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Abstract— A Mathematical model was developed to determine
the efficiency of producing fresh water on a small scale when
changing some parameters of an inclined solar water desalination
unit. The object was to investigate the effect of changing various
parameters such as the flow rate, irradiance and average
temperature suitable for weather conditions in the Western Cape,
Cape Town. The optimal water flow rate of 100 ml/min over a 1
m?2 flat plate absorber was found suitable to achieve the maximum
evaporation. The Solar irradiance was limited between 500 and
1000 W/m2. The ambient temperature was set at 28°C, the wind
factor was ignored at this stage. The steady state of the system was
reached after an hour and the determination of fresh water
production during 8 hours of daylight was found to be between 3.5
and 7.7 l/day respectively. The results found were in good
agreement with experimental results in similar environment as
Cape Town.

Index Terms—Solar Energy, Desalination, Mathematical

Modelling, Inclined Solar Water Desalination.

1 INTRODUCTION

There is a growing demand for potable water in all
countries [1]. Fresh water resources are limited. The world’s
water resources consists 97.25% of seawater and 2.05 % of
water resources unusable in ice caps and glaciers. The salt
ground water and inland salt seas reduce the available fresh
water even further. Less than 0.7 % of Earth’s water is
available as potable water [2]. The fresh water usage in
South Africa is 29% Domestic, 6% Industrial and 59%
Agricultural [3].

The South African Department of water and Sanitation
set the minimum quantity of fresh water at 25 litres per
person per day and the maximum cartage distance at 200
metres; 11% of the country lacks access to this minimum
standard [4].

Desalination is the most widely used process to purify
water in many countries. The conventional desalination
processes Reverse Osmosis and Multi-Stage flash has high
energy requirements that are usually supplied with non-
renewable energy sources such as burning of fossil fuels [5].
These methods of desalination have high initial installation
costs with high maintenance costs. The growing energy and
water demand along with depletion of non-renewable
resources shifted focus towards renewable energy solutions.
Desalination using solar still requires minimal initial
investment cost and would be sustainable process to convert
salty water into fresh water [6], [7]. South Africa has a high
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level of solar radiation [8], [9]. Most areas in South Africa
receive an average of 4.5 to 6.5 kWh/m? solar radiation on
average per day [10], which could be used for solar
desalination. A compact transportable solar desalination unit
would be beneficial to remote areas where water piping
network are limited.

An experimental study on an Inclined Solar Water
Desalination System (ISWD) system with different absorber
mediums showed that using a black wick material increased
the overall production of fresh water compared to a black
absorber plate. The water purity was also affected using
different absorber mediums [11], [12]. A Mathematical
model for an ISWD unit was developed which could predict
the fresh water output under the climatic conditions of
Cyprus. The model focuses on adjusting of the solar
irradiance and feed rate of brackish water for the system
[13].

Jones J investigated the effect of wind and cover
material on the fresh water yield of a passive solar still. The
research indicated that using a glass cover proved more
effective than using plexiglass or plastic wrap [14], [15].

The aim of this paper was to develop and simulate a
Mathematical Model of an ISWD System that could predict
the output of fresh water in the Western Cape, Cape Town
area. The effect of mass flow rate and temperature on the
output of the system along with the heat transfer is
explained.

2 DESCRIPTION OF SYSTEM

The Inclined Solar Water Desalination System (ISWD)
shown in Fig. 1 is simulated to have the following
parameters:

The insulated box is inclined at 30°, box consists of an
absorber plate (mild steel) painted matte black for maximum
solar absorptivity, the cover is made of glass with a high
Transmissivity, the box creates a sealed cavity where the
height, width and length are 0.2m, 1m, and 1m. The System
is insulated on all sides except the glass cover to reduce the
thermal energy losses in the system. The feed water is
supplied to the distribution pipe using gravity at an
adjustable rate. The water distribution pipe has @ Imm
holes along the pipe spaced 10mm apart to spray the water
uniformly across the absorber plate. The water would form a
thin layer (around 3mm) across the plate. The system is
angled at 30° to allow the water to flow down the absorber
plate and the solar rays would be 90° to the absorber plate at
peak solar irradiance during daytime. Solar energy heats the
system and some of the brackish water on the absorber plate
gets evaporated. The heated evaporated water touches the
relatively cool glass cover and condenses to droplets; then
flows down the inclined glass cover into the fresh water
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collector pipe exiting the cavity. The remaining brackish

flows down the absorber plate into a separate waste tank.
Feed Water

Energy balances are performed at critical components in the
ISWD system such as the absorber plate, water flowing on

the absorber plate and the glass cover. Eq. (1) shows the
energy balance equation for the absorber plate. Fig. 3 shows
the thermal processes that are acting on the absorber plate.
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M, Is the mass of the absorber plate, Cyis the specific heat
capacity of the absorber plate, T,, and is the temperature of
the absorber plate. The total solar radiation is represented
by I, t is the Transmissivity of the glass and ais the
- absorptivity of the absorber plate. @, ,_,represents the
radiation heat transfer from the absorber plate to the glass
cover and Q. is the convection heat transfer from the

absorber plate to the water.
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Fig. 1. Schematic of an Inclined Solar Water Desalination System
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Qc,p—w = hc,p—w (Tp -T,) (3)

Qr,p—w = hr,p—g (Tp -Tw) 4
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hy »—g Is the Radiation heat transfer coefficient between the

absorber plate and the glass cover and h;,_, is the
convection heat transfer coefficient between the absorber
plate and the water flowing over the plate.

Condensate
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Ry = €,0(T, + T)(T,* — Ty%) 5)

o Is the Stefan-Boltzmann constant ¢=5.670367x10™
W/m?K* and €, is the Emissivity of the absorber plate.
Eq. (2)-(5) is substituted into the energy balance equation
for the absorber plate.
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Fig. 2. Drawing of an Inclined Solar Water Desalination System
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Fig. 3. Energy balance at the absorber plate.
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3 MATHEMATICAL MODELLING OF THE SYSTEM

A simulation model is developed to predict the thermal and
mass flow performance of the ISWD system using the

following assumptions: Fig. 4 shows the heat balance equation at the water flowing

in the system. The water flowing over the system is
modelled as a single unit. The average temperature of the
water flowing over the plate is calculated in Eq. (7).

i. The sun rays are aligned to the normal of the ISWD
system.

il. The system is insulated on all sides of the inclined
box except the glass cover; it is assumed the energy
loss from system to the outside walls is zero.

daT, . . 1
AE = pwcwb Wt'ex = Cw(minTw,in'mexTw,ex)z +

ii. The effect of wind speed on the convection heat ¢ Q -Q )
transfer between the glass and the outside air is epmw evap
negligible. : :
v Thge gwater is distributed uniformly across the Pw Represents the density of water, C,, the specific heat
: absorber plate capacity of water, m;, the mass flow of water entering the
V. All the condeﬁsate is collected from the cavity into system, Mgy is Mass flow of water exiting the system and b

is the film thickness of the water. L is the length of the

the collector pipe. cavity.
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Fig. 4. Diagram for Energy balance at the water flowing over the
absorber plate.
Eq. (8) is used to calculate the exit mass flow rate of the
water.

mex = rhin - mevapL (8)
Evaporation mass flow rate per m” is calculated in Eq. (9).

. Q
Meyqp = ;:ap ©)
g

hsy Represents the Latent heat of evaporation. The energy
equation for the glass cover:

dr,
BE = MyCy gt = Qrp-g + Qena = Cr-a

- Qc,g—a

(10)

The M, and Cgare the mass and the specific heat of the glass
cover. Q;, 5_q Represents the radiation heat flux between the
glass cover and the ambient air. Q. 4_, Is the convention
heat flux between the glass cover and the ambient air.
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Fig. 5. Diagram for the energy balance at the glass cover.

Qr,g—a = h‘r,g—a (Tg —T,) (an

Qcg-a = hc,g—a (Tg —Ta)

(12)
Where h,. ,_, is the Radiation Heat transfer coefficient from
glass to air and h;4_, is the Convection Heat transfer
coefficient from glass to air.

m _ Qcond
cond — h
fg

(13)

Where m_,,4 is the mass flow rate of water condensation.
Qcona Represents the condensation heat flux and hy is the
latent heat of vaporization. The vapour mass balance
equation:

dMm,

= (14)

= (mevap - ri‘1cond)LVV

Where M, is the vapour mass within the cavity and W is the
width of the cavity. The partial pressure of air and vapour
can be calculated should the temperature of the vapour and
air is known along with the mass of the air and vapour.

MqR,T, MyR,T,
a= T v = T

= P, +P, (15)

P, Is the pressure of the air inside the cavity, P, is the
pressure of the air-vapour mixture inside the cavity T,is the
temperature of the air-vapour mixture inside the cavity and
P is the total pressure inside the cavity. The saturation
pressure is determined by using the equation of:

Psqi= P(Tp) (15)

The Arden Buck empirical correlation [16] is used to
calculate the saturation pressure for moist air using the
temperature of the vapour air mixture.

Py = 0.61121 exp((18.678 - L) (16)

234.5
)) x 1000

( T
257.14+4T

For liquid water, T>0 °C

Where Pg,; is the saturation pressure of steam. The relative
humidity and specific humidity can be calculated from:

M P
w = v HRz—v
Psar

(a7

Where w is the absolute humidity and Hyis the relative
humidity. The energy lost by evaporation is determined by
using the Ryan Correlation [17]. The correlation is based on
investigations on open bodies of water such as lakes and
ponds. The original correlation is made for wind velocities,
which is adapted to exclude wind to give the Eq. (18).

1
Qevap = 0.027(T, — T\y)3Psq: (1 — Hg) (17)

Eq.(3) and (17) is substituted into the energy balance
equation for water:

dTywex _ . . 1
prwb at w(minTw,in'mexTw,ex)z +

1
hc,p—w (Tp - Tw) - 0-027(Tv - Tw)3Psat(1 - HR)

(18)

Evaporation heat flux between the air-vapour mixture is
calculated using the Ryan correlation shown as:

Qcona = 85.0(T, — Tg)HR (19)
Substituting Eq.(4) and Eq.(19) into the energy balance

equation of the glass cover:

dr,
= hyp_g(T,—T,) + 85.0(T, — T,)Hpg

dt
- hr,g—a (Tg —Ta) - hc,g—a (Tg
—Ta)

MyCy
(20)

4 RESULTS WITH DISCUSSION

The heat and mass transfer equations were simulated in
Matlab. The equations are solved in iterations per second.
The system is modelled per m” to allow for scaling of the
system. The parameters used are listed in Table I. The
system uses Empirical relationships to determine properties
that change with system temperatures as the system
functions. The temperature difference between the moist air
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and water flowing over the absorber plate was determined to

be 2°C by [11]. 0.00016
=+~—Mcond
Table I: System Parameters S
Symbol Value  Unit Description 7 000012 | T —
M, 7.95 kg/m?2 Mass of absorber plate ¥ —
Cp 490 Jikg.K Specific heat of absorber of %
absorber plate ‘; 0.00008
& 0.08 - Emissivity of absorber plate L
0.00006 -+
a 0.96 - Absorptivity of absorber plate ﬁ
M, 76 kg Mass of glass cover 2 0.00004
& 0.89 - Emissivity of glass 0.00002
T 0.89 - Transmissivity of glass 5
bg 2600 kg/m® Density of glass 1 501 1001 1501 2001 2501 3001 3501
Pw 998 kg/m3 Density of water Time (sec)
Cw 4184 JkgK Specific heat of water Fig. 7. Mass flow of evaporation and condensation in the system
heg 2400  Jkg Latent heat of evaporation versus time.
X
10° The surge in the first 50 seconds in mass flow rate of

Ma 0.24 kg/m? Mass of air inside cavity evaporation from Fig. 7 is attributed to the cavity having

2 i s .
hep-w 40 Wimz.K- Convective heat transfer zero humidity at the initial stage. The mass flow rate of
\(’:Vc;if:ment between plate and evaporation and condensation splits in the first 50 seconds
. hen 1 h m approaches th .
hega 40 Wim2K  Convective heat transfer then equals out as the system approaches the steady state
coefficient between glass and air
0.45
0.4
70
o 035
T
60 ‘; 03
4 - 2
& S0 £ 025 !
-E-— --Tw = - - e - cia = -=-HR
2 a0 T 02 ! |
B e s 0.15
& o1
20
1 501 1001 1501 2001 2501 3001 3501 0.05
Time (sec) o
Flg 6. The effect of Changing the mass flow rate and solar 1 501 1001 1501 2001 2501 3001 3501
irradiance on the temperatures of the absorber plate, the flowing Time (sec)

water and the glass cover. . . L . L .
Fig. 8. Relative humidity of air vapour mix inside the cavity

. . . compared to time.
To determine the effect of solar intensity and mass flow rate P

on the System, some parameters where kept constant. The
system is simulated using 500W/m? irradiance, ambient air
temperature of 25°C and a mass flow rate of 100ml/min

Table II: The effect of mass flow rate and solar irradiance on
the output of an ISWD System
50ml/min 100ml/imin ~ 150ml/min

(5.99kg/h). The simulation is run for one hour with an (2.9%kg/h)  (5.99kglh)  (8.98 kg/h)
iteration being done every second. The initial temperature of S| M cona M ona M ona
all the system components is taken as 25°C and the ambient (W/m2) (kg/h) (kg/h) (kg/h)
air temperature is constant at 25°C. The system reaches a 250 0.2619 0.2301 0.2077

steady state after one hour of operation. Fig. 6 shows the

temperature change of the absorber plate (T,), flowing 500 0.5323 0.4425 0.38

water (T,,) and the glass cover (T;) from a simulating the 750 0.8391 0.6899 0.5819

system for 1 hour. 1000 1.164 0.9607 0.8082
1250 1.5003 1.2472 1.0524

The mass flow rate and the solar irradiance on the
system are altered to investigate the effect on fresh water
production and the results are indicated in Table II for the
simulation run in Fig. 6. To calculate the fresh water
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production per hour the mass flow rate of condensation at
the steady state is used over a period of one hour. The
system would produce less than the indicated amount for the
first hour while it heats to the steady state. Table II shows
that the system produces more fresh water when the mass
flow rate of feed water is decreased. Increasing the solar
irradiance increases the output of fresh water.
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Fig. 9. Solar Irradiation and Temperature conditions in Cape Town
for the average day in January 2018.
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Fig. 10. Simulated temperatures for the time variable air

temperatures and solar irradiance.

The model was developed to be able to simulate the
production of fresh water from actual weather conditions
where the solar irradiation and air temperature could be
entered to the model in the form of a Polynomial Equation.

The solar irradiance and air temperature for an average
day in Western Cape, Cape Town from January 2018 [18] is
shown in Fig. 9. The solar irradiance and air temperatures
are used by the simulation along with system parameters to
predict the temperature changes of various components of
the ISWD system as shown in Fig. 10.

5 CONCLUSION

The effect of mass flow rate of the feed water and
temperature on the output of the system along with the heat
transfer model is shown with results and explained. The
system could produce between 3.54L and 7.69L of fresh
water with 8 hours of solar irradiance of 500W/m’ to
1000W/m’ on average summer day in the Cape Town area.

Possible future work could include the testing of a
prototype ISWD unit in the area. Solar tracking, heat loss to
outside walls and wind effects on the system which have
been excluded in this model could be implemented into the
model to increase the accuracy of results from simulating
the system.
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