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A Theoretical Model for a Humidification
Dehumidification (HD) Solar Desalination Unit

Yasser Elhenawy, M. Abd Elkader, Gamal H. Moustafa

Abstract—A  theoretical study of a  humidification
dehumidification solar desalination unit has been carried out to
increase understanding the effect of weather conditions on the unit
productivity. A humidification-dehumidification (HD) solar
desalination unit has been designed to provide fresh water for
population in remote arid areas. It consists of solar water collector
and air collector; to provide the hot water and air to the desalination
chamber. The desalination chamber is divided into humidification
and dehumidification towers. The circulation of air between the two
towers is maintained by the forced convection. A mathematical
model has been formulated, in which the thermodynamic relations
were used to study the flow, heat and mass transfer inside the
humidifier and dehumidifier. The present technique is performed in
order to increase the unit performance. Heat and mass balance has
been done and a set of governing equations has been solved using the
finite difference technique. The unit productivity has been calculated
along the working day during the summer and winter sessions and
has compared with the available experimental results. The average
accumulative productivity of the system in winter has been ranged
between 2.5 to 4 (kg/m?)/day, while the average summer productivity
has been found between 8 to 12 (kg/m’)/day.

Keywords—Finite difference, Dehumidification, Humidification,
Solar desalination, Solar collector, Simulation, Water productivity.

1. INTRODUCTION

OLAR desalination is a suitable solution to supply remote

regions in Egypt and most other countries with fresh
water. The standard techniques, like Multi-Stage Flash (MSF),
Multi-Effect (ME), Vapor Compression (VC) and Reverse
Osmosis (RO), are only reliable for large capacity ranges
(100-50,000 m*/day) of the fresh water production [1]. These
technologies are expensive for small amounts of fresh water
and also cannot be used in locations where maintenance
facilities are limited. In addition, the use of conventional
energy sources to drive these technologies has a negative
impact on the environment. Solar desalination processes is a
future promising technology. It has the following advantages:
(i) solar energy is environmental friendly energy source; (ii)
reduced operating costs and its simple structure so that it is
suitable for a few families or small groups in remote areas, [2].
Solar desalination can either be direct or indirect. The direct
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solar humidification dehumidification desalination process
(solar still) was investigated by [3]-[5].

The indirect solar HDD process has the advantage of
separating the heating surface from the evaporation zone, and
therefore the heating surface is relatively protected from
corrosion or scale deposits. In fact, the humidification
dehumidification desalination (HDD) is more costly than the
conventional basin still solar desalination process [1].
Therefore, for the simplicity of design, a modest level of
manufacturing technology is needed.

Very limited configurations of the HDD process have been
developed. Yasser El Henawy et al. [6] investigated
experimentally and theoretically the effect of main parameters
on the productivity of the HDD process. Outdoor tests with
input solar energy to the system were performed. The effect of
weather conditions was considered, and the unsteady state
performance of the system was found, therefore, examined.
Ettouney [7] designed and analyzed various schemes of water
desalination by humidification and dehumidification system.
A theoretical investigation of a humidification -
dehumidification desalination system configured by a double—
pass flat plate solar air heater was examined by [8]. The effect
of a cooling tower on the solar desalination system was
studied by [9]. Dai et al. [10] reported the parametric analysis
to improve the performance of a solar desalination unit with a
humidification = and  dehumidification  process.  The
performance analysis of the desalination unit of heat pump
with humidification and dehumidification was studied by [11].
An experimental design and computer simulation of a multi-
effect humidification dehumidification solar distillation was
investigated by [12]. Fath and Ghazy [13] studied numerically
a configuration that consists of a solar air heater, humidifier
and dehumidifier. The feed water was not heated, and hence,
the effect of water temperature was not considered. Darwish
[14] suggested a system consisting of a solar pond, a
humidifying column and a dehumidifying effect. They found
that the effect of increasing air mass flow rate on the
productivity is higher than that of the water mass flow rate. On
the other hand, [15] reported that the feed water flow rate has
a strong effect on the system productivity and the effect of the
airflow rate is weak.

In the present article, a theoretical study of HDD unit has
been considered. The unit consists of flat plate water and air
solar collectors, storage tank and a dehumidifier. The aim is to
develop a simulation program that able to analyze the
characteristics of the humidification-dehumidification
desalination unit to study the effect of operating and design
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parameters as well as weather conditions on the unit
performance and fresh water productivity.

I1. SYSTEM DESCRIPTION

A solar desalination unit with a humidification and
dehumidification cycle is given in Fig. 1. It is configured
mainly by a flat plate solar water collector, a v-shaped solar
air collector, a humidifier and a dehumidifier. Seawater is
heated by the solar water collector and sprayed by a sprinkler
to form a falling film at the surface of the honeycomb wall in
the humidifier (Fig. 2). It consists of a porous and durable
honeycomb backing; characterized by a large evaporation
surface per unit volume of the packed material. The air is
heated by the solar air collector and forced through the
humidifier where it becomes hot and humid due to the heat
and mass exchanging between the seawater and air. Then, the
humid air is cooled by the cold seawater as passing through
the dehumidifier at which the water vapor condenses and turns
into fresh water. The dehumidifier is a helix-tube type one.
The cold seawater flows inside the tube and the fresh water is
produced from the condensate on the dehumidifier surface.
The remaining seawater drawn from the humidifier is cooled
and collected at the bottom basin. Some of the water is fed to
the solar collector again since it is not very concentrated and is
still warm. Thus, the fresh water can be continually produced.

=3

‘_
Airflow ¢
Water flow  ¢—

Fig. 1 A Schematic diagram of desalination system. 1. Blower, 2.
Solar air collector, 3. Humidifier, 4. Dehumidifier, 5. Distilled water,
6. Seawater tank, 7. Feed pump, 8. Valve, 9. Solar water collector,
10. Sprinkler, 11. Drain pump, 12. Makeup of seawater.

III. MATHEMATICAL MODEL

A mathematical model of the unit is presented, in which the
thermodynamic relations have been used to describe the flow,
heat and mass transfer inside the humidifier, dehumidifier, and
water and air solar collectors. A set of partial differential
governing equations has been considered and solved using a
finite difference technique. A computer program is developed
and the following assumptions are considered: (i) the feed

water, cooling water and feed air have constant flow rates
along the day. (ii) Thermal losses due to the ambient are
neglected. (iii) The thermal analysis is assumed in quesi-
steady condition.
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Fig. 2 A Sketch of honey-comb packing material in the humidifier

A. The Flat Plate Solar Water Collector

The thermal energy balance of the solar collector is written
as [16]:

G, x4, =0,,+0, (1)

where G, is the total solar intensity (W/ m?®), Acl is the
collector surface area (m?), Qus is the heat loss from the
collector and Q, is the useful heat transferred from the
absorber to water. Qy, is the energy stored in the collector. The
heat loss is expressed by [17]:

O = AU,(T,-T,) @)

where T, and Ta are the average flat plate and ambient
temperatures (K). The overall heat transfer coefficient of the
collector UL (W/m?) is the summation of three values of heat
transfer coefficients, at the top U,, bottom Uy, and side walls
U [17].

U, =U+U,+U, (€)
where
szli' 4, U, = ! 'AJ
51,/7 + 5!7,}7 A(‘[ 517i+ 5h.v A(I (4)
K i K b Kx Kb

where A and A, are the side and bottom collector areas (m?).
The top heat transfer coefficient U, is calculated from an
empirical equation suggested by [17]:

U, =[1-(¢-45)0.00259 —0.00144 ¢, )]

1
{N/ (G447, Yz, -1, )i(N+ 1) |+ /m,
. olz; -7 )7, - 1.) )
[s, +0.0425N(1-¢, ' +][2N + /- 1)/, ]-N
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where { is the collector tilt angle, N is the number of glass
plate, €, and ¢, are the emittance of glass and absorber plate,
T, and Ta are the average plate and ambient temperatures. The

term o is the Boltzmann constant. The term ./ is given as:

win T3x107 R,

7 =1-0.04 )1 +0.058N) (©6)

where hy;, is the wind heat transfer coefficient which is given

by, P, =5.7+3.5C,,, where, Cy, is the wind speed (m/s).
The collector efficiency factor F; is estimated by,

| ™

! L 1
UI_ Dv + (S - Do )’7; C/mmI ”Dihr/

where S is the tube spacing (m), Di and Do are the inner and
outer diameters of the collector tubes (m). The collector fin
efficiency 1 is calculated by [17]:

. tanh [W(S—Do)/z} ®)
bR, -, )

For the flow with (Re<2300), the convective heat transfer
coefficient hirand Prandtl number, Pr are given by [16]:

K D 1/3 u 0.14
h,, =1.86 —(Re Pr )1/3[7,) [f ] ©)
: D, L

sU,

My,

The Reynolds number (Re) and Prandtl number (Pr) are given
by [17]:

. u C
Re - 4 m Ad Pro— S bt (10)
ﬁDiN[ﬂf Kf

where k; (W/mk), p (N.s/m?) and C, (J/kg k) the thermal
conductivity, dynamic viscosity and specific heat of the fluid
are respectively. L is the tube length (m). The absorbed solar
radiation (qaps) is determined by, [18]:

Qaps = G (7Q0) 41 (11
where ta is the average transmittance of the cover plate and

absorptance of the absorbed plate. Also the heat removal
factor (FR) is calculated from, [17]:

”-”lcp -U,F,;/mC
Fo= l—e Ha™ (12)
UL

where m is the mass flow rate per unit area of the collector

(kg/sm?). The useful energy from the collector is calculated
from [17]:

- 1
Qu h ACZFR [qabs _UL(Tf,i _Ta j:‘ (13)

and the average fluid temperature is thus obtained as [17]:

S {_FR} (14)
Soa S A FpU | F,

The average plate temperature is obtained from [17]:

0,/N, (1s)

+ I
p fo | |
+
”hzf DL C,,,L

where N; is the number of tubes and C bond is the conductive
resistance of the bond. The fluid temperature at the outlet from
the collector is calculated from [17]:

9 (16)
Tf.o:Tfi+ 4
o » mC,
The collector efficiency is determined by, [18]:
-9 (17)
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Fig. 3 Coordination set-up

B. Humidifier Modeling

The humidifier consists mainly of honeycomb packing
material which is characterized by a large evaporation surface
per unit volume. The mathematical model of the humidifier,
which is established on the basis of energy and mass balances,
is presented. The heat and mass transfer between the liquid
film and the moist air is considered. The set of governing two
dimensional equations is solved using the finite-difference
method. The following assumptions are: (i) the flow of falling
film is laminar and no wavy movement takes place at the
water-air interface. (ii) the flow rate of falling film is believed
constant because the evaporation rate of water out of the
water-air interface is small enough. Fig. 3 shows the
coordination set-up pleased along the interface line.
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1. Governing Equations of Falling Film

If the liquid film falls slowly and steadily just under the
gravity force, particularly in laminar flow, the mean velocity
of the falling film, ugis given as [10]:

_p.8d! (18)
3p,

s

The thickness J, is given as [10]:

s :[Mr (19)

s 2

where I is the mass flow rate of saline water per unit width of
the wall (kg/s.m) and g is the acceleration of gravity, m/s%.
The energy balance for the falling film is

aT, o, (20)

s

us as 2
24 oy,
2. Governing Equations of Moist Air:

The governing equations, including mass, momentum, and
energy conservations are listed as follows [10]:

o, @1
Ox Oy
2 A
W00, u 1 op (22)
ox oy oy p, Ox
0T 0T o°T (23)
u +v—=a,
ox oy oy*

The boundary conditions at the water - air interface:

y:i—é's,u:u

e =0,T=T
2

e

DD
<=

where ue (m/s) and Te (K) are the velocity and temperature of
the incoming air.

u=0,T=T,,
oT _ T, AW,
pC,

and T, =T,

d

where Tn and Ts are the interface and saline water
temperatures, Wj and A are the evaporation rate and latent heat
of water. Solving the set flow equations (21)-(23) with
boundary conditions, the distribution of the flow velocity and
temperature inside the humidifier has been obtained. To
simplify the above solution, auxiliary equations are needed.

Auxiliary Equations: The evaporation rate at the water
surface is estimated from, [19]:

%
e 2] @

27RT ,
Here M is the molecular weight of water and R is the universal
gas constant, €1 is the Knudsen coefficient of evaporation. It is

calculated from: el = (2¢)/(2-€). The coefficient of
evaporation, ¢ is calculated from:
1
8_h,{27rRTS}A T, (25)
M p A

The coefficient of heat transfer h (W/m? K) is given by, [18]:
=&V W/m?°C (26)

The terms & and B are function of the plate spacing. For a
6.7mm plate spacing the values of & and  are 54 and 0.7
respectively. As the plate spacing increases to 13.4 mm, the
values of & and [ are changed to be 49 and 0.6.

Taking the phenomenon of evaporation into account,
introduced the concept of the wet bulb coefficient of heat
transfer (h*,W/m? K) to correct the heat transfer process of a
wet surface:

W =h{+eric,,) @7

where h (W/m?® °C) is the heat transfer coefficient and ¢ is
constant, given by:

e= (a)max - a)min )/(Tmax - Tmin) (28)

Here T, and T, are the maximum and minimum
temperatures at the water-air interface. Ty, is the higher one
of the temperatures of airflow and water flow. Ty, is the wet
bulb temperature of the air. ®y,x and ®y;, are the maximum
and minimum humidity corresponding to T, and Tyy,.

C. Dehumidifier Modeling

The energy balance between the cooling water and
air/condensing vapor stream is made. The energy balance is
based on two following thermal equations [7]:

mew C, (T, —T

cwo cwi

Y=m.(H,-H,) (29)

Mew C pew (T

"o =T )= U, A LMTD, (30)
where m,,, and ma (kg/s are the mass flow rates of cooling
water and incoming air. T.y, and Ty (K) are the temperatures
of cooling water at inlet and outlet. Hi and Ho (Kj/kg) are the
enthalpy of air at inlet and outlet. In (30) the logarithmic mean
temperature difference and the overall heat transfer coefficient
are given by [7]:
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v, = e =L )= (L =T
N G31)
(T ac T, cwi )
o ln[ﬂ]
U, h, r, k. h

m, =m0, - ) (33)

where @, and @; are the absolute humidity (kg H,O/kg dry
air) of air at the inlet and outlet from the dehumidifier.

D. V-groove Solar Air Collector

The v-shaped flat plate solar air collector is designed, Fig.
4. The calculations for the solar air collector are made with the
following assumptions: (i) performance is steady state; (ii)
There is no absorption of solar energy by a cover in so far, (iii)
The radiation coefficient between the two air duct surfaces is
found by assuming a mean radiant temperature equal to the
mean fluid temperature. (iv) Loss through front and back sides
are at the same temperature. The energy balances for the glass
cover, absorber plate, and Fluid medium of the collector are
given as follows: [20]
Glass cover:

U (Tg-Ta) =hy (T, - Tg) + hy (T, - Ty) (34)
V-groove absorber:
Ty 0y Gy = hy(T,-T,) + h; (T,-Ty) +hy(T, -Ty) (35)
Fluid medium:

hy (Ty - T) + Uy (T, -T) = | m C (dT j (36)
w dx

Solving (5), (6) with (34), (35) and (36), the air, absorber
plate temperature and heat transfer coefficient have been
obtained. The pressure drop through the channel in the air
heater has been computed using the [20]:

o [Lj (37)

For the laminar flow (Re <2550), fo =24/Re, y=0.9
For transitional flow (2550 < Re < 10%)

=0.0094, y=2.92 R
0 y=

For turbulent flow (10* <Re<10°)

f, =0.059 Re*, y=0.73

Flow
normal ~ A Q A é Absorber
to the . . ‘

paper Back msulation

Ub

Fig. 4 A corrugated solar air collector

IV. THE SOLUTION PROCEDURE

The procedure is as follows:

1. The input data, such as the mass flow rates of air, feed
seawater, cooling water are known. In addition, the inlet
air temperature and humidity are given.

2. The air and water temperature were obtained.

3. The fresh water from the humidifier was collected.

V.RESULTS AND DISCUSSION

The characteristics of the humidification dehumidification
solar desalination unit are theoretically performed and sample
of data are presented. A comparison with available data is
given.

The solar intensity along an operated summer day from 9
O'clock morning to 18 O'clock afternoon is given in Fig. 5.
The water productivity in the same interval is also shown. The
peak of solar intensity is shown at the middle of the day,
around 13 O'clock. It decreases forward afternoon. At the
beginning, 9 O'clock, there is no water productivity. As the
solar intensity increases up to 13 O'clock the water
productivity is increased. Afternoon, it decreases as the solar
intensity is decreased.
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Fig. 5 Variation of solar intensity with different concentration on
water productivity along an operating day

Fig. 6 shows the accumulative productivity along the
operating day. The productivity increases and the
accumulative productivity along the day of 22/7/2009, is about
12 kg/m2/day. In the real outdoor operation system, a delay
time is to be between the starting of the running time and the

650



starting of fresh water production. It is also noticed that most
of the energy received in the early hours is used as a sensible
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heat to warm up the test rig metal and the fluid flow.
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Fig. 7 Variation of solar intensity on water productivity along an
operating day
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Fig. 8 Variation of solar intensity and feed airflow rate along an
operating day

Fig. 9 Variation of feed airflow rate on water productivity along an
operating day

The variation of estimated water productivity and solar
radiation intensity along the operated day are given in Fig. 7.
It is noted that the numerical model has reproduced
successfully the characteristics of the HDD unit and the
present results are agree well with published data.

The variation of estimated feed airflow rate from the solar
air collector along an operating day is depicted in Fig. 8. It is
noted that the numerical model has successes to reproduce the
characteristics of the solar air collector.

Fig. 9 shows the variation of water productivity and feed
airflow rate along the operated day. The fresh water
productivity increases as the operating time increases from the
9 O'clock morning towards the middle of the operating day.
The maximum flow rate is shown around 13 O'clock noon. It
decreases as the solar intensity decreases afternoon.

The ambient conditions have also an influence on the
system performance since the unit runs in an open-cycle
mode. Fig. 10 shows the effect of the inlet temperature and
relative humidity of air on the calculated feed airflow rate and
water productivity. The results agree with the common
knowledge in literature that the higher inlet temperature and
humidity are beneficial for producing more fresh water. The
water productivity of the wunit increases as the inlet
temperature is increased. In addition, the relative humidity of
the air has a strong effect on the productivity of the unit. The
water productivity increases with the increase of the relative
humidity of the air.

Fig. 11 shows the effect of the humidifier inlet water
temperature on the unit productivity. The water productivity
decreases with increasing the water flow rate. This can be
explained as follows: increasing the water flow rate leads to a
decrease of the enthalpy of air. Hence, the ability to extract
vapor from the air is decreased. As the feed water temperature
is increased, the water productivity is increased for all values
of the feed water flow rates.
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same results are shown with increasing the feed water mass

flow rate (Fig. 13).
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The variation of water productivity with the inlet air mass
flow rate is given in Fig. 12 at different values of the feed
water flow rates. It is seen that the water productivity
gradually increases with the feed air flow rate up to a certain
values and then slightly decreases or remains constant. The

35

40 45

50 55 60 65 70 75

Inlet air temperature ,°C

Fig. 15 Variation of inlet air temperature on water productivity along

an operating day

The variations of water productivity with the inlet air mass
flow rate and air temperature are given in Figs. 14 and 15. The
variation is approximately linear. The ability of air to carry the
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water vapor increases with the increase of the inlet air
temperature.

The variation of water prodicitivity with the cooling water
temperature along three days in summer 2009 is given in Fig.
16. The water productivity increases starting from 9 O'clock
mooring up to 13 O'clock noon. Then it decreases forward. As
the cooling water increase the water productivity is decreased.

Fig. 17 shows the effect of the solar water and air collector
areas on the unit water productivity. The water productivity
increases almost linearly with an increase in both the solar
water and air collector areas.

The effect of tilt angle variations on the solar desalination
unit was theoretically investigated. Figs. 18 and 19 illustrate
that the productivity increases as the tilt angle increases during
winter season however in summer as the cover slope decreases
the productivity is increased. These results are attributed to the
lower declination angle of the incident solar energy in winter
season and the higher declination angle in summer.
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Fig. 16 Variation of cooling water temperatures on water productivity
through three days
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Fig. 19 Effect of the collector tilt angle on the solar radiation unit in
summer

The variation of water productivity as a function of the
packing materials is given in Fig. 20. The total surface area of
the packing is kept constant. The water productivity is higher
as used the wooden material. This indicates that the wetted
area differs with changing the packing material and the
wooden material is shown to give higher water productivity.

A comparison between the numerical and measured water
productivity is given in Fig. 21. A good agreement is depicted.
The trend of the variation of water productivity along the
operating day is the same. The numerical model represents
successfully the variation of water productivity for all
different test conditions.
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Fig. 21 Hourly productivity of the test rig during 22/7/2009

VI. CONCLUSIONS

dehumidification (HDD) solar

desalination unit has been simulated using a numerical finite
difference model in order to optimize the unit performance.
The system consists of an insulated desalination chamber
coupled with a solar collector. The desalination chamber
divided into humidifier tower and dehumidifier tower. The
system was found to be suitable to provide drinking fresh
water for population and remote arid areas. The main
conclusions are:

1.

A mathematical model was designed to predict the system
productivity under different and wide range of operating
conditions.

It is found that the accumulative productivity increases
with the increase of inlet air temperature and relative
humidity.

Increasing the seawater flow rate leads to decrease in
water productivity to a certain value depending on the
collector efficiency.

The optimum tilt angle which gives maximum solar
radiation is found between 35:45° in winter and 15:20° in
the summer.

The fresh water productivity of the unit is increasing with
the wooden material and decreased with cotton material.
The results of the proposed mathematical model are in
good agreement with those of the experimental model of
the system.

The system daily productivity in summer is about 8 to 12
kg/m® day, and about 2.5 to 4 kg/m” day in winter.

NOMENCLATURE

Symbols

d
K
Ps
Pv
Vh
u,v
h

r
RH
Rf

Mean wall spacing, m

Thermal conductivity (W/m K)

Saturated water vapor pressure, Pa
Water vapor pressure of the air, Pa

Volume of packing materials in the humidifier, m®
Velocity, m/s

Heat transfer coefficient, W/(m?.s)

Radius ,m

Relative humidity

Fouling resistance, m* °C/kW

Greek

c Mmoo E 2= Q X

Thickness (m)

Thermal diffusivity , m%/s

Kinematic viscosity, m*/s

Latent heat of water, kJ/kg

Dynamic viscosity, N/m’.s

Density, kg/m’

Coefficient of evaporation

V-groove angle of solar air heater , degree

Subscripts

o

cw

7]

< o BT

(1]
[2]

(3]

(4]

(6]

Bottom, box
Dehumidifier
cooling water

Inlet state, insulation
Saline water

Side

Plate

Liquids interface
Outlet

Water vapor
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