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Solar desalination system is one of the technologies which converts hard water to soft
water which even is useful for drinking purpose. This paper reports the mathematical
modelling of hard water desalination using hybrid (ETC + CPC) solar desalination
system. This model considers various parameters such as intensity of solar radiation,
atmospheric temperature, wind speed, material for compound parabolic concentrator,
flow rate, concentration ratio and gives idea for system performance in terms of soft
water production. Experiments were conducted at Pune City which is located in western
region of India and accordingly environmental parameter are considered accordingly.
It is observed that average percentage error values calculated using this proposed model
to quantity soft water in comparison with actual experimental results are in the range of
3% to 5%. Hence, it is concluded that numerically calculated quantity of soft water per
bottle has good agreement with analytical calculation with developed thermal model. It

is evident that developed model predicts the behaviour of the actual system.

1. INTRODUCTION

Now a days evacuated tube solar collector and compound
parabolic concentrator are widely used for heating of fluids
with the help of Solar Energy. Evacuated glass tube is made
up of borosilicate glass with outer surface of inner tube coated
with selective coating (Al-Ni) for the maximum amount of
solar energy absorption and heat loss minimum. Through the
solar rays enters to outer evacuated glass tube, heat is
generated inside the inner tube with help of selective black
coating (Al-Ni). Compound parabolic concentrator made up of
aluminium sheet to increase the overall heating performance
of solar desalination system. Earlier researcher had developed
different mathematical model based on mass and energy
conservation. This paper reports as an attempt to developed
hybrid mathematical model for desalination system.

Mathematical model of solar desalination system
investigated by Many researchers. Sapre et al. [1] worked on
design and manufacturing of absorber for solar desalination
system. Kumar et al. [2] studies on thermal performance one
end evacuated tube for producing hot air. An experimental
model was prepared for generation of hot air. Al-Tabbakh et
al. [3] reported that experimental analysis of evacuated tube
solar water collector with surpentive flow through pipe. Their
study shows that to find out applicability to produce high
temperature water or steam whereas Hunashikatti et al. [4]
develops desalination unit using solar still coupled with
evacuated tubes for domestic application.The chemical
analysis of water samples were done as per IS 10500:2012
(Drinking water specification). Dhamsa-ard et al. [5] they
found that monthly average energy of the compound parabolic
concentrator produced through out the year is equal to 286.16
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kWh or equal to 3433.87 kwh/year whereas Yadav and Bajpai
[6] experimentally investigated thermal performance of one
end evacuated tube solar air collector at different flow rates.
Mayur patel and krunal patel [7] mainly studies critical review
of evacuated tube collector whereas Dabra et al. [8] were
experimentally investigated effect of tilt angle on the
performance of evacuated tube solar air collector. Tilt angle
indicated that no positive effect on the thermosyphon
phenomenon inside the evacuated tubes whereas Kedar et al.
[9] mainly studies thermal analysis of an evacuated tube
collector in solar desalination system. Author mainly focus on
single effect boiling method for ground water solar
desalination system. Reddy et al. [10] had done performance
analysis of evacuated multi stage solar water desalination
system. They argued that multi stage evacuated solar
desalination system is a viable option to meet the need of rural
and urban communities whereas Siddiqui et al. [11] studies
experimentally and theoretically performance improvement
solar desalination system by using solar air heater. Kedar et al.
[12] experimentally investigated solar desalination system
using evacuated tube collector whereas

Solar water heating using heat pipe with ETC was studied
by Sakthivel et al. [13] and analytical model was proposed.

Borah et al. [14] developed compound parabolic
concentrator to increase the solar intensity for effective
temperature, they were argued that solar radiation trapping
time at constant temperature level was increased by 1.5 hours
in comparision with to fixed compound parabolic concentrator
whereas Murali et al. [15] focused on experimental study of
thermal performance of solar aluminium cane air heater with
and without fins Further, Kedar et al. focused on design and
analysis of use of CPC for ground water desalination
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application was recommended [16, 17].Whereas Murali et al.
[15] on the basis of experimental studies optamized the design
of solar aluminium air heater with CPC for with and without
latent heat storage conditions. Murali et al. performed thermal
analysis of One Slope Solar Unit Conjoin with Parabolic
Concentrator [18, 19]. Saettone [20] had investigated solar
desalination using Parabolic Through Concentrator, this study
shows a good quality of fresh water obtained using parabolic
through concentrator.

Moh’d et al. [21] developed hybrid solar wind water
desalination system, they argued that the yield can be three to
four times more than conventional solar distillers. Their
system mainly base on single basin solar still and a wind water
heater whereas Kedar et al. developed on performance analysis
of hybrid solar desalination system using ETC and CPC [22-
24], whereas Kabeel et al. [25] were studies on review for
water desalination using humidification and dehumidification
techniques. This review would also be light on the scope
further research and recommendations on active distillation
system whereas Kalogirou [26] studies that seawater
desalination using renewable energy sources. This paper
mainly includes review of various system using renewable
energy sources for desalination.

It is observed from literature survey that, most of the studies
carried out by earlier researcher for the different analytical,
experimental and numerical investigation. Their primary focus
was to predict thermal performance of evacuated tube,
compound parabolic concentrator,parabolic trough collector,
absorber, wind turbine for solar desalination system. The
numerical studies related to solar and wind hybrid system for
desalination were reported into literature. However due to
inherent limitations of experimental measurements and
maximum availability of drinkable soft water through
(ETC+CPC) hybrid solar ground water desalination system is
not found in this literature. Along with that the study was
carried out for different climatic and environmental conditions
of Pune city which is located Weston region in Maharashtra.
The important aim of this mathematical model in hybrid
(ETCH+CPC) is that to develop an equation to quantify quantity
of soft water produced using the said hybrid solar ground
water desalination system. This mathematical model
significantly analyses the effect of different parameters on heat
transfer. Section II discuss Mathematical modeling of hybrid
solar desalination system.

The paper is organised in five sections. Section one has
presented relevance and review. Section two discuss
mathematical modelling of hybrid solar desalination system.
Section three discuss numerical solution with MATLAB
program. Section four discuss results and discussions and
conclusions are reported in section number five.

2. MATHEMATICAL MODELING OF HYBRID
SOLAR DESALINATION SYSTEM

Thermal model is developed for solar desalination system
under atmospheric conditions of Pune city. For solar
desalination system hard water is used working fluid which is
easily available in to the nature. In case of hard water hardness
in the rage of 270 to 400 mg/litre. Through the entire
developed system all possible parameters will be control with
specified limits as per IS standard 10500:2012 drinking water
specification. The developed mathematical model depends
upon on the energy conservation. In particular mathematical

modelling serves the purpose the for collector runs
significantly. This paper reports is an attempt to develop
mathematical model which mainly consist of heat absorbed by
heat absorbed by ETC and CPC, total exposed area of collector,
heat loss to surrounding by solar collector and net heat gain by
solar collector.

Following assumptions are made for Mathematical model
for hybrid energy system

1) Evacuated tube collector and compound parabolic
concentrator is undergoing to steady state.

2) Solar diffused radiation on the actual system is neglected.

3) Heat flow through back insulation is less.

4) Heat flow through ETC glass tube and CPC will be one
dimensional.

5) There is no shading on ETC and CPC.

6) There is no heat loss for the entire system.

Based on these assumptions mathematical model developed
in hybrid solar desalination system.

The flow of evacuated tube collector is completely closed
in addition to that copper tubes inserted inside the tubes. The
main purpose of the copper tubes, copper has high thermal
conductivity 380 w/mK, with latent heat of evaporation 4796
J/g and latent heat of fusion 205 J/g and maximum heat storing
capacity. On one side hard water comes into the tubes and
another side steam passing through to the condenser. Their use
as a first wall material has been proposed in designs where
high thermal loads are expected on the first wall or where a
shell of high electrical-conductivity material is required.
Copper alloys have also been considered for the electrically-
conducting material. The following equations are considered
for mathematical modelling in evacuated tube collector and
compound parabolic concentrator. Figure 1 shows thermal
model of evacuated tube collector with Cu tubes whereas
Figure 2 shows a CAD model of compound parabolic
concentrator.

The quantity of heat absorbed by Evacuated tube collector

Qabs = Ac X IG X nopt(J/sec) (1)
Total area exposed to collector
Ac=TIXD XL XN 2)
Heat loss to surrounding by solar collector
Qloss = QCond + QConv + Qref (J/sec.) 3)
Net Heat gain by collector
Qu = Qabs — Qloss(J/sec) @)
Hybrid mathematical modelling equations
Heat absorbed by ETC and CPC = (Qabs + Qu)
=(Ac X Ig X nopt) + (Ac * Fr(S — UL(Ti — Ta))) &)
=Ac(lg X nopt) + (Fr(S — UL(Ti — Ta)))
Total area exposed to collector ETC and CPC
=IIX D XL X N(m2) ©)

Heat loss due to surrounding solar collector
= (Qloss) = (Qcond + Qconv + Qref)
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Figure 1. Thermal model of evacuated tube collector with Cu
Tubes

1 N Y
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A: Absorber area, B: Concentration line of CPC, C:
Compound parabola, D: Compound parabolic concentrator

Figure 2. Compound parabolic concentrator model

Neat heat gain by the collector = Q, = Heat absorbed by
collector — Heat loss by collector.

Considered the flow in evacuated tube collector and
compound parabolic concentrator is completely.

Enclosed, energy balance equation can be applied to
determine the variation in mean temperature of working fluid.
Hence heat gain by the working fluid equation,

Heat gain by the working fluid= cf (L + 52: f)

StTf @)
+CR(6/6xTf +ud/6xTf)
The outer glass tube temperature is calculated as:
8Tg\ _ _
Cg (F) = ego(Ta4 — Tg4) )

+ega(Tr4 — Tf4) + Hcong —a(Tg — Ta)

This equation stats the change in cover temperature which
is proportional to the difference between net heat gain rate by
the receiver to the heat losses to the environment by radiation
and convection.

The convective heat transfer coefficient between the
atmosphere and the outer glass is given by the equation,
H.0n?7% = 5.678 + 3.8v.

Compound Parabolic concentrator is a radiation
concentrator of the fixed concentrator having moderate
temperature in the range of 100-300°C with solar radiation
reflector. The main purpose for using compound parabolic
concentrator to utilize solar heat and reverse back to evacuated
tube collector bottom side for maximum amount of soft water
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formation within less time. The above equations are used in
compound parabolic concentrator.

Concentration ratio depending on the medium between
reflector area and acceptance half angle to be given by
equation, CR2-dimension = (n/sinfc) total height of
Compound parabolic concentrator (H), focal length (f),
acceptance half angle (6¢c), Circumference of the absorber (a).

H = a/2((%%2) + (1/nsinbc) + ((1)/(sin6. tanbc))
Equation of the parabolic arc,

BC = (d/2)[(B + 6c+m/2)-cos(B-6c)]/(1
+ sin((f-06c))

Using the above equations, selected parameters such as
intensity of solar radiation, mass flow rate, absorber area,
density and specific heat of fluid and temperature are
considered for modelling, Using Buckingham’s &t theorem m;,
T, M3 equations are to be generated with the help of regression
analysis analysis to form the equation in the form of mass flow
rate of water for solar desalination.

Quantity of soft water will be mainly depending on intensity
of solar radiation, flow rate of water, heat transfer rate in water
to steam and steam to water.

m = 1.802 X 107° x (p X k) x (Q®¢%> x 1921 x ©)
dO.ZZ) X (y X 9)0'185/(2Aabs°'2°25)

Hence rewrite this equation in the form of Q i.e quantity of
soft water for desalination system

Q = m X (ZAabs®?°25)/{1.802 = 107° x (pk) X
(1021 x d022) x (y x §)0185}(1/0:605) (10)

In our research the main output parameter was Q i.e quantity
of soft water which is mainly depends upon intensity of solar
radiation, density of fluid, quantity of heat absorbed, absorber
area of the evacuated tube and compound parabolic
concentrator.

Finite difference method is used to solve this system.
MATLAB program is developed to solve this set of equations.
Through MATLAB programming predicting the results, at the
first iteration boundary condition like the glass temperature 7,
and ambient temperature 7 is considered as a same.

3. NUMERICAL SOLUTION WITH MATLAB
PROGRAM

MATLAB program is developed to calculate geometrical
parameters and performance characteristics of CPC which is
to be designed at any given location. The input required for
this program is geographical location parameters, ETC
geometrical specifications, solar constants required for
predicting hourly global radiation etc. The output of the
program gives the geometrical parameters of CPC and the heat
analysis of CPC. The flowchart (Figure 3) of the program
implemented in MATLAB to calculate the quantity of soft
water for desalination system.

A validated model with the help of MATLAB program it is
possible to analyse the effect of different climatic conditions
of western region of India and various performance of the
system by using thermal model under steady state condition.
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Figure 3. Flowchart of MATLAB program to calculate the
quantity of soft water for desalination system

4. RESULTS AND DISCUSSIONS

The hybrid mathematical modelling we can predict the
quantity of soft water for the desalination system. It mainly
depends upon mass flow rate of water, absorber area of
collector, collector outlet temperature etc. The following
equation helps us for calculating quantity of soft water in
desalination system.

Q = m X (ZAabs®2°25)/{1.802 = 107° x (pk) x (1> x
dO.ZZ) X (y X 9)0.185}(1/0.605)

Figure 4 shows the graph of temperature Vs time for a day
1%t May 2018.The graph shows maximum collector outlet
temperature as 82°C. Figure 5 shows soft water in liters Vs
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Figure 5. Graph of Soft water in liters Vs Time for a day
(01/05/2018)

time (entire day), it shows system could produce 1.7 liters soft
water/day.

Figure 6 shows the graph of temperature Vs time for a day
2" May 2018.This graph shows maximum collector outlet
temperature 84°C. Figure 7 shows soft water in liters Vs time
(entire day), it shows system could produce 1.8 liters soft
water/day.

Figure 8 shows that graph of temperature Vs time for a day
14" May 2018. The graph will show maximum collector outlet
temperature 83°C. Figure 9 shows soft water in liters Vs time
(entire day), it shows system could produce 1.75 liters soft
water/day.

Figure 10 shows that graph of intensity of solar radiation
Vs time. The graph will show maximum intensity of solar
radiation 930 W/m? at 13:00 hours.

Figure 11 shows the comparative analysis of analytical
prediction and experimentally collected soft water during a
period of one month. Figure 12 shows the comparative
analysis of analytical predection and exprimentally obtained
collector outlet average temperature water during a period of
one month.

Figure 13 shows that ambient temperature through a month
in Pune city. Average ambient temperature range observed 27-
30°C. Figure 14 shows intensity of solar radiation through a
month in Pune city.
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Figure 4. Graph of Temperature Vs Time for a day
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Figure 6. Graph of Temperature Vs Time for a day
(02/05/2018)

90 w/Ambient Temperature
m Collector Qutlet tempt. (Analytical)

B Collector Qutlet Tempt. (Numerical)
)

. . QQ_QDQ‘QDQ‘Q‘QQ‘QQQQQ GQG 000

Temperature
MNow & ! oo
= 5 &5 & 3

—
=




WSoft Water in liters {Analytically) W Ambient Temperature

18 80 o Collector Outlet tempt. (Analytical)
16 B Soft Water infiters (Numerically) 70 H Collector Qutlet Tempt. (Numerical)
“n
5 14 @ 60
=1
E 12 B 50
v 1 g
g 0
308 §
5 06 =30
E || “ : m |“ |“ | HI m | | |
02 10
[ — T T ] “ 0

NSO LD OO DD O PO PO PO LS PO PD PP PR PN LD DO
@Q,\'ae%e@ﬂa05@500&00093030“ 00’50:0“),@’500 Gﬁon’h@'be”)0“'5001’5,,:6@%00%0’56‘30\6’500'&0
Time Time
Figure 7. Graph of Soft water in liters Vs Time for a day (02 Figure 8. Graph of Temperature Vs Time for a day (14
/05/2018) /05/2018)
18
W Soft Water in liters (Analytically)
16
o Soft Water in liters (Numerically) _ 1000
14 5 00
e T 800
£t 3 700
£ = 600
3 S 500
§ 08 % 400
£ o6 = 300
o g 00
04 £ 100 |
- ]
02 o 0O 0O 0 0O 0 0O 0 O OO0
S5 2 e8s 283882
0----..ll||"" I = s s B
OO P D 0@0000060@00 (peao(p Time
$ S P P S H PR PSP S PSS S
g RN CE N
Time
Figure 9. Graph of Soft water in liters Vs Time for a day (14 . . . .
g P v ( Figure 10. Intensity of Solar radiation with time
/05/2018)
100 m Collector outlet avg. tempt. {Analytical)
a5 W Soft water collected Analytical 90 B Collector outlet avg. tempt.(Exprimental)
B Soft water collected Exprimental . B0
) g 70
- g 60
k=] ™
= £ 50
[a) =
=]
‘;Jﬂ = 40
| E o
& S
g 20
0.5 10
0
135 7 91113151719212325272931

=]

1 3 5 7 9 11 13 D&Eyt7 19 21 23 25 27 29 31 Days

Figure 11. Soft water collected analytically and exprimentally ~ Figure 12. Collector outlet average temperature analytically

throughtout a month and exprimentally throught a month
31 1000
30
950
=
29 §.
® 5
= " 900
S 28 =
: :
= =
@ 27 a
z %5 850
E >
= g
26 §
= 800
25
24 750
1 3 5 7 911131517192123 25272931 1357 91113151719212325272931
Days Days
. . . . Figure 14. Intensity of solar radiation throught a Month in
Figure 13. Ambient temperature throught a Month in Pune city g Y Pune city &

49



Through this mathematical model the analytical data to be
calculated for each half interval time solar radiation, ambient
temperature, collector outlet temperature and soft water in
liters. This analytical analysis shows that the outlet
temperature of water by lesser than the numerical value. As a
result, the heat which is to be absorbed by water gets reduced.
The graphs are plotted to show the time of evaporation
required for different quantities of water and the average outlet
temperature variation with respect to time. Also the graph time
Vs solar radiation shows that morning 10:00 am to afternoon
15:00 pm get the good intensity of solar radiation to get the
maximum quantity of soft water. Due to these results it is
concluded that collector outlet working temperature and soft
water collected has a good agreement with developed hybrid
mathematical model.

5. CONCLUSION

This paper reports mathematical modelling and analysis of
hybrid solar desalination system using evacuated tube
collector and compound parabolic concentrator. Mathematical
model of hybrid evacuated tube collector and compound
parabolic concentrator is developed with considering relevant
data pertaining to the Pune city which is located in western
region of India. The thermal analysis shows combined effect
of temperature in evacuated tube collector and compound
parabolic concentrator observed in the range of 140-145°C for
the environmental and climatic conditions of Pune city. In case
of this theoretical and experimental analysis by assuming flow
rate of 2-7 LPH in single ETC and CPC system gives
approximately 1.5 to 2.5 liters of soft water per day. For
solving differential equations MATLAB programming is done
and results are obtained. It is observed that average percentage
error values calculated using developed model to quantity soft
water in comparison with actual experimental results are in the
range of 3% to 5%. Hence, it is concluded that numerically
calculated quantity of soft water per bottle has good agreement
with analytical calculation using developed thermal model.
This analysis may form baseline of further research to improve
the thermal performance of evacuated tube collector with
copper tubes and compound parabolic concentrator by
reducing time.
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NOMENCLATURE

Inner diameter of Tube

Outer diameter of Tube
Internal surface between tubes
Length of the Tube

Glass thickness

Absorber area

Normal Projection factor
Normal absorption factor
Heat loss coefficient

SRS INEY

~

Fr Heat loss factor

T Temperature

Vv Wind Velocity

1 Intensity of solar radiation
Hy Global solar radiation

H, Direct solar radiation

Kt Clearness Index

Ca  Calcium

F Fluorine

Mg  Magnesium

TDS Total Dissolved Solids

QOuws Heat absorbed in kJ

Qcond  Conduction heat loss in kJ

Qconv  Convention heat loss in kJ

Ors  Reflection heat loss in kJ

Ol,ss Heat loss in kJ

Qu  Useful heat in kJ

H Total height of CPC in mm

2] Air solar heater absorber groove angle
Oc  Acceptance half angle

ETC Evacuated Tube Collector

CPC Compound Parabolic Concentrator





