Slelalel e el 9 o e e e e e o e e e e e e e e
gt ANALYTICAL MODELING OF A MULTISTAGE BUBBLE
1’% COLUMN HUMIDIFIER

f

BY

MESHARY ABDULKAREEM ALBAHLI

pie e 9 e

!
X

A Thesis Presented to the
DEANSHIP OF GRADUATE STUDIES

KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN, SAUDI ARABIA

S S S S S S SR R SR SRS

® 9t

t

In Partial Fulfillment of the
W Requirements for the Degree of

f

(S e e e e e e e o

o

PO\

. —

-
wutiada s

MASTER OF SCIENCE

In

MECHANICAL ENGINEERING

MAY 2020

L

B e S e EE S e e TE S P EE SE e T e B EE S e R e P

{

S¥i e e e e e S

-



KING FAHD UNIVERSITY OF PETROLEUM & MINERALS
DHAHRAN- 31261, SAUDI ARABIA
DEANSHIP OF GRADUATE STUDIES

This thesis, written by MESHARY ABDULKAREEM AIL-BAHLI under the direction

of his thesis advisor and approved by his thesis commuittee, has been presented and accepted

by the Dean of Graduate Studies, in partial fulfillment of the requirements for the degree

of MASTER OF SCIENCE IN MECHANICAL ENGINEERING.

Cogiaiby nigrac] by Za bl G

Zuhair ot et e,

Dr. Zuhair Mattoug Gasem
Department Chairman

AN =5 W

Dr. Suliman Saleh Al-Homidan
Dean of Graduate Studies (A)

Date

Mohamed semre——

S T Al

Antar T

Dr. Mohammed A Antar
{Adwisor)

Dr. Syed M. Zubair
(Member)

Digitally signed by
FE had Fahad Alsulaiman

Alsulaiman "ais% Bt

Dr. Fahad Al-Sulaiman
(Member)



© Meshary A. Al-Bahli
2020



Dedicated

To my beloved family for their infinite encouragement and support



ACKNOWLEDGMENTS

"In the name of ALLAH, The Most Compassionate, and The Most Merciful."

First and foremost, all praise to Allah for the showers of blessing to me to
complete my MS thesis. | would like to express my deep and sincere gratitude to my
advisor Dr. Mohammed Antar for his continuous support throughout my MS degree in
addition to his immense technical and moral guidance that led to the accomplishment
of the thesis. I am grateful to him for unleashing my capability in the sector of
Humidification-Dehumidification, where | came to know more about the HDH subject,
he has taught me the art of technical writing methodology to carry out the thesis and
to present the work effectively. | could not have imagined having a better advisor and
mentor for my MS study. | would like to also to extend my thanks to the thesis
committee comprised of Dr. Syed Zubair and Dr. Fahad Al-Sulaiman, who were very
supportive and helpful. Without their guidance and encouragement, this work may not
have come to completion. Also, | would like to extend my appreciation to the authority
of King Fahad University of Petroleum and Minerals as well as the Mechanical
Engineering Department for providing an attractive environment to gain knowledge
and science. Many thanks to all the people who have supported me to complete the
Thesis work directly or indirectly. Finally, | would like to express my deepest gratitude
to my mother, father, brothers, sister, my wife, and my son for their emotional and

moral support, which have been my source of propulsion throughout my MS degree.



TABLE OF CONTENTS

THESIS ABSTRACT (English)....ccocvoe i sr s s s s s s ssns s s s s e s
THESIS ABSTRACT (ATrabicC)....cieussrurssssamsesssnssnssessns ssnass snssassnsssssnssnsnsssnsas snssnsas sunss
CHAPTER 1 INTRODUCTION.... ccutitissasnnssersnsssnmssns s sensns sensnssss sas snssss snsssn sns snssens sns sss sns saes
B0 0 100
1.2 Desalination ProcCess..... oo e nes cnssnssssnsses s ssssss s sas s sess sas nsen sunass

1.3 HDH Process PrincCiple ..o s s ssssns s sns s sns s sas snssses s sas s

Vi

ix

LXili

Xvi

Xxviii

1

1

2

3

1.4 The Technology of Humidification Dehumidification Desalination...4

1.5 Configuration Classifications of HDH Systems .........ccooceuunsnmnessesnnssanns
1.6 Main Part of HDH SyStem.......ccccurieuermmsssansssnsnssnssessns snssss s ssssnssses ns ssnans suns
1.7 Performance Parameters for HDH Systems.........ccccuvimmesernsssssnsssnsnn e
1.8 Objectives and Outline of the Thesis........ccoi i nrrnrns s sas vsssssses sns s saeas
CHAPTER 2 LITERATURE REVIEW......cciioiiiiiinrnscnressss s e s e sas s san s snssns sussns sas nnss
2.1 Overall Literature Review ..........cci s ses s s sns s sas s sssnns

2.2 HDH System review as per Configuration Classifications .................

Vi

5

6

10

10

16



CHAPTER 3 ANALYTICAL MODELING OF THE HUMIDIFIER.........ccvessssennsseensnnn 20
3.1 Stagnant Water Model..........c.cccniiiininnsncnin s s s ssnsse s snenn 20
R 00 I O 70 1 4 1] 0 o .Y |

3.1.2 Mathematical Modeling...........cccovvemvemrmnnms e msien s svrsns e e s 22

R 20 001 | I €700 14 U= 0 o /Y

3.2 Results and DiSCUSSION ......ccueviieumimseersnsssnnss e sesssssas snssss s snsses s sas snnssnns 3 2
3.2.1 Influence of Operational Parameters ..........c.ccccussirunssissnnnnnnn 34

3.2.2 Influence of Design Parameters ..........ccvvmmnes s senssenssaennnen 40

3.2.3 Validation of the Results .........cccooemrmnsimnssr s snn s s ann 43

3.3 MoVing Streams.......ccueemimmamnmsnnsmssssans sssass s sssssssss snssn s ssnans snsses s snssnes s0s 40
3.3.1 Results and DiSCUSSION .......ccvivesmrmnsssmssss serensssssns snssns s sans seensd 7

3.4 Chapter ConClUSIiON.......ccviseermssasansssssnsssnsar s ssssss s sassss sensnsssnsnsssssas snnsse D 1
CHAPTER 4 MULTI STAGING INFLUENCE........ccoccoimituessnrmnsns e svsssssse nssss sssnssse s 33
4.1 Multi-Staging Effect with Parallel and series Configuration ............. 54
4.1.1 Validation of the Results .........ccccomvinriemnsn s s sesr s e enne 060

4.2 Operational Parameters Variation Influence..........cccceveimrnnssnsnssnnsnnns 61
4.2.1 Required Number of stages for each parameter..............uecu. 70
4.3 Operation and MaintenNancCe.......cccu v ssrans s ssessress v ssssns snsnsssnssnass snsessssnss 7 3
7 0 00 0.1 T3 i 10 0 ) o Y A |

4.3.2 MaintenanCe .......cccsveusemnsnssssserams s ssssns snssss ssnsssass s ssnsnssnsss snnanns 7 4

4.4 Enthalpy Pinch...... i s s s s e s ssssns nssneene 74

4.5 Chapter ConcluSiON.......ccvcrerssnsssnsnrensssssssans s ssn ssnsnssns nsssssnsansssnssnass snsssnsnss 7 7

Vii



CHAPTER 5 CONCLUSION AND FUTURE WORK.......ccioumsivenmssnssnrnsssas s snssassns saas
LI 00 1 T L1 1) o) o
5.2 FUUTE WOTK...oi s e e s i s n s e s ns s san e e e s s smnns sanans snans sns sae s

viii

w79

w79

w82

...83

.91



Table 3-1

Table 3-2

LIST OF TABLES

Assumed Variables for the moving streams model .........................

Assumed Values for the coil



Figure 1-1

Figure 1-2

Figure 1-3

Figure 2-1

Figure 2-2

Figure 3-1

Figure 3-2

Figure 3-3

Figure 3-4

Figure 3-5

Figure 3-6

Figure 3-7

Figure 3-8

Figure 3-9

Figure 3-10

Figure 3-11

LIST OF FIGURES

Desalination Process TYPeS .....ouviriiniiiiiiiiitiiieieiee e eeeeieae e 2
HDH PrOCESS ... e e e e 4
Configuration Classifications of HDH Systems....................coeenee. 5
Munteshari’s Multi-Stage humidifier .....................o 11
Abd-ur-Rehman Multi-Stage humidifier .......................cn 12
Schematic of The Bubble Column Humidifier ................................ 20
Bubble Column Humidifier Geometry Schematic ........................... 21
Thermal Resistance Network ... 22
Finite volume element in a bubble column humidifier ...................... 23
Schematic of the Bubble column humidifier and the heating coil.......... 29

Schematic of the resistance between the coil, water in the column and water

Imheating Coil..... ..o 30
Effect of Superficial velocity on Air Outlet Temperature ................... 34
Effect of air superficial velocity on Water Outlet Temperature ............ 35
Effect of air superficial velocity on Total Rate of Heat Transfer .......... 36
Effect of air superficial velocity on Effectiveness .......................oeee. 37
Effect of air superficial velocity on Mass transfer coefficient .............. 38

X



Figure 3-12

Figure 3-13

Figure 3-14

Figure 3-15

Figure 3-16

Figure 3-17

Figure 3-18

Figure 3-19

Figure 3-20

Figure 3-21

Figure 3-22

Figure 3-23

Figure 3-24

Figure 3-25

Figure 4-1

Figure 4-2

Figure 4-3

Effect of Column Liquid Height on total System Effectiveness .......... 39

Effect of coil length on Water Outlet Temperature in the Coil.............. 40
Effect of coil outer diameter on water outlet temperature in the coil....... 41
Effect of coil outer diameter on Reynolds number ........................... 42

Validation of effect of superficial velocity on water outlet temperature....43

Validation of effect of air superficial velocity on air outlet temperature...44

Validation of Effect of air superficial velocity on Effectiveness.............. 44

Validation of effect of air superficial velocity on total rate of heat

1) (<] 45

Validation of effect of air superficial velocity on mass transfer

COBTFICIEN. ..o, 45
Schematic of the moving streams bubble column humidifier .............. 46
Thermal Resistance of the moving Stream model ........................... 46
Comparison between the effectiveness of both models ...................... 48
Comparison of the Outlet Air Temperature for both models ............... 49
Comparison of the Outlet Humidity Ratio for both models .................. 50
Schematic of a multi-stage humidifier in a parallel configuration ......... 54
Schematic of a multi-stage humidifier in a series configuration ........... 55
Effect of number of stages on the total effectiveness ........................ 56

Xi



Figure 4-4

Figure 4-5

Figure 4-6

Figure 4-7

Figure 4-8

Figure 4-9

Figure 4-10

Figure 4-11

Figure 4-12

Figure 4-13

Figure 4-14

Figure 4-15

Figure 4-16

Figure 4-17

Figure 4-18

Figure 4-19

Figure 4-20

Figure 4-21

Effect of number of stages on the outlet humidity ratio .................... 57

Effect of multi-staging on the outlet air temperature ......................... 58
Effect of multi-staging on each stage effectiveness .......................... 59
Validation of the obtained ResUlts .............cocoiiiiiiiiiiis 60

Effect of water inlet temperature on exit water and air temperatures...... 62

Effect of air inlet temperature on exit water and air temperatures.......... 63
Effect of mass ratio on exit water and air temperatures ..................... 64
Effect of inlet relative humidity on exit water and air temperatures........ 65
Effect of water inlet temperature on total humidifier effectiveness........ 66
Effect of Air Inlet Temperature on Total Humidifier Effectiveness ........ 67
Effect of Mass Ratio on Total Humidifier Effectiveness ................... 68
Effect of inlet relative humidity on total humidifier effectiveness ......... 69
Effect of Air Inlet Temperature on number of stages........................ 71
Effect of Water Inlet Temperature on number of stages ...................... 71
Effect of mass ratio Temperature on number of stages....................... 72
Effect of Inlet relative humidity on number of stages ........................ 72

Enthalpy Pinch for Parallel Configured Bubble Column Humidifier...... 75

Enthalpy Pinch for Series Configured Bubble Column Humidifier ........ 76

Xii



NOMENCLATURE

Symbols
as Specific area (surface area per unit volume) m~1
A Cross-sectional area of bubble column m2
Cp Specific heat at constant pressure J /Kg. K
Dug Diffusion coefficient m?/
dp Bubble diameter m
do Perforated plate orifices diameter m
g Gravitational acceleration M2
h: Convective heat transfer coefficient W/mz_ K
hg Convective mass transfer coefficient Kg /mz.s
H Height m
H.y static liquid height m
H, aerated liquid height m
h Specific enthalpy J Ikg
hsg Enthalpy of vaporization J /Kg
m Mass flow rate kg
p Pressure Pa
q Rate of heat transfer w
R Thermal resistance Kiw
T Temperature °C
4 Volume m3
v aerated volume m3
A Superficial velocity M/s
Q Heat transfer rate w
q Heat flux W/ 2
k Thermal conductivity Ly
E Effectiveness %
t Coil thickness m

Xiii



Greek Symbols

€

Pi

Subscripts

a
c
i
0
T
sen
lat
sc

Sat

CD
Dw
turn

ratio

Gas holdup
Dynamic viscosity
Density

Surface tension
Humidity ratio
Relative Humidity

Air

Liquid in bubble column

Inlet

Outlet

Ratio

Sensible

Latent

Saturated air at column liquid temperature
Saturation

Water vapor

Water

Dry Air

Bubble

Column fluid

Coil

Column to Coil

Coil to Hot water inside the coil
Coil turn

Density ratio of the air and water vapor

Xiv

Kg/m N
K
9,

N/

ngapor
Kgdry air

%



Dimensionless groups

GOR
HCR
Les
NTU
Re
Sc

Sh

Nu

Pr

Gain Output Ratio

Heat Capacity Ratio
Lewis factor

Number of Transfer Units
Reynolds number
Schmidt number
Sherwood number

Dean number

Nusselt number

Prandtl number

Thickness Ratio

XV

mphyg /
Qin

h; /
hd CP,a

hdaVC
/mda
(pandb/ﬂa
ta/ PaDap

h,d
‘ b/vaAB

htD/k

Cp,ll/k



ABSTRACT

Full Name: Meshary A. Al-Bahli
Thesis Title: Analytical Modeling of a Multistage Bubble Column Humidifier
Major Field: Mechanical Engineering

Date of Degree: May 2020

Lack of fresh water is one of the century issues that increase as the world population
increases, whereas most of the world population undergoes clean water scarcity. In order
to mitigate such shortage, a considerable effort has been offered in the desalination sector
to facilitate and develop a cost-effective, reliable and efficient desalination methodology
to process seawater in order to obtain fresh water. Humidification-dehumidification (HDH)
is a technique which treated as a gas carrier desalination method that is ultimate to fit for a

small-scale water desalination system.

This thesis will focus on a proposed analytical approach to identify the optimum operation
and design of the humidifier of the HDH system by utilizing system enhancement such as
multi-staging of the humidifier layers. Such enhancement will help in making the fresh
water accessible for the world population. The outcomes from this study are of pivotal
importance to understand the optimum operating conditions of the humidifier for its
possible integration with the dehumidifier. Consequently, an improved HDH system can
be obtained. The thesis will also study two different models and their influences on the
overall bubble column humidifier performance. Operational and design parameters are

studied in this thesis to set the limits of the optimum system parameters. A comparison of

XVi



both models is provided to comprehend the difference between these models. Both models
were tested and validated with the literature and found to be quantitatively and qualitatively
similar. For Multi-staging, different configurations were analyzed in this work; these are
series and parallel Multi-staging. This analysis intended to shed light on different
configurations effect on the overall system performance. A comprehensive parametric
study was investigated to explore the effect of multi-staging. This parametric study
includes but not limited to the effect of multi-staging on the total effectiveness, outlet
humidity ratio, outlet air temperature, and each stage's effectiveness. The effect of
operating factors was also investigated in conjunction with the multi-staging. These
operational parameters are the effect of varying water inlet temperature, air Inlet
temperature, mass ratio, and inlet relative humidity on exit water and air temperatures as
well as the overall effectiveness of the system. Overall, multi-staging has proven its
influence in boosting the maximum value of the effectiveness achieved from 33% for the
single stage to 94% for the fourth stages of bubble column humidifier. Results have shown
that multi-staging influences the outlet air humidity ratio positively, four stages are enough
to almost triple the outlet humidity ratio, the humidifier at the fourth stage can produce air

with a humidity ratio of almost 0.15*%= /. compared with a 0.05 *%/  at the

gdry ai gdry air

first stage. The humidity ratio increment noticed in the multi-stages bubble column
humidifier is a sign of a highly effective system since a higher value of humidity ratio leads

to a higher amount of water produced of the HDH system.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

The expansion in total populace development results in intense interest for consumable
water that is anticipated to be around 7,000 billion m® by the year 2030. Currently, the
supply of pure water is more than 4,100 billion m?, and that is lower than the anticipated
consumable water request. The majority of the world population lacks access to drinkable
water worldwide, especially those who live in low income communities. The issue is
increasingly severe in developing nations where the populace development prediction is a
lot higher when compared with developed nations. An example to highlight this issue in
India, where 200,000 villages lack access to safe water, which indicates that there is a
visible area of need to support creating a sustainable remedy to the rural water issues so
that the global water crisis can be resolved. It is a difficult challenge to provide a
maintainable remedy to adequately provide the drinkable water demand by a reasonable
energy source. It is a fact that water is one of the most available resources present on earth.
However, approximately 97.5 % of the earth's water is saline water, whereas the rest is
around 2.5 % pure water. The majority of the drinkable water is difficult to extract as it is
frozen in its most of the cases. Thus, a low quantity of drinkable water is accessible to help
our lives. Knowing the fact that the population keeps on expanding and industrial
development hints at no backing off, it is unavoidable that the conventional source of fresh

water is not maintainable. To reduce this compromising threat and the fears of moving



toward an emergency, the response for sustainability requires a reliable, efficient and small
scale water desalination system. Desalination systems, such as Humidification-
dehumidification desalination system (HDH), which uses the same phenomenon of the rain
in nature, is a potential technology to solve this challenge. Thus, this thesis will analytically
study different performance aspects of the bubble column humidifier as part of the

Humidification dehumidification desalination system (HDH).

1.2 Desalination Process

DESALINATION —0| Multi-Stage Flash Distillation (MSF)]
PROCESSES

— Multi-Effect Distillation (MED)

v

Evaporation {—

— Thermal Vapor Compression (TVC)

—¥ Solar Distillatioq

~—+ Freezing

Thermal energy

+(rystallization —

¥ Hydrate formation

~#Filtration and evaporation Membrane distillation
» Evaporation Mechanical Vapour Compression (MVC)
=+ Mechanic energy :
Filtration Reverse Osmosis (RO)
Electric energy » Selective filtration|
Chemical energy Exchange lonic exchange

Figure 1-1. Desalination Process Types [32]

Many processes have been developed for water desalination. Figure 1-1 shows various
desalination process types. Desalination processes can be categorized into two groups,

these are single-phase (membrane process) and phase change (thermal process).
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In the process of phase change, sources such as fossil fuels or solar energy are typically
used for the evaporation of water, which eventually to be condensed to afford drinkable
water. The phase change process includes solar distillers, Freezing distillation, vapor
compression (VC) distillation and Multi-Stage Flash (MSF) distillation. On the other hand,
Electro Dialysis (ED) distillation and Reverse Osmosis (RO) distillation are the most
common types of single-phase membranes desalination process. In comparison, thermal
driven desalination technology offers many advantages over membrane technologies.
These advantages are the less prone to scaling and fouling as well as the ability to handle

the feed water of a higher temperature.

1.3. HDH Process Principle

The process of HDH starts with an air that mixes with a certain amount of steam. The air
capability to absorb water vapor is directly proportional to the increase of the temperature.
For instance, 1 kg of dry air is capable of absorbing 0.5 kg of steam and about produce a
total heat 2814 kJ when increasing the temperature from 30 C° to 80 C°. The phenomenon
of extracting the salt from the brine is based on the fact that the airflow passes the saline
water and carry a certain amount of steam with the association of the sensible heat that is
provided by the brine. After that, fresh water can be produced by allowing the steam of
humid air to get in contact with a cold surface, which will result in a condensation of the
vapor, usually, condensation occurs in a different heat exchanger where the latent heat
recovery heats the brine. Analogs to many other distillation processes, HDH process
operates with the only stream of brine. It can also operate with the recirculation of water to

make use of wasted energy to operate the system.



1.4 The Technology of Humidification Dehumidification Desalination

The most popular HDH desalination method is solar desalination. At the ambient pressure,
seawater starts to evaporate, yielding the air to humidify. Eventually, the humid air will be
condensed. The Solar desalination process is also known as the Multiple Effect
humidification dehumidification process. It also has different names and types such as solar
multistage evaporation condensation cycle (SMCEC) or multi-effect Humidification

(MEH), which is a simulation method of the natural water cycle for a short period that will

yield to a separation of the freshwater e

|

from other substances by imposing

evaporation and condensation. Thermal

Water sprayers ool |7 i B I Dehumidifier

solar energy is the driving force for this . olar —_
gy g . . :«:u’r Cooling coil

Packing material - 2

type of HDH system. In advanced ) o
4 } = L xrnlcl
systems, the waste heat collected from the Y Carrier
Sni

condensation is utilized for pre-heating EAbG \

the water source, which will result in an Figure 1-2. HDH process [32]

effective system. This system has proven its high effectiveness for many countries of arid
and semi-arid with a small to medium scale desalination systems, and this is mainly due to
the financial feasibility of this HDH type. There are several advantages of the HDH process
shown in Figure 1-2, these are the simple set of equipment which can work under normal
pressure and operation, assets costs are affordable and the flexible scaling of the system
size. Because of the extensive use of solar desalination system using HDH over decades, a
considerable number of both experimental and analytical types of research have been

conducted with consideration of different aspects of the system performance.
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1.5 Configuration Classifications of HDH Systems

Commonly, HDH systems are categorized into three main categories, these are heating
system type, cycle configuration or type of energy used. Energy based categorization can
be geothermal, thermal, solar or hybrid systems. On the other hand, HDH systems cycle
configurations are classified as follows, open-air open-water systems, closed-water open-
air systems and closed-air open-water systems. As shown in figure 1-3, the flow is driven
by either natural or forced forces in all configurations. For heating based classifications,

HDH systems can be classified by either air heated or water-heated systems.

HDH System
Closed air open water Closed water open Open air open water
(CACW) it (CWOA] P At
Air heated Water heated Air heated Water heated
system system system system
Watural Farced Matural Forced
circulation circulation clreulation circulation
Water heated system Air heated system

Natural circulation

Forced circulation

Figure 1-3. Configuration Classifications of HDH Systems [32]



1.6. Main Part of HDH System

1.6.1 Humidifier

In the humidifier of the HDH system, or what is known as an evaporator, water vapor is
being held by the air holds when the streams come in contact with each other, it is always

intended to moist the air as much as possible.

Spray towers, packed bed towers bubble columns, and wetted-wall towers are the typical
air humidification devices used. They all share the same principle of operation, when air
and hot water come into a contact where the air is in a dry form, water starts to diffuse into
the air and inaugurate the air humidification. The concentration difference between the two
streams is the driving force for the diffusion process. The difference in concentration relay
on the partial pressure of water vapor in the air as well as the vapor pressure in the interface

of gas-liquid streams.

Bubble column humidifiers have rarely been used in HDH desalination system. However,
Abugderah and EI-Agouz [1] have investigated a single stage bubble column humidifier
performance experimentally by blowing air in a bubble form to pass through the seawater.
The study has investigated the effect of different factors on humidification efficiency and
the difference in moisture content. The results revealed that brine temperature and air
velocity are significant factors. In addition, the air inlet temperature has a considerable

effect on the difference in vapor content.

Moreover, packing has a significant effect on improving the efficiency of humidification,

which is due to the increase of dispersion of water droplets, as well as increasing the contact



time and area. Devices comprising of packing material are so-called packed bed tower. The
pack bed tower is just as a column that is set vertically and occupied with packing materials
where the water flow falls from the top of the tower while the airflow passes in a counter
flow mode. Packed bed tower has proven its influence on the total system effectiveness.

Thus, many researchers use them in different HDH systems.
1.6.2. Dehumidifiers in HDH Systems

Researchers also name the dehumidifiers as condensers, since they both have the same
operation. Literature has shown that there is a significant number of experimental
researches that have been conducted to evaluate the mass and heat transfer that occurs in

the dehumidifier.
1.7 Performance Parameters for HDH Systems

Literature had revealed several methods to evaluate the system performance of HDH.
These reported methods are, but not limited to, specific water production, the ratio of the

output gain (GOR), energy reuse factor, recovery ratio and specific entropy generation.
1.7.1 Gained Output Ratio (GOR)

Gained Output Ratio is also known as the ratio of performance; it is a dimensionless

measure, which is the ratio of the amount of produced product to the supplied heat input.

Gor = Melra 0, (D)

where hg is the vaporization heat that is calculated at the water inlet temperature. In the

case of unity GOR, it entails that the system requires a sufficient supply of heat to vaporize
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all the water produced instantly; also, it means that there is no effective energy recovery.
One of the leading causes of the unity GOR is the loss associated with any basic solar still.
Nevertheless, if the GOR is higher than one, it means that there is less heat supply required.
In the case of using fossil fuel as a heating source, the high the GOR is, the less the fuel

costs are.

1.7.2 Water production

Water production is an undeniable measure that stands for the amount of produced water
per square meter of solar collector area per day. This parameter is an index of the efficiency
of solar energy from HDH cycle. This measure is very vital for the solar driven HDH

system, since the solar collector costs count for the majority of the capital cost.

1.7.3 Recovery Ratio

Recovery ratio (RR) stands for the ratio of the amount of produced water per kg of brine.
It is also known as extraction efficiency. The parameter is generally found to be lower for

the HDH system compared with conventional desalination systems.

1.7.4 Energy Reuse Factor

It is defined as the recovered energy ratio from the energy supplied to the water for heating

purposes.

1.7.5 Entropy Generation

Entropy Generation is defined as the total entropy produced over the produced water mass

flow rate.



1.8 Objectives and Outline of the Thesis

The main object of this thesis is to model a multi-stage bubble column humidifier as a high-
performance unit for heating and humidifying the air in a water-heated system. This thesis
will focus on a proposed analytical approach to identify the optimum design and operation
parameters for the humidifier as part of the HDH system by utilizing system enhancement
such as multi-staging the humidifier layers. The thesis will also study two different models
and their influences on the overall bubble column humidifier performance. Operational and
design parameters are studied in this thesis to set the limits of the optimum system
parameters. A comparison of both models is provided to comprehend the difference
between these models. Both models will be tested and validated with the literature to
quantify the error percentage. Different Multi-staging configuration will be analyzed in this
work, and these are series and parallel Multi-staging. This analysis intends to shed light on
different configurations effect on the overall system performance. A comprehensive
parametric study will be investigated to explore the effect of multi-staging. This parametric
study includes but not limited to the effect of multi-staging on the total effectiveness, outlet
humidity ratio, outlet air temperature and each stage's effectiveness. The effect of operating
factors was also investigated in conjunction with the multi-staging. These operating
parameters are the effect of varying water inlet temperature, air Inlet temperature, mass
ratio and inlet relative humidity on exit water and air temperatures as well as the overall
effectiveness of the system. Provided the boundary conditions used in this study, the
obtained results are to be used for determining the required number of stages to get the

targeted system performance of the bubble column humidifier.



Chapter 2

Literature Review

Humidification-Dehumidification (HDH) area has been extensively studied. There are
many analytical types of research for the Dehumidifier part, whereas the Humidifier area
was not given much attention in terms of modeling. This area has many potentials to add
value. Below is a comprehensive review of the literature with regards to the humidifier in

general and focusing on multi-staging effect on the bubble column humidifier performance.
2.1 Overall literature Review

Munteshari [2] has worked in an enhanced novel cycle of HDH system experimentally in
his work. To avoid using an external mechanical energy source, he heated the carrier air
before it gets to the expander, which will yield to the required work to drive the compressor.
His work demonstrated a thorough thermodynamic analysis to analyze the effects of
different factors that are crucial to the performance. These are, but not limited to, mass
flow rate ratio, air superficial velocity and water gate height. Moreover, he studied the
multi-staging effect on the bubble column humidifier performance. In his work, he used a
perforated plate to sparge the air and create the bubbles inside the bubble column
humidifier. The perforated plate is located at the bottom of the bubble column humidifier.
The bubble column he worked at was constructed of three stages, each one with 20 cm in
height as shown in figure 2.1. The multi-stage bubble column humidifier was made of
Plexiglas pipes that were set in series with an outer diameter of 0.277 m. The air is sparged

from the ambient at a dry status to the system, whereas the water stream derives from the
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dehumidifier. As an outcome of Munteshari’s study, the system effectiveness was
improved by more than 30% for the two stages and more than 45% for the three stage
bubble column humidifier. The Maximum achievable effectiveness was 88.9%. On the

other side, the pressure losses were found to be relatively low of  Air ixture ﬂmﬁ_ f-'serer N

910 Pa. Moreover, the system was able to achieve a 100% outlet ~ —— —| =

air relative humidity. Abd-ur-Rehman and Al-Sulaiman [3] had l

almost a similar scope with two significant differences, these are
the source of heat and the multi-stage bubble column humidifier
setup, for Abd-ur-Rehman, the source of heat was the solar heat
whereas for Munteshari the water was heated using an instant
water heater. As shown in figure 2.2, Abd-ur-Rehman
experimental setup was put in a stepped shape; for Munteshari,

the multistage bubble column humidifier was put in series form.

So, Abd-ur-Rehman’s work was a multi-stage stepped bubble

column humidifier where the primary source of energy to supply

&

Air  ixture inf [ water c
his model was the solar thermal energy. His work also

Figure 2-1 Munteshari Multi-Stage
investigated the influence of some parameters on the humidifier humidifier [2]

performance, these are, but not limited to, the influence of the perforated plate geometry,

superficial air velocity, inlet water temperature and inlet air relative humidity on
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Figure 2-2 Abd-ur-Rehman Multi-Stage humidifier [3]

the performance of the humidifier. The study also covered the effect of the daylight
throughout the day on the humidifier performance. Abd-ur-Rehman reported in his work
that absolute humidity could increase by 9 % for the two stages configuration and 23 % for
the three stages configuration, which shows the effect of multi-staging. The experiment
work was executed throughout two different months of June and August to examine the
influence of inlet air relative humidity variance. Abd-ur-Rehman concluded that in climatic
conditions where the air relative humidity is low, the humidification efficiency of the
humidifier shows a significant increase. Findings revealed that the higher the number of
stages, the higher the total humidifier effectiveness. The maximum achieved effectiveness
was reported to be 49 % for the single stage configuration, 60 % for the two stages, and 81
% for the three stages. research results indicated that the heat transfer coefficient affected

greatly by superficial air velocity in the bubbler humidifier, and the higher the air
12



superficial velocity, the higher the heat transfer coefficient value. Moreover, their findings
indicated that the mass transfer coefficient is directly proportional to air superficial velocity
where the higher the value of the superficial velocity of air lead to a higher value of mass
transfer coefficient, this is because of the link between heat and mass transfer coefficients
through the Lewis factor. So, as the superficial velocity of air increases, heat and mass
transfer coefficients increase. The outcomes of their research also indicated that the
increase in the temperature difference between water and air stream increases the sensible
heat flux significantly, whereas the heat transfer coefficient slightly decreases when
increasing perforated plate hole diameter or water column height. Their main assumption
was that the water in a bubble column is set at a uniform temperature. The results from this
study are essential in understanding the ideal operating parameters of the humidifier to get
integrated with HDH system. Narayan, G. P. [4] has added a significant contribution to the
HDH systems sector, his research intended to develop a model for thermodynamic
balancing by utilizing the mass extractions and injections methods, the study also covered
the optimum design parameters for bubble column dehumidifier aiming for high rates of
heat and mass transfer. He also investigated the optimum system operating parameters. The
model has been validated experimentally with a small-scale HDH unit. Narayan has
claimed a reduction of 55% in the energy consumed by HDH. The results of his work
indicated that multi-staging can increase the effectiveness up to 90%. Furthermore, the
study covered a novel factor which is defined as the enthalpy pinch, this parameter was a
vital factor in thermal designing of HDH systems, and it is directly reflecting the system
performance, the results revealed that the enthalpy pinch was found to be 14.8 kJ/kg dry

air. Tow and Lienhard [5] have also added a significant conurbation to HDH system
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especially for the Dehumidifier part, they reported in their research that LMTD method
assumed two main assumptions, these are constant heat capacity in both streams and it does
not permit for the thermal energy produced in the vapor molecules stream diffusing a
temperature gradient down in parallel with the concentration gradient. Another assumption
was that the temperature difference in the bubble outside the boundary layer is considered
insignificant when comparing it with the bubble internal temperature difference since air
has a greater thermal diffusivity and smaller thermal conductivity than water. Their
research revealed that the LMTD method does not apply to the stream with both mass and
heat exchange because of the change in heat capacity flow rate. Tow and Lienhard research
revealed that the temperature difference was the driver for the sensible heat transfer,
whereas a log mean mass fraction difference was proposed to be the driving force for mass
transfer. Ben-Amara et al. [7] and Orfi et al. [6] have used an evaporator of a spray tower
type in their HDH setup. They studied the influence of water to dry air mass flow rate ratio
variation on the system performance provided that the inlet temperature of the water and
the absolute humidity are set to be constant. The inlet air temperature was set to be (80 °C),
whereas the sprayed water temperature was set to be (60 °C). The authors reported that the
higher the amount of water sprayed, the higher the achieved absolute humidity.
Nevertheless, it was noticed that additional sprayed quantity would lead to a decrease in
the absolute humidity. Hence, for air heated HDH systems, the mass flow rate ratio is found
to have an optimum value, which provides maximum possible humidity. For the
aforementioned fact, it is suggested to use multi-stage air heating to increase the production
of fresh water. Amer et al. [8] have studied the HDH system experimentally with a

humidifier 2 m high, 0.8 m long and 0.5 m wide with a packing material of about 6 m?
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surface area. This packing is designed not to limit the airflow and keep it moist. By utilizing
a hydraulic grid, water was sprayed on the packing material. An opening window was
constructed to ease the packing materials change in order to achieve the maximum
productivity of 5.8 liters/hr. Zhania et al. [9] have studied the humidifier in the HDH using
a small scale prototype of a cross-sectional area of 0.48 m?, and the height was 56 cm.
water distributor is located at the top of the humidifier, which supplies the pad with saline
water. The liquid collector was fixed at the bottom of the humidifier to collect the
remaining saline water. Therefore, the hot saline water and air will flow in a cross-flow
direction. The used packing material was textiles of 14 m? cross-sectional area to expand
the interface area between water and air. Liu [10] has studied experimentally and
analytically the influence of pressure on the humidification-dehumidification processes for
HDH system. The constructed humidifier is of 0.1 m diameter and 0.25 m height with an
installed heating coil to maintain the thermal balance of the liquid inside the bubble column
humidifier. The air enters the column as bubbles through perforated plates located at the
bottom of the bubble column humidifier. Different parameters were studied in his wok and
evaluated against the performance of the system. These parameters were studied and
validated in Chapter 3 of this thesis. Liu [10] has developed a model for the bubble column
effectiveness (&) correlation with the number of transfer units (NTU), which takes into
consideration the effect of heat and mass transfer. Liu [10] concluded that liquid height in
the bubble column does not affect the heat transfer provided the range of the heights
investigated. Nevertheless, the results showed that the superficial air velocity has a vital
influence on the humidifier thermal performance, which is attributed to the increase of

turbulence.
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2.2 HDH System review as per Configuration Classifications

This section will shed light at a glance at the researches that studied the HDH system. For

a better organization, the literature review will be classified as per the configuration type

as described in figure 1.3.

2.2.1 Open-air closed-water (OACW) water heated HDH systems

Ref.

Unit Summary

Summary of observation

El-Agouz and Abugderah [1]

The airflow enters into the humidifier
column through 32 holes of 0.01 m
diameter each

Holes are being carried by PVC pipe
with a 0.075 m diameter

The air is heated using two electric
heaters of 1000 W powers each.

The humidifier column was made of
steel of 9 cm thickness with 0.5-0.25 m
square cross-section and 0.7 m height.

At 75 °C for water and air streams, authors
have claimed a maximum achieved vapor

content difference of 222 gvapor/,(gdryair

which is considered high in comparison
with to that obtained in literature for single
stage and very similar for multi-stage

The author reported that humidification
efficiency is profoundly affected by the
column water temperature and air
superficial ~ velocity  variation.  The
efficiency of humidification can reach up to
95%, with the increase of velocity to be 7.5
m/s.

Zhang et al. [11]

The air is sparged to the humidifier
through a sieve plate of 0.198 m
diameter and 0.8 cm thickness

There are 91 holes. Each has a 1 mm
diameter in the sieve plate, and they are
distributed in the form of a regular
triangle with a distance of 0.018 m.

The authors have reported that the
maximum obtained air relative humidity
reached up 100%.

Throughout the process, the pressure drop
was found to exceed 2 kPa

Khedr et al. [12]

The performance was studied
analytically.

The wused system encompasses a
seawater heater and a dehumidifier

it was recognized as the pioneer system
to use contact condenser in HDH

system.

Results reported that the GOR of the system
is 0.8, heat recovery was reported low in
that research as well. Nevertheless,
economically, it was found that their HDH
Process has a substantial potential for
small-scaled desalination plants as small as
10 m3/day.
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Al-Enzi et al. [13]

The source of air heating was solar
collectors

A blower was used to circulate the air.
The water was preheated to 35-45°C
using an electrical heater.

Authors have studied the effect of
temperature variation of cooling water, hot
water supply temperature variation, airflow
rate and water flow rate variation on the
production rate and heat and mass transfer
coefficients.

The authors have reported that the
maximum rate of production is obtained at
a low hot water flow rate and a high airflow
rate.

Authors have also concluded that the higher
the hot water temperature, the higher the
production rate. Whereas, the higher the
cooling water temperature, the lower the

production rate

2.1.2 Open-water Closed-air (OWCA) water heated HDH systems

Ref.

Unit Summary

Summary of observation

Garg et al. [14]

The system used was of a 5 liter capacity
thermal storage

2 m? Solar collector area that has been used
for water heating.

The air has been supplied under natural
convection mode.

A uniqgue structure was used as the packing
bed in the humidifier.

performance of the cycle is profoundly
affected by the inlet water temperature
of the humidifier

The authors have concluded that the
humidifier column heat loss is a vital
factor in measuring the performance
precisely.

Nafey al. et [15]

A dual heating scheme used in this system
Separate heaters for water and air.

An air-cooled dehumidifier was used, thus,
there is no latent heat recovery reported in
this system.

Canvas type was the used packed bed.

The maximum achievable
production was 1.2 liters/hour
The authors concluded that the higher
the air mass flow rate, the less the
system productivity

reported

Nawayseh et al. [16]

The solar collector was used to heat the
water to 80 °C.
The air was moving in both forced and
natural modes.
Wooden slates were used as packing bed for
the humidifier

The achieved reported water production
was 5 kg/hr.

The results have shown that the flow
rate of water is significantly affecting
the packing bed wetting area.

Authors concluded that the air natural
driven mode would lead to better results
in comparison with forced circulation.
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Ben Bacha et al. [17]

6 m? Solar collector used as the primary
source of water heating.

The system compromise of a storage tank
that operates with a minimum temperature
limitation.

Saline water from a well was provided a
cooling water

Thorn trees packed bed type was used

The dehumidifier was constructed of
polypropylene plates.

e A considerable amount of water

production was reported at 19 liters per
day.

The authors have concluded that in
order to provide the same amount of
fresh water, provided that the thermal
storage was not used, a need of 16%
more solar collector area is required
Authors have also concluded that the
water inlet temperature, the water and
airflow rate along with the humidifier
packing material are significant factors
in the performance of the system.

Al-Hallgj et al. [18]

The system used a 2 m? solar collector as the
primary source to heat the water to 50-70°C
and

The system was analyzed by the air
circulation modes using both natural and
forced convection

Humidifier was constructed of a wooden
surface at the top

Bench unit had a specific area of 87 1/m
Pilot unit had a specific area of 14 1/m
Condenser had a cross-sectional area of 0.6
m?for bench unit whereas the pilot unit had
8 m?

The authors reported that there is an
optimum value for the flow rate of water
where the system performance will
reach the maximum

At low temperatures, results revealed
that the forced air circulation is
positively  affecting the  system
performance, on the other hand, at high
temperatures, natural circulation
becomes advantageous to the system
performance.

Klausner et al. [19]

Utilizing the waste heat was used to heat the
water to 60°C

A direct contact packed bed was used as the
system dehumidifier.

The system also utilized the water produced
in the dehumidifier as a coolant.

The authors reported that this process
could produce a fresh water efficiency
of 8% with an energy consumption of
0.05 kWh/Kg of fresh water production
at a feedwater temperature of 60°C

Farid et al [20]

solar collector of a 1.9 m? area was used for
heating the water.

The air was under forced circulation mode.
The system packing bed used is of Wooden
shaving type

Reported achieved production was 12
Liter/m?

The authors were not able to reach to a
conclusion with the effect of air
superficial velocity on the production
The reported results presented an
optimum value of the water flow rate
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2.1.2 Open-water closed-air (OWCA) air heated HDH systems

Ref.

Unit Summary

Summary of observation

Orfi et al. [6]

2 m? solar heaters were used to heat both
air and water

packing bed that consists of spongy
material was used for this system.

The used evaporator was designed to
move the heated water in the horizontal
surface and the capillaries in the vertical
plates and air pass in different directions

e The authors revealed that an optimum
mass flow ratio between air and water
could be found which will yield to the
maximum humidification

Yamali al. et [21]

The solar collector of the flat plate type
was used to heat the water.
The wused humidifier
humidifier.

A heat exchanger of the tube-fin type was
used as a dehumidifier.

Storage tank with a 0.5 m3 water volume
was sued in this system

was a pad

e the authors claimed that the system
could produce up to 4 kg/day.

e Results indicated that there is no effect
of increasing the air flow rate to the
system performance. Whereas, the
increase in the mass flow rate of water
increases the system productivity.

Houcine et al. [22]

This system consists of five stages for
humidification and heating purposes.
FFWP type with 4.98 m2area was used to
construct the first two stages. The other
collectors are all of classical commercial
type

The air was under forced circulation
mode.

e The authors claimed a maximum
production of water to be516 L/day

o Corrosion was observed in the plant due
to the corrosive seawater.

e The air temperature reached 90°C.

e The cost of water production of this
system was high

E. Chafik [9]

2.08 m? Solar collectors of four fold web
plate (FFWP) type was used to heat the
air to 80 °C

Multi-stage was used for humidification
and heating in this system

Forced circulation of air.

e The constructed system was too
expensive where the air heaters counted
for almost 40% of the cost

o Authors have concluded that by
minimizing the pressure drop, the HDH
system can be enhanced.

Ben-Amara al. et [22]

FFWP collectors were used to heat the air
to a temperature of 90°C

Solar  collectors were made of
Polycarbonate plates and aluminum strips
The system wused an insulation of
Aluminum foil and polyurethane

e Different factors were studied in this
work and their effect on the system
performance, these are but not limited to
air mass flow rate variation, humidity
and temperature of inlet air and wind
velocity variation.

e As a result, the less the wind velocity,
the higher the collector efficiency.

19




CHAPTER 3

ANALYTICAL MODELING OF THE HUMIDIFIER

In this chapter, a mathematical model will be developed and analyzed of the bubble column

humidifier under two different scenarios.

1- Stagnant water with a heating coil that maintain the required energy (base model)

2- Moving air and water streams

The first model will be considered as the base model for the other models that will be
studied throughout this thesis. The base model was validated with Liu [10] and found to be
accurate with a with an insignificant error percentage. For both models, the operational and
design parameter on the system performance will be investigated to capture all
enhancements that can be attributed to the operation and Hotwaterin(fixed 7,) ~ Warm water out
design factor variation. A comparison of both models will be l T et
provided to comprehend the difference between these

models. Both models will be tested and validated with the

literature to raise the confidence level of the results

reliability.

3.1 Stagnant Water Model

Cold air sparged (fixed 7;;)
This model represented in Figure 3-1 is a bubble column
o . . . . Figure 3-1. Schematic of Bubble Column
humidifier with stagnant water that is associated with a Humidifier [10]

heating coil to maintain the desired temperature; the fluid inside the coil is water. To
20



examine this model analytically, we need to define the geometry and configuration of the
system. This will be illustrated in the next section

3.1.1 Geometry

A schematic of the bubble column humidifier is presented in figure 3-2. The humidifier
has an inside diameter of 100 mm, 250 mm in height and 10 mm thickness. The air enters
the bubble column humidifier in a bubble form by utilizing a perforated plate fixed at the
bottom of the column. The bubble column is occupied with water to a certain level. In
addition, the bubble column is associated with a heating coil to control the temperature of

the water.

250 mm

Y
_

+—r
100 mm

Figure 3-2. Bubble Column Humidifier Geometry Schematic

The immersed heating coil in the column provides the needed heating load. The copper
coil has 0.95 cm outside diameter, a wall thickness of 0.15 cm, and is spiraled to a length
of 100 cm with a turn diameter of 17 cm.

The perforated plate is a cylindrical box that has a 98 mm outside diameter and has 83
holes, each one of them is of 1 mm diameter. Holes are to be considered uniformly

distributed over the plate.
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3.1.2 Mathematical Modeling

In the bubble column humidifier, the humidification process takes place when the air at a
cold temperature enters the bubble column humidifier in a bubble form sparged through a
perforated plate located at the bottom of the column. Consequently, uniformed bubbles are
being generated in the bubble column humidifier. The inertia and buoyancy forces are the
rise drivers of the bubbles. Thus, these bubbles get into direct contact with the stagnant
warm water in the bubble column humidifier. The water temperature in the column is
controlled by a heating coil, as described in the previous section. Furthermore, air inlet
temperature and the water in coil inlet temperature are to be considered constant. As a
result of the direct contact between the air bubbles and the stagnant water in the bubble
column humidifier, Heat and mass transfer take place due to temperature and concentration
differences. Thus, water starts to lose sensible heat to the air; that heat is to be supplied by
the heating coil. In addition, latent heat, which governs the mass transfer between the water
molecules to the air bubbles, contributes to the majority of heat transfer between the air
and bubble. Figure 3-3 shows the thermal resistance between the air bubbles and the water

in the bubble column humidifier.

Qiat

Figure 3-3. Thermal Resistance Network
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The bubble column humidifier can be treated as a cooling tower since they have a similar
function where the flow in the coil and the air that sparged into the column are a
representation of a counter-flow heat exchanger. In the following analytical investigation,

some assumptions are considered in this model, these are

e The system operates in a steady-state condition.
e Bubbles assumed to not impinge with the heating coil.
e Heat losses from the system to the ambient are to be neglected.

e The water temperature in the bubble column humidifier is set to be uniform
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Figure 3-4. finite volume element in a bubble column humidifier

Figure 3-4 shows a segment of a control volume of the humidification process that occurs
between the air and the water in the humidifier. The bubble column humidifier can be
represented analytically to calculate the performance and investigate the influence of
different parameters on the system performance by understanding the process of heat and
mass transfer represented in figure 3-4. The energy balance for the total system on the

water and air streams can be written as follow
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dqe = dqy (3-1)

Equation 3-1 can be represented in enthalpy form for each stream to be

dq, = mgh, (3'2)

dq,, = —myh,, (3'3)

The negative sign that appears in equation (3-3) represents the loose of heat from the water

to the air.

The heat transfers from the water to the air can be represented by sensible and latent heat
whereas latent heat represent most of the transferred heat, both heat types can be

analytically represented as follows

Qsensiabie = he x ag x (TC - Tai) xAxH (3'4)
Qratent = ha X as x(wsc - wi) X hfgx H (3-5)
Q = Usensiabte T QLatent (3-6)

To relate the mass transfer coefficient with the heat transfer coefficient, we will introduce

the Lewis factor

ht
haCp,a

Les = (3-7)

From literature, Lefis usually ranges between 1 ~ 0.7; hence, in our model, we will set the

value to be unity.

Mass balance for the system can be applied similarly to the cooling tower [10], so over a

finite element, differential mass balance equation is as follows

__ hgxasx A(wsc—wg;) x dH

dw, (3-8)

Mq
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Integrating both sides, equation (3-6) will result in the following equation

hgxasx A(wge—wi) xH
- (39

(‘)a,o = (‘)a,i +
The inlet humidity ratio can be found knowing saturation pressure and the relative inlet
humidity as follows

(0.622+¢i+Peary) (3-10)

We; =
at P—(@i*Psatg)

Where P is the total pressure in Pascal

Humidity ratio at saturation is the state where the humidity ratio found at the column water

temperature as follows,

(0.622%1%Psqy,,,)
P—(1*Psaty,)

Wse = (3-11)

hg in equation (3-7) is known as the convective mass transfer coefficient, in order to find
the value of h; we need to define the specific interfacial area of the bubble (a), which is as

follows

__ 6€

a5 = (3-12)

The gas hold-up mentioned in equation (3-12) can be found by either following the Joshi

and Sharma definition [23],

__ "
€ = Dsvay, (3-13)
Or, by following Akita and Yoshi [24] definition of the gas hold up to be
¢ = d2fa (3-14)

Hep
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Where H, represent the static liquid height and H,, stands for the aerated liquid height in
the bubble column humidifier.
The aerated liquid height is the lead to find the aerated volume which will be used to find
the Number of Transfer Unit (NTU) by multiplying it with the bubble column humidifier
cross-sectional area as follows,

V. =H,xA (3-15)
In regards to the bubble diameter, provided the hole diameter d,,, Miller [25] and Narayan

[4] have determined the bubble diameter to be as the following

1

db={ 0990 }5 (3-16)

(P1—pg)-g

aforementioned equations discussed the heat transfer side of the system. Furthermore, it is
not easy to figure out the mass transfer mechanism between the bubble and the liquid in
the bubble column humidifier. Miller [25] has investigated the convective mass transfer
coefficient, his model was a vapor that diffuses into a vapor-air mixture. The model has
been subject to further modification by Liu [10] to capture the pressure effect. In the present
work, we will adopt the same methodology to investigate the mass transfer between the
bubble and liquid in the bubble column. The modified correlation is simply relating
dimensionless number together, and these numbers are Sherwood number, density ratio of
the air and water vapor, Schmidt number and Reynolds number as follows

Sh = 0.32 x Re**3x5¢%2Y xp,.qri0 > (3-17)

Whereas Sherwood number can be represented in another form to be as follows

Sh = 14 (3-18)

pvDaB
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Where D4pis the diffusion coefficient and it is a property of a state. p,, is the water vapor
density.
Reynolds number is simply the ratio of inertial forces to viscous forces in the fluid which
is defined as follows

Re = (paVydp)/ta (3-19)
Whereas p, is the viscosity of the air. Schmidt number is a dimensionless number which
relates the air viscosity to the air density and diffusion coefficient as follows

Sc = Ua/(Pa Dag) (3-20)
Pratio Mentioned in (3-17) is the density ratio of the air to the water vapor in the bubble
column humidifier.
Furthermore, Braun et al. [26] have developed an e-NTU model for a cooling tower that
runs in a counter flow mode. This model is mainly intended to identify the mass transfer
coefficient. Since the cooling tower and bubble column have an identical process, the
model can be used to identify the mass transfer coefficient. The surface area is the only
difference between these two models, the surface area of the bubble column is the surface
area of the bubbles, however, in cooling towers, the packing surface area is the considered

area. This model has also been adopted by Liu [10]. The correlation is as follows

NTU =

RaaVe (3-21)

Mdq
Where a is the specific interfacial area and V, is the aerated volume inside the column,
which can be found in (3-15).
In order to measure the performance of the system, there are multiple ways aforementioned
in the introduction chapter, the most critical factor is the effectiveness which has multiple

definitions, the most representative one is the enthalpy-based effectiveness which is to
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relate the actual performance with the ideal performance. Since the air stream has the

minimum heat capacity, the effectiveness correlation will be as follows,

ha,o_ha,i

= Tideal
ha,o _ha,i

Ey (3-22)

Where hi#¢ is the air enthalpy that is measured at the inlet water temperature, which
reflects the maximum enthalpy that the air can obtain.

Another vital performance measure is the Heat Capacity Ratio (HCR), which stands for the
ratio of maximum possible total enthalpy change of the cold stream to the hot stream.
Narayan [4] has introduced a correlation of the heat capacity ratio (HCR) for bubble

column humidifier to be as follows

HCR — mln <hsa,wi_hai hwi_hw,ai> (3_23)

Wi_hw,ai ’ hsa,wi_hai
In this thesis, the air stream found to has the minimum heat capacity.
In order to relate the effectiveness with the Heat Capacity ratio, Braun et al. [26] have

introduced the following correlation.

1—exp[—(1-HCR).NTU]
"~ 1-HCR.exp[-(1-HCR).NTU]

(3-24)

With the aforementioned set of equations, the system is fully defined and can be modeled

for further investigation
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3.1.3 Coil Geometry

The aforementioned model described is set for stagnant water with a moving air as shown
in Figure 3-10. From a design perspective, the required coil length and outer diameter is
crucial to the system operation and demanded temperature, in addition to that, the coil
geometry plays a significant role in the bubble movement as there will portion of the bubble
that will impinge with the coil causing a real issue to the uniformity of the air bubble
temperature. This section will investigate the coil side from a heat transfer perspective to

reach the optimum coil geometry provided the aforementioned assumptions and heat load.
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Figure 3-5 Schematic of the Bubble column humidifier and the heating coil
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Hot Water

Coil
Figure 3-6 Schematic of the resistances between heating coil and the water in the column

It 1s a fact that the amount of heat gained by the air (which is described in the previous
section) will be equal to the amount of heat lost by the heating coil, which can be described
as follows

Qair = Qcoir (3-25)
Tow and Lienhard [5] has studied the coil heat transfer for a dehumidifier which can be
applied for the humidifier since both have the same structure, so the heat transfer through

the coil can be represented in the following form

AT MTD, cCW
g = — 3'26
Qcotl Rpw+Rcp ( )

Where Rpy, and R.p are the resistance of the coil to the water inside the coil and the
resistance of the coil to the water in the bubble column respectively. To model the driving

thermal force across the coil log-mean temperature (LMTD) can be used as follows,

Tw,o—Tw,i
ATimrp, cw = % (3-27)

Tc-Tw,o

Mori and Nakayama [27] have developed correlations for the heat transfer coefficient
inside curved tubes, which can be used to formulate the Resistances inside and outside the

coil mentioned in equation (3-26).
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Hence, the resistance between the column water to the coil is

1

Reo = ht,cpAp,o (3-28)
The Nusselt number of the coil is
Nugp = e ocel (3-29)

Where k.is the thermal conductivity of the water inside the bubble column which is a
property of the water at a specific temperature.

Deckwer's model [28] introduced an empirical correlation that can predict heat transfer
coefficients over a wide range of operating conditions, his model is based on the indication
that the bubbles’ flow acts like small eddies which interact with the heat transfer surface.

The empirical correlation is as follows,

hecp = 0.1k pd/* CplZ ue/* g1 /4y, (3-30)

In the other hand, the resistance between the coil and the water inside the coil has been

analytically studied by Mori and Nakayama [27], the analytical correlation is

1

Row = hepwAp,i (3-31)

Nusselt number formulation in a curved tube can be found using the dimensionless

numbers of the Dean Number K and the thickness parameter Z

. 1/2
Ntp oy = 22204 = 08636 () (3-32)

w
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Provided the Prandtl number of the water inside the tube, Thickness parameter Z can be

found using below correlation

2 ’ 77 o
Z= H(l + [1+ :PrW2> (3-33)

Dean number is a dimensionless number which can be found using the below formula

K = Rey, (22 )1/2 (3-34)

D turn

Where Dy, is the coil turn diameter.

3.2 Results and Discussion

Equations 3-1 to 3-34 are modeled and solved numerically utilizing Engineering Equation
solver (EES) software. Moist air and liquid water physical properties are available in the
software. Results investigated the influence of operational and design parameters. The
operational parameters are the effect of superficial velocity on outlet air and water
temperature, effectiveness and mass transfer coefficient as well as the effect of water height
on the system effectiveness. On the other side, different design parameters were
investigated to gauge the influence of different parameters on the outlet temperature of the
air with the consideration of the optimum coil geometry. Theses design parameters are the
effect of coil outlet diameter and length variation on the coil outlet water temperature and

the achieved Reynolds number.
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Table 3-1 Assumed Variables for the stagnant water model

Symbol Definition Value Unit
d, Hole Diameter 0.001 m
H Liquid Column Height 0.05 m
Le; |Lewis Factor 1 -
mg  |Inlet Air Mass Flow Rate 0.0015 kg
T,:  |Inlet Temperature of Air 15 °C
T, Bulk Temperature of The Liquid Column 45 °C
V,  |Superficial Gas Velocity 0.05 /s
A |Surface Area 0.0785 m?
P Inlet and Outlet Pressure of Air 101325 Pa

Table 3-2 Assumed Values for the coil

Symbol Definition Value Unit
Dp, |Coil Immersed Outer Diameter 0.0095 m
t  |Coil Thickness 0.0015 m
L |Coil Length 1 m
Dtyrn  [Turn Diameter 0.17 m
Twi |Inlet Temperature of Hot Water in The Coil 60 °C
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3.2.1 Influence of Operational Parameters
Effect of Air Superficial Velocity on Air Outlet Temperature
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Figure 3-7 Effect of superficial velocity on outlet air temperature
In figure 3-7, the results show the effect of varying air superficial velocities on the air outlet
temperatures. The air outlet temperature decreases with the increase of the superficial
velocity. The increase of the heat transfer coefficient due to the increase of air superficial
velocity is the leading attribution to the decrease of the exit air temperature. From another
perspective, NTU decreases with the increase of airflow; subsequently, the air effectiveness

decreases, which will lead to a decrease in the exit air temperature.
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Effect of air Superficial Velocity on Water Outlet Temperature
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Figure 3-8 Effect of air superficial velocity on water outlet temperature

Figure 3-8 shows the effect of superficial velocity on the water outlet temperature. Result
indicated that the higher the superficial air velocity is, the lesser the water outlet
temperature. Knowing that the inlet temperature and flow rate of water are fixed, the
decrease in the exit water temperature is attributed to the increase of the airflow rate, which
directly increases the rate of sensible heat transfer that leads to a decrease in the water

outlet temperature.
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Effect of Air Superficial Velocity on Total Rate of Heat Transfer
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Figure 3-9 Effect of air superficial velocity on total heat transfer rate
Figure 3-9 illustrates the influence of varying superficial air velocity on the total rate of
heat transfer. Findings indicated that the higher the superficial air velocity, the higher the

total rate of heat transfer, this is primarily attributed to the mass flow rate increase that

yields to a higher sensible heat transfer rate.
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Effect of Air Superficial Velocity on Effectiveness
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Figure 3-10 Effect of air superficial velocity on Effectiveness

Figure 3-10 illustrates the effect of the superficial velocity to the Effectiveness, where it is
evidently revealed that the humidifier's effectiveness considerably decreases with the
increase of superficial air velocity. From the definition of the effectiveness shown in
Equation (3-22), the air outlet temperature decreases in the humidifier with the increase of

superficial air velocity that yields to a decrease in the total humidifier effectiveness.
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Effect of Air Superficial Velocity on Mass Transfer Coefficient
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Figure 3-11 Effect of air superficial velocity on Mass transfer coefficient

Figure 3-11 shows that the higher the air superficial velocity, the higher mass transfer in
the humidifier which is attributed to the air mass flow rate increase that will yield to an
increase in the turbulent dissipation rate in the column; this can also be explained by the
NTU correlation with the mass transfer coefficient shown in Equations (3-21) where it

shows the more mass flow rate to the humidifier, the higher the mass transfer coefficient.
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Effect of Column Liquid Height
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Figure 3-12 Effect of Column Liquid Height on total System Effectiveness

Figure 3-12 demonstrates the effect of varying the column liquid height on the total system
effectiveness. The results revealed that there is an insignificant reduction of the
effectiveness as the column liquid increases in a low scale of variance (few millimeters),
and this can be described by understanding the length scale of the liquid circulation, which
is an integral length of turbulence. Therefore, unless the column liquid height is reduced to
a larger scale of variance, it will not show a significant effect on the bubble column
Effectiveness. The liquid height is a very substantial factor when designing bubble column
humidifiers in the humidification dehumidification desalination (HDH) system. The results

agree with the reported result in the (3,10,2)
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3.2.2 Influence of Design Parameters

Effect of Coil Length on Water Outlet Temperature in the Coil
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Fiaure 3-13 Effect of coil lenath on Water Outlet Temperature in the Coil

Coil Length plays a significant role in setting the heat transfer area. Figure 3-13 shows the
effect of the length of the coil to the Hot water stream inside the coil. It is manifestly that
the more length will offer more heat transfer area, which will yield to a more heat transfer
between the coil running water and the water in the column. Consequently, the outlet

temperature of the hot water in the coil will decrease.
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Effect of Coil Outer Diameter on Water Outlet Temperature in the Coil
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Figure 3-14 Effect of coil outer diameter on Water Outlet Temperature in the Coil

Figure 3-14 illustrates the influence of varying the outer diameter of the coil to the outlet
temperature of the hot water stream in the coil. The outlet temperature of the hot water in
the coil decreases considerably with larger outer coil diameter; this is attributed to the

larger heat transfer area as a consequence of larger diameter.

41



Effect of Coil Outer Diameter on Reynolds Number
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Figure 3-15 Effect of coil outer diameter on Reynolds number

Figure 13-15 illustrates the effect of the outer diameter on the Reynolds number, and it is
evidently proven that the higher the outer diameter, the lower the velocity, provided that
the water flow is constant, which can be described through the continuity theory.

Consequently, Reynolds number will dramatically drop as the diameter increases.

As a conclusion, results revealed that in order to eliminate the issue of bubble adhesion to
the hot water coil and avoid the interruption of the thermal balancing of the air bubbles in
the bubble column humidifier, it is suggested to minimize the outer diameter of the heating
coil while elongating the length of the coil to maintain the desired heat and mass transfer
rates inside the bubble column humidifier. Hence, it is essential to balance between these

design parameters to maintain the desired heat supplied by the coil
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3.2.3 Validation of the Results

Results were validated and tested with Liu [10] model and found out to be quantitatively
similar with a max error of 2.8%. Furthermore, the reported uncertainties for Liu [10]
results were as follows, +0.00075 for mass transfer coefficient, +1.65 % for the
effectiveness and £3.46 for the total heat, this will bridge the gaps of error percentage to a

maximum error of 0. 5 % in the three factors mentioned above. Below figures illsuteate the

benchmark with Liu’s resutls.
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Fiaure 3-16 Validation of Effect of Superficial velocitv on Exit Water Temperature
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Figure 3-18 Validation of Effect of Superficial velocity on Effectiveness
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3.3 Moving Streams

The section will shed light on the other model, which considers both streams in a moving
form, as shown in figure 3-21, the heat and mass transfer will occur while both streams in
direct contact with each other. Both latent and sensible heat will take place as described

in the thermal resistance shown in figure 3-22

Water stream
Tw,i; Ta,o » g ¢c-
My, Mga

Tw,o ; Ta,i » @ 5 ¢i
rh\'l,D I'hda

air stream

Figure 3-21 Schematic of the moving streams bubble column humidifier [4]

Qlat

Figure 3-22 Thermal Resistance of the moving Stream model [4]
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Adopting the same assumptions aforementioned in the previous model, the analytical
model will be almost the same except for the mass and energy balance since we have
moving streams in this model, hence, applying the mass balance conservation theory, it is
a fact that mass of the air will remain the same throughout the process. Therefore,
Mg = Mg = Mg (3-35)

So, the mass balance conservation is as follows,

My, = My + 1Ma (W0 — Wa i) (3-36)
Applying energy balance for the bubble humidifier, in terms of enthalpies, the correlation
will be as follows,

My by, = 1My oy o — Mg (hai — Rao) (3-37)
By merging equations (3-35) and (3-36) with the previous model analytical formulations,

the model considered fully defined and can be modeled for further analysis.

3.3.1 Results and Discussion

The aforementioned equations are modeled and solved numerically by utilizing
Engineering Equation solver (EES) software, moist air and liquid water physical properties
are available in the software. The below section shows a comparison between the stagnant
water model and the moving streams model for a single stage bubble column humidifier to
highlight the differences between both models. The comparison will include the

effectiveness of the system, the achieved humidity ratio and the air temperature.
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Comparison Between the Two Models on the Total Effectiveness
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Figure 3-23 Comparison between the effectiveness of both models. Boundary conditions: T,; = 15 °C;

P = 101.3 kPa; T,,; =45°C; H=0.02

Figure 3-23 shows the comparison between the two models on the total effectiveness;
obviously, the stagnant flow outweighs the effectiveness of the moving streams model, and
this can be attributed to the coil inserted inside the bubble column humidifier that maintains
the thermal balance across the water in the column which provide stability to the air to
absorb more heat. In other words, if the water inside the stagnant water model has been
divided into small segments, provided the coil is dissipating all the heat to water in a
uniform manner, water segments will have a fixed temperature, in contrast, the moving
streams segments will have a different temperature. Therefore, system effectiveness will

be higher in the stagnant water model.
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Comparison Between the Two Models on the Outlet Air Temperature
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Figure 3-24 comparison of the Outlet Air Temperature for both models. Boundary conditions:

T, = 15°C; P = 101.3 kPa; T,,; = 45°C; H = 0.02

Figure 3-24 illustrates a comparison of the air outlet temperature for both models. Results
show that the outlet air temperature achieved through the stagnant water model is higher
than the one achieved in the moving streams. As described in the previous figure, the
stagnant water model will have almost a uniform water temperature across the bubble
column humidifier, which will lead to a higher heat transfer rate that will lead to a higher

outlet air temperature for the stagnant water model.
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Comparison Between the Two Models on the Outlet Humidity Ratio
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Figure 3-25 comparison of the Outlet Humidity Ratio for both models. Boundary conditions:
Ty = 15°C;P = 101.3 kPg; T,,; = 45°C; H = 0.02
Figure 3-25 shows the accomplished outlet air humidity ratio for both models. Results
illustrate that the stagnant water model output air absorbs more humidity which can be
dehumidified in the upstream of the HDH system to extract the fresh water, this can be
described by the attribution of the high heat transfer rate in the stagnant water model which
is directly proportional to the mass transfer coefficient as described in Lewis factor
equation mentioned in eq. (3-7). Thus, a higher mass transfer rate will be accomplished,

which will lead to a higher humidity absorbed in the stagnant water model.
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3.4 Chapter Conclusion

In this chapter, a mathematical model has been developed for the bubble column humidifier
for two different models. These models are the bubble column humidifier model that has
stagnant water with a heating coil to maintain the required energy and the other model
where the air and water streams are moving. The first model was considered as the base
model for the other models that will be studied throughout this thesis. The base model was
validated with Liu [10] and found to be accurate with a maximum error percentage of 2.8%;
moreover, with consideration of Liu’s [10] reported uncertainty, the variation will be
eliminated for some of the results. The mathematical models covered the heat and mass
transfer and were solved through Engineering Equation Solver (EES).

The preliminary results for the base model investigated the influence of operational and
design parameters. The operational parameters are the effect of superficial velocity
variance on outlet air and water temperature, effectiveness and mass transfer coefficient.
The effect of water height on the system effectiveness was investigated too. The results
showed that the superficial velocity increment has a positive impact on the total heat
transfer and the mass transfer coefficient. However, the increase of the air superficial
velocity influences the bubble column humidifier effectiveness and the outlet temperature
of air and water negatively. Moreover, the results also revealed that height has an
insignificant effect on total system effectiveness. For the design parameter, different design
factors were investigated to gauge the influence of different parameters on the outlet
temperature of the air with the consideration of the optimum coil geometry. Theses design
parameters are the effect of coil outlet diameter and length variation on the coil outlet water

temperature and the achieved Reynolds number. Results showed that in order to eliminate
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the bubble adhesion to the hot water coil and avoid the interruption of the thermal balancing
of the air bubbles in the bubble column humidifier, it is suggested to minimize the outer
diameter of the heating coil while elongating the length of the coil to maintain the desired
heat and mass transfer rates inside the bubble column humidifier. Hence, it is essential to
balance between these design parameters to maintain the desired heat supplied by the coil.
The moving streams model was also studied and compared with the base model to highlight
the areas of strength for both models in addition to setting the optimum model. The
comparison covered the accomplished effectiveness of the system, the achieved humidity
ratio and the air temperature. Overall, the results showed that for a single stage bubble
column humidifier, the stagnant water model supersedes the moving streams model and
this is mainly due to the coil inserted in the bubble column humidifier that maintains the
thermal balance across the water in the column which provide stability to the air to absorb
more heat, hence the stagnant water model is the optimum system. Nevertheless, due to the
complexity of the design and practicality, the moving streams model will be considered as

the default design for the purpose of multi-staging that will be discussed in the next chapter.
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Chapter 4

Multi Staging Influence

In this chapter, an analytical investigation is performed in order to evaluate the
performance of a multi-stage bubble column humidifier for the moving streams model.
Series and Parallel configurations will be investigated to assess the effect of different
configurations on the bubble column humidifier performance. The effect of multi-staging
on different performance parameters will be explored, such as humidity ratio, total
humidifier effectiveness, the effectiveness of each stage and outlet air temperature with
different configurations. Furthermore, the influence of different operation parameters on
the humidifier performance will be investigated, and this includes the effect of varying inlet
water temperature, inlet air temperature, the mass ratio (m,.), and inlet relative humidity on
the outlet condition of both air and water stream as well as the total system effectiveness.
The mass ratio aforementioned is the mass ratio of the water to the air in the bubble column
humidifier. The ultimate goal of this section is to shed light on the influence of adding more
layers of bubble column humidifier on the total system effectiveness. This chapter will
address the required number of stages to achieve an effective bubble column humidifier
provided that the system operates in a preset initial boundary condition. To further explore
this subject, in this chapter, a comprehensive parametric study is performed to discover the
required number of stages to achieve a highly effective system with the variation of the
initial boundary conditions. This chapter also discussed and provided a comparison for the
operation and maintenance of both series and parallel multi-staged bubble column

humidifiers.

53



4.1 Multi-Staging Effect with Parallel and series Configuration

This Section will present the effect of multi-staging on the performance of the moving
streams model mentioned earlier in chapter 3, as well as investigating the bubble humidifier
configuration effect (Parallel or Series). The main difference between the series and
parallel configurations are the mass flow rate for the series configured humidifier which is
set to be four times the one for the parallel humidifier. In addition, at each stage, the inlet
water temperature is maintained constant for the parallel multi-staged columns while it is
changing in the series one. In this section, we will investigate the influence of multi-staging

on humidity ratio, effectiveness, effectiveness of each stage and outlet air temperature.
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Figure 4-1 Schematic of a Multi-Stage Humidifier in a Parallel Configuration

a

(1) Air Compressor, (2,6,24) Valve, (3,7,11,15,19) Rotameter, (4) Air bubbles, (5) water Heater, (8) first Stage of the
bubble column humidifier, (9,10,13,14,17,19,21,22) Thermocouples, (12) second Stage of the bubble column
humidifier, (16) Third Stage the bubble column humidifier, (21) fourth stage of the bubble column humidifier,
(23) Make-up tanks
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Figure 4-2 Schematic of a Multi-Stage Humidifier in a Series Configuration

(1) Air Compressor, (2,10,20) Valve, (3,11) Rotameter, (4) Air bubbles, (5) first Stage of the bubble column humidifier,
(6) second Stage of the bubble column humidifier, (7) Third Stage the bubble column humidifier, (8) fourth stage of
the bubble column humidifier, (9) water Heater, (12,13,14,15,16,17,18,19) Thermocouples, (21) Make-up tanks
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Effect of Number of Stages on the Total Effectiveness
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Figure 4-3 Effect of Number of Stages on The Total Effectiveness. Boundary Conditions:

Ta =33°C;P = 101.3kPa; T,,; = 60 °C; H = 0.02; My parauer = 2.8; ¢; = 40%

Figure 4-3 answers the central question of this thesis, which is the number of stages
suggested for optimum effectiveness with consideration of the financial feasibility. Results
in figure 4-3 show that the effectiveness is highly affected by adding more stages to the
HDH system. The results illustrated that the single stage of HDH system following the
moving streams model could accomplish 27% and 33% effectiveness for parallel and series
configuration respectively, with the addition of two more stages of bubble humidifiers in
any configuration, the effectiveness can be tripled to reach to almost 82%. At the fourth
stage, the bubble column humidifier will reach an effectiveness of 94%. Furthermore, the
results show that it not recommended to add the fifth stage since the effectiveness will
slightly increase to be 96%, which is not financially feasible. So, it is suggested to maintain
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only four stages since the effectiveness will not change considerably after the fourth stage.
Both series and parallel configuration have almost the same effectiveness with a slightly

higher percent for the series configuration.

Effect of Number of Stages on Outlet Humidity Ratio
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Figure 4-4 effect of number of stages on the outlet humidity ratio. Boundary conditions

Toi =33°C;P = 101.3kPa; T,,; = 60°C; H = 0.02; My paraner = 2.8; @; = 40%
Results in figure 4-4 show that influence of multi-staging to the outlet air humidity ratio,
the results show that both series and parallel configurations have almost the same results
for all the four stages. Results revealed that four stages are enough to almost triple the
results of the outlet humidity ratio for both configurations, the humidifier at the fourth stage
can produce air with a humidity ratio of almost 0.15 compared with a 0.05 at the first stage.
The humidity ratio increment noticed in the multi-stages bubble column humidifier is a
sign of a highly effective system since a higher value of humidity ratio leads to a higher

amount of water produced of the HDH system.
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Effect of Number of Stages on the Outlet Air Temperature
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Figure 4-5 Effect of multi-staging on the outlet air temperature. Boundary conditions:

Ta =33°C;P = 101.3kPa; T, = 60 °C; H = 0.02; My parauer = 2.8; ¢; = 40%

Results in figure 4-5 show that the influence of multi-staging to the outlet air temperature,
the results show that both series and parallel configurations have almost the same results
for all the four stages. Multi-staging influences the air temperature significantly, the results
show that the achieved outlet air temperature in the first stage is 40 C, whereas the

temperature has significantly increased at the fourth stage to be almost 59 C.
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Figure 4-6 reveals the influence of the multi-staging on the effectiveness of each stage. The

results represent a comparison of each stage achieved enthalpy with the maximum enthalpy

of the system to illustrates the effectiveness behavior as we increase the number of stages.

The smooth reduction of both parallel and series configured bubble column humidifiers

can be described by understanding the potential energy of each stage. For the first stage,

the air is at its lowest temperature, whereas the water will be at its peak temperature; thus,

the potential heat transfer is higher compared to the other stages where the air temperature

starts to increase the water temperature starts to decrease. Stated differently, the availability

of heat and mass transfer decreases with the increase of stages.
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4.1.1 Validation of the Results

The data has been tested and validated against a similar in nature research., This research
was done by Munteshari [2] where he investigated a multi-stages bubble column humidifier
experimentally, his work was done considering three stages for the humidifier setup. Below
IS a comparison between this thesis results that was investigated analytically with the

experimental results obtained by Munteshari [2]
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Figure 4-7 The effect of multi-staging on the total system effectiveness. Boundary conditions:
T, =33°C; P = 1013 kPa; T,,; = 60°C; m, = 2.8 ¢ =40% H = 0.02m

Figure 4-7 illustrates a qualitative similarity between the results obtained by Munteshari
[2] and the results analyzed by this thesis. The results show that at the third stage, the result
is found to be almost quantitatively similar with an accomplished three stages system
effectiveness of almost 84 %, this validation raises the confidence level of the obtained
results by this thesis since it can be compared with the results found experimentally by
Munteshari. The difference between the results found in the first and second stages can be
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attributed to some assumed parameters. Furthermore, the uncertainty reported by the
Munteshari was £2.52%. Thus, the gap of the error percentage will be reduced to an

acceptable level of confidence.

4.2 Operational Parameters Variation Influence

This section will investigate the influence of different parameters on the performance of
the modeled bubble column humidifier that consists of four stages configured in both series
and parallel configurations. These parameters are the effect of the inlet air and water
temperatures variation, the effect of the mass ratio variation and the influence of the inlet
relative humidity variation. These parameters were studied to explore the effect on the

outlet condition of both air and water, the overall effectiveness.
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Effect of Water Inlet Temperature on Exit Water and Air Temperatures
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Figure 4-8. Effect of Water Inlet Temperature on Exit Water and Air Temperatures. Boundary
conditions: Tg; = 33 °C; P = 101.3kPa; H = 0.02; m, parauer = 2.8; 0; = 40%
Figure 4-8 shows the influence of varying the water inlet temperature on the outlet
conditions of the bubble column humidifier for both configurations. It is evidently proven
that the higher the inlet water temperature, the higher the outlet water and air temperatures.
Overall, for both configurations, the inlet water temperature variance has a considerable
effect on the exit condition of water and air. As described earlier, provided that the air inlet
temperature is kept constant, the main attribution to this increase is the increase of the heat

and mass transfer availability due to water inlet temperature increase.
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Effect of Air Inlet Temperature on Exit Water and Air Temperatures
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Figure 4-9. Effect of air Inlet Temperature on Exit Water and Air Temperatures. Boundary conditions:
P = 101.3kPa; T,; = 60 °C; H = 0.02; M, parquer = 2.8; ¢; = 40%

Figure 4-9 shows the influence of varying the air inlet temperature to the outlet conditions
of the bubble column humidifier for both configurations. Evidently, the higher the inlet air
temperature, the higher the outlet air temperature as shown in figure 4-8, Both parallel and
series configurations will have almost the same results. For the water outlet temperature, it
is shown that there is a considerable increase which is directly proportional with the
increase of the air inlet temperature since the increase of the air inlet temperature will
minimize the opportunity for the air to extract heat from the water provided that the water

inlet temperature is fixed.
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Effect of Mass Ratio on Exit Water and Air Temperatures

70
5)
o
o
5 60 F
L I e ] Ll -2
& o=
5 _-A
[} o
= ’r’/
= 7
=z 50 F /,/
2 77 —&— Tao Parallel
S 1'/
g 7 — B - Two Parallel
O R
IS e/ |
g ol c«o<A -+ Tao Series
— 40 |
5 -=@--Two Series
v
=1
(@]

30 : L 1 L 1 1 1 1 1

0 1 2 3 4 5 6 7 g 5

Mass Ratio [-]
Figure 4-10. Effect of mass ratio on Exit Water and Air Temperatures. Boundary conditions:
Ty = 33°C;P = 101.3kPa; T,,; = 60 °C; H = 0.02; ¢; = 40%
Figure 4-10 demonstrates the influence of varying the mass ratio on exit water and air
temperatures. Provided that the mass flow rate of the air is kept constant and the inlet
temperatures of air and water are constant, the variation of the mass flow will have a
significant effect on the increment of the water outlet temperature for both configurations
, particularly at a mass ratio between 1 and 4. The results show also a minimal effect of the
mass ratio to the water temperature at a mass ratio number higher than 4. However, the

effect is found to be positively minimal to the air outlet temperature.
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Effect of Inlet Relative Humidity on Exit Water and Air Temperatures
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Figure 4-11. Effect of Inlet Relative Humidity on Exit Water and Air Temperatures. Boundary
conditions: T,; = 33 °C; P = 101.3kPa; T,,; = 60 °C; H = 0.02; M, pgraier = 2.8

Figure 4-11 indicates the influence of the Inlet Relative Humidity to the outlet water and
air temperatures. The results show that the higher the relative inlet humidity of the air, the
higher the exit air and water temperatures. The variation of the relative inlet humidity is
enough to raise the air temperature to 3 degrees from the initial temperature. On the other
side, varying the relative inlet humidity has an insignificant effect on the increment of the
water outlet temperature with 0.4 degrees for both series and parallel configured bubble
column humidifier. Overall, the variation of relative inlet humidifier has a slightly

considerable effect on the exit condition of the air and water.
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Effect of Water Inlet Temperature on Total Humidifier Effectiveness
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Figure 4-12. Effect of water inlet temperature on total humidifier effectiveness. Boundary conditions:
Ty = 33°C;P = 101.3kPa; H = 0.02; My parquer = 2.8; ¢; = 40%

The results shown in Figure 4-12 illustrate the influence of water inlet temperature
variation on total humidifier effectiveness. It is evidently shown that the effectiveness in
both configurations is impacted negatively with the increase of the inlet water temperature.
This can be attributed to the definition of the effectiveness, in this work, effectiveness has
been defined in equation (3-22) to be the actual enthalpy achieved compared to the
maximum achievable enthalpy that is calculated at the inlet water temperature, accordingly,

as the inlet water temperature increases the effectiveness decreases.
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Effect of Air Inlet Temperature on Total Humidifier Effectiveness
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Figure 4-13 Effect of Air Inlet Temperature on Total Humidifier Effectiveness. Boundary conditions:
P = 101.3kPa; T,; = 60 °C; H = 0.02; M, parquer = 2.8; ¢; = 40%

Results shown in Figure 4-13 indicate the effect of air inlet temperature variation on total
humidifier effectiveness. In contrast to the results shown in figure 4-12, the bubble column
humidifier total effectiveness is enhanced with the increase of the air inlet temperature, the
is due to the same reason aforementioned in the previous results of figure 4-12, where the
air inlet temperature increment increases the enthalpy achieved, consequently, that the
effectiveness in both configurations increases. The parallel configuration has a more

considerable improvement compared to the series configuration.
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Effect of Mass Ratio on Total Humidifier Effectiveness
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Figure 4-14. Effect of Mass Ratio on Total Humidifier Effectiveness. Boundary conditions:
Ty = 33°C;P = 101.3kPa; T,,; = 60 °C; H = 0.02; ¢; = 40%
Figure 4-14 reveals the influence of mass ratio on total humidifier effectiveness. As
described in the results of figure 4-10, provided that the mass flow rate of the air is kept
constant and the inlet temperatures of air and water are constant. The mass ratio will
insignificantly influence the air outlet temperature in a positive manner, which accordingly
will lead to a minimal impact on the air achieved enthalpy; thus, the total system

effectiveness will increase insignificantly.
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Effect of Inlet Relative Humidity on Total Humidifier Effectiveness
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Figure 4-15. Effect of inlet relative humidity on Total Humidifier Effectiveness. Boundary conditions:
Ty = 33°C;P = 101.3kPa; T,,; = 60 °C; H = 0.02; My paraner = 2.8

The results shown in Figure 4-15 illustrates the effect of inlet relative humidity on total
humidifier effectiveness. Results reveal that the air inlet relative humidity has a very
minimal effect on the effectiveness by approximately 0.02 increment both series and
parallel configured humidifier. This can be described as shown in figure 4-11, where the
maximum temperature increment due to varying the inlet air relative humidity is almost 3
degrees, which counts for a considerably low change in the enthalpy that will lead to a very
minimal change in the effectiveness. The influence of the inlet air relative humidity on the

performance of humidifier is an essential aspect as it signposts the optimum performance

operating conditions for its possible integration with a dehumidifier. Additionally, the inlet air
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to the system is ambient air, which might vary throughout the year. Therefore, the performance

of the humidifier was analyzed at a different relative humidity of the inlet air.

4.2.1 Required Number of stages for each Parameter

In the previous sections, the required number of stages to achieve high performance with
consideration of financial feasibility were investigated and found to be four (4) stages that
can achieve 94% effectiveness provided the initial boundary conditions used in the model.
Consequently, this parametric study will focus on the required number of stages to achieve

the 94% effectiveness with the variation of the initial boundary conditions

Figure 4-16 shows that the required number of stages increases with the decrease of the air
inlet temperature; evidently, this can be described by understanding the potential heat and
mass transfer that increases with the decrease of the air inlet. Consequently, more stages
are needed to raise the temperature to the desired temperature that will lead the system
anticipated effectiveness. In the same concept, if the inlet water temperature increase,
which is the hot stream, the potentiation heat and mass transfer increases, which means that
there is a need for more stages to recover that potential heat transfer that leads to the desired
effectiveness as shown in figure 4-17. In figures 4-18 and 4-19, the results revealed that
the mass ratio and air inlet relative humidity increment would have a minimal effect to the

required number of stages.
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Figure 4-16. Effect of Air Inlet Temperature on number of stages. Boundary conditions:
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Figure 4-17. Effect of water Inlet Temperature on number of stages. Boundary conditions:

To =33°C;P = 101.3kPa; H = 0.02;1M, paranier = 2.8; @ = 40%
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Figure 4-18. Effect of mass ratio Temperature on number of stages. Boundary conditions:
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Figure 4-19. Effect of Inlet relative humidity on number of stages. Boundary conditions:

To =33°C;P = 101.3kPa; T, = 60 °C; H = 0.02; M, parauer = 2.8
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4.3 Operation and Maintenance

Ultimately, this section will provide a comparison of parallel and series multi-staged
bubble column humidifiers for the operation and maintenance aspects. This will provide a
full picture of the practicality of both configurations. Generally, HDH desalination systems

are inexpensive to build and maintain.

4.3.1 Operation

In the bubble column humidifier, heat and mass are transferred simultaneously from saline
water to the air stream. For a series multi-staged bubble column humidifier, the hot water
stream enters the bubble column from the top of the bubble column humidifier and through
the water entrance gate, which is located in the fourth stage as indicated in Figure 4-2, after
which the water will flow over the sparger until reaching the exit water gate that will allow
the water to flow through to the other stage. The same operation will be repeated in the
next stages until it reaches the lower plate, eventually, the water will be drained to the water
heater for other iterations. For the air streams, the air is sparged through the perforated
plate that is located at first stage bottom plate to form bubbles that will pass through a pool
of hot water. Thus, due to the direct contact process, heat and mass are transferred
simultaneously from the hot water to the air stream. Then, the humid air will go through to
the next stages in the same operation until reaching the air exit gate. For the parallel multi-
staged bubble column humidifier, the process of heat and mass transfer between the water
stream and air bubbles are the same as the process in the series multi-staged. For the air
stream, the same operation will take place as the series multi-staged bubble column

humidifier. In contrast, as shown in figure 4-1, the water stream will be split into four (4)
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parallel streams that will enter each stage separately. The main difference between the
series and parallel configurations are the mass flow rate for the series configured humidifier
which is set to be four times the one for the parallel humidifier. In addition, at each stage,
the inlet water temperature is maintained constant for the parallel multi-staged columns
while it is changing in the series one. Hence, it is clear that the series multi-staged bubble
column humidifier has a more straightforward operation compared with the parallel multi-

staged one.

4.3.2 Maintenance

Generally, adding trays will boost up the system performance; however, it adds additional
complexity to the maintenance of a multi-staged bubble column humidifier. A parallel
multi-staged bubble column humidifier will require less complicated maintenance

compared to the series multistage one due to the separation of each stage.

4.4 Enthalpy Pinch

Enthalpy pinch is a performance measure for heat and mass exchanger. It can be considered
as the minimum loss of enthalpy between the two streams in the bubble column humidifier.
In the figures, it represents the minimum distance between the water and air streams
achieved enthalpy. The lower the enthalpy pinch, the better the bubble column humidifier

performance.
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Parallel Configured Bubble Column Humidifier
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Figure 4-20 Enthalpy Pinch for Parallel Configured Bubble Column Humidifier

For the Parallel configured bubble column humidifier, the results shown in figure 4-20
indicated that the system has an enthalpy pinch of 47 kJ/kg dry air which considered to be
slightly higher in comparison with the enthalpy pinch found in Karim M. Chehayeb [29]

work, his study revealed an enthalpy pinch of 20 kJ/kg dry air.
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Series Configured Bubble Column Humidifier
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Figure 4-21 Enthalpy Pinch for Series Configured Bubble Column Humidifier

Results in figure 4-21 indicate that the series configured bubble column humidifier has a
higher enthalpy pinch than the parallel configured bubble column humidifier. The results
revealed tha t an enthalpy pinch of 70 kJ/kg dry air is the accomplished series configured
bubble column humidifier, which is higher than the one obtained in the parallel humidifier.

Thus, parallel configured humidifier is more efficient.
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4.5 Chapter Conclusion

The ultimate goal of this chapter is to shed light on the influence of adding more layers to
the bubble column humidifier on the total system performance. In this chapter, an analytical
investigation was performed in order to evaluate the performance of a multi-stage bubble
column humidifier for the moving streams model. Different configurations were studied to
assess the effect of different configurations on the bubble column humidifier performance,
these are Series and Parallel multi-staging. The effect of multi-staging on different
performance parameters was also investigated, these are the outlet humidity ratio, total
humidifier effectiveness, outlet air temperature and each stage's effectiveness for both
series and parallel configurations. The results showed that the effectiveness, humidity ratio
and outlet air temperature is profoundly affected by adding more stages to the HDH system,
the results illustrated that the single stage of HDH system following the moving streams
bubble column humidifier model could accomplish 27% and 33% effectiveness for parallel
and series configuration respectively, with the addition of three more stages of bubble
humidifiers in any configuration, the effectiveness can be tripled to reach to almost 94%.
Both series and parallel configuration have almost the same results with a slightly higher
percent for the series configuration. The data has been validated with Muntashri’s [2] work,
where he investigated multi-stages bubble column humidifier experimentally, his work was
done considering three stages for the humidifier setup. In the third stage, the result is found
to be quantitatively similar with a maximum effectiveness difference of 0.09%. This
validation raises the confidence level of the obtained results. This chapter addressed the
required number of stages to achieve an effective bubble column humidifier provided that

the system operates in a preset initial boundary condition. Moreover, a comprehensive
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parametric study is performed to discover the required number of stages to achieve a highly
effective system with the variation of the initial boundary conditions. The results are
showing that the required number of stages increases with the decrease of the air inlet
temperature. In contrast, if the inlet water temperature increase, the required number of
stages increase. Furthermore, mass ratio and air inlet relative humidity increment will have
a minimal effect on the required number of stages. This chapter also covered a
comprehensive parametric study that shows the influence of different operational
parameters on the outlet conditions of both air and water streams as well as the total system
effectiveness for both configurations. These parameters are the inlet water temperature,
inlet air temperature, mass ratio, and relative humidity. Overall, the results illustrated that
the increment of these parameters would increase the outlet air and water temperature. On
the other side, the overall effectiveness is negatively affected by varying the water inlet
temperature. Nevertheless, the other parameters increase will have a positive impact on the
total effectiveness. This chapter also discussed the operational and maintenance differences
between the parallel and series multi-staged bubble column humidifier. The discussion
revealed that the series multi-staged bubble column humidifier has a more straightforward
operation compared with the parallel multi-staged one. However, a Parallel multi-staged
bubble column humidifier will require less complicated maintenance compared to the
series multi-staged one. Moreover, Enthalpy pinch was investigated to assess the
performance of the bubble column humidifier form another angle. Results revealed that
both parallel and series configured humidifiers are having an enthalpy pinch of 47 kJ/kg

dry and 70 kJ/kg dry air respectively.
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Chapter 5

Conclusion and Future Work

5.1 Conclusion

In this thesis, a mathematical model has been developed to study the multi-stage bubble
column humidifier as part of the Humidification dehumidification desalination system
(HDH) for two different models. These models are the bubble column humidifier model
that has stagnant water with a heating coil to maintain the required energy and the other
model where the air and water streams are moving. The first model was considered as the
base model for the other models that will be studied throughout this thesis. The
mathematical models covered the heat and mass transfer and were solved through
Engineering Equation Solver (EES).

The main obtained results are summarized as follows:

= The base model is validated with Liu [10] and found to be accurate with a maximum
error percentage of 2.8%; moreover, with consideration of the Liu [10] reported
uncertainty, this variation will be eliminated for some of the results.

= The results show that the superficial velocity increment has a positive impact on the
total heat transfer and the mass transfer coefficient

=  The increase of the air superficial velocity influences the bubble column humidifier
effectiveness and the outlet temperature of air and water negatively.

= Moreover, the results also reveal that the column liquid height has an insignificant

effect on total system effectiveness.
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Results show that in order to eliminate the bubble adhesion to the hot water coil and
avoid the interruption of thermal balancing of air bubbles in the bubble column
humidifier, it is suggested to balance between the outer diameter and length of the
heating coil to maintain the desired heat and mass transfer rates inside the bubble
column humidifier.

Results show that the stagnant water model supersedes the moving streams model,
and this is mainly due to the coil inserted in the bubble column humidifier that
maintains the thermal balance across the water in the column.

The stagnant water model is the optimum system. Nevertheless, due to the
complexity of the design and practicality, the moving streams model is considered
as the default design for the purpose of multi-staging.

Effectiveness, humidity ratio and outlet air temperature are profoundly affected by
adding more stages to the HDH system

A single stage of bubble column humidifier can accomplish 27% and 33%
effectiveness for parallel and series configuration, respectively, with the addition of
three more stages of bubble humidifiers in any configuration, the effectiveness can
be tripled to reach to almost 94%.

Both series and parallel configuration have almost the same results with a slightly
higher percent for the series configuration.

The data has been validated with Muntashri’s [2] and the results are found to be
quantitatively similar with a maximum effectiveness difference of 0.09% in the third

stage.
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Provided the preset initial boundary conditions, the required number of stages to
achieve an effective bubble column humidifier is found to be four (4) stages.
Results show that the required number of stages increases with the decrease of the
air inlet temperature.

In contrast, if the inlet water temperature increase, the required number of stages
increase.

Mass ratio and air inlet relative humidity increment have a minimal effect on the
required number of stages.

Results illustrate that the increment in the inlet water temperature, inlet air
temperature, mass ratio and relative humidity would increase the outlet air and water
temperature.

The overall effectiveness is negatively affected by the increase of the water inlet
temperature.

The inlet air temperature, mass ratio and relative humidity increase have a positive
impact on the total effectiveness.

Series multi-staged bubble column humidifier has a more straightforward operation
compared with the parallel multi-staged one.

Parallel multi-staged bubble column humidifier requires less complicated
maintenance compared to the series multi-staged arrangement.

Results reveal that both parallel and series configured humidifiers are having an

enthalpy pinch of 47 kJ/kg dry and 70 kJ/kg dry air respectively.
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5.2 Future Work

Investigate this study experimentally; this will raise the confidence of the credibility
of the results. The experimental study would provide a physical expression of
different aspects of the study, which might illuminate us to more factors that may
affect the overall system performance.

Investigate the feasibility of using different type of water with different
contaminations. The main intention of this recommendation is to study the behavior
of different types of water on the outlet air humidity ratio that will be influence the
amount of the produced fresh water.

Integrate the effect of the heat sources to the analytical equations as it is a vital part
of the HDH system. This will ensure capturing all HDH parts' contribution to the
overall system performance.

Study the feasibility of running the system using solar energy as a primary source
of heat. This addition will create a platform for integration between the desalination
system and renewable energy.

Consider of the study different designs of a dehumidifier to analyze the

performance of the overall HDH system.

82



[1]

[2]

3]

[4]

[5]

[6]

[7]

REFERENCES

El-Agouz, S. A., and Abugderah, M., 2008, “Experimental analysis of humidification
process by air passing through seawater,” Energy Convers. Manag.,49(12), pp. 3698—
3703.

Obaidallah Mohammad Ali Munteshari, 2014, “Multi-stage Bubble Column
Humidifier for Thermal Driven Mechanical Compression Humidification
Dehumidification Desalination System” MS Thesis, King Fahad University of
Petroleum and Minerals, Dhahran.

Hafiz Muhammad Abd-ur-Rehman,2015. “Experimental Investigation of Solar
Driven Multi-Stage Stepped Bubbler Humidifier” MS Thesis, King Fahad University
of Petroleum and Minerals, Dhahran.

Narayan, G. P., and Lienhard V, J., 2012, “Thermal Design of Humidification
Dehumidification Systems for Affordable and Small-scale Desalination”
Massachusetts Institute of Technology, Cambridge, US.

Tow, E. W., and Lienhard V, J. H., 2014, “Experiments and Modeling of Bubble
Column Dehumidifier Performance,” Int. J. Therm. Sci., 80, pp. 65—75.

J. Orfi, M. Laplante, H. Marmouch, N. Galanis, B. Benhamou, S. B. Nasrallah, and
C. Nguyen, "Experimental and theoretical study of a humidification dehumidification
water desalination system using solar energy," Desalination, vol. 168, p. 151, 2004.
M. Ben Amara, I. Houcine, A. Guizani, and M. Maalej, "Experimental study of a
multiple-effect humidification solar desalination technique,” Desalination, vol. 170,

pp. 209-21, 2004.

83



[8] Amer, Kotb and Mostafa EI-Ghalban,” Theoretical and experimental investigation of
humidification—dehumidification desalination unit” Desalination Volume 249, Issue
3, 25 December 2009, Pages 949-959

[9] K. Zhania and H. B. Bacha, “Experimental Investigation of a New Solar Desalination
Prototype Using the Humidification-Dehumidification Principle,” Renewable
Energy, Vol. 35, No. 11, 2010, pp. 2610-2617.

[10] Huicheng Liu, 2015, “The Effect of Pressure on Humidification and
Dehumidification Processes for HDH Desalination Systems” MS Thesis, King Fahad
University of Petroleum and Minerals, Dhahran.

[11] Y. J. Dai and H. Zhang, "Experimental investigation of a solar desalination unit with
humidification and dehumidification,” Desalination, vol. 130, pp. 169-75, 2000.
[12] M. Khedr, "Techno-economic investigation of an air humidification-
dehumidification desalination process,” Chemical Engineering Technology, vol. 16,

pp. 270-4, 1993.

[13] Al-Enezi, H. Ettouney, and N. Fawzi, "Low temperature humidification
dehumidification desalination process,” Energy Conversion and Management, vol.
47, pp. 470-84, 2006.

[14] H. Garg, R. Adhikari, and R. Kumar, "Experimental design and computer simulation
of multi-effect humidification (meh) - dehumidification solar distillation,"”
Desalination, vol. 153, pp. 81-86, 2002.

[15] A. Nafey, H. Fath, S. El-Helaby, and A. Soliman, "Solar desalination using
humidification-dehumidification processes. part ii. an experimental investigation,"

Energy Conversion and Management, vol. 45(7-8), pp. 1263-77, 2004.

84



[16] N. K. Nawayseh, M. M. Farid, S. Al-Hajaj, and A. R. Tamimi, "Solar desalination
based on humidification process-i evaluating the heat and mass transfer coefficients,"

Energy Conversion and Management, vol. 40, pp. 1423-49, 1999.

[17]H. B. Bacha, T. Damak, and M. Bouzguenda, "Experimental validation of the
distillation module of a desalination station using the smcec principle,” Renewable
Energy, vol. 28, pp. 2335-54, 2003.

[18] S. Al-Hallaj, M. M. Farid, and A. R. Tamimi, "Solar desalination with
humidification-dehumidification cycle: performance of the unit,” Desalination, vol.
120, pp. 273-280, 1998.

[19] Y. Li, J. F. Klausner, and R. Mei, "Performance characteristics of the diffusion driven
desalination process,” Desalination, vol. 196, pp. 188-96, 2006.

[20]M. M. Farid and A. W. Al-Hajaj, "Solar desalination with humidification-
dehumidification cycle," Desalination, vol. 106, pp. 427-429, 1996.

[21] C. Yamali and I. Solmus, "A solar desalination system using humidification-
dehumidification process: experimental study and comparison with the theoretical
results,” Desalination, vol. 220, pp. 538-51, 2008.

[22] I. Houcine, M. B. Amara, A. Guizani, and M. Maalej, "Pilot plant testing of a new
solar desalination process by a multiple-effect-humidification technique,”
Desalination, vol. 196, pp. 105-124, 2006.

[23] Joshi, J. B., and Sharma, M. M., 1979, “A circulation cell model for bubble columns,”

Chem. Eng. Res. Des., 57a, pp. 244-251.

85



[24] Akita, K., and Yoshida, F., 1973, “Gas holdup and volumetric mass transfer
coefficient in bubble columns,” Ind. Eng. Chem. Process Des. Dev., 12(1), pp. 76—
80.

[25] Miller, D. N., 1974, “Scale-up of agitated vessels gas-liquid mass transfer,” AIChE
J., 20(3), pp. 445-453.

[26] Braun, J. E., Klein, S. A., and Mitchell, J. W., 1989, “Effectiveness models for
cooling towers and cooling coils,” ASHRAE Trans., 95(2), pp. 164-174.

[27] Mori, Y., and Nakayama, W., 1965, “Study on forced convective heat transfer in
curved pipes (1st report, laminar region),” Int. J. Heat Mass Transf., 8(1), pp. 67-82.

[28] Deckwer, W.-D., 1980, “On the mechanism of heat transfer in bubble column
reactors,” Chem. Eng. Sci., 35(6), pp. 1341-1346.

[29] Karim Malek Chehayeb, “Numerical Fixed-Effectiveness and Fixed-Area Models of
the Humidification Dehumidification Desalination System with Air Extractions and
Injections” 2014, MIT

[30] Shargawy, M. H., Antar, M. A., Zubair, S. M., and Elbashir, A. M., 2014, “Optimum
thermal design of humidification dehumidification desalination systems,”
Desalination, 349, pp. 10-21.

[31] Antar, M. A., and Sharqawy, M. H., 2013, “Experimental investigations on the
performance of an air heated humidification—dehumidification desalination system,”
Desalin. Water Treat., 51(4-6), pp. 837-843.

[32] A. E. Kabeel, Mofreh H. Hamed, Z. M. Omara and S. W. Sharshir, “Water
Desalination Using a Humidification-Dehumidification Technique—A Detailed

Review” Natural Resources, 2013, 4, 286-305

86



[33] Narayan, G. P., Mistry, K. H., Shargawy, M. H., Zubair, S. M., and Lienhard V, J.
H., 2010, “Energy effectiveness of simultaneous heat and mass exchange devices,
Front. Heat Mass Transf., 1, pp. 1-13.

[34] Narayan, G. P., Shargawy, M. H., Summers, E. K., Lienhard, J. H., Zubair, S. M.,
and Antar, M. A., 2010, “The potential of solar-driven humidification—
dehumidification desalination for small-scale decentralized water production”
Renew. Sustain. Energy Rev., 14(4), pp. 1187-1201.

[35] Dai, Y. J., Wang, R. Z., and Zhang, H. F., 2002, “Parametric analysis to improve the
performance of a solar desalination unit with humidification and dehumidification,”
Desalination, 142(2), pp. 107-118.

[36] Yamali, C., and Solmus, I., 2008, “A solar desalination system using humidification-
dehumidification process: experimental study and comparison with the theoretical
results,” Desalination, 220(1-3), pp. 538-551.

[37] Yuan, G., Wang, Z., Li, H.,, and Li, X., 2011, “Experimental study of a solar
desalination system based on humidification—dehumidification process,”
Desalination, 277(1-3), pp. 92-98.

[38] Khedr, M., 1993, “Techno-Economic investigation of an air humidification-
dehumidification desalination process,” Chem. Eng. Technol., 16(4), pp. 270-274.

[39] Chafik, E., 2003, “A new type of seawater desalination plants using solar energy,”
Desalination, 156(1-3), pp. 333-348.

[40] El-Agouz, S. A., 2010, “Desalination based on humidification—dehumidification by

air bubbles passing through brackish water,” Chem. Eng. J., 165(2), pp. 413—4109.

87



[41] Kantarci, N., Borak, F., and Ulgen, K. O., 2005, “Bubble column reactors ‘“Process
Bio-chem., 40(7), pp. 2263—-2283.

[42] Zehner, P., and Kraume, M., 2000, “Bubble columns,” Ullmann’s Encyclopedia of
Industrial Chemistry, Wiley Online Library, Weinheim, Germany.

[43] Shaikh, A., and Al-Dahhan, M. H., 2007, “A review on flow regime transition in
bubble columns,” Int. J. Chem. React. Eng., 5.

[44] Vlachogiannis, M., Bontozoglou, V., Georgalas, C., and Litinas, G., 1999,
“Desalination by mechanical compression of humid air,” Desalination, 122(1), pp.
35-42.

[45] Higbie, R., 1935, “The rate of absorption of a pure gas into a still liquid during a short
time of exposure,” Trans. AIChE, 31, pp. 365-389.

[46] Kang, Y. T., Akisawa, A., and Kashiwagi, T., 2000, “Analytical investigation of two
different absorption modes: falling film and bubble types,” Int. J. Refrig., 23(6), pp.
430-443.

[47] Ghazal, M. T., Atikol, U., and Egelioglu, F., 2014, ““An experimental study of a solar
humidifier for HDD systems,” Energy Convers. Manag., 82, pp. 250—-258.

[48] Narayan, G. P., Shargawy, M. H., Lienhard V, J. H., and Zubair, S. M., 2010,
“Thermodynamic analysis of humidification dehumidification desalination cycles,”
Desalin. Water Treat., 16(1-3), pp. 339-353.

[49] Ghalavand, Y., Hatamipour, M. S., and Rahimi, A., 2014, “Humidification

compression desalination,” Desalination, 341, pp. 120-125.

88



[50] Wilkinson, P. M., Haringa, H., and Van Dierendonck, L. L., 1994, “Mass transfer
and bubble size in a bubble column under pressure,” Chem. Eng. Sci., 49(9), pp.
1417-1427.

[51] Letzel, H. M., Schouten, J. C., Krishna, R., and van den Bleek, C. M., 1999, “Gas
holdup and mass transfer in bubble column reactors operated at elevated pressure,”
Chem. Eng. Sci., 54(13-14), pp. 2237-2246.

[52] Vandu, C. O., and Krishna, R., 2004, “Influence of scale on the volumetric mass
transfer coefficients in bubble columns,” Chem. Eng. Process. Process Intensif.,
43(4), pp. 575-579.

[53] Shargqawy, M. H., and Liu, H., 2015, “The effect of pressure on the performance of
bubble column dehumidifier,” Int. J. Heat Mass Transf., 87, pp. 212-221.

[54] Wu, C., Al-Dahhan, M. H., and Prakash, A., 2007, “Heat transfer coefficients in a
high-pressure bubble column,” Chem. Eng. Sci., 62(1-2), pp. 140-147.

[55] Cho, Y. J., Woo, K. J., Kang, Y., and Kim, S. D., 2002, “Dynamic characteristics of
heat transfer coefficient in pressurized bubble columns with viscous liquid medium,”
Chem. Eng. Process. Process Intensif., 41(8), pp. 699-706.

[56] Lin, T.-J., and Fan, L.-S., 1999, “Heat transfer and bubble characteristics from a
nozzle in high-pressure bubble columns,” Chem. Eng. Sci., 54(21), pp. 4853—-4859.
Merkel, F., 1925, “Verdunstungskiihlung,” VDI-Zeitschrift, 70, pp. 123-128. 99

[57] Kloppers, J. C., and Kréger, D. G., 2005, “The Lewis factor and its influence on the
performance prediction of wet-cooling towers,” Int. J. Therm. Sci., 44(9), pp. 879—

884.

89



[58] Lewis, W. K., 1933, “The evaporation of a liquid into a gas—a Correction,” Mech.
Eng., 55, pp. 567-573.

[59] Shimizu, K., Takada, S., Minekawa, K., and Kawase, Y., 2000, “Phenomenological
model for bubble column reactors: prediction of gas hold-ups and volumetric mass
transfer coefficients,” Chem. Eng. J., 78(1), pp. 21-28.

[60] Oztiirk, S. S., Schumpe, A., and Deckwer, W.-D., 1987, “Organic liquids in a bubble
column: Holdups and mass transfer coefficients,” AIChE J., 33(9), pp. 1473-1480.

[61] Hikita, H., Asai, S., Tanigawa, K., Segawa, K., and Kitao, M., 1981, “The volumetric
liquid-phase mass transfer coefficient in bubble columns,” Chem. Eng. J., 22(1), pp.
61-69.

[62] Klein, S. A., 2015, “Engineering Equation Solver, Academic Professional V9.73.”

[63] G. Al-Enezi, H. Ettouney, and N. Fawzi, "Low temperature humidification

dehumidification desalination process,” Energy Conversion and Management, vol.

47, pp. 470-84, 2006.

90



VITAE

Name: Meshary Abdulkareem Al-Bahli
Nationality: Saudi
Date of Birth: 15 September, 1990
Email: meshary.bahli@hotmail.com
Address: Khobar, Saudi Arabia
Postal Address: Zan Street — Khobar 31952 - 3927
Academic Background: Mechanical Engineering
Education:
= Master of Science in Mechanical Engineering, 2020, King Fahd University of
Petroleum and Minerals, Dhahran, Saudi Arabia
= Bachelor of Science in Mechanical Engineering, 2013, King Fahd University of
Petroleum and Minerals, Dhahran, Saudi Arabia

Published Papers:

e Meshary A. Al-Bahli, Mohammed A. Antar, 2020 “Mathematical Modeling of
Multi-Stage Bubble Column Humidifier for Humidification-Dehumidification
(HDH) Water Desalination System” Proceedings of 2020 ASME Summer Heat
Transfer Conference, FL, USA (Accepted Abstract)

e Meshary A. Al-Bahli, Mohammed A. Antar, 2020 “Behavioral Study of Two
Bubble Column Humidifier Models — Analytical Study” (To Be Submitted)

e Meshary A. Al-Bahli, Mohammed A. Antar, 2020 “Multi Stages Effect on
Enhancing the Bubble Column Humidifier System Performance” (To Be Submitted)

e Meshary A. Al-Bahli, Mohammed A. Antar, 2020 “Parallel and Series Multi-
Staged Bubble Column Humidifier — Comprehensive Study” (To Be Submitted)

91



