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ABSTRACT

Humidifiers are devices which increase the humidity of air or a carrier gas. They are used increasingly
in a variety of applications such as heating, air conditioning, ventilation and desalination. The packing
humidifier is the key component in solar desalination systems based on humidification and dehumidi-
fication principle. This paper focuses on developing a heat and mass transfer correlations for two types
of natural packing, Thorn tree and palm leaves, used in solar desalination system. A mathematical
model is developed for the packing humidifier based on heat and mass transfer balances. Several exper-
imental tests were carried out on a test bench of an evaporation chamber, to determine the different heat
and mass exchange coefficients at the contact surface of the two types of packing with the moist air. The
effects of water and air mass flows are analyzed. It is shown that the heat and mass transfer coefficients
increases with the increase of water and air mass flows. Correlations of mass and heat transfer coeffi-
cients are developed for each type of packing and compared with that given by the literature. Results
show that the palm leaves are more efficient than the thorn trees. The developed correlations can be

used to predict the packing size and the water and air outlet conditions of the packing humidifier.

Keywords: Solar desalination; Packed humidifier; Dynamic modeling; Simulation

1. Introduction

Humidifiers are used increasingly in a variety of appli-
cations such as heating, air conditioning, ventilation, water
treatment, solar desalination and so on. In solar desalina-
tion systems with humidification and dehumidification
process, the humidifier is the key component and it helps
load the circulating air with high water vapour. Several dif-
ferent types of humidifier were used in solar desalination
systems, such as tubular humidifiers [1], atomizing or spray
humidifiers [2—4], wetted element or packed bed humidi-
fiers [5-7], and bubble column humidifiers [8-11]. Due to
uniform contact area all over the volume and great interface
area, which allow a great value of heat and mass transfer
rate consequently improves productivity and efficiency,
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packed humidifier seems most likely to be used in humidi-
fication and dehumidification solar desalination systems. A
number of studies were conducted on solar packed humid-
ification desalination with different types of packing mate-
rial. Nematollahi et al. [12] presented an energy and energy
analysis of solar packed bed humidification desalination
with pall rings as packing material. It has been observed
that the energy efficiency elevated with the reduction in the
humidifier length. Amer et al. [13] investigated the humid-
ifier efficiency of solar desalination system with different
packing materials such as gunny bag cloth, plastic and
wooden slates. It was found that High humidifier efficiency
has been noticed with the wooden slates compared to the
others. Muthusamy and Srithar [14] have used the gunny
bag and saw dust as packing material in the humidifier of
a HDH desalination. They concluded that the humidifier
with gunny bag has better mass transfer coefficient and
productivity compared to the saw dust as packing mate-
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rial. In addition to the above, textile material (viscose) [15].
Honey comb paper [16], wooden shavings [17], raschig ring
ceramic [18], indigenous structure [19], wooden surface
[20], canvas [21], a block of corrugated and treated cellulose
paper [22] and plastic pad [23] have also been used as pack-
ing material in the humidification desalination process.

The main goals of this study are to propose two types
of natural packing, Thorn tree and palm leaves, in order to
resist to the problems caused by the nature of water used in
solar desalination systems (high salinity level, chalky, solid
residuals and corrosion problems, etc.) and to determine
the heat and mass transfer correlations for the proposed
natural packings.

2. Experimental apparatus and procedure

The experimental apparatus for the heat and mass
transfer experiments consisted of a counter flow forced
draft humidifier used in a new generation of water desali-
nation unit by solar energy located at the national engi-
neering school of S fax (34 N, 10 E), Tunisia, as shown in
Fig. 1. Humidifiers are used in solar desalination systems
to load water vapour into the air stream that passes in
a counter flow direction such that air would be heated
and humidified as shown in Fig. 2. The driving poten-
tial for heat transfer is temperature difference between
both streams whereas another driving potential for mass
transfer due to the difference in water-vapor concentra-
tion. Humidification rate is proportional to the contact
surface of water and air streams. The artificial increase of
this surface has been tried by packing’s humidifier. Due
to the nature of the water (hot salinity level, chalky, solid
residuals and corrosion problems, etc.), the packing used
in the humidifier must be carefully chosen. Thorn trees or
palm tree leaves are well suited for this application. They
are abundant, free and have a high resistance against the
forth-mentioned problems. The structure of current pack-

Fig. 1. A photo of the solar desalination unit experimental setup.

ing’s humidifier is made of aluminum profiles to resist
the corrosive medium and support the multi directional
stresses. From the outside and to ensure good thermal
insulation, the walls and roof of this structure are formed
by Styrofoam (extruded polystyrene foam) layers with a
thickness of 40-50 mm. To insure leakage of circulating
water vapor in the humidifier, and to protect the Styro-
foam plates against corrosion caused by brackish water,
the inside of the structure is covered by polypropylene
sheets.

During the experiment, hot salt water coming from
the water solar collector is sprayed over the packing such
that the surface area would be large enough for interac-
tion with air stream. The supply water velocity was reg-
ulated by a valve. The air fan located at the bottom of
the humidifier draws ambient air to the latter at almost
constant volumetric flow rate. The air flow rate is mea-

Saturation line —

Humidity Ratio —>

Dry Bulb Temperature (°C) ——»

Fig. 2. Representation of the heating and humidification process
on the psychrometric chart.

Palm leaves
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sured at the humidifier inlet using a digital anemometer.
All temperatures are measured with Pt 100 thermistors
with a sensibility of 0.3799X/°C. All the sensors, which
were calibrated before using to determine the probes sen-
sibility, were connected to a data acquisition system (type
Agilent 34970A). During experimentation, all the param-
eters were measured and recorded every 1 min for up to
420 min.

3. Mathematical modelling of the packing

The method of setting up the mass, thermal and
enthalpy balances will be undertaken with the following
simplifying assumptions:

¢ The process is adiabatic,

e The air and water flows are in co-current and
one-dimensional,

e The specific heat of water is constant during its passage
by the humidifier,

* The equations are written as if the transfer were from
water to air.

Consider a differential width, dz, across the contacting
area as shown in Fig. 3, which shows the differential sec-
tion of the contacting area is divided in three control vol-
umes air, water and interface to set up the heat, mass and
enthalpy balance equations.

e Thermal balance

—Air phase

The air thermal balance in the packing height volume
element dz, is the following one:

GC,dT, = ha(T,~T,)dz )

It can be further simplified as:

dT h.a
3 i
— = T-T 2
dz GC o ( ' g) (@)
G
Ly Ta1
T W, L+dL G
M M Ty +dTy, T, +dT,
Hy +dHy, WHdW
Hg+ng
Packing Water
L G
TL T,
Hr W

T

L, l
Tro

Fig. 3. Control volume of the packing.

G
Te

W,

—~Water phase

The water thermal balance in the packing height vol-
ume element dz, is the following one:

ha(T, - T,)dz=LC,dT, )

It can be further simplified as:

41, _ ha (T,-T)

e il 4
dz LC, @

e Enthalpy balance
The global equilibrium of the enthalpy is written as fol-
lows:

LH,+ Gng =L,H,+ GHg1 (5)
Or in a differential form,

d(LH,)=GdH, (6)

— Enthalpy balance of air phase
The specific moist air enthalpy is :

H,=C,(T, - T,)+ AW, 7)
Given that the specific heat of moist air is, then the total

differential change of the moist air enthalpy is defined as
follows:

GdH, = GCdT, +GC,T,dW, ~GC,T.dW, + GA,dW, (8)

GdH, =GC,dT, +GC, (T, - T,)dW, + GAdW, )

— Enthalpy balance of water phase

The total differential change in the water enthalpy is
defined as follows:

d(LH,)=LCdT, +C,(T, - T,)dL (10)

d(LH,)=GdH, = GC,dT, +GC, (T, - T,)dW, + GAdW, (11)

The combination of Eqns. (7) and (8) leads to the follow-
ing equation:

LC,dT, +C, (T, - T,)dL = GC dT, +

(12)
GC,(T, - T,)dW, + GA,dW,

LC,dT, = G{CXdTX (T, -T)-C(T,-T)+ 4, Jaw )} (13)
or approximately,

LC,dT, = GC,dT, + GA,dW, (14)
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e Mass balance

Kmup(w. - Wg)dz =GdW, (15)
aw, K,
dzg =Tap(wi _Wg) (16)

The substitution of d,, d, and d, by their respective
Egs. (1), (2) and (11) in Eq. flO) gives an equation that allows
us to determine the water content at the interface. The ana-
lytical solution of the above ordinary differential equa-
tions is impossible and they must be discretized to obtain
approximate, but still accurate, solutions. The fourth order
Runge-Kutta method is used to solve the ordinary differen-
tial equations numerically.

4. Principle of the determination of heat and mass
transfer correlations

The equations presented above make it possible to
determine the temperatures and quantities of water and
air at the humidifier outlet, depending on the input param-
eters. In order to be able to solve the obtained system of
equations, it is necessary to know for given mass velocities
of air and water, the coefficients of heat (11, /1 ) and of mass
(K,) exchanges for the type of used packing. The coeffi-
cients of heat and mass exchanges of a packing are of a close
connection with the temperature of the interface which is a
priori unknown. To be able to solve the problem, one must
minimize the number of variables to be determined. This
is achieved by finding relationships between these coeffi-
cients. The air-film heat transfer coefficient and the mass
transfer coefficient on the air-water interface are coupled
by the Lewis relation [24] as follows:

h,a=oapC.K,a (17)

a=4275107(T, - T,)+0.8726 (18)

Using the above relationship, the number of variables
has been reduced to two. In order to work with only one
variable:

_ ha

p=—1
K,a

(19)

In the following, we will write all the previous equa-
tions as a function of P and o. Egs. (15) and (13) give the
following equation:

ha P
ha  opC,

By dividing Eq. (2) by Eq. (1), and writing it according
to P we obtain

(20)

4t _,B(T-T) @1)

iT,  « (Tg _:rl.)

With
G

B=—— (22)

LG,

Hence

PAT, + oT, L
T - dT, (23)

i d’TI
—+P
“gr PP

By substituting Egs. (15) and (16) in Eq. (12) we will
have:

PT+apC,T, —(P+opC)T,

W, -W,)= 24
( 1 g) p;\‘D ( )
By substituting Eq. (18) in Eq. (19) we will have:
dT,
P’ H(T, =T, )~ epC,PA(T, - T,
W, =W, + £ (25)
a1, pg|a
—L 4
o dT, oP

Egs. (18) and (20), as well as an additional equation,
of the saturation curve of water vapor [24] will be used to
determine P, W, and T

Pws

(26)

W, =0,62198-

ws

where P is the partial saturation pressure of the water
vapor corresponding to a certain temperature is computed
from [25] as:

In(P,,)= —6096.938% +21.240964 —2.71119107°T,

i

+1.6739510° T} +2.433501In(T;)

27)

5. Computational process

Fig. 4 shows the algorithm used to calculate the
exchange coefficients. The height of the packing is subdi-
vided into elements of infinitesimal volumes, d,.. The height
d_ of each element d, corresponds to the distance between
two computation nodes. Each node will be characterized by
water temperature, T, air temperature, T, interface tem-
perature, T, air moisture content, W, and interface air mois-
ture content, W. T, T , and W_will be calculated from the
polynomials T, (z), T {z), and Wg (z). The temperature of the
interface in each node is a priori unknown. To determine it,
we proceed as follows:

* Estimate T, at (T +T) / 2, then calculate W, using Eq.
(20),

¢ Calculate (K a) by the Eq. (23), obtained by solving Eq.
(11)

dw. G

= ) 8)
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Data entry (geometry, flow rates.....)

S~

Determination of polynomials of temperature
and absolute humidity:

Ti(z), Te(z) and W,(z)

V.

Initialize T; at (T4+T1)/2

~

New choice of P
P=P+a| W;;(P)- Wix(T})| 10°

a=lor -1

Calculate W;, hja, Kj,a, P

~z

Calculate Wii(P), T; (P) et Wi(T;)

N v

Convergence test
| Wir(P)- Win(T))|<e

Yes

Fig. 4. The procedure (algorithm) used to calculate the exchange coefficients.

e Calculate (hga) by the Eq. (24), obtained by solving Eq.
)

e 4L, LG (29)
& (T-T)
then calculate P by Eq. (15),
e Calculate W, (P) by Eq. (21), T, by Eq. (18), and W, (T)
by Eq. (22),
¢ Compare W, and W, which must be equal for the good
value of T If we find a difference, we choose a new val-
ue of P to minimize the difference. The new value of P
is given by the relation:
P =P +a|W, - W,|1000 (30)
where a is a factor that takes the value of 1 or =1 whether if
we want to increase or decrease P.
Using the value of P, one calculates T, (P) by the Eq. (18),
W, (P) by Eq. (20), W,, (Ti) by Eq. (21) and the difference (W,
- W), then the new value P. This operation is repeated until

(W, —W,) is lower than an error fixed in advance. Finally we
determine K a and ha by Eqgs. (23) and (24).

6. Results and discussion

Developing a correlation of the heat and mass trans-
fer coefficients is necessary to predict the outlet condi-
tions and packing height for the humidifier. Based on the
values of mass and heat transfer coefficients calculated
from experimental data, correlations are developed in this
section. The determination of the values of the exchange
coefficients consists in seeking a correlation between the
exchange coefficients relative to each packing and the
mass velocities of the air and the water. K a = (G, L), ha
=f(G, L), ha = f(G, L). To find these correlations, series of
tests are catried out on an experimental evaporation tower
of 0.9 m? of section and 2 m of height. The tests consist in
varying the flow of air and water. For each combination
of flow rates, five equidistant levels of the height of the
cooling tower are taken from the dry air temperature, the
water temperature and the relative humidity. The moisture
content of the moist air is then determined from the moist
air diagram. Using the “Grapher” software, we make a
polynomial smoothing of order 4 of the functions T, = f
(), T,=f(z) and W = f(z). The values of L, G, the helght
of thé tower and the coefficients of the three polynomi-
als are introduced in the solving program of the system
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Table 1
Comparisons of heat and mass transfer coefficients

Packing type Mass transfer coefficient Heat transfer coefficient References
Palm leaves K a=13736 G* L h,a* 36.07 10* G2 048 Present work
Thorn tree K a=2.09 GMeBs Lo h,a * 5900 GO L.01¢?
Wood K_a=295Go2 0% ha*1.04 . 104 G L3 [26]
Cellulosic material K a* 0.6119G03753 1 01002 7-0.0986 hla *25223.5 GO1644 100591 7-0.0542 [27]
Woodenslats K, aV/L=0.52 (L/G)™"%* - [28]
Woodenslats KmaV/ L =119 (L/G)™% - [29]
PVC K_a =120 G Lo+ - [30]
of equations, to have as output the values of i, h, and K . 0.03 3.70
A careful review of the developed heat and mass transfer
correlations showed in Table 1 indicates that these correla- 0024 Kma 1365
tions are provided in the form of the power functions of 4 ha
L and G. For this reason if one of the two values of L and 001 560 T
G is maintained constant, a logarithmic representation log @~ | 1 2&
(ha or K a) = f (log (G or L)) results in obtaining the form: % 5
haor K a=aGyLn < 0.00 a {355 =
) -0.01 +3.50
Packing n° 1: Thorn tree >
The branched bundles of thorn tree are stacked longitu- -0.02 ; ; . 3.45
dinally in the packing column. The results of this packing 04 -03 02 01 00
test are shown in Figs. 5 and 6. log (G)

For values of G = 0.89 kg/m?s and L = 0.222 kg/m?s,
we find:

hl a = 5900 G5 1.01¢2
K a=2.09 Go11515 ] 045

1)
(32)

Packing n° 2: The palm leaves

The palm leaves are cut into pieces of 30 cm in length
and are stacked crosswise with alternating orientations. The
experimental tests, shown in Figs. 7 and 8, provided the fol-
lowing results:

For values of G = 0.827 kg/m?s and L = 0.555 kg/m?s,
we find:

hla =36.07 . 104 G* L%
K, a = 137.36 G4/ L0

(33)
(34)

From the results depicted in Figs. 5-8, it can be seen that
an increase in the water flow rate for a constant air flow
rate or vice versa leads to an increase in the heat and mass
exchange coefficients. This increases the amount of water
evaporated and the thermal gradient between the inlet and
the outlet parameters of the humidification process. For the
same pair (water, air) of flow rates, the two tested types of
packing, as well as that given by the literature review pre-
sented in Table 1, are differentiated by their exchange coeffi-
cients. It is clear that the palm leaves are more efficient than
the thorn trees and the wood to garnish the humidification
column. This seems obvious since the palm leaves offer a
larger exchange surface per unit volume.

Fig. 5. Variations of heat and mass transfer coefficients of thorn
tree as a function of water flow rate (L = 0.222 kg/m?s).

0.4 375
* Kpa
¢ ha 2
0.3 {ar0
£ 02 {365 %
[+ X
= 5
3
0.1 {360
0.0 T T T T T T T 3.55
08 -07 -06 -05 -04 03 -02 -01 00

log (L)
Fig. 6. Variations of heat and mass transfer coefficients of thorn
tree as a function of airflow rate (G = 0.898 kg/m?s).

7. Conclusion

Packed humidifiers are used increasingly in a variety
of applications in the desalination systems. The reasons for
this are an increase in the availability of design information,
the evolution of higher-capacity for absorption and higher
efficiency heat and mass transfer packings, and improve-
ments in distributors and support plates. In this paper,
Correlations of heat and mass transfer coefficients were
developed for two types of natural packings, Thorn tree and
palm leaves,and compared with that given by the literature.
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Fig. 7. Variations of heat and mass transfer coefficients of palm
leaves as a function of air flow rate (L = 0.555 kg/m?s).
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Fig. 8. Variations of heat and mass transfer coefficients of palm
leaves as a function of water flow rate (G = 0.827 kg/m?s).

It was found that the palm leaves are more efficient than the
thorn trees. It was also found that the heat and mass trans-
fer coefficients increases with the increase of water and air
mass flows. The developed correlations can be used to pre-
dict the packing size and the water and air outlet conditions
of the packing humidifier.

Symbols

— Specific mass transfer area (m?/m?)

— Air specific heat (J/ (kg-K))

— Water specific heat (J/ (kg-K))

Water vapor specific heat (J/ (kg-K))

— Enthalpy (kJ/kg)

— Density of the mass flow of air (kg/(m?*s))
— Heat transfer coefficient (J/(kg-K))

— Air heat transfer coefficient at the air-wa-
ter interface (W/(m?>K))

Water heat transfer coefficient at the
air-water interface (W/(m?-K))

Water vapor mass transfer coefficient at
the air-water interface (kg/(m?:s))
Density of the mass flow of water (kg/
(m?-s))

Saturation pressure (Pa)

ST OImONOS
|

N
|

m

ws

M

B2

—~

— Temperature(K)

— Reference temperature conventionally at
0°C

— Volume (m?)

— Air humidity (kg water/kg dry air)

— Saturation humidity (kg water/kg dry
air)

— Length of the humidifier packed bed (m)

— Coordinate in the flow direction (m)

— Latent heat of water evaporation (J/kg)
— Lewis coefficient
— Density of moist air (kg/m?>s)

Subscripts

1

2
l
8

— Inlet

— Outlet
— Water

— Moist air
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