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Abstract
Solar desalination requires an ecient method of evaporation and condensation at relatively low
temperatures. This could be suitably achieved in a humidi®cation/dehumidi®cation process using
circulated air to enhance evaporation of the water. With proper utilization of the latent heat of
condensation of water vapor, the process eciency could be made high. In order to optimize the design
of such a desalination unit, a simulation program was constructed in which the set of non-linear
equations describing the desalination unit were solved numerically. The results of the simulation were in
agreement with the experimental results of two dierent units constructed in Jordan and Malaysia. The
performance of each unit was tested when they were operated with an energy obtained either from solar
or an electrical heating source. The air ¯ow rate was found to have an insigni®cant eect on the
productivity of desalinated water. The simulation allows the proper choice of the feed water ¯ow rate to
the unit. # 1999 Elsevier Science Ltd. All rights reserved.
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Nomenclature
Acond
Aunit
Acol
a
Cpw
Cunit
G
H
IT
i
K
L
Munit
Qheater
T
Tamb
Ucond
Uloss
V
Dt
Zcol

surface area of condenser (m2)
surface area of desalination unit (m2)
gross area of solar collector (m2)
humidi®er surface area per unit volume (m2/m3)
speci®c heat capacity of water (J/kg K)
speci®c heat capacity of unit (J/kg K)
air mass ¯ow rate (kg/s)
enthalpy of air (J/kg)
solar radiation intensity received by collector (W/m2)
time counter in stepwise computation
mass transfer coecient in humidi®er (kg/m2 s)
water mass ¯ow rate (kg/s)
mass of unit (kg)
heating power supplied by heater (watt)
temperature (8C)
ambient temperature (8C)
overall heat transfer coecient (W/m2 K)
heat loss coecient (W/m2 K)
volume of humidi®er (m3)
time increment (second)
collector eciency (dimensionless)

Subscripts
1
condenser water inlet
2
condenser water outlet
3
humidi®er water inlet
4
humidi®er water outlet
5
air at bottom of unit
6
air at top of unit

1. Introduction
Nawayseh et al. [1] have shown that the humidi®cation±dehumidi®cation process, described
in part I of this work, is an ecient method of solar desalination. The units, based on such a
process, usually consist of two vertical ducts connected from the top and the bottom ends to
form a closed loop for air circulation. The units may be operated in a forced or natural draft
mode. A large surface condenser is usually ®xed in one of the ducts, while wooden packing is
used in the other duct for ecient humidi®cation of the air. The saline water is fed to the
condenser to condense partially the water vapor from the air. The latent heat of condensation
is used to preheat the feed water, which is further heated in a ¯at plate solar collector before it
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is sprayed over the wooden packing in the humidi®er. The air is continuously heated and
humidi®ed, then partially dehumidi®ed in the condenser. The desalinated water is collected
from the bottom of the condenser, while the warm brine is rejected from the bottom of the
humidi®er. A sketch of such a desalination process is shown in Fig. 1.
Pilot and bench desalination units were constructed and tested in Jordan by Al-Hallaj [2].
The details of the units are given in the mentioned reference. The two units were operated
under steady state conditions using an electrical heater to heat the water. The pilot unit was
also operated under the unsteady state mode using solar energy as a heat source. In the steady
state operation, air in the unit was circulated either by natural draft or forced draft using an
electrical fan, while only natural draft was employed in the solar heating mode. Another unit
was constructed and operated in Malaysia, based on the same principle, but with a dierent
construction, as described in part I of this work. These units of single stage were designed to
provide warm water for domestic use in addition to the desalinated water obtained. The
productivity has been shown to increase signi®cantly by using a multi-stage humidi®cation
process [3]. Even with a single stage, a high production of 10 to 12 l/m2day was reported by
Refs. [4,5]. However, Refs. [2,6,7] have reported lower production rates on similar single stage
desalination units. The variation in the productivity of the existing units suggests the
requirement to study their performance in detail.
The main objective of this work was to construct a simulation program that could be used in
the design of this type of desalination unit. This will allow the study of the eect of the
dierent parameters on the performance of these units. The results of the simulation program

Fig. 1. Sketch of the desalination process.
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will be tested against the experimental measurements obtained from the three mentioned
desalination units. In part I of this work, empirical and theoretical correlations were developed
to describe the heat and mass transfer in the condensers and humidi®ers. These correlations
were used in the simulation, as described in the following section.
2. The simulation program
In this paper, two types of simulation have been discussed, the steady state and the unsteady
state. The ®rst was used to test the performance of the desalination unit when electrical heating
was the source of heat. The second was used when a ¯at plate solar collector was the heat
source. The unit constructed in Malaysia by Nawayseh [8] was operated with natural draft air
circulation only, while the unit constructed in Jordan by Al-Hallaj [2] was operated with both
natural and forced draft. All these modes of operation were tested by the simulation program
developed in this work.
The following ®ve equations were used to describe the heat balance and the rate of heat
transfer in the condenser, humidi®er and electrical heater:
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In the unsteady state simulation, the heat balance on the heater de®ned by Eq. (5) was
replaced by the heat balance on the solar collector:
"

#
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The l.h.s in Eq. (6) represents the useful energy obtained from the collector. The ®rst term on
the r.h.s represents the energy stored (or lost) in the wall of the unit during a speci®ed time

Reference
Nawayseh [8] (Pilot unit)
Al-Hallaj [2] (Pilot unit)
Al-Hallaj [2] (Bench unit)

Condenser surface
area (m2)

Humidi®er surface
area (m2)

Humidi®er surface
area per unit volume (m2/m3)

Height of
the unit (m)

Solar collector
area (m2)

Uloss (W/m2 K)

8.9
4 (single)
8 (double)
0.6 (single)
1.2 (double)

11.9
5.04

58
14

3
2

2.77
2.0

1.0
1.0

0.96

87

1

Ð

1.2
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Table 1
The ®xed parameters used in the simulation for the three units constructed in Malaysia and Jordan
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interval. This includes the heat stored in the condenser plate and the tubes ®lled with water.
The second term describes the total heat losses from the unit wall to the ambient, which is
twice the heat loss term shown in Eq. (1) or (3). In writing the above equations, the following
assumptions were made:
1. The air enters the humidi®er saturated and leaves saturated. This has been veri®ed from the
experimental measurements.
2. The log-mean temperature dierence of the temperature and enthalpy may be used to
simplify the computation. This will avoid the requirement of point to point calculations in
both the condenser and humidi®er for each time increment during the whole simulation
time.
3. In the calculations of the heat loss from the units, the wall was assumed at the same
temperature as the humid air ¯owing along it, which is a reasonable assumption due to the
heavy insulation used. For this purpose, it was also assumed that the air temperature varied
linearly from the bottom to the top of the unit. The same assumption was used in the
calculation of the heat stored in the wall.
4. In the natural air circulation mode, the air velocity was too small to be measured by any
available method. In the steady state simulation, the air velocity was calculated from Eq. (1)
using the experimentally measured parameters. In the unsteady state simulation, an average
value for the air velocity during the whole day was used. Further work would be required to
develop an independent equation for predicting the air velocity in terms of the buoyancy
and the frictional losses through the humidi®er and condenser. However, a small error in
the measured air velocity would have only limited eect on the results of the simulation, as
will be discussed later in this paper.
The empirical and theoretical correlations developed in part I of this work were used to
calculate the mass and heat transfer coecients required in Eqs. (2) and (4). The loss
coecient Uloss was measured and calculated theoretically for the dierent units [2,8]. The
measured values were used in the simulations. Table 1 shows the values of all the ®xed
parameters used in the simulation program for the three units. The enthalpy and humidity of
the saturated air were calculated using the following empirical correlation developed from
reported data [9].
H  0:00585T 3 ÿ 0:497T 2  19:87T ÿ 207:61

7

W  2:19  10ÿ6 T 3 ÿ 1:85  10ÿ4 T 2  7:06  10ÿ3 T ÿ 0:077

8

3. Results of the steady state simulation
Eqs. (1)±(5) were solved using Newton's method of solution of a non-linear system of
equations. The LINPAC subroutine [10] was used for this purpose. In the computer program,
the heating rate, water and air ¯ow rates, ambient temperature and the initial guess of all the
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temperatures were introduced as input to the computer program. The error criterion (usually
taken as 0.00001) and the number of equations to be solved were also introduced to the
program. The operating variables T2 to T6 were calculated, until the speci®ed accuracy was
achieved. The desalination rate was calculated from the estimated humidity of the air at the
top and bottom of the unit.
The excellent agreement between the experimental values of the temperatures and those
obtained from the simulation is shown in Fig. 2 for one of the units. Similar agreements were
found for the other units. The excellent agreement may be due to the fact that the correlation
of the mass transfer coecient used was developed from the same measurements. However, the
heat transfer coecient in the condenser was calculated theoretically and was not based on the
measured values. Fig. 3 shows a comparison between the measured and the calculated
desalination production of the three units, as obtained from the simulation program.
Considering the fact that the units were of dierent sizes and designs, the prediction is good
for both the natural and forced draft air circulation, with little under prediction.
The temperatures in the simulation program, as well as the production rate, were found to

Fig. 2. Prediction of the steady state water and air temperatures in the desalination unit constructed in Malaysia.

1448

N.Kh. Nawayseh et al. / Energy Conversion & Management 40 (1999) 1441±1461

Fig. 3. Prediction of the desalination rate in the three desalination units.

converge fast to the correct values even if the initial guesses of the temperatures were far from
the true values. Fig. 4 shows the computational paths for the operating temperature T3 with
two initial guesses of high and low temperatures. The ®gure shows that the initial two guesses
converge fast to the same ®nal value. Similar trends were found with the other temperatures.
The convergence of Newton's method is represented by the internal iteration shown in Fig. 4
by the data having the same symbol. The external iterations (usually three) were necessary for
correction of the calculated overall heat transfer coecient. Fig. 5 shows the corresponding
estimates of the production rate, showing a convergence to a single value independent of the
initial guess.
Figs. 6 and 7 show the eect of air mass ¯ow rate on the production rate and estimated
temperatures. Increasing the air ¯ow rate up to three times that of the natural draft air
circulation has decreased mainly the air temperature at the top of the unit, and to a lesser
extent, the production rate. The results belong to both steady and unsteady state simulations.
When the air mass ¯ow rate was reduced below the natural draft estimate, then the calculated
values of H6 could exceed those of H3, causing the program to halt. The results also show that
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Fig. 4. Computational convergence of the operating temperature T3 using high and low initial guesses.

the air ¯ow rate has no eect on the temperature of the water leaving the humidi®er T4, since
this temperature is totally governed by the overall energy balance represented by Eq. (6).
4. Results of the unsteady state simulation
The unsteady state simulation program describes the true performance of any solar
desalination unit of the type described in this paper. In the simulation program, Eq. (5) was
replaced by Eq. (6) describing the collector performance. The collector eciency was calculated
from the following equations developed for the dierent collectors used:


T2 ÿ Tamb
9
Zcol  0:44 ÿ 0:0028
IT
Zcol



T2 ÿ Tamb
 0:60 ÿ 0:0078
IT

10
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Fig. 5. Computational convergence of the production based on high and low temperature guesses.

The ¯ow maldistribution of water in the collector, due to the low water ¯ow rate used, might
have been another reason for the low eciency. In Malaysia, the intermittent cloudy weather
caused big ¯uctuations in the solar radiation received, which could have been another reason
for the low collector eciency. The ¯at plate solar collector eciencies, as reported by Hsieh
[11], are usually higher than that given by the above equations. However, the reported
eciencies were for the collector without its associated piping.
The results of three simulations are shown in Figs. 8 to 15, for the pilot units constructed in
Jordan and Malaysia. Fig. 8 shows the solar radiation on inclined surfaces for typical days in
Malaysia, Jordan and Iraq as measured by Nawayseh [8], Al-Hallaj [2] and Farid and
Hammad [12], respectively. The average ambient temperatures were 328, 258 and 438C,
respectively. The measurements with high collection eciency reported by Ref. [12] were used
to test the performance of the unit constructed in Malaysia when subjected to high solar
radiation. In that measurement, electrical heating was used to simulate the true useful energy
obtained from the collector, as reported by the mentioned reference. The observed two hours
shift in the measured solar radiation in Malaysia was partly due to the one hour shift usually
done in Iraq and Jordan, and partly due to the cloud appearing in the morning of that day.
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Fig. 6. Simulation study for the eect of air ¯ow rate on the hourly and daily production of the desalination unit.

Figs. 9±11 show a comparison between the measured and the estimated air and water
temperatures in the desalination units. Ambient and water inlet temperatures were also
included in the ®gures. The theoretical prediction is reasonable, considering the assumptions
and simpli®cations made. The same may be said with respect to the estimated production of
the units as shown in Figs. 12 and 13. The measured solar radiation and the ambient
temperature were expressed by Fourier series for use in the simulation program. However, their
values were assumed constant during the 10 min selected for the stepwise calculations. It was
not possible to use the true solar radiation, due to the large ¯uctuation in the values. The rapid
change in the solar intensity shown in Fig. 8 caused instability in the computation, as may be
seen from the set of equations presented earlier.
The simulation program was also used to test some of the steady state measurements as
shown in Fig. 14. The time reported for the pilot unit constructed in Jordan to reach steady
state was about 6 h, while the corresponding time for the unit constructed in Malaysia was less
than 4 h. This is due to the lower heat capacity of the walls of the unit constructed in
Malaysia. The results agreed well with the prediction of the simulation program as shown in
Fig. 14.
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Fig. 7. Simulation study for the eect of air ¯ow rate on the air and water temperatures of the desalination unit.

The eect of water ¯ow rate was also studied and found signi®cant on the production. The
increase of water ¯ow rate increases the heat and mass transfer coecients signi®cantly. It also
lowers the operating temperatures in the unit and in the solar collector. This has two opposite
eects, as it leads to a higher collector eciency but lower evaporation and condensation
eciency. The maximum production shown in Fig. 15, as obtained from the simulation study,
is the result of these factors. Such maximum has been observed experimentally [2].
5. Conclusion
It was possible to predict the performance of some desalination units constructed at two
dierent places with dierent geometry and size. The ®ve equations describing the humidi®er,
the condenser and the solar collector were solved numerically. The eect of air ¯ow rate on the
desalination production was found small, which is in agreement with the experimental
observations. Increasing the water ¯ow rate was found to decrease production due to the lower
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Fig. 8. Solar radiation measurements at dierent locations.

evaporation caused by the lower temperature. However, reducing the water ¯ow rate to
extreme values was found to lower the production due to the dramatic drop in the collector
eciency at high temperatures. The simulation program showed fast convergence of the
temperatures and production rate to the ®nal values irrespective of the initial guesses.
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Fig. 9. Prediction of the water and air temperatures in the desalination unit constructed in Malaysia.
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Fig. 10. Prediction of the water and air temperatures in the desalination unit constructed in Malaysia when operated
with high solar radiation.
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Fig. 11. Prediction of the water and air temperatures in the unit constructed in Jordan.
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Fig. 12. Prediction of the desalination rate in the unit constructed in Malaysia and operated under two dierent
solar radiations.
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Fig. 13. Prediction of the desalination rate in the unit constructed in Jordan.
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Fig. 14. The approach to steady state for two pilot units having walls of dierent heat capacity.
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Fig. 15. Simulation study for the eect of water ¯ow rate on the daily production of the unit.
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