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ABSTRACT

Full Name : [ABDULAZIZ ABDULLAH ALSAIF]

Thesis Title : [AN INNOVATIVE AND PRACTICAL DEFINITION OF ENERGY
EFFECTIVENESS FOR HUMIDIFICATION DEHUMIDIFICATION
DESALINATION SYSTEMS]

Major Field : IMECHANICAL ENGINEERING]

Date of Degree : [December 2020]

Humidification dehumidification (HDH) cycles are reliable, simple, and easy to be
maintained. In this thesis, the closed-air open-water (CAOW) HDH cycle is investigated.
The energy and mass balance equations are effectively used in the humidification
dehumidification cycle utilizing an implicit/explicit model that is founded on
charted/correlated properties of saturated air specific enthalpy and temperature. The current
study proposes a compact, analytical, and novel model that facilitates using the
humidification dehumidification model. Based on these correlations, the humidification
dehumidification system is modeled analytically. This explicit model is utilized for getting
a better understanding of the impact of operating conditions on the performance of the
closed-air open-water water-heated HDH system. Pinch-based energy effectiveness is
introduced for the analysis of the humidifier and dehumidifier as a replacement to the
terminal-based energy effectiveness, enthalpy pinch, and temperature pinch. Energy
effectiveness combines the impact of both temperature and concentration (salinity and
humidity of seawater and air, respectively). An assessment of the evaluated results based

on the proposed method and the literature is presented and good agreement is noted

XV



between the current model and theoretical data with a minor error of +2.29%. Also, a direct
design procedure is proposed in this research in order to size the closed-air open-water
water-heated humidification dehumidification desalination system. The city of Dhahran is
taken as a case study. The system selected for this location is designed to produce 5 kg hr-
! of freshwater at average minimum and maximum temperature of seawater assumed 25
and 70°C, respectively. It is found that to run the system optimally around the year, energy

effectiveness should be at average of 78%.

Thermodynamic balancing is a powerful technique to minimize the entropy generation in
any thermal system. This technique is used to improve the CAOW HDH system
performance by extracting the recirculated air from the humidifier to the dehumidifier. The
objective of the current thesis is to study the performance of dehumidifier and humidifier
with/without extraction using the proposed energy effectiveness definition analytically. It
is found that the gained output ratio of the dehumidification humidification desalination
system with and without extraction increases as energy effectiveness rises. It is important
to emphasize that applying extraction and injection technique improves the system
performance after a certain value of energy effectiveness. Below this point, the system
performance after applying injection and extraction overlaps with that of zero extraction
i.e. injection and extraction technique has zero impact at low energy effectiveness values.
The gained output ratio of the dehumidification humidification desalination system
with/without extraction rises as top seawater temperature increases to a certain level where
it is optimum and then it decreases after it. At € = 97% of the humidifier and dehumidifier,
the performance of the humidification dehumidification system performance after applying

extraction and injection technique is significantly enhanced by 83.1%.
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CHAPTER 1

INTRODUCTION

Kingdom of Saudi Arabia is located between latitudes 16° and 33° N, and longitudes 34°
and 56° E. In Kingdom regions, there is an acute lack of freshwater resources. Therefore,
freshwater desalination is a necessity in the Kingdom with a major share in the Kingdom’s
energy consumption and due to population increase, it will keep rising in the future and it
could be doubled by 2030 [1]. In this manner, saltwater distillation strategies in
combination with preservation endeavors are required in regions wherever quantities of
natural assets of drinking (consumable) water are lessening [2]. Saudi Arabia is considered
a major producer of desalinated water with a vast share in the Middle East where more than

15% of the total national energy is consumed in freshwater production [3].

Desalination can be characterized into electrical, thermal, and mechanical procedures, for
example, multi-effect desalination (MED) is frequently utilized as a thermal desalination
technique [4]. These techniques are extremely successful for desalinating water. Though,
it cannot be introduced as a unit of small-scale since their maintenance expenses are
moderately high. A different alternative to desalinate water might be used in situations

when capital and running/maintenance assets are inadequate. The humidification



dehumidification cycle is ecologically friendly as well as favorable when it comes to

smaller-scale uses.

From physics, the air is used as a bearer to desalinate seawater utilizing the cycle of
rainwater, in which seawater temperature is raised by sun radiations and vaporizes in the
atmospheric air. At that point, the moist air rises, and the structure cloud mists. Then, each
cloud condenses in the form of rain that can be utilized later. The humidification
dehumidification (HDH) system can be considered as a descendant for sun oriented still
(solar still). The humidification dehumidification cycle mimics the cycle of rain. This
system has gotten steady consideration recently where a couple of investigators have

examined some configurations of these HDH systems [5].

HDH cycles can be characterized into two general categories [6]. To start with, based on
the type of energy utilized, for example, sun oriented, geothermal, and thermal, etc. The
second category relies upon how HDH is designed. Based on the clear indication in the
name [7] running in a continuous cycle, dehumidified and humidified as opposite to

CWOA cycle [8] where the temperature of the air is raised by adding heat to it.



1.1 Freshwater sources

Freshwater is very important to mankind. It has different chemical properties, which play
an essential role in all organic life. A long time ago, water was the strategic source to build
the nations and growth of civilizations. Therefore, nations lived nearby lakes, waterfalls,
and rivers. At present time, many countries are wealthy in water sources whereas others
are suffering from water shortage or pollution. Water is the most used chemical compound
for many applications in industries, agriculture growth, and human usage. Availing
adequate drinking water for many countries is a real problem such that many poor countries
are forced to utilize unhealthy water for drinking and their daily use, which might lead to
several related diseases and infections. Some countries are rich with adequate drinking
water either from natural sources or through industrial processes (desalination plants) that
have helped to achieve rapid growth in population and the standard of living in the last
decades.

A large portion of the earth's water (97%) is seawater in seas and oceans and around 2% in
ice caps and glaciers. The rest of that is available underground, in rivers and lakes.
However, nature is cycling the freshwater from the solar distillation of the seawater to the
grounds and again to oceans (natural water cycle). The process occurs such that the sun
heats and evaporates the surface water of the seas forming water vapor that is generated
and raised into the upper layer of the atmosphere. Then it is condensing to form clouds and

again returns to the earth in the form of rain and snow which flows back to the oceans [9].



1.2  Freshwater properties

Water has universal solvent properties. Dissolved chemical materials to such an extent
that it is not suitable for human consumption. Also, water sources in nature are exposed
to pollutants from industries and domestic areas. According to the Water Health
Organization (WHO), suitable water for drinking is determined based on the concentration
of the dissolved substances. The WHO standard for the maximum dissolved salt in
drinking water is 500 ppm with the limit of chloride ions at 250 ppm. However,
groundwater with salinity from 3000 to 4000 ppm in some dry areas might be used for

drinking [10].

Seawater salinity (ppt)
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Figure 1.1. Different salinities of water resources [11].



The seawater in many parts of the world is the same in water chemistry. The salinity factor
is a characteristic of seawater that determines the demand for treatment. For the analysis
of the total concentration of dissolved salts, which varies from one location to another, the
lowest value is 7000 at the Baltic Sea whereas the maximum value is recorded at the Red

sea with 43000 ppm as shown in Fig. 1.1 [11].



1.3  The problem of freshwater scarcity

The rainfall and water ground storage quantity is adequate for the demand of the world
population but unfortunately, the distribution of rainfall is not uniform in different areas
around the globe. Particularly in the MENA region, which has no natural water sources in
some areas like Gulf countries and a low quantity of rainfall over the seasons of the year.
Another important issue is the growth of the world population where the statistical data
shows rapid growth over the past fifty years as shown in Fig 1.2. The trend also predicts
that by 2025, the world population would be 7.5 billion. This growth is more pronounced
in water scarcity areas. Water shortage is growing by many other factors. For instance, the
raising of the standard of living in many cities all over the world, the rapid expansion of
industries, the agriculture and the demand of many food products, lack of clean water and
variation of culture and water reclamation awareness.

After oil exploration in Middle East countries, the oil sales and income growth were
reflected in the standard of living and the large-scale development of the water engineering
solutions to fulfill the huge water demand in the industry sector and supply more above
what the local population had consumed. The development of water research also discovers
the needs of some countries, which have plenty of available water but are not uniformly
distributed to focus on the solution for water demands in the areas that experience water
shortages. However, the rapid agriculture expansion in many countries is based on water
availably. Some organizations are prohibiting random groundwater exploration and
enhance irrigation processes to maintain the storage of groundwater mainly in the dry areas.
Moreover, water shortages are considered political issues, especially in the countries that
share one natural water source such as lakes, rivers, or springs.
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The international memorandum of understanding and agreements are governing the share
of each country besides the essential agreement from all water shareholders for acceptance
of the other water applications like building a power plant, scientific military experiments,

or new channel branching, especially for rivers and lakes.

Population growth continues at the global level, but the rate of increase is slowing,
and the world’s population could cease to grow around the end of the century

3.0 95% population prediction intervals — 14
©
&
e 254 - 12
o}
1<
@ e tate
& - o CHE
£ 204 Growth rate (left axis) o= e - 10 _
2 &= )
] .- 2
5} P é
S 15 o L 2
3 s
g s
g | . 2
S 1.0 6 8_
© e
S 05 - 4
& Total population (right axis)
©
©
o
O 0.0 - 2
o
>
<

-0.5 - -0

[ T T I T I T T T I I I I I I 1
1950 1970 1990 2010 2030 2050 2070 2090
Year

Data source: United Nations, Department of Economic and Social Affairs, Population Division (2019). World Population Prospects 2019.

Figure 1.2. Projection of globe populace, 1900 — 2100 [12].



1.4 Resolution of freshwater scarcity

Economic policy, in many countries, is strongly dependent on water security and
insurance of water storage and transportation. Water security is also considered as the top
priority for countries where water might be threatened by many factors such as oil leakage,
political war, chemical toxic material, etc.

Many alternatives solutions to water problems are being popularly used like controlling
water consumption, proactive water distribution, reclamation, purification and water
reuse, strategic water storage...etc. When all of the preceding solutions of water control
are not working effectively, seawater desalination demand is addressed and considered to
be implemented.

Many countries especially in the Mena region have built desalination plants to encounter
the expansion in the consumption of freshwater. The aim of constructing these
desalination plants is to produce freshwater with low salinity to be suitable for human
consumption e.g less than 500 ppm. However, the major problem related to desalination
plants is the high capital cost for the plants and the associated systems. From a comparison
point for the cost of the freshwater and desalinated water, it's still too high due to operation
cost as well. Despite all the previous research and development of new desalination
technologies, the cost of one meter cubic of desalinated water is still higher than the
freshwater from natural sources which require a minimum treatment process to make it

suitable for human consumption [13].



1.5 Desalination of freshwater

Seawater is an aqueous solution, of which 95.5 ~ 96.5 percent is water and the remaining
4.5 ~ 3.5 percent consists of various types of dissolved minerals such as salts. Seawater
desalination means the removal of freshwater from seawater. The method used for this
process is called seawater (saline water) desalination or saline water conversion.

To remove freshwater from seawater, processes like distillation, crystallization, reverse
osmosis, solvent extraction, electro dialysis, and ion exchange resin, are well known. The
distillation process and the crystallization process separate the water content in seawater
by making use of a phase change of water.

While the reverse osmosis and the electro dialysis processes separate the water content
employing pressure difference and potential difference by making use of specially made
membranes (Reverse osmosis membranes and ion exchange membranes), which are

known generally as membrane processes.

1.5.1 Historical background of freshwater desalination

200 years ago, the first distillation method was used on trade ships. The sailors used to
provide drinking water while the ships are sailing in the sea. Later on, many desalination
systems were developed and commercialized. However, that was only based on the thermal
distillation principle where the evaporation of seawater takes place then the generated
vapor condenses to form freshwater. Gradually, land-based plants came into service.
Historically, the first water desalination plant was reported installed in Aden before 100
years ago. In the early 1930s, oil exploration in the Middle East was started and some

working companies built several small desalination systems to support the oil industries.



Unfortunately, these plants were not too efficient and had a high cost of operation and
maintenance. In the early 1950s, Arabian Gulf countries were realized with the
development of oil industries and sales leading to constructing the large capacity of a

desalination plant. Therefore, they pushed the desalination industry [14].

1.5.2 Categorization of freshwater desalination techniques

The water desalination principle means removing freshwater from saline water. This is
called seawater desalination. However, the terminology desalination is applied for salty
water with salinity above 1000 ppm. The technique used to desalinate the water depends on
the process that occurs to discretize the salt out of freshwater such that distillation,
crystallization process, mechanical filtration, or what is commonly known by reverse
osmosis process, electro dialysis, ion exchange, etc. Physically the desalination process
depends on the driving force for the separation like the evaporation process and
condensation in the distillation systems or in a different way like high pressure on an
osmotic membrane in the reverse osmosis process or what is commonly known by
(Membrane process).

The desalination field has a variety of desalination processes. Some of them can be applied
for large scale while the other is for low scale or even laboratory scale (refer to Fig 1.3).
The classification shown in the figure is based on the energy used where there are four types

of energy used for desalination namely, electrical, thermal, mechanical, and chemical.
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Figure 1.3. Categorization of desalination techniques [15].

From a design viewpoint, the optimal selection of desalination technology is based on
feasibility studies for many important factors before implementation. These studies should
include seawater chemistry, operation period, production capacity, location, and operation

and maintenance experience.

1.5.3 Evolution of freshwater desalination techniques

The desalination field has delivered many thoughts and methods that we can use to
desalinate saline water, but only a few of them were able to be commercialized and
operated with a large capacity. Over the past years, many desalination units were built
with good experiences of operation and maintenance especially thermal desalination
work by HDH (humidification dehumidification), MED (multiple effect distillation), or
by RO membrane desalination plant (reverse osmosis).

The majority of freshwater produced by the distillation process, which is presented in
many countries are desalination plants that heat the seawater to be condensed as

freshwater as illustrated in Fig.1.4 [16].
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Figure 1.4. The process of freshwater desalination [17].

In this thesis, an innovative definition of energy effectiveness is presented for the HDH
cycle. In the proposed systems the downsides of the old definition are taken care of. These
downsides are second law violation in some cases and/or temperature cross in the

humidifier in other extreme cases which defeats the humidification purpose.
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1.6 The innovative part of this research

This thesis aims to model the CAOW HDH system by using the proposed definition of
energy effectiveness. In this research, the CAOW HDH cycle performance is studied based
on the proposed energy effectiveness definition.

This research may encourage other researchers utilizing the proposed definition to be used
widely in modeling all HDH system as well as heat and mass exchangers in other thermal
applications. In this research, the system of interest is studied theoretically to get rid of the
old energy effectiveness definition downsides. The proposed definition has not been
carried out before and the results are expected to improve the modeling and understanding

of the HDH cycles.
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1.7 Objectives of the research

The end objective of the proposed research is to establish a clear and robust definition of
the proposed energy effectiveness for the main components (humidifier and dehumidifier)
of the HDH cycle. In this research, the extraction technique is studied (thermodynamic
balancing using the proposed energy effectiveness as the performance index) between the
dehumidifier and the humidifier to increases the system performance. The specific
objectives of the current research are ordered in sequence and can be summarized as follow:
An updated literature review is conducted to examine the state of the performance
parameters associated with the HDH system. Performance evaluation studies for different
types of HDH configurations in the literature and the best type is selected to apply the
proposed method.

Steady-state mathematical formulation and investigation of simultaneous transfer of mass
and heat processes for both humidifier and dehumidifier using thermodynamic
conservation laws plus the new definition for energy effectiveness as the performance
index.

In this regard, a computer program is written to simulate the system using both MATLAB®
and EES® software.

Solving the humidification dehumidification model with and without extraction (using the
new definition of energy effectiveness as the performance index) by using the iterative
method to solve the model.

The zero-extraction model is solved analytically (using energy effectiveness as the

performance index). Also, the infinity extraction system is modeled analytically.
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5. Parametric study for the impact of operating conditions is carried out so that the critical
operating variables are evaluated and highlighted. Also, results and findings are

presented, interpreted, and reported.
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CHAPTER 2

LITERATURE REVIEW

2.1 Main desalination techniques

Water desalination technology like RO with advanced membranes is getting widely
expanded over the past decay by 44% of desalination water contribution, especially in
the Middle East. This is due to ease of operation, which directly utilizes electrical power
to run the high-pressure pump [18].

Unlike RO technology, the thermal-based plants are not independent in operation style.
They require a steam power plant that operates using either oil or natural gas as a source
of energy, which is highly un-economical [19].

Recognized thermal desalination technologies (HDH, MED, etc) still exist in the Gulf
countries, the source of fresh water where no other natural resources can meet the demand
for water required.

The oil exploration in Gulf countries led to vast industrial expansion, especially in water
desalination. Unfortunately, the nature of Gulf water chemistry is very poor and can be
characterized by high salinity (more than 45000 ppm) and it is geographically having
some shallow area and high turbidity. Moreover, the area has high differences in

temperature from a season to another in addition to high marine growth life [20].
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Saudi Arabia is the largest producer of desalinated water in the world recorded daily
production of 5.2 million m*. Nearly 70 % of this production is from thermal-based plants
where the rest of production is by RO (Reverse Osmosis) plants and with lower

production contribution of MED (Multi-effect distillation) plants [21].

Table 2.1. Comparison between MED and HDH desalination techniques [22].

Multi-Effect Humidification
Distillation (MED) Dehumidification (HDH)

Operational Temperature <110 60 - 90
(°C)
Energy source Steam Steam

Electric Power Electric Power
Product quality (ppt) <.025
Scale Control Acid cleaning Simple maintenance
Chemical Consumption $42,000/yr/MIGD None

Table 2.1 that was prepared by Doosan Company in 2012, shows a comparison between
thermal-based (MED for example) and RO systems in terms of energy resources,

specific power consumption, capacity, etc. [22].

Moreover, the operation of thermal-based desalination technology is more reliable and
sustainable since many problems were experienced and solved successfully over the past
decades. Recently, many researchers are focusing on power consumption and
performance optimization where the MED technology is showing good features in this

by utilizing a portion of generated vapor and again recirculating it by mixing with the
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motive steam [23], due to many operations constraints that need to be solved; like the

limitation of top brine temperature <66 °C, as well as critical operation conditions [23].
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2.2 Humidification dehumidification systems

HDH desalination systems are comprised of two main components namely humidifier and
dehumidifier, which can be driven by a variety of heat sources (Figure 1). HDH process
functions based on the natural desalination cycle (rain cycle) in which the seawater is
heated by solar energy. Clouds are formed by evaporation of the seawater to the
atmosphere and raining occurs by dehumidification of the air at higher sea levels. The
man-made version of this cycle is termed as HDH process. HDH process benefits from
the moisture carrying capability of air in which air absorbs the moisture from saline water
in the humidifier and rejects it as freshwater in the dehumidifier. To explain more, saline
water in the humidifier is brought into contact with air and diffuses to it due to the
concentration difference between the water vapor in the air and water vapor interface. This
results in an increase in the moisture content of the saturated air and salinity level of the

brine exiting the humidifier.

In the dehumidifier, the saturated air preheats the inlet saline water by condensing to the
freshwater. Generally, three different configurations of HDH systems are defined as
closed-air open-water (CAOW), open-air open-water (OAOW), and open-air closed-
water (OACW) cycles. Moreover, the other classification of HDH systems is based on the
heating of each stream, water-heated, or air-heated. Therefore, considerable efforts have
been made to enhance the performance of each component for various configurations of
HDH systems powered by different heat sources. A comprehensive study comparing the
performance of the aforementioned cycles was conducted in [24]. It was illustrated that

the CAOW water heated cycle exhibited good performance compared to other
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arrangements not to mention the arrangement that allows applying thermodynamic
balancing technique on it. It is worth mentioning that if the air heater is placed after the
humidifier, higher GOR can be obtained compared to the condition that the heater is

located before the humidifier [25].

A huge number of investigations were also performed in terms of improvement of HDH
processes and therefore enhancing the performance of the cycle. A summary of the main
technical results of HDH systems in terms of GOR, yield, and cost of freshwater is reported.
GOR is defined as the ratio of the total latent heat of evaporation of the produced fresh
water to the input energy to the desalination system. This parameter is a common index
representing the amount of heat recovery in the desalination systems and is calculated as
in Eq. (1). It can be said that different configurations of HDH cycles have been investigated

from both theoretical and experimental viewpoints.

A variety of humidifiers have been employed in which the packed-bed humidifiers were
the most commonly used ones. In these humidifiers, different packing materials have been
used to enhance the effectiveness of the humidification process. Regarding the
dehumidifiers, direct contact types, in which the air is dehumidified by spraying cold
freshwater into the hot and humid air stream, exhibited better performance compared to
conventional types. Furthermore, it can be concluded that utilizing the multistage and
bubble column humidifiers and dehumidifiers enhanced the system performance. To
benefit from the capability of HDH cycles in coupling with low-grade heat sources,
geothermal, biomass energy, different solar technologies as flat plate collectors, evacuated
tube collectors, and photovoltaic panels, etc. have been examined. Also, several researchers

have focused on HDH cycles powered by external waste heat sources.
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2.3  Evolution of performance parameters in humidification

dehumidification systems

Table 2.2 presents the evolution of humidifier/dehumidifier performance parameters in
the closed air open water seawater heated (CAOW - WH) HDH system. Narayan et al.
[26] discussed different types of energy effectiveness definitions and concluded that the
most utilized one is the terminal-based. However, this definition had two main issues: a
high possibility for temperature cross in the humidifier, especially at high energy
effectiveness. It also failed in modeling an HDH system with multiple extractions. To
solve this problem, McGovern et al. [27] proposed using temperature pinch as an
alternative performance parameter to model a thermodynamically-balanced HDH system
with multiple extractions and injections. It is important to highlight that temperature pinch
has a high possibility for temperature cross and does not take mass transfer into account.
To eliminate these downsides, a new index called enthalpy pinch was proposed [28].
However, a significant drawback is associated with this parameter. This is because it is
not normalized, a fixed numerical value of enthalpy pinch (e.g., 10 kJ kga.!) has a

different meaning at various operating conditions.
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Table 2.2. Evolution in the definition of performance parameters for humidification

dehumidification desalination systems.

A Terminal-based energy effectiveness (2010)

B Temperature pinch (2013)

C Enthalpy pinch (2013)

D Pinch-based energy effectiveness (current research)

Performance Parameter

Advantage A B C D

[26] [27]  [28]

Takes account of both heat and mass transfer processes X v v
Have more sense (0 — 100%) and familiarity with it v X X v
Successful in modeling thermodynamic balancing X v v v
Zero possibility for Temperature cross X X v v
Normalized w.r.t operating conditions v X X v
Model balanced and unbalanced systems v v X v
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2.4 Thermodynamic balancing in humidification dehumidification

systems

Irrespective of the previously mentioned advantages, the humidification dehumidification
cycle has a low performance which leads to more freshwater cost. This is because of the
generated entropy in instantaneous mass and heat exchange devices (HME) e.g. the
humidifier and dehumidifier are significant. Thermal balance for the mass/heat exchange
devices in the HDH cycle enhances energy efficiency [27] by minimizing the difference in
enthalpy of exchanging streams namely, seawater and recirculated air which consequently

reduces the total rate of entropy generation [29].

Using the injection and extraction method takes full benefit of the humidification
dehumidification cycle by rising the cycle performance to the maximum probable limit.
Alongside HDH seawater purification cycles, thermal balance is also utilized to improve
the coefficient of performance of an innovative air-cooling system [30]. There are other
methods [31]-[36] that have been used to improve the performance of HDH desalination
systems, but they have not increased the performance as promised in the method of

extraction and injection.

Wu and his colleagues [31] conducted an experimental investigation of an innovative 3-
stage humidification dehumidification cycle where the humidifier and the solar seawater
heater are one whole component. They maximized the production of freshwater to more
than 3 kg h”! and with an optimum gained output ratio of slightly more than 2. In a different
try to improve the performance of the cycle, He et al. [32] recovered energy from the waste

heat to drive the HDH system and they achieved a 2.5 GOR at design conditions.
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The hybridization of HDH with other cycles [33], [34], [36] is utilized as an approach to
improve the cycle performance. Qasem and Zubair [33] hybridized a conventional HDH
cycle with an adsorption desalination cycle for air conditioning and freshwater production
with a maximum GOR of 7.8. Pairing conventional [34] and absorption-compression [36]
heat pump cycles with HDH systems showed potential in enhancing the performance of

the cycle.

In this research, the focus is on the CAOW water-heated cycle as it is considered one of
the most cycles in which thermodynamic balancing is applied comprehensively and has
been reviewed thoroughly in the literature [28], [37]-[40]. Narayan et al. [28] suggested
thermal balance utilizing injection and extraction as a probable method for reducing
energy consumption by decreasing the generated entropy in humidification
dehumidification cycles. Chehayeb et al. [37] improved the research in [28] by using extra
points for extraction and injection to enhance the humidification dehumidification cycles
performance to higher levels of GOR. After this study, Chehayeb and his colleagues [38]
investigated the impact of changing energy effectiveness with operational variables at a
fixed area of heat and mass transfer on applying the thermal balancing method. Qasem et
al. [39] utilized a thermal balance method using multiple extraction and injection points
on an innovative humidification dehumidification cycle that uses the desiccant solutions
as an alternative to seawater with a 100% enhancement in the cycle performance by using
one extraction. Significant to be noted that open knowledge is numerously focusing on
the conventional humidification dehumidification frameworks to estimate gained-output-
ratio (GOR) utilizing thermodynamical balancing (extraction) using enthalpy and

temperature pinch methods as the performance index.
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Using energy effectiveness was, however, not investigated to the points of the
thermodynamic balancing approach due to some divergence issues. Therefore, one of the
primary objectives of the current research is investigating thermodynamical balancing

(extraction) using the proposed energy effectiveness definition.

In the current research, a novel model based on numerical techniques is utilized to solve
the thermodynamically-balanced humidification dehumidification cycles due to the high
level of nonlinearity. The proposed numerical technique is expected to make the model
more robust while facilitates using simultaneous equation solvers, for example, EES® to
resolve the model. The generated methods are expected to be direct, compact, and precise;
hence, these methods could be used by designers and researchers to improve the

humidification dehumidification systems performance.
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2.5 Design optimization of cost-effective HDH system

Humidification-dehumidification technology has been proven to be a cost-effective
approach to fulfill the freshwater demand. In the review reported in [41], the impact of
hybridization of HDH cycles with refrigeration, power, and other desalination technologies
in reducing the freshwater production cost is elaborated. Abbasi and Pourrahmania [42]
suggested a system in which the HDH is powered by a Kalina cycle and thermoelectric
generator; then two different configurations are compared by levelized cost with fossil fuel
power plants. Xu et al. [43] studied the cost reduction in compressed-based HDH due to
performance enhancement. Dhahiru et al. [34], [44], [45] conducted both numerical and
experimental investigations on the heat pump-driven HDH systems performance. They
[44] concluded that this hybridization is economically competitive compared to other HDH
arrangements. To reduce the operational cost of the HDH system, brine recirculation is
used by Ghofrani, and Moosavi [46] as a method of heat recovery to improve the system

performance.

All studies [41]-[44], [46] used performance enhancement methods such as hybridization
or heat recovery to reduce only the operational cost. Unlike the aforementioned studies, the
current study end objective is to optimize the operational conditions by maximizing the

system performance and minimizing the system size (capital cost) in the design process.
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CHAPTER 3

PINCH-BASED ENERGY EFFECTIVENESS DEFINITION

Summary

In this chapter, the closed-air open-water water-heated humidification
dehumidification system is examined. This chapter proposes an innovative and robust
model that facilitates a practical utilization of the humidification dehumidification model.
This study aims to investigate the performance of the dehumidifier and humidifier using
the proposed energy effectiveness that proves unrestricted by the downsides of the
terminal-based definition. These downsides violate the second law in some cases with a
high possibility of temperature cross in the humidifier which defeats the
heating/humidification purpose. This study may encourage other researchers to utilize the
proposed definition widely in modeling all humidification dehumidification systems. The
proposed definition is verified with the literature and showed an excellent agreement with
a maximum discrepancy of 2.29 %. The objective of this research is to optimize the
operational conditions by maximizing the system performance and minimizing the system
size. Afterward, a direct and simple scheme is provided to estimate dehumidifier and
humidifier sizes based on the location and amount of freshwater needed. A case study for
a system that produces 5 kg hr' of freshwater is presented. The optimal energy
effectiveness is found to be 78% in the city of Dhahran where the average minimum and

maximum temperature of seawater in the cycle are assumed 25 and 70 °C, respectively.
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3.1 Introduction

It is worth mentioning that for a long time, systems of solar distillation have been used
before humidification dehumidification (HDH) techniques, however, they performed
poorly with a limited and discrete freshwater production [47]. HDH cycles are considered
as an enhanced form of solar distillation systems that operate using low-grade energy
sources. The process of the HDH cycle is attained by humidifying the circulated air through
the humidification device to the saturation point. Then, saturated air is condensed to obtain
freshwater [48]. It is to be noted that HDH is a mimic cycle of the natural rainwater cycle

[49].

In this chapter, an innovative definition of energy effectiveness is presented for the HDH
cycle. This definition eliminates the downsides of the terminal-based definition that lead
to whether an occurrence of the temperature cross in the humidifier or violation of the
second law in other extreme cases. The proposed pinch-based energy effectiveness is used
as an appropriate alternative to temperature pinch [50]-[52] and enthalpy pinch [53]-[55]

in modeling HDH systems with both balanced and unbalanced conditions.
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3.2 Description of the system under study

To demonstrate the proposed definition of pinch-based energy effectiveness, the CAOW-
WH HDH system is used. This system comprises a humidifier, dehumidifier, and saltwater
heater [56]. Figure 3.1 shows that seawater ‘coolant’ (0) flows in the dehumidifier in this
arrangement. Afterward, it is pre-warmed (1), then, is heated to state 2 utilizing the
seawater heater. Heated seawater (2) is sprayed above the packing material in the
humidifier. The loop of circulated air is close through both the dehumidifier and humidifier,
as depicted in Fig. 3.1. The circulated air stream flows into the humidifier and leaves as
hot and humid air. Then, air (a,2) is dehumidified to produce freshwater (fw). The

dehumidified air is directed back to the humidifier to close the air loop.
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Figure 3.1. CAOW W-H humidification dehumidification cycle [56].
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3.3 Temperature-enthalpy (T - h) diagram

The concept of energy effectiveness is well-established in the literature. Still, it is also
intricate because its definition is based on both maximum and minimum enthalpies of the
recirculated air between the humidifier and dehumidifier. Due to this complexity, the
temperature pinch was used as an alternative performance parameter [27], [57], analogous
to heat exchangers. However, this performance parameter considers only sensible heat
exchange between water and air streams. Thus, an alternative performance index was
introduced; called enthalpy pinch [58], which considers both mass and heat transfer
between air and water in the dehumidifier and humidifier.

Based on the concept of enthalpy pinch, a temperature-enthalpy (T — h) diagram was
developed [59], [60] as a graphical method to model HDH systems. The temperature-
enthalpy chart for the HDH cycle is depicted in Fig. 3.2. This diagram represents the
temperature change for water and air streams through the humidifier and dehumidifier. It
is worth noting that the x-axis in these diagrams (refer to Fig. 3.2) is specific enthalpy (h")
of recirculated dry air in preference to the height (Z) of the humidifier and dehumidifier.
The assumption here is that normalizing specific enthalpy based on dry air basis is used as

an equivalent to the height of both towers [28].
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3.4 Humidification dehumidification model

In this section, the approach of energy effectiveness is introduced for evaluating the
CAOW-WH HDH systems under balanced and unbalanced operating conditions.

Therefore, the following assumptions are implemented.

e All processes are steady-state.

e Compared to the heater's required energy, the saltwater pump and air blower's power
is insignificant.

e Losses of heat and mass from the humidifier, dehumidifier, and heater to surrounding
ambiances are neglected.

e The impact of potential and kinetic energies are neglected.

e The recirculated air is saturated [62].

e Freshwater exits the dehumidification side with the average temperature of the humid

air.

34.1 Mass and energy conservation
All equations related to the transfer of mass and heat through the components of the

humidification dehumidification arrangement are expressed as follow,

34.1.1 Humidifier
mw _mda (a)a,Z_a)a,l):mh (31)
m., h,—n,, (ha,2_ha,1 =y h, (3.2)
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3.4.1.2 Dehumidifier

ni,, =n, (0,,-o,, (3.3)
i, (hy—=hy)+m  h, =ni,(h,,—h,,) (3.4)
34.1.3 Seawater heater

0, =n, (h,—h)) (3.5)

Equations (3.1 — 3.5) can't be solved because the number of variables is more than the
number of equations by two. Therefore, dehumidifier and humidifier energy effectiveness

are defined to close the equations set to solve them.

3.4.2 Terminal-based energy effectiveness definition

In all heat/mass exchange devices, the change in concentration (salinity and humidity ratio
for water and air, respectively) and temperature are the driving force for energy transfer
to take place. Energy effectiveness can be defined based on the ideal probable enthalpy
change at terminal points, which is attained in mass and heat exchange devices with
energy effectiveness of 100%. The maximum saltwater temperature at the
dehumidification device outlet which can be obtained is the inlet temperature of the

recirculated air inlet temperature as stated in the following equation,
AI—I.w,max = mw (hl,id _hO) (36)

The required energy to achieve AHW,max will be drawn from the air side, which might not
provide sufficient energy amount. In case of air, the side does not provide the needed
energy, this ideal change in enthalpy will cool the recirculated air to saltwater inlet

(bottom) temperature as expressed in the following equation,
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da,max m,, (ha,Z - ha,l,z’d ) (3.7)

Similar to heat exchange devices, heat/mass exchange devices effectiveness is defined as
the proportion of actual to probable ideal enthalpy change as expressed in the following
equation,

AH

max

(3.8)

Based on the value of AH,,,, for both water and air sides, Eq. (3.8) can be rewritten as

follows,

Caes (1) lf AH da,max < AI{W ,max

ha 2 ha 2
gdeh , ’ (39)
ha 2 ha,l,id
Case (2) lf AH da,max > AHW ,max
g, =l (3.10)
deh — 7 7 .
hl,id - ho
Equations (3.9) and (3.10) can be merged as in Eq. (3.11),
g, =max by tas oy (3.11)
deh s .
hl,id o ho ha,2 o ha,l,id
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In addition, the effectiveness of a humidifier can be defined using the aforementioned
investigation. However, it is incorrect for the humidifier because the previous definition is
based on the assumption that losses due to the limit in heat and mass transfer area are at
both terminal points. Actually, this is correct for the dehumidifier all the time and incorrect
for the humidifier mostly, since the losses in the humidifier occur at an intermediate point
(pinch point, refer to Lnum in Fig. 3.2). This point can travel in some extreme cases to one
of the terminal points. Therefore, the definition of the humidifier's energy effectiveness

needs to be corrected based on the aforementioned facts (refer to section 3.3).

343 Proposed definition of humidifier effectiveness

The current study is utilizing the model that is based on the pinch-based (new) definition
of energy effectiveness (as a suitable alternative to pinch change either enthalpy-based [28]
or temperature-based [50]-[52]) for the humidifier and dehumidifier. It is to be noted that
temperature pinch is a performance index usually used in heat exchangers due to its lack
of mass transfer process. Then, enthalpy pinch is used as an alternative performance index,
which considers both heat and mass transfer as a replacement for the former definition of
energy effectiveness that failed in modeling thermodynamic balancing with multiple
extractions. In brief, the authors believe that the pinch-based (new) definition is a better
performance index for the humidifier in HDH systems. For a balanced humidifier, heat
capacity ratio (HCR) = 1, the losses occur only in one intermediate point. This point (taniq)
is the closest point on the humidifier line to the air curve (see Fig. 3.2). State 'tan' is the

tangent point on the air curve, as shown in Fig. 3.2, where state 'taniq' represents the
maximum enthalpy that can be reached by air in a 100% pinch-based effectiveness

humidifier.
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Therefore, the relation between humidifier losses and effectiveness can be expressed as,

fip = ha (3.12)
& = - .
fum 0 ha,Z - ha,l + LOSS hum ,Pb

a,2 -

Equation (3.12) in its current form is insufficient to close the system of equations because
it contains an extra unknown; that is pinch losses Lhum,Pb. To eliminate this

misrepresentation, the terminal-based definition is used for guidance as shown in Eq.

(3.13),
hy=h,,

€ hum T :m (3.13)

where,

h, , .4 =specific enthalpy (@T :Tw’z) (3.14)
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T, > 1s the maximum theoretical temperature for Ta,2
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Figure 3.3. Pinch point on T — h diagram and temperature cross.

Figure 3.3 shows the temperature distribution in the humidifier. This figure is generated
using a pinch-based effectiveness value equal to 100%. It is clear that there is an initiation
of temperature cross between the air curve and water line at the pinch point. In the terminal
(previous) definition, the air temperature at humidifier outlet T2 can reach the water
temperature Ty, at the humidifier inlet at 100% terminal effectiveness. While in the pinch-
based definition, a different air temperature is defined as the new ceiling; it characterizes
the maximum possible temperature that the outlet air can reach without the occurrence of
temperature cross. To do so, the best statement can be defined by comparing both Egs.

(3.12) and (3.13) and the pinch-based effectiveness definition becomes,
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h ,—h h ,—h
a2 ™ Ma _Map My, (3.15)

& =
hum ,Pb
(ha,2 + Lhum ,Pb ) - ha,l (ha,z,id )_ ha,l

From Fig. 3.2, the humidifier energy losses at the pinch point can be expressed as,

Lhum,Pb = ha,tan - ha,tam'd (3 1 6)

where the definition of pinch point (zan) is a point on the air curve at which the temperature
derivative is equal to the water line slope. In other words the closest distance between the

air curve and water line. This can be written as,

) dT ) dT Tw 2 _Tw 3
h, ... =specific enthalpy | @—— =slp,,, |=specific enthalpy | @—=—""—7"=| (3.17)
’ dh dn h,,—h,

Similarly, the temperature at the pinch point can be found using the psychrometric chart as

follows,
ar T, 2 -T, 3
T . . =T  =Temperature| (@—=———"= 3.18
a,tan,id a,tan p [@ dh ha,z —ha,l ( )

From Fig. 3.2, using a single point (ha2, Tw2) on the humidifier water line with the

ﬁ, specific enthalpy along the humidifier can be stated as a function of the
a,2 -

a,l

Slphum =

local temperature, which can be written as,

h ,—h
h=h  —| 22 (T -T 3.19
a,2 ( T2 —T3 j( w,2 ) ( )

Applying the ideal pinch temperature (Taanid) in Eq. (3.19), hatanid can be expressed as

follows,

h . —h dr T ,-T
h o =h —| 22— T  _Temperature o2 Twd 3.20
a,tan,id a2 ( T2 —T3 J{ w,2 p (@ dh ha’z . ha,l ( )
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344 Approximation of saturated air thermodynamic properties

Air thermo-physical properties are significant towards modeling the thermodynamically-
balanced HDH systems. Namely, these properties are saturated air temperature, specific
enthalpy, and temperature derivative with respect to specific enthalpy. These three
parameters can be linked to the relation between saturated air specific enthalpy and
temperature. Because of the importance of this correlation in modeling cycles, Ahmed et
al. [40] simplified this relation to reduce the model complexity. Saturated air specific

enthalpy at atmospheric pressure is stated as follows [40],

9
hz[éiT—Qj (3.21)

where,

¢, =4920.1593
¢, =104.4580
¢, =419112
¢, =1.4473

From Eq. (3.21), the saturated air temperature and its derivative with respect to specific

enthalpy can be expressed in Egs. (3.22) and (3.23), respectively,

4

T=¢-—21
s §+h@ (3.22)

el

dr _ ¢, e
yo\2 3.23
A C(gen) (3.23)
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Figure 3.4. Temperature derivative vs. humid air enthalpy based on [63] and current
temperature derivative of Equation (3.23).

The problem with Eq. (3.23) is that it is complex and difficult to be rearranged. For
instance, to obtain 'h' as an explicit function of 'dT/dh', Eq. (3.23) cannot be used. Also, it
is to be noted that Eq. (3.23) is not a good representation of the temperature derivative in
the temperature range of 1 to 10 °C, as shown in Fig. 3.4. Therefore, further improvement
is needed for this equation that covers the possible range of specific enthalpy (10 — 50000
kJ kgaa! at atmospheric pressure) for the saturated air, which almost corresponds to a

temperature range of 1 — 99 °C.

Figure 3.4 shows that as the specific enthalpy of saturated air increases, the temperature
derivative decreases rapidly until a particular value of h (~ 500 kJ kga.™). After this point,

the temperature derivative decreases gradually as the specific enthalpy rises till it
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approaches zero at h = 2500 kJ kgda'. Due to the extreme change of temperature derivative
trend, this behavior as illustrated in Fig. 3.4 is noticeably difficult to formulate. However,
some of the fitting approximations are used, such as polynomials up to the 3™ order, power,
exponential, and logarithmic formulae, to form the temperature derivative and the specific
enthalpy. Those approximations are not representative of the data. However, the

logarithmic formula was the best; nevertheless, it represents the original data poorly.

Therefore, Fig. 3.4 is re-demonstrated in a In - In and ¥—In — In forms for further

investigation, as shown in Fig. 3.5 (a) and (b), respectively.

As presented in Fig. 3.5 (a), the In - In relationship between temperature derivative
'dT/dh' and specific enthalpy 'h' is not linear. It has a behavior similar to the square root.
Therefore, the natural logarithm of temperature derivative is compressed using the square
root. It is to be noted that the 'minus sign' is added to avoid generating complex numbers,
as shown in Fig. 3.5 (b). The behavior in Fig. 3.5 (b) is linear for air temperature range =
10 — 99 °C (which is wider than the expected temperature range of air in the system under

study having water temperature range = 25 ~ 85 °C).
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Using Fig. 3.5 (b) with the Hyland and Wexler [63] data, the relationship between the

saturated air specific enthalpy and the temperature derivative can be expressed as,

dT
h = + —In| — 3.24
exp(é’s s n(dh )] ( )
where,
¢ =0.59033
¢, =3.08635

Eq. (3.24) represents a In — J—In approximation of the correlation between specific
enthalpy and temperature derivative. This estimation is utilized in simplifying Egs. (3.17)

and (3.20) as,
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T

Tw 2 tws
ha,tan = ha,tan :eXp 4/5 +é/6 _ln — (325)

h,,—h

a,l

h

Y
L}I“IJ TW,z_é/z"'é/l 4’3+[exp(é’5+§6 —ln(d—Tj]} (3.26)

h, . ..=h —
a,tan,id a,2 ( T2 —T3 dh

Using Egs. (3.15), (3.16), (3.25), and (3.26), the air enthalpy at the maximum possible

temperature that leaves the humidifier is stated as,

ha,2,id =

haZ_hal haZ_hal haZ_hal (327)
exp| 0.6+3.1 In| ——— | |[+| —— || T, +43.4-573 |In| ——

Tw 2 _Tw 3 T'w 2 _Tw 3 Tw 2 _Tw )3

The final form for the proposed energy effectiveness for the humidifier can be stated as,

Epum,pp =
ha,2 _ha,l
(3.28)

h,,—h h,,—h h,,—h
exp| 0.6+3.1 [In| 22—l | || @2 —al T,+43.4-57.3 |In w2l ~h,,

w,Z_Tw,S Tw,Z_Tw,3 w2 twj
34.5 Humidifier/dehumidifier sizing
Merkel number can be stated [56] as shown in Eq. (3.29),

Ty in

Me=C,, | ar, (3.29)

: T our (4/1 (4/2 _Tw )71 - 4/3 )64 - ha,in - C P W MR (Tw _Tw ,out )

Equation (3.29) integration is evaluated by the Simpson rule; it is applied to utilize a
hundred intervals. The height of the humidifier depends on mass flow rate ratio and Merkel

number [64],
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7 =C.MR*Me® (3.30)

7, Cs, and Gy are arbitrary coefficients that are a function of packing material type. Using
the packing material (Brentwood manufacturer, CF1200MA), {7, (s, and (o are evaluated

as 0.3214, 1.5823, and 1.2326, respectively [64].

Humidifier cross-section area is evaluated as seawater mass flowrate ( mw ) to the allowed

flux (0.8 - 4.2 kg s'm) ratio. It is to be noted that humidifier reccommended flux is around

1.5 kg s'm™ [65].

The surface area of the dehumidifier is evaluated utilizing the & — NTU routine. For a
cross-flow dehumidifier that uses the Baclic method [66], the effectiveness of the
dehumidifier is based on heat capacity ratio and number of transfer units (NTU) as,

I,(@2NTUNC)+~C T, (@2NTUNC ) -

e ~(1+C)NTU

Een 1-— © (3.31)
LE s (@anrtuT)
¢ =
I; is the Bessel function of i"-order and C is stated as follows,
min[m C _ ,m C
_ inl e pal (3.32)
max[meM, ,dew]

Using the relation between NTU, C, overall heat transfer coefficient (U), the dehumidifier

area can be stated as,

NTU min[m C,, ,m,C, ]
deh — U

(3.33)
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The overall heat transfer coefficient depends on the mass flow rate of the exchanging
streams, the material type of the condensation tubes, and its fin geometry [67]. In this

research, it is assumed to be fixed at 10 W m2 K"
3.4.6 Performance matrix

To realize the analysis of the cycle under study, the following performance indices are

used,

i.  Gained Output Ratio (GOR), a non-dimensional index represents the ratio of freshwater

heat to the required energy to produce it.
m, h,
GOR = L& (3.34)
Q

ii.  Recovery ratio (RR), a non-dimensional variable represents the percentage of
feedwater that transformed into freshwater.

RR = Mu (3.35)
i

w

iii.  Mass flowrate ratio (MR), a non-dimensional variable that is equivalent to the ratio of

feedwater to recirculated dry air mass flowrate.

3.

MR = —» (3.36)
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3.5 Verification of the proposed method

This part is devoted to validating the proposed definition of humidifier energy effectiveness

in the CAOW-WH HDH system.

3.5.1 Maximum allowable terminal-based energy effectiveness
The proposed method is novel, so it is difficult to validate it with the literature. Therefore,

to verify the present model accuracy to use it with confidence, the CAOW-WH HDH

system is tested under the extreme case, that is &, , =1.

Table 3.1. Operational conditions basic values.

Operational variable Typical value
The mass flow rate of freshwater production, 772, (kghr_l) 10 (reference)
Seawater temperature, To (°C) 30
Seawater salinity, So (ppt) 35
Seawater water maximum temperature, Tmax or T2 (°C) 60
Dehumidifier energy effectiveness, €dch 0.9
Humidifier energy effectiveness, €num 0.95

Considering the operating conditions in Table 3.1 with 100% humidifier pinch-based
energy effectiveness, the water and air temperatures can be evaluated using Egs. (3.1 —

3.5), (3.11), and (3.28), as shown in Table 3.2. Also, the maximum allowable terminal-

based energy effectiveness is estimated using Eq. (3.30) t0 be &, 75 mx = 0-98.
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Table 3.2. Seawater and air terminal temperatures (pinch-based model).

Terminal points Temperature (°C)
Seawater temperature at dehumidifier outlet (Tw,1) 56.54
Seawater temperature at humidifier outlet (Tw,3) 42.94
Bottom air temperature (Ta,1) 42.08
Top air temperature (Ta2) 66.44

Using the value of 0.98 as humidifier terminal-based energy effectiveness with the typical
values of Table 3.1 as well as the mass and energy balance equations (refer to Eqgs. 3.1 —
3.5), the water and air temperatures can be evaluated as shown in Table 3.3. The deviation
between the two methods is ranged between 0.20 to 1.92 %, which represents an excellent
agreement. It is important to emphasize that this disagreement is due to the precision in

calculating the maximum allowable terminal-based energy effectiveness.

Table 3.3. Seawater and air terminal temperatures (terminal-based model).

Terminal points Temperature (°C)  Error (%)
Seawater temperature at dehumidifier outlet (Tw,1) 57.29 1.33
Seawater temperature at humidifier outlet (Tw,3) 42.15 1.84
Bottom air temperature (Ta,1) 41.27 1.92
Top air temperature (Ta2) 66.57 0.20
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3.5.2 Enthalpy pinch

For additional confidence in the proposed definition, the pinch-based model is validated
with Elmutasim et al. [68], as shown in Table 3.4. The data taken from [68] is used to
estimate the dehumidifier energy effectiveness and pinch-based effectiveness in the
humidifier. Thereafter, the proposed model calculates air and water temperatures based on
both the humidifier and dehumidifier effectiveness. The current model results show good

agreement with the literature as the maximum deviation is 2.29%.

Table 3.4. Comparison between Elmutasim et al. [68] and the current work (pinch-based

model).
Ref. [68] Calculated using Current work
Ref. [68]
Enthalpy Twi  Tw3 s =Eui Twi Error Tws Error
pinch  (°C) (°C) O O NG (o)
(kJ kg aa)
105 499 50.1 0.74 49.0 1.80 51.2 2.20
115 47.6 523 0.70 46.8 1.68 53.5 2.29
125 452 548 0.65 44.5 1.55 55.9 2.01
135 426 574 0.60 42.0 1.41 58.4 1.74
145 39.7 60.3 0.54 39.3 1.01 61.2 1.49
160 347 653 0.44 34.8 0.29 65.6 0.46
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3.6 Comparison between terminal- and pinch-based energy
effectiveness
Figures 3.6 — 3.8 show the temperature distribution for water and air streams in both the
dehumidifier and humidifier in balanced (MRop) and unbalanced (MR < and > MRgp)
conditions, respectively. These estimations are conducted twice, once using the terminal-
and then the pinch-based effectiveness model. In order to perform a reasonable comparison
between both effectiveness models, bottom and top water temperatures are fixed at 20 and

80 °C, respectively, with the effectiveness of (a) 94% and (b) 100%.
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Figure 3.6. Temperature distribution for thermodynamically-balanced CAOW HDH
cycle; Two =20 °C; Tw2 = 80 °C, &deh = 0.9; (a) €hum,16 = 0.94; (b) €humpb = 0.94; ()
€hum,Tb = 1.00; (d) €hum,pp = 1.00.
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1.00; (d) €hum,pb = 1.00.

For example, in the case of the balanced system, terminal-based effectiveness is taken as
94 and 100 % for both the dehumidifier and humidifier, where pinch-based effectiveness
is also 94 and 100 %, as shown in Figs. 3.6 (a) and (b), respectively. From Fig. 3.6
(Terminal-based), it is clear there is a temperature cross between the seawater and air
streams in the humidifier, which means the mass and heat transfer processes in the
humidifier are reversed, which defeat the purpose of humidification; also, there is a high
probability of second law violation (Sgen < 0) making the system not viable. On the other

hand, there is no temperature cross in the humidifier when the temperature distribution is
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estimated using the pinch-based effectiveness model. This can be attributed to the current

definition of energy effectiveness based on the enthalpy difference at the terminal points.

Where in the practical situation of the humidifier, it is based on a single intermediate point.

Based on this, it can be said that the humidifier effectiveness (based on terminal points)

has a ceiling value (84.5 % for the case in Fig. 3.6(b)) that cannot be exceeded to avoid

temperature cross as well as the high probability of violating the second law.
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Figure 3.8. Temperature distribution for unbalanced (MR > MRopr) CAOW HDH cycle;
Tw.0 =20 °C; Tw2 =80 °C, €deh = 0.9; () Ehum.1b = 0.94; (b) Ehum.pb = 0.94; (C) Ehum.Tb =

1.00; (d) €hum.pb = 1.00.
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This ceiling value can be calculated when the seawater line starts touching the air curve
in the pinch point (losses at humidifier pinch point = 0 kJ kga.™"). However, this ceiling
value is confusing, and it disturbs the basic common sense that the maximum potential
value for the effectiveness should be 100 %. In order to solve this issue, a new energy

effectiveness definition is used, as shown below in Eq. (3.12).

The definition in Eq. (3.1) is a mix between terminal-based and pinch-based models,
which means using the pinch-based model is the best solution for the temperature cross

issue, not to mention the pinch-based definition does not conflict with common sense.

In the case of the unbalanced system (MR < MRyp), as shown in Fig. 3.7, the results of
both models are consistent. This is because, as MR decreases, the humidifier's air
temperature drops due to the increase in air quantity. It is important to note that the
temperature cross becomes worse in the case of an unbalanced system (MR > MRgy), as
shown in Fig. 3.8 for the terminal-based effectiveness model. Regardless, it can be said
that at higher values of energy effectiveness, the terminal-based model fails, particularly
in the balanced condition. As the balanced condition is the design condition, especially for
multiple extractions, it can be concluded that the pinch-based effectiveness model is the

most suitable for the balanced CAOW HDH cycle with/without extraction.

Figures 3.6 — 3.8 are based on 20 and 80 °C minimum and maximum temperatures,
respectively. In order to generalize these figures, they are normalized with respect to
minimum and maximum temperatures. This is carried out to show the temperature
distribution of water and air streams in both the dehumidifier and humidifier disregard to

minimum and maximum temperatures as show in Fig. 3.9.
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Figure 3.9. Normalized temperature distribution for thermodynamically-balanced
CAOW HDH cycle; g4eh = 0.9; (2) €hum,m = 0.94; (b) €hum,po = 0.94; () €hum,1o = 1.00; (d)
Ehum,Pb = 1.00.

Figure 3.10 shows the effect of water-to-air mass flow rate ratio (MR) on the performance
of the CAOW HDH system at different values of energy effectiveness 100% and 90% as
illustrated in Fig. 3.10 a and b, respectively. The general trend shown in this Figure is that,
as MR increases, the gain output ratio (GOR) increases until a certain point (optimum MR)
where the GOR value is maximum. After this point, the GOR starts to decrease as the
values of MR rises. It is to be noted that the performance of the system is over-estimated
when the terminal-based energy effectiveness is used compared to pinch-based energy

effectiveness. However, the terminal-based estimations are not reliable due to their affinity
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to violate the second law especially at the optimum operating conditions as shown in Figure

3.10.
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Figure 3.10. Impact of mass flowrate ratio of seawater to air on the GOR of the CAOW
humidification dehumidification cycle; Tw,o =20 °C; Tyw.2 = 80 °C, g4eh = 0.9; () €dech =
€hum,Tb = Ehum,Pb = 1.00; (b) €deh = Ehum, Tb = Ehum,pb = 0.90.
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3.7 Design procedure of the HDH system

In this section, an optimized, direct, and simple design process is proposed for the CAOW-
WH HDH cycle. The sequence of the design procedure is to use the input data in the
thermal model to specify the optimum operating conditions. Afterward, the size of the
humidifier and dehumidifier is determined based on the location and amount of freshwater
needed. The installation location of the system indicates the feedwater femperature and
salinity, as well as the heating temperature assuming the energy source, is solar. These
variables are design inputs. The effectiveness of both the humidifier and dehumidifier are
optimized with the objectives of maximizing the performance and minimizing the system

size for a specified value of freshwater production.
3.7.1 Practical range of pinch-based energy effectiveness

Figures 3.11 and 3.12 show the effect of humidifier height (H) and dehumidifier area (A),
respectively, on the gain output ratio (GOR) and also the corresponding pinch-based energy
effectiveness of the humidifier and dehumidifier, respectively. As shown in both figures
increasing the humidifier height or dehumidifier area leads to enhancing the energy
effectiveness of both components and consequently improving the GOR. From Figs. 3.11
and 3.12, in region (a), Hhum = (0 — 1 m & Agen = 0.4 — 0.48) m?, both components sizes
have significant effect on the GOR compared with regions (b) where H= (1 — 5 m & Agen
=0.48 — 0.8) m? and region (c) where H > 5 m & Agen > m?. On the other hand, the GOR
in the region (a) is very low, less than 1.5. Therefore, it is not recommended to design the
humidifier in this region. Moreover, in the region (c), the GOR does not change

significantly with the system size. In other words, designing either the humidifier or
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dehumidifier in these regions leads to an increase in capital costs without a significant

improvement in the performance.

1- ¢ (%)

Figure 3.11. Effect of humidifier height (H) on the gain output ratio and humidifier

effectiveness; Tw,0 =20 °C; Tw,2 = 80 °C.

1-¢(%)

Figure 3.12. Effect of dehumidifier area (A) on the gain output ratio and dehumidifier
effectiveness; Tw,0 =20 °C; Tw,2 = 80 °C.
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It is favorable to design the dehumidifier/humidifier in the region (b) due to its high
performance compared to the moderated system size. In other words, based on the
minimum and maximum temperature of 20 and 80 °C, the recommended effectiveness of

humidifier and dehumidifier is in the range of (78 - 92.5) and (86 — 98.5), respectively.

3.7.2 Proxy indicator (BTC) optimization

The improvement in the HDH system performance by increasing both humidifier and
dehumidifier energy effectiveness is attained with a toll that more mass and heat transfer
areas are needed in both of them. These dimensions are converted to a proxy indicator that
represents the cycle initial cost as stated by Elzayed et al. [56]. In order to make the HDH
system viable, a humidifier/dehumidifier benefit to cost (BTC) indicator is utilized, as
shown in Eq. (3.37). This indicator is defined as the system performance (GOR)
normalized to the humidifier/dehumidifier size. As the proxy indicator rises, the
performance of the HDH system increases at a lower capital cost. From Fig. 3.13, the HDH
system is economically viable at a certain value of pinch-based energy effectiveness that
is 20%; however, the GOR is very low (GOR = 0.1). Therefore, a condition of GOR <1 is
added and hence, it can be concluded that the optimum BTC occurs at energy effectiveness
of 80%. It is to be noted that Fig. 3.13 is generated at a minimum and maximum
temperature of 20 and 80 °C. In order to generalize the data in Fig. 3.13, it is regenerated
for a range of (20 — 40 °C) and (60 — 80 °C) of the minimum and maximum temperatures,

respectively.

GOR
BTC = 3.37
A Adeh ( )

¢ hum ™~ hum
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Table 3.5. Direct performance and sizing table for the design procedure.

Maximum temperature, T2 (°C)

60 70 80

Mimimum temperature, To

°C) 20 30 40 20 30 40 20 30 40

The production rate of I (reference value)
freshwater (kg hr') vat

Effectiveness of the
dehumidifier/humidifier 775 758 740 788 772 755 800 786 773

BTC indicator (m™) 192 173 119 431 439 383 887 974 969
Heat input rate (kW) 0.67
Recovery ratio, RR 293 224 152 371 3.01 229 449 379 3.06

Feedwater flow rate (kg hr!) 342 446 658 269 332 437 223 264 326

Optimum mass flow rate ratio, ) /53 300 513 283 385 264 3.54 487

MR
Dry air flow rate (kg hr'") 19.1 190 209 122 114 11.1 8.07 7.17 6.5
Dehumidifier NTU 1.69 155 144 172 159 149 176 1.65 1.55

The surface area of the o0 5y 097 065 059 056 046 040 036
dehumidifier

Merkel number at the

... 1.19 090 068 092 0.68 051 0.69 051 037
humidifier

Height of packing material of

the humidifier (m) 083 076 071 071 0.63 058 059 053 047
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3.7.3 Case study

This part focuses on illustrating a demonstrative case that considers a system to be installed
in Dhahran, Saudi Arabia with a freshwater production of 40 liter day! that is equivalent
to 5 kg hr! for 8 hours of system operation per day. It is needed to size the CAOW - WH

humidification dehumidification cycle using the following parameters of design,

e The terminal-based effectiveness of the humidifier/dehumidifier (Shum)

e The required amount of input heat rate (Q).

e The feedwater flow rate supplied to the system (mw) .

e The dry air flow rate circulated between the humidifier and dehumidifier.

e The dehumidifier surface area (Adeh) .

e The humidifier cross-section area and height of packing material (A and H )

Consider Table 3.6, through the year, the average ambient temperature in Dhahran is 26.7
°C. Due to evaporation at the Arabian Gulf surface, feedwater temperature is less than the
ambient air temperature; it is assumed to be 25 °C. Solar energy in Saudi Arabia is feasible,

therefore, the maximum temperature can reach values over 70 °C.
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Table 3.6. Monthly weather forecast and climate Dhahran, Saudi Arabia [69].

Ambient temperature (°C)

Month

January

February

March

April

May

June

July

August

September

October

November

December

High

21

23

27

33

39

42

44

43

41

36

29

23

Low

10

11

15

19

24

27

29

28

25

22

17

12

Average

15.5

17

21

26

31.5

34.5

36.5

35.5

33

29

23

17.5
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Considering minimum and maximum temperatures of 25 and 70°C, respectively, and

freshwater production of 5 kg hr'!, using Table 3.5,

e The humidifier and dehumidifier effectiveness are equal to 78%.

e The required Q=0.67*5=33kW.

e The RR=3.36 and the required ™, =30.05*5=150kg hr"".

e MR =2.48 and the required ™, =11.8*5=59kghr™".

o The number of transfer unit (NTU) = 1.66 and considering U=0.01kW m’ K"
, the required A, =0.62*5=3.1m’,

e The Merkel number (Me) = 0.8 and the required H,y =0.67m

The cross-section area of the humidifier is, A, = M _ 15073600

- =0.028 m’
1.5 1.5

which is a 16x16 c¢cm area.
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3.8 Concluding remarks

A novel method based on energy effectiveness as a performance index is suggested in the
current research in order to investigate and model the water-heated, CAOW humidification
dehumidification desalination cycle at balanced and unbalanced states. The proposed
method objective is evading the possibility of temperature cross and second law violation
as a probable result in the humidifier. It has been found the proposed method is tested and
verified against the theoretical data in the reported literature. An assessment of the
evaluated results based on the current model and the literature is presented and good
agreement is noted between the current model and theoretical data with a minor error of +
2.29%. A direct design procedure is proposed in this research in order to size the closed-
air open-water water-heated humidification dehumidification desalination system. The city
of Dhahran is taken as a case study where the average minimum and maximum temperature
of seawater is assumed 25 and 70°C, respectively. The system is designed to produce 5 kg

hr! of freshwater and the optimal energy effectiveness is found to be 78%.
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CHAPTER 4

ANALYTICAL SOLUTION FOR THE PINCH-BASED

ENERGY EFFECTIVENESS DEFINITION

Summary

The energy and mass balance equations are used to model the humidification
dehumidification cycles by utilizing a simultaneous model based on the humid air thermos-
physical library. This implicit model is burdensome, especially, in modeling the complex
arrangement of humidification dehumidification cycles. This chapter presents an explicit,
novel, and robust model that facilitates the modeling and designing of the system. The
correlation between the humid air enthalpy and temperature as an important factor in
system modeling is made simpler in this chapter. On this basis, the system is modeled
analytically. The proposed analytical model is tested and validated against the theoretical
data in the reported literature. An assessment of the gained output ratio is evaluated
utilizing the current analytical model and the numerical model presented in chapter 3. From
this comparison, a good agreement is observed between the current model and theoretical

data with an error of around + 5%.
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4.1 Introduction

In 2015, the United Nations adopted a set of 17 sustainable development goals to end
poverty, protect the planet, and ensure prosperity for all. Among the 17 goals identified
for sustainable growth Climate action is one of the most important goals that impact the
entire world population and the delicate ecosystem of earth. The need for climate action
arises due to the alarming rise in global temperatures since the industrial revolution in the
1700s [70]. The major reason for the temperature rise is attributed to the emission of Green
House Gases (GHQG), like carbon dioxide (CO») from burning fossil fuels. In 2014, about
68% of the global GHG emission was generated from energy production [71]. The
electricity and heat sector alone produces 42% of the total CO; emission. In countries with
hot climatic conditions such as Saudi Arabia, about 70% of the energy is used to meet the

energy demands of domestic needs [72].

Another important goal identified by the UN for sustainable development is to meet the
rising freshwater demand. Potable water is becoming a rare supply in different areas of the
globe. Some estimates [73], [74] suggest that more than a third of the global populace
suffer from freshwater scarcity while another [75] suggests the number could be as high as
60%. One of the major causes is the rise in population, which increases the consumption
of freshwater in countries like India and Turkey that is expected to reach 60% by 2025
[76]. Thus, freshwater desalination technologies aggregated with preservation efforts are
required especially in areas that have a low amount of natural freshwater resources [2].
Countries like Saudi Arabia which have few groundwater resources and utilize seawater,

rely heavily on Desalination systems to meet the freshwater demand.
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A major share of the global populace lives within 40 miles from coastlines [77], which
meet the requirements for industrialized desalination as a potential resolution to this
predicament. Humidification dehumidification cycles can be considered as favorable
thermal-based desalination techniques. Therefore, it is appropriate for producing moderate
potable water. Hence, it can be said that it is simple and therefore, appropriate for minority
groups. Also, HDH cycles are acknowledged for enduring a widespread salinities gamut

with a negligible amount of maintenance required [78].

The simplest form of closed-air open-water (CAOW) water-heated HDH system is studied

in this chapter (please refer to Fig. 3.1).

This chapter incorporates an innovative method of modeling for avoiding the use of the
thermos-physical library of fully saturated air. These techniques provide an easy and
precise analytical solution; thus, designers and researchers can easily use them to improve

HDH cycle performance.
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4.2 Performance and operating parameters

The performance of HDH systems is measured using the gained output ratio (GOR) as a
criterion that can be explained as the amount of energy carried by the produced H.O

(output) as a result of the energy supplied (input), it is expressed as,

1. h
GOR = 4.1)

ht

The operational variables needed to estimate the cycle performance are enlisted as follow,

e Seawater mass flowrate at dehumidifier inlet, mw .

® The mass flow rate ratio of seawater to air, MR.

e Seawater temperature and concentration at dehumidifier inlet, T 050
e The seawater top temperature, T 5.

e Energy effectiveness of the humidifier and dehumidifier (&, ,&,,, )

The basic values of the main operational variables are enlisted as depicted in Table

4.1.
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Table 4.1. Main operational variables basic values and variations.

Typical
. Range
t t
Operating parameter value
The mass flow rate of the feed seawater (kg s™) I
30 10-30
Seawater bottom temperature, 7' 0 (°0)
. 35 20-50
The salinity of the feed seawater, § , (ppt)
The mass flow rate ratio of seawater to air, 71, 05-4
opt. :
(kgs™)
. 80 70 - 90
Heating temperature, 7', (°C)
0.9 0.5-0.9

Energy effectiveness, &,,,¢,,,, (kJ kg d_al )

In this section, the thermodynamic analysis of the humidification dehumidification cycle
is articulated analytically founded above the numerical method mentioned in chapter 3 to
evaluate the humidification dehumidification cycle performance. To perform these

manipulations, the following presumptions are implemented,

e The examined processes of heat and mass transfer are in steady-state.
e Insulation is applied to both cycle towers (humidifier and dehumidifier) as well as the

seawater heater.
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e The needed power for the recirculated air and seawater pumps is negligible compared
to the rate of heat input.

e The temperature of freshwater production is assumed as the average recirculated air
temperature.

e The recirculated air is relative humidity is assumed at 100% [62].
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4.3 Analytical modeling

This part comprises an exact and innovative mathematical model which is utilized as an
improvement for that mentioned in chapter 3. The conservation and balance equations
mentioned in the previous chapter depend considerably on the thermos-physical data of the
humid air, especially the correlation that governs air specific enthalpy and temperature.
Because of the importance of the correlation on HDH modeling, a try is carried out to make
this correlation simpler to overcome the complication of the model. Therefore, humid air

enthalpy under a pressure of 1 atm can be stated as,

hT)=C, T +o(C, T +h,) (4.2)
where,
P
®=0.62198 ———— 4.
101.325-P, 43)

The partial vapor pressure at saturation point, P,, could be stated by utilizing Tetens’

equation [79],

17.27T

P =0.61078 ¢/ +>73 (4.4)

With presumption of Cp,, = 1.006 kJ kg''K™!, C,, - 1.84 kJ kg'K™!, and hg = 2501 kJ kg™,
Eq. (4.2) is still complex and difficult to be handled. To illustrate, to inverse this relation
and get ‘T’ as a function of ‘h’ is not possible and hence, it cannot be used as it is in this

chapter. Therefore, for further comprehension of Eq. (4.2), this relation is depicted as
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shown in Fig. 4.1 which covers the probable gamut of saturated air temperature which is,

(1 —99 °C) for the HDH system.

It is to be noted that the data illustrated in Fig. 4.1 was evaluated using the Hyland and
Wexler data [63] to guarantee maximum precision. Figure 4.1 represents that as humid air
enthalpy rises, the temperature rises abruptly until a level h = 1000 kJ kgq™!'. Afterward the
value of h = 1000 kJ kgq!, the air temperature rises gradually as enthalpy rises till it is
nearly constant at a level of T = 98 °C. Because of the great variation of behavior in the
temperature of the air after the level of h = 1000 kJ kgqa™!, the correlation illustrated in Fig.

4.1 is difficult to be fitted.

99
80 [
DG [
= 60 |
Z
5]
40}
L
=
20
l . Il 1 1 1 I}
\ I 2 3 4 5
Enthalpy, h [k] ke «10*

Figure 4.1. The relation between specific enthalpy and saturated air temperature pressure
of 1 atm [40].
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However, approximation forms of different order-polynomial, power, logarithmic, and
exponential are tried for fitting the relation between specific enthalpy and saturated air
temperature pressure of 1 atm. The aforementioned approximation performance was poor
and the natural logarithm approximation was the least, however, it coincides with the
Hyland and Wexler data [63] in only one point that is T =91 °C. Thus, Fig. 4.1 is re-drawn

in a semi-In scheme for additional study as depicted in Fig. 4.2.

As illustrated in Fig. 4.2, the semi-In trend of ‘T’ and ‘h’ is impeccably linear in the range
of 40 - 60 °C. This trend varies regularly as the air temperature rises or declines from this
range. Figure 4.1 shows that between Tair = 25 - 65 °C that is, Twater = 20 - 90 °C for the

optimum system at high effectiveness of 0.9 this correlation can be stated as,
T =¢,+¢ In(h) (4.5)
where,

¢, =—54.4727862
¢, =18.4993347

Eq. (4.5) shows a In estimation of the correlation of the humid air temperature and specific
enthalpy. This estimation can be utilized to make the HDH system model simpler. Based

on Eq. (4.5), saturated air specific enthalpy is stated as,

h:“%f—gj (4.6)
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Figure 4.2. The relation between saturated air natural logarithm of specific enthalpy and
temperature at a pressure of 1 atm [40].

4.3.1 The balanced system, MR = MR

In this section, the model of the HDH system with optimum MR is re-examined and made
simple by utilizing the In estimation. The generated system of equations is resolved

analytically for giving a better understanding of the humidification dehumidification cycle.

Based on the definition reported by Narayan et al. [54], the energy effectiveness for the
towers of dehumidification and humidification can be expressed as in Egs. (3.11) and
(3.13), respectively. In balance state i.e. HCR = 1, the energy effectiveness in both air and
water sides is the same, therefore, the air side effectiveness is considered for the

dehumidifier due to its simplicity as stated in Eq. (4.7),

ha,2 _ha,l
Een = 7 7
a2~ Malid

(4.7)
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Similar to Eq. (4.7), the energy effectiveness for the humidifier can be stated as,

ha 2 _hal
s 7 4‘8
, (4.8)

a,l

ghum = h
a,2,id

It is clear from Eqgs. (4.7 — 4.8) that the only unknowns are ha1 and ha, therefore, Egs. (4.7

—4.8) can be solved simultaneously to find h,,1 and ha as follow,

ho— EqnDaria + Enum (1 = Eden )ha,2,id (4.9)

- Edgen T Enum (l_gdeh)

a,l

ho— Eden (1 ~ Ehum )ha,l,id + Ny (4.10)

“ gdeh (1 - Ehum ) + Ehum

where,

By = em(%ﬂ @.11)
1

Bysia = €XP [Tz%gj (4.12)
1

Using Egs. (4.11 —4.12), Egs. (4.9 — 4.10), both h,1 and ha> can be expressed as follow,

T — T, —
gdeheXP£Oé,é/oj"‘ghum(l_gdeh)exf)(2(())
1

h,, = 1 (4.13)
Egen T Epum (1 = Een )

gdeh (1 - ghum ) eXp [Tz);é/()j + ghum eXp {Mj

| 4

h,, = (4.14)

gdeh (1 - ghum ) + ghum
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Appling the log approximation, air bottom, and top temperature can be expressed as follow,

£, €XP (TO;QVOJ + & (1= 4 ) XD [ngcj"j

gdeh + ghum (1 - gdeh )

T,,=¢+¢ In (4.15)

T, - T. —
ngh (1 - 8hum )exp (Oé/é/()j + ghum eXp [zé/é/oj
! 1

T,,=¢y+¢ In
! gdeh (l_ghum)—l_ghum

(4.16)

Repeating the same procedure for the seawater stream the energy effectiveness for the

dehumidifier can be represented as,

£, =M (4.17)

deh — 5, .
hl,id _ho

From Eq. (4.17), the only unknown is h; and it can be expressed as,

hy=hy+&,, (hl,id - ho) (4.18)

where,

hy :(42 — G5 +(;4So _éls)(To +§6))T0

. = (é/z — &35 +(§4So _§5)(Ta,2 +§6))Ta,2

¢, =5.328

£, =9.76x10"" (4.19)

¢, =7.351x10"
£, =6.913x107
¢, =273.15
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Applying Egs. (4.16) and (4.19), Eq. (4.18) becomes,
h=hy+&,, ((é/z —¢38, +(§450 _é;)(TaJ +273‘15))Ta,2 _(4:2 ¢35 +(§4S0 _é/s)(To +§6))TO) (4.20)

Using Eq. (4.20), the feed seawater temperature is stated as,

T1 — \/h1(§4sg_ 4/5); 472 +é/7 (421)
450765

where,

4,7 :§3S0 _;4§6S0 _é/z +é,5§6

From energy balance in the dehumidifier, see Eq. (3.4), the dry air mass flowrate ratio can

be expressed as,

m, :M (4.22)

’ (ha,2 - ha,l)

Applying the Eqgs. (4.13 —4.14) and (4.18 —4.19), Eq. (4.22) can be depicted as,

i (6= H(€sy~6) (T2 +27319)) T~ GG H G =) (1, +4)) )

1t =
(G (1=t + ) (gdeh(l—em)W[TO;IGVOL%W(?D_W[TO?

) (4.23)

The mass flow rate of freshwater produced can be found by applying Eq. (4.23) in the

dehumidifier mass balance, see Eq. (3.3) as,
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P e A e e e

g AT =g = 5

where,
o, - 0.62198 (4.25)
’ 17.27T, ,
165.894exp| - ——— 22— | -1
237.3+T,,
0, = 0.62198 4.26)
’ 17.27T
165.894exp| - ———=— | -1
237.3+T,

From the mass balance in the humidifier, the mass flowrate of the rejected brine is stated

as,

oy a0 A TABITAC G A, T
il

Similar to Eq. (4.7), the energy effectiveness for the humidifier can be defined using the

seawater stream as,

_ m,h,—myh,

ghum -

4.28
mw hz - mb h3,id ( )

m,, is known from Eq. (4.27) which means the only unknown is h3 and can be evaluated by

manipulating Eq. (4.28) as
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m h2 _ghum (mw h2 _mhhS,id )

hy =— - (4.29)
m,
where,
h, :(é/z -G8, +(§4SW _Cs)(Tz +§6))T2
(4.30)
By :(é/z =838, +(é/4sb _4/5)(Ta,1 +§6))Ta,l
Using Eq. (4.29), the brine temperature is stated as,
T3 — \/h3(§4sh _4/5)_4/72 +é/7 (431)

G4sy =&

4.3.2 The unbalanced system, Case 1: MR > MRt

In this section, the model of the HDH system with MR as input is studied and simplified
using the log approximation, and then the generated model is solved analytically. Using
the definition of energy effectiveness for case 1 (MR > MRy, see Eq. (3.9)), Egs. (4.9 —
4.16) can be used to evaluate the recirculated air temperature and enthalpy at states a,l,

and a,2.

The dry air mass flowrate can be estimated directly as expressed in Eq. (4.32),

i, =— (4.32)

“ e (o, —a,,) (4.33)
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where w,, and @,, are defined in Egs. (4.25) and (4.26), respectively.

From the mass balance in the humidifier, the mass flowrate of the rejected brine is stated

as,

iy, =i, — (&, ~a), ) (4.34)

From the energy balance in the dehumidifier, see Eq. (3.4), the only unknown is h; and it

can be expressed as,
h,=h,+—= (4.35)

where h, is defined in Eq. (4.19).

Using Eq. (4.35), the temperature of the seawater at the dehumidifier outlet can be stated as,

MR

T, = 4.36
S48y —Gs ( )

(ha2_hal) 2
ho"'; (§4SW _gs)_é} +§7

where,

4,7 :(43 _4/446)Sw _4/2 +§5§6

Similarly, using the energy balance in the humidifier, see Eq. (3.2), the only unknown is

h3 and it can be expressed as,
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h, = 2 e (4.37)

where, h, is defined in Eq. (4.30).

Using Eq. (4.37), the brine temperature is stated as,

L (@sg—mg &+ 438)
45p ~6s

4.3.3 The unbalanced system, Case 2: MR < MRt

In this section, the model of the HDH system with MR as input is studied and simplified
using the log approximation, and then the generated model is solved analytically. Using
the definition of energy effectiveness for case 2 (MR < MR, see Eq. (3.10)), Egs. (4.18
—4.21) can be used to evaluate the seawater temperature and enthalpy at state 1. The dry

air mass flowrate can be estimated directly using Eq. (4.32).

Using the energy effectiveness for the humidifier and dehumidifier (see Eqs. (4.17) and
(4.28)), the energy balance for the humidifier and dehumidifier can be expressed as in Egs.

(4.39) and (4.40), respectively,

i, hy =i, hy =&, (M hy —nyhy )=y, (B, —h,,) (4.39)
i, (hy=hy) =1, &, (Mg —ho ) =1y, (hyy—h,,) (4.40)
Equation (4.39) can be simplified as follow,

Ehum (mw h, _(mw —mg, )hS,id ) =my,, (ha,Z - ha,l) (4.41)
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or,

g (mw hy (1, =1y, (0,1 =@, )) ) =ity (h,y—h,,) (4.42)
By dividing by 7, Equations (4.40) and (4.42) can be stated as,

MR (B, —hy)=(h,,—h,,) (4.43)
g, (MRh2 ~(MR ~(e,, ~ 0, ) ) s ) =(hy,—h,,) (4.44)

It is clear from the psychometric chart that the relation between the absolute humidity ratio
and specific enthalpy is linear, yet, for further investigation, this relation is plotted for an

air temperature range of 25 -65 °C as shown in Fig. 4.3.
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Figure 4.3. Absolute humidity ratio vs. specific enthalpy for saturated air.

The relation between absolute humidity ratio and specific enthalpy as shown in Fig. 4.3 is

perfectly linear and hence, it can be fitted as follows,
w=_Cy+Coh (4.45)
where,

¢, =-153.858138x10™"
¢, =3.66008976x10*

Applying Eq. (4.45), Eq. (4.44) becomes,

Epum MR (hz _(1 ~¢yMR ™ (ha,Z —h,, ))h3,id ) = (ha,Z - ha,l) (4.46)
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or,
ghumMR (hZ - h3,id ) = (ha,Z - ha,l )(1 - ghum é,9h3,id ) (447)
Then the difference in absolute humidity ratio can be expressed as follows,

_ EqnMR (hl,id _ho)
So

(@,,-,,) (4.48)

Applying Eq. (4.48) with Eq. (4.32), the mass flowrate of the freshwater produced is stated

as,
y &, MR(h, , —h
Mmoo = m,, “den ( Lid 0) (4.49)
r MR <
where,

hy and h,,, are defined in Eq. (4.19).

Subsequently, the mass flowrate for the rejected brine can be expressed as follows,

. ) & MR (hl,id - ho)
m,=m,|1-
MR,

(4.50)

It is clear from Eqgs. (4.43 and 4.47) that the only unknowns are ha,; and ha, therefore,

these equations can be solved simultaneously to find h,,1 and ha> as follow,

T, - T —
Eaon Masia + Enn (1= 84 ) P 8dehexp( Oé,go}rghum(l—gdeh)exp[zé,%]
h — deh ""a,l,id hum deh a,2,id _ 1 ! (45 1)

“! Egen T Enum (1 ~ Sden ) Egen T Epum (1 ~ Een )
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Eeh (1 ~ Ehum ) exXp (Toé_/é/oj + Epum €XP (Tzé_,éloj

h — gdeh (l - ghum )ha,l,id + ghum ha,Z,id — 1

“? gdeh (l - ghum ) + ghum gdeh (1 - ghum ) + ghum

(4.52)

The minimum and maximum temperature for the recirculated air Ta,1 and Ta can be stated,

respectively, as follow,

Egen, €XP (To;é/oj * Enum (1 = Egen )eXP(TZ;é/O]

gdeh + ghum (1 - gdeh )

T, = +&In(h,)=¢,+¢n (4.53)

ior (1= € ) XD [TO_QVOJ + € XD (Tz_goj
; ot |45

gdeh (1 - ghum ) + ghum

Ta,z =00t ¢ ln(ha,z)zé/o +¢ In

4.3.4 Illustrative procedure

This part is made to describe the potential of the proposed analytical method and how to
utilize it efficiently. This section provides a step-by-step procedure to show how to utilize
the analytical method to model the CAOW HDH system. The input parameters for this
system are seawater salinity, top temperature, bottom temperature, water-to-air mass
flowrate ratio, and energy effectiveness for the humidifier and dehumidifier. The basic
values for these variables are used as enlisted in Table 4.1. All the steps needed to apply

the analytical model are summarized in the flowchart as in Figs. 4.4 — 4.6.
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[nputs:
*Seawater mass flowrate at dehumidifier inlet, m,,
*Water temperature at dehumidifier inlet, Ty %k
*Water salinity at dehumidifier inlet, s,
* Water top temperature, T, l
* Dehumidifier elfectiveness, &g
* Humidifier effectiveness, £pum Evaluate dry air mass flowrate
using Eq. (4.23)
Y 0%

Evaluate air specific enthalpy at
dehumidifier outlet, h, ; using Eq. (4.13)

Evaluate air specific enthalpy at humidifier
outlet, h,> using Eq. (4.14)

Evaluate freshwater produced
mass flowrate at using Eq. (4.24)}
Y
Evaluate the total mass flowrate of
the rejected brine using Eq. (4.27)

2 i

Evaluate air temperature at dehumidifier outlet, Evaluate the water enthalpy at the

Ta using Eq. (4.15) heater outlet using Eq. (4.30)

v ¥

Evaluate air temperature at humidifier outlet, Evaluate the water temperature at the
T, using Eq. (4.16) humidifier outlet using Eq. (4.31)
Y N4

Evaluate the water enthalpy at the

Evaluate the total energy required
dehumidifier outlet using Eq. (4.18)

in the heater using Eq. (3.5)

Y ¥
Evaluate the water temperature at the Evaluate the Gain output
dehumidilicr outlet using Eq. (4.21) ratio using Eq. (4.1)
+ End
*

Figure 4.4. Analytical method algorithm flowchart for the balanced CAOW water-heated
HDH system.
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Inputs:

*Seawater mass flowrate at dehumidifier inlet, m,,
*Water temperature at dehumidifier inlet, Ty *
*Water salinity at dehumidifier inlet, s,

* Water top temperature, T, ¢
*Water-to-air mass flow rate ratio, MR
* Dehumidifier effectiveness, £4ep

* Humidifier etfectiveness, Shum

Evaluate the total mass flowrate of
the rejected brine using Eq. (4.34)

v Y

Evaluate air specific enthalpy at E\’alufﬁ“‘f the water Cn}ha\lpy at the
dehumidifier outlet, h,, using Eq. (4.13) dehumidifier outlet using Lq. (4.35)
Evaluate air specific enthalpy at humidifier Evaluate the water temperature at the

outlet, h,» using Eq. (4.14) dehumidifier outlet using Eq. (4.36)

’ v

Evaluate air temperature at dehumidifier outlet, Evaluate the water enthalpy at the
T, using Eq. (4.15) heater outlel using Fq. (4.30)

¥ ¥

Evaluate air temperature at humidifier outlet, Evaluate the water temperature at the
Tao using Eq. (4.16) humidifier outlet using Eq. (4.38)
¥ ¥
Evaluate dry air mass flowrate Evaluate the total energy required
using Lq. (4.32) in the heater using Eq. (3.5)

Y
\L Evaluate the Gain output
Evaluate freshwater produced ratio using Eq. (4.1)
mass flowrate at using Eq. (4.33)

I

*

Figure 4.5. Analytical method algorithm flowchart for the unbalanced CAOW water-
heated HDH system (Case 1).

86




Inputs:

*Seawater mass flowrate at dehumidifier inlet, m,,
*Water temperature at dehumiditfier inlet, T, *
*Water salinity at dehumidifier inlet, s,

* Water top temperature, T ‘L
*Water-to-air mass flow rate ratio, MR
* Dehumidifier effectiveness, ggen

* Humidifier effectiveness, Shum

Evaluate the water enthalpy at the
heater outlet using Eq. (4.30)

) v

Evaluate the water temperature at the

Evaluate dry air mass flowrate humidifier outlet using Eq. (4.38)
using Eq. (4.32) ¢
’L Evaluate air temperature at dehumiditier outlet,
Evaluate the water enthalpy at the T, using Eq. (4.53)
dehumiditier outlet using Eq. (4.20) ¢
‘L Evaluate air temperature at humidifier outlet,
Evaluate the walter temperalure at the T, using Eq. (4.54)
dehumidifier outlet using Eq. (4.21) ¢
*L Evaluate the total energy required
FEvaluate freshwater produced in the heater using Eq. (3.5)
mass flowrate at using Lq. (4.49) ¢
‘L Evalualte the Gain output
Evaluate the total mass flowrate of ratio using Eq. (4.1)
the rejected brine using Hq. (4.50)
n
2 End
*

Figure 4.6. Analytical method algorithm flowchart for the unbalanced CAOW water-
heated HDH system (Case 2).
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4.4 Validation and performance of the proposed analytical model

4.4.1 Impact of humidifier energy effectiveness

Figures 4.7 and 4.8 represents the change in the cycle performance at different values of
humidifier/dehumidifier effectiveness. From Fig. 4.7 it can be seen that the seawater
temperature at humidifier inlet is set at 80 °C, the temperature of feed seawater temperature
was set at 30 °C while energy effectiveness of the dehumidifier is set at 0.8. The mass
flowrate ratio of seawater to air ranges from 1 - 4.5. It can be observed that there is an
optimal point of mass flowrate ratio of seawater to air where the gained output ratio is
maximum. Also, it is to be noted that the performance rises gradually as the energy

effectiveness of the humidifier rises, €xum.

4.4.2 Impact of dehumidifier energy effectiveness

From Fig. 4.8 it can be seen that the seawater temperature at humidifier inlet is set at 80
°C, the temperature of feed seawater is set at 30 °C, and energy effectiveness of humidifier
is set at 0.8. The trend of cycle performance of the cycle varies abruptly at higher energy
effectiveness in the dehumidifier. This behavior is consistent with different values of
seawater temperatures at the inlet of both dehumidifier and humidifier. Therefore, the high
energy effectiveness of the dehumidifier impact is more than that of the humidifier on the
cycle performance. In the literature [25], it was reported that the air humidity ratio at the
dehumidifier outlet is more significant than that at the humidifier outlet. Therefore, based
on these results, it can be said that for a CAOW W-H system the dehumidifier performance

is more essential than the performance of the humidifier.
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Figure 4.7. Impact of mass flowrate ratio and humidifier effectiveness; Tw,2 = 80 °C; Tw,0
=30 °C; €d4eh = 80%:; (@) €num = 60%; (b) €num = 80%; () €hum = 100%.
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Figure 4.8. Impact of mass flowrate ratio and dehumidifier effectiveness; Tw.2 = 80 °C;
Tw,0 =30 °C; &hum = 80%; (a) €deh = 60%; (b) €deh = 80%; (¢) €den = 100%.
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4.4.3 Impact of water top temperature

Figure 4.9 depicts the impact of seawater heating temperature on the GOR of the cycle.
the bottom temperature of seawater (Tw,0) is set at 30 °C and the energy effectiveness of
both dehumidifier and humidifier are set at 0.92. The seawater heating temperature (Tw,2)
is changed using a range of 60 - 80 °C. The optimum ratio of mass flowrate rises as the
heating temperature rises. However, this behavior is governed basically by the energy
effectiveness of both the dehumidifier and humidifier. At low values of energy
effectiveness, the heating temperature has little or no impact on the GOR of the system.
This outcome is contrary to intuition. Though, it can be clarified utilizing the concept of
HCR. It is also to be mentioned that generated entropy through mass/heat exchangers is
minimum when HCR =1 (i.e. optimum mass flowrate ratio). This understanding can be

used to comprehend the trends obtained in Fig. 4.9 at various top water temperatures.
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Figure 4.9. Impact of mass flowrate ratio and top water temperature; Tw,0 = 30 °C; &num =
€deh = 92%; (a) Tw,2 = 60 °C; (b) Tw,2 =70 °C; (c) Tw,2 =80 °C.
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4.4.4 Impact of water bottom temperature

The temperature at the dehumidifier inlet (Tw,0) is determined based on the temperature of
the ambiance of the area from which the seawater is taken. From figure 4.10 (the
temperature of heating is 80 °C and humidifier/dehumidifier effectiveness is 0.92. At high
values of feed seawater temperature, higher values of GOR are achieved (refer to Fig.
4.10). These findings could be explained using HCR. The level of optimizing the
humidifier at the balancing conditions (i.e. optimum water-to-air mass flowrate ratio) for
the performance declines as the feed seawater temperature drops. Therefore, the
humidifier irreversibilities rise with the drop of feed seawater temperature, and hence, the

performance decreases.

4.4.5 Validation of the proposed model

The aforementioned analytical model is tested and validated against the numerical method
reported in chapter 3. An assessment of the gained output ratio was evaluated utilizing
the proposed analytical model and the numerical method as illustrated in Figs. 4.7 — 4.10.
Good agreements are noticed between the analytical and numerical model, the error is

around + 5%.
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4.5 Concluding remarks

In this chapter, an innovative method based on energy effectiveness as a performance
parameter is suggested for modeling the closed-air open-water water-heated
humidification-dehumidification desalination system at balanced and unbalanced states.
The proposed method target evading the difficulty of using the library of thermos-physical
properties. The proposed analytical model is certified with the numerical data reported in
chapter 3. A benchmark of the gained output ratio (GOR) evaluated by using the current
analytical model is conducted with the chapter 3 model as shown in Figures 4.7 — 4.10.

Good agreement with the numerical model is observed with an error of around + 5%.
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CHAPTER 5

THERMODYNAMIC BALANCING USING THE PROPOSED

PINCH-BASED EFFECTIVENESS DEFINITION

Summary

The roadblock to commercialize the HDH system is that the system performance is
relatively modest. In this chapter, thermodynamic balancing in the system under study is
proposed by using mass extraction and injection technique. These methods can be regarded
as a prospective means to lessen power consumption which dramatically results in higher
performance. Thermodynamic balancing reduces the entropy production in both the
humidifier and dehumidifier by balancing air-to-water concentration and temperature
difference through both towers. The proposed (single extraction) system is a modified (zero
extraction) system (Fig. 3.1) with applying mass extraction and injection between the
humidifier and the dehumidifier. The mathematical procedure to model the system was
drawn to investigate the impact of the injection and extraction technique on the
performance of the desalination system. It was concluded that at € = 95 %; the desalination

system performance with one extraction is 83.1 % better than that without extraction.
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5.1 Introduction

An optimum design system is one that produces less entropy at the same size (capital cost).
The efficiency of such systems is optimized by using finite-time thermodynamics. In this
chapter, the concept of thermodynamic balancing is applied to the desalination process of
the system under study (dehumidifier and humidifier) to improve the performance of the
HDH desalination system. In the HDH system, the carrier air shuttles heat and moisture
between the humidifier and dehumidifier. It is found as mentioned before that reduction of
the entropy production in the system under study improves the performance (GOR) of the

system.

Also, it is found that the injection and extraction of the humid air to the dehumidifier from
the humidifier can convey the rate of enthalpies into balancing and lower the generated
entropy. In this chapter, extensive analysis is reported to investigate the impact of mass
injection and extraction on the HDH cycle. This analysis depends on the idea that at
constant dehumidifier and humidifier effectiveness, the HDH system operates optimally
for any given operating conditions at sole water-to-air mass flowrate ratio. Design

algorithms are developed to balance the desalination process in the HDH cycles.
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5.2 CAOW water heated humidification dehumidification

arrangement under thermodynamic balancing (extraction)

The water heated CAOW humidification dehumidification cycle in section 3.2 in addition
to a consideration of thermodynamical balancing (extraction at one or multiple points)

between the cycle humidification and dehumidification sides, as presented in Figure 5.1.

The system comprises a seawater heater, humidifier, and dehumidifier. Significant to
mention that the proposed effectiveness method is utilized to estimate the gained-output-
ratio (GOR) in the current chapter as an alternate technique to the dehumidifier/humidifier

other performance indices.

The key variance concerning the zero-extraction framework and presented one (with
extraction) is the multi-extraction. The air to be taken out from the humidification part
should be inserted into the dehumidification part to a certain location that has similar
specific enthalpy as the point of extraction to evade irreversibilities because of injecting
the extracted air into the dehumidifier (mixing). Figure 5.1 expresses extracted air state
‘a,ex’ for single points extraction. Where state ‘a’ represents recirculated air, ‘ex’ denotes

extraction.
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under thermodynamical balancing (single extraction) [56].
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5.3 Thermal balance in the humidifier and dehumidifier

Entropy generation occurs because of the limited area of heat and transfer area in thermal
system components. In the CAOW-WH HDH cycle, most of the thermal operations occur
in the humidification/dehumidification process. Therefore, a major part of the entropy is
generated in the humidifier and dehumidifier. The generation of entropy in the
dehumidifier and humidifier has been highlighted to increase HDH cycle performance. The
mathematical model that is developed in chapter 3 is reconsidered and prolonged for single
balancing by extraction and injection. In this section, for humidifier and dehumidifier
modeling, pinch-based energy effectiveness is used as an appropriate alternative to

temperature pinch [27], [50], [51] and enthalpy pinch [53]-[55].

5.3.1 Control volume balance — optimum operation (zero extraction)

As stated earlier, a balanced cycle can be regarded as a cycle that has a minimum generated
entropy at fixed energy effectiveness when the modified heat capacity ratio = 1. The
aforementioned definition can be prolonged to the pinch-based energy effectiveness as an

alternative to terminal-based energy effectiveness as in,

HCR = imaxw (5.1)

AI'Imax,air

From Eq. (5.1), for HCR to be equal unity in the dehumidifier, L,, = L,;, 1s needed
(varying mass flowrate ratio of seawater to air). It should be noted, these finite size losses
are located at the inlet and outlet of the dehumidifier, and a single intermediate location

in the humidifier.
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53.2 Mass injection- and extraction-based (single extraction)

From the system discussed in the previous section (control volume balancing), the heat
capacity ratio is conveyed to a value of 1 by changing the mass flowrate ratio of seawater
to air. For such a situation, HCR is not equal to unity at every location in the mass/heat
exchange device. Nevertheless, the method of thermal balancing by operating the system
at the optimal operational condition can be lengthened by changing the mass flowrate ratio
of seawater to air along both the dehumidifier and humidifier employing extracting and
injecting the recirculated air to bring heat capacity ratio to a value of one. However, to
achieve this level of thermodynamic balancing, the number of extraction and injection
points should incline to infinity which is completely impossible. On the other hand, a
distinct number of injection and extraction points is doable. It is to be noted that applying
a single extraction and injection technique to enhance HDH system performance is

comprehensively examined in this chapter.

Local pinch-based energy effectiveness along the dehumidifier using zero and single
injection and extraction is illustrated in Fig. 5.2. Figure 5.2 shows that applying a single
injection and extraction conveyed the energy effectiveness to maximum (HCR = 1) at the
injection location in addition to the terminal points that result in a huge drop in the
generated entropy (refer to Fig. 5.3). The main behavior for the system with and without
extraction is that the generated entropy rises with the decrease of pinch-based energy
effectiveness. The generated entropy of the system with one extraction is less than that of

a system without extraction up to a certain level of energy effectiveness after which the
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extraction technique has zero impact. The concept behind this trend is elaborated at extent

in the results and discussion section.

Inlet Extraction point Outlet
7~

Zero extraction
= =Single extraction

Local pinch-based energy effectiveness, €

Location along the tower

Figure 5.2. Local energy effectiveness in HDH’s dehumidifier with and without applying
extraction.

0.005
0.004
0.003
0.002

Single extraction
0.001

Zero extraction

Entropy generation, [kJ.kg1. K|

=

High energy effectiveness Medium energy Low energy effectiveness
effectiveness

Energy effectiveness, ¢ [-]

Figure 5.3. Impact of applying extraction in reducing the generated entropy.
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5.4 Modeling of the proposed model

The concepts of thermal balance established for mass and heat exchange devices are
utilized and in the HDH desalination system using the proposed pinch-based energy
effectiveness. The arrangement of the cycle to be investigated is shown in section 5.2

(please refer to Fig. 5.1).

54.1 Zero extraction cycle

To evaluate the mass flowrate ratio of seawater to air, this association with the slope of

2

seawater line ‘0 - 1’ and ‘2 — 3’ in the dehumidification and humidification devices,
respectively, as in the temperature-enthalpy diagram (Fig. 3.2) can be used. Figure 5.4
represents a CV that comprises a heater, a section from the humidifier, and the

corresponding section in the dehumidifier. The balance of energy on this CV that is shown

in Fig. 5.4 can be stated as:

(AH),, = (AH) = (AH)qq (5.2)
or,

iy, (CoAT) 1z, (CAT) w = Maa(Bh)aq (53)

(1t = M) Cpave AT = 1gq (AR*) 44 (5.4)
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Figure 5.4. A CV comprising the seawater heater, part of the humidifier, and the

equivalent part of the dehumidifier [40].

Assuming Ah* approaches zero, the relation between temperature derivative (slope of

seawater process) and mass flowrate ratio of seawater to air can be stated as follows,

dr 1 (5.3)
dh*  MRC,

Based on Eq. (5.5), and inclusive algorithm to estimate the humidification
dehumidification cycle performance by using the proposed pinch-based energy
effectiveness using top seawater temperature, the bottom seawater temperature, and
energy effectiveness of both the dehumidifier and humidifier as input data is presented in

Fig. 5.5.

104



Input:

* Seawater temperature at
dehumidifier inlet, Ty

* Seawater top temperature, Ty
* Edch

# €hum

sl
Pick a value for
maximum heat duty
W
Plot saturated air
temperature profile
A
Pick a value for air enthalpy
at dehumidifier outlet

Calculate temperature
difference between
humidifier and dehumidifier

Pick another value Al
of outlet enthalpy Plot dehumidifier line profile
satisfying £4en at both ends
I
Plot parallel humidifier
line profile satisfying AT
"
Calculate ghym

NO

Yes

Calculate MR

Calculate mass flow rate
of freshwater

L

Calculate heat input rate |

A
Calculate GOR

End

Figure 5.5. Zero extraction algorithm flowchart.
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5.4.2 Single extraction cycle

Figure 5.6 illustrates a temperature-enthalpy chart of a system with a single injection and
extraction. In this case, the air is extracted from the humidifier at the state ‘ex’ and is
injected to the corresponding location in the dehumidifier with the same state ‘ex’ to avoid
generating additional entropy due to mixing. The foremost dissimilarity between the
system with and without extraction is that the thermodynamic model is estimated as double
stages. The conception settled in this chapter leads generally to generate Fig. 5.6. as

picturing and coding of this cycle depends on Fig. 5.6.

o

o

2

i

@

=% ex, Hum

&

@

i ax, af
ex, deh

a,l

Specific enthalpy, h [kJ/kg dry air]

Figure 5.6. T - h chart of CAOW — WH HDH desalination cycle after applying the
injection and extraction technique [56].
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The concept is translating this figure to a thermodynamic process for estimating the single
extraction system performance. The elaborated process for modeling the HDH cycle with

one extraction is illustrated in Fig. 5.7.

Input: *

* Seawater temperature at
dehumidilier inlet, Ty

* Seawater top temperature, T,
2 Edeh

Plot dehumidifier line profile
of second stage satisfying
N Ehum at both ends

£l
Ehum

Pick a value for N
maximum heat duty PlOF p.a?rall.el
L Pick another humidifier line
Plot saturated air value of outlet profile satisfying AT
temperature profile enthalpy N

Calculate gpym

N

Pick air enthalpy ]
of first extraction Pick
another Vs Reached the
value of upper limit of outlet
extraction enthalpy
Plot dehumidifier line enthalpy
profile of first stage
satisfying ¢q4., at both ends
\L Calculate MR of first
and second stages
Plot parallel humidifier line i
profile satisfying ehum at e
point of tangency Calculate mass flow rate of
T freshwater at first and second stages

Calculate temperature
difference between | Calculate heat input rate |

humidifier and dehumidifier

L

Pick enthalpy of
dehumidifier outlet

T
%

Figure 5.7. Single extraction algorithm flowchart.
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543 Operational variables

The inputs that affect extraction are as follow, the bottom seawater temperature at the
dehumidifier inlet, the top seawater temperature, the humidifier, and dehumidifier energy
effectiveness. Basic and range values of these variables are presented as shown in Table

4.1.
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5.5 Results and discussion

5.5.1 Impact of energy effectiveness

Figure 5.8 represents the impact of energy effectiveness on the CAOW - WH HDH cycle
performance by utilizing the proposed energy effectiveness with zero and single
extractions. It can be seen from this figure the general trend is that the GOR increases as

energy effectiveness increases for the HDH cycle with and without applying extraction.

7 1 1 1 1 I 1
— 7Zero extraction
= =Single extraction -
6 -
[N ]
ol B
e sk \ 4
O I \
o [ \
S . I \
= 4r : ; y
s I » Region B Region A
- [€ PrE—
= ~
=) » ]
N
k> S ]
=) ~ 3
= ~ ]
~
U ~
I Sy
1 ]
O [ 1 1 1 1 1 1
100 97 93 89 85
Pinch-based energy effectiveness, € [%]

Figure 5.8. Impact of energy effectiveness on GOR.
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This is because energy effectiveness is equivalent to performance. Segment “A” can be
regarded as the low effectiveness segment (energy effectiveness span is 85 - 91%) for the

humidifier and dehumidifier.

The system with one injection and extraction performance is more in region ‘B’ than that
without applying injection and extraction for the CAOW — WH HDH desalination cycle.
The GOR starts with a value slightly above 1 and then increases to a GOR of 6.2. The
decrease of the generated entropy because of applying thermodynamic balancing related to

single extraction results in an enormous GOR rise.

100 | 1 1 1 I 1 1

90 |

80

70 b

60 |

Region B Region A ]
egion >he g >

50 fe€

40

Extraction point level [%]

30 F

20F {

10 B

0 [ 1 1 1 1 1 L
100 97 93 89 85

Pinch-based energy effectiveness, € [%)]

Figure 5.9. Impact of energy effectiveness on extraction level location.
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In segment “A” the CAOW — WH HDH cycle performance using zero and single injection
and extractions overlaps i.e. the injection and extraction technique has zero impact before
the critical level of energy effectiveness at 91%. For this region, the energy effectiveness
starts from 91%. The is that for the cycle with one extraction, the air is injected and
extracted at a level between the top and bottom of the humidifier; as energy effectiveness
decreases, the location of injection and extraction is lowering down until it merges at € =
91% with the air inlet. In other words, the system with one extraction converts to a system
without extraction as illustrated in Fig. 5.9. These data are shortened in Table 5.1 to specify

the appropriate operating conditions of low and high effectiveness region.

Table 5.1. Suggested arrangement of high and low effectiveness segments.

Region Effectiveness (%)  Recommended configuration
A <91 Zero Extraction
B 100 - 91 Single Extraction

From Fig. 5.8 it is important to emphasize that the thermodynamic balancing technique with single
extraction is only feasible at high values of energy effectiveness (> 91%) which is difficult to achieve
in the dehumidifier and almost impossible in the humidifier. However, this figure is misleading for
two reasons, first, it is generated assuming both the dehumidifier and humidifier are having an equal
value of energy effectiveness. Second, these values (for example 91%) are pinch-based energy
effectiveness i.e. if it is converted to the terminal (conventional) definition, it is 35%, please refer to

Fig. 5.10.
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Gained output ratio, GOR

Figure 5.10. Impact of energy effectiveness on GOR.

To solve the aforementioned issues, Fig. 5.8 is regenerated as shown in Fig. 5.10 as a function in
both the dehumidifier and humidifier energy effectiveness with terminal- and pinch-based
definition. Fortunately, the figure shows that the extraction technique is viable in region ‘B’ where
humidifier and dehumidifier terminal-based energy effectiveness ranges between 82% - 100% and

32% - 40%, respectively. These values are achievable by both system components, please refer to

Table 5.2.

Table 5.2. Suggested arrangement of high and low Terminal-based effectiveness segments.

Region €deh (%) €hum (%) Recommended configuration
A <82 <32 Zero Extraction
B 100 - 82 40 - 32 Single Extraction
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5.5.2 Impact of seawater temperature at inlets of humidifier/dehumidifier
Figure 5.11 depicts the impact of seawater maximum temperature on CAOW - WH cycle
using zero and single injection and extractions at 100% energy effectiveness. As top
seawater temperature rises, the system performance reduces for both bottom temperatures.
As the temperature of the seawater at the dehumidifier inlet is set at 20 and 30 °C. The
rise in top seawater temperature has been noted to elevate the required input heat rate.
Therefore, the system performance decreases consequently. Additionally, the system
performance at 30 °C is lower than that at 20 °C. This can be attributed to the capability

of seawater to cool down and condensate extra air in the dehumidifier.
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Top seawater temperature, T2 [OC]

Figure 5.11. Impact of the top seawater temperature; €deh = €hum = 100%.
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The drop in the generated entropy because of the thermodynamic balancing regarded with
injection and extraction technique results in an enormous rise in the system performance
that approximately multiplied three folds in comparison with the system without injection
and extraction at top seawater temperature of 50 °C with a bottom temperature of 20 and

30 °C at dehumidifier inlet.

Figure 5.12 shows the trend of the HDH cycle with similar operation variables except for
energy effectiveness (97%). The performance at the seawater bottom temperature of 20
°C rises (with and without injection and extraction) as the seawater temperature at the
humidifier inlet rises. This escalation is attributed to the rise of the seawater temperature
at the humidifier inlet that results in improved humidifier vaporization, therefore, extra
water vapor is liquefied in the dehumidification tower. The system performance with
injection and extraction is multiplied twice in comparison with the system without

extraction at 50 °C top seawater temperature.

At a seawater temperature of 30 °C at the dehumidifier inlet, the performance of the
system without extraction drops as the top seawater temperature rises because of the rise
in the input heat rate required. Thermodynamic balancing using one injection and
extraction elevates the system performance up to the value of 55 °C top seawater
temperature, after that, the performance drops. The performance behavior could be
attributed to the rise in the top seawater temperature which means improved vaporization
up to a certain level, after that, the rise of input heat rate required impact exceeds the
vaporization generation as the top seawater temperature increases, hence, the system

performance decreases. Applying the injection and extraction technique, the system
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performance is doubled at 55 °C top seawater temperature as a result of the drop in the

generated entropy.
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Figure 5.12. Impact of the top seawater temperature; €deh = €hum = 97%.

The system performance at bottom seawater temperature of 30 °C is more than that at 20
°C for the system with and without injection and extraction that attributed to the lower

input heat needed at 30 °C seawater temperature at the dehumidifier inlet.

At a top seawater temperature of 40 °C, the GOR for single extraction at a feed seawater
temperature of 30 °C is double in comparison to 20 °C. Then the variance in GOR declines
as the top temperature rises to a difference of almost 0.4 at top seawater temperature 60 °C.

The reduction in the difference is attributed to the reduction of input heat needed in
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comparison with the impact of feed seawater's capability of more moisture condensation
in the dehumidifier. Once attaining a 60 °C top seawater temperature, the system
performance at the bottom temperature of 20 °C without extraction surpasses the case of
30 °C. At this level, the impact of the feed seawater to dehumidify the saturated air betters

the impact of input heat needed.
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Figure 5.13. Top seawater temperature impact; €deh = €hum = 91%.

Figures 5.13 and 5.14 illustrate the impact of operating the cycle under the same
operational variables at the energy effectiveness of 91% and 85%, respectively. The impact
of injection and extraction on the cycle GOR is zero with rising the top seawater

temperature as the thermodynamic balancing impact works at higher values of energy
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effectiveness. Figure 5.13 depicts the rising top temperature of seawater elevates the
system performance with and without injection and extraction technique. The rise in system
performance can be associated with the humidifier vaporization as a result of the rise in top

seawater temperature.
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Figure 5.14. Impact of the top seawater temperature; €deh = €hum = 85%.

Figure 5.14 illustrates the rise in top seawater temperature at T>= 20 and 30 °C. In To= 20
°C case, the GOR is extremely minimal up to a 50 °C top seawater temperature. Afterward
this level, the system performance rises abruptly from 0.2 to almost one. The system
performance is marginal because of the low energy effectiveness in the humidifier and
dehumidifier. At higher values than 50 °C, the rise in top seawater temperature affects the

system GOR as it improves the vaporization meaning additional condensation in the
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dehumidification part and that leads to a rise in the system performance. At the bottom
seawater temperature of 30 °C, the system performance rises as the top seawater
temperature rises. This elevation in the evaporation and condensation processes is regarded

as the rise in top seawater temperature.
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5.6 Concluding remarks

In this chapter, the closed-air open-water water-heated humidification dehumidification
desalination system performance is evaluated using the proposed energy effectiveness with
zero and single extractions. The operation condition impact on the GOR of the cycle was
examined. Cycle GOR can be utilized to be the criterion for investigating the impact of
applying the extraction and injection technique. Based on the analysis presented in this

chapter, it is realizable to draw the following conclusions,

1. Pinch-based energy effectiveness is introduced for the analysis of the humidifier and
dehumidifier as a replacement to the terminal-based energy effectiveness, enthalpy
pinch, and temperature pinch that is usually defined for the humidifier and
dehumidifier. Energy effectiveness combines the impact of both concentration (salinity
and humidity for seawater and air, respectively) and temperature.

2. Changing the mass flowrate ratio of seawater-to-air by using the mass injection and
extraction technique conveys the heat capacity ratio to a value of (HCR = 1) at the
injection point. Therefore, the local energy effectiveness along the dehumidifier and
humidifier is tremendously increased which results in system performance
enhancement.

3. The gained output ratio of the dehumidification humidification desalination system
with and without extraction increases as energy effectiveness rises.

4. Applying extraction and injection technique improves the system performance after a
certain value of energy effectiveness. Before this point, the system performance after
applying injection and extraction overlaps with that of zero extraction i.e. injection and

extraction technique has zero impact before this point.
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5. The gained output ratio of the dehumidification humidification desalination system
with and without extraction rises as top seawater temperature rises to a certain level
where it is optimum and then it decreases after it.

6. Ate=97% of the humidifier and dehumidifier; the performance of the humidification
dehumidification system performance after applying extraction and injection technique

is enhanced by 83.1%.
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CONCLUSION AND RECOMMENDATIONS

In this thesis, a novel method based on energy effectiveness as a performance index is
suggested in the current research in order to investigate and model the water-heated,
CAOW humidification dehumidification desalination cycle at balanced and unbalanced
states. The proposed method objective is evading the possibility of temperature cross and
second law violation as a probable result in the humidifier. It has been found the proposed
method is tested and verified against the theoretical data in the reported literature. An
assessment of the evaluated results based on the current model and the literature is
presented and good agreement is noted between the current model and theoretical data with
a minor error of + 2.29%. A direct design procedure is proposed in this research in order
to size the closed-air open-water water-heated humidification dehumidification
desalination system. The city of Dhahran is taken as a case study where the average
minimum and maximum temperature of seawater is assumed 25 and 70°C, respectively.
The system is designed to produce 5 kg hr! of freshwater and the optimal energy
effectiveness is found to be 78%. An analytical solution for the numerical proposed model
is generated. A benchmark of the gained output ratio evaluated by using the analytical
model is conducted where good agreement with the numerical model is observed with an

error of around + 5%.

As a final point, the closed-air open-water water-heated humidification dehumidification
desalination system performance is evaluated using the proposed pinch-based energy
effectiveness with zero and single extractions. The operation conditions impact on the cycle

performance was examined. Cycle GOR can be utilized to be the criterion for investigating
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the impact of applying the extraction and injection technique. Based on the analysis

presented in this thesis, it is realizable to draw the following conclusions,

1. Pinch-based energy effectiveness is introduced for the analysis of the humidifier and
dehumidifier as a replacement to the terminal-based energy effectiveness, enthalpy
pinch, and temperature pinch that is usually defined for the humidifier and
dehumidifier. Energy effectiveness combines the impact of both concentration (salinity
and humidity for seawater and air, respectively) and temperature.

2. Changing the mass flowrate ratio of seawater-to-air by using the mass injection and
extraction technique conveys the heat capacity ratio to a value of (HCR = 1) at the
injection point. Therefore, the local energy effectiveness along the dehumidifier and
humidifier is tremendously increased which results in performance enhancement of the
humidification dehumidification system.

3. The gained output ratio of the dehumidification humidification cycle with and without
extraction increases as energy effectiveness rises.

4. Applying extraction and injection technique improves the system performance after a
certain value of energy effectiveness. Before this point, the system performance after
applying injection and extraction overlaps with that of zero extraction i.e. injection and
extraction technique has zero impact before this point.

5. The gained output ratio of the dehumidification humidification desalination system
with and without extraction rises as top seawater temperature rises to a certain level
where it is optimum and then it decreases after it.

6. Ate=97% of the humidifier and dehumidifier; humidification dehumidification cycle

performance after applying injection and extraction technique is enhanced by 83.1%.
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Recommendations

Using the proposed pinch-based energy effectiveness is promising with plenty of room to
improve its range of applications. As mentioned in this thesis, it was applied on a closed-
air open-water water-heated humidification dehumidification desalination system. It is to
be mentioned that the energy effectiveness can be applied on any humidification
dehumidification arrangement as long as the recirculated air is 100% humid along the
humidifier. The following recommendations are offered to improve the proposed pinch-
based energy effectiveness further as a promising performance index in the field of
humidification dehumidification desalination systems or any system that comprise

heat/mass exchange device:

1. Create a correction factor, assumption, or an approximation to compensate for the
inconsistency of the air humidity (not 100%) along the humidifier. To illustrate more,
this enables the proposed pinch-based energy effectiveness to model the traditional
closed-air open-water air-heated humidification dehumidification arrangement.

2. Redefine the proposed energy effectiveness to be a function of the relative humidity as
well as the air temperature. Also, the change of air and seawater temperature along the
humidifier height should be linked to pinch-based energy effectiveness.

3. Finally, the definition of the proposed pinched-based energy effectiveness should be
extended to be applied on any heat and mass exchange device where the relative

humidity is varying; a strong example for that is cooling towers.
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Nomenclature

Symbols

A

HCR

Litn

MR

NTU

area (m?)

minimum to maximum stream heat capacity

constant pressure heat capacity (kJ kg™!)

heat capacity ratio

rate of total enthalpy (kW)

specific enthalpy (kJ kg™)

specific enthalpy of seawater normalized to air flowrate (kJ kg™'q)
vaporization latent heat (kJ kg™')

enthalpy losses due to limitation in area of heat and mass transfer (kJ

kg'a)

Bessel function of i-order

mass flowrate (kg s™)

Merkel number

the ratio of seawater to air mass flowrate

number of transfer units

124



P Pressure (kPa)

0 rate of input heat (kW)

s seawater salinity (ppt)

slp the slope of humidifier/dehumidifier ( kJ' kgq °C)
T temperature (°C)

U U-value coefficient (m? K'kW)
Z height of the humidifier (m)
Greeks

€ energy effectiveness

A change

C coefficients of empirical relations
[0) relative humidity

Y enthalpy pinch (kJ kg-1da)

o) humidity ratio (kgnoo kg™'d)
Subscripts

0-3 states of seawater
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deh

da

fw

ht

hum

in

id

max

min

out

opt

Pb

Tb

circulated saturated air

brine

cross section / cold

dehumidifier

recirculated dry air

freshwater

Hot

heater

humidifier

inlet

ideal

maximum

minimum

outlet

optimum

pinch-based

terminal-based
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tan the closest point at the circulated air curve to the humidifier line

v water vapor

w seawater
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