Experimental Innovation and Performance
Assessment of a Solar HDD System

Maher Ghazal

Submitted to the
Institute of Graduation Studies and Research
in Partial Fulfillment of the Requirements for the Degree of

Doctor of Philosophy
in
Mechanical Engineering

Eastern Mediterranean University
February 2015
Gazimagusa, North Cyprus



Approval of the Institute of Graduate Studies and Research

Prof. Dr. Serhan Ciftcioglu
Acting Director

| certify that this thesis satisfies the requirements as a thesis for the degree of Doctor
of Philosophy in Mechanical Engineering.

Prof. Dr. Ugur Atikol
Chair, Department of Mechanical Engineering

We certify that we have read this thesis and that in our opinion it is fully adequate in
scope and quality as a thesis for the degree of Doctor of Philosophy in Mechanical
Engineering.

Prof. Dr. Fuat Egelioglu Prof. Dr. Ugur Atikol
Co-Supervisor Supervisor

Examining Committee

1. Prof. Dr. Ugur Atikol

2. Prof. Dr. Fuat Egelioglu

3. Prof. Dr. Arif Hepbasli

4. Prof. Dr. Adnan Midilli

5. Prof. Dr. Ibrahim Sezai




ABSTRACT

The solar humidification dehumidification desalination (HDD) systems described in
the literature have four main components, namely, the air heater, the water heater, the
humidifier, and the dehumidifier. The heating of air and water are carried out in
thermal solar collectors. These components physically occupy a considerable amount
of space and the performances of the HDD systems still possess room for

improvement.

In the present work a novel humidification mechanism is developed, in which the
processes of water and air heating and humidifying are contained in the same unit,
giving opportunity to designing smaller sized HDD systems. The unit is essentially a
solar collector filled with water. Air is driven in the form of bubbles while some
water vapor mixes with it. By the time bubbles reach the outlet of the unit at the top,

it is possible to have almost 100% relative humidity.

The solar unit was designed and constructed using the experience gained from a
preliminary experiment conducted in the laboratory. In this experiment air was
charged through a sparger that was immersed in water and located at the bottom of
the humidifier. The experiment was performed under different configurations. Water
temperature, air mass flow rate, water level, and the pitch distance between the holes
in the spargers are the variables under which the humidification unit was tested.
Higher water temperature, higher air mass flow rate, and higher water level resulted

in the highest performance when the pitch distance was 10 mm. In an attempt to



increase the performance of the unit, intermediate bubble regeneration stages were
added. As a result, significant increase in the humidification effectiveness of the unit
was observed. The number of bubble regeneration stages for obtaining the maximum
humidification effectiveness at any temperature and air flow rate was found to be
eight. The effectiveness of the humidification process at a water level of 40cm with 8

bubble-regeneration stages was 100%.

Experiments of the solar unit were conducted under the weather conditions of North
Cyprus. Outlet air approaches saturation and its temperature is found to reach the hot
water temperature in the collector (thus increasing the vapor carrying capacity).
Moreover, the effectiveness of the humidification process is found to be maximized.
The system is capable of producing 15kg/m? of fresh water per day. The normalized
production of the system is compared with different pilot and commercial scale solar

systems. It is found that the present design has a superior performance.

Keywords: Solar Desalination, HDD, Bubble regeneration, Heat and Mass Transfer,

GOR
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Literatiirde anlatilan giines enerjili nemlendirme-nemalma damitma sistemlerinin
dort ana elemani vardir, bunlar, hava isiticisi, su 1siticisi, nemlendirici, ve nem
alicidir.  Hava ve su 1sitmasi glines termal kolektorleri ile yapilmaktadir. Bu
elemanlar fiziksel olarak Onemli yer kaplamaktadirlar ve nemlendirme-nemalma

damitma sistemlerinin performanslari gelistirilmeye uygundur.

Bu ¢alismada yeni bir nemlendirme mekanizmasi gelistirilmistir, burada su ve hava
1sitmast ile nemlendirme islemleri ayni {inite icerisinde yapildigindan kiiciik boyutlu
nemlendirme-nemalma damitma sistemlerinin tasarimma firsat1 verildi. Unite esas
olarak su ile doldurulmus bir giines kolektoriidir.  Hava kabarciklar halinde
stiriiliirken igerisine bir miktar su buhar1 karigir.  Kabarciklar iist kisimdaki {initenin
cikisina ulastiginda, bagil nemin hemen hemen %100 olmasit miimkiindiir. Gtines
unitesi laboratuvarda yapilan 6n deneylerden elde edilen deneyimlerden tasarlanip
insa edilmistir. Bu deneyde hava su igerisine daldirilan nemlendiricinin alt
kismindaki siizgecten gegirilerek tahrik edildi. Deney farkli konfigiirasyonlarda
yapildi. Nemlendirme iinitesi, su sicakligi, hava kiitle akis hizi, su seviyesi, ve
stizgeclerdeki delikler arasindaki perde mesafesi degiskenlerine gore test edildi.
Stizge¢ delikleri arasindaki mesafe 10 mm iken yiiksek su sicakligi, yiiksek hava
kiitlesi debisi ve yilksek su seviyesi en yiksek performans verdi. Unitenin
performansini artirmak i¢in bir ara kabarcik yenileme asamasi ilave edildi. Bunun
sonucu olarak, cihazin nemlendirme etkinliginde onemli bir artis goézlenmistir.

Herhangi bir sicaklik ve hava akis hizinda en yiiksek nemlendirme etkinligini elde



etmek icin kabarcik rejenerasyon asamalarinin sayisi sekiz olarak bulunmugtur.
Sekiz kabarcik-rejenerasyon asamasi ile 40cm’lik su seviyesinde nemlendirme

stirecinin etkinligi% 100 idi.

Glines tnitesinin deneyleri Kuzey Kibris hava kosullarinda yiiriitilmiistiir. Cikis
havas1 doymus ve sicakligi kollektérdeki suyun sicakligina ulastigi bulunmustur.
Ayrica, nemlendirme isleminin verimliliginin maksimize oldugu bulundu. Sistem
giinde 15 kg/m2 taze su iiretme yetenegine sahiptir. Sistemin normalize iiretimi
farkli pilot ve ticari Olgekli giines enerjisi sistemleri ile karsilastirildi. Mevcut

tasarimin iistiin performansa sahip oldugu bulunmustur.

Anahtar kelimeler: Giines su damitma, Nemlendirme-nemalma aritma, kabarcik

rejerasyonu, 1s1 ve kiitle transferi, kazang-verim orani
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Chapter 1

1 INTRODUCTION

1.1 Background

The two main issues challenging the world today and in the future are the shortage of
both energy and fresh water. Water scarcity threatens about one fourth of
humankind. According to the UNESCO freshwater availability will be increasingly
strained over a relatively short time period, and more than 40% of the global
population is projected to be living in areas of severe water stress through 2050

(UNESCO, 2014).

Numerous desalination methods have been suggested during the last three decades,
due to growing demand for fresh water by the rising human population. With the
exponential growth in industry, techniques used in desalination have advanced too.
Most of these systems, especially the high productive ones, rely highly on high
quality energy (i.e. electricity or fossil fuels) for powering the desalination process.
Unfortunately high quality energy is not available everywhere or to everybody on

our plant.

At present Reverse Osmosis and Multi Stage Flash systems are the dominant large
scale desalination systems. Reverse osmosis and Multi Stage Flash are high energy

demanding desalination plants. On the other hand, medium and small scale

1



desalination techniques are competing for the lead in terms of independency,
reliability, and desalination cost. Though less efficient than large scale plants, the
importance of the small scale plants manifests itself in the rural areas, countryside
and remote places, where energy availability is seldom. In such places solar stills
can be utilized to provide freshwater. Solar stills were the first devices to incorporate
renewable energy to produce freshwater. However, under the most favorable
conditions of high solar radiation and low water depth, the solar still efficiency does
not exceed the 50% (Cooper, 1973) with a freshwater production of about 4 L/m? day
for a standalone unit. This is due to the high loss of the latent heat upon condensation

from the glass cover.
1.2 Humidification-Dehumidification Desalination (HDD)

HDD techniques were recently introduced as economically attractive techniques for
small scale desalination systems. HDD systems like solar stills mimic the nature in
producing freshwater. The evaporation of water is enhanced in different ways to
humidify dry air, then the vapor is extracted from the carrier air in a dehumidification
process that takes place in a condenser. Coupling a HDD system with solar energy
should lead to increase in the overall efficiency of the process. Many promising
techniques of humidification and dehumidification of air were introduced in the last
two decades. HDD systems are witnessing continuous improvement and
modifications that not only increase their productivity, but also decrease their energy
consumption.

1.3 Scope and Objective of the Study

In previous studies researchers have been trying to increase the performance of solar

HDD systems by suggesting alternative cycles. The cycles varied between open to

2



close, water heated and/or air heated. However, the increasing foot print of such
systems overweighs the slight gain in the accomplished performance. This study
aims at improving the HDD cycle performance while minimizing the space needed

for the system.

The main objective of this work is to investigate experimentally the possibility of
employing a humidification technique, namely humidification by bubbling, in a solar
HDD process. Moreover, it is aimed to examine the possibility of integrating some of
the processes of the HDD cycle in one process in an attempt to decrease the foot
print of such systems. The optimum working conditions are to be identified by
conducting a thorough and comprehensive thermodynamic analysis and efficiency
assessment of the humidification unit. Performance and productivity of the proposed

compact humidification unit are the main key points to be studied in this research.
1.4 Organization of the Thesis

The upcoming chapters in this thesis are as follows:

Chapter 2: The first part presents a comprehensive literature review of HDD systems.
The second part investigates the bubbling technique and its use in industry.

Chapter 3: The methodology, mainly the performance measures, is presented in this
chapter.

Chapter 4: The laboratory based humidifier unit is presented in this chapter. The unit
is tested under different configurations, working conditions and the results were
presented.

Chapter 5: The solar energy based humidification unit and its performance were

presented.



Chapter 6: Experimental investigation of the completed pilot HDD system was
presented.

Chapter 7: This chapter discusses innovation implications for solar HDD system
design.

Chapter 8: This chapter sums up the whole study by presenting some concluding

remarks.



Chapter 2

2 LITERATURE REVIEW

2.1 Humidification Dehumidification Desalination

One of the most attractive small scale desalination techniques is the HDD system.
This process resembles the rain cycle in the nature (Fig. 2.1). In this cycle, solar
energy heats the oceans, stimulating surface water to evaporate. Evaporated water
then mixes with the air mass above the surface in a similar manner to the
humidification process. The humidified air then rises and forms the clouds.
Eventually the clouds are dehumidified as condensation takes place when they come
into contact with a cooler area in the atmosphere. The condensed water falls as rain
to complete the cycle. The rain water is pure water by nature. This cycle has inspired
us to create a man-made version and deploy it to desalinate water in a system called

humidification-dehumidification desalination (HDD) system.

Several works have been conducted on this kind of desalination method using
different setups and systems. The functioning principle of the HDD systems were
reviewed by several researchers (Bourouni et al., 2001; Narayan et al., 2010; Parekh
et al., 2004). They provided comprehensive overviews of solar-driven HDD with

their various classifications.
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These systems can be set up as open or closed cycle systems with heated air or/and
heated water options:

e Closed-air, open-water, water & air-heated (CA-OW-WAH) system

e Closed-air, open-water, water-heated (CA-OW-WH) system

o Closed-air, open-water, air-heated (CA-OW-AH) system

e Closed-water, open-air, water & air-heated (CW-OA-WAH) system

e Closed-water, open-air, water-heated (CW-OA-WH) system

o Still-water, open-air, water-heated (SW-OA-WH) system

The technique is versatile but the main idea is to bring the dry air into contact with
water in an evaporator to facilitate its humidification before passing it through a
condenser in which air is dehumidified to give fresh water. Following are the details

of the various techniques found in literature.



2.1.1 Closed-Air, Open-Water, Water & Air-Heated (CA-OW-WAH) System

Figure 2.2 is a schematic view of a general CA-OW-WAH HDD system, showing
diagrammatically the water and air streams and the processes of heating, evaporation,
and condensation. Generally air is humidified in the evaporator before fresh water
extracted in the condenser. In this arrangement water is heated in solar water
collector (or any other source of heat) before entering to the humidifier. A counter air
flow is preheated in a solar air collector before it comes into direct contact with water
in the evaporator. Heat and mass transfer take place during this direct contact which
ideally results in hot saturated air at the humidifier exist. The temperature of air
stream exiting the humidifier could be as high as the highest temperatures of the two
steams. The hot humid air then is fed to heat exchanger to be cooled, and thus
dehumidified, by the seawater stream. This indirect contact process between
seawater and the humid air results in cooling and dehumidifying the humid air. The
latent heat resulted from condensation of vapor on the heat exchanger’s walls is
transferred to the cooling seawater resulting in preheating the water stream before it
is fed to the solar heater. Fresh water is collected from the dehumidifier upon the
condensation process. The air circulation is cyclic within system. Unlike air, water is
not circulated in the system and exits the humidifier as brine with higher salt

concentration as a result of vapor extraction in the humidifier.
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This unique setup in which heating was applied to both of the streams was tackled by
Nafey et al. (2004). They have presented an experimental investigation of HDD
process using solar energy to heat both air and water streams. Water was heated
using a 1 m wide and 2 m long solar concentrating collector. Circulating air was
heated using a 0.5 m? flat air solar heater. They used canvas as packing material in
the evaporator. The authors reported maximum fresh water production of 1.3 L/h,
they reached a total of 8 L/day and indicated that at high air flow rate fresh water
yield decreases.

2.1.2 Closed-Air, Open-Water, Water-Heated (CA-OW-WH) System

This cycle is similar to the CA-OW-WAH cycle except, the heating is applied to the
water stream alone. Air stream heating process (i.e., process between 5 and 7) does
not exist in this cycle. Instead air stream is fed directly after being cooled and
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dehumidified in the condenser to the evaporator. Sensible and latent heat are
transferred from the hot seawater stream to the air stream during the humidification
process. As a result, air stream temperature depends extremely on its residence time
in the humidifier. This cycle demands a sophisticated evaporator in order to enhance

the heat and mass transfer for a better cycle efficiency.

Several studies have been done on this type of systems. These systems could be
further classified in terms of the way air is circulated. Some of the researchers
favored natural convection to drive the circulation of air in order to decrease the
energy needed per unit of fresh water yield (Bacha et al., 2003; Garg et al., 2003;
Miuller-Holst, 2007). Usually these types of setups facilitate water storages to
elongate operation hours, and thus increase the freshwater yield. Some other
researchers preferred controlling the air flow rate by forcing the air stream to
circulate mechanically for higher yield (Farid and Al-Hajaj, 1996; Younis et al.,
1993). In order to compare the performances of both natural and forced convections
systems Al-Hallaj et al. (1998) and Nawayseh et al. (1999) examined the two
systems.

2.1.2.1 CA-OW-WH with natural convection

Bacha et al. (2003) utilized 6 m? of solar water heater with a water storage that runs
at minimum temperature constraint. Hot water then fed to a humidifier bed which is
packed with thorn trees. The cooling water for the humidifier (made up of
polypropylene plates), was provided by brackish water from a local well. The system
produced 19L/day with the thermal storage that elongated production period. They

claimed the possibility to get the same amount of product without storage provided



the solar collector area was 7m? instead of 6m® They stated that the system
performance is largely affected by the temperatures of water and air besides to the
packing material which directly affect the mass transfer to the air stream. In addition,

water and air flow rates played an important role in the system productivity.

Another pilot system that used natural convection for air circulation is found in (Garg
et al., 2003). Water was heated in a 2m? solar water collector in a system that has a
thermal storage of 5 liters. A separate water stream that runs in the humidifier and
the dehumidifier was preheated in the dehumidifier before it was fed to the thermal
storage which allowed for partial latent heat recovery. The daily product was not
available in the study. Instead condensate water was plotted with respect to the water
temperature at the humidifier inlet. They reported a product of 1gr/s at water
temperature of 45 °C increasing linearly to 2.2gr/s at 70 °C. Accordingly they
concluded that the inlet water temperature has the highest effect on the fresh water

product, and thus on the efficiency, of the system.

In an attempt to enhance the heat recovery of the system, Muller-Holst (2007)
proposed the employment of the multi-effect concept in the HDD systems. In the
system heat recovery was possible by extracting air from the humidifier at different
stages and supplying the extracted air to the dehumidifier at corresponding points.
The author claims that the temperature of the water at the dehumidifier outlet has
reached to 75 °C as a result of the latent heat recovery alone. Additional heat was
supplied to the water by employing a total of 38 m? solar water collectors before it
was fed to the humidifier. Solar collectors have increased the water temperature to

80-90 °C. The system has a 2m® of thermal storage tank thus, the process could run
10



24 hours (i.e., continuously). Hence, the fresh water yield of the system was reported
to be 500L/day. Miller-Holst also emphasized the importance of the water inlet
temperature to the humidifier.

2.1.2.2 CA-OW-WH with forced convection

Farid and Al-Hajaj (1996) presented a system in which air was forced to circulate
through a humidifier that was packed by wooden shavings. Water was heated in a
solar water collector with an aperture area of 1.9m?. Dehumidification process was
achieved by passing the saturated air in a multi-pass shell and tube heat exchanger.
They claimed a 12L/m? freshwater yield from the system. Younis et al. (1993) used a
solar pond to provide vapor to the air stream in a HDD system. The 1700m? solar
pond acted as a solar heater as well as a thermal storage in the system. Air was
forced to flow on the surface of the water of the pond to carry vapor to the
condenser. Upon condensation, latent heat is recovered by the water stream in the
condenser before it is fed to the solar pond. The authors indicated that the air flow
rate has the major impact on system’s productivity.

2.1.2.3 CA-OW-WH with natural and forced convection

Some researchers have tested the performance of HDD systems under both natural
and forced air circulation. Al-Hallaj et al. (1998) compared the effect of air
circulation mode in a system that utilizes a 2m? tubeless flat-plate type solar collector
which heated water to 50-70 °C. The highest reported daily fresh water yield of the
unit was 3.55L/m? during October 5™ with expectation of being 8L/m? in summer
time. They claimed that the production of the plants achieved maximum yield at an
optimum value of water flow rate. Regarding to the air circulating mode, they found

that at higher top temperature (i.e., at the humidifier exit) natural circulation was
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advantageous. But at lower top temperature forced circulation gives better

performance.

Nawayseh et al. (1999)worked on configurations and design aspects of the
humidifier and the dehumidifier and compared their system with Al-Hallaj et al.,
system. The design changes they promote resulted in an increase in the production.
The daily specific yield of fresh water was 6.2L/m?. They observed that the effect of
air flow rate on the production of freshwater was low and thus, they favored the
natural circulation to the forced air circulation.

2.1.3 Closed-Air, Open-Water, Air-Heated (CA-OW-AH) System

Heating in this cycle is applied to the air stream alone. The top temperature in this
system belongs to air stream at the humidifier inlet. Generally, air stream is heated in
solar air collectors to a temperature as high as 90 °C. Water in this system could be
preheated in the condenser before it is fed to the humidifier, though water
temperature would be very low comparing to the air temperature at the humidifier’s
inlet. Upon direct contact of both streams air is cooled and humidified, ideally
saturated. The major disadvantage of these systems is the big difference in
temperatures between the two streams. Ideally, adiabatic saturation occurs at the
outlet of the humidifier. But if the full saturation state of the air stream is reached at
any point in the middle of the humidifier, with the continuous contact between the
colder water stream and the air stream, condensation would take place starting from
that point. Condensation of vapor in the humidifier hinders fresh water productivity

and decreases the cycle efficiency.
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Generally, air in air-heated systems circulates mechanically by means of blowers, air
pumps, or compressors. Natural convection in these systems is reported to give poor

results and thus none of the available studies favored it.

Single humidification chambers were used as well but the fresh water yield was low
and didn’t exceed, at their best, the production of solar stills (Orfi et al., 2004;
Yamali and Solmus, 2008). Both of the researchers suggested water heating along
with solar air heating in order to enhance the evaporation process to increase

productivity.

The first breakthrough came from Chafik (2003a, b, 2004) who introduced the
concept of Multi-effect-heating-humidification process to these kind of air heated
HDD systems. Based on this concept, other researchers (Ben Amara et al., 2004,
Houcine et al., 2006) have built their own systems. In literature this concept is
sometimes referred to as multiple effect heating and humidification or multi stage
heating and humidifying systems. In order to differentiate between the well-known
Multiple-effect distillation (MED) and Multi-stage flash distillation (MSF) systems it

IS convenient to state out the difference among them at this stage.

As an evolution of the simple distillation process, MED is one of the first developed
thermal processes that have been used for freshwater produce. It encompasses
successive chambers in which seawater is being heated and allowed to evaporate.
Energy is given from an outer source to heat water at the first chamber. Boiling water
at this chamber releases vapor that is fed to the next chamber for condensation by

means of indirect contact with the water in that chamber. Water in the next chamber
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is heated by the effect of the latent heat of condensation that is transferred to it at that
stage. By this effect, water temperature increases and releases vapor (or steam) to the

next chamber and this process continues as many as the chambers in the system.

MSF distillation is known for its simplicity and high productivity, the reason why it
dominates almost 85% of the commercially available distillation systems. Similar to
MED, MSF consists of many successive chambers or stages in its case. MED uses
the heat directly for water evaporation. On the other hand, MSF uses the heat at each
stage to preheat the water by the latent heat of condensation before it is fed to the
boiler for further heating. The boiling water is then fed backwardly to the stages at

decreasing pressures and so water partially flashes.

In the case of multiple stages heating and humidifying system heat is added to air
stream before it is fed to the next chamber. At each air heater temperature is
increased and thus the vapor carrying capacity of air increases. Consequently, at each
humidifying chamber the absolute humidity is increased. Since there is no heat
addition in the humidifier, the temperature of air at the humidifier decreases which

makes it important to be reheated before fed to the next chamber.

For that, it is more convenient to present the concept suggested by Chafik (2004) as a
Multi-stages heating and humidifying (MSHH) process for HDD systems. It is
important to note that in the MSHH case, air is a non-condensable fluid that acts as
energy carrier in the system. However in both systems the presence of non-
condensable gas is undesirable as it affects the controlled pressure and the heat

transfer coefficient.
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2.1.3.1 Single-stage CA-OW-AH with forced convection

An experimental and theoretical study of a single-stage CA-OW-AH with forced
convection was presented by Orfi et al.(2004). In this study, the authors utilized a
2m? of solar heater for air heating but simulated water heating by applying water
heater. Heat recovery was present in the system and they suggested pre-heating of
the water before it was fed to the humidifier. The humidifier was equipped with
spongy material besides to wetting many vertical plates, through which air stream
passes, by capillary effect. Productivity of the system is reported to be maximized
under some optimum water and air mass flow rates.

2.1.3.2 Multi-stages heating and humidifying (MSHH) CA-OW-AH with forced
convection

This system was first introduced by Chafik (2003a) followed by application for the
process in two more publications (Chafik, 2003b, 2004) in which he used solar
collectors to heat air stream. The collectors were 15 parallel, four-fold-web-plate
type 2.94 m? each. The heating and humidification processes were broken to four
stages. Two types of humidifiers were tested; a) pad humidifier that contains cassette
made of corrugated cellulosic material, and b) a 4m long U-tube spray chamber
humidifier. The author expected 400L/day of freshwater yield from the system. He
simulated a system that is able to feed a small community with 10m3/day of
freshwater. Although the idea is promising, it was reported that the initial investment

of the system was too high and that the air heaters made up 40% of the total cost.

Following Chafik’s idea of MSHH, Ben-Amara et al. (2004) and Houcine et al.

(2006) have used the same equipment but with different solar heaters and heating
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configurations. Ben-Amara et al., (2004) constructed a one stage heating and
humidifying system. The results from this system were used to simulate eight heating
and humidifying stages. The results show occurrence of adiabatic humidification
after the fifth stage. They reported a huge effect of wind velocity on the whole
process. Based on these results, Houcine et al.(2006) used 5 heating and humidifying
stages in their configuration. The collection areas of the first and second stages are
44.1m? each. The third and fourth stages were 45m? of area each. The fifth stage was
27m? of solar collection area. They reported that the freshwater production strongly
depends on the climatic conditions and especially on the solar insolation. For six
months of testing period, from March to August, the highest monthly average
freshwater production was 316 L/day in August.

2.1.4 Closed-Water, Open-Air, Water & Air-Heated (CW-OA-WAH) System
Similar to any HDD system, air in CWOAWAH systems is humidified in a
humidifier upon the direct contact with water. Then it is dehumidified in a condenser
to produce freshwater. In CWOAWAMH systems however, air does not circulate in the
system. Instead water is the circulating fluid (Fig. 2.3). Air heating take place before
it is fed to the humidifier. Air and water streams come in to an indirect contact in the
dehumidifier were freshwater was extracted from the air stream. Condensation takes
place in the dehumidifier provided that the temperature of the water stream is lower
than the temperature of the air stream. If the cooling effect of the humidification
process does not decrease the temperature of the water stream sufficiently, the
dehumidifier’s inlet water temperature would be high and condensation would be
limited. Theoretically, in order to overcome this problem, the enthalpy flow rate of

the cycle should be carefully controlled and, more importantly, the humidifier should
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be highly efficient to result in better water cooling. Though, there is no success story
for this cycle in its present scheme. The cycle was modified to allow the separation
of the closed hot water cycle and the cooling cycle (see Fig. 2.4) when some of the

researchers succeeded in fresh water production.
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Figure 2.3. Closed-Water, Open-Air, Water & Air-Heated (CW-OA-WAH) scheme

3) Worm humid air
4) Cooled saturated air

Yamali and Solmus (2008) have built a single stage heating and humidifying system
utilizing solar energy to heat air in a 50cmx100cm double-pass flat-plate solar air
collector. The preheated air is then passed to a pad humidifier which consisted of
four pads in series. The pads that form the wetted surface are made of plastic
material. The water cooling system circulating in the humidifier was separate. The

plant produced maximum of 4 L/day with air heating alone. When extra energy was
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provided to circulating water from outer supply (evacuated tubular solar collector),

the freshwater production has increased to 10 kg/day.
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Figure 2.4. Modofoed Closed-Water, Open-Air, Water & Air-Heated cycle

Water heated systems suffer another problem regarding to the effect of water
temperature on the system’s parts and equipment. Working at high temperatures can
cause fouling and corrosion of tubes especially if the fluid is seawater (Yuan et al.,
2011). Yuan et al. (2011) performed an experimental study on a 1000 L/day solar
HDD system aiming to keep the water temperature below 50°C. They arrayed 72
solar air heaters with total collection area of 100 m? and a total of 14 m? of solar

water heating arrangement for water heating were used. On a daily basis the
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production of the system was 8.8 L/m?. The cooling water was provided from a water
pond.

2.1.5 Closed-Water, Open-Air, Water-Heated (CW-OA-WH) System

In this system, air heating represented by process 1-2 from the schemes in Fig. 2.3
and Fig. 2.4 were eliminated. Heat is applied only to water. If air heaters were not
used in the closed-water cycles, the scheme in Fig. 2.3 would have been
thermodynamically more logical and demands less control. Water coming out from
the humidifier could be potentially cooled by the air stream which enters the
humidifier at the ambient temperature. The water could then circulate in the
dehumidifier and would have the ability to cool the air stream. Though, in most of

the researches, the scheme of Fig. 2.4 was favored.

Al-Enzi et al. (2006) tested a system that heats the water to top temperatures of 35-45
°C. A separate cooling cycle for the condenser was considered. Ambient air was
forced in a humidifier which was packed with cylindrical-shaped plastic pieces. The
humid air was fed to the condenser for water extraction. As being open-air cycle, air
was dumped to the ambient after the condensation process. The cooled water at the
humidifier water outlet is then fed to a heater (solar or other type) to gain energy
before it circulates back in to the humidifier. The variation of production under
different air and water flow rates, cooling water and hot water temperatures were
studied. Heat and mass flow coefficients have been developed under different
parameters. Their conclusion was that the higher the hot water temperature is, the

higher the fresh water production. They reported that the high air flow rate, the low
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hot water flow rate, and the low cooling water temperature enhance the freshwater

production as well.

Likewise, Dai and Zhang (2000) and Dai et al. (2002) implemented the scheme in
Fig 2.4 without the air heating process. Water vapor with a high temperature and
pressure from a boiler was used as the heat resource instead of solar energy in order
to acquire the test results more rapidly. The humidifier was packed with honeycomb
paper. The air was forced to circulate in the humidifier then the dehumidifier before
being damped to the ambient. Some of the water from the condenser outlet was fed
to the hot water storage tank to compensate for the water loss upon evaporation and
provide heat recovery. Different parameters like the hot water and air flow rates, hot
water and air temperatures, and cooling water temperature and flow rate were
studied. As in the previous study, the freshwater product was found to be strongly
dependent on the humidifier inlet temperature. They have reported that there is an
optimal air velocity at which the fresh water production was peaked.

2.1.6 Batch -Water, Open-Air, Water-Heated (BW-OA-WH) System

In BW-OA-WH systems water is dispersed in the bottom of a container that is filled
with water. Humidification process takes place in the container by direct contact
between air stream and the still water. This technique is widely used by chemists to
diffuse gasses into liquid by dispersion of the gas in a container (usually referred to
as column reactor) filled with liquid. The dispersion process is aided with a sparger
that contains many holes and breaks the air stream into bubbles in order to increase
the gas-liquid contact area. The spargers used in such systems could be perforated

plates or manufactured by using porous material. The first attempt to use this
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technique in HDD systems was made by El-Agouz and Abugderah (2008) and El-
Agouz (2010). Experimental investigations have been conducted to test the influence
of some operating conditions on the humidification process (El-Agouz and
Abugderah, 2008). The evaporator chamber was made of steel with 50cm x 25¢cmm
square cross section and 70cm height and was filled with water at different heights.
Water was heated by an electrical heating element, Air dispersion was made by the
aid of pipe with 32 drilled holes. Operating conditions such as water temperature in
the humidifier, water height, air velocity and the inlet air temperature to evaporator
chamber that could affect the humidification efficiency were studied. It was reported
that, the vapor content difference and the humidification efficiency of the system was
strongly affected by the saline water temperature in the evaporator chamber.
Increasing water height in the humidifier and air mass flow rate resulted in an
increased productivity as well. The humidifier inlet air temperature however, was

found to have a negligible effect on the vapor content and thus on productivity.

After coupling such evaporator with a condenser to form a HDD system, El-Agouz

(2010) reported fresh water production of 8.22 kg/h at water temperature of 75 °C.

In this section, different types of HDD systems available in literature were reviewed.
A related comparison can be found in Table 2.1. The last type, which is the bubbling
technique (BW-OA-WH), is the least studied one. The technique is the latest to be
proposed for use in the HDD systems. In this study bubbling technique was analyzed
and examined for its viability to replace some less efficient techniques used in HDD

systems. The next section is devoted to give a better understanding of the bubbling
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technique that is already in use for chemical diffusion of gas into liquid in a device

called a bubble column or a column reactor.
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Table 2.1. Comparison between available HDD systems in literature
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2.2 Bubble Columns

Bubble columns are two-phase gas-liquid systems in which gas is dispersed into a
liquid in a vertical column. The gas which is broken into bubbles travels upward by
the buoyant force. Generally, the liquid flow can be co-current, counter current, or in
batch mode with respect to the gas flow. Bubble columns offer numerous advantages
when used as air humidifiers (Fig. 2.5). Advanced heat and mass transfer
characteristics perhaps the best advantage of these columns besides their being easy
to operate with no moving parts. This means that they are effective, cheap to operate,

and offer low operating and maintenance coast.

|:| —2—— Counter flow

o ] (8] Batch
FROES T 2,
OO?DDD OC)OGC;O o Liqmd
OOSDUODD OOOOO

O‘ =
OODGDD°D{} Bubbles
000020000~ 4|~
0o QGOODOO -

DDDU O oo o00Qo°

DOOUC}DD o pno

a0 od0 C“’OOO‘:’

oo DOUOOOQGOQD

po-eo 0~ 0 o0 QoQ°

| | Liguid
/‘ - ——

(Gaz Inlet
Figure 2.5. Schematic diagram of typical bubble column

Geometry of the column, operating conditions and design, are among the various

factors that influences the hydrodynamics of the bubble columns and thus the mass
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and heat transfer characteristics. To comprehend the hydrodynamics of the bubble
columns we need to understand the flow regimes under which air bubbles are
travelling. And thus, we would appreciate the influence of different regimes on heat
and mass transfer to the bubbles.

2.2.1 Column Hydrodynamics and Flow Regimes

The hydrodynamics of two-phase bubble columns depend strongly on the flow
regime. Despite the ubiquity of the topic in literature, no flow regime map is
available that covers a wide range of industrial conditions (Urseanu, 2000).
Nevertheless, there are three flow patterns that prevail in these bubble columns in
literature (Deckwer et al., 1980; Shah et al., 1982; Wallis, 1969): 1) homogeneous
flow; 2) heterogeneous flow; and 3) slug flow regimes (Fig 2.6). Since formation of
these regimes depends on many parameters, the boundaries between them are not
exact. Between each of these regimes there is a transition region. In these regions the
experimental setup and operating parameters decide which of the regimes prevail. In
the homogeneous regime, which is known as bubbly flow as well, there is a
homogeneous distribution of small gas bubbles. Bubble rising velocity is usually low
with limited interaction among the bubbles. As the gas flow rate is increased, the
bubbles presence density increases in the liquid. And thus there is more interaction
among bubbles. At this stage bubbles coalescence and break up is observed and the
regime transition region is started. Upon increasing coalescence more of the larger
bubbles are created. The larger gas bubbles move in a plug flow, creating large
eddies, swirls, and result in back mixing and circulation as well. This is the
heterogeneous flow, or churn-turbulent flow, regime which is observed in large

diameter columns. However, in small diameter columns, as the gas flow rate
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increase, bubbles coalescence result in bubbles with diameters near to that of the
column itself. These bubbles are called slugs and they are the indicator of regime
transition to the slug flow regime. As seen in Fig. 2.6, gas velocity plays a key role in

defining the type of flow regime.
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Figure 2.6. Flow regime map for air-water system at atmospheric pressure (Deckwer
et al., 1980; Shah et al., 1982). (D, is column diameter)

2.2.1.1 Gas Velocity

Gas velocity is directly connected to the gas mass flow rate in these systems.
However, different studies are available in literature which deal with two-phase flow,
test columns with different diameters. If the physical properties of those columns

were not taken into account, comparison of results would be futile. If gases with
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same flow rates were passed in two different columns with different diameters the
flow regimes would vary for each of them. Therefore, normalization of the flow rate
is crucial in flow regime comparisons. The normalized flow of gas is called the
superficial gas velocity. The superficial gas velocity, in engineering and chemistry
of multiphase flows, is a hypothetical fluid velocity calculated as if the given
phase or fluid were the only one flowing or present in a column with a given cross
sectional area. Other phases or particles present in the column are disregarded. It is a
normalized velocity which gives idea of the volume flow rate of one phase through a

given cross section area in terms of velocity. Superficial gas velocity is expressed as:

4

Acr

U, = (2.1)

Where, V is the volume flow rate of air and A, is the horizontal cross sectional area
of the humidifier. As expected for the same volume flow rate the superficial velocity
increases with decreasing cross sectional area. Superficial gas velocity has a unit of

(m/s).

As the gas flow rate increase, and thus the superficial gas velocity, the size of
bubbles starts to increase decreasing the distance between the adjacent bubbles. This
increases the possibility of coalescence and thus changes the flow regime to
heterogeneous. In this regime ascending bubbles become irregular and the flow
becomes rather turbulent. As the flow rate of the dispersed gas increases, the volume
fraction of the gas, known as the gas holdup, in the liquid increases. This is

indication of better heat and mass transfer to the gas stream.
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2.2.1.2 Gas Holdup

Gas holdup ¢; has collected a high interest in literature by chemists as it serves a
measure of mass transfer efficiency in bubble columns. In bubble columns of two-
phase systems, the total volume, V., is given as:

Vrot = Ve +V (2.2)
Where V;; is the gas volume and V; is the liquid volume in the bubble column. The

gas holdup is defined as the volume fraction occupied by gas in the bubble column:

£g = =& (2.3)

Vot

Both analytical and experimental investigations suggested numerous relationships
between mass transfer coefficients, at both the liquid side K; and the gas side K, and
&q- K¢ 1s a useful parameter for system mass transfer characterization and predictive
modelling. K, relations, which are the main interest, are rather simplified than K
relations. K relations are usually linear with a proportional factor a:

K; = agg (2.4)
Where a depends on column design and liquid medium. From the relation it is
recognized that the higher the gas holdup ability of a system is, the higher the mass
transfer coefficient and thus the higher the mass transfer efficiency would be.
Chaumat et al.(2005), Krishna and Ellenberger (1996) , and Vandu and Krishna
(2004) used o between 0.1 and 0.5 s™. Some other studies claimed no dependency of
the superficial gas velocity and that Kg has a power relation with gg (Elgozali et al.,
2002). It is important to mention that the effect of temperature of gas and liquid in

such devices on the relations above was not studied.
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2.2.1.2.1 Effect of the superficial gas velocity on the gas holdup

Gas holdup ability of bubble columns was studied both analytically and
experimentally by many researchers. The majority of the studies concentrated on the
relationship between gas holdup ability and the superficial gas velocity of the gas in
the system. Most of these studies have shown positive effect of the superficial gas
velocity on the gas holdup. Some researchers (Hikita et al., 1980; Kumar et al., 1976;
Reilly et al., 1986) have suggested relatively complex relation to calculate &g
analytically. On the other hand some other researchers (Camarasa et al., 1999a;
Chaumat et al., 2005; Moshtari, 1999) have studied the gas holdup experimentally.
These researchers have used the pressure difference method (but using different
techniques) to measure the average gas holdup value. There are more advanced
techniques to measure gas holdup including particle image velocimetry, and gamma-
ray densitometry, and gamma-ray and X-ray attenuation together with computer

tomography are some of them (Wu et al., 2001).

The simplest form of the relation between gas holdup and superficial gas velocity is
best defined by a power-law expression as follows (Winterbottom, 1993):

g x U} (2.5)
Where n is an exponent that depends on the flow regime. In the homogeneous flow
regime, where there are low superficial gas velocities, the exponent n is reported to
be in the range of 0.7-1.2 (Deckwer et al., 1980; Shah et al., 1982). Thus the holdup
increases sharply with the increase in superficial velocity. When the transition to
heterogeneous flow occurs, the more none linear, but gentler, increase of gas holdup

is observed as the superficial velocity was increased. The exponent n in this region
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was reported to be in the range of 0.4-0.7(Deckwer et al., 1980; Shah et al., 1982).
The range of the exponent n is largely affected by the operating variables, the design
and size of bubble column. Krishna et al. (Krishna and van Baten, 2003)presented a
map of the gas holdup with respect to superficial gas velocity for a bubble column

with 0.1 m diameter (Fig. 2.7).
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Figure 2.7. Experimental data on gas holdup in a 0.1 m diameter bubble column
operating with the air-water system (Krishna and van Baten, 2003)

2.2.1.1.2 Effect of Column Size on g

It has been reported that the geometry of the bubble columns affect the
hydrodynamics of the system (Winterbottom, 1993). Based on the column geometry,
three different regions were reported in terms of gas holdup (Thorat et al., 2001;
Yamashita, 1998): (1) sparger region; (2) bulk region; and (3) top region. Gas holdup

in the sparger region depends on the sparger design. However, in the bulk region, gas
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holdup is ruled by liquid circulation. In the top region, formation of froth above the
surface enhances gas holdup. In bubble columns, considering these regions, the sum
of holdups would give the average holdup of the system. However, the column could
be tall enough to be ruled by the second region alone where the influence of the other
regions is insignificant(Wilkinson et al., 1992). The ratio of height of the column to
its diameter is reported to decide whether first and third regions have any effect on
the gas holdup. Some researchers reported that typically no effects of those regions
on the gas holdup were observed when the ratio was above 5 (Pino et al., 1992;
Wilkinson et al., 1992). Eickenbusch et al. (1995) compared 3 columns having
diameters 19, 29 and 60 cm with a height to diameter ratio of 10.2, 10.3 and 6.5,
respectively. They reported domination of the heterogeneous flow regime and that no
significant effect on the gas holdup was observed with different column diameter. On
the other hand, Moustiri et al. (2001) studied two columns with 15 and 20 cm inner
diameter in the homogeneous regime and reported pronounced increase of gas
holdup with decrease in column diameter. This increase was attributed to the wall

effect that decreases the bubble rising acceleration.

From the researches mentioned above it can concluded that there would be no
significant effect of column diameter change on the gas holdup when the inner
diameter of the column is below 20 cm. Furthermore, gas holdup continues to
slightly decrease at column diameters greater than 20 cm and gradually reaches an
asymptote due to the diminishing wall effect. However, gas holdup could be further

influenced depending on the operating variables and the type of gas sparger used.
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2.2.1.2.3 Effect of Gas Spargers on Gas Holdup
Gas spargers are important part of the design of bubble columns. There are several
types of gas spargers, which differ mainly in their size, number of orifices, and

orifices’ pitch distances (Fig. 2.8).

Vial et al. (2001) compared three different gas dispersion methods: a single-orifice
nozzle, a multiple-orifice sparger and a porous plate. They have performed regime
analysis using evolution of the average gas holdup. They reported that the single-
orifice nozzle operates always in the heterogeneous regime. On the contrary,
homogeneous conditions prevail with the multiple-orifice nozzle when the superficial
gas velocity is lower than 4 cm/s and fully established heterogeneous regime is
reached at Ug = 11-12 cm/s. However, with the porous plate heterogeneous regime
can be reached at a lower gas superficial velocity around 7-8 cm/s. Smith et al.
(1996) tested three different types of spargers, namely, a fin porous glass frit, a
flexible rubber membrane, and an annular shear sparger. They reported results of gas
holdup and bubble size as functions of gas velocity for these sparger types. They
reported a delayed transition to the heterogeneous flow regime when the shear
sparger was used. Moreover, the interfacial area produced by the shear sparger
operating in the homogeneous regime exceeds that produced by perforated and

sintered plates operating in the heterogeneous regime.
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Figure 2.8. Various types of gas spargers used in bubble columns

Contrary to the previous studies, Pohorecki et al. (1999) found no significant effect
of gas spargers on the gas holdup. They used several gas spargers with different
geometries. They reported superficial gas velocity to be the only parameter to have
effect on gas holdup and bubble diameter. They performed the experiments under
elevated pressures and a range of temperature of 30-160°C. The vertical bubble
column was 0.3 m diameter and 4 m high.

2.2.2 Dynamics of Gas Bubbles

Gas bubbles dynamics is ruled by their size, shape, and distribution in the column,
Size of the bubbles determines the gas-liquid interfacial area which directly

influences the overall rate of interaction occurring in the bubble column.

The distribution and behavior of the gas bubbles and the hydrodynamics of the flow
are interrelated. Under homogeneous flow regime, gas bubbles nearly had uniform

sizes with narrow size distribution (Pohorecki et al., 1999).
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Increasing the superficial gas velocity enhances the bubble-bubble interaction which
leads to collisions among bubbles and starts the transition regime. If time is enough,
coalescence and breakup of bubbles take place. As the superficial gas velocity
increases more, the frequency at which coalescence and breakup of bubbles increases
and reaches to nearly a steady state in the heterogeneous regime. Upon coalescence
bubbles would have different sizes. Large bubbles rises faster than smaller bubbles.
With the turbulence created in the heterogeneous regime bubbles coalescence can
occur even at the sparger. More on bubble coalescence behavior is discussed in the
following sections.

2.2.2.1 Bubble Formation

The initial bubble size at the formation stage is subjected to different factors. The
sparger type, the liquid height above the sparging level, the temperature of the liquid,
and the superficial gas velocity are some of these factors. Generally the initial bubble
diameter (d,;,) directly after detachment from the nozzle is estimated by the following
expression (Tsuge et al., 1981):

d: =[ 6dy01, ]1/3

9(pL-pc) (2.6)

Where d,, is orifice diameter, p;, and p. are densities of liquid and gas respectively,
and o is surface tension of the liquid. This expression is based on the assumption
that bubble formation takes spherical shape from the beginning of formation to the
detachment under the buoyancy forces. Heignen and Van’t Riet (1984) classified the

bubble formation at sparger into three regimes as in (Fig 2.9).
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Figure 2.9. Air bubble formation regime at the orifice (Heijnen and Van't Riet, 1984)

According to Fig. 2.9, (d}) increases with the increase in the orifice diameter (d,).
Moreover, for low orifice Reynolds number (Re,), there would be no change in the
size of bubbles at formation. As Re, exceeds 100, regime transition to a chain
bubbling takes place and d,; increases. The increase of d;, becomes higher with
increase in the d,. At farther elevated Re,the bubble formation regime transfers to
the jet regime where bubbles have irregular shapes and unpredictable sizes. They
suggested that the column’s optimum performance is achieved under the chain
bubbling regime. This map was drawn under ambient temperature for single orifice
nozzle with no neighboring bubbles which eliminates the bubble-bubble interaction.
2.2.2.2 Terminal Shape and Rise Velocity of Bubbles

Hydrodynamic behavior of a rising bubble has been a subject of both experimental
and numerical studies for many years including some comprehensive studies and

correlations regarding shape and speed of a rising bubble. Clift et.al. (1978) grouped
35



the behavior of a rising bubble in a viscous fluid under the influence of gravitational
forces into three different regimes, namely; spherical, ellipsoidal, and spherical cap
regime. Apparently, the terminal shape and velocity of a rising bubble depends
greatly on their size as well as the surface tension of the bubble. Terminal velocity is
defined as the velocity a rising bubble reaches when there is a balance between the
driving force and the resistive force (i.e. buoyancy and drag forces). Once the
terminal velocity is reached, bubbles stops accelerating and travel with the same

velocity to the end of the course.

The regimes under which the terminal shape of bubbles is classified are achieved
depending on three non-dimensional numbers; Reynolds number (Re), Bond number

(Bo), and Morton number (Mo).

Bond number is calculated as:

2
Bo = M (27)

g

And Morton number is as follows:

A 4
Mo = % (2.8)

a3pj
Where, Ap is the difference between the liquid and the gas densities, dj, is the
bubble diameter, o is the liquid surface tension, and g, is the dynamic viscosity of

the liquid.

The shape regimes are illustrated in the Fig. 2.10:
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Figure 2.10. Shape regime map (Clift, 1978)

Terminal velocities on the other hand are governed according to different

correlations for different regimes:

Spherical regime: This regime is dominated by surface tension and viscous forces.
Original size of the bubble is small, usually less than 1.3 mm and is governed by the

following equation:

Hg
— gApdlz) I K (2 9)

E7 6w 24384
u

where, ug is the dynamic viscosity of the gas.
Ellipsoidal regime: This regime is mainly dominated by surface tension. Bubble size

is intermediate, typically from 1.3 to 6 mm, and is governed by:

U, = [*2240.5059d, (2.10)
pidp
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Spherical cap regime: This regime is governed by inertia force. Bubble size is large,

usually bigger than 6 mm, and the following relation is used:

_2 [adle
v, =2 |52 (2.11)

These relations assume that a bubble rise straight to the top and ignores the

oscillatory motion and the possible bubble-bubble interaction.

It is concluded that the shape and rise velocity of a bubble is ruled by several
parameters. Sparger type and gas flow rate mainly affect the initial bubble size. The
inertia forces, surface tension, and liquid and gas viscosities and densities affect their

rise velocity and shape.

Varying shape and rise velocity of individual bubbles increase the possibility of
bubble-bubble interaction and may result in initiating the bubble coalescence and
breakup phenomena. This phenomenon is a main concern to the researchers for its
major impact on the mass and heat transfer between the two fluids.

2.2.2.3 Bubble Coalescence and Its Effect on Mass and Heat Transfer

Bubble coalescence takes place by bubbles blending into each other and forming
larger lumps of air. It starts when bubbles collide and trap a certain amount of liquid
between them. Once the liquid drained, the thickness of film between the two

adjacent bubbles reduces to a critical point before it raptures.

This happens while the bubbles rise to the surface or even at the generation point.
Upon coalescence of bubbles, the total gas-liquid contact area decreases and thus

mass and heat transfer to the bubbles decrease (i.e., humidification decreases).
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In their study of the lower region of the bubble column, Perry and Green (2001)
found that the characteristics of the bubble coalescence depend on the design of the
dispersion device. They pointed out that, in the manufacturing of the perforated
spargers, the typical separation between the orifices centers should range from 2.5 to
4 times the orifice diameter. Camarasa et al. (1999b) and Pohorecki et al. (2001)
studied the coalescence process in the central region of the bubble column where the
bubble-break-up and the coalescence processes reached equilibrium. They have
determined that there is a relationship between the bubble mean diameter, which is a
function of the surface area, and the transport phenomena between the gas and the
liquid phases. It is evident from these studies that the smaller the bubble diameter the

greater the heat and mass transfer to it.

Mariano Martin et al. (2007) studied the effect of bubble coalescence on the liquid
mass transfer as bubbles are leaving the sparger plate. They claim that although
coalescence may decrease the mass transfer rate, the deformation of bubbles can

balance this decrease in mass transfer rate.

Chen et al. (2011) investigated the coalescence of bubble pairs rising in a stagnant
liquid numerically and compared the results with the experimental ones. The
numerical results indicated that the rising velocity of the trailing bubble was larger
than that of the leading bubble. They indicated that both the leading bubble and the
trailing bubble rose faster than the single bubble. This is another factor that affects
the rate of heat and mass transfer to the bubbles since faster rising bubbles decrease

the interaction time and thus decreases the amount of heat and mass transferred. In
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their study two different coalition patterns presented, namely; side and inline patterns

(Fig. 2.11 & Fig. 2.12).
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Figure 2.11. Numerical results and experimental observations of side by side

coalescence between two identical bubbles (Krishna and van Baten, 2003)
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Figure 2.12. Numerical results and experimental observations of in-line coalescence

between two identical bubbles (Krishna and van Baten, 2003)

R. Krishna et al. (2003)developed a computational fluid dynamics (CFD) model to
describe the hydrodynamics, and mass transfer, of bubble columns. They concluded
that mass transfer from the large bubble population is significantly enhanced due to
frequent coalescence and break-up into smaller bubbles. This study assumes high
break up rate that is almost as much as the coalescence rate, which is rarely the case.
Some of the above mentioned researchers claimed that the recurrent bubble break-up
and coalescence enhances mass transfer to the bubbles while others disagree.

2.2.3 Final remarks

It is clear from the previous studies that there are several parameters with varying
importance which play role in the optimization of gas-liquid intra-transport

phenomena, specifically heat and mass transfer.

41



From the mentioned studies the following notes can be drawn:

Heat and mass transfer rate to and from the larger size bubbles are lower than
the smaller size bubbles.

As flow rate of air in water increased bubble coalescence increases.

Heat and mass transfer from and to a bubble decreased as its diameter
increases.

The rising velocity of a bubble increased as its size increases.

As the temperature of the liquid increased the terminal velocity of bubbles
increases, giving less time for them to transfer heat and mass.

Frequent coalescence and break-up of bubbles may enhance the mass
transfer to a bubble.

None of the available studies mentioned the effect of the temperature
difference between the liquid and the gas on the rate of coalescence. As the
temperature difference was increased the size of bubbles increases and thus

the coalescence rate.

From the available literature it can be concluded that; whether bubble coalescence

increases or decreases the heat and mass transfer, designing for multistage

coalescence in the bubble column could be vital. At each stage bubbles would be

regenerated and thus resized. Multistage bubble regeneration can provide adequate

time for heat and mass transfer to take place thus enhances the humidification

process.
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Chapter 3

3 METHODOLOGY

Generally designing any system requires testing the performance of some models
that are based on a specific technique before finalizing the design. In this study the
practicability of the bubbling technique to be used in HDD systems is tested in
laboratory environment before deploying the final solar design. The laboratory based
tests would give insight of the working principle of the bubbling technique and shed
a light on the weaknesses and help identifying the deficiencies that may be
encountered when applying this technique. Thus, the possible remedies are spotted,
applied, and tested for the optimum performance before finalizing the pilot solar

design.
3.1 Experimental method

The main purpose of this study is to produce an efficient humidifier design, to be
used in HDD systems, by employing the bubbling technique. The design incorporates
air and water heating with humidification process in one unit (Fig. 3.1). The bubbling
technique as discussed in the previous chapter is based on dispersion of a gas into
liquid to allow direct contact between the two fluids. In this study relatively cold and
dry air is dispersed in hot water to be humidified. Air is dispersed in water from a
perforated sparger in form of bubbles. Bubbles ascend under the effect of buoyant
and gravitational forces to the surface of the water bed. Upon travelling upwards, air

bubbles receive vapor due to the difference in vapor concentration. The performance
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of the device is evaluated for different parameters as discussed in the next section.

The deficiency of the humidification process is treated by adding perforated baffles

that regenerates bubbles and enhances the mass and heat transfer. Perforated baffles

are used in the design of the final solar humidification unit. The solar humidification

unit is then coupled with a condenser to complete a solar HDD system.
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In the coming chapters the experimental method and design parameters are presented

in detail for each design separately.

3.2 Performance Measures and Evaluations

Performance measurement in the present work is made by quantifying the efficiency,

effectiveness, and productivity of the humidifying system in order to find out ways

of improving its ability to deliver favorable results. In the following subsections the

44



performance measures and evaluation methods under which the constructed setups
were tested are presented. These performance measures are going to be used where
applicable.

3.2.1 Efficiency and Effectiveness

Humidification Process Efficiency is defined as the ratio of actual increment in
humidity to the maximum possible increment in vapor content at the saturated

temperature of air. It is expressed in percentage as:

T]H — 100 Wout— Win (31)

Wout @sat.air— Pin

Where, w,,;and w;, are the absolute humidity at the outlet and the inlet
respectively, and wyyt @sat.qir 1S the maximum possible amount of vapor carried by

air at air temperature.

In the present work, another performance criterion, namely effectiveness, is
introduced to assess the maximum increase in vapor content of air. Effectiveness of
heat exchangers has been elaborately studied in the literature and a clear definition
has been established and verified (Cengel, 1997). The equation used for determining
the effectiveness of the heat exchangers cannot be satisfactorily used in humidifiers;
they are only adaptable to humidifier effectiveness calculations. On the other hand
cooling towers are possibly operated with the closest mechanism to a humidifier,
although the aims are different. Targeting cooling towers, Cheremisinof et al. (1981)
have presented a temperature-dependent effectiveness equation to test the

effectiveness of a cooling tower as follows:

AT
€r = ATideal

(3.2)
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Where, AT is the temperatre difference between outlet and inlet air, and AT4¢% s

the maximum possible temperatre gain in ideal case.

Since the aim of a cooling tower is to cool the hot water, rather than defusing vapor
to air, the equation they have presented could be used as a measure of performance
for a humidifier provided that the outlet air is saturated. Saturation of the outlet air is
so important in HDD systems, as unsaturated air demands more, unnecessary,
chilling energy to bring air to the dew point in order to start the condensation
process. Jaber and Webb (1989) have presented a different definition to describe the
effectiveness. Their expression involved the calculation of the actual over the

maximum possible heat transfer rate:

€ = W (3.3)
The expression they presented cannot be applied to our system since one of the fluids
is stagnant while the denominator involves the calculation of the minimum flow rate
in the system. Another way to express the effectiveness, presented by Nilles and
Klein (2008), is by considering the ratio of the actual change in internal enthalpy of

air to the maximum possible change. This expression was made to test the

effectiveness of a coil type humidifier:

Ah
€Ep = Wdial (34)

Where, Ah, is the enthalpy difference between the outlet and inlet air, and Ahi4¢% is

the maximum possible enthalpy gain in ideal case.

The maximum effectiveness of a mass and heat exchanger can be achieved when the

air exits saturated at the inlet liquid temperature. In the presented system water is still
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and heat and water are added to compensate for heat and mass loss in order to keep
temperature and level of water constant. The present work proposes that the easiest
and most effective way for testing the effectiveness of the humidifier under study is
by modifying the efficiency expression in Eqn. 3.1 to include the maximum possible
increment in vapor content at the saturated temperature of water instead of saturated

temperature of air:

€, = 100 —2out=Lin (3.5)

Wout @sat.water—Win

where, is the maximum possible amount of vapor carried by air at water temperature.
3.2.2 Gas Holdup

Gas holdup & serves as a measure of mass transfer efficiency in bubble column. Gas
holdup ability of bubble columns was studied both analytically and experimentally
by many researchers. The majority of the studies concentrated on the relationship
between gas holdup ability and the superficial gas velocity in the system. Some
researchers (Hikita et al., 1980; Kumar et al., 1976; Reilly et al., 1986) suggested
relatively complex relation to calculate &g analytically. On the other hand some
researchers (Camarasa et al., 1999a; Chaumat et al., 2005; Moshtari, 1999) have
studied the gas holdup experimentally. All have used the usual pressure difference
method (but employed different techniques) to measure the average gas holdup

value.

In this study, the liquid displacement method was adopted to determine &g The
humidifier was initially filled with water. Then, air was dispersed in water at
different air mass flow rates. As a result some of the water inside the humidifier was

displaced to allow dispersed air to replace it as the volume of the humidifier is fixed.
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The gas holdup was calculated as of Eqgn. 2.3, i.e., by dividing the displaced water by

the water volume initially contained in the humidifier.

Generally the gas holdup of a liquid is plotted against the superficial gas velocity
which is given in Eqgn. 2.1.

3.2.3 Gained Output Ratio

One of the most commonly used performance measures for thermal based
desalination is the gained output ratio (GOR). GOR is a dimensionless measure of

the amount of product for a given net heat input.

GOR = "Prls (3.6)

innet
where, 711, is the rate of freshwater production, k¢, is the latent heat of evaporation,
and Qin,net is the received energy by the system. From Eqg.3.6, a GOR of unity
means that the energy required for evaporation of water and energy supplied to the
system are equal. The ideal GOR for simple solar stills is unity. GOR is always less
than unity in solar stills because of the losses accompanied in stills. However, GOR
higher than unity means that the system regenerates energy (such as making use of
energy released during condensation) which can be used to enhance evaporation.
The advantage of using GOR is that it serves as the normalized output-gain value
which can be used to compare different systems or same system with different
parameters. In this work GOR will be used to compare the system running at

different air mass flow rates and solar radiations.
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3.2.4 Normalized Production (NP)
Normalization is a performance measure that is customized to compare different
setups which work under different circumstances at their peak production period. NP

takes into account the variables under which each system performs.

The introduced normalization of production takes into account hourly production of a

system by the total solar energy gained in same duration and calculated as:

PR
NP — max
l@PRpax*Aeff

(3.7)

where PRy, is the maximum production at any period of time, Igpg, . is the
average solar intensity during that period of time, and A.sf is the effective aperture
area.

3.2.4 Normalized Gain (NG)

Another measure of performance can be obtained by plotting the humidifier
effectiveness (i.e., Eqn. 3.5) as a function of normalized gain. The normalized gain

(NG) is expressed as follows:

NG — (Tout,av_Tin,av) (38)

Iav

where Tyue a0 — Tinay 1S the difference in average temperatures of air at the outlet
and inlet of the humidifier and I, is the average solar intensity, both taken at the
collector’s best performance. Equation 3.8 is usually used to compare the
performance of solar air collectors working under different climatic conditions or at

different days of the year.
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3.3 Uncertainty Estimation

Uncertainty in experimental results is unavoidable concern regardless of the claimed
precision and accuracy. In general, two factors affect the precision of a measurement
and thus the results of an experiment. Those factors are the random errors that
depend on the skill and capability of the experimenter, and the systematic errors
resulted due to the limitation and precision of the measuring instruments. The data
collection in the experimental setups of this study is carried out automatically using
digital devices with known accuracy. The use of such devices limits the resultant

uncertainty to the systematic errors accompanied with the instruments used.

Perers (1997) and Mathioulakis et al. (1999) have conducted uncertainty assessment
for several elaborated models using variety of methods and techniques including the

standardized method in 1ISO (1995) with the following form:

U = (S (L u,)’ 39)
where x; denotes independent variables between i = 1 and n, with uncertainty U,,
affecting I", which is the calculated or measured value in the study. Equation 3.9 is
be used for assessing uncertainty analysis.

3.4 Optimization Method

The tests performed in the laboratory environment would give maximum
productivity under certain working conditions. The conditions under which the
performance of the humidifier shows promising results would be used when
designing the new solar setup. The solar humidifier is to be tested for its

humidification effectiveness as a standalone unit before coupling with the rest of the
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components which make the whole HDD system. Then the complete system is built

and tested for its best performance.
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Chapter 4

4 UTILIZING THE BUBBLING TECHNIQUE FOR
HUMIDIFICATION: AN EXPERIMENTAL
ASSESSMENT

A bubble column similar to the column reactors found in the literature is constructed
and tested. The size of the bubble column presented in this chapter is a lot smaller
than those of the column reactors. Since the ultimate aim is to use solar energy for
heating the bubble column it is desired to keep its size as small as possible. In the
present chapter the effectiveness of the bubble column is investigated and

improvements are introduced for better humidification performance.
4.1 Design and experimental setup of the bubble column

4.1.1 Experimental setup

Basically, the performance evaluation has been conducted on a humidification test
unit. Humidification process was performed by passing air into batch of brackish
water. The system consists of three main units: humidification unit, air compressing
and control unit, and a measuring and displaying device (acquisition system) (Fig

4.1).
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Figure 4.1. Experimental setup

4.1.2 The humidification unit
The humidification unit consists of three main parts (Fig. 4.2); The humidifier
chamber, the gas sparger, and the heating element. The following is a description of

how these components were utilized in the present work.
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Figure 4.2. The humidification unit

4.1.2.1 The humidifier chamber

Unlike all the bubble columns discussed in the literature review, the shape of the
humidification unit is rectangular. The rectangular facade displays real sizes and
better vision of the flow pattern when monitored. The base size was chosen
arbitrarily to give a hydraulic diameter of about 33cm in order to insure any flow
regime other than the slug flow regime (see Fig. 2.6). The humidifier chamber is
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simply a 0.33x0.33x0.8 m box with opened top. The box was manufactured using
thermally treated glass sheets to enable visual inspection of the humidification
process and to endure elevated temperatures. Thermal insulation was applied to the
outer sides of the walls of the box except from the top and one of the sides to
decrease the heat loss. The lid of the humidifier was deliberately left open to

eliminate the effect of pressure on the saturation state of the gas.

Ignoring physical particularity and singularity for any system can lead to huge errors
while analyzing that system. In HDD systems for instance, measuring the
performance of the humidifier while attached to the whole system could lead to
major errors. Calculating the actual absolute humidity of air without considering the
pressure in the humidifier is one of these errors. Most of the theoretical and
experimental works have considered or reported the air outlet of a humidifier to be
saturated, and thus the humidifier efficiency were praised, merely because the wet
bulb temperature is close enough or equal to the dry bulb temperature. In fact the
absolute pressure in a humidifier of a running system is never atmospheric- it is even
lower or greater than atmospheric pressure depending on the placement of the air
pumping device as well as the flow rate at which the system runs. Figure 4.3
demonstrates the amount of vapor air can carry at different temperatures and under
different pressures. From the Fig. 4.3 it can be seen that at 75°C the amount of vapor
air could carry is 386, 298, 239, and 200gr/kga for 101.325, 120, 140, and 160 kPa
respectively. From these results it can be concluded that analyzing a humidifier for

efficiency should be done independently to ensure factual and accurate data.

55



1800

1600 i —— 80 kpa
= =+ = 100kpa
6p1400 - /
._AS ----- 120 kpa
%1200 T 140 kpa ,
] .
)
g
£ 800 -
Qo
Q
2 600 -
=
®
‘o 400 A
=

200 -

0 -

30 35 40 45 50 55 60 65 70 75 80 85
Temperature, °C

Figure 4.3. Moisture content of fully saturated air at different pressures and
temperatures (produced using EES program)

4.1.2.2 The sparger design

The Sparger (dispersion device) was designed to be smaller than the base of the
humidification chamber in order to eliminate the wall effect. It is simply a
0.22x0.22x0.06 m acrylic box with detachable forged lid (Fig. 4.4). The device is
mounted on a removable frame that eases the lid changing process. Three identical
lids were manufactured, with 1600 holes drilled on each. The holes were drilled by
the aid of a CNC machine with a 1.5 mm diameter drilling pit. The initial bubble
diameter at the detachment time is greatly influenced by the orifice diameter, the
surface tension and the difference between the liquid and gas densities as evident
from Eqgn. 2.6. Knowing that fluid properties change with temperature change, the

initial bubble diameter could be different for different temperatures. The temperature
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of water in this experiment is varied between 20 to 70°C. Applying Egn. 2.6 we get

the results as in Table 4.1.

Table 4.1. Characteristics of bubble under different temperatures

Bubble Bond Morton Terminal
Water | Surface | Water Air | Dynamic d'u number velocity
: ) - R iameter number Mo

temp. | Tension | density | density Viscosity Ean. 2.6 Bo Ean. 2.8 U
an-2% | Egn. 2.7 an. . Eqn. 2.9

°C N/m | kg/m® | kg/m® | (N.s/m?) *10 mm _ _ m/s
20 0.0728 | 998.3 1.205 1.002 4.06 2.22 2.56E-11 0.242
30 0.0712 | 995.7 1.166 0.798 4.03 2.23 1.11E-11 0.241
40 0.0696 | 992.3 1.127 0.653 4.01 2.25 5.33E-12 0.239
50 0.0679 988 1.097 0.547 3.98 2.26 2.84E-12 0.238
60 0.0662 983 1.067 0.467 3.95 2.28 1.63E-12 0.237
70 0.0644 978 1.034 0.404 3.93 2.29 9.99E-13 0.235

As shown in Table 4.1 the initial bubble diameter at its detachment is around 4 mm

for an orifice diameter of 1.5mm.

Predicting the bubble diameter at the detachment moment is very important when
designing the pitch distance between orifices of the sparger. Since the bubble
diameter is 4mm, the pitch distance should at least be 5mm in order to prevent
bubble coalescence at the formation stage. According to Perry et al. (2001) the
recommended center to center orifice separation ranges between 3.75-6mm for an

orifice of 1.5mm.

The minimum center to center (pitch) distance between the adjacent holes is
designed to be 5 mm. It was decided to test the humidifier for different pitch distance

greater than 5mm as well. By covering some of the holes, it was possible to operate
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the sparger for different pitch distances. Figure 4.5 is a schematic demonstration of

the configurations where there are 196 holes left uncovered.

A plug was attached to the sparger to enable gas injection. The lid was sealed and
secured with 16, 5mm screws to insure no air leak. The sparger was mounted on an
aluminum frame 100 mm above the ground level to make room for the heating
element. The heating element was immersed in the water at the bottom of the
humidifier chamber. Then the frame that holds the sparger was submerged. The
frame was designed and constructed such that it can be detached from the humidifier

in order to ease the sparger’s lid changing process.

Figure 4.4. The sparger device
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Figure 4.5. Configurations of the sparger’s lid

4.1.2.3 Air compressing and control unit

In order to charge air into the sparger, a compression device is used to help overcome
air path frictions and the static pressure on top of the dispersion device. The
compression unit, shown in Fig 4.6, enabled full control of the pressure and flow rate
of the dispersed air. It allowed conduction of the experiment under a steady state
condition. An orifice meter was employed between the compressor and the sparger in
order to calculate the air mass flow rate. Then air is injected to the sparger device
through its port.

4.1.3 Data acquisition

The measurements taken in this work are the air flow rate, air pressure, relative

humidity, water temperature, and temperature of the dispersed air at both the inlet
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and outlet of the humidification unit. Water and air temperatures were recorded using
three thermocouples, which were connected to an Xplorer GLX data logger. The
same data logger was used to measure the pressure of the flowing air. Inlet and outlet
humidity of air was acquired using an Omega Thermo Hygrometer RH411 with

measurement range of 5-98% having accuracy of £3%.
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4.2 Experimental procedure

The experimental setup shown in Fig. 4.1 was used in all experiments. Air was
charged in the Sparger by the attached hose. Due to the pressure in the dispersion
device, air bubbles form at the surface of the lid and then detach and travel upward in

the water under the effect of gravity.

The experiment was performed for different hole diameters, different pitch distance,
and different water levels above the sparger’s lid. Summary of the all the setups is
given in Table 4.2. Water temperature was changed incrementally by 5 degrees from
30 to 70°C for each setup. At each set temperature, the air flow rate was varied as
well. The mass flow rates used in this experiment are presented in the next section.
For all runs of the experiment, the air temperatures and the humidity ratio was

recorded at steady state conditions.

Table 4.2. The parameters under which the humidifier was tested

Orifice Pitch Water Water temperature
diameter distance height
mm mm cm °C
1.5 5,10,15 | 20, 30,40 | 30, 35, 40, 45, 50, 55, 60, 65, 70

4.3 Flow rate measurement and superficial gas velocity

The flow rate was measured by considering the pressure difference across an orifice
meter with pipe and orifice diameters of 2.5 and 1.25 cm respectively. The volume
flow rate was calculated according to the following expression:

V = CrA, 24P /p

(4.1)
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Where A, is the cross sectional area of the orifice, AP is the pressure difference

across the orifice, p is fluid density, and C; is the flow coefficient calculated as

follows:
Ca
‘=T (42)

Where (3 is the ratio of the orifice diameter to the pipe diameter and Cy is the

discharge coefficient. There are many empirical equations for calculating Cg4, one of

which is that defined by ASME:

4
Caasme = [(0.5959 +0.0312 * f21 — 0.184 * B8 + 0.0385 * f25 + 0.195 (fﬁJ) * (1_;4)05] (4.3)

Cq4 was found to be 0.6408 and the corresponding Cs is 0.6618.

The mass flow rate is calculated according to:

m = pV (4.4)
and p is calculated using the ideal gas equation:

p = P/RT (4.5)
where R is the gas constant, P and T are the pressure and temperature of the gas at

the orifice upstream.

The resultant air mass flow rate, the corresponding superficial gas velocities Ug, and
the orifice Reynolds number (R,) at each flow rate are as given in Table 4.3. Ug is

calculated as in Eqgn. 2.1.

Comparing the Ug from Table 4.3 with Fig. 2.6 and Fig. 2.7 it is expected that the
process should be governed by the homogeneous flow regime. Moreover, comparing
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the Reynolds number at the orifice with Fig. 2.9, the initial bubble diameter at the
formation is expected to stay nearly the same for all the given mass flow rates.
Furthermore, at high flow rates, around 100 kg/h, air bubble formation regime falls at
the transition region between the separated bubbles regime and chain bubbling
regime.

Table 4.3. Characteristics of the air flow

m Ro Uc
kg/h _ m/s
5.0 62 0.97
7.7 82 1.27
10.1 93 1.44
12.4 101 1.56
14.7 107 1.65

4.4 Results and discussion

4.4.1 The flow regime

The conducted experiment exposed a different kind of flow regime than the
expected. It was expected to witness a homogeneous regime at low water levels and
low flow rates and a heterogeneous regime as the water level and air flow rate
increases. When gas was dispersed into stagnant liquid a turbulent flow was observed
even at low water level. Moreover, the turbulence increases with the increase in
water level and air flow rate. This behavior is attributed to the wall effect and bubble
coalescence. The sparger does not cover the whole cross section area of the
humidifier. Therefore, there is a room for the formation of vortexes and eddies,
between the air stream and the humidifier’s walls, that result in more turbulent flow
regime. Furthermore, according to the calculated Morton number and Bond number

presented in Table 4.1, the bubble shape is within the ellipsoidal region. This
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indicates that the distance between the adjacent bubbles decreases with the distance
travelled. Therefore, bubble coalescence was inevitable at high water levels.

4.4.2 Air temperature and humidity

The water and air temperatures and air relative humidity are the results obtained from
the experiments conducted. The air outlet temperatures against water temperatures
for 1.5 mm diameter hole with pitch distance of 10 mm are plotted in Fig 4.7 for
different water levels and 5 different air flow rates. The air inlet temperature during
the experiment is 18+1 °C. The temperature of air increases as it comes into contact
with the hotter water as shown in the figure. The higher the water temperature the
higher the outlet air temperature. In Fig. 4.7a it can be seen that the outlet air
temperatures for different flow rates at low water temperatures are very close. Then
the gap starts to increase as the water temperature increases. This behavior could be
attributed to the immature flow regime due to the low water level. The increase in air
temperature in Fig. 4.7a and 4.7b is more stable with slightly higher temperatures

recorded with water level of 400mm at low flow rates.
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The relative humidity at the exit of the humidifying chamber of the test is plotted
against the water temperature in Fig. 4.8. Unlike the temperature profile, the relative
humidity change with water temperature doesn’t increase linearly. From Fig. 4.8 it is
observed that regime change took place at least once with increasing temperature.
The regime change manifests itself by the deflection of the plotted curve. It can be

seen from Fig. 4.8a and 4.8b that for water levels of 200mm and 300mm the relative

66



humidity of air at lower mass flow rates is greater than that of higher flow rates at
any temperature. However, dispersed air under water level of 400mm in Fig. 4.8c
shows higher relative humidity at higher flow rates. The relative humidity continues
to increase until the water temperature reaches 55-60°C then, shows greater relative

humidity at low flow rates beyond (60°C).

From productivity point of view, the relative humidity is not a performance indicator.
Since water content in air at any pressure depends on air temperature and relative
humidity, the differential amount of vapor content between the inlet and outlet of air
should be compared. Figure 4.9 plots the absolute humidity difference Vs. water

temperature.

It can be seen from Fig. 4.9 that the absolute humidity difference at higher flow rates
is greater than that of lower air flow rates. At higher flow rates of air, i.e., higher
Reynolds numbers, the heat and mass transfer are enhanced. Moreover, it can be
deduced from Fig. 4.9 that although the absolute humidity difference for the level of
200mm is less than the others at low temperatures, in general, water level has a

negligible effect on the absolute humidity difference.
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different flow rates
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4.4.3 Efficiency and effectiveness

Equation 3.1 was used to obtain the humidification process efficiency. Figure 4.10
plots the humidification efficiency vs. temperature under different operating
conditions.  Similar to the relative humidity curves it can be seen that the
humidification efficiency at lower flow rates outperforms the efficiency at higher
flow rates in Fig. 4.10a and Fig. 4.10b. However in Fig. 4.10c, with water level of
400mm, the humidification efficiency at high flow rates outperforms that of lower
flow rates for temperatures less than 55°C. It can be seen that in Fig. 4.10a and Fig.
4.10c there are two deflection points indicating two regime changes. However, Fig.

4.10b shows one deflection that indicates a single regime change.

The similarity of the relative humidity and the efficiency curves is not a coincidence.
It is an expected result of the tests performed in a laboratory environment with
almost constant inlet relative humidity at low temperature. This indicates that if air at
the outlet of the humidifier approaches saturation point, using Egn. 3.1 would result
in 100% efficiency of the system. However, the result could be deceiving if the outlet
air temperature of the air was less than the water temperature, which is the case as
can be seen from Fig. 4.7. For this reason Eqn. 3.5 was taken into consideration in
order to indicate the performance of the system relative to the maximum

performance it can reach.

Figure 4.11 shows the performance results of the system under different water levels.
According to the figure, the performance of the system, or the humidification
effectiveness, does not exceed 60% level at its best. Moreover, it can be observed

that the performance of the system is greater at higher air mass flow rates. It is
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obvious as well that performance of the system is almost constant at any temperature

except at very low temperatures in the case of low water level of 200mm.

Figure 4.12 illustrates a comparison of the calculated air absolute humidity

difference for the entire experiment. The given graphs plot Acw under the effect of

each parameter (ie. Water levels and temperatures, pitch distances, and mass flow

rates)

It can be concluded that the humidifier performed best at higher water levels and

temperatures, higher air mass flow rates, and at orifice pitch distance of 10mm.

In order to improve the humidification effectiveness of the unit, a crucial
modification is needed. The next section presents suggested modification that

boosted the humidification effectiveness of the humidification unit.
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Figure 4.10. Humidifier efficiency vs. water temperature
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Figure 4.12 performance of the humidification unit, in terms of absolute humidity difference under
different parameters

Figure 4.12 performance of the humidification unit, in terms of absolute humidity

difference under different parameters. (A3 page)
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4.5 The modified bubble column

From the available literature and the above discussion, one can conclude that; in a
humidification process of any flow regime, the effectiveness of the humidification
process is poor but increases with the increasing flow rates. Moreover the higher
water levels may enhance the humidification effectiveness. On the other hand,

bubble coalescence may increase or decrease the heat and mass transfer.

Whether the bubble coalescence increases or decreases the heat and mass transfer,
designing for controlled bubble coalescence and brake up may enhance the
humidification performance. Adding a number of bubble regeneration stages
upstream of the sparger results in resizing the bubbles. It can provide more time for
heat and mass transfer to take place as well, thus enhancing the humidification

process.

In order to achieve the resizing of bubbles multi stage bubble generator was
implemented by adding converted perforated trays (sieves) as shown in Fig. 4.13.
The ascending air bubbles from the sparger collapse under the first sieve and create
air pocket before escaping through the sieve holes as regenerated bubbles to travel in
the contained water before they collapse again under the next sieve. The sieves are
each perforated until the middle and placed transversely as shown in Fig 4.14. The

process is repeated at each sieve.
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Figure 42.13. a) the perforated sieve, b) the modified humidifier with 8 sieves
configuration.
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Figure 4.14. The modified humidifier testing unit

The main expected advantages of the stack of inverted sieves are as follows:

e airis held for longer periods under the inverted sieves than it would otherwise
be held in water as it is freely travelling in the basic setup, thus more time is
provided for heat and vapor transfer into the air bubbles.

e air comes into contact with the absorber itself (i.e., the inverted sieves), thus
heat transfer takes place more effectively and the air temperature approaches
to that of the sieves. High temperature causes air expansion, thus increasing
its vapor carrying capacity.

e air bubbles are regenerated at each stage, thus the size of the bubbles are kept

relatively smaller maintaining higher contact surface area.
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4.5.1 Apparatus setup and procedure

Except for the introduced converted sieves, the rest of the setup is as of the main
testing setup. The procedure followed is unchanged too. At water levels of 200mm,
300mm, and 400mm, 4, 6, and 8 converted sieves where used respectively. The base-
to-base distance between each of the sieves was 50mm. Thus the last sieve for each
testing level was at the same relevant water level.

4.5.2 Results and discussion

The performed test resulted in fully saturated air at any temperature, air mass flow
rate, and water level. This result means that 100% humidification efficiency was
attained. But this doesn’t mean that the maximum performance of the humidifier was
reached unless the thermal efficiency (temperature-dependent effectiveness Eqn. 3.2)

was at its maximum as well.

Figure 4.15 presents the outlet air temperature vs. water temperature from the
performed tests. It is expected that the outlet air temperature would be enhanced by
the introduced sieves. It is interesting to note that the outlet air temperatures from the
tests where 8 sieves were used became equal to the water temperature at any flow
rate. This means that the thermal efficiency has reached the maximum, and thus the

effectiveness of the humidifier is at its maximum.
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Figure 4.15. Temperature variation of the outlet air with bubbles regeneration
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Figure 4.16 presents the thermal efficiency calculated using Eqn. 3.2. Fig. 4.16
shows the high performance attained as a result of using the bubble regeneration
concept in such humidifiers. In the case of 4 sieves the thermal efficiency reaches its
maximum 90+2% at higher flow rates, but it is lower for lower flow rates. In the case
of 6 sieves the thermal efficiency approaches unity at high flow rates, and decreases
with lower flow rates. However, the thermal efficiency of the system is unity for the
case of 8 sieves at any flow rate; with fully saturated air at the outlet, the

effectiveness of the humidifier should reach to its maximum.

Figure 4.17 compares the effectiveness of the humidifier for the three cases. In the
case where 4 sieves were used, the effectiveness of the system reaches its maximum
at low temperatures and high flow rate. The same applies for the case of 6 sieves but
with relatively higher values. However, the system reaches its maximum
performance at any temperature and any flow rate in the case where 8 sieves were

used.

The decreasing in effectiveness vs. water temperature for 4 and 6 plates are presented
in Fig. 4.17a and Fig. 4.17b does not mean that the productivity of the system is
decreasing too. It is simply an indication that air could not extract the maximum
possible amount of vapor under the testing conditions. Moreover, Fig. 4.17 shows the
benefit for using sieves for bubble regeneration, i.e., the effectiveness increases as
the number of sieves were increased. It proves the whole concept of bubble
regeneration. Obviously the system reaches its maximum productivity by optimizing

the number of stages under which collapsing and regeneration of bubbles take place.
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Figure 4.16. Thermal efficiency of the humidification unit with bubbles regeneration
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Figure 4.17. Effectiveness of the humidification unit with bubbles regeneration
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Figure 4.18 illustrates the productivity of the system as the amount of the vapor
extracted by air throughout the test. It is well known that the vapor carrying ability of
air is exponentially related to its temperature. Thus the amount of extracted vapor in
the test is expected to increase exponentially with the increase in temperature of

water and thus the air temperature.

Figure 4.19 summarizes the effect of using the sieves on the amount of extracted
moisture. It compares the system’s productivity in the case of the highest productive
sieve-less test of D1.5 P10 H400 with the cases in which different number of sieves
where used. The figure shows that at water level of 200mm with 4 sieve plates
(4PH200) the extracted vapor is greater than that of the sieve-less case of D1.5 P10
H400 at any temperature. Moreover, comparing the cases where the same water level
was used, the case of 8 sieve plates (8P400) was found to outperform the sieve-less

case (D1.5 P10 H400) by 70% at water temperature of 70°C.

Having proved the viability of the system, the solar version was designed constructed

and tested.

83



4 Plates H200

300
3 > 5.0kg/h
< a0 4 > 77kem
g X  10.1kg/h
S O 124ke/h
o 200 A X  14.7kg/h
& Poly. (5.0 kg/h)
'g 150 o - Poly. (7.7 kg/h)
2 ] - Poly. (10.1 kg/h)
2 100 4 - Poly. (12.4 kg/h)
E —mm Poly. (14.7 kg/h)
£
g 50 -
= 52
° KX
-2 0 L) L) L) L) L) L) L) L)
30 35 40 45 50 55 60 65 70 75
Water temperature °C
a)
6 Plates H300
300
3 o  5.0kg/h
<‘_ 550 A 7.7kg/h
9 i X 10.1kg/h
S O 124kg/h »f_(l
5 200 A x  14.7kg/h X
& Poly. (5.0 kg/h) 7. A
'g 150 4 Pon. (7.7 kg/h) /.'? O
= | - Poly. (10.1 kg/h) d X
s |----- Poly. (12.4 kg/h) ’
£ 1001 Poly. (14.7 kg/h) e
=
g 50 f
2
§ O L) L) L) L) L) L) L) L)
30 35 40 45 50 55 60 65 70 75
Water temperature °C
b)
8 Plates H400
300
3 o  5.0kg/h
< 550 A 7.7kg/h
] X 10.1kg/h
< O 124kgh
g 200 - x 147 kg/h
E Poly. (5.0 kg/h)
T 150 4 e Poly. (7.7 kg/h)
g | - Poly. (10.1 kg/h)
=) d ----- Poly. (12.4 kg/h)
g 100 —mme Poly. (14.7 kg/h) __
= i RN
2 >0 =
3
-8 0 L) L) L) L) L) L) L) L)
< 30 35 40 45 50 55 60 65 70 75
) Water temperature °C
C

Figure 4.18. Absolute humidity differences between the outlet and the inlet points of

the humidifying unit
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Chapter 5

5 SOLAR HUMIDIFICATION UNIT

The main goal from the laboratory-based experiment was to have hands on the key
characteristics that make the humidification by bubbling appealing. This was
possible by addressing the main problems responsible for humidification deficiency
and low system effectiveness. Having spotted these main issues, a bright solution
represented by the intrusion of inverted sieve plates for bubble regeneration was
suggested. The main advantage this system brings is the ability of having efficient
humidification in a small humidifier with little amount of water. Since the system is
going to take advantage of solar energy for water heating, it is crucial to concentrate
the gained energy in order to elevate the water temperature. The experiment stated
clearly that the product is exponentially related to the water temperature. Thus,
concentrating the solar energy in smaller volume of water increases the quality of
such energy and thus the productivity for the same amount of energy. Where, it is not

the quantity, but the quality of energy that matters in such systems.

In this chapter the solar HDD system with its building stages is presented. Firstly the

solar humidifier is considered alone before discussing the whole system.
5.1 Solar Heating and Humidification
It is important mentioning that the forerunner technique of the solar HDD systems is

the solar still which has had limited use in industry, due to its poor process efficiency
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and energy losses. The overall deficiency of the solar still results from the fact that
all functions of the system take place in one single component which leads to huge
loss of latent heat of condensation through the glass cover which cannot be
recovered. When the evaporation, condensation and the heating processes are carried
out in different units the overall efficiency is increased and the HDD system becomes

economically attractive (Al-Hallaj et al., 2006; Yuan et al., 2011).

The main objective of this experiment is to investigate experimentally the feasibility
of merging the processes of the water heating, the air heating, and the humidification
into one compact unit with the condensation process kept separate (Fig. 5.1). The
humidification system should implement the bubbling technique which was
discussed in the previous chapter. It is also aimed to build two different
configurations and compare them with the basic setup in order to test the ability of

enhancing the effectiveness of the humidifier bed.
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Figure 5.1. The proposed humidifier schematic diagram

5.2 Test apparatus

A compact solar humidifier which also houses the solar air and water heating
processes was designed and manufactured in the Department of Mechanical
Engineering at the Eastern Mediterranean University. The unit is filled with water
and the air is driven from the bottom by the use of a compressor. Figure 4.2 shows
the scheme of the experimental setup together with the instrumentation to monitor
the performance. Three configurations of the compact humidifier unit have been
tested. These are; setup 1, where the unit is filled with brackish water and the air is
charged through it, which is also referred to as the basic setup; setup 2, which is the
basic setup with the addition of the air bubbles-regenerative fins (inverted sieve

plates); and setup 3 incorporates a reflective mirror to setup 2.
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1) Humidifier, 2) Compressor, 3) Pressure controller, 4) Flow controller, 5) Thermocouples, 6) Humidity sensors,
7) Embedded thermocouples, 8) Pyranometer, 9)Data acquisition system,10) Converted bank of sieves (used in
setups 2 & 3), 11) Reflector mirror (used in setup 3), 12) Direct solar radiation, 13) Reflected solar radiation.

Figure 5.2. Schematic diagram of the experimental setup

The common major components which were used in the three setups are; the
humidifier bed, the compressor, and the data retrieving devices (Fig.5.2). These
components are briefly explained as follows:

5.2.1 The humidifier bed

The humidifier bed is constructed by fastening a galvanized metal sheet at the bottom
of an acrylic framing and placing glass sheets on the top serving as the aperture. The
whole bed was then insulated and enclosed in a wooden box, except the glazed
aperture side. The cavity between the glass and the galvanized metal absorber plate is
filled with water. The sun light is allowed to penetrate from the glazed-side and
through the water to the 2 mm absorber plate. The aperture is double glazed with a
glass thickness of 8 mm from inside, in order to withstand the pressure of the water,
and 4 mm from outside. The aperture has a width of 50 cm and a length of 100 cm. A
half inch diameter and 600 mm long copper pipe was inserted all the way through a

hole, that was drilled from one side of the bed, to the opposite side of the bed and
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was fixed internally. The pipe had 2 mm diameter holes drilled 10mm apart from
each other (center-to-center), along 500 mm of its length. The purpose of this pipe is
to generate air bubbles by compressing air through it into the water. The distance
between the inner glazing and the absorber plate was 5mm. To allow air exit the
system, one inch Plexiglas pipe was attached to a hole in the upper part of the frame.
The whole bed was mounted on a metal frame and was tilted at 50° facing south.
5.2.2 Compressor and controllers

An electrically driven two-piston compressor was used to supply air to the system.
The compressor was equipped with a 200L storage tank, air flow controller, and
pressure controllers to control the air in the tank as well as the inlet air to the system.
5.2.3 Data acquisition and measuring devices

The data collected in this work to study the performance of the humidifier were
global solar radiation, air flow rate, water temperature, inlet and outlet air
temperatures and humidity. Solar intensity on the surface of the system was
measured using a Pyranometer coupled with a digital multimeter. The Eppley
radiometer Pyranometer has an accuracy of +0.5 for the range from 0 to 2800W/m?.
Water temperature was recorded by using two thermocouples, which were connected
to an Xplorer GLX data logger. Inlet and outlet humidity and temperatures of the air
were acquired using an Omega Thermo Hygrometer RH411 with measurement range
of 5 to 98% relative humidity and O to 49°C Temperature. The measurement
accuracy of the hygrometer is specified as +0.8°C for temperature and +3% for
relative humidity. The air flow rate was measured using a hot wire anemometer. The

Tecpel AVM 714 anemometer has the accuracy of £3%.
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5.3 Experimental procedure and data processing

The experimental setup shown in Fig. 5.2 was used in all experiments. Experiments
were conducted in mid-winter by recording hourly data of the solar intensity, water
temperature, air relative humidity, and air temperatures at the inlet and outlet of the
humidifier unit. The measurements were taken between 9:30 am and 3:30 pm every
day for air flow rates of 8.2, 10.4 and 12.6 kg/h. The same procedure was repeated
for all humidifier setups, which are described in detail as follows.

5.3.1 Setup 1: The basic design

The humidification process is facilitated by bringing the unsaturated air (i.e. air
bubbles) into contact with water in order to enable the saturation of air. In the most
basic arrangement of the proposed humidifier, the cavity between the lower glass and
the metal plate is filled with water, into which air bubbles are fed in as can be seen in
Fig. 5.3. If the air bubbles do not join to form larger volumes of air as they freely
travel through still water in the cavity, it will be possible to maintain maximum
contact surface area with hot water, leading to increased mass transfer rate of water

vapor into the air movement.
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Figure 5.3. The cross-sectional view of Setup 1 showing the process

The air is injected into the water by means of a compressor. Air passes through
several holes drilled on a pipe, immersed in water at the bottom of the humidifier
turning into bubbles which then ascend vertically under the buoyancy effect. The
main energy source utilized (i.e. energy used for water and air heating) is solar
energy. The evaporation chamber is merged into the solar collector to serve as one
unit. In other words, water and air heating and humidification processes take place in
the same inclined chamber. The south facing bed allows the solar energy to penetrate
through the glazing and fall onto the black painted absorber plate. The absorber in
return transfers the absorbed heat to the contained water increasing its temperature.
The hot water, not only transfers heat to the rising air bubbles, but also transports

water mass in the form of vapor.
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5.3.2 Setup 2

The major difference of setup 2, in comparison to setup 1, is the introduction of black
painted 15 inverted stainless steel sieves which are designed to act as absorber and
bubble regenerator (Fig. 5.4). The ascending air bubbles from the inlet copper tube
meet the first sieve where they collapse and create air pocket before escaping through
the sieve holes as regenerated bubbles to travel in the contained water before they

meet the next sieve. The process is repeated at each sieve as can be seen in Fig. 5.5.

Figure 5.4. A stack of Inverted sieves " absorber and bubble regenerator)
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Figure 5.5. The cross-sectional view of Setup 2, where sieves are used to regenerate

bubbles

The pitch distances of the orifices located on the sieves are configured according to
the findings in the previous chapter as 10mm. The custom made sieves have
approximately 300 holes with diameters of 1.5 mm drilled along the rear top side of
the sieves. The main advantages of the stack of inverted sieves are given as:

e airis held for longer periods under the inverted sieves than it would otherwise
be held in water as it is freely travelling in the basic setup, thus more time is
provided for heat and vapor transfer into the air bubbles.

e air comes into contact with the absorber itself (i.e., the inverted sieves), thus

heat transfer takes place more effectively and the air temperature approaches
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to that of the sieves. High temperature causes air expansion, thus increasing
its vapor carrying capacity.
e air bubbles are regenerated at each stage, thus the size of the bubbles are kept

relatively smaller maintaining higher contact surface area.
5.3.3 Setup 3
In setup 3, a reflector mirror is added to the arrangement of setup 2. This
arrangement can be seen in Fig. 4.2. A 1m? mirror was attached horizontally to the
bottom of the humidifier bed in order to reflect extra solar energy on the aperture
area.
5.3.4 Data processing
The absolute humidity is estimated by measuring the air temperatures and the
relative humidity at the inlet and exit of the humidifier. The measurements are taken
by the Hygrometer. The data is processed by a computer program that utilizes
thermodynamic tables to find the corresponding saturated vapor pressure of air at
different temperatures. The following relation is found by curve fitting technique as a
perfect fit for temperature range from 5°C to 50°C with R?*=1 and a standard
deviation ¢ = 0:
P(T)=A*T?>—=B+T*+C+T+D (5.1)
where the constants A, B, C, and D are: 0.00008, 0.0008, 0.0761, and 0.4836
respectively. The following thermodynamic relation can be used to relate the vapor

partial pressure and the relative humidity to the absolute humidity:

_0.622Pv
W= (5.2)

Knowing that Py = @* Py, The characteristic equation can be written in the following

form:

95



_0.622%0*(A*T3—BxT2+CxT+D)
P—(@*(A*T3—B*T?+C+T+D))

(5.3)

Then the difference between the inlet and outlet values of absolute humidity is

calculated to give the increase in water vapor content in air through the process.

Productivity of the system is found by multiplying the flow rate by the average
humidity difference between the inlet and the outlet of the humidifier:

PR = 1h * Awg, (5.4)
The independent variables in the characteristic equation are the temperature and the
relative humidity. Employing the uncertainty expression from Eqn. 3.9 to the

characteristic equation gives:

_ (0w 2 2 dw)? 2 1/2
U, = [(E) U2 + (%) UQ,] (5.5)
where;
dw _ 0.622xPxP*Py(T)
0w _ Zoee g ) 5.6
T "~ [p-(@+Py(r)]” 6)
and,;
dw _ 0.622xPxPy(T) (5 7)

90 [P-(@+py(m)]’
Likewise, the uncertainty in the productivity of the system is found by applying the

same method to the productivity equation:

e = [(25) 03+ (5225) V| 59
Then the fractional uncertainty is estimated by dividing each uncertainty by the
corresponding result from the related equations. The fractional uncertainty of the
absolute humidity and the productivity are found to be 0.0632 and 0.0707

respectively.
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5.4 Results and discussion

Figure 5.6 displays the hourly relative humidity measured at the inlet and outlet of
the humidifier for an air flow rate of 8.2 kg/h on a typical winter day. Although the
relative humidity at the inlet was different for each day, the relative humidity at the
outlet for all the setups was almost 100%. This result is deceiving since it shows no
real effect on the modifications done to the basic design on the productivity of the
system. It can be noted that the air humidity at the outlet was not affected by the inlet

conditions. This shows that the performance objectives are substantially met.

Figure 5.7 displays a plot of the irradiance, the inlet and outlet temperatures of air,
and the water temperature measured during the experiment. It can be seen that in the
basic design there is a significant gap between the outflowing air temperatures and
water temperatures. In setups 2 and 3, the air temperatures at each hour have almost
reached the same values as the water temperatures. The air temperature cannot
exceed the water temperature in the collector, as heat is transferred from water to air.
In terms of heat transfer this is the ideal result that can be achieved in the design of
heat exchangers. This result is desired since the vapor carrying capacity of air is

increased as its temperature is increased provided air is under constant pressure.
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Figure 5.6. The inlet and outlet relative humidity of air for different setups at a flow

rate of 8.2 kg/h. a) setup 1, b) setup 2, ¢) setup 3
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The effect of higher outlet air temperatures on the productivity manifests itself by the

increase in the effectiveness of the humidification which is illustrated in Fig. 5.8.

In the basic setup the efficiency of the humidifier was recorded to be between 95 and
100%. The maximum temperature that air can reach was not taken into account in the
efficiency calculation (refer to Egn. (3.1)), and therefore, the actual maximum vapor
carrying capacity of air was not considered. Similar levels of efficiency were
obtained with the other configurations. However, the effectiveness defined by Eqn.
(3.5) implied that setups 2 and 3 performed better than the basic setup. The
effectiveness of the basic setup fell sharply (see Fig. 5.8(a)) as a result of the
increasing gap between the outlet air temperature and the water temperature through

the day.

Figure 5.8 depicts the effect of the different configurations on the both the efficiency
and effectiveness of the humidification process vs. time of the day. While the
efficiency of the humidification process is very high in the basic design, the
effectiveness of the humidification process it displays, is relatively lower compared
with the other setups. The average effectiveness of the basic design is 70% while it

can reach 95-98% for both of the other setups for the same flow rate.
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Figure 5.8. The efficiency and effectiveness of the humidification process. a) Setup
1, b) Setup 2, c) Setup 3
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The effect of the high effectiveness of the humidification process reflects higher
productivity of the modified systems compared to the basic one. Figure 5.9 illustrates
the moisture content differences between the inlet and outlet air for each setup, for
different air flow rates (i.e., 8.2, 10.4, 12.6 kg/h.) The higher moisture content
increment in setup 2 and setup 3 is due to the higher temperatures of the air bubbles
reached, the smaller diameter of the regenerated bubbles, and as a result of
employing a reflective mirror. As air temperature was increased the moisture
carrying capacity of the air was also increased. It can be clearly seen that mass

transferred is greater for greater flow rates as well.
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Figure 5.9. The effect of the improved design on the productivity of the system

The normalized gain of the humidifier is potted against its effectiveness in Fig. 5.10.
Better performing heaters are expected to be in the top right portion of the graph in
Fig. 5.10, where the high latent heat gain is delivered at a high sensible heat gain.
From the figure we can conclude that the second setup with bubbles regeneration has

a better performance compared to the basic setup. Furthermore, the addition of a
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reflecting mirror, as in the third setup, enhances the performance and thus further

increases the total enthalpy gain of the humid air.
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Figure. 5.10. Effectiveness of the three setups plotted as a function of the normalized
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5.5 Final remarks

In this chapter a novel solar humidification technique incorporating the heating of
water, the heating of the air stream and the humidification of air in one compact unit
is proposed. The air is driven into the humidification unit in the form of bubbles and
the effects of water temperature, bubble coalescence, bubble regeneration, and
increased radiation by reflection on its performance have been studied and the
following conclusions were reached:
1. Direct contact bubbling humidification is an efficient technique which can be
used in solar HDD systems.
2. Employing sieves to act as solar absorbers enhances heat transfer which
increases the air temperature and thus the moisture carrying capacity of air.
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3. Reflection increases the system’s temperature and improves the effectiveness
of the humidification process. The absolute humidity of air is increased by
32% for mass flow rate of 12.6 kg/h.

4. The third configuration, as in setup 3, has increased the average effectiveness

of the humidification process from 75% to 90%.

In the next chapter, a complete HDD system will be introduced and tested for

productivity and performance.
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Chapter 6

6 SOLAR HDD SYSTEM - THE COMPLETE SYSTEM

In this chapter, a case study of the complete HDD system comprising the developed

humidification unit and a condenser for fresh water harvesting is presented.

The humidifier is further improved in the complete system with some key
differences. Similar to the previous one, the humidifier is a three in one system in
which water and air are heated while vapor is transferred to the air due to the direct
contact of air with water in the unit. Thus, the main approach is kept. However, the

design of the humidification unit has encountered some changes.
6.1 The humidifier design

Three main modifications have been made to the design presented in chapter 5.
Firstly, in the new design the humidifier bed is rotated 90° in order to decrease the
head against which the pump does work. Secondly, this is accompanied by placing
the baffles in transverse order as can be seen in Fig. 6.1. As a result the air mass flow

rate in the system has increased for the same air pump.

The third modification is the replacement of the glass cover. In the previous design
two glass covers were used. The inner glass cover which was in contact with water

was replaced by a stainless steel sheet to eliminate algae formation. The new cover
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can withstand higher air pressure that can build up as a result of any flow constraints

at the outlet or downstream of the humidifier.

The humidifier is still a closed container but with three ports. Two of the ports are for
the inlet and outlet of air and the third is for water addition and compensation. The
inner dimensions of the container (stainless steel tray) are given as 1 meter by 0.5
meter and 5 cm deep, as of the previous design but rotated by 90°. The stainless steel
cover is secured to the tray and sealed in order to prevent any water leakage during
its usage as it is tilted. The cover, in this case, acts as an absorber that receives the
solar energy and conveys it to the inner region. Attached to the cover there are 8
perforated and buckled baffles (sieves) that hold air when ascending through the
humidifier (13 in the previous design). The reason of using this many baffles is due
to the performance of the 8 baffles in the laboratory based experiments. The sealed
tray is insulated by 5 cm polystyrene sheets and enclosed in a wooden box. The top
side of the box is glazed. One meter long baffles are perforated halfway through and
placed transversely as shown in Fig. 6.1 and 6.2. Each baffle has six arrays of 2mm

in diameter drilled holes with total of 294 holes.
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b)
Figure 6.1. A view of the humidification unit a) from inside showing the tray and the cover,
and b) showing the bubble regeneration sieves

Upon dispersion under the first baffle from the unperforated part, air is forced to
travel horizontally to the perforated side. Air is forced by gravity to pass through the
holes and break up as bubbles in water at the top of the baffle. Then bubbles collapse
under the next baffle before the air stream travels horizontally to the second baffle’s
perforated region and ascend vertically through the holes of the second baffle. The
process continues through the eight baffles before air exits through the outlet of the

humidifier. Besides to the mentioned benefits of the baffles, this extra horizontal
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movement of air, is ought to further enhance heat and mass transfer to air by

increasing the contact time of air with the baffles and the hot water.

b)
Figure 6.2. Comparison of a) the original design and b) the improved design

6.2 Experimental setup

The experimental setup is illustrated in Fig 6.3. The main parts of the system are the
humidifier in which water heating and air heating and humidifying take place, and

the dehumidifier or condenser.

108



The humidifier stands on a frame with an adjustable angle as can be seen in Fig 6.4.
The angle was adjusted to 35 degrees to match the latitude of the testing area as it is
the best angle for solar energy collection during the summer season (the season at
which the experiment was performed). The tilted frame, and thus the humidifier, was
adjusted to face south. Air was pumped to the humidifier using a 120 Watts single
phase 240V tank-less aquarium-type air pump. The air stream passed through a type
SJ-16 orifice meter device manufactured by Air Flow Developments Ltd. having

accuracy of 2-4%.

10

N\

2 el

1. Humidifier, 2.Condenser, 3. Compressor, 4. Bypass valve, 5.0rifice meter, 6. Freshwater collector,
7. Pyranometer, 8.Reflector, 9. Direct solar radiation, 10. Reflected solar radiation, 11. Cooling water
inlet, 12. Cooling water pipe (connecting the radiators), 13. Cooling water outlet.

Figure 6.3. Schematic diagram of the experimental setup
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l.umdiﬁer, 2.Condenser, 3. Compressor, 4. Bupass valve, 5.Orifice meter, 6. Fresh water collector,
7 Pyranometer, 8 Humidifier air inlet, 9. Humidifier air outlet, 10.Cooler, 11.Condenser air inlet,
12.Condenser air outlet.

Figure 6.4. Photo showing the humidifier and the experimental setup.

Hooked to the humidifier is a dehumidification unit (condenser) that consists of four
identical radiator type compact cross-flow water-to-air heat exchangers with both
fluids unmixed. Each heat exchanger has a heat transfer area of 11.25 m? (total 45
m?) and a density ratio of 1125 m*m®. The heat exchangers are connected in series
and air passes perpendicular to their narrow sides. Each heat exchanger consists of
several tubes fed and drained by two headers. The heat exchangers are connected in
series; the outlet of the first heat exchanger is the inlet to the second heat exchanger,
and etc. The circulating water is cooled in a bath which simulates the underground
water temperature (15-18 C in test area) as it is thought to be an optional cooling
system. Water is cooled and circulated in the dehumidifier. The outlet of the bath is
the inlet of the forth radiator and the outlet of the first radiator is the inlet of the
cooling bath. Condensate water is collected from eight ports (two ports for each
radiator) in a calibrated condensate reservoir. As the system is an open-air system air

exiting the dehumidification unit is released into the atmosphere. A T-junction was
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attached to the top port and then to water tank acting as a compensator for water loss

during the humidification process.
6.3 Experimental procedure

The atmospheric air was pumped into the water batch from the bottom port and
exited as hot humidified air from the top port. Humid air then was forced to pass
through the dehumidifier for water extraction before discharged to the atmosphere.
All inlet and outlet air temperatures were measured using k-type thermocouples
coupled with a digital data logger with accuracy of £0.1°C. The relative humidity of
air at each port were measured and recorded as well. The collector water
temperatures were measured at three different points in the collector (bottom, middle,
and top of the humidifier) and the average temperatures were recorded. The volume
of compensation for water and temperatures were recorded at each reading. The
condensate water temperature and flow rate was measured as well. Solar intensity on
the surface of the collector was measured using radiometer coupled with a sensitive
multi-meter. The Eppley radiometer Pyranometer has an accuracy of +0.5 for the
range from O to 2800W/m?® The experiment was performed for four different air
mass flow rates (8.3, 12.6, 14.2, 15.2 kg/h) at different days. The system was started
an hour before any recording was taken (i.e., at 8:30), and the measurements were

recorded each hour until 17:30.
6.4 Results and discussion

6.4.1 Temperature and humidity changes
Figure 6.5 displays the hourly recorded solar intensity together with relevant air
temperatures for the air mass flow rate of 12.6 kg/h. The temperature curves in the

figure represent the ambient temperature, the humidifier inlet and outlet air
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temperatures, and the average temperature of the water in the humidifier. Ambient
air temperature variation was a few degrees (2-3 °C) between 09:30 and 17:30.
Although the variation in the ambient temperature was not significant, the inlet
temperature kept increasing in the following hours. This is due to the heat gained by
air at this stage from the compression process. The inlet air temperature of the
humidifier is the outlet temperature of the compressor. Solar intensity increases until
the mid of the day and then decreases. As solar intensity increased, both the outlet air
temperature and the average water temperature also increased. Due to the energy
stored in the system outlet air temperature and average water temperature decrease in
a slower pace as solar radiation decreased. The outlet air temperature is higher than
the average water temperature. The recorded water temperature at the bottom is
lower than the middle and the temperature at the top is as high as the outlet air
temperature. Two possible reasons for the stratification of temperature distribution
are; the normal buoyancy driven stratification that drives the hotter fluid to float on
top of the colder fluid, and the chilling effect of the inlet air as its temperature is

relatively lower than the water temperature.
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Figure 6.5. Hourly change in temperature due to the change in solar radiation and
heat extraction

Fig. 6.6 displays the hourly relative humidity measured before the air pump at the

humidifier inlet and outlet, plotted with respect to time of the day.
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The compressed air temperature increases due compression before entering the
humidifier. The relative humidity of the compressed air decreases as its temperature
increased. The absolute humidity, however, is constant throughout the pumping
process. As air passes through the humidifier both the temperature and the relative
humidity were increased. The humidified air relative humidity ranged between 97-
100%.

6.4.2 Productivity and performance measure

6.4.2.1 Productivity

Figure 6.7 presents the effect of air flow rate on the system’s production of fresh
water. The figure clearly shows the dependency of the water production on water
temperature. As the water temperature is increased, due to the increase of solar

intensity, the production of water is increased in all flow rates.

As air passes through water, heat and mass transfer take place simultaneously. Some
of the energy transfers from the water in the form of sensible heat to increase the air
temperature and some as latent heat as vapor is transferred to air. Increased water
temperature increases the driving force for both heat and mass transfer and thus
influences the amount of extracted vapor. The higher the temperature of air the

higher it’s vapor carrying capacity.

There are two benefits of having the pump other than conveying air; pump has
increased the air temperature and therefore decreased the relative humidity. As the
air temperature was increased by pumping to a degree close to the water temperature,

the sensible heat flux to air was decreased. As the relative humidity was reduced the
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specific vapor pressure (or vapor concentration) difference between liquid and gas

was increased and thus the driving force for mass transfer was increased.

1400
1200 -
- B -
:? [ Y S
1000 I it N
S 2 :
o
o
S 800 -
. _‘.;:.-
B ;_;',r‘
g 600 __.-,f,, O 12.6 kg/h
2 i s 14.2 kg/h
8 400 - x 15.2 kg/h
e —Poly. (8.3 kg/h)
200 4 ------ Poly. (12.6 kg/h)
----- Poly. (14.2 kg/h)
o - = Poly. (15.2 kg/h)

9:30 10:30 11:30 12:30 13:30 14:30 15:30 16:30 17:30
Local time

Figure 6.7. Hourly freshwater production for different flow rates

Figure 6.8 shows the cumulative fresh water product for four different flow rates.
Water productivity increases continuously but at a slower pace during the last two
hours. From Fig. 6.7 and Fig. 6.8 it is clear that increasing the flow rate does not
necessarily mean increased productivity. The productivity of the system reached
maximum at the flow rate of 12.6 kg/h. Productivity is less at lower and higher air
mass flow rate. At high mass flow rates the convective chilling effect of the flowing
air decreases the water temperature, and thus the air temperature is decreased too.
Subsequently, the vapor carrying capacity of air decreases resulting in overall
declination of the product amount. On the other hand, at relatively low air flow rates,

the water temperature and air temperature increases. Even though the vapor carrying
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capacity of air increases at higher temperatures, the total amount of extracted vapor
decreases as the volume flow rate decreased. But, the shortage in vapor removal
results in higher thermal loss from the aperture and thus decreases the overall
efficiency of the unit. Figure 6.9 compares the productivity under each air mass flow

rates.
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Figure 6.8. Cumulative freshwater production for different flow rates
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6.4.2.2 Gas Holdup

Figure 6.10 is a comparison between the gas holdup values of this study with
reproduced values from analytical studies for different flow rates available in the
literature. In general all the relations show increase in gas holdup capacity of the
liquid with increasing superficial gas velocity. Moreover, the relationship between
the gas holdup and the superficial velocity is almost linear in each case. The gas
holdup of the system presented in this study lays at the average of these relations
where no baffles were employed. However, the system showed superiority when the

baffles were introduced (see Fig. 6.10)
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Figure 6.10. Comparison of gas holdup with different suggested formulas

Figure 6.11 compares the results from the present study with recent experimental
studies available in the literature. From the figure it is clear that the holdup capacity
increases with increasing air mass flow rates. The advantage of employing perforated
baffles is obvious as the gas holdup values are higher compared with other studies,
for the tested air mass flow rates. The gas holdup values achieved in the case without
baffles are in good agreement with the experimental results of (Chaumat et al.,
2005)study. The high values of gas holdup witnessed in Camarasa study is due to the
height of the column used which was 2 meters. The obtained results in the system
with baffles are higher compared with Camarasa’s study. It is clear that, the
introduction of baffles increased the gas holdup capacity of the system thus; the

performance of the system was improved
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Figure 6.11. Comparison of gas holdup with different experimental results

Most of the studies concentrated on defining the transition point at which the flow
regimes turns from homogeneous to heterogeneous. Nevertheless, none of the studies
aimed to increase the holdup ability of the column in the homogeneous regime.
6.4.2.3 Gained Output Ratio

Figure 6.12 represent the GOR with respect to time of the day at various mass flow
rates. The latent heat of vaporization was calculated by using the following
developed equation

hsy = —0.002T;2 — 2.222T,, + 2498.8 (6.1)

In this equation T,, was taken as the average water temperature in the humidifier.
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All the curves show almost the same trend and can be divided into three distinct
regions. From 9:30 to 11:30 water temperature is low but rising by time, that is the
reason for the low GOR at in beginning of the production. From 11:30 to 2:30 the
curve almost experiences a plateau that shows a balance between the product water
and gained energy. From 2:30 to 5:30 the curve builds up a gentle heap and the GOR
is more than unity. Nevertheless, the fresh water production is less in this region than
the preceding one. The declination in the solar energy supplied over weighs the
declining of the fresh water product. The fresh water product declines at a slower
pace due to the stored energy of the contained water and the humidifier components.
If we take the plateau region as the representative region for the GOR we find that
the GOR, of the higher productive air mass flow rate of 12.6 kg/h, is averaged at 1.5.

This is followed by the two higher flow rates of 14.2 and 15.2 kg/h with a GOR
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average at almost 1. The lowest GOR was achieved at 8.3 kg/h mass flow rate where
the water production was also the lowest.

6.4.2.4 Normalized Production

Table 6.1 provides a normalized productivity comparison between the present work

and other experimental works. NP is calculated according to Egn. 3.9.

Table 6.1. Comparison of the normalized production for the present work with other works
in the letirature

(Hermosillo  (Nafey et (Yuan et

Research name etal., 2012) al., 2004) al., 2011) Present work
Max productivity
(L/h) 1.45 1.3 125 1.175

2.5 (0.5 m°

solar air 114 (100

heater + 2 m? solar air
Effective are (m?) - m? solar heater + 14 0.5

concentratin - m? solar

g water water

heater) heater)

2y Simulated CES (i

Solar intensity (W/m°) 900 760 reflection)
Total solar energy (W) 1120 2250 86640 583
Normalized
production (L/kW.h) 1.29 0.58 1.44 2.02

The present setup provides higher NP compared to other setups presented in Table

6.1.
6.5 Final remarks

A compact desalination unit working under the air humidification dehumidification
principle was presented. A modified humidification unit incorporated air and water
heating besides to air humidification was utilized to maximize the air vapor carrying
capacity before passing it into a condenser for water production. The introduced

perforated baffles increased the fractional holdup of air in the humidification unit
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resulted in higher humidification efficiency. The effectiveness of the system
manifested itself by higher normalized productivity when compared to other pilot
and commercial systems at their maximum productivities. The overall system

freshwater production was 15 L/m? day.
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Chapter 7

7 INNOVATION IMPLICATIONS IN THE DESIGN OF
SOLAR HDD SYSTEMS

Solar energy based HDD systems occupy a considerable area since they use solar
collectors to collect the energy. In such systems, apart from the cost of the occupied
land, solar collectors may form the largest portion of the total investment. Thus
compact designs of solar HDD systems are essential in order to reduce the area
needed and decrease the overall cost. Integration by merging some of the HDD
processes leads to more compact designs. When thinking of Compact designs, the
designer should bear in mind that performance of the system shouldn’t be the price.
In order to improve the compactness of HDD systems, one should work on both the
cycle and the components. For example, in this work the proposed cycle incorporated
air heating, water heating, and the humidification processes. The main goal sought
from the humidifying unit is maximizing the temperature and the saturation level of
the outlet air stream. Thus the humidification capacity is increased and

dehumidification load is decreased.

Saturated air is a mixture of incondensable gas and condensable vapor. The
incondensable gas absorbs great amount of energy in the humidifier and increases the
resistance to condensation from the mixture in the dehumidifier. The mass fraction of

the condensable vapor increases with increasing air temperature and/or with
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decreasing pressure. Figure 4.3 shows that at 80kpa the possible moisture content of
air is almost double that of air at 100kpa at the same temperature. Thus, in order to
increase the vapor carrying capacity of the gas stream, the temperature of the gas
should be kept as high as possible while the pressure in the evaporator is kept low. In

order to make this possible, a number of innovative approaches can be adopted.

Speaking of the pressure inside the humidifier, the location and type of the air pump
(compressor) is important. If the pump is located upstream of the humidifier, air in
the humidifier would be under high pressure. Thus the vapor carrying capacity of the
air, although the air could be saturated, would be weakened. Placing the pump
downstream of the dehumidifier would create vacuum on air and thus the specific
volume of air would increase. Since the amount of vapor in air is at least not
increasing, the dew point of air would decrease as a result of increasing specific
volume of air. In both of the cases the water production-performance of the HDD
systems would not be at its best. However, if the air pump is placed between the
humidifier and the dehumidifier, air in the humidifier would be under vacuum that
helps increase the vapor carrying capacity. Even a vacuum of 20kpa would double
the amount of vapor carried by air at 85°C. Also the dehumidifier would be under
slightly high pressure that helps the condensation process. Further, in order to
decrease some of the head pressure against which the air pump exerts work, the

water level should be decreases as much as possible.

The temperature of the air passing through the water in the humidifier is highly
influenced by the temperature of water. The water temperature, on the other hand, is

governed by the amount of water in the humidifier, solar intensity, inlet temperature
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and mass flow rate of the air, compensation water temperature, and heat losses from

the humidifier.

The mass of water is determined by the volume of the humidifier housing it. The
humidifier is designed to be a shallow cube with the top facade having the largest
area. The depth of the humidifier does not affect the amount of received solar
energy. However, decreasing the depth of the humidifier would result in higher
water temperatures as the received solar energy accumulate in a smaller volume
of water. On the other hand, decreasing the depth of the humidifier poses a
limitation on the amount of air flow. Although the humidifier should be tested for
different depths, it is predictable that it can only be shallow to an extent.

Global solar intensity is the only input to the system that cannot be manipulated.
Attempting to increase the collected solar radiation by increasing the aperture
area would increase the amount of heat loss from the humidifier. However, the
solar energy can be concentrated by adding reflectors on all sides of the receiver.
As a result, both the temperature of the absorber and of the water in the
humidifier would increase. But increasing the temperature of the receiver would
result in an increased heat loss from the aperture area. This problem can be
solved by attempting to design a double-pass humidifier system.

The lost energy from the absorber can be collected by passing the inlet air
between the glazing and the absorber. Thus inlet air would be preheated before
being injected to the humidifier. Double-pass systems are proven for their
effectiveness in solar air heaters and would pay off in solar HDD systems if they

are utilized.
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Heating the air prior to feeding it into the humidifier is a vital practice in HDD
systems even if the system is based on water heating. The cooling effect resulted
from the withdrawal of sensible and latent heat by the colder air passing in hot
water would decrease if air was preheated. It is even more vital if air preheating
was made possible attempting to recover the heat loss from the system. Apart
from the absorber, heat losses also take place in compressors due to friction
between its moving parts. The temperature of high capacity compressors reaches
as high as 100°C. The compressor needed for the system proposed in this work is
relatively small. The temperature in such compressor can reach 70°C leading to
considerable heat losses that can be used to preheat the inlet air to the
compensate water fed into the humidifier.

Air mass flow rate is a very important variable in HDD systems. It has direct and
indirect effects on the effectiveness of the humidifier and the productivity of the
whole system. Systems designed with higher flow rates do not necessarily have
higher water productivity as can also be seen from Fig. 6.9. If the air flow rate is
above an optimum value there will be insufficient humidification or lower
humidifier effectiveness. Moreover, higher flow rates result in further cooling of
the water in the humidifier which results in lowering the temperatures of the
fluids and thus hindering the amount of the carried vapor. On the other hand,
when the air mass flow rate is below the optimum value early saturation of air
takes place. In this case, although the efficiency and effectiveness of the
humidification process can be maximized, the productivity of the system is
limited. The optimum flow rate in solar HDD systems depends on the amount of

solar radiation. Thus, an automatic control system can be incorporated to the
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HDD system to modify the flow rate to achieve the best performance. However,
as the variables are many, it is more convenient to optimize the components
before adding intelligence to the system. In this work humidification by bubbling
was investigated. The experimental work conducted in the laboratory revealed
that there is an optimum pitch distance between the sparger holes. Additionally,
when bubble regeneration was introduced it was discovered that an optimum
number of regeneration stages was available. These key points, besides others,
were used in designing the final solar HDD system in order to eliminate the
deficiency factors.

In its present state, the HDD system is optimized for saturation under the highest
flow rate the suggested pump can deliver. But for the maximum effectiveness the
saturated outlet air temperature should match the water temperature in the
humidifier. And this can be accomplished by adding a simple feedback system.
Since the design of the humidifier guarantees the saturation of the air stream at
the outlet, the controller should work on maximizing the outlet air temperature.
The outlet air temperature should match the water temperature for maximum
effectiveness. A differential temperature controller can be added to measure the
difference in water and outlet air temperatures. The controller then would
increase or decrease the air flow rate in order to keep the difference in
temperature below some preset value. This simple control mechanism would
improve the productivity of the system. However a more sophisticated controller
that can predict the productivity of the system under different flow rates for a
given set of variables can be put into use. As a scenario, suppose a system that

works based on the controlling mechanism discussed above-which takes care of
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the effectiveness rather than the productivity of the system. The system would
work with the instantaneous optimum flow. However the cooling effect of the
high flow rate may decrease the water temperature. In this case effectiveness of
the system would have been maximized but the overall productivity would be
decreased. Given all the variables, a controller that can predict the productivity of
the system should consider the cooling effect resulted from the high flow rate and
keep booth the effectiveness and productivity at their maximum. A flow chart

illustrates the outlines of the controlling process is shown in Fig. 7.1.
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Chapter 8

8 CONCLUSION

It has always been desired to improve the performance of solar HDD systems while
at the same time reducing the size of the whole system. For this purpose, a
humidification unit that incorporates the bubbling technique is built and tested in the
laboratory environment. The air is driven into the humidification unit, which is
basically a container full of water, in the form of bubbles. Upon contact with water in
the humidifier, air bubbles become saturated with vapor. Efficiency and effectiveness
of the humidifier was analyzed. The humidifier performance was improved by air
bubble regeneration technique. Based on the lessons learned from this work, a novel
compact solar humidification unit incorporating the heating of water, the heating of
the air stream, and the humidification of air is proposed. The effects of water
temperature, bubble regeneration, and increased radiation by reflection on the
performance of the humidifier are studied. Based on the analysis and the
experimental results, the following conclusions are reached:
e Direct contact bubbling humidification is an efficient technique which can be
used in HDD systems.
¢ Introducing inverted sieves (perforated trays) to the system helps resizing the
air bubbles that helps maximizing the air-water contact surface area.
e Bubble regeneration increases the gas holdup ratio in the humidifier, thus

increases the mass and heat transfer.
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e Using eight bubble regeneration stages maximizes the effectiveness of the
humidification process even at low temperatures and high flow rates.

e Employing sieves to act as fins attached to the solar absorber enhances heat
transfer which increases the air temperature and thus the moisture carrying
capacity of air.

e Reflection increases the system’s temperature and improves the effectiveness
of the humidification process.

e The GOR increases until an optimum air flow rate is reached and decreases as
the flow rate exceeds the optimum.

e The system shows normalized production of 2.02 L/KW.h which is
significantly higher than systems in other studies available in literature.

e The daily fresh water production of the system reaches 15 L/m?.

The suggested humidification unit shows promising use for humidification by
bubbling technique. However employing this technique is yet not common in HDD
systems. Thus, further investigations should be conducted based on the lessons that

have been learned from this work. Suggestions for further work are as follows:

Air could be circulated in the system by using a vacuum air pump that is

positioned between the humidifier and the dehumidifier.

e Utilizing a double-pass aperture for air preheating could decrease the heat
losses from the absorber.

¢ Significant amount of latent heat can be recovered if the compensate water

is passed through the first stage of the condenser.

e Utilizing a controller can increase the performance of the whole system.
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