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ABSTRACT

An experimental study was carried out to assess the performance of a novel bubble column humidifier
operated through solar thermal energy. Different perforated plate geometries were studied experi-
mentally to select the optimum design that delivers a low overall pressure drop in the system. Then,
the day-round performance of the humidifier was investigated experimentally with and without Fres-
nel lens. The influence of the air superficial velocity, inlet water temperature, and inlet air relative
humidity on the performance of the humidifier were investigated. Findings indicate that the average
daily absolute humidity of the air at the exit of the humidifier increased by 12.3% when the air superfi-
cial velocity increased from 20 to 30 cm s™. This absolute humidity is further increased in the range of
9%-11% with the integration of the Fresnel lens. The new humidifier design can have a direct concen-
trated solar thermal heating and it acts as a heater for the water and air at the same time. Subsequently,
it has high performance and it can be located in remote areas.

Keywords: Solar thermal energy; Water desalination; HDH systems; Bubble column humidifier;

Fresnel lens; Air humidification

1. Introduction

The fresh water scarcity, energy crisis, and climate
change are the most intimidating concerns for mankind as it
brought many disquiets like health, pollution, and environ-
mental issues [1]. The problem is more severe in developing
countries where the population growth projection is much
higher as compared with developed countries. The increase
in world population growth results in a high demand for
potable water that is well below the existing supply of fresh
water. While the fresh water demand is rising exponentially,

* Corresponding author.

the industrial revolution is making the fresh water scarcity
situation more alarming by polluting the lakes and rivers by
industrial waste. Given the fact that the population on earth
continues to increase and industrial growth shows no signs
of slowing down, it is inevitable that conventional sources
of fresh water are not sufficient. To alleviate this threatening
drift and the apprehensions of the existing and approaching
fresh water crisis, the answer for water sustainability may lie
in seawater desalination.

The process of seawater desalination is a mature exper-
tise and is being adopted by many countries to yield pota-
ble water. These conventional process of water desalination
are highly energy intensive [2] and economically suited only

1944-3994/1944-3986 © 2017 Desalination Publications. All rights reserved.



F.A. Al-Sulaiman et al. / Desalination and Water Treatment 60 (2017) 58—-69 59

on large scale [3]. Moreover, the sustainability concerns of
conventional energy sources and anxieties of climate change
are making the present seawater desalination approaches
unfavorable. Therefore, the use of renewable energy in sea-
water desalination is the only potential solution to balance
the potable water requirements by secure and affordable
energy with the pressing issue of climate change [4].

Solar energy is an appropriate energy choice for sea-
water desalination, but it is not economically viable for
large scale conventional seawater desalination systems [5].
However, the use of solar energy is a promising option for
developing a small scale water desalination systems for
decentralized supply of fresh water in remote areas [6]. Solar
humidification-dehumidification (HDH) is a carrier gas based
thermal technique [7] that is ideal for decentralized small scale
water desalination system [8] especially in remote regions
where inexpensive land and abundant solar irradiance are
available. The challenge is to come up with an efficient, reliable,
and cost effective design approach to explore the true poten-
tial of the HDH water desalination systems. Several studies are
available that explore HDH as an effective mean of brackish
water desalination. However, the main focus of these studies
is to improve the dehumidification process of the HDH system
and comparatively less attention has been given toward the
improvement of the humidification process.

Humidification is one of the fundamental processes in
the solar HDH water desalination system. There are many
devices, which can be used for the humidification purpose.
These devices include spray tower, wetted wall tower,
packed bed tower, and bubble column [9]. The aim of all
these devices is to raise the humidity of the air by diffusion of
water into unsaturated air stream. This diffusion phenomena
is caused by the concentration variance between the water
vapor in the air and air-water interface.

Several studies considered using spray tower as a
humidification device in their HDH systems. In the spray
tower, water is sprayed in the form of droplets that falls
under the force of gravity. Air is injected from the bottom to
come in a direct contact with the falling water droplets in a
counter flow arrangement. These type of devices have low
humidification effectiveness due to the low water holdup.
Other limitations include the use of mist eliminators which
are essential to avoid the water entrainment in the air at the
exit of the spray tower. Furthermore, the losses in the spray
nozzles causes a high pressure drop in the water stream.
Wetted wall towers could also be used in an HDH system
for air humidification purpose. In this configuration, thin
water film flows downward on the inner perimeter to form
a wetted surface along the tower length. The air stream
can either flow upward or downward to have a direct con-
tact with the falling water thin film. These towers have a
higher humidification efficiency and a lower air-side pres-
sure drop compared with other humidification towers.
However, the water flow rate is restricted to a lower capac-
ity because the thin film of water flows only on the inner
perimeter of the tower. The packed bed tower is a widely
practiced humidification device in the HDH water desali-
nation system owing to its high performance. It is similar
to the spray towers in which water is sprayed in the form of
droplets that fall under the force of gravity. However, in the
packed bed tower, the packing material is used to improve

the humidification efficiency. The use of a packing material
makes the water droplets more dispersed which increases
the area and time of contact between both water and air.
However, this improvement leads to a higher pressure drop
in the packed bed humidifier.

1.1. Bubble column humidification

An innovative design approach is to use the bub-
ble column as a humidification device for an HDH water
desalination system. In the humidifier configuration, air
is passed through perforated plates to form bubbles in the
hot water column. As the air bubbles propagate through
the hot water column, simultaneous heat and mass transfer
take place where air becomes hot and humid at the outlet
of the humidifier. The higher rate of heat and mass transfer
in a bubble column inspired the researchers to extensively
use these devices as multiphase reactor in chemical process
like fisher-tropsch process, in metallurgical and many bio-
medical applications [10]. However, the use of bubble col-
umn humidifier in HDH water desalination is very limited
and there are very few studies that investigate the bubble
column humidifier for HDH water desalination system.
El-Agouz and Abugderah [11] carried out an experimen-
tal investigation of a single stage bubble column humidi-
fier. An evaporator column of 500 x 250 mm cross section
was used in this experiment. The air stream is introduced
by a 75 mm diameter PVC pipe having 32 holes of 10 mm
diameter on both sides. The pipe was submerged in the
water and acted as a sparger to form bubbles in the pool of
water. The efficiency of the humidifier is defined in terms
of absolute humidity of the air at the inlet and exit state of
the humidifier. The effect of water inlet temperature, the air
inlet temperature, and the air inlet velocity on the humidi-
fier efficiency was investigated. Their results indicated that
the performance of the bubble column humidifier is consid-
erably affected by the air inlet velocity and the water inlet
temperature. The air inlet temperature has a slight influence
on the air vapor contents difference. The highest efficiency
achieved for the bubble column humidifier was reported as
95% with 222 g kg ~' at 75°C of air and water temperatures.
Geometrical features, such as the number of holes, holes
diameter, open area ratio, and water column height were
not considered in this study. El-Agouz [12,13] performed
another experimental study to analyze the effect of water
column height, water column temperature, and air flow rate
on the performance of bubble column humidifier. The effect
of water column height on the efficiency of the bubble col-
umn humidifier was not significant. However, the perfor-
mance of bubble column humidifier was increased with the
increase in the water column temperature and air flow rate.
The maximum efficiency achieved for the bubble column
humidifier was reported as 98% at air flow rate of 14 kg h™
and water temperature of 85°C.

Zhang et al. [14] studied experimentally the operating
factors that affect bubbling humidification by using a single
sieve plate. The result showed that the air relative humid-
ity reached to 100%. Moreover, humidification capacity
was increased by about 80% when water temperature was
increased by 10°C. Zhang et al. [15] performed another
experimental study on a single stage bubble column
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humidifier to analyze the effect of air flow rate and water
level on the pressure drop and the relative humidity of air.
A cylindrical column of 198 mm diameter was used as an
evaporator chamber in their experiment. A sieve plate of
8 mm thickness having 91 holes of 1 mm diameter was used
as a sparger. Their experimental work aimed to achieve
a high water vapor concentration in the air at the exit of
the humidifier with a less pressure drop and a low blower
power consumption. The results showed that the increase in
the water level and air flow rate caused a greater pressure
drop and a higher blower energy consumption. The mois-
ture contents at the exit of the humidifier were increased
with the increase of the water and air temperatures. In the
range of experimental operating conditions, the experimen-
tal results showed that the air reached almost 100% relative
humidity.

In all the aforementioned experimental investigation of
the bubble column humidifier, water is heated by an electric
heater that limits the use of these devices in remote areas
where electricity availability is scarce. Therefore, a novel bub-
ble column humidifier is proposed that is operated through
solar thermal energy as the main source of energy input. In
this humidifier, the absorber plate and bubble column were
incorporated in a single frame design, as shown in Fig. 1.
The absorber plate is titled to an angle equal to the latitude
of Dhahran (26.3°), Saudi Arabia to absorb the maximum
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Hot humid air at exit

Black absorber plate

Fig. 1. Design of bubble column humidifier.
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solar irradiance. This design improvement has the following
advantages:

® The tilted absorber plate acts as a sloped surface to create
a thin film of water over the absorber plate. The mini-
mum water depth over the absorber plate leads to a better
heat transfer and a higher water temperature is achieved
at the downstream of absorber plate. It also results in a
significantly low pressure drop in the air-side.

e The hot humid air at the exit of the bubble column
further passed over the thin film of hot water flow-
ing over absorber plate to absorb more moisture
and higher vapor contents are achieved at the exit of
humidifier. In other words, the humidifier heats both
air and water simultaneously and air humidification
process occurs throughout the full path of the air
inside the humidifier.

e This proposed humidifier have a direct solar thermal
heating. Subsequently, it can be located in remote areas,
where there is a shortage in electricity.

The overall objective of this work is to develop and test
the proposed humidifier design to identify the optimum
operating conditions for possible integration with a dehu-
midifier. Consequently, an improved HDH performance
design is obtained.
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<« 1 Hot humid air at
column outlet
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<+— Air distributing
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2. Experimental setup

A laboratory scale setup for the bubble column humidi-
fier is designed and built as shown in Fig. 2. The frame of the
experimental setup was constructed of 10 mm thick Plexiglas
sheet. Plexiglas is a transparent thermoplastic material that
has a thermal conductivity of 0.19 W m.K™. Furthermore, the
use of such transparent material is advantageous in a sense
that it allows the observer to see what is happening inside
the unit while performing the experiment. Another advan-
tage of using the Plexiglas is its low thermal conductivity
that reduces the heat loses from the system. Plexiglas sheets
are also used to build the bubble column of 300 x 300 mm
cross section and 400 mm height. A perforated plate is used
as a sparger to form the bubbles in a pool of hot water in the
bubble column. The perforated plate is made of a 2 mm thick
black acrylic Plexiglas. The perforated plate splits the bubble

column into lower and upper compartments. Air is intro-
duced by a 400 W adjustable blower to the lower compart-
ment of the bubble column through a 25 mm diameter CPVC
pipe. The lower compartment of the bubble column is 300 mm
high. It is used to distribute the air stream uniformly through
the perforated plate. The upper compartment of the bubble
column is 100 mm high. It is used as a pool for hot water
that is down streamed from the absorber plate. The absorber
plate is 300 x 800 mm in cross section and made of a 3 mm
thick stainless steel. A Fresnel lens of 1 m? area is placed at the
top of absorber plate. The Fresnel lens provide the geometric
concentration ratio of approximately 4 and help in achieving
the higher temperature at the downstream of absorber plate.
The cover of the humidifier is made of 2 mm thin transparent
glass to ensure maximum transmittance of solar irradiance.
The reason for not using the Plexiglas sheet as a cover is its
comparatively lower transmittance that further decreases

FH A

Fig. 2. Schematic diagram of experimental setup. (1) Air blower; (2) Orifice meter;(3) Manometer; (4, 9, 12, 14) Thermocouple;
(5) Perforated plate,(6) Water supply; (7) Throttle valve;(8) Rotameter; (10) Water inlet; (11) Absorber plate, (13) Air outlet.
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with the passage of time as the Plexiglas loss its clarity and
adopt the yellowish color.

The experiment starts by blowing air using the air
blower (1). The reason for blowing air first is that if the
water flows first, it will penetrate down through the per-
forated plates (5). The blower is adjustable for the desired
volumetric flow rate of the air stream that is measured by
an orifice meter (2) connected to a manometer (3) to mea-
sure the pressure drop across the orifice plate and hence
calculate air flow rate. The air dry-bulb/wet-bulb tempera-
tures are measured by K-type thermocouples (4) before the
air stream is admitted into the humidifier. Water supply
(6) valve is then opened. The volumetric flow rate of the
water is measured by a rotameter (8) adjusted to the desired
value by a throttle valve (7). Water temperature is measured
by a thermocouple (9) before entering the humidifier (10).
A water film is distributed evenly over the black absorber
plate (11) and flows by gravity. Water temperature increases
as it flows over the absorber plate that is heated by solar
irradiance. Water temperature is measured at the exit of the
absorber plate using thermocouples (12). Hot water then
moves to the bubble column chamber where air is passed
through the perforated plate to form bubbles in the pool of
the hot water. As the air bubbles propagate through the hot
water column, simultaneous heat and mass transfer take
place such that air is heated and humidified till it reaches
the exit of the humidifier (13). Dry-bulb/wet-bulb tempera-
tures of the hot and humid air are recorded using thermo-
couples (14) at the exit of the humidifier.

A data acquisition consisting of two NI 9213 thermocou-
ple input modules installed in a NI cDAQ-9178 USB chassis is
connected to a computer. Thermocouples measurements are
displayed and stored using a Labview program. Real-time
processed thermocouple readings are measured every 2 s and
the average temperatures of every 5 min were recorded using
the developed Labview program.

The air absolute humidity is measured by the psycho-
metric calculations of the dry-bulb/wet-bulb temperatures
at different locations in the humidifier. The difference of air
absolute humidity between the outlet and inlet state of the
humidifier provided the vapor content difference achieved
by the air in the humidifier. The ratio of actual vapor content
difference to maximum vapor content difference defined
the humidification efficiency of the humidifier and is cal-
culated as:

Humidification efficiency = M
@t (1)

out in
where o_, is the absolute humidity of the air at the exit of the
humidifier; o, is the absolute humidity of the air at the inlet
of the humldlﬁer and o_ *'is the saturated absolute humid-
ity of the air at the outlet of the humidifier.

In all the experimental investigations of the bubble col-
umn humidifier, the humidification efficiency was evaluated
by using Eq. (1). As the core objective of the direct contact
humidifier is to attain higher vapor contents in the moist air at
the outlet, the efficiency of the humidifier can be represented
in terms of humidity difference of the moist air between its
inlet and outlet states. However, this approach is not appro-
priate to analyze the performance of a solar humidifier as it

does not take into account the effective utilization of solar
energy by the humidifier. Therefore, another performance
metric that relates the amount of energy added to the air
stream to the solar energy incident on the humidifier is used
to analyze the performnace of the system. This performance
metric is named as solar humidifiecation efficiency and
defined as:

i, b, , =1,k

a,0'"a,0 a,i'"a,i

Qsolar (2)

Solar humidification efficiency =

where Q_ is the amount of solar energy incident on the
humldlﬁer ‘and h, is the specific enthalpy of moist air that
includes the enthalpy of dry air (sensible heat) and the
enthalpy of evaporated water in the air (latent heat). The spe-
cific enthalpy h, is calculated as:

ha = hdﬂ + 'thv (3)

where x is the humidity ratio expressed as the ratio between
the actual mass of water vapor present in moist air to the mass
of the dry air, 11, is the specific enthalpy of the dry air (sensi-
ble heat), and 1 is the specific enthalpy of the water vapors
(latent heat). The specific enthalpy of dry air and water vapor
is calculated by Egs. (4) and (5), respectively.

hdu = Cp/daTu (4)

h,, = Cpawl h, . 5)
where c, is the specific heat, T is the temperature, and h, is
evaporation heat.

K-type thermocouples are used to measure water tem-
perature as well as air dry-bulb/wet-bulb temperatures.
Thermocouple probes are calibrated before installing them in
the experimental setup. The volumetric flow rate of the water
is measured by using FL5000 series rotameter of OMEGA.
The volumetric flow rate of the air is measured by an ori-
fice meter connected to a manometer to read the pressure
drop across the orifice plate. The orifice meter is designed
and installed according to the ISO 5167 benchmark design
recommendations. Solar radiation is measured using a hand-
held pyranometer. The uncertainty in the measurements is
calculated as the root sum square of the fixed error of the
instrumentation and the random error observed during dif-
ferent measurements [16]. The measurement devices along
with their range, accuracy, and uncertainty are summarized
in Table 1.

3. Results and discussion
3.1. Influence of geometry of the perforated plate

The optimum design consideration of the perforated
plate is an important aspect in the experimental investiga-
tion of the bubble column humidifier. In the design of the
perforated plate, the perforations geometric configuration
should be optimized to reduce air pressure drop. Another
important aspect in the perforated design is to avoid water
leakage through the perforations. Keeping in mind the afore-
mentioned aspects, three different perforated plates were
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Table 1

Measurement devices along with their range, accuracy, and uncertainty
Properties Instruments Range Accuracy Uncertainty
Temperature NI cDAQ-9178, -267°C - 316°C +0.1°C +0.25°C
Relative humidity K-Type thermocouple 0% —100% RH +0.1% RH +0.93%
Pressure U-Tube manometer 0.1-50 cm H,O +1mm +0.1ecm H,O
Water flow rate Rotameter 1-7LPM + 5% of full scale +02LPM
Water column height Graduate level 0.1-20cm +1mm £0.25cm
Air superficial velocity Orifice meter 10-50 cm s +lcms?! £0.79 cm s™
Solar irradiance Pyranometer 0-2,000 W m + 5% of full scale +1Wm?

Table 2 35 yy—

Geometric features of different designs of perforated plate tested _ O—D::::: 5

during experimentation 37 % Design3 0

Number Hole diameter Pitch size Open area

of holes  (mm) (mm) ratio (%)
Design1 105 3 25 0.77
Design2 105 2 25 0.33
Design3 149 2 20 0.49

designed and tested to analyze the effect of perforation
geometry on the performance of the bubble column humidi-
fier. The geometric features of the three spargers used during
the experimental work are listed in Table 2.

The open area ratio of the perforated plate is defined as
the ratio of the perforation area to the plate area. The three
different designs of perforated plates with different open
area ratio were tested at different air superficial velocities.
Results are shown in Fig. 3.

The minimum pressure drop is achieved using design
1 due to bigger hole diameter and higher open area ratio
compared with the other two designs. However, water
leakage was observed from the perforations during the
experiments that showed that this design is not useful. To
overcome the problem of the water leakage, design 2 was
tested with the same number of holes as in design 1, that
is, 105 holes; but the hole diameter was reduced from 3 to
2 mm. Design 2 was successful in preventing water leak-
age from the perforations but the pressure drop was high.
The high pressure drop is due to the low open area ratio in
design 2. Therefore, design 3 was tested with 149 holes with
2 mm hole diameter. The higher number of holes increased
the open area ratio and reduced the pressure drop compared
with design 2. Moreover, no leakage was observed with
design 3 during the experiment. Therefore, design 3 was
selected as the best choice for our experimental setup. The
perforated plate dimensions and hole geometry of design
3 are shown in Fig. 4. The perforated plate is 300 x 300 mm
in cross section and it consists of 149 holes, 2 mm-diameter
each. The holes are made in equilateral triangular configu-
ration where the distance between any two adjacent holes
is 20 mm. The holes are distributed 40 mm away from the
boundary of the perforated plate to avoid the shear stresses
near the wall of the bubble column.

Experiments are performed to find out the effect of water
column height on the total air pressure drop at different air

Pressure drop (kPa)

0.5

Air superficial velocity (cm/s)

Fig. 3. Influence of air superficial velocity on the pressure drop
under different design considerations of perforated plate.

300 mm

300 mm

Fig. 4. Dimensioning and geometric features of the selected
perforated plate.

superficial velocities. Results are shown in Fig. 5. The figure
shows that the minimum pressure drop is attained at the
lowest water column height of 1 cm and with 15 cm s™ air
superficial velocity. Increasing water column height to 3 cm
and then to 5 cm while keeping the air superficial velocity at
15 cm s results in a significant increase in the pressure drop.
Furthermore, the air superficial velocity at 15 cm s™ is not
sufficient to completely overcome the static pressure head of
the 5 cm water column height such that some water leaked
through the perforations. Therefore, air superficial velocity
at 15 cm s™ is not taken into consideration for further inves-
tigations. The maximum pressure drop is monitored with a
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Fig. 5. Effect of water column height on the pressure drop at
different air superficial velocities.

higher air superficial velocity of 30 cm s™. On contrary to the
air superficial velocity of 15 cm s, there is a slight increase in
the pressure drop at higher water column heights.

The effect of water column height on the absolute humid-
ity is also analyzed at different air superficial velocities.
The humidifier is operated at 1, 3, and 5 cm water col-
umn heights. The air superficial velocity is varied from 20
to 30 cm s for each water column height. The influence
of varying air superficial velocity on the amount of vapor
contents in the moist air (absolute humidity) at the exit of
humidifier at different water column heights is presented in
Fig. 6. The figure shows that the maximum absolute humid-
ity is attained at the lowest water column height of 1 cm with
air superficial velocity of 25 cm s™. The further increase in air
superficial velocity at water column height of 1 cm slightly
reduce the absolute humidity at the exit of humidifier. The
reason is attributed to the short residence time of the air
bubbles due to high air throughputs and air propagate very
quickly from the shallow water column height of 1 cm [17].
For all other experiments performed at water column height
of 3 and 5 cm, the absolute humidity is increased with the
increase in air superficial velocity. The reason of attaining
higher absolute humidity at higher air superficial velocity is
discussed in the following section 3.2.

3.2. Influence of air superficial velocity

The investigation of varying air superficial velocity is one
of the major operating parameters to optimize the perfor-
mance of bubble column humidifier. As the core objective of
the humidifier is to effectively humidify the air, the amount
of vapor contents in the moist air (absolute humidity) at the
exit of humidifier was investigated at different air superficial
velocities. Fig. 7 shows that absolute humidity of air at the inlet
of the humidifier, exit of the bubble column, and outlet of the
humidifier at different air superficial velocities. The air is intro-
duced to the humidifier with the help of the blower that sucks
the air from the atmosphere. The absolute humidity of the inlet
air is dependent on the real time atmospheric conditions and it
is almost constant during the particular experimental analysis.
However, the absolute humidity of the moist air at the exit of
the bubble column and outlet of the humidifier is increased

—6— Air superficial velocity = 20 cm/s
48 + — X — Air superficial velocity = 25 cm/s
—2&— Air superficial velocity = 30 cm/s
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Fig. 6. Influence of water column height on absolute humidity at
different air superficial velocities.

Note: Experiments were performed on 5 August, 2015 at solar
irradiance of 860 W m™.

OlInlet OColumn BOutlet
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Absolute humidity (g,/kg,)
N~
S

10

25 30
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Fig. 7. Influence of air superficial velocity on the absolute
humidity.
Note: Experiments were performed on 10 June, 2015 at 11 am
with water column height of 3 cm. The solar irradiance value was
725 W m=

with the increase in the air superficial velocity. The reason of
attaining higher absolute humidity at higher air superficial
velocity is attributed to the increased gas holdup in the bubble
column. Gas holdup is a dimensionless parameter that repre-
sent the volume fraction of gas phase occupied by the bub-
bles. It is evident from my studies that the higher superficial
velocity leads to higher gas holdup, that eventually increase
the heat and mass transfer co-efficient in the bubble column
[18-21]. Some studies claimed that the higher superficial veloc-
ities enhanced the turbulent motion of the of the gas bubbles
and formed a disturbed homogeneous liquid-gas system with
an unsteady flow pattern and large bubbles [21-24]. However,
many studies revealed that the higher air superficial velocity
increased the frequency of bubble formation and resulted in a
mixture of small and large diameter bubbles that ranges from
few millimeters to few centimeters [25,26]. The higher bubble
frequency at higher air superficial velocity onsets the foam
formation [27] that greatly increase the water column height
during the air bubbling through the water and provide higher
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Fig. 8. Increase in water column height during air bubbling
through the water at high superficial velocity.

interfacial area for better heat and mass transfer. Fig. 8 shows
the process of foam formation when the water column height
is maintained at 3 cm and air is sparged at superficial velocity
of 30 cm s™. A large number of bubbles are formed and water
column height is increased from 3 to 9 cm.

Findings also reveals that, the absolute humidity of the air
significantly increases at the exit of the bubble column com-
pared with its condition at the inlet. The significant increase
in the absolute humidity is attributed to the higher rate of
heat and mass transfer in the bubble column. The humid air
at the exit of the bubble column further pass over the thin
film of hot water flowing over the absorber plate to absorb
some moisture and, consequently, the absolute humidity is

further increased slightly. The slight increase in the absolute
humidity is due to a lower available potential of the moist
air to absorb more moisture as the moist air at the exit of the
bubble column is enriched with moisture contents and close
to its saturation point. The moist air approaches the water
inlet temperature and leaves the humidifier almost saturated.

3.3. Influence of solar irradiance

The proposed humidifier design is novel in terms of its
ability to have a direct solar thermal heating. Therefore, the
performance of this humidifier design is highly influenced by
the availability of the solar irradiance. Fig. 9 shows that per-
formance of the humidifier in terms of the absolute humidity
at the exit of the bubble column and the outlet of the humid-
ifier at different solar irradiance. Results indicate that the
absolute humidity of the air is increased at higher solar irra-
diance. Higher solar irradiance provides greater amount of
the heat to the black absorber plate and increases the water
temperature. The increase in the water temperature enhances
the moisture absorption ability of the air and, consequently, a
higher humidity ratio is achieved at the exit of the humidifier.

3.4. Influence of inlet RH

The influence of the inlet air relative humidity on the
performance of the humidifier is an important aspect as it
signposts the optimum performance operating conditions
for its possible integration with a dehumidifier. Therefore,
the performance of the humidifier is analyzed at different
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Fig. 9. Influence of solar irradiance on the absolute humidity.

Note: Experiments were performed on 8 August, 2015 with water
colum height of 3 cm and air superficial velocity of 30 cm s™. The
solar irradiance value was 890 W m~2at 11 am and 440 W m™2 at 4 pm.
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Fig. 10. Influence of relative humidity on the absolute humidity
and humidification efficiency.

Note: Experiments were performed on 10 June and 8 August, 2015
with water colum height of 3 cm and air superficial velocity of
30 cm s7. The solar irradiance value was 890 W m~ and 800 W m™ at
11 am in August and June respectively.

relative humidity of the inlet air. Experiments were per-
formed in the month of June and August to experience the
climatic variations in the relative humidity of the inlet air.
Fig. 10 shows that influence of inlet air relative humidity on
the performance of the humidifier in terms of the humid-
ification efficiency and the absolute humidity achieved at
the exit of the humidifier. Findings reveal that the abso-
lute humidity of the moist air at the exit of bubble column
and the outlet of the humidifier is almost the same in both
months of June and August. However, the humidification
efficiency is higher in June compared with August. This
is due to the lower relative humidity of the inlet air in the
month of June compared with August. The lower relative
humidity of the inlet air provides more potential to absorb
moisture compared with the air with high relative humid-
ity. This higher potential of absorbing moisture leads to a
higher humidification efficiency.
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3.5. Influence of water temperature

The system was operated with and without the inte-
gration of Fresnel lens between 7 am and 5 pm in June and
August to analyze its performance in terms of the abso-
lute humidity of the moist air at the exit of the humidi-
fier. Figs. 11 and 12 show the solar irradiance on the tilted
absorber plate, air and water inlet temperatures, and the
water temperature achieved at the exit of absorber plate with
and without the integration of Fresnel lens for particular
days in June and August, respectively. It can be seen from
both figures that the solar radiation and ambient air tempera-
ture rise in the morning, reach their maximum values around
mid-day, and then decrease in the afternoon. Water tempera-
ture followed the same trend since it is directly influenced by
the solar irradiance. The black absorber plate was heated by
solar radiation. Accordingly, water temperature increases as
it flows over the absorber plate. A higher water temperature
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Fig. 11. Influence of solar irradiance on the water temperature in
the bubble column humidifier in the month of June.

Note: Data was collected at a water column height of 3 cm and air
superficial velocity of 25 cm s on 10 June, 2015 for absorber plate
experiments and on 11 June, 2015 for Fresnel lens experiments.
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Fig. 12. Influence of solar irradiance on the water temperature in
the bubble column humidifier in the month of August.

Note: Data was collected at a water column height of 3 cm and air
superficial velocity of 25 cm s on 12 August, 2015 for absorber plate
experiments and on 13 August, 2015 for Fresnel lens experiments.

is achieved by using a Fresnel lens that concentrates the solar
irradiance on the absorber plate and, consequently, heats the
water to a higher temperature.

Since the core objective of the bubble column humidifier
is to effectively humidify the air, the day round performance
of the humidifier is analyzed in terms of the absolute humid-
ity of the moist air at the exit of the humidifier. Initially, the
humidifier is operated without the integration of Fresnel lens
and water is heated by passing it over the absorber plate that is
titled to an angle equal to the latitude of Dhahran (26.3°), Saudi
Arabia to absorb the maximum solar irradiance. Water tem-
perature difference achieved in the humidifier and its influ-
ence on the air absolute humidity is investigated at different
air superficial velocities. The investigated day round perfor-
mance of the humidifier in the month of June and August is
summarized in Figs. 13 and 14.

Fig. 13 shows that both the absolute humidity and the water
temperature difference rise in the morning, reach their maxi-
mum values around mid-day, and then decrease in the after-
noon. Results also indicate that the average day round absolute
humidity is increased by 7.9% when the air superficial velocity
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Fig. 13. Influence of water temperature and air superficial veloc-
ity on the absolute humidity of the moist air at the exit of humid-
ifier in the month of June.
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is increased from 20 to 25 cm s™. Similarly, the day round abso-
lute humidity is further increased by 4.4% when the air superfi-
cial velocity is increased from 25 to 30 cm s™. Fig. 12 shows that
similar trend with slightly different values that were caused
by the variations in the climatic conditions. As the increase
in water temperature enhances the ability of the air to absorb
more moisture, the humidifier is integrated with Fresnel lens
to achieve the higher water temperature at the inlet of bubble
column humidifier. The achieved absolute humidity and water
temperature difference with Fresnel lens integration in the
humidifier are shown in Figs. 15 and 16 for the month of June
and August, respectively. Results indicate that the average day
round absolute humidity is increased in the range of 9%—11%
with the integration of Fresnel lens in the humidifier for differ-
ent values of the air superficial velocity. However, the integra-
tion of Fresnel lens raised the water temperature to a value that
is sometimes greater than the ambient air temperature and air
starts to condense on the inner surface of the glass. Although,
the process of condensation is limited in the range of operating
parameters and climatic conditions under which experiments
were performed, this could be very common for the other
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Fig. 15. Fresnel lens integration in the proposed design to increase
the absolute humidity of the moist air at the exit of humidifier in
the month of June.
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Fig. 16. Fresnel lens integration in the proposed design to increase
the absolute humidity of the moist air at the exit of humidifier in
the month of August.

regions where the operating parameters and climatic condi-
tions are favorable for initiating the condensation. The presence
of condensed water reduces the total transmittance of solar
radiations as some of the radiations are absorbed by the water
layer. However, the solar absorptivity of water is very low, and
the main reason for reduced transmittance is the additional
reflection due to the increased roughness of the droplet-covered
surface in case of drop-wise condensation. On contrary, when
the condensation forms a film, the transmittance may actually
be higher than that of dry glass because the refractive index of
water is between that of glass and air [28]. Therefore, the use
of super hydrophilic coating is one of the potential solution to
tackle the issue of reduced transmission of solar radiations in
the presence of condensed water as this coating encourages the
film-wise condensation.

The influence of the inlet air relative humidly on the day
round performance of the humidifier is investigated at dif-
ferent air superficial velocities. Experiments were performed
in June and August to have the climatic variations in the
relative humidity of the inlet air. Results are summarized
in Figs. 17 and 18, respectively. Results in both figures show
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Fig. 17. Humidification efficiency of the proposed humidifier
design in the month of June.
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Fig. 18. Humidification efficiency of the proposed humidifier
design in the month of August.
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that the humidification efficiency increases with the increase
in air superficial velocity irrespective of the inlet air relative
humidity. However, the day round humidification efficiency
of the humidifier is about 7% higher in the month of June
as compared with August. This is due to the higher vapor
content difference between the outlet and inlet of the humid-
ifier in June compared with August. The reason of attaining
higher vapor content difference in June is the lower relative
humidity of the inlet air that varied between 12% and 22%
compared with 36%-45% in August. The air at a lower rel-
ative humidity has more potential to absorb moisture com-
pared with air at a high relative humidity.

The humidification efficiency as defined in Eq. (1) and
plotted in Figs. 17 and 18 is based on the humidity difference
achieved by the air between the inlet and exit of the humidi-
fier. According to this definition, the air leaving with a higher
temperature will have a higher absolute humidity that eventu-
ally will be able to produce more water. However, this perfor-
mance metric is not reflecting the true performance of the solar
humidifier as it does not take into account the solar energy
consumed by the humidifier. Therefore, the solar humidifi-
cation efficiency as defined in Eq. (2) is used to evaluate the
humidifier performance. Fig. 19 shows that day round solar
humidification efficiency of the humidifier. The experiments
were performed in the month of June with and without the
integration of Fresnel lens. The solar humidification effi-
ciency achieved with and without the integration of Fresnel
lens is presented as Fresnel lens case and absorber plate case,
respectively. Results demonstrate that the solar humidification
efficiency in absorber plate case varies with in the range of
70%-80% during its day-round operation. However, the solar
humidification efficiency is comparatively very low in Fresnel
lens case and varies with in the range of 30%—42% during its
day-round operation. The lower value of solar humidification
efficiency in Fresnel lens case is attributed to the low efficiency
of the Fresnel lens. Although, the Fresnel lens integration con-
centrate the solar radiations on the absorber plate and helped
in achieving the higher temperature at the downstream of the
absorber plate, the amount of solar radiations concentrated on
the absorber plate is much lower than the amount of solar radi-
ations incident on the Fresnel lens. This is due to the fabrication
errors of the commercially available Fresnel lens due to which
the incident solar radiations on the lens suffer from 30% to 40%
loses before these radiations are concentrated on the absorber
plate [29].

Fig. 20 shows the day round solar humidification effi-
ciency of the humidifier in the month of August with and
without the integration of Fresnel lens. Although the solar
irradiance, inlet water temperature, and ambient air tem-
perature is almost same in the month of June and August (as
shown in Figs. 11 and 12), Fig. 20 demonstrate a compara-
tively lower solar humidification efficiency in the month of
August that varies with in the range of 40%-50% for absorber
plate case and 20%-30% for Fresnel lens case. The lower
solar humidification efficiency is due to the higher relative
humidity of the inlet air in the month of August. The spe-
cific enthalpy of the inlet air is higher due to the higher inlet
air relative humidity and the air at the exit of the humidifier
achieve lower enthalpy difference between the inlet and exit
state of the humidifier. Consequently, the air between the
inlet and exit state gain less energy as compared with the
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Fig. 19. Solar humidifier efficiency at various air superficial
velocities in the month of June with and without the integration
of Fresnel lens.

Air superficial velocity = 20 cm/s (absorber plate case) O Air superficial velocity =20 cm/s (Fresnel lens case)

2 Alir superficial velocity =25 cm/s (absorber plate case) A Air superficial velocity = 25 cm/s (Fresnel lens case)

 Alir superficial velocity = 30 cm/s (absorber plate case) X Air superficial velocity = 30 cm/s (Fresnel lens case)

-
]
3

& & 8 3 8 8

Solar humidification efficiency (%)
w
8

N
3

]

°

Fig. 20. Solar humidifier efficiency at various air superficial
velocities in the month of August with and without the integra-
tion of Fresnel lens.

humidifier operated in the month of June. Hence, the system
shows lower solar humidification efficiency in the climatic
conditions that have a higher inlet air relative humidity.

4. Conclusions

In this study, a novel bubble column humidifier was
developed and tested to identify the optimum performance
operating conditions for its possible integration with a dehu-
midifier. Different design configurations of the perforated
plate were tested in order to achieve the lower pressure drop
in the system. Findings revealed that the minimum pressure
drop was experienced at a lower water column height and
a lower air superficial velocity. However, the water column
height and the air superficial velocity should be opti-
mized according to the geometry of the perforated plate
in order to avoid water leakage through the perforations.
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The performance of the humidifer in terms of air absolute
humidity at the exit of the humidifier is increased by increas-
ing the air superficial velocity and water temperature. The
humidifier was integrated with the Fresnel lens in order to
achieve a higher water temperature. The increase in water
temperature enhanced the ability of air to absorb more mois-
ture and consequently higher absolute humidity is achieved
at the outlet of the humidifier. However, due to the non-ideal
nature of the commercially available Fresnel lens, the amount
of solar radiations concentrated on the absorber plate is
much lower than the amount of solar radiations incident on
the Fresnel lens. Therefore, the solar energy based humidifi-
cation efficiency of the Fresnel lens integrated humidifier is
much lower as compared with the humidifier operated with-
out the integration of Fresnel lens. Moreover, the humidifier
performs better in the climatic conditions that have a lower
inlet air relative humidity.

Symbols

¢,, — Specificheat capacity of air, k] kg™ °C™!

¢,, — Specificheat capacity of water, k] kg™

h,  — Specific enthalpy of moist air, k] kg™

h,, — Specific enthalpy of moist air at the inlet of

' humidifier, k] kg™
h,, — Specific enthalpy of moist air at the outlet of
' humidifier, k] kg™

h,  — Specific enthalpy of dry air, k] kg™

h, — Specific enthalpy of water vapor, k] kg™

h,, — Evaporation heat of water, k] kg™

mm — Mass flow rate of air at the inlet of humidifier, Kgs™

rhalo — Mass flow rate of air at the outlet of humidifier, Kgs™

Qsjolar — Solar energy incident on the humidifier, ] s™

T~ — Temperature of air, °C

T, — Temperature of water, °C

o, — Absolute humidity of the air at the inlet of
humidifier, g kg ™

o, — Absolute humidity of the air at the outlet of
humidifier, g kg ™

o, — Saturated absolute humidity of the air at the outlet
of humidifier, g kg ™

x  — Humidity ratio, kg kg™
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