

The cost of energy consumption; the electrical energy for the water
pumps were 17.88 kWh/m?>. The efficiency value for water pumps was
80% when calculating the consumed energy [14].

During the current study, many concerns were considered to cover
the probable uncertainties like; the introduced costs are based on both
a real purchasing prices and some previously mentioned assumptions.
Also; all costs are adopted in a recent year (2012) in dollars, the capital
cost estimate for all options was based on the Egypt local prices for the
different equipments, there is no import taxes or duties are considered,
finally an annual inflation rate of 5% is considered for the prices change
in Egypt. In the present study, the two desalination plants modes are
considered based on a thermal solar heat source only.

6. System performance assessment

In order to properly asses the feasibility of the proposed system. For
example, variations in the gain output ratio. The Gained Output Ratio
(GOR) is a dimensionless ratio, used for thermal desalination processes,
defined either as an energy ratio or a mass ratio. As an energy ratio it
is usually defined as is the ratio of the latent heat of evaporation of
the water produced to the net heat input to the cycle. This parameter
is, essentially, the effectiveness of water production, which is defined
as an index of the amount of the heat recovery affected in the system
[15]:

Al My
GOR = =4t (27)

in
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The GOR does not take into account any system efficiencies external
to the desalination plant proper, such as heat losses through piping from
the heat source.

7. Results and Discussion

There are five main effects of system operation parameters (feed
water mass flow rate, nano-particles volume fraction, cooling water
inlet temperature, feed water salinity, and cooling water mass flow
rate) have a direct impacts on unit overall productivity. There are
other parameters can affect in the unit productivity such as feed water
salinity, wind speed and ambient temperature. But these parameters
have small effects on the unit productivity, Nafey et al. [1] and Kabeel
and El-Said [15]. The numerical results that presented in this section
are computed for 12 hours of operation time period start at 06:00 AM
until 18:00 PM on 1 August for Tanta city as shown in Fig. 4. The accu-
mulative productivity numerically determined at the mentioned times
and date according to operation conditions shown in Table 3. The
solar radiation rate is computed also numerically according to location
and weather conditions of Tanta city site.

7.1. Top brine temperature (TBT)

Fig. 5 shows the top brine temperature (TBT) variations as a function
of solar collector working fluid mass flow rate with different nano-
particle volume fraction at 12:00 AM. According to Fig. 1, it can be
seen that the top brine temperature (TBT) at (3) increases with increas-
ing of nano-particle volume fraction and decreasing with increasing of
solar collector working fluid mass flow rate.

7.2. Accumulative productivity

Fig. 6 shows the fresh water accumulative production with different
nano-particle volume fraction in the day time. According to the solar in-
tensity and ambient temperature are shown in Fig. 4, it can be seen that
the fresh water accumulative system production increase with the solar
intensity strengthening and the freshwater production reduce with the
solar intensity weakening. Also, the system productivity increase with
increasing of nano-particle volume fraction. The daily water production
of the system reaches about 7.7 | per one square meter of solar water
heater collecting area at volume nano-particle fraction, ¢ = 5%. The en-
hancement in productivity about 47% when use water only as a working
fluid.
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Fig. 4. Variation of solar radiation and ambient temperature during the average day time.

Table 3
Operation conditions.

My = 0.09 kg/s.  Tawin = 20 °C. Uy = 1.5 m/s. My by =Ty fur— Ty

Moy = 008 kg/s  Xp, Xew,

' Ty e = 14 x 1075 m?/s
in = 2000 ppm in = 2000 ppm

7.3. Feed water mass flow rate effect

Variations of system productivity as a function of feed water mass
flow rate are presented in Fig. 7. It shows that the increasing of the
feed mass flow rate gradually, the system productivity will slowly de-
crease because of the decreasing in feeding water temperature of the
system at constant nano-particle volume fraction.

7.4. Nano-particles volume fraction and solar collector working fluid vol-
ume flow rate effects

The variations in system productivity as a function of solar collector
water mass flow rate nano-particles volume fraction on the system pro-
ductivity is shown in Fig. 8. It is shown that the productivity of the sys-
tem increases with increasing nano-particles volume fraction. These
may be explained as follows; by increasing of nano-particle volume
fraction will increase the working fluid thermal conductivity, density
and viscosity which increasing the solar heat gain with increasing or de-
creasing of heat transfer rate in helical heat exchanger as well as causes
increasing or decreasing of feeding water temperature respectively. For
present case, the system productivity will increase against the increas-
ing of solar collector working fluid mass flow rate because of the de-
creasing in working fluid outlet temperature the solar water heater
will become has effect more than increasing of heat capacity occurred
by increasing of the mass flow rate of working fluid.

7.5. Cooling water mass flow rate and inlet temperature effects

The effect of the cooling water mass flow rate and inlet temperature
on the system productivity is shown in Fig. 9. By increasing the cooling
water mass flow rate, significant drop in the surface temperature of the
condenser tubes can be achieved which results in an increase of the rate
of the condensation of the water vapor on the condenser tubes surface
then, the system gives higher productivity. On the other hand, the in-
creasing the cooling water temperature, rise in the surface temperature
of the condenser tubes can be achieved. So, the condensation of the
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Fig. 5. Top brine temperature (TBT) variations as a function of solar collector working fluid
mass flow rate with different nano-particle volume fraction at 12:00 AM.



AE. Kabeel, EM.S. El-Said / Desalination 333 (2014) 10-22

9
iy =009 kefs. T, =20°C.
8 ., ,=0.08kg/s.  x, . =2000ppm
71 0 =00% iy . =14 10 ms.
. u,, =1.5m/s. X,y = 2000 ppm
< 6
£
L
=5
)
Z4
Q
=
k]
g 3
~
2
——0=5%  —a-0=2%
1 —#—-9=4% - 0=1%
——0=3% ——0=0%
I -
6 7 8 9 10 11 12 13 14 15 16 17 18
Time (hr).

Fig. 6. Variations in system productivity as a function of nano-particle volume fraction dur-
ing day hours.

water vapor on the condenser tubes surface will decreases and then
lead to lower productivity. The results showed that, the water produc-
tion of system increases with the decreasing of the cooling water inlet
temperature and/or increasing of mass flow rate of cooling water. More-
over, the impact of decreasing of cooling water inlet temperature is
more effect on system productivity than increasing of cooling water
mass flow rate. The increasing in productivity about 66% for 20 °C
cooling water inlet temperature.

7.6. Nu and Pr numbers

Variations in top brine temperature (TBT) as function of Nu and Pr
with different nano-particle volume fraction at 12:00 AM. are presented
in Fig. 10. It shows that the increasing of the TBT gradually, the Nu and Pr
numbers will increase because of the increasing in the working fluid
thermal conductivity.
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Fig. 7. Variations in system productivity as a function of feed water mass flow rate with dif-
ferent nano-particle volume fraction.
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Fig. 8. System productivity variations as a function of solar collector working fluid mass
flow rate with different nano-particle volume fraction.

7.7. Solar collector efficiency

Variations of solar collector efficiency (),,c) variations as a function
of solar collector working fluid mass flow rate with different nano-
particle volume fraction at 12:00 AM.

are presented in Fig. 11. It shows that the increasing of working fluid
mass flow rate and nano-particle volume fraction; the solar collector ef-
ficiency (nw.) will increase.

7.8. Gain output ratio (GOR)

The efficiency of the cycle itself is measured by the gained output
ratio (GOR) defined in Eq. (27). The variation in GOR as a function of

87
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Fig. 9. Variations in system productivity as a function of cooling water mass flow rate and
inlet temperature.
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Fig. 10. Variations in top brine temperature (TBT) as function of Nu and Pr with different nano-particle volume fraction at 12:00 AM.

nano-particle volume fraction is illustrated on Fig. 12. The GOR trend
of SSF unit with nano-particle volume fraction trend is non-linear;
the increasing in nano-particle volume fraction causes increasing
in system GOR. Gain output ratio reaches about 1.058 at ¢ equal 5%
1.045.

7.9. Effect of water solar heaters collecting areas on water cost and system
productivity

The effects of water solar heaters collecting area on the cost of the
water and system productivity are shown through Fig. 13. It is shown
that the increase of the water solar heater collecting area causes an in-
crease in the fresh water productivity. This increase in fresh water pro-
ductivity appreciably decreases the fresh water production cost. That
reduction in cost is due to; the increase in the amount of heat absorbed
by salt water, hence the increase in fresh water productivity which has a
significant influence on water cost calculation. From another point of

70
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Water solar heater working fluid mass flow rate, X10°1, 1, . (kg/s)

Fig. 11. Solar collector efficiency (1) variations as a function of solar collector working
fluid mass flow rate with different nano-particle volume fraction at 12:00 AM.

view, the increase of the water solar heater collecting area requires in-
creases in the fixed capital cost. These two opposite factors effects on
the fresh water productivity cost should be optimized. The current re-
sults indicated that; the increase in the collecting area of the solar
water heater could decrease the fresh water cost by 63.3% with an in-
crease in the fixed capital cost by 87%. Also, the optimum solar water
heater collecting area gives high productivity and low cost equal about
3.54 m?.

The investment cost of the entire unit, determined by summing the
investment cost of each unit components, is 1417 USS$. The results show
that the system gives fresh water with cost 16.43 US$ at 7.075 m? solar
air water heater collecting area which accepted compared with other
technologies [8,16,17]. The pumping power was supplied using an ex-
ternal electrical power supply which had a high running cost and cannot
be formed into a desirable size easily. In order to overcome these draw-
backs, the pumps power can be reduced by coupling to stand-alone PV
system and storage batteries and using passive vacuum tower instead of
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Fig. 12. Variations in gain output ratio (GOR) as function of nano-particle volume fraction.
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Fig. 13. Variations in system productivity and water cost as a function of collecting area of solar water heater.

external electrical power and vacuum pump respectively. The using of
PV panels and passive vacuum tower will be increasing the capital
cost by at most 10200 US$. This will eliminate the energy cost and in-
crease the water cost by at most 31.13 US$/m? according to 2012 prices

in Egypt.

7.10. Effect of nano-particle volume fraction on water cost and system
productivity

The effects of nano-particle volume fraction on the cost of the water
and system productivity are shown through Fig. 14. According to the re-
sults explanation in Section (7.4), it is shown that the water cost is affect
by system productivity and nano-particle volume fraction. The water
cost reaches 11.68 $/m’ at © = 5%.

8. Model results validation

The main components of the program are validated separately with
other published works. The present results are generally in agreement
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Fig. 14. Variations in system productivity and water cost as a function of nano-particle vol-
ume fraction.

with the trend of Matuska et al. [18] and Nafey et al. [1] for solar collec-
tor and SSF unit respectively. In addition, experimental replication of
the proposed system is currently underway to validate model assump-
tions and predictions.

9. Conclusion

A numerical investigation was carried out with the objective of
studying a single stage flashing evaporation unit. An estimation of the
desalted water production and cost is done.

The possible factors and parameters those have an effect on the sys-
tem production and cost are studied.

Five main parameters that have influence on the system produc-
tivity are the feed water mass flow rate, nano-particles volume
fraction, cooling water inlet temperature, feed water salinity,
and cooling water mass flow rate. The main conclusions are
summarized:

1. The flashing desalination technology with similar construction de-
sign considerations of commercial multi-stage flashing (MSF) can
be applicable for small scale needs with daily fresh water productiv-
ity up to 7.7 I/m?/day.

2. The volume fractions of nano-particle in solar collector working fluid
have a significant impact on increasing the fresh water production
and decreasing cost.

3. The system production can be increased by increasing cooling water
flow rate and decreasing its temperature.

4. The estimated cost of the potable water produced is about 11.68 US
$/m?>.

5. The SSF system gain output ration GOR was 1.058.

6. The collecting area of solar water heater has significant effect on the
reduction of the fresh water production cost.

7. The fresh water production cost decreases with the increase in the
solar water heater collecting area.

8. The optimum solar water heater collecting area gives high productiv-
ity and low cost equal about 3.54 m?.

9. The increase in collecting area of the solar water heater effect could
reduce the water production costs by 63.3% with an increase in the
fixed capital cost by 87%.
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Nomenclatures

Latin Symbols

A area, m?

q energy gain, W/m?

G specific heat, J/kgK

X water salinity, ppm

g gravitational constant, m?/s

e absorber plate to cover spacing and absorber plate to back

plate spacing, m

D Diffusivity coefficient, m?/s

h heat transfer coefficient, W/m?K

Re Reynolds number = pT“d, dimensionless

I solar radiation rate, W/m?

d diameter, m

H height, m

L length, m

w width, m

K thermal conductivity, W/mK

Fr collector heat removal factor, dimensionless
S actual absorbing radiation solar energy, W/m?
Pr Prandtl number = %, dimensionless

U heat loss coefficient, W/m°K
m Mass flow rate, kg/s

Ra Rayleigh number = CIL(”, dimensionless

u velocity, m/s

p pressure, N/m?

T Temperature, K or °C

F Collector efficiency factor, dimensionless

F fin efficiency, dimensionless

Greek Symbols

o solar absorptance of collector plate, dimensionless
o thermal diffusivity, m?/s

B collector tilt angle, degree

B volumetric coefficient of expansion, K

v kinetic viscosity, m?/s

g emittance factor

u dynamic viscosity, kg/m.s

o density, kg/m>

o Stefan-Boltzmann constant = 5.67 x 10" W/m?K?.
T solar transmittance of glazing

o thickness, m

10 volume fraction of Cu, m* (Cu)/m?> (distillated water).
Subscripts

1 object 1

2 object 2

w water

h hydraulic

bu backup

rb rejected brine

wc water solar collector

convection
t top
am ambient
out

r radiation

in in

p heat-absorbing plate

b local base

b bottom

bi back insulation
e edge

u useful

row row

m mean

L overall

v vapor

cf condensate film
gc glass cover
bo bond

hot hot

cold cold

loss loss

sw sea water

iw inside wall

cf condensate film
cw cooling water
sr surface

wn wind

T total

dis distillate

fin fin

ap Aperture

fu flashing unit
bp brine pool
conv conventional
Im log mean

eq equilibrium
nf nanofluid

bf base fluid

np nanoparticle
Appendix

Convective heat transfer coefficient through a water flowing inside
the tubes.

In the laminar regime, the recommended correlation for predicating
the average film coefficient is, [19]:

K do. . i L 0.14
hm,w_wzl.S(s(&) (Red,Pr f“”e~'"=f"> (u o ) forRe, <2300.

tube,in,co Ltube.co w,tube,in,co

2/3
14+ drube‘in.co /
Ltube‘cu

tube.in,co

K, /
hcw,iw,co =0.116 < weo ) (Re;i _125> F'I‘]/3

0.14
<ﬂ> for2300<Re, <10°

M. tube.in,co
0.023K,, .,Pr"Re%® 4
hewiweo = d—l forRe;>10", 0.7<Pr<100, and L, /d;>60.
tube,in,co
Where

n—= { 0‘47 T[ube,in>Tbu1k(C001i'ng)
03, T[ube,in<Tbulk(heaang)

Liquid condensed film heat transfer coefficient.
This coefficient is given by the Nusselt correlation [20]:

3 . 1025
Kw,copw.co (pw‘co —Pyeo ) g)\fg.co

hef o = 0.729
Hy o dtube,o,co (Ts,co - T[ubep,co)
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‘ N, Ps.tube.co
Heat transfer coefficients of water heater.
The convection heat transfer coefficient due to wind is recommended
by [21]

forO<u

hyn =5.7+3.8u,, <7m/s.

wn—
The radiation heat transfer coefficient
o(T,+T,)(T1+T3)
A
31 +A; 51

tures, The convection heat transfer coefficients for the fluid moving
on the absorbing plate and on the bottom plate are recommended

by[22]asth.p_;=hep_f = < )XO 0158Re 8 where (Rey, )is defined

hy 1= Where (T;, T5, &1, €, A, A) are the tempera-

as follows, Rey, =" “Zf i

= rin which @iy (m/s) is the mean velocity of fluid

in the channel.
The hydraulic diameter (d,) is defined as follows:

4We

2Wp

4 x flowcross sectionalarea

d =
h= wattedperimeter

=2e

The convection heat transfer coefficient between the glass cover
and the absorbing plate is calculated by [23]:

K Nu,
cp—g2 = e

h

Where

1708]sin(1.83))"®
Ra, x cos(f3)

1708 1+
Nug, =1+ 1.446{1—m] {1—

o B 7y

Where the plus sign in the superscript means that only positive values
of the terms in the square brackets are to be used (i.e., use zero if the
term is negative). This correlation is valid for tilt collector angle
0<pB<75.

Pr, v
Ra, = g[ﬁv (T —T, )E Pr,=—%and o, =

For ideal gas, 3' = 1/T (K'")

The top loss coefficient from the collector absorber plate to the ambi-
ent is given by the following empirical equation, [11]:

-1
N 1
_ & o
U= { T + hwn}
T, | Ngt+f

O(Tym+Tam) (Tom + Tom)
(<) + 0.0059N )+ e d ;:C O5% _p,

+

Where

C= 520(1 —0.000051[52) for 0°<B<70°; for 70°<B<90°, use 3 = 70°
f= (1 +0.089h,,,—0.1 166hwn£1;> (1 + 0.07866Ngc) and
e =043 (1 - ;OO> Ty m(K),

pm

The range of conditions over which above equation has been develop,
is follows, [24]:

320<T,,,<420K
320<T,,<420K
320<T <420 K
260<Tam£310 K
0.1§sps0.95
0<u,,<10m/s
0<B<90K

1<N, <3

The bottom energy loss coefficient (U,,) is given by:

Ub:ﬁ_bi

The edge loss coefficient-area product is (UA). then the edge loss co-
efficient, based on the collector area (A,,.) [11] is:

(UA),
A

_ K eAe
we ﬁeAejf

U, =

The overall heat loss coefficient is a complicated function of the col-
lector construction and its operating conditions, given by the follow-
ing expression:

ULwc = Ut + Ub + Ue

Boiling Point Elevation
The correlation for the boiling point elevation of seawater is [12].

BPE = (a\]x1 +a)x + a3x3> x 10

a; =8325x 107 + 1.883 x 10T, + 4.02 x 10°T;.
a, =-7.625x 10% +9.02 x 10°T,-5.2 x 107 Ty

a3 = 1522 x 10%-3 x 10°T,-3 x 10°T}

Where Ty, is the brine temperature in °C and x is the salt concentra-
tion. The above equation is valid over the following ranges:
10000 < x < 20000 ppm, 10 < T < 110 °C.

Non-Equilibrium Allowance

The correlations for the non-equilibrium allowance (NEA) for the
MSF system is developed through the following equation give
value for NEA [°C] as a function of the chamber length, brine pool
height, the water film velocity, and water film temperature drop
(3]

NEA — erf| (Hoe [ PCosn \"
2 Vo -qu/uwf

Where
a] — 543 x ,10 ng778 pg 558 (12 _ 0565AT?H]8],
m
a, = 0.565AT%"®" andu,,, — — %
2 su W pwaqubp

Superheat (ATs,) represents the theoretically maximum tempera-
ture drop of water film in a given flash system and therefore is
viewed as the driving force for flash phenomena

ATgy = Tgy—TeqOrATgy = Top—TeqandTey = T (peg ).
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*Heat transfer coefficient of the nano-fluid
The heat transfer coefficient of the nano-fluids is calculated from
the following equations, [25].

hnfdi [(anunf
Nunf = an and hnf = d—l
For laminar flow

0.754

Nutyy = 0.4328(1.0 + 11.285¢°7'Pe '™ ) Rey*Pry!

For turbulent flow

Nty = 0.0059 (1 0 + 7.6286¢" %86 pel 20! ) e

The sample nano-fluid used to predict the above correlations was
de-ionized water with a dispersion of Cu particles with below
100 nm diameter.

u,d u,.d; v
Pey = g,np, Renf:%,and Prnf:—’,’f

nf nf nf

To calculate this parameter, the thermal diffusivity of the nano-fluid
an o,/ is defined as

L Ky
Qpp = ———

" PuCoas

*Properties of Nanofluid
The following equations are used for calculating the thermophysical
properties of nano-fluid [26].

Density
The nano fluid density is the average of the nano-particles and base
fluid densities as follow.

Prp = (1=0)Pps + ©Ppp

In above equation the nano-particles and base fluid densities are in
kg/m?>,

Specific heat
Cp,nf = (] _(p)cp.bf + (Pcp,np

In above equation the nano-particles and base fluid specific heats are
in J/kg.K.

Dynamic viscosity

Loy = Moy (533‘9@2 1+39.11¢ + 1)

In above equation the nano-particles and base fluid viscosities are in
kg/m.s.

Kinematics viscosity

“nf
Unf = p—nf

Thermal conductivity

According to the Maxwell model for thermal conductivity for solid-
liquid mixtures, the nano fluid thermal conductivity, (Ky¢), is given
by, [27]:

Kup + 2Ky + 200 (Kypp—Kiy )
Kup + 2Ky = (Kop =Koy )

Kop = Ky

In above equation the all thermal conductivities are in W/m.K.
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