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Abstract

A small unit for water desalination by solar energy and a flash evaporation process is investigated. The system is built at the Faculty of
Petroleum and Mining Engineering at Suez, Egypt. 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. In this work, the system is investigated theoretically
and experimentally at different real environmental conditions along Julian days of one year (2005). A mathematical model is developed to
calculate the productivity of the system under different operating conditions. The BIRD’s model for the calculation of solar insolation is
used to predict the solar insolation instantaneously. Also, the solar insolation is measured by a highly sensitive digital pyranometer.
Comparison between the theoretical and experimental results is performed. The average accumulative productivity of the system in
November, December and January ranged between 1.04 to 1.45 kg/day/m2. The average summer productivity ranged between 5.44 to
7 kg/day/m2 in July and August and 4.2 to 5 kg/day/m2 in June.
� 2006 Published by Elsevier Ltd.
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1. Introduction

Global resources of fresh water are scarce, unevenly dis-
tributed and, in many cases, may require some form of
treatment and handling. These limited resources have
resulted in water shortages in 88 developing countries
across the world containing 50% of the world’s population
[1]. The need for purification of saline water is increasing
due to an increase of population and the limited supply
of potable water. Using solar energy is a practical method
for obtaining small amounts of fresh water from saline
water. Solar water distillation has been a subject of great
interest for several decades [2]. The standard techniques
like multi-stage flash, multi-effect distillation, vapor com-
pression and reverse osmosis are reliable for large capacity
ranges of (100–50,000) m3/day of fresh water production.
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However, these technologies are expensive for small
amounts of fresh water. Moreover, they can not be used
in locations where there are limited maintenance facilities.
In addition, the use of conventional energy sources to drive
these technologies has a negative impact on the environ-
ment [3]. Solar desalination techniques are considered to
be clean operations for producing clean water from saline
water. Also, the techniques of solar desalination are many
and vary according to the size of the demand for fresh
water and the size of solar energy present. El-Nashar pre-
sents a small solar multi-effect distillation (MED) unit for
seawater desalination processes for remote arid areas [4].
A solar stand alone system consisting of a multi-effect stack
(MES) evaporator supplied by thermal energy from flat
plate or evacuated tube collectors with pumping power
supplied by a solar PV system was investigated [5]. Lourdes
Garcia-Rodriguez presented a preliminary design for differ-
ent solar systems of seawater distillation processes. The
solar collectors were parabolic troughs in which brine
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Nomenclature

A Area in m2, or a parameter used in Eq. (21)
A1 Condenser heat transfer area (m2)
Ac Collector heat transfer area (m2)
Ae Collector effective area (m2)
Ap Collector absorber area (m2)
B Brine, or a parameter used in Eqs. (21) and (22)
Bo Mass flow rate of the brine entering the flash

unit (kg/s)
B1 Mass flow rate of the brine exiting from the 1st

flash unit (kg/s)
BPR Boiling point elevation of saline water parame-

ter
b The thickness of the bond (m)
C Parameter used in Eqs. (21) and (22) or the col-

lector heat capacity
Cp Bond conductance
Ch Collector height (m)
CL Collector length (m)
CW Collector width (m)
cp Specific heat capacity of saline water (kJ/

kg K)
D Distillate or parameter used in Eq. (21)
DP Distillate product kg/h
D1 Distillate product from the 1st stage (kg/s)
d Collector tube outer diameter (m)
E Parameter used in Eq. (20)
F Fin efficiency
Fi,o Inlet and outlet feed water to the condenser

(kg/s)
FPC Flat plate collector
FF Flooding factor
F 0 Efficiency factor for solar collector
FR Heat removal factor
FS Feed water system (kg/s)
G Parameter by Eq. (10) (kg/s/m2)
Hv1 Latent heat of vaporization of water (kJ/kg)
hf Fluid heat transfer coefficient (W/m2 K)
ho Enthalpy stream of the inlet brine to the stage

(W/m2 K)
hb1 Enthalpy stream of the outlet brine from the

stage (kJ/kg)
hD1 Enthalpy stream of the distillate product (kJ/kg)
hFi,o Enthalpy stream of the inlet and outlet feed

water to the condenser (kJ/kg)
hw Convection heat transfer coefficient (W/m2 K)
IS Solar intensity (W/m2)
ID1 Inner diameter of the condenser tubes (m2)
kb Back insolation conductivity (W/m K)
ke Edge insolation conductivity (W/m K)
k Thermal conductivity (W/m K)
l Length (m)
lb Back insolation thickness (m)
le Edge insolation thickness (m)

mFi,o Mass flow rate of feed water in and out of the
condenser (kg/s)

NEA Non equilibrium allowance
NG No. of glass covers of the collector
NTU1 No. of transfer unit parameter for the flash

unit
ODo Outer diameter of the condenser tubes (m2)
P Pressure (kPa)
PR Unit performance ratio
Pd1 Vacuum pressure at distillate outlet port (kPa)
Q1 Thermal energy of the condenser in steady state

(W)
Qu Useful energy from the collector (W)
Qloss Energy loss from the collector (W)
Qstg Energy stored in the collector (W)
RF Stage fouling factor
St Tube spacing (m)
TBT Top brine temperature (�C)
Tamb Ambient temperature (�C)
Tbo Inlet brine stream temperature to the flash stage

(�C)
Tb1 Outlet brine stream temperature from the flash

stage (�C)
Ti,ocol Inlet and outlet brine stream temperature to the

collector (�C)
Td1 Distillate product stream temperature (�C)
�T f The fluid temperature through the collector

(�C)
TFi,o Inlet and outlet feed temperature of the con-

denser (�C)
Tg Collector glass cover temperature (�C)
Tins Collector insulation temperature (�C)
DTlm1 Logarithmic mean temperature (�C)
Tmp Mean plate temperature of the collector (�C)
Tp Plate temperature of the collector (�C)
Tv1 Vapor temperature (�C)
Ub The bottom loss coefficient (W/m2 K)
Ue The edge loss coefficient (W/m2 K)
U1 Overall heat loss of the stage (W/m2 K)
Ut Overall top loss in the collector (W/m2 K)
Ul Overall losses in the collector (W/m2 K)
Vw Wind speed (m/s)
xf The salinity of inlet feed water (ppm)
xbo,1 Salt concentration for both streams inlet hot

feed and wasted brine (ppm)
gc Collector intravenous thermal efficiency
b Collector tilt angle
r Boltzmann constant
eg Emittance of glass cover
ep Emittance of absorber plate
d Fin thickness (m)
sa Transmittance-absorptance product
/ Tube side brine velocity (m/s)
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Fig. 1. A schematic diagram of the test rig.

530 A.S. Nafey et al. / Energy Conversion and Management 48 (2007) 528–538
circulated as the thermal fluid. Steam is directly obtained
from the circulating brine. The solar collector field could
be connected to condenser/preheater heat exchangers; but
nevertheless, the system would have a low performance
ratio. Badran et al. [6] presented a flat plate solar collector
coupled with solar still unit. The experimental investigation
was made to study the effect of coupling a flat plate solar
collector on the productivity of solar stills. It has been
found that coupling of a solar collector with a still has
increased the productivity by 36%. The still area was about
1 m2 filled with brackish water supplied to it from a collec-
tor. The flat plate collector area was found to be about
1.08 m2. The system total productivity was found to give
3.51 kg/day and found to be 36% more than that when
the still was operated alone (2.24 kg/day). Also Soliman
et al. [3] examined a humidification dehumidification desa-
lination system powered by solar concentrator collector
(area = 2.5 m2) with total unit productivity equal to 8 kg/
day. Multi-stage flash desalination (MSF) is currently the
workhorse of the desalination industry with a market share
close to 60% of the total world production capacity [1].
Actually, a small range of top brine temperature beginning
from 50 �C can operate MSF processes. Solar stills, solar
ponds and solar collectors can produce these small ranges
of temperatures needed in flashing process. Kriesi [7] con-
structed a conventional 6 m3/day MSF plant with a brine
maximum temperature of 120 �C and coupled with a con-
centrating solar greenhouse collector and a hot water stor-
age tank. Also scheme for large-scale desalination of
seawater by solar energy and MSF process was manufac-
tured in Thar desert of India [8]. The scheme was designed
to produce about 5.25 · 107 m3/year of fresh water with
11.52 km2 of collector area. Ziad et al. [9] presented a single
flash unit powered by a flat plate solar collector. The max-
imum allowable top brine temperature was ranged between
50–70 �C. However, the process is still in needs for more
theoretical and experimental investigation. In the present
work (a small size flash unit) is powered with solar energy
for producing a small amount of potable water. This sys-
tem is designed and tested at the Faculty of Petroleum
and Mining Engineering at Suez-Egypt. The system is
mainly consists of a flat plate solar collector (FPC) with
total surface area about 2.39 m2, and a flash evaporation
unit. The system is operated and investigated outdoor dur-
ing winter and summer seasons. Generally, the total pro-
ductivity of the system in winter ranged between 1.04 to
1.45 kg/day/m2, and the summer productivity ranged
between 4.2 to 7 kg/day/m2. The main objective of this
study is to perform a theoretical and experimental investi-
gation of the process performance under real operating
conditions. Also the effect of different operating conditions
is investigated and presented.

2. System description and experimental work procedure

Fig. 1 shows the system components. Simply, the system
containing the solar water heater (FPC) (1) and flash
evaporation unit (2) is designed vertically and attached to
the condenser/preheater unit (3). Feed water enters the
condenser inlet point (4) at a known temperature then pass-
ing through the condenser (5) with a higher temperature
value caused by the heat transferred from the vapor that
condensates across the outside surface of the condenser
tubes. Then, the feed water enters the solar collector with
its new (higher) temperature to raise it to the top brine tem-
perature (TBT) before entering the flash chamber. Then,
the hot feed water enters the flash chamber by passing
through the brine injector (6). The feed water injector is
operated at maximum flow rate equal to 0.05 kg/s and min-
imum flow rate equal to 0.013 kg/s. On the other hand, the
wasted brine (7) then exit after releasing its vapor.

2.1. Flash evaporation unit

The flash chamber is designed as a steel cylindrical
chamber coated with epoxy steel to prevent outside envi-
ronmental corrosion effects and to reduce the thermal
losses to the ambient. The height of the flash chamber is
1 m with a diameter of 0.5 m. The brine depth should be
kept as low as possible to avoid high non-equilibrium
losses, brine entrainment, and stage flooding [16]. The
brine level is controlled to be not exceeding about 0.2 m
in the flash chamber. Fig. 2 shows the flash unit attached
to the condenser unit. Fig. 3 shows a photograph of the
flash chamber without being attached to the condenser
unit.

The hot feed water enters the flash chamber through the
feed water injector at a pressure equal to 2.5 bar when
operating at maximum flow rate, and 1.5 bar when operat-
ing at minimum flow rate. The injector is designed to con-
trol the feed water to the system by a control valve has a
three opening positions.

2.2. The condenser/preheater unit

The main parts of condenser unit are copper tubes,
upper and lower headers and the outside cover. The tubes
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Fig. 2. The photograph of the flash chamber attached to the condenser unit.

Table 1
The manufactured characteristics of the collector

Absorber material Aluminum plate thickness = 0.5 mm
Collector area Ac = 2.39 m2

Absorber area Ap = 2.1 m2

Effective area Ae = 88% of the collector area
Coating absorptance 92%
Coating emittance 15%
Glass cover transmittance 91%
Insulation thickness 37 mm
Absorber thickness Aluminum steel = 0.5 mm
Glass cover thickness 3 mm
Collector weight 58.5 kg
Tube risers mean diameter 16 mm
Tube headers mean diameters 28 mm
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across the condenser unit are made from copper with ther-
mal conductivity 387 W/mK. The tube length is 0.65 m and
the inner diameter is 0.008 m and the outer diameter is
0.0098 m. The number of tubes is 69 tubes to perform a
total length of about 45 m and total condenser area equal
to 1.388 m2. Every tube bank contains 5 tubes staggered
distribution. The tubes are welded at their ends by an
epoxy steel welding material in a flange made of steel cop-
per to prevent leakages. To fix the condenser to the flash
unit without any leakages; a rubber frame is welded to
the condenser. Fig. 4 shows a photograph of the condenser
at different views with its inside tubes without covering or
headers.
Seawater 
injector 

The place that 
the condenser 
unit attaches 

Fig. 3. The flash chamber without its condenser.
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Fig. 4. View of the condenser unit with its tubes.

Tube spacing across the collector St = 16.3 cm
Risers tube length 1.81 m
The plate to glass cover spacing 70 mm
Number of glass cover 1

Where Ac is the collector total area, Ap is the plate heat transfer area, Ae is
the collector effective area, St is the tube spacing.
2.3. Solar collector (feed water heater)

The feed water heater in this work is a flat plate solar
collector. The collector is manufactured by Solar Energy
Corporation Foundation at Cairo, Egypt. The collector
technical data are listed in Table 1.

The collector is operated with a slope angle of 45�. The
collector aspect degree is 180� south. The connections tubes
between the collector and the flashing unit are made of
plastic material and insulated by reflectance material. The
tubes are made of plastic to reduce thermal losses to the
ambient. The diameter of the plastic tubes is 3/4 inch.
The position of the collector is 3 m above the flashing unit.

3. Measurements of experimental data

3.1. Temperature

The different temperatures of the system (see Fig. 1) are
measured by a digital volt meter through signals provided
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by the thermocouples located at the measurement points,
which have been demarcated and have the accuracy of
±0.1 �C. The range of operation of the voltmeter is
10 mV and the relative error is less than 1%. The ambient
temperature is measured with a common glass-tube-mer-
cury temperature meter. The proper error of the tempera-
ture meter is less than 0.5 �C.

3.2. Solar radiation and wind velocity

Solar radiation is measured by a solar radiation pyra-
nometer laid on the collector surface with slope angle equal
to 45�. The error of the device is about ±3%. An anemom-
eter is used to measure the wind speed in m/s.

3.3. Pressure

The inlet feed water and vacuum pressures are measured
by pressure sensors. The pressure sensor for the inlet feed
water is put directly after the brine injector valve. The vac-
uum pressure sensor is put at the distillate outlet valve.

3.4. Condensate and wasted brine flow rates

By collecting the condensate and outlet wasted brine in
two calibrated tanks at a certain time, the flow rate of both
the condensate and brine can be measured.

4. Mathematical model

The process mathematical model consists of two parts.
The first part is for estimating the solar intensity. To esti-
mate the solar radiation at the location of operation, Bird’s
model [10] is employed. The model is constructed from
some correlations (atmospheric conditions, ozone absorp-
tance, ozone scattering, water vapor column, ground and
sky’s albedos. . .) that give its results based on knowing
some initial data (Julian day, solar angles. . .). A computer
program is developed to evaluate this model. The model
gives the more matched results with the measured data
for Suez-Gulf area. The second part containing the equa-
tions representing the process units. Using the measured
values of solar intensity, wind velocity, ambient tempera-
ture and all operating parameters (temperatures and pres-
sures), the daily productivity of the system can be
calculated by the developed program. The energy balance
equations of the test rig could be written and presented
as follows with the following assumptions:

1. The fluid used in all experiments is water.
2. Thermal losses to the ambient are neglected.
3. Feed water flow rate considered constant along the

operation day.
4. The energy stored in the collector is neglected.
5. The accumulative vapor temperature Td1 is nearly the

same as the outlet fluid temperature TFo from the
condenser.
The system goes under steady state condition.

4.1. Mathematical model for the flat plate solar collector

The energy balance equation of the solar collector can
be written as follows [12]:

IS � Ac ¼ Qloss þ Qu þ Qstg ð1Þ

where IS is the energy from the sun, and estimated by
BIRD’s model [10]. Ac is the collector surface area, Qloss

is the heat loss from the collector and Qu is the useful en-
ergy transferred from the absorber to the flash chamber.
Qstg is the energy stored in the collector and is neglected.
The heat loss is expressed by Frederick [12] as

Qloss ¼ AcU lF 0ð�T f � T ambÞ ð2Þ
�T f is the average fluid temperature through the collector.

The overall heat transfer coefficient of the collector Ul is
the summation of three components; the top loss Ut, the
bottom loss Ub, and the edge loss Ue and the other vari-
ables are defined in the nomenclature.

U l ¼ U t þ Ub þ U e ð3Þ
where the bottom and edge losses are calculated respec-
tively as following [15]:

Ub ¼ kb=lb ð4Þ

U e ¼ ðke=leÞ �
2ðCL þ CWÞCh

CL � CW

ð5Þ

An empirical equation for the top losses Ut for both hand
and computer calculations was developed by Klein (1975)
[13].

U t ¼
NG

C
T mp

ðT mp�T amb

ðNGþf Þ

h ie þ
1

hw

2
64

3
75
�1

þ
rðT mp þ T ambÞðT 2

mp þ T 2
ambÞ

ðep þ 0:00591NG� hwÞ�1 þ 2NGþf�1þ0:133�ep

eg
�NG

ð6Þ
where NG is the number of glass covers, f =
(1 + 0.089hw � 0.1166hwep)(1 + 0.07866NG), C = 520 ·
(1 � 0.000051b2) for 0� < b < 70�, e = 0.43(1 � 100/Tmp),
where b is the collector tilt angle in degree and hw is
the wind heat transfer coefficient and given by [11]
as

hw ¼ 5:7þ 3:8� V w ð7Þ

After evaluating the overall top loss Ut, the efficiency fac-
torF 0 of Eq. (2) can be calculated as follows:

F 0 ¼
1

U t

s 1
U t½ðst�dÞFþd� þ 1

kb
l
þ 1

hf pd i

� � ð8Þ

where the collector fin efficiency F is given by [11]
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F ¼
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U t

kd
st�d

2

� �qh i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U t

kd
st�d

2

� �q ð9Þ

Also the heat removal factor is calculated from [11]

F R ¼ F 0 �GCp

U lF 0
1� exp� U tF 0

GCp

� �� �
ð10Þ

where G = m/Ac. Once FR is calculated, the useful energy
from the collector can be calculated from the following
equation:

Qu ¼ F RAc½I s � U lðT icol � T ambÞ� ð11Þ
4.2. Mathematical model for the flashing unit

For this part, the mathematical model is based on the
following assumptions:

1. The distillate product is salt free.
2. The flash chamber is in equilibrium with the brine leav-

ing the stage.
3. The distillate vapor always condenses completely.
4. The flow of noncondensables is negligible.

The energy balance for the flashing brine (see Fig. 5) is
expressed as follows:

B:
ohoðT bo;xboÞ¼B:

1hb1ðT b1;xb1Þþ ½ðB:
o�B�1ÞH V1ðT b1;P ðT boÞÞ�

ð12Þ
where Eqs. (13) and (14) below shows the overall mass bal-
ance for both flash and condenser units

B:
o ¼ D�1 þ B�1 ð13Þ

F :
i ¼ F :

o ð14Þ
And the flash unit enthalpy balance is

B�oho þ F :
ihFi ¼ B:

1hb1 þ D:
1hd1 þ F :

ohFo þ Qloss ð15Þ
while the overall heat transfer coefficient is represented by
the following equation [14]:

U 1 ¼ f ð/; T Fi; T Fo; T D1; ID1;ODo;FF;RFÞ ð16Þ
Condenser

Flash chamber

Bo, Xbo, Tbo,
Pbo

Fo, Xfo, Tfo, Pfo

D1, Td1, Pd1

Fi, Xfi, Tfi, PfiB1, Xb1, Tb1, Pb1

Brine pool

Fig. 5. A flash stage unit.
The amount of heat exchanges across the condenser heat
transfer surface Q1 is calculated by Eq. (17),

Q1 ¼ m:
Fi;ocpðT Fo � T FiÞ ¼ U 1A1 � DT lm1 ð17Þ

From Eq. (17),

U 1 � A1

m:
Fi;ocp

¼ ln
T d1 � T Fi

T d1 � T F0

¼ � ln
T d1 � T F0

T d1 � T Fi

ð18Þ

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

ð1� EÞ � T Fi þ E � T d1 � T Fo ¼ 0 ð19Þ
where E ¼ 1� e�NTU1 and NTU1 ¼ U 1 � A1=m:

Fi;ocp

For the equilibrium correlation; the relation between the
outlet brine temperature Tb1 and the distillate vapor tem-
perature Td1 is presented by Eq. (20):

T d1 ¼ T b1 �NEA� BPR ð20Þ
The non-equilibrium allowance NEA and BPR are calcu-
lated by the following equations [14]; where

NEA ¼ Aþ B� T b1 þ C � T 2
b1 þ D� T 3

b1 ð21Þ

where A = 2.556, B = �0.203E–1, C = �0.129E–1, and
D = 0.1123E–5

BPR ¼ ðBþ C � xfÞ � xf ð22Þ
where

103 � B ¼ 6:71þ 6:43� 10�2 � T b1 þ 9:74� 10�5 � T 2
b1

105 � C ¼ 2:38þ 9:59� 10�3 � T b1 þ 9:42� 10�5 � T 2
b1

The approximate equations that presented previously in
the above sections are normally developed to predict the
simulation of the MSF process and collector performance.
Calculations made to determine variations in fluid proper-
ties and flow conditions. Material and energy balance
equations around the stage are combined and arranged
to yield a set of independent simultaneous equations. The
previous equations are simultaneously solved by matrix
algebra to determine the main unknown performance
parameters (Tbo, B1, TFo, Td1, and DP). Water physical
properties are calculated as a function of temperature.
Using the real measured data of different physical and
operating conditions as input data, the daily productivity
of the system is calculated. Using these conditions, with ini-
tializing the unknown temperatures; the system units’ heat
transfer coefficients are calculated too. With a reasonable
specific tolerance, the mathematical model is solved by
Gauss–Seidel iteration method. The iteration is continued
until the following inequality is valid T calculated�T assumed

T assumed

			 			 6
0:001.
5. Results and comments

For illustration, the detailed results for just two days
(one during the summer season and the other during the
winter) are considered in the following sections.
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5.1. Summer results

The measured data and parameters obtained on 22 June
2005 are illustrated in Tables 2 and 3. The feed water flow
rate is considered to be constant and equal to 0.0183 kg/s.
During the operating hours, the system goes under steady
state conditions. Losses from the flash unit to the ambient
are neglected.

The measured data show that the system productivity is
11 kg/day. For 22 June 2005, the average total solar irradi-
ance obtained on the collector surface is about 4.45 kW h/
m2. Fig. 6 shows the hourly variation in solar radiation
during 22 June 2005. The mean values of the fractional per-
centage error between the theoretical and the experimental
results are about 2% (see Table A.1). Fig. 7 shows the char-
acteristic efficiency and operating temperatures curves of
the solar collector. Efficiency curve is based on gross collec-
tor area and is determined using the outdoor conditions. It
seen from the thermal efficiency curve that the thermal effi-
ciency of the solar collector is not a constant but a highly
variable characteristic depending on the outdoor tempera-
ture, the level of solar radiation, and the temperature of the
fluid at the inlet. So the instantaneous efficiency is obtained
by dividing the energy obtained from the collector over the
proper time period by the integrated value of incident solar
energy over the period. The thermal efficiency of the collec-
tor is presented as follows [11]:
Table 2
Measured weather conditions and results on Julian day 173 in June 2005

Time (h)

– 9 10 11

IS (W/m2) – 450 562 650
Tamb (�C) – 26 27 28
Vw (m/s) 1.3
TFi (�C) 27
TFo (�C) – 31 36 38
TBT (�C) – 50 52 54
Tb1 (�C) – 37 39 41
Td1 (�C) – 32 37 39
Tg (�C) – 33 33 34
Ticol (�C) – 31 36 38
Tocol (�C) – 50 52 54
PR (–) – 0.7 0.85 0.8
Tins (�C) 31
FS (kg/s) 0.0183
Product (kg/day) 11

Table 3
The estimated energy values through the solar collector on Julian day 173 in

Qstg (W/m2) – 0.02 0.62 1.34
Qloss (W/m2) – 64.52 78.73 89.55
Qu (W/m2) – 385.4 482.6 559.09
Uloss (W/m2 K) 3.98 3.91 4.01
Utloss (W/m2 K) – 2.26 2.31 2.35
Ueloss (W/m2 K) 0.309
Ubloss (W/m2 K) 1.35
Efficiency factor 0.93
Heat removal factor 0.88
gc ¼ F RðsaÞ � F RU l

T icol � T amb

IS

� �
ð23Þ

It should be noted that the mean plate temperature Tmp

can be approximately related to the average fluid temper-
ature and that is clearly seen in Fig. 7. Fig. 7 gives a
clear view about the collector ranking relative to any
other collectors due to the efficiency factor and heat re-
moval factors values.

Figs. 8–10 show the experimental and theoretical
results of the system operation during 22 June 2005.
Fig. 8 represents the temperature distribution of the sys-
tem during the day operation. The temperatures increase
gradually due to the changing solar intensity along the
day operation. Theoretical and experimental results for
the temperature distributions are in good agreement as
shown in Fig. 8.

The performance of desalination system is a measure of
its efficiency for producing water [17]. So; the system per-
formance ratio can be estimated as follows:

PRn ¼
P

1...nD�tn � Hvn

IS � Ac

ð24Þ

where IS is the solar intensity in kW/m2, Ac is the collector
heat transfer area in m2, Hvn is the latent heat of vaporiza-
tion at stage (n) and D�tn is the rate of total productivity at
stage (n).
12 13 14 15 16

680 648 571 474 415
29 30 30 31 30

39 37 36 36 36
56 52 50 50 49
42 40 39 39 37
40 38 37 37 36
35 34 34 33 33
39 37 36 36 36
56 52 50 60 59
0.9 0.8 0.8 0.9 0.9

June 2005

1.65 1.39 0.71 0.13 0
91.37 80.89 69.86 56.68 50.87

587.01 565.7 500.4 417.18 364.22
4.04 4.05 4.03 4.02 4.02
2.38 2.39 2.37 2.36 2.36



9 10 11 12 13 14 15 16

0.4

0.5

0.6

0.7

0.8 

0.9

Time, hr

So
la

r 
ra

di
at

io
n,

 k
W

/m
2

Theo, Is
Exp, Is

Fig. 6. The hourly variation in solar radiation during the 22nd of June
2005.
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Fig. 8. The temperature distribution of the system along the day
operation during the 22nd of June 2005.
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Fig. 9. The system performance ratio and the system flashing range during
the 22nd of June 2005.
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The stage temperature drop DTst is equal to the differ-
ence between TBT and that of the wasted blow down brine
Tb1 and is known as the flashing range. Fig. 9 shows the
hourly variations in the system performance ratio (PR)
and the flashing range DTst. The figure shows that the
PR ranges between 0.8 and 0.9 and DTst ranges between
11 and 12 �C.

Fig. 10 shows the system hourly productivity on the
same day in June. The accumulative productivity on this
day is about 4.6 kg/day/m2.

5.2. Winter results

Table 4 shows the measured data on 21st January
2005 as an example of the winter conditions. The
table shows that the productivity is 1.04 kg/day/m2.
The TBT is recorded as 38–42 �C, which is considered
too low to drive the flashing operation. The maximum
obtainable solar intensity on that day was 447 W/m2.
This value of the measured solar flux is too weak to
produce a suitable TBT. Generally, the fresh water
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Fig. 11. Variation of solar radiation with time during the 21st of January
2005.
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Fig. 11 shows the variations of solar radiation on 21st
January 2005. The figure illustrates the agreement between
the theoretical model results of solar radiation (BIRD
model) and the measured results, indicating that the maxi-
mum error is 2%. Fig. 12 shows the system temperature dis-
tribution along the day operation hours. It is seen from
Fig. 12 that the temperatures are increasing gradually until
mid day hour then decreases gradually at the shut off of
operation hours. Also, the figure shows a good agreement
between the theoretical and experimental results. Fig. 13
shows both the PR and the flashing range DTstg. The PR
does not exceed about 0.7 to 0.8 in winter, and DTst ranges
from 10 to 12 �C.

Fig. 14 shows the hourly productivity of the system.
The figure shows a comparison and an acceptable
difference between the theoretical and measured results
with an error about 9%. The total distillate productivity
DP does not exceed about 1.04 kg/day/m2 on 21st Janu-
ary 2005. The lower productivity in winter is caused by
the lower solar intensity compared with the summer
results.
Table 4
Measured weather conditions and results on Julian day 21 in January 2005

Time (h)

9 10 11 12

IS (W/m2) 266 370 432 447
Tamb (�C) 17 18 22 23
Vw (m/s) 1.5
TFi (�C) 18.5
TFo (�C) 22 25 27 28.5
TBT (�C) 38 39 40 42
Tb1 (�C) 24.5 28 30 32
Td1 (�C) 22 25 27 28
Tg (�C) 22 23 25 25
Ticol (�C) 22 25 27 28.5
Tocol (�C) 38 39 40 42
PR (–) 0.6 0.65 0.7 0.8
Tins (�C) 21
FS (kg/s) 0.0183
Product (kg/day) 2.5
Following the same sequence for the days along one
year, the average measured data and results are presented
in Table 5.
13 14 15 16 17

415 341 230 90 –
22 21 20 19 17

26 25.5 23.5 21.5
41 41 40 39 –
31 31 30 29 –
26 25 23.5 21.5 –
23 23 22 21 –
26 25.5 23.5 21.5 –
41 41 40 39 –

5 0.8 0.75 0.6 0.6 –



Table 5
The average values obtained for the system operation along one year

Month TFi (�C) TFo (�C) TBT (�C) Tb1 (�C) IS (W h/m2) Tamb (�C) Tg (�C) Tins (�C) Vw (m/s) Product (kg/day)

1/2005 18 25.125 40 26 3144 20 24 22 2.25 2.5
2/2005 19 25.357 44.25 28 3469 23 30 26 1.3 4.5
3/2005 20.25 28.125 48 34.5 4049 24 30.5 27 4.2 6.5
4/2005 22.6 32 49 35.5 4462 25 31 28.25 3.7 8
5/2005 24 34 52 36.5 4495 27.5 30 30 1.05 8.5
6/2005 27.25 36.125 53 40 4750 29 34 30.25 2.5 11
7/2005 27.6 38 60 44 4867 31 35 32.357 1.5 14
8/2005 28.75 39 67 43.75 5120 33 36.5 34.5 0.8 16.5
9/2004 26.75 36.5 52 42 4601 29 36.5 30.75 3.25 12
10/2004 26.5 35.25 49 37 3858 28 35.6 31 3.7 9
11/2004 20.375 34 44 35 2888 23 32 30 3.8 5
12/2004 17.125 32 42 34.5 2791 19 28.5 23.5 1.625 3.5
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Fig. 13. The system unit performance ratio and the system flashing range
during the 21st of January 2005.
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6. Conclusion

Solar water desalination system using flashing process is
constructed and operated at the Faculty of Petroleum and
Mining Engineering at Suez-Egypt. The system consists of
a solar water heater (flat plate solar collector) working as a
brine heater, and a single vertical flash chamber which is
attached with a condenser/preheater unit. The collector
surface area is about 2.39 m2, and condenser surface area
is about 1.388 m2. A mathematical model is developed
for the all system components (collector, flash unit, con-
denser unit) to predict the system productivity under differ-
ent and wide range of operating conditions. The test rig
works better at higher TBT, i.e., higher solar intensity.
Reasonable rate of feeding water is ranged about
0.0183 kg/s. The system daily productivity in summer is
about 4.2 to 7 kg/day/m2, and about 1.04 to 1.45 kg/day/
m2 during the winter season. The unit performance ratio
is varied between 0.7–0.8 in winter and 0.8–0.9 in summer.
These values are typical for a single stage MSF system. The
collector efficiency factor is about 0.93 and the heat
removal factor is about 0.88. Increasing the solar radiation
would increase the system productivity. The results of the
proposed mathematical model are in good agreement with
those of the experimental model of the system. Producing
fresh water by this solar desalination system with its sim-
plicity would be one of the best solutions to supply water
for small groups with no technical facilities.
Appendix A

A.1. Error analysis of the experimental work

The measured experimental data includes some errors
due to the uncertainty of the measuring process and the
limited precision of the experimental instruments. For
examination of the validity of the experimental work; the
following fractional error (Fr) equation is used:

%Fr ¼ Calculated�Measured

Calculated
� 100

The average Fr percentage for measuring the solar radia-
tion was about 1–2%. For the TBT; the Fr error; did not
exceed about 6–7%. Also, for the wasted brine and outlet



Table A.1
The Fr error percentage of measured data

Parameter Fr percentage (%)

IS 2
TBT 6–7
Tb1 9
Ticol 8
DP 7
PR 4
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feed water temperatures; the percentages were about 9%
and 8%, respectively. The percentage for the system perfor-
mance ratio PR is about 4% and 7% for the system produc-
tivity DP (see Table A.1).
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