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Abstract

The enormous increase of energy consumption for building indoor environment, specifically
for indoor thermal comfort has brought numerous state-of-art technologies as alternatives to
the traditional vapour compression air-conditioning system. The membrane-based liquid
desiccant dehumidification has gain wide attention for good feasibility, high energy efficiency
and no desiccant carry-over problem. As a matter of fact, the membrane-based liquid desiccant
system is still under research and development stage with limited number of literatures.

The main aim of this thesis is to develop and evaluate a novel membrane-based liquid desiccant
dehumidification air-conditioning system. The research scope mainly covers system design,
numerical modelling, simulation programme development, experimental testing and system
performance evaluation. The first step in the study is to develop a numerical model for a cross
flow flat-plate type membrane-based dehumidifier and validate model by experimental data.
Following this, a single regenerator with the similar structure as the dehumidifier is
investigated numerically and experimentally. With models for single dehumidifier and
regenerator, a numerical model for a more realistic complete membrane-based
dehumidification system, which consists of two membrane-based heat and mass contractors,
three heat exchangers, cooling water and hot water supply units is developed and validated
experimentally. Finally, influences of using mixed LiCl-CaCl; solution with different mixing
ratios on the system performance are analysed.

The results show that the number of heat transfer unit NTU and mass flow rate ratio m* have
the most significant effects on the performance of the dehumidifier and regenerator, and their

effects are interacted with each other. The increasing gradients of dehumidifier and regenerator

*
crity

effectiveness hardly change when NTU and m* exceed their critical values NTU,,.;; and m

which are 4 and 1 for the dehumidifier, and 4 and 2 for the regenerator. The dehumidifier

vii



sensible effectiveness is insensitive to both solution inlet temperature Ts,; and concentration
Cso1» While the latent effectiveness increases significantly with Cg,; at a high solution
temperature. The dehumidifier shows broad adaptability in different weather conditions by
providing relative stable state supply air, in particular at high NTU, while neither Ty, ;;, nor
Wair,in has remarkable influence on the regenerator performance, though the solution re-
concentration ability can be enhanced slightly by applying drier and warmer air. Regenerator
can benefit from increased solution temperature as enhanced re-concentration (0.8% increase
of moisture flux rate MFR) and cooling effects (13.7% increase of temperature decrease rate
TDR). However this means more cooling energy is required for the high temperature desiccant
solution. For the complete system, NTU,, and m* have the most considerable impact on the
overall system effectiveness. The critical values of m* vary under different NTUs, and it is
preferable to keep m* at or below the critical values as further increasing solution flow rate
would reduce the system coefficient of performance COP. The latent cooling output Q;; is
normally two times higher than the sensible cooling output Q,,., under all circumstances
meaning further cooling, such as indirect evaporative cooling is required after the
dehumidification. Compared with the pure LiCl solution system, the mixed solution system
COP can be raised up to 30.23% by increasing CaCl. content. The optimum mixing ratio varies
with the solution concentration. For the LiCI-CaCl; solution, the highest COPs appear at the

mixing ratios of 3:1, 2:1 and 1:1 for 20%, 30% and 40% concentrations respectively.
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Chapter 1: Introduction

Chapter 1 is structured in the following sections: Section 1.1 gives a brief introduction to the
background of this research; Section 1.2 provides with aims and objectives of this research;
Section 1.3 presents the detailed research methodology and Section 1.4 is the summary of the

thesis structure.
1.1 Research background

Energy is the engine driving for human activities, development and sustainability [1]. The
global energy consumption has increased dramatically in past decades as a result of growing
population and rapidly developing economy. The world’s total energy consumption has
increased by 38% between 1998 and 2011. World primary energy consumption raised by 2.2%
in 2017, up from 1.2% in 2016 and the highest since 2013. The energy consumption growth
was below average only in Asia Pacific, the Middle East and South & Central America but
above average in other regions [2]. Between 1990 and 2010, the energy consumption in Canada
increased by 23%, and it raised by more than three times between 1980 and 2005 in
Mediterranean region [1]. Until today fossil fuels still remain the dominant source for global
energy consumption as observed in Fig 1-1 [3], and this situation is expected to last for the next

decades [4].
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Fig 1- 1 World energy consumption for each fuel [3]

The global energy demand is predicted to rise from 87.4 million barrel/day in 2011, to 99.7
million barrel/day in 2035. This would cause the dramatic increase of petroleum oil price from
125 $/ barrel in 2011, to more than 215 $/ barrel in 2035 [5]. In the meantime, exponential
global atmospheric carbon dioxide and ocean acidification rises are very likely to cause a
significant shift, conserving energy and reducing fossil fuel consumption are needed [5].

Under these circumstances, many countries and international organizations in general have
ambitious targets for the reduction of greenhouse gas emissions and global warming [4]. For
the UK, the government committed to decreasing the levels of carbon dioxide and five other
greenhouse gases by 12.5% below 1990 levels by 2008-2012. A longer climate changer target,
which is to reduce the carbon dioxide emission by 80% by 2050 has also been set [6, 7]. Besides,
the European Commission proposed three specific targets to be achieved by 2020: to decrease
greenhouse gas emission by 20%, to increase the energy efficiency by 20% and to increase the

contribution of renewable energy to the final energy consumption to 20% [8]. Chinese



government aimed to control its primary energy consumption within 5 billion tonnes of coal
equivalent (tce) by 2020, and within 6 billion tce by 2030 [9].

Buildings are responsible for around 40% of the total global energy consumption [10-12].
According to [13] the U.S. building sectors account for 41% of national primary energy
consumption, and specifically residential buildings are 22% nationally while commercial
buildings are 19%. For UK, based on statistic from department of energy and climate change
[14], between 38% to 42% of UK energy consumption is mostly spent in buildings, which is
illustrated in Fig 1-2. In particular, heating, ventilation and air-conditioning (HVAC) systems
are responsible for 40%-60% of total energy consumption in buildings in China [15], 55% in
Malaysia [16]. By and large, in developed countries HVAC systems are responsible for half of
the building energy consumption [17], and predictions also indicate a dramatic growth in

HVAC energy consumption in EU for the next 15 years, rising approximately in 50% [18].
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Fig 1- 2 UK final energy consumption by source 2011[14]



People spend approximately 90% of their time in the indoor environment [19]. Thus human
thermal comfort and health can be significantly influenced by building indoor environmental
parameters such as temperature, humidity level and air quality [20, 21]. Ventilation, which is
the continuous replacement of contaminated indoor air with fresh outdoor air is of vital
importance for the improvement of indoor air quality and human’s health, comfort level and
performance [22]. Buildings with insufficient ventilation rate are characterized by high
concentrations of pollutants and occupants may suffer different health problems. For example:
irritations, asthma, headaches, dizziness and allergy, which would reduce occupants’ living
qualities and production qualities as well [23]. It is reported that the performances of people in
an office building could be decreased by 6-9% as the result of poor indoor air quality [10].

Indoor humidity is of critical importance on assuring human sensations, indoor air quality and
dryness feeling, and low level of relative humidity could cause skin dryness, eye dryness, nasal
dryness and associated with SBS (sick building syndrome) symptoms [24-28]. Besides, too
high humidity level could be harmful to occupants as well. In many costal countries where
humidity levels are relatively high, occupants would feel uncomfortable and mildew would
grow on the building surfaces. Both production safety and quality can be badly affected [29].
As the result, air ventilation and dehumidification are of vital importance in the air conditioning
system. As a matter of fact, the demand of energy for air conditioning system is expected to
increase dramatically due to the increase in population and higher standards of living. It is
expected that the energy consumed for indoor environment will rise by 120% from 2002 to
2030, and the energy required for indoor thermal comfort accounts for about 50% of the
building total energy consumption which in most cases is in the form of electrical energy [30].
For the traditional vapour compression technology, which uses cooling coil to dehumidify
moist air to a temperature lower than its dew point has several problems. For example, it has

relatively weak ability and low efficiency of dealing with latent cooling load, which leads to



low coefficient of performance (COP) in humid areas. Additional energy may be required for
reheating the dehumidified air to supply temperature. The psychrometric chart showing the

process of cooling and dehumidification in a cooling coil is given in Figs 1-3[31].
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Fig 1- 3 Psychometric chart for the process of cooling and dehumidification in a cooling coil

[31]

It also has problems of growths of mould and bacteria, surface corrosion etc, which can cause
health issues by affecting indoor air quality [17, 32, 33]. In recent years, comprehensive
researches have been conducted on reducing the consumption of energy for cooling and
dehumidification in buildings, without compromising thermal comfort and indoor air quality.
Alternative systems have been studied for air cooling and dehumidification such as absorption
cooling, jet cooling, electrochemical dehumidification, solid desiccant cooling and liquid
desiccant cooling [33-37]. Among these technologies, liquid desiccant cooling has gain much
progress for its advantages: it is feasible, highly efficient, cost effective and has no liquid water

condensation problem. The system can be regenerated by low grade energy such as solar energy,



and regenerated solution can be used as energy storage medium [29]. A liquid desiccant
dehumidifier is typically used in serious with a sensible cooler to reduce its temperature. The
psychrometric chart of simplified liquid desiccant dehumidifier combined with sensible cooler

is given in Figs 1-4[31].
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Fig 1- 4 Psychometric chart for simplified liquid desiccant dehumidifier combined with

sensible cooler [31]

Packed beds or packed columns are normally used for liquid desiccant dehumidification
systems, where liquid desiccant solution and air are in direct contact. However the problem
with packed beds and packed columns is that the small droplets of desiccant solution could be
carried over by the dehumidified air and supplied to the conditioned rooms, which is harmful
for not only occupants but also building structure. As a result, the cost of maintenance of
building is increased because of corrosion [38]. As the alternative, semi-permeable membranes
are combined with liquid desiccant dehumidification system to form a novel type of system, so

called membrane-based liquid desiccant dehumidification system. In this system, semi-



permeable membranes are used to separate solution and air flows to avoid carry-over problems
[29, 39]. The biggest difference between this new system and the traditional one is that semi-
permeable membranes are applied as alternatives to packed beds or columns as heat and
moisture transfer medium where air and liquid desiccant are separated by membranes. Only
water vapour can be transferred through membranes so the carryover problem can be solved.
This system can also be powered by renewable energy sources so the performance could be
even higher [29]. Moreover, other harmful gases are prevented from permeating to supply air

S0 air quality is improved as well.
1.2 Research aim and objectives

The main aim of this thesis is to develop and evaluate a novel membrane-based liquid desiccant
dehumidification air-conditioning system. The research scope mainly covers system design,
numerical modelling, simulation programme development, experimental testing and system
performance evaluation. With refer to different parts within the system, dehumidifier,
regenerator and the complete system are investigated. With regard to the working fluid, both
pure desiccant solution and the mixed solution are studied. Consequently, six objectives have
been established for achieving the thesis aim:

1) Literature review on technologies related to the liquid desiccant dehumidification
system to give a comprehensive background and evaluation of current available
literature on the topic. More importantly, to highlight the research gaps in the existing
literature of the membrane-based liquid desiccant dehumidification system.

2) Numerical and experimental analysis of the membrane-based dehumidifier under
various conditions and the performance evaluation based on the simulation and

experimental results.



3) Numerical and experimental analysis of the membrane-based regenerator under
different conditions and the performance evaluation based on the simulation and
experimental results.

4) Development of a complete membrane-based liquid desiccant dehumidification system
by integrating both dehumidifier and regenerator, and to investigate effects of various
operating conditions on the complete system performance through simulation and
experimental data.

5) Investigation on effects of mixed LiCI-CaCl; solution on the system performance, and
to provide an optimum mixing ratio selection method based on the mathematical model
and experimental data.

6) Recommendations for future work.

1.3 Thesis structure

The thesis is mainly organized to seven chapters and four additional appendices for addressing
the thesis aim and six thesis objectives.

Chapter 1 gives the brief introduction to the thesis, by providing the research background,
research aim, objectives and the thesis structure.

Chapter 2 is the in-depth systematic review of the existing literature on technologies related to
the liquid desiccant dehumidification system. In this chapter, the research gaps between
published literatures and current research are identified.

Chapter 3 presents the numerical and experimental analysis for the performance of a
membrane-based flat-plate liquid desiccant dehumidifier, while chapter 4 gives the numerical
and experimental analysis for the performance of a regenerator with similar structure of

dehumidifier.



Chapter 5 presents numerical and experimental investigations of a complete membrane-based
liquid desiccant dehumidification system that include a dehumidifier, a regenerator, and hot
and cooling water supply systems.

Chapter 6 presents the investigation of effects of using mixed LiCI-CaCl; solution on the
membrane-based dehumidification system, and the optimum mixing ratio selection method is
also provided in this chapter.

Finally, chapter 7 concludes the thesis by listing main conclusions as well as recommendations
for future work.

Last but not least, supplementary materials such as normalization methods for governing

equations, and Matlab scripts for simulation are provided in Appendices.



Chapter 2: Literature Review

2.1 Introduction

This chapter presents a comprehensive literature review on technologies related to the liquid
desiccant dehumidification system. The following main topics have been covered in critically
reviewed literatures:

1) Dehumidifier in section 2.2, including direct contact type and membrane-based type.

2) Regenerator in section 2.3, including direct contact type and membrane-based type.

3) The complete membrane-based dehumidification type in section 2.4.

4) Materials of liquid desiccant and membranes in section 2.5.

5) Different mathematical methods for numerical modelling in section 2.6.

6) The main findings and identified research gaps from the literature review in section 2.7.

The purposes of the literature review are: (1) to provide a comprehensive background and
evaluation of current available literature on the topic, document detailed start-of-art
development with regard to the related technology; (2) to specify the methodological approach
for the research; (3) to identify the research gaps between published literatures and current
research. To implement these purposes, extensive reviews are conducted from a variety of
disciplines including different parts within the complete liquid desiccant dehumidification
system, materials used for liquid desiccant and membrane, and different developed
mathematical methods for the numerical modelling. A brief summary containing main findings
from the review, and novelty of this research and identified research gaps between previous

studies and current study is presented in Section 2.7.
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2.2 Dehumidifier

The dehumidifier is the most important unit in a liquid desiccant dehumidification system. In
the dehumidifier, water vapour in the humid air is absorbed by liquid desiccant. Thus the
literature review starts from the different types of dehumidifier. Generally they can be divided
into two main types: direct contact type and membrane-based type. They will be introduced in

Sections 2.2.1 and 2.2.2 respectively.

2.2.1 Direct contact type dehumidifier

Packed beds or packed columns are normally applied as dehumidifiers for heat and mass
transfer in traditional liquid desiccant dehumidification system. There’s two main types of
direct contact dehumidifier: adiabatic type and internally cooled type. The difference between
these types is whether the internal heat source in the liquid desiccant is cooled inside the

dehumidifier. These two types are explained in Sections 2.2.1.1 and 2.2.1.2 respectively.

2.2.1.1 Adiabatic type

Adiabatic type dehumidifiers have been widely used for industrial and residential applications
for various advantages:

1) The contact area between air and liquid desiccant are usually very large so they have

relatively high heat and moisture transfer efficiency [29].

2) The geometry of this type is normally simple, so the maintenance is usually low [29].
However, due to the fact that there is no additional cooling for the liquid desiccant, during the
process of dehumidification in the dehumidifier, the temperature of liquid desiccant would
increase as the result of latent heat release, and this would exert an adverse influence on the

dehumidifier performance. As a result, both moisture and temperature control of the processed
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air are less effective. Besides, adiabatic type has the disadvantage of imposing large pressure
drop for the processed air flowing through the dehumidifier [29]. There is various structures
for adiabatic type dehumidifiers, such as spray tower, packed beds or columns and wetted wall
columns.

In the spray tower, the liquid desiccant is broken into small droplets by the nozzle in the spray
chamber, so the contact area between air and liquid desiccant can be increased. The advantages
of such type are: simple geometry and relatively lower pressure drop in air side. However, its
dehumidification effectiveness is not high, and the pressure drop is high in the solution side
[40]. Finned coils, flat plate heat exchangers and heat pipes are some designs that haven been
used in spray towers to provide simultaneous cooling [41-43].

Packed beds and packed columns are most widely used adiabatic direct contact dehumidifier
types. They have many advantages such as: high compactness, high liquid-air contacting area,
long liquid-air contact air and high dehumidification effectiveness [40].

Numerous researches have been carried out for packed beds and packed columns. Zurigat et al
[44] experimentally tested the performance of an air dehumidifier using triethylene glycol
(TEG) as desiccant. Packed bed column (dehumidifier) was applied, with low packing density
(77 m?/m®), to provide direct contact between the air and the TEG. Two different structured
packings were used, wood and aluminium. Authors compared their experimental results with
different theoretical correlations and found that many of them [45, 46] could not predict the
effectiveness.

Thus more accurate correlation was given by Zurigat et al [44], and they found that the
effectiveness of the column was improved by increasing the TEG mass flow rate and inlet TEG
temperature for both wood and aluminium packings.

Babakhani and Soleymani [47] proposed an analytical solution for air dehumidification by

liquid desiccant in an adiabatic packed column, based on the consumption of constant
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equilibrium humidity level on the interface. They compared their analytical solution to
experimental data and very good agreement have been achieved.

Factor and Grossman [48] used a randomly packed packed bed for solar air conditioning with
liquid desiccant. A theoretical model was developed to predict the performance of packed bed.
They found that the packed bed yields good results as a dehumidifier, and pressure drop can be
reduced with the use of suitable packing.

Patnaik. et al [49] experimentally investigated a solar open-cycle liquid desiccant
dehumidification system using randomly packed packed column as dehumidifier, and total
cooling capacity of 3.5-14.0 KW (1.0 — 4.0 refrigeration tons) were achieved for the
dehumidifier. However, for randomly packed type, the required desiccant solution mass flow
rate for good wetting and air side pressure drop are normally very high.

Elsarrag [50] used a structured packed column dehumidifier for liquid desiccant
dehumidification system. They pointed out that the structured packed columns represents the
latest development in high efficiency and high packing capacity for heat and moisture transfer
compared with randomly packed columns. They developed two mass transfer correlations for
normal and high solution flows, and the mass transfer coefficient were predicted within 15%.

Pietruschka et al [51] presented a new liquid desiccant dehumidification system using
structured packed columns to be integrated in residential mechanical ventilation systems. A
theoretical model was developed for the system and compared with experimental data.
According to their results the system can provide inlet air conditions with the temperature
below 20 °C under the summer design conditions of 32 °C and 40% relative humidity, and in
total 886 W of cooling power can be generated when the air volume flow rate is 200 m® h™* .
Zhang. et al [52] experimentally investigated the moisture transfer in adiabatic structured
packing dehumidifier using liquid desiccant. The test section is 500mm x 270mm transparent

plastic rectangular parallel-piped, and they are packed up to 250mm deep with structured
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packing as shown in Fig 2-1. They pointed out that when the air velocity changed from 0.5 to
1.5 m/s, the overall mass-transfer coefficient in the adiabatic structured packing dehumidifier
increased from 4.0 to 8.5 g/m? s. Furthermore, higher solution temperature resulted in lower

overall mass-transfer coefficients.

Fig 2- 1 Schematic of adiabatic structured packing dehumidifier [52]

To sum up, all researches about adiabatic type direct contact dehumidifiers were mainly
focused on the structure optimisation. In fact, the improvement of the performance is limited
by the temperature increase in the dehumidifier due to the latent heat release during the process
of dehumidification. Internally cooled type dehumidifier is an alternative to adiabatic type,

which will be discussed in next section.

2.2.1.2 Internally cooled type

Compared with adiabatic type, internally cooled type normally applies a cooling coil in the
liquid side to remove the latent heat generated during dehumidification. The most critical unit
for this type is the cooling pipes installed in the liquid desiccant, they must be strictly separated

with the liquid desiccant. Thus the focus of such type is the structure of dehumidifier unit.
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Many different structures have been designed and manufactured in previous studies. Fig 2-2
shows a typical packed column with cooling pipe, where cooling coils are embedded in the

packing to remove latent heat [36, 53].
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Fig 2- 2 Schematic diagram of a packed column with cooling pipe dehumidifier [36, 53]

In such type of dehumidifier, air flow and solution flow can be arranged as cross, parallel or
counter flow arrangements. An outer insulation layer is applied for the dehumidifier to prevent
heat gain from the environment.

Bansal et al [54] investigated an internally cooled structured packed-bed dehumidifier, which
uses rigid media pads with cooling water flowing through the tubes embedded in the packing.
CaCl,was used as the liquid desiccant, which flows by gravity, while air flows in a cross flow
arrangement. They compared the moisture removal rate and dehumidifier effectiveness
between an adiabatic dehumidifier and internally cooled dehumidifier, and found that the
maximum effectiveness for an internally cooled dehumidifier is between 0.55 to 0.706, while
it is between 0.38 to 0.55 for an adiabatic dehumidifier. However, the drawbacks of such
structure are the embedment of cooling pipes into packing materials are very difficult to

achieve. Relatively large solution flow rate is also required for optimal humidity control.
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The second structure of internally cooled dehumidifier is parallel-plate type. Yin et al [55]
experimentally tested an internally cooled parallel-plate type dehumidifier, which are

illustrated in Fig. 2-3.
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Fig 2- 3 Schematic of parallel-plate internally cooled dehumidifier [55]

It can be seen from Fig 2-3 that desiccant solution is sprayed from the top of the dehumidifier
to bottom driven by gravity while humid air is blown from the bottom of the dehumidifier in a
counter-flow configuration. Cooling water is pumped into cooling water pipes, which are
located inside the plate to take phase change heat away. It is concluded that the desiccant with
lower temperature has higher mass transfer coefficient. As the result, both desiccant with lower
temperature, and desiccant with internal cooling can provide with better dehumidification
effect.

Kessling et al. [56] developed and experimentally tested a internally-cooled dehumidifier with
plastic plate structure. The plate dimensions are: 0.46m high, 0.98m wide and 5.5mm thick. In
this dehumidifier the distance between adjacent parallel plates is 5.5 mm and the heat transfer
coefficient through the plate is approximately 170 W/m?K. The cooling water was circulated

in horizontal channels within the double plates. A numerical model was developed to simulate

16



the performance of dehumidifier, and good agreement was achieved between numerical and
experimental results. The results showed that as the thickness of the plate was rather small, the
dehumidifier showed satisfactory heat transfer performance between liquid desiccant and
cooling water, the dehumidification performance was satisfactory even under low desiccant
flow rate.

Yoon et al. [57] developed a new internally water cooled vertical plate absorber. In their model
vertical plates were lined with equal spaces. Liquid desiccant flows under the effect of gravity
down each vertical plate along both sides, and the solution in falling film can be cooled by
water that flows in a counter flow configuration. They also developed a numerical model for
analysis, and the results showed good dehumidification results since the latent heat released in
the solution channel can be effectively removed by cooling water in another neighbouring
channel [29].

Another type of internally cooled dehumidifier is fin-coil dehumidifier, where cooling water
flows inside the coil to cool the liquid desiccant that flows from the top of the unit. Then the
air flows can be blown from either the front or the bottom side of the fin coil. Liu et al. [58]
experimentally analysed an internally cooled fin-coil dehumidifier made of thermally
conductive plastic. Their dehumidifier is an eight-row heat exchanger, in each raw there’s eight
parallel channels. Tubes with fins were installed in the dehumidifier to increase the contact
area of the unit, as the result the moisture transfer between solution and air is enhanced
significantly. The cooling water flows into the dehumidifier from the bottom from a water
separator, then it is collected at the top of the unit. Both experimental and simulation analysis
were carried out, and they concluded that the moisture removal rate m,,, increases with solution
flow rate, which indicates the increase of solution flow rate would enhance the heat and mass

transfer coefficient considerably.
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Zhang et al.[59] developed an internally cooled dehumidifier with fins made of stainless steel
to improve the heat and mass transfer coefficients by increasing the contact area. The fin is
0.127 mm thick, and the distance between two adjacent fins is 2.2 mm. The schematic diagram

of such type dehumidifier is given in Fig 2-4:
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Fig 2- 4 Schematic diagram of fin-coil type internally cooled dehumidifier [59]

The dehumidifier consists of eight rows with in total 22 cooling water channels in each row.
The distance between the centre of two adjacent pipes is 25.4 mm. Experimental tests were
conducted under various conditions using lithium bromide as liquid desiccant. Numerical
model, which was validated by experimental data was used for the prediction of such
dehumidifier. According to their results the system coefficient of performance (COP) is
between 4.2-6.5, and it rises with the decrease of the humidity ratio of processed air.

Detailed quantitative comparisons of three typical types of internally-cooled direct contact
dehumidifiers (packed column, parallel-plate and fin-coil) were conducted by Liu et al [60].
Their results showed that among three types the packed column with internal cooling tubes
performs more like an adiabatic type, its dehumidification effect shows disadvantages

compared with another two types. By contrast, the fin-coil type shows the best

18



dehumidification performance under different inlet conditions. The difference between these
three types is mainly the mass transfer ability, thus more efforts should be paid to the
improvement of mass transfer between air and desiccant solution.

Apart from three main types as introduced above, Saman and Alizadeh [61] proposed another

new type of internally-cooled type dehumidifier, as shown in Fig 2-5.
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Fig 2- 5 Schematic of a internally cooled cross flow type dehumidifier [61]

As seen from the figure above, any two adjacent flow channels are separated by a flat plate
where primary air is cooled and dehumidified. On one side of the plate, the primary air (humid
and warm air) comes in direct contact with the liquid desiccant. On another side of the plate, a
secondary air, normally return air from conditioned rooms is brought in contact with cooling
water, so that the phase change heat released to the primary air can be simultaneously absorbed
by secondary air. Considering that the room return air has lower humidity level than the outdoor
air, it can be utilized to improve the performance in the secondary air side, then help in
maintaining a nearly isothermal operation in each channel of the dehumidifier. Their
experimental results indicated that the dehumidifier mass transfer coefficient increases with
primary air mass flow rate, temperature and humidity level. Furthermore, the dehumidification

efficiency can be improved by increasing the plate heat exchanger (PHE) angle.
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Lun et al.[62] experimentally tested a novel internally-cooled dehumidifier with self-cooled
liquid desiccant. The novelty of this study is that anhydrous ethanol was added into the liquid
desiccant (lithium chloride in this study) for orm a hybrid solution (LiCl-ethanol-water solution)
as the vaporizable coolant to control the temperature increase of the desiccant solution. The
hybrid mixed solution was pumped to the top of dehumidifier, and distributed to the top surface
of dehumidifier using nozzles. The surface of wire mesh of dehumidified bed was covered with
hydrophilic fabric to achieve high porosity and wettability. Their experimental results
suggested 25°C 40% mixed solution as the optimum solution temperature and concentration.
Compared with traditional LiCl solution, the self-cooled solution showed more than 40% of

performance improvement under the same experimental conditions.

2.2.2 Membrane-based type dehumidifier

As mentioned in the previous section, semi-permeable membranes can be applied to solve
desiccant carry-over problems of direct-contact type dehumidifiers. With regard to the structure
of membranes, such type of dehumidifier can be further divided into flat-plate type
dehumidifier and hollow-fiber type dehumidifier. As the name implies, the flat-plate type
dehumidifier normally is formed by layers of flat membranes being stacked together in a plastic
shell to form a complete unit. The hollow-fiber type dehumidifier is similar to a tube-and-shell
heat exchanger, where the solution flows inside numerous number of hollow fiber tubes and
air flows in the shell side. They are packed inside a rectangular or circular shell to form a
complete hollow-fiber dehumidifier. Flat-plate type dehumidifier and hollow-fiber type

dehumidifier will be discussed in sections 2.2.2.1 and 2.2.2.2 respectively.
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2.2.2.1 Flat-plate type

Compared with hollow-fiber type dehumidifier, flat-plate type dehumidifier has many
advantages. First of all, the pressure losses in solution and air channels are relatively low, thus
less pump or fan power is required for the system. Secondly, the structure of flat-plate type is
easy and clear, which makes the construction and maintenance of the system much easier [29].
The operation of the system using flat-plate type dehumidifier is more reliable. Compared with
other structures, the sealing of desiccant solution is much easier for flat-plate type [36, 53].

Before being applied for the air dehumidification purpose, flat-plate membrane-based heat and
mass exchangers have been analysed as air-to-air heat and mass exchangers. Zhang et al [63,

64] developed a cross-flow enthalpy exchanger as shown in Fig 2-6.
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Fig 2- 6 Schematic diagram of flat-plate air-to-air heat and mass exchanger [63, 64]

As seen in Fig 2-6, the fresh air and the exhaust air flow in two adjacent channels in a cross
flow configuration. The thickness of membranes is 100 um. The fully developed Nusselt
number Nu, and the Nusselt number under uniform heat flux boundary condition, Nuy were
numerically calculated using CFD modelling. It is found that Nu, is generally lower than Nuy,
and Nu is higer than the Nusselt number under constant temperature boundary condition Nu;

under large aspect ratios, but 37% less than Nu; under small aspect ratios. Authors further
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extended the research into all entry regions and calculated friction factors, Nusselt and
Sherwood numbers in the entry region and in the fully developed regions for three various flow
configurations: concurrent, counter and cross flows.

Niu and Zhang [65] numerically studied the effects of dimensionless parameters, membrane
material and clarification of moisture resistance. Their study revealed that the membrane
material with linear sorption curve performs better than other types of materials. A new
coefficient of moisture diffusive resistance (CMDR) was introduced for better performance
prediction of the enthalpy exchanger.

Zhang and Niu [66] proposed an analytical solution for a membrane-based heat and moisture
exchanger, the effectiveness correlations were developed and validated through experimental
tests.

Moghaddam et al [67, 68] proposed a small-scale single-panel membrane-based liquid-to-air

membrane energy exchanger (LAMEE), and the schematic diagram of such unit is given in Fig

2-7.
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Fig 2- 7 Schematic diagram of small-scale single panel LAMEE: flow arrangement for the

unit (a); cross section view of the unit (b) [67, 68]
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As seen in the schematic diagram, solution flow and air flow are in counter-flow arrangement
and they are separated by membrane layer. The exchanger is 0.49m long, and has 8 solution
channels on each side of the panel. The thickness of air and solution channel are 0.8 mm and 5
mm respectively. The membrane they used has the thickness of 0.265 mm. SIMULINK
software were used for the numerical simulation, and results were validated by experimental
tests. Membrane vapour diffusion resistance (VRD) and air side convective coefficient were
used to evaluate the performance, and the results revealed that reducing VRD from 56 s/m to
24 s/m would increase the latent effectiveness by 11%, while sensible effectiveness is not
significantly influenced. Moreover, sensible, latent and total effectiveness would all increase
by 4% with the rising of air convective coefficient.

Abdel-Salam et al [69] experimentally investigated the performance of a counter-flow
membrane liquid desiccant air-conditioning system. The dehumidifier unit has the dimension
of 1m high, 2m long, and 250 solution channels in total. Each solution channel is 3.17mm thick,
while the thickness of air channel is 6.35mm. The material of membrane is polyethylene, which
has the thickness of 0.54mm. They experimentally investigated the system performance by
evaluating the effects of different parameters, such as number of heat transfer unit NTU,
solution inlet temperature and thermal capacity ratio Cr*. The results indicated that the solution
inlet temperature is recommended to be set at 15-20°C for good dehumidification performance.
Optimum NTU and Cr* are 5-10 and 3-5 respectively.

According to [36, 53], parallel flow structure is not easy for the sealing of liquid desiccants.
Furthermore, the parallel flow exchanger with simple headers located next to each other is hard
to construct in the limited space available in HVAC system [70]. Thus cross flow arrangement
is more favourable for practical application.

Fan et al [71] developed a cross-flow plate heat and mass exchanger, where solution flow and

air flows are in cross-flow arrangement. A two-dimensional steady-state numerical model was
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used to simulate the heat and mass transfer in dehumidification system using Lithium Chloride
(LiCl) as liquid desiccant. It was shown that up to 70% of overall effectiveness can be achieved
if the size of dehumidifier and operating conditions can be selected correctly.

Das and Jain [72, 73] experimentally and numerically tested the performance characteristics of
cross-flow membrane contractors for a liquid desiccant system. The membrane contractor is
formed by series of alternate solution and air channels in which desiccant solution and air flow
in cross-flow arrangement. Wicking material, which is made of a special type of cotton is
inserted into the solution channels to soak the solution immediately so that the solution can be
distributed uniformly throughout the solution channels. The results revealed that the contractor
effectiveness increases at lower air channel gap, but the cost is increased due to higher pressure
drop. Aspect ratio of the contractor has insignificant impact on the contractor performance.
Min and Su [74] developed a mathematical model for a cross-flow membrane enthalpy
exchanger and the effects of membrane parameters on the exchanger effectiveness were
investigated. It is shown in their results that sensible effectiveness does not change much with
membrane parameters since membrane resistance only account for a small fraction of total
resistance. In the meantime, latent effectiveness changes relatively more considerable with
membrane parameters because the membrane moisture resistance decreases dramatically.
Huang et al. [75] numerically investigated the fluid flow, heat and mass transfer in a cross-flow
flat-plate membrane module using LiCl as liquid desiccant. In their numerical modelling the
real boundary conditions on the membrane surface was calculated through simultaneous
momentum, energy and humidity (concentration) governing equations for solution and air.
Equal spacing was kept between two adjacent membrane layers to form solution and air
channels. In their study the fluid flow was solved firstly, then the fundamental data such as
Nusselt number and Sherwood number was obtained. The numerical model was validated by

experimental results and satisfactory agreement was found between numerical and
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experimental results. Their results showed that the fully developed Nusselt number in air side
Nuc , are between Nusselt number under constant temperature boundary condition Nuy, and
Nusselt number under uniform heat flux boundary condition Nuy. The Sherwood numbers are
slightly higher than Nusselt numbers. Moreover, Sherwood numbers in solution side are
significantly higher than those in solution side, solution side Nu, is approximately 15% higher
than air side Nu,.

The research was extended by considering the effects of developing entrances [76]. Their study
results showed that the fluid flow, heat and mass transfer become fully developed after 30% of
the air-side channel length. In solution side, fluid flow and heat transfer become fully
developed after 30% of the solution-side channel length, but mass transfer was still developing
even at the outlet of the duct.

The drawback of cross flow type compared with parallel flow type is that the efficiency of the
cross flow exchanger is about 10% lower than that of the parallel flow exchanger [77].

A novel heat and mass exchanger that incorporates both parallel flow exchanger and cross flow
exchanger were developed by Vali et al [70, 78]. The schematic diagram of a flat-plate counter-

cross flow heat and mass exchanger is depicted in Fig 2-8.
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Fig 2- 8 Schematic diagram of a flat-plate counter-cross flow heat and mass exchanger [70,

78]

As seen in Fig 2-8 the air flows a uniform straight path from right side of dehumidifier to the
left side, while liquid flows into the dehumidifier from the left bottom header and then leaves
the dehumidifier from the right top header. The solution flows inside the dehumidifier in a S-
shaped path. Their numerical simulation was verified by correlations from previous published
papers. Results revealed that the effectiveness of such counter-cross heat and mass exchanger
is lower than that of a parallel flow module, but higher than that of a cross flow module. For
better system performance, NTU was recommended to be higher than 3, Cr* in the ragne of
0.8-1.2. As for the geometry of the module, the aspect ratio was suggested to be less than 0.2,
and the liquid channel inlet/outlet header length ratio to be less than 0.1.

Mahmud et al [79] also tested the performance of a counter-cross-flow membrane energy
exchanger for HVAC applications using Magnesium Chloride (MgCl,). A 200mm x 1800mm
x 86mm module with 3.18mm thick air channels and 1.5mm thick solution channels was tested.
The effects of Cr* and face velocity V. on the dehumidifier effectiveness were investigated,
and it is found that when NTU=12 and V.. = 0.55m/s, the maximum total effectiveness of
53% at Cr* = 4.5 and 55% at Cr* = 2.8 can be achieved under summer and winter testing
conditions respectively.

Moghaddam [80] et al experimentally tested the steady-state performance of a small-scale
counter-cross flow membrane energy exchanger for different heat and mass transfer directions,
different desiccant types and concentrations. Compared to previously introduced modules, a
small-scale counter-cross-flow single-panel module was manucrafted for the first time. This
module offers better sealing between air and solution channels to prevent desiccant solution

leaking from solution channel to air channel, as the result the sources of errors in experiment
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can be minimized. Furthermore, membrane deflection as the result of pressure difference
between air and solution sides inside the module can be reduced, thus flow mal-distribution
caused by membrane deflections can be avoided. Results showed that effectiveness increases
with Cr* for both air cooling and dehumidifying, and air heating and humidifying testing
conditions. Sensible effectiveness was proved to be insensitive to the change of solution type
and concentration, while latent and total effectiveness increase with solution concentration.
Namvar et al [81] compared the steady state and transient effectiveness of a counter-cross-flow
membrane energy exchanger through experimental tests under summer and winter conditions.
Their results indicated that both sensible and latent effectiveness of the dehumidifier would
increase during the transient period before reaching steady state value. Huang et al [82] studied
a similar structure of dehumidifier, so called quasi-counter flow parallel-plate membrane
contractor (QFPMC). In solution channels, the solution flows along an S-shaped path line, so
the arrangement is between counter flow and cross flow. It has been found in their study that
the sensible and latent effectiveness of such QFPMC are deteriorated by 5-29% and 2-13%
respectively compared with a cross-flow parallel-plate membrane contractor. The pressure
drop in solution side in raised by 0.15-4.84 times approximately.

All membrane-based dehumidifiers investigated in previous studies are adiabatic types, so the
solution is heated by absorption heat released in solution side. So the dehumidification effect
could be deteriorated as the result of the solution temperature increase. Similar to internally-
cooled direct contact dehumidifiers, internally-cooled membrane-based dehumidifiers have
been developed and examined.

Huang et al [83, 84] built an internally-cooled membrane-based liquid desiccant dehumidifier
(IMLDD) for the improvement of dehumidification. The structure of a cross flow IMLDD is
shown in Fig 2-9. As seen in the figure, channels are made by membranes and plastic plates

being stacked together. The feed air (process air) and liquid desiccant divided by membranes
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are in cross-flow configuration. The cooling water flows vertically along the plastic plates to
for the water falling films in the water channel. Water channels are next to solution channels
separated by plastic plates. The sweep air flows over water falling films, in a co-current
configuration. When the heat is released to the solution channel, they are taken by the falling

water through plastic plates, and then the heat is extracted by the sweep air through evaporation.
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Fig 2- 9 The structure of a cross flow IMLDD [83, 84]

Through numerical modelling and experimental tests it is found that compared to an adiabatic
type dehumidifier, the fully developed Nusselt and Sherwood numbers of cross flow IMLDD
in feed air and solution channels are 2-3% smaller. The design used cooling channels adjacent
to the solution channels, there is another type of structure, which achieve internal cooling by
installing cooling tubes inside solution channels.

Huang et al [85] developed a quasi-counter flow parallel-plate membrane channels with

cooling tubes (QCPMCC) as depicted in Fig 2-10.
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Fig 2- 10 The structure of a quasi-counter flow parallel-plate membrane contractor with
cooling tubes [85]

As seen in Fig 2-10, solution flows into and out of the contractor from side openings, they and
air flows are in quasi-counter flow configuration. Several Z-shaped cooling tubes with cooling
water flowing inside are installed in solution channels to take absorption heat away. Each
channel has the dimension of 0.1m long and 0.1m wide. Four cooling tubes with the outer
diameter of 0.003mm are installed. The research mainly focused on the effects of channel
structural parameters on friction factors and Nusselt numbers. It was pointed out that under the
tube outer diameter of 0.003m, the mean Reynolds number (fRe),, increases with tube
number N;,;, but the mean Nusselt number Nu,,, decreases with N;,;,. When the number of
tubes is fixed (4 in their case), the (fRe),, increases with tube outer diameter, but the Nu,,
decreases with tube outer dimeter.

Huang et al [86] proposed an analytical solution to a internally cooled plate membrane
desiccant dehumidifier with similar structure to QCPMCC. However the cooling tubes installed
in solution channels are straight rather than S-shaped. Solution flows and air flows are in
counter-flow arraignment. Their analytical solution implied that the dehumidifier performance

can be improved if solution inlet temperature can be controlled to a relatively low level. Abdel-
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Salam et al [87, 88] designed and investigated a novel 3-fluid liquid-to-air membrane-based

energy exchanger (3-fluid LAMEE) as shown in Fig 2-11.

(a) (b) (c)

Fig 2- 11 Schematic diagram of 3-fluid LAMEE: prototype of 3-fluid LAMEE (a); solution
channel with cooling tubes (b); cross-section view (c) [87, 88]

The solution flow and air flow in 3-fluid LAMEE are in counter-cross flow configuration, while
solution and refrigeration (water) are in counter flow arrangement. The unit is 470mm long and
100mm high. The thickness of membranes is 0.3mm. In total 7 refrigeration tubes made from
Titanium are installed in solution channel, with inner diameter of 2.362mm and outer diameter
of 3.175mm. Water is used as refrigerant. 3-fluid LAMEE has shown better performance
compared with 2-fluid LAMEE introduced previously (adiabatic LAMEE) as same
effectiveness can be achieved under lower NTU and Cr*, thus the size of a LAMEE can be
significantly reduced if 3-fluid design is applied.

Qiu et al [89] developed another novel internally-cooled hexagonal parallel-plate membrane
channel (IHPMC) used for air dehumidification. The schematic diagram of such module is

given in Fig 2-12.
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Fig 2- 12 Schematic of IHPMC: 3-D structure (a); plan view (b); calculation domain (c) [89]
Hexagonal structure is another type of quasi-counter flow membrane channels (another type is
side in and side out structure as discussed previously). Compared with side in and side out type,
hexagonal structure has a smaller pressure drop [90, 91]. As seen in Fig 2-12, the module is
formed by layers of internally-cooled hexagonal parallel-plate membrane channels (IHPMC)
and HPMC being packed together. Air and solution flows into the contractor from right inlets,
and flows out of the contractor from left inlets and they are in quasi-counter flow arraignment.
In total three cooling tubes with water as the refrigerant flowing inside are installed in HPMC
to form IHPMC, and solution and cooling water are in counter-flow configuration. The fluid
flow and heat transfer in IHPMC were studied through finite volume approach, which was
solved by CFD (Fluent) software. They calculated fundamental numbers of the mean (fRe),,

and mean Nusselt number Nu,,, and they found that under the fixed cooling tube outer dimeter
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of 0.002m, (fRe),, increases and Nu,, decreases with total tube number. By contrast, under
the fixed total tube number of 3, (fRe),, increases and Nu,, decreases with tube outer
diameter.

To sum up, numerous researches into flat-plate type membrane-based dehumidifiers have been
carried out previously around different topics. Based on flow arrangement they can be formed
as parallel-flow, cross-flow, counter-cross-flow or quasi-counter-flow. Based on the structure
they can be divided into adiabatic type and internally-cooled type. With regard to internally-
cooled type, two types of cooling approach: using cooling channels adjacent to solution
channels and using cooling tubes inside solution channels can be applied. They are easy for
fabrication due to simple structure. However the packing density of flat-plate modules is
around 500 m?/m3, which is not large enough [29]. Thus in recent years another type of
membrane-based dehumidifier so called hollow-fiber membrane module is developed for its
higher packing density and better heat and mass transfer ability. This will be discussed in next

section.

2.2.2.2 Hollow-fiber type

Hollow-fiber membrane contractors have similar structures of parallel tube-and-shell heat
exchangers. Theoretically speaking, for a liquid-to-air hollow fiber membrane contractor the
air can flow either inside (tube side) or outside (shell side) the fibers. However in most
applications the air flows outside the fibers while desiccant solution flows inside the fibers.
The reason for this structure is that air flows in shell side with much lower pressure drops, so
the performance is better [92]. Bergero and Chiari [93] first developed a hollow fiber module

prototype in 2001. The structure and dimensions of their built module are shown in Fig 2-13.
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Fig 2- 13 Structure and dimensions of a hollow-fiber module prototype [93]

In total 800 polypropylene hollow fibers are assembled together in a rectangular geometry,
LiCl and water are used as the working fluids for air dehumidification and humidification.
Their contractor has the total hollow-fiber membrane surface area of 1.2m?, hollow
polypropylene capillaries were arranged in a staggered array, and it has a mass transfer area
per unit volume of 593 m?/m3. Through experimental and numerical analysis, it is found that
the effectiveness of contractor decreases slightly as the air mass flow rate increases. It is
illustrated in [94] that the mechanism of the common gas-liquid membrane contractors is based
on the combined Knudsen and ordinary diffusions for microporous membranes. As for
nonporous membranes, which are highly hydrophobic, Knudesn diffusion is the predominant
mechanism for water vapour transporting through the membranes.

[95, 96] developed a Graetz-Levegue solution to predict the fiber-side mass transfer coefficient,
and a general classification for Graetz-Levegue solution is given in [97] by curve fitting of

Graetz and Levegue solutions, which can be applied for transition region not covered by
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Graetz-Levegue solution. The heat and mass transfer outside the hollow fiber tubes is relatively
more complex than that in inner fiber tubes.

With regards to the flow pattern inside the hollow-fiber membrane module, solution flow and
air flow can be either parallel (longitudinal) or cross. For parallel flow, solution and air flow
parallel to each other on opposite side of hollow fibers, and they can be co-current or counter-
current flows.

Yang and Cussler [98] evaluated the construction design of parallel and cross type contractors.
They proposed the mass transfer correlations for hollow-fiber modules under different flow
types, and compared these correlations with correlations in previous literatures for heat and
mass transfer problem. They concluded that although the heat transfer coefficients in such
modules are not always high, the modules’ surface area per volume is normally very high,
which can be up to 4000 m?/m?3. The results provided a basis for the design of hollow-fiber
type membrane contractors.

Zhang et al [99, 100] analytically and numerically studied the heat and mass transfer in a
counter-flow hollow-fiber membrane module used for dehumidification. The structure of the

counter-flow hollow fiber membrane module is given in Fig 2-14.

f Air out
/ Hollow fiber

membranes

Solution in 000 OOO Q
- h DDODODO
A Q000000
Solution out cCO0000
A o 0

Lo Tube plate
Tube plate f Alr in

Fig 2- 14 Structure of the counter-flow hollow fiber membrane module [99, 100]
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In total 200 hollow fibers were installed in a circular shell to form a complete module. Hollow
fibers have the outer diameter of 750 um and inner diameter of 600 um. A relatively simple
analytical solution was proposed first, and then the conjugate heat and mass transfer problem
was solved using free surface method. Mathematical methods used for numerical modelling
will be explained in more details in Section 2.6. The conjugate heat and mass transfer problems
were solved by finite volume method, and velocity, temperature and concentration distributions
for air flow, solution flow and membranes were obtained, the local and mean Nusselt number
and Sherwood number were calculated as well.

Then the research was extended by considering the effects of the fiber-to-fiber interaction [101].
Both in-line and staggered arrangement of hollow fibers were considered in the contractor.
Then the friction factor, mean and local Nusselt and Sherwood numbers were obtained and
analysed. Their studies provided the fundamental data for counter flow hollow fiber membrane
contractors under the conjugate heat and mass transfer boundary conditions.

Parallel flow type introduced above has the advantage of simple for manufacturing, well know
fluid dynamics in tube and shell sides, and easy for moisture transfer estimation [98]. However
it has its disadvantages as well: relatively large pressure loss; low Nusselt and Sherwood
numbers; less number of fibers in a shell et al. It was stated that the parallel flow contractor has
200-600 fibers installed in a shell with 4cm in diameter, while there is around 200-1200 fibers
in a cross flow contractor. As the result, cross flow type is more attractive than parallel flow
type.

Huang et al [102, 103] developed a cross flow hollow-fiber membrane contractor as illustrated

in Fig 2-15.
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Fig 2- 15 Structure of the cross-flow hollow fiber membrane module [102, 103]

Compared with a counter-flow contractor, corss-flow contractor has a rectangular section,
solution and air are flowing in cross arrangement. In total 600 fibers were installed in the
rectangular shell box. The outer and inner diameters of hollow fibers are the same as those for
counter-flow contractor. Free surface approach was used first to analyse the conjugate heat and
mass transfer under the assumption that air flows across the fiber bank to be laminar flow.
Subsequently a more realistic and complex situation was considered by assuming that the air
flows across the fiber bank trends to be turbulent flow. A low-Re k — ¢ turbulence model was
used to solve the turbulence situation for air flow, while solution flow was dealt with using a
laminar model. For both situations the friction factors and the Nusselt and Sherwood numbers
were obtained and validated through experimental data.

The research was extended by considering the interactions between neighbouring fibers [104,
105]. Instead of free surface model, periodic unit cell model was applied to deal with both in-
line and staggered fiber arrangements. The friction factors, Nusselt and Sherwood numbers
were numerically calculated and validated experimentally. Their results provide fundamental
data for a cross-flow hollow-fiber membrane contractor, these data is useful for future

component design and structural optimization.
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Dindore and Versteeg [106] investigated a cross-flow rectangular hollow-fiber gas-liquid
membrane contractor used for physical gas absorption. An analytical solution was derived for
the heat transfer problem under limited cases, and CO2 absorption experiment was conducted
in a single-pass cross-flow membrane contractor using water as the solution for the validation
of analytical solution. It was concluded that the analytical solution can predict the performance
of cross-flow hollow-fiber module under the asymptotic conditions of negligible or small
volumetric flow rate changes. But if there is significant change of volumetric flow rate change,
analytical solution results are slightly under the module performances.

For a better comparison of cross-flow and parallel-flow, Wickramasinghe el at [107] did a
comparison of mass transfer performance in various hollow fiber structures. The performance
of both parallel and cross flow contractors were investigated under equal flow per membrane
area and flow per module volume, and their research results revealed that cross-flow hollow-
fiber membrane contractor shows better performance and higher effectiveness than parallel-
flow modules.

Above researches focused on either pure parallel or pure cross flows. However these are all
very ideal flow patterns, in reality oblique or skewed flow is a more common case, in which
shell side flow impinges the hollow fibers with a skewed angle. Ouyang et al [108, 109] studied
the fluid flow and heat and mass transfer across a skewed flow hollow-fiber membrane bank
under uniform temperature (concentration), and naturally formed boundary conditions.
Authors investigate the influences of skewed angles from 0° to 90° on heat mass transfer and
friction properties, and correlations for these basic data under different skewed angles were
given. It was summarized that both friction factors, Nusselt and Sherwood numbers rise with
skewed angle, they are higher than those for parallel flow, but lower than those of cross flow.
Furthermore, staggered array arrangement has higher heat transfer coefficient and pressure

drop than aligned arrangement.
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Perfectly circular cross-section shapes were assumed for all hollow fibers in researched
mentioned previously. However, it should be noticed that the circular cross-section shapes can
be easily changed to elliptical ones during the fabrication process [110]. Huang et al [110-113]
conducted a series of researches into elliptical hollow-fiber conductors. The schematic of an

elliptical hollow-fiber membrane contractor is shown in Fig 2-16.
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Fig 2- 16 Schematic of an elliptical hollow-fiber membrane contractor [110-113]

As seen in Fig 2-16, due to the fact that hollow fibers are weak in strength and can be easily
squeezed to elliptical shapes during the fabrication, a bundle of elliptical hollow fibers are
placed in a rectangular shell. Some fundamental heat mass transfer data were numerically
obtained such as friction factors, Nusselt numbers and Sherwood numbers for both counter and
cross flow modules, and they were validated experimentally. Results showed that heat and
mass transfer were deteriorated by around 0.1-6% for the in-line arrangement, and by about

0.15-26% for staggered arrangement when semi-axis ratio in between 0.5 and 1. However when
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semi-axis ratio is between 1.0-2.0%, the heat transfer is intensified by about 0.1-9% in an
elliptical module compared with a normal module.

Recently, great attention has been paid to another novel structure of hollow-fiber membrane
contractor, so called coiled module. Moulin et al [114] first proposed the mass transfer
enhancement by secondary flows in a helically tubular hollow fiber. In their design a helically
wound, or tubular hollow fiber was built to reduce the liquid-film resistance, experiments were
conducted with deoxygenated water flowing inside the hollow fibers with various speeds, and
the oxygen was maintained under pressure in the shell side. Is was proved that a secondary
flow can be formed in a curved pipe due to the pressure difference between the internal and
external wall of the fiber, which is also known as the centrifugal force.

Dean [115, 116] first investigated the complex flow pattern in a curved pipe in a concentric
toroidal co-ordinate system. It was pointed out that a secondary motion due to a given pressure
gradient would decrease the rate of flow and cause an outward movement of region where the
primary motion is the greatest. Thus a helically tubular fiber membrane module applies this
phenomena for the mass transfer enhancement.

Moulin et al [114] compared the experimental data from their design with a conventional
straight hollow fiber membrans in a parallel alignment. It was found that the performance of
oxygen transfer is greatly improved due to the presence of vortices, and the improvement
factors were in the range of 2-4.

Liu [117] investigated the mass transfer in a coiled hollow-fiber membrane module. It is made
of helical hollow fibers, which are coiled around a core that is a stainless tube with the outer
dimeter of 6-12 mm at some wind angles. All fibers were laid evenly in parallel paths. The
comparison between a conventional straight module and a coiled module, and a schematic of a

secondary flow in curved tube are given in Fig 2-17.
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Fig 2- 17 Schematic of a conventional straight module (a); coiled module (b); secondary flow

in a curved tube (c) [117]

The mass transfer performance of the module was examined for stripping dissolved oxygen
from water. The results showed that the mass transfer can be significantly enhanced in a coiled
hollow-fiber module in both shell and air sides, and this is attributed to dean vortices generated
in secondary flow inside the helical fiber and the promoted turbulence on the shell.

To sum up, hollow-fiber membrane contractors provide larger packing density and higher
performance compared with flat-plate membrane contractors. With regard to the structure they
can be divided into parallel-flow, cross-flow and coil types. More realistic cases such as skewed
flow and elliptical fiber shapes have been investigated. However, relatively high pressure drop
in tube side and complex structure are two of the biggest drawbacks for applications of this
type in practice, thus flat-plate type membrane contractors are far more widely used in practice

than hollow-fiber type membrane contractors.
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2.3 Regenerator

For a complete liquid desiccant dehumidification system, regeneration is considered to be one
of the most critical processes in the system since the diluted solution generated in dehumidifier
needs to be re-concentrated to realize the solution recycle. Similar to dehumidifiers, with regard
to the module structure, regenerators can be divided into direct contact type and membrane-

based. They will be discussed in Sections 2.3.1 and 2.3.2 respectively.
2.3.1 Direct contact type regenerator

Similar to direct contact dehumidifiers, packed beds or columns are the main structure of direct
contact regenerators. With regard to the flow pattern of liquid desiccant and air, they can be
divided into counter flow and cross flow types. Fumo and Goswami [118] studied a cross flow
packed bed regenerator using LiCl> as the desiccant solution. The packing in the regenerator
tower is polypropylene Rauschert Hiflow rings, there are 2.54 cm long and the specific surface
area is 210 m?/m?3. The diluted solution was distributed from the top of the regenerator tower
by 3 spray heads spaced evenly in an equilateral triangular arrangement. In the regenerator
tower desiccant solution and air are in direct contact, and they are in counter-flow configuration.
The moisture is the weak solution was taken by air flows due to the surface pressure difference.
Their results stated that the regeneration performance can be considerably affected by desiccant
inlet temperature, concentration and air mass flow rate. Longo and Gasparella [119]
experimentally tested the performance of a counter flow packed column regenerator with
structured and random packing using LiBr solution. Two different structures: a random column
with 1 Pall Ring elements and a structured column Mellapack 250Y, which uses cylindrical
elements made of perforated and corrugated sheets were tested. A one-dimensional simulation

code was developed in the study to simulate the packed column, and good agreements was
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found between experimental and numerical results. It was indicated that the regeneration
temperature is at around 50 °C which can be achieved using solar energy or other recovered
heat from a thermal engine, and the regeneration performance of a random packed column is
20-25% higher than that of a structured packed column.

Counter flow packed beds have the advantage of high heat mass transfer effectiveness, but the
structure of this type is relatively complex and hard for fabrication. By contrast, the duct
arrangement and installation of cross flow packed beds are more convenient and easy compared
with counter flow ones. Higher efficiency can be achieved if several cross flow packed beds
are combined [120, 121].

Kim et al [122] developed a simplified first-order empirical model for cross-flow packed-bed
tower regenerator using LiCl as the working fluid. In the study a honeycomb structured packed
tower was used as the regenerator. The internal dimeter of the regenerator was 0.01 m, and it
had the volume of 0.315 m? using wood fiber structured packing with 223 m?/m3 specific
surface area. Desiccant solution was sprayed from the top of the regenerator and then
distributed evenly through the packing, the intake air came into direct contact with the solution
and heat mass are transferred between them. The model showed reliable agreement with
experimental data, and can be used to determine the optimum regeneration temperature or
desiccant mass flow rate to minimize the operating energy consumption.

Liu et al [123] built a regenerator made of CELdek structured packings and tested it using
Lithium Bloride (LiBr) as the liquid desiccant. In the regenerator solution and air are in direct
contact with each other, and they are in cross flow pattern. The regenerator has the dimensions
of 0.55m high, 0.40m long and 0.35m wide. CELdek structured packing was applied as the
packing material with specific surface area of 396 m?/m?3 and the flute is 7mm high. Packings
were made of corrugated cellulose paper sheets with various flute angles. One steep and one

flat paper sheet were bonded together. They concluded that the regeneration effectiveness
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would increase with solution mass flow rate and concentration, but decrease with air mass flow
rate and solution temperature. A dimensionless mass transfer correlation was developed as well,
and it was validated by experimental data.

Bouzenada et al [124] experimentally studied the mass transfer using LiBr as the liquid
desiccant in direct contact with the air flows under various operating conditions. A dynamic
vapour sorption equipment (DVS) was used in the laboratory to measure the moisture being
absorbed by air flows. The experimental results showed that LiBr can be regenerated at a
relatively low temperature, which can be achieved by using flat plate solar collectors. The mass
transfer potential in regenerator rises linearly with the air humidity ratio, and the moisture
removal rate increases with solution concentration.

Shen et al [125] investigated a liquid desiccant regenerator with heat recovery heat pipe system
using Lithium Chloride as desiccant solution. The regenerator used in the system is a direct
contact regenerator tower, which is given in Fig 2-18.
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Fig 2- 18 Schematic diagram of direct contact regenerator tower [125]
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In the regenerator tower, the upwind air flow and liquid desiccant are in direct contact on the
surface of the structured packing in a counter-flow arrangement, and the heat mass transfer
occur simultaneously between air and solution flows. The novelty of their research is that they
applied a heat pipe heat exchanger for the regeneration air heat recovery. This process is
achieved by the preheating of incoming air by the reutilization of the water heat in exhausting
regenerating air. After this preheating process the temperature difference between regenerating
air and solution in regenerator is reduced, so the solution can maintain relatively higher
temperature and vapour pressure. So the mass transfer from solution to air is enhanced. They
designed another type of such heat recovery system by using a fixed-plate heat exchanger [126].
The structure of regenerator tower is the same, but the heat recovery unit is replaced by a fixed-
plate heat exchanger. The comparison between regenerating performance with heat recovery
system and without heat recovery system was made. Results showed that for the heat pipe heat
recovery system, maximum 25% and 26.5% of waste heat were recovered, which contributes
to 26.5% and 27% energy saving for 4 and 8 rows. For the fixed-plate heat recovery system,
maximum 16-19% of waste heat was recovered, which contributes to 14-18% of energy saving.
Yang et al [127, 128] designed an ultrasonic atomization liquid desiccant
dehumidification/regeneration (UARS) system. In such system the mass transfer performance
is greatly enhanced by atomizing the desiccant solution into humerous tiny droplets with the

diameter of about 50 um. The system diagram is depicted in Fig 2-19.
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Fig 2- 19 Schematic diagram of a ultrasonic atomization liquid desiccant regeneration system

(UARS) [127, 128]

The most critical unit in the system is ultrasonic atomization system, which consists of a
ultrasonic generator, a ultrasonic transducer and a voltage stabilizer. Ultrasonic signals can be
generated in the ultrasonic generator, and then sent to ultrasonic transducer, where high-
frequency vibration can be generated. Desiccant solution can be atomized into small droplets
under the effects of these vibrations and cavitation effect. The diameter of droplets can be as
small as 50 um. The results showed that UARS has many advantages over traditional packed
bed regenerators. The necessary regeneration temperature can be reduced by 4.4 °C, the
potential power saving can reach up to 23.4% for regenerating a unit mass flow of desiccant
solution.

Nada [129] numerically studied the air regeneration by a liquid desiccant falling on rectangular
finned-tube heat exchanger for different air flow arrangement: parallel flow, counter flow and
cross flow. According to their design, desiccant solution falls on a vertical rectangular fin
surface, while the air flows within the gaps between adjacent fins. The air flow and film
solution flow can be in different configurations: parallel flow (same direction), counter flow

(opposite direction) and cross flow (perpendicular direction) as illustrated in Fig 2-20.
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Fig 2- 20 Different flow configurations between air flow and liquid film [129]

The results showed that among all three flow configurations, parallel flow provides the highest
heat and vapour transfer rates. For all three arrangements, the air outlet temperature and
humidity ratio increase with air and liquid desiccant mass flow rate during the regeneration
process.

Liquid desiccant can be regenerated using low-grade energy such as solar energy. Recent
development about this topic mainly focused on solar thermal regeneration and solar electro-
dialysis technology. In the solar thermal regeneration system weak solution absorbs the solar
thermal energy and is heated in a solar collector. In the electro-dialysis system the regenerator
is basically an electro-dialysis stack which consists of a multitude cells placed in parallel
between two electrodes. This technology is based on the transport of ions under the influence
of an electrical filed, and it is driven by photovoltaic cells.

A comprehensive comparison between these two types was carried out by Cheng and Zhang
[130], it was stated that solar electro-dialysis regeneration system is more energy efficient, but
the cost is relatively higher than solar thermal regeneration system.

Alosaimy and Hamed [131] theoretically and experimentally investigated a packed column

regenerator regenerated by solar heating system. The regenerator was a packed column made
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of honeycomb packing, and the water heated by solar heating system was circulated in a finned
tube air heater to heat the air. Then hot air came into direct contact with weak solution in the
packed column regenerator. The results demonstrated that the system can operate at nearly
steady state condition when a storage tank in used with solar collector.

Kabeel [132] investigated the forced cross flow of the solar regenerator in the open cycle
absorption solar cooling system. The regenerator has the absorption surface of 0.6 m x 1 m,
and it is made of layers of black cloth. CaCl, was used as the working fluid. The forced cross
flow solar regenerator was compared with the free convection solar regenerator collector, and
it was found that the forced convection cross flow solar regenerator has higher efficiency than
the free convection regeneration, and the regeneration rate depends on the solution
concentration and mass flow rate.

Li et al [133, 134] proposed a photovoltaic-electrodialysis (PV-ED) regeneration method for
desiccant cooling system. The regenerator is an electrodialysis (ED) stack, which is formed of
multitude parallel cells between two electrodes. In alternating cells the desiccant solution is
concentrated and diluted respectively, means the weak solution enters into the concentrate cells
while the diluted solution enters into the diluted cells. So in the ED stack, the weak solution
can be concentrated and the diluted solution is diluted. Concentrated solution is the strong
solution and can be used for dehumidification. The primary investigation showed that
regardless of the poor PV efficiency, PV-ED system performance can be higher than twice of
that of the conventional solar thermal system.

Lietal [135, 136] compared the performance of single-stage and double-stage PV-ED systems.
In a double-stage PV-ED system, two regenerators corresponding to stage 1 and stage 2 were
used. The concentrated solution from stage 1 was further concentrated in stage 2. It is revealed
in their results that compared with single-stage system, double stage PV-ED system is more

energy-efficient and can save more than 50% energy under optimized working conditions.
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Yang et al [137] developed a novel photovoltaic capacitive deionization, so called PV-CDI
method for liquid desiccant regeneration. They proposed a photovoltaic (PV) capacitive
deionization (CDI) regeneration method, which uses CDI unit to promote the adsorption of
ions in the electrochemical double layer of a charged electrode surface by applying an electric
potential. The regeneration system they used consists of two CDI units, one works as
regenerator to produce concentrated solution and another works as deionizer to produce pure
water. This system was connected to a direct current (DC)-DC converter, which transform the
variable V-1 curve into either constant voltage or constant current supply. As a result the CDI
units could also act as a discharging capacitor and uses the stored energy to deionize the
solution. The results showed that under the same cooling output, PV-CDI system consumes
more solar energy than solar thermal system since the efficiency of PV system is currently
significantly lower than that of solar thermal system. However it still has great potential for
flexibility, stability and green air-conditioning system.

All regenerator introduced in this section have the direct-contact structure, which would
inevitably cause the problem of carry-over of the regeneration air. Membrane-based
regenerators, which could avoid carry-over problems have been studied in previous literatures.

There will be reviewed in the next section.

2.3.2 Membrane-based type regenerator

Membrane-based regenerator is an alternative to direct-contact regenerator to solve the
desiccant droplet carry-over problem. Furthermore, it also saves the liquid desiccant since
considerable desiccant is lost due to carry-over.

Duong et al [138] investigated the regeneration of LiCl solution by membrane distillation for
air conditioning. The regenerator was a plate-and-frame module consists of layers of flat-sheet

polytetrafluoroethylene (PTFE) membranes from Porous Membrane Technology. The
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membranes used were 60 um thick, with and the nominal pore size of 0.2 um and porosity of
80%, and the total active surface area was 138 cm?. During the experiments, the diluted
solution was heated by stainless steel coils submerged in a hot water bath. Then it entered the
solution channels, the heat and mass transfer occurred through the membranes, so diluted
solution was concentrated in the solution channels. The regeneration capacity AC and specific
thermal energy consumption a were used to evaluate the regeneration performance. The results
revealed that when the feed temperature is 65 °C, the system could increase the solution
concentration up to 29% without significant loss of desiccant solution. Increasing feed
temperature would increase AC and reduce «.

Ge et al [139] compared the experimental and numerical data for heat and mass transfer of a
flat-plate membrane-based heat mass transfer contractor used for regeneration. A small-scale
single-panel regenerator was used, and the solution and air were in counter-cross flow
configuration. The structure of the regenerator is similar to that of the dehumidifier in [67, 68]
as depicted in Fig 2-7. The regenerator has the length of 0.99m, and the thickness for solution
and air channels are 1.2 mm and 5 mm respectively, and the membranes are 0.265 mm thick.
Then they investigated the influences of different parameters, such as NTU, Cr*, air inlet
temperature and humidity ratio, solution inlet temperature and concentration, on the
regenerator effectiveness and moisture flux ratio. It is found that the dimensionless parameters
NTU and Cr* have significant impact on regenerator performance, while the impacts of
solution and air properties are small. However, air side effectiveness was used in their study
for the evaluation of regenerator.

Moghaddam et al [39] for the first time introduced the solution side effectiveness to evaluate
regenerators as in regenerator the main focus is on the desiccant solution side rather than air
side. They used the same structure of regenerator as that used in [139]. It was noticed in their

experimental data that solution-side effectiveness were sensitive to the solution inlet

49



concentrations, and the difference between air-side and solution-side latent effectiveness were
negligible. By contrast, solution-side sensible and total effectiveness should be applied for the
evaluation of regenerators in most cases.

Datta et al [140] designed and experimentally investigated the multi-effect regenerator, which
uses hydrophobic membranes to separate the solution and water vapour. The pictorial view of

the regenerator is given in Fig 2-21.
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Fig 2- 21 Pictorial view of the regenerator [140]

The regenerator used layers of hydrophobic polypropylene (PTFE) membranes, which had the
pore size of 0.2 um and the thickness of 0.12-0.2 um. The regenerator had the height of 70 cm,
width of 70 cm and the thickness of 15 cm. LiCl was used as the working solution in the
experiments. Performance ratio (PR), defined as the ratio of heat generation of regeneration
process to the average heating energy was used for the system performance evaluation. And
according to their results, PR was obtained at 2.5 under the heating water temperature of 50°C
with the inlet solution concentration of 8%. PR would improve with inlet solution temperature,
but decrease significantly with inlet solution concentration.

To sum up, regenerator, as the one of the most critical units in a liquid desiccant

dehumidification system have been studied in many literatures before. Based on the structure
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they can be furthermore divided into direct contact type regenerators and membrane-based type
regenerators. Packed bed or packed columns are the most common types of direct-contact
regenerator. With regard to flow pattern, counter flow and cross flow configuration have been
designed, each type has both advantages and disadvantages. The solution can be regenerated
using low-grade energy, such as solar thermal (TH), photovoltaic-electrodialysis (PV-ED) or
photovoltaic capacitive deionization (PV-CDI). Membrane-based type regenerators have
advantages over direct-type ones of reducing desiccant loss and avoiding carry-over problems.
Compared with direct-contact type, there is limited number of studies into the membrane-based

type regenerators so far.
2.4 The complete membrane-based dehumidification system

Membraned-based dehumidifiers and regenerators have gain considerable attention recently.
However the studied around this topic as introduced in previous two sections mainly focus on
the performance of either single dehumidifier or single regenerator. For more comprehensive
understanding of the system operation, studies about the complete membrane-based
dehumidification system have been carried out previously in several literatures, which will be
reviewed in this section.

The run-around system was firstly proposed by London and Kays [141], where they studied a
liquid-coupled run-around system for gas-turbine plants. It was revealed that the system
optimum performance can be achieved once the heat capacity rates of air and solution are equal
under the constant NTU values.

Then Forsyth and Besant [142, 143] studied the performance of a run-around heat recovery
system using two identical coil heat exchanger and aqueous glycol as the coupling fluid. A
numerical model was developed for the performance prediction, but the results did not agree

well with the experimental results due to several complex factors in experimental test were not

51



considered in the mass transfer correlations. Even though it was still found that for the optimum
design of the system, the effectiveness should not be considered as the only influencing factor,
and the total life cycle cost should be taken into account as well.

Fan et al [71] numerically tested the performance of a run-around heat and mass recovery
system that consists of two cross flow membrane liquid-to-air heat and mass exchangers

(RAMEE) as shown in Fig 2-22.
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Fig 2- 22 Schematic diagram of a run-around heat and mass recovery system [71]
In the run-around system, two identical cross flow heat and mass exchangers were connected
by solution flow, one as the supply exchanger (dehumidifier) and the other as the exhaust
exchanger (regenerator). LiCl was used as the coupling fluid and it was running cross-flow to
the exhaust and supply air flows. The solution could regenerate itself through mass exchange
with supply and exhaust air flows. The steady stage operation was investigated when the total
heat and moisture transfer rates in the exhaust exchanger balance the rates in the supply
exchanger. As the result, neither energy nor moisture need to be added or removed from the
system, and the only energy input is the pump and fan energy for operation. A numerical model
was developed for the run-around system, and it was validated experimentally. They concluded

that air channel size has greater impact on the run-around system performance than the solution
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channel size, and the thermal entry length of two heat mass exchangers can be neglected in the
run-around system.

Hemingson et al [144] presented a study of steayd-state performance of a run-around
membrane heat and mass recovery system consists of two identical counter-flow RAMEE for
a range of outdoor air conditions. It was found that the effectiveness of the run-around system
were considerably dependent on outdoor conditions. For several outdoor conditions the
effectiveness exceeded 100% or below 0%, and latent and sensible effectiveness were
influenced by heat and moisture transfer respectively.

Vali et al [70] studied another run-around heat recovery system using two identical counter-
cross flow flat-plate heat exchangers. Only heat transfer was considered in the two-dimensional
numerical model, and the heat transfer between solution and supply exchanger, and the heat
transfer between solution and exhaust exchanger were considered balanced under steady state
operation conditions. It was shown that the effectiveness of this counter-cross flow run-around
system is higher than the cross-flow flow run-around system but lower than counter-flow run-
around system. The maximum sensible effectiveness was achieved for exchangers with a small
entrance aspect ratio and small solution flow inlet and outlet lengths under the fixed total
surface area.

Ge et al [145] proposed an analytical solution to a counter-cross flow run-around membrane
energy exchangers system (RAMEE). The system includes two or more individual liquid-to-
air membrane energy exchangers, the liquid desiccant solution is pumped in the closed loop to
connect these membrane energy exchanger. The schematic diagram of such system they

investigated is shown in Fig 2-23.
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Fig 2- 23 Schematic diagram of a counter-cross flow RAMEE [145]

As seen in Fig 2-23, two liquid-to-air membrane energy exchangers (LAMEE) were connected
by desiccant solution, one acts as supply LAMME and another as exhaust LAMEE.

One LAMEE was located in the outdoor supply air flow entering the building, while the other
one was installed in the exhaust air flow leaving the building. There is not additional heat or
cold source for the system and only electricity used by fans and pumps were added to the
system. The analytical solution was based on Zhang’s analytical solution to a counter-flow tube
and shell liquid desiccant dehumidifier [99]. Results showed that the run-around system with
equally sized heat mass exchangers can achieve the maximum effectiveness in most conditions,
and the annual energy recovery rate can be improved by up to 7% if the solution mass flow rate
can be properly controlled.

All literatures introduced above dealt with the steady-state performance of the run-around
system. Seyed-Ahmadi et al [146] studied the transient behaviour of a run-around heat and
moisture exchanger system, which consists of two identical cross-flow LAMEEs in the closed
loop. Firstly they developed a theoretical model to investigate the transient performance using
the finite difference method with an implicit time discretization. To study the transient

performance, a new definition so called quasi-steady state was defined as the time when all
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heat and mass lost in one airflow is taken by the other air flow. So the system was investigated
for a sufficient period of time so that quasi-steady state has been achieved. Numerical results
for heat transfer only single LAMEE were compared with an analytical solution and good
agreements were obtained. The numerical model was useful for determing the transient
response time of RAMEE and approaches to properly control RAMEE under various practical
situations. For the second step, the transient model was applied under a range of initial
conditions [147], where the transient response of the RAMEE system was presented for step
changes in the air temperature and specific humidity at the inlets. Influences of several
parameters on the transient responses were studied: NTU, Cr*, storage volume ratio, and
solution inlet concentration. Is was found in their results that the transient response can be
dramatically affected by storage volume ratio and solution inlet concentration. Moreover, the
system quasi-steady conditions can be substantially changed by the heat transfer between run-
around system and its surrounding environment.

Apart from heat and mass transfer investigation, Patel et al [148] studied the contaminant
transfer in run-around membrane energy exchangers. In a run-around system volatile organic
compounds (VOCs) could transfer from exhaust air side to supply air side for various reason,
which would have adverse health effects on occupants such as headache, drowsiness and
breathing difficulties [149]. In experiments sulphur hexafluoride was used as tracer gas to test
the air leakage, toluene and formaldehyde were applied for testing VOCs transfer fraction. It
was concluded that for a run-around system, the transfer of low water soluble VOCs between
two exchangers were negligible, but a small detectable transfer of very water soluble VOSs
were traced.

Rasouli et al [150] conducted an energetic, economic and environmental analysis of a 3-storey
hospital HVAC system using a RAMEE system. The RAMEE system was simulated for the

hospital building under four North American climates. It is found that RAMEE has the potential

55



of reducing heating and cooling capacities by 50% and 25% respectively. The payback period
of the RAMEE was estimated to be 0-3 years, and the application of RAMEE could reduce the
greenhouse gas emission by up to 25%.

To sum up, numerous studies about complete run-around membrane energy recovery systems
have been conducted regarding different aspects. However, it is assumed in these studies that
the heat and mass transfer rates in supply exchanger balance those in exhaust exchanger, in
other words, there is no heat or moisture added or removed from the system. As a matter of
fact, the system can benefit significantly from an external heat source or cold source, in which

case a hot water loop and cooling water loop are included in the configuration.

2.5 Desiccant and membrane materials

A desiccant material absorbs the water vapour towards itself, and the strength of desiccant
material can be evaluated by its equilibrium surface vapour pressure, which increases with
desiccant temperature and the water content in the desiccant solution. Apart from surface
vapour pressure, there is some other properties that affect the performance of liquid desiccant,
such as regeneration temperature, energy storage density, crystallization point, solubility,
availability, cost et al [151]. Furthermore, the semi-permeable membrane is considered to be
the most critical component in a membrane-based liquid desiccant dehumidification system.
The characteristics of membranes may significantly influence the system performance. Thus
in this section, different liquid desiccant and membrane materials will be introduced and

compared.

2.5.1 Desiccant materials

Firstly, commonly used desiccant materials: halide salts such as LiCl, CaCly, LiBr, triethylene

glycol, organic acids and the mixture or composite of salts will be introduced.
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2.5.1.1 Halide salts

Triethylene glycol was the earliest used halide salt liquid desiccant, but its usage was strictly
limited by its relatively high viscosity, which would made the system unstable due to liquid
residence. It has the advantages of low toxicity and compatibility with most metals.

Elsarrag [152] pointed out that glycol is volatile since its surface vapour pressure is too low,
and glycol in the dehumidification system may volatilize into the conditioned rooms, which
would increase the cost dramatically and is unacceptable for air-conditioning systems.

It was also revealed in [151] that the dew point of air achieved by using the 96% triethylene
glycol can be achieved by using LiCl solution with the mass concentration of 42%. This means
that the molar concentration of the glycol in the air would be 1% that of the water vapour, thus
the annual loss of glycol in the air conditioning systems would be very high.

Lithium Chloride (LiCl), Calcium Chloride (CaClz) and Lithium Bromide (LiBr) are three of
the most commonly used halide salt solutions recently.

Ahmed et al [153], Zuber et al [154], Sun et al [155] and Morrillon et al [156] measured the
thermodynamic properties of different liquid desiccants. It was found that among these halide
salts LiCl solution is the most stable liquid desiccant, which offers the lowest water vapour
pressure under the same temperature. Furthermore, it will not vaporize under ambient
conditions and its viscosity is relatively low so that the pump energy consumption can be saved.
However, the price of LiCl is relatively high.

By contrast, CaCl: is the cheapest halide salt, and it is the most readily available type. Its
dehumidification potential is the lower than LiCl, and according to [151], CaCl, with the
concentration of 43% would have the same dehumidification effect as the LiCl with the
concentration of 34%. In the meanwhile, its usage is limited due to the fact that its stability

depends on conditions of inlet air and desiccant concentration.
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McNeely [157] tested the thermodynamic properties of LiBr. Kaita [158] developed an
equation to predict the thermodynamic properties of LiBr at high temperatures. The developed
equation was valid for concentration of 40-65 % for weight under the temperature of 40-210
°C. The result was very helpful for the modelling and design of triple-effect LiBr chillers.

The mass transfer performance of LiBr and CaCl; solutions were analysed and compared by
Lazzarin et al.[159]. The authors revealed that based on the same temperature and crystal
temperature, LiBr showed better heat and mass transfer performance than that of CaCl..

Liu and Jiang [160] experimentally tested the dehumidification of air (air flow rate between
0.24-0.48kg/s and inlet temperature between 25.4-38.8 °C ) using LiBr and LiCl, and according
to their results the COPs of both system are similar, with 0.45 for LiBr and 0.47 for LiCl
respectively.

Kornnaki et al.[161] compared LiCl, CaClz and LiBr through testing the performance of a
counter flow dehumidifier mathematically. Under the same air outlet conditions the
dehumidifier absorption efficiency was 0.145, 0.137 and 0.125 for LiCl, LiBr and CaCl>
respectively. Moreover, LiBr has the highest price among three, which is approximately 20%
higher than that of LiCl. Other types of halide salts have been investigate as well.

Namvar et al.[81] used magnesium chloride (MgCl>) as the desiccant solution for a membrane-
based liquid desiccant dehumidification system. The results showed that the MgCl> working
concentration rate was less than saturation concentration (35.9%) which would avoid

crystallization problems.

2.5.1.2 Organic acid

All halide salt solutions introduced above have the disadvantage of being corrosive to metal,
which would negatively affect the operation of air-conditioning systems. In recent years

another type of liquid desiccant so called organic acid, such as potassium formate (KCOOH),
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sodium formate (KCOONa) and potassium acetate (C2HsKO>) has gained much attention for
its low corrosivity, low toxicity and low volatility [162].

Longo and Gasparelle [119] tested the performance of a packed column
dehumidifier/regenerator using H2O/LiCl, H.O/CaCl, and H,O/KCOOH. It was found that
although conventional H2O/LiCl and H>O/LiBr presented a better performance than new
solution H>O/KCOOH, H,O/KCOOH was less corrosive and much cheaper than traditional
desiccants and fully compatible with the environment, which allows humidity reductions of
interest for technical applications.

Furthermore, at high solution concentration KCOOH can outperform conventional liquid
desiccant by promoting a high degree of vapour pressure depression while maintaining a
crystallisation temperature of less than 0°C [163]. According to [151] KCOOH, KCOONa or
can dehumidify the air up to 25% of relatively humidity but maintain a high viscosity level.
For example, potassium acetate (C2H3KO2) with the temperature of 27 °C and mass
concentration of 70% has a viscosity of around 0.028 pa, while the LiCl solution with the
concentration of 43.1% and the same temperature has half of that viscosity. Last but not least,
acetate formate such as CoHzKO. and C2H3zNaO2 have higher viscosity than potassium formats
under concentrations with equivalent equilibrium relative humidity.

To sum up, despite the fact that organic acids have weaker dehumidification ability than halide

salts, they are still good alternatives for many applications for several advantages,

2.5.1.3 Mixed and composite desiccant

As explained in Section 2.5.1, the prices for single desiccant material with relatively higher
dehumidification ability such as LiCl are too high. Thus there has been increasing attention
paid to the mixed desiccant, which have the better dehumidification efficiency, lower material

cost and energy consumption [164].
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Ertas et al. [165] experimentally tested the properties of the mixed LiCI-CaCl, desiccant
solution under 20% of mass concentration, and proposed a mixing ratio of 1:1 for the best
performance.

Ahmed et al. [153] predicted the vapour pressure of the mixed LiCl-CaCl; desiccant solution
using a simple mixing rule (SMR) proposed by Nilson [166]. However by comparing the
calculated results with experimental tested result, the SMR could predict the viscosity of mixed
solution well, but not so well in predicting the density and vapour pressure of the mixed
desiccant.

Then Chen and Evans [167] and Chen et al. [168] proposed an electrolyte non-random two-
liquid (NRTL) method which uses only binary parameters.

Yao et al. [169] compared these two methods by testing the surface vapour pressure of the
mixed solution under different circumstances, and found that the SMR shows the better
accuracy when the mixed solution concentration is below 10%, while the NRTL method is
much more accurate when the solution concentration is higher than 30%.

Zhu and Yao [170] investigated the optimum mixing ratio of LiCI-CaCl; solution to be 1:1 by
NRTL method and are verified through measuring the vapour pressures of various mixture
ratios and mass concentrations of mixed solution under different temperatures.

Zhao et al. [171] and Li et al. [172, 173] applied the NRTL method to investigate the optimal
ratio of the mixed LiCl-CaCl, desiccant solution for a direct contact liquid desiccant
dehumidification system. A new optimum ratio selection method was provided by using
activity map.

Lietal [174] also proposed a novel approach for selecting a cost-effectiveness mixed desiccant
solution group by combing the NRTL method with desiccant cost to obtain the mathematical
form of the cost-effectiveness. It was found that the best cost-effectiveness and economy can

be achieved when the total solution concentration is about 50%.
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Apart from the mixed halide salt solution, several composite desiccant materials have been
developed and tested. Composite desiccant usually are formed by confining salts into porous
host adsorbents, thereby the limited dehumidification capacity of silica gel and the corrosive
features of salt solutions could be eliminated [175].

Moreover, the composite desiccant can overcome the problem of desiccant reduction for halide
salt during the operation [176]. Jia et al [177] fabricated a honeycombed desiccant wheel made
of composite desicant of silica gel impregnated with LiCl and LiCl. The performance of
traditional silica gel was compared with the composite silica gel-LiCl, and it was found that
composite desiccant performs better than the traditional one and can remove more moisture
from air by up to 50%.

Gonzalez et al [178] developed a new composite material made of sepiolite and activated
carbon, or sepiolite and CaCl.. The design used the fibrous and hydrophilic properties of
sepiolite and the hydrophobic nature of activated carbon. The results showed that sorption
capacity of sepiolite can be substantially improved when it is impregnated with CaCly.

Chua [179] investigated the heat and mass transfer performance of three different composite
materials: silica gel- CaCly, silica gel-LiCl and silica gel- polyvinyl alcohol (P\VOH). The
author conducted experimental tests to validate the derived numerical model. It was noted in
the results that the moisture removal capacity, regeneration rates and the associated pressure
drops of composite desiccants could be improved by up to 11% compared with pure silica gel.
Chua et al [180] developed a hybrid system by intergrading a composite desiccant with nano-
woven membranes. The composite desiccant used the silica gel and LiCl as bases, and then
added CaCl, and bentonite to promote the hygroscopic nature of composite desiccant. It was
found in their results that the new hybrid system could reduce the total energy consumption per

unit moisture removed by up to 40% compared with pure silica gel system.
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To sum up, halide salts are the most commonly used desiccant materials. LiCl has the highest
dehumidification capacity, but with relatively high price. CaCl; is the cheapest halide salt, and
it is the most readily available type. LiBr has the highest price, but its hygroscopic nature is
between LiCl and CaCl,. Organic acids have weaker dehumidification ability than halide salts,
but they are good alternatives for low corrosivity, toxicity and volatility. Compared with pure
desiccant, mixed desiccant may have better dehumidification efficiency, lower material cost
and energy consumption. In conclusion, a good desiccant should have following properties:
high hygroscopic capacity; low viscosity; low volatility; non-corrosive; non-toxic; physically

stable; low regeneration temperature; inexpensive.

2.5.2 Membrane materials

In this section, different materials used to make semi-permeable membranes are introduced.
Selectivity and permeability are two of the most important characteristics for membrane
materials. Basically there is two main types of polymer membranes: hydrophobic microporous
membranes and nonporous membranes.

Zhang et al [181] fabricated a microporous cellulose acetate (CA) membrane for heat and
moisture recovery. A cheap and raw material of CA, environmentally friendly solvent acetic
acid and deionized water were used during the fabrication, membranes were fabricated in a
one-step approach, which was direct wet phase inversion method. A porous support layer and
a dense skin layer were formed simultaneously during the solvent and coagulant medium
exchange.

Zhang et al [182] fabricated a vapour-permeable composite membrane, which used porous
polyethersulfone (PES) as the support layer, and dense polyvinylalcohol (PVA) as the active
separating layer. During the fabrication LiCl was added to the PVA solution for the purpose of

moisture permeation facilitation. The study results showed that membranes with 2.3% LiCl has
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the highest moisture permeation rate, which was 70% higher than that of membranes without
LiCl addition. The scanning electron micrograph (SEM) pictures showed that microporous
membrane has a fractal structure with numerous macro or micro pores in various sizes in the
through-plane direction. Such micro structure the membrane is normally disordered and
extremely complicated [183]. The microporous membranes have the potential risk of pore-
wetting by desiccant solution. Such leakage was proved to be related to the surface tension, the
higher the surface tension, the lower change pore-wetting would happen, thus halide salts were
added to the organic absorbents during the fabrication of membranes to increase the surface
tension [29]. Apart from surface tension, many other factor could lead to leakage such as
adhesion potential of hydrophobic material, adsorption as the result of electrostatic interactions
[184]. As the result, the operation conditions for microporous membranes could be
magnificently restricted. This problem can be solved by using nonporous membrane materials.
Gabelman and Hwang [185] introduced a hollow fiber membrane contractor using nonporous
polyolefin fibers that are woven into a fabric and wrapped around a central core.

Woods et al [186] developed a membrane-based absorption heat pump using microporous
membrane coated with a thin layer of silica gel.

Li and Teo [187] designed and fabricated an ultrathin skinned hollow fiber module made of a
bundle of hollow fibers with a dense skin layer at the outer edge. The dense skin layer would
eliminate the possibility of filling membrane pores with liquid desiccant which would cause
dramatic reduction of CO; transfer rate. For the fabrication of the outer layer, water or NaOH
solution were used as the absorbent, and a gas mixture of 4% CO- fed to fiber lumen.

Karoor and Sirkar [188] investigated the separation of CO2 from nitrogen with water as the
absorbent in a shell-and-tube hollow fiber contractor. The nonporous hollow fibers made of

polydimethylsiloxane were used to absorb CO2 selectively.
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Lee et al [189] numerically analysed the performance of hollow fiber membrane contractor to
remove CO2 using potassium carbonate as the absorbent. In the study
Polydimethylsiloxane (PDMS) were used as hollow fibers, and the pores of which were filled
with gas. Thus membranes were referred as nonporous (non-wetted) mode. To avoid liquid
immersing in pores, hydrophobization can be applied on the permeate side, or composite with
a hydrophobic membrane layer [190].

Zhang [191] numerically studied the heat and mass transfer in an enthalpy exchanger, which
used a novel membrane material so called hydrophobic-hydrophilic composite membrane. This
material consisted with two layers: a hydrophobic porous support layer and a hydrophilic dense
active layer. It was shown in the results that the largest moisture resistance in the composite
membrane is from the support layer, while the heat resistance of both the support layer and the
active layer is negligible.

Zhang [192] and Pei et al [193] designed and fabricated a polyvinylidene fluoride (PVDF)
membrane material, which consisted with three layers: a sponge-like porous support layer, a
porous media with finger-like macro-voids layer, and a thin denser skin layer with smaller
pores. During the fabrication, the hydrophilic materials such as polyethylene glycol (PEG) and
polyvinyl pyrrolidone (PVP) were added to the solution to form a hydrophilic-hydrophobic
composite material.

To sum up, there is two types of membrane materials currently being used: hydrophobic
microporous membranes and nonporous membranes. The former one has the potential risk of
pore-wetting by desiccant solution, which can be solved by applying nonporous membranes.
In conclusion, a good membrane material should have following properties: high porosity; high
selectivity; low vapour transfer resistance; high strength and flexibility; high fouling resistance;

high corrosion resistance; easy fabrication; inexpensive.

64



2.6 Mathematical modelling methods

In this section, different methods used for mathematical modelling are introduced. For the
modelling of liquid desiccant dehumidification system, there is mainly four different developed
approaches: Simplified method (Section 2.6.1); Effectiveness NTU (& — NTU) method
(Section 2.6.2); Finite difference method (Section 2.6.3); Conjugate heat and mass transfer
method (Section 2.6.4). For the problems of hollow-fiber contractors specifically, the

modelling of randomly placed fiber and flow maldistribution will be covered in Section 2.6.5.
2.6.1 Simplified method

Liu et al [194] proposed empirical correlations for cross-flow and counter-flow packed
dehumidifiers. Due to the complexity of model, the required amount of time for computer
modelling is normally too long that the models based on differential elements are not possible
in reality. Thus a simplified approach was developed by proposing empirical correlations for
enthalpy and moisture effectiveness based on corresponding experiments. Empirical relations
were compared with some already published experimental data and it was found that the
maximum average differences for moisture effectiveness were 7.9% and 13.8% for cross-flow
and counter-flow dehumidifiers respectively. For the enthalpy effectiveness, the maximum
average differences were 6.3% and 10.8% for cross-flow and counter-flow dehumidifiers
respectively.

Liu et al [195] developed an analytical solution to a cross-flow direct contact packed bed liquid
desiccant dehumidifier. In their study, for the simplicity of calculation, it was assumed that
liquid desiccant mass flow rate and concentration within the dehumidifier are constant because
the moisture content absorbed by the desiccant solution during the dehumidification process

are negligible compared with the desiccant mass flow rate. Based on the similarity between
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cross flow dehumidifier and cross flow heat exchanger, they proposed the analytical solutions
to air and solution parameters, enthalpy and moisture efficiencies. Results were compared with
numerical and experimental results and the average absolute differences were under 8%.
Khan and Ball [196] generated a simple mathematical model to evaluate the performance of
packed-type liquid desiccant dehumidifier and regenerator. The model was pure algebraic
derivation based on simulation results. The simplified algebraic was developed by analysing
1700 groups of data from finite difference model. It was concluded that the model could
successfully evaluate the hourly performance of each component and predict the heating and
cooling requirement, but might not suitable for other conditions under which the fitting of
model were not based on.

Chen et al [197] developed an integrated analytical solution to a packed-type liquid desiccant
dehumidifier for counter-flow. The mathematical model was based on Khan and Ball’s

mathematical model [196]. The mathematical model was constructed based on the control

volume:

i dh, = edh, (2-1)
b, = 1 doo, (2-2)
s =T [Le - (hg — he) + (1= Le) - 2+ (g — )] (239
dwg

= (o~ ) e

Where Le and NTU are Lewis number and number of heat transfer units; h, and w, are the
enthalpy and humidity ratio in equilibrium with desiccant solution; h, and w, are enthalpy and
humidity ratio of air flow. The schematic diagram of the counter-flow heat and mass transfer

process is illustrated in Fig 2-24.
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Fig 2- 24 Schematic diagram of counter-flow heat and mass transfer process in packed-type

liquid desiccant dehumidifier [197]

In the study it was assumed that the concentration of desiccant solution at inlet and outlet are
constant, thus the analytical solution was suitable for high desiccant solution mass flow rate
conditions. For the convenience of derivation, two parameters K, and K, were defined, which
are the enthalpy of air and equilibrium state respectively. Then the distribution of solution was
obtained by the analytical solution. The results showed good agreement with the experimental
data, and more importantly it can conduct seasonal performance simulation with little
computing time.

Ren et al [198] further simplified the one-dimensional analytical model for packed column
liquid desiccant dehumidifiers within relatively narrow range of operating conditions.
Governing equations for the coupled heat and mass transfer processes were obtained following

the principle of heat and mass conservation:

W = koyandV(ya — Yer) = hpaydV (Y, — Yer) (2-5)
GdY, = W = dL (2-6)
dL = = dx (2-7)
8Q = hpgadV (T, — Ty) (2-8)
G(Cpa + YoCpy)dT, = 6Q — GC,o (T, — T)AY, (2-9)
LC,dT, = 8Q + GhydY, (2-10)
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Where G is the dry air mass flow rate (kmol/s); T is the temperature (K); W is the mass of
water species transferred (kmol/s); V is the volume of packed column (m3); Y is the mole
fraction of water in air (kmol/kmol); L is mass flow rate of solution (kmol/s) and Q is the
sensible heat transferred (kW). The schematic diagram of heat and mass transfer in a packed

column is shown in Fig 2-25.
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Fig 2- 25 Schematic diagram of heat and mass transfer in a packed column [198]
Based-on the one-dimensional heat and mass transfer equations for conventional packed
columns, some dimensionless parameters and groups were defined and then the one-
dimensional equations were normalized. Two new variables were defined as well to represent
the dimensionless heat and mass transfer driving potentials: dimensionless temperature A9 and
dimensionless concentration AY . After the derivation one-dimensional equations were
transferred to two coupled ordinary differential equations, which could be used to obtain the
packed column efficiency. The obtained enthalpy efficiencies were compared with results
previously published in [199] and good agreements have been found. However, the developed

analytical solution may not suitable for operating conditions with large solution temperature
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because the linear approximation for the dependence of equilibrium humidity ratio on solution
temperature may reduce the accuracy of the analytical solution.

Babakhani and Soleymani [47, 200] developed simplified analytical solution to packed bed
type dehumidifier and regenerator based the assumption that the equilibrium humidity level on
the interface is constant. This assumption was made for a narrow range of operating conditions
for practical dehumidification process with acceptable error to be lower than 10%. Another
assumption made is the dilute gas phase, then they conducted the sensible analysis such as
moisture removal rate and their results showed better predictions of outlet parameters than
Chen et al [197].

In conclusion, simplified methods could perform the annual performance simulation for liquid
desiccant system without costing much calculation time. These analytical models were made
under several assumptions which may limit the application scope, and the accuracies of

analytical solution were generally not high.
2.6.2 Effectiveness NTU (e — NTU) method

Stevens et al [199] described a computationally efficient model for a packed-bed liquid
desiccant heat and mass exchanger. The model was derived from an effectiveness model of a
cooling tower. During the derivation it was assumed that the water loss for the solution energy
balance is neglected. Furthermore, the saturation enthalpy and temperature were assumed to
have linear relationship. In their study they firstly obtained the number of heat transfer units
(NTU):

NTU =27 (2-11)

Then based on the similarity of packed-bed liquid desiccant dehumidifier and heat exchanger,

the effectiveness of a counter-current flow dehumidifier was obtained by:
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1—e-NTU(1-m")

€ = ITre-NTUG-m) (2-12)
where m* was the capacitance ratio as defined by:
m* _ Gzllcsat (2_13)

" GliCps

Where C,,; Was the saturated specific heat (/ /kgK); G' was the specific mass flow rate (kg/s).
Then all outlet parameters, such as air temperature, humidity ratio and enthalpy were obtained
based on these correlations. The results were compared with experimental and numerical
results and good agreements have been found.

Then Sadasivam and Balakrishnan [201] improved Steven’s method by changing the air mass
flow rate to the minimum mass flow rate of solution and air. Their simplified e — NTU model
was for the design of packed-bed liquid desiccant dehumidifiers, and it was found that results
obtained from e — NTU model were in consonance with results calculated by more rigorous
and well established but time consuming methods. Results were compared with limited amount
of experimental data as well and the comparison was satisfactory.

An analytical model is presented by Shah and Sekulic [202] on pure analogy for a flat-plate
heat exchanger, but only the sensible effectiveness is predicted. The model was valid for the
flat-plate heat exchanger at steady-state laminar flow operating condition. Based on the study,

the sensible effectiveness of pure cross and counter flow heat exchangers are given by:

0.22

TU

Esencross = 1 — exp{ = [exp(—Cr. NTU®78) — 1]} (2-14)
__ 1-exp[-NTU(1-Cr)]

Esen,counter = 1 op-NTU(I—Cr)]

(2-15)

For an innovative counter-cross flow exchanger, the sensible effectiveness can be calculated

by combining Egs. (2-14) and (2-15) [68]:

ACTOSS Acounter
Esen,counter—cross - (A gSETl,CT'OSS + A gsen,counter (2-16)
counter—cross counter—cross

Where 4 is the active area of the exchanger (m?).
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However, the above analytical solution does not take mass transfer into consideration, which
means this method is unable to predict the dehumidification performance. Thus the latent
effectiveness for cross, counter and counter-cross flow exchangers are produced in literature

[203] based on the heat and mass transfer analogy from Egs. (2-14) - (2-16):

NTUS;2? N
Elat,cross = 1- exp{ m* [exp(_m -NTUr?im) - 1]} (2'17)
1-exp[-NTUp(1-m*
Elat,counter — expl () (2'18)

1-m*.exp[—-NTU,, (1-m*)]

_ Across Acounter
Slat,counter—cross - (A glat,cross + A Elat,counter (2'19)
counter—cross counter—cross

Above early-published literatures focused on heat and mass transfer for direct-contact type
contractors, or traditional flat-plate heat exchangers. As for membrane-based liquid desiccant
heat and mass exchanger, effectiveness correlations were introduced by Zhang and Niu [66]
for a flat plate exchanger with membrane cores. In their research, some assumptions were made
to build governing equations, these include: no lateral mixing of the two fluids, no heat
conduction and vapour diffusion in the fluids, constant heat conductivity and water diffusivity
in the membrane, and one-dimensional heat and mass transfer in the membrane. The sensible

and latent effectiveness correlations were developed as:

exp(-NTU®78R,)-1
Eon =1 — exp[ NTU_°-22R11 ] (2-20)
-NTUL8R,)-1
frar = 1 = exp [exp(NTUElé‘ztlel) (2-21)
Where
— (mcpa)min
R, = mit (2-23)
NTU,,; is the total number of transfer units for moisture which can be calculated by:
NTU,, = B-NTU (2-24)
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g = o (2-25)

a= yy—m (2-26)
2

Ve =1 (2-27)

Where v, is the convective moisture transfer resistance, « is the ratio of diffusive resistance to
convective resistance of the membrane. The empirical correlations were compared with
experimentally obtained data and it was found that the correlations can predict the performance
of membrane-based heat mass exchanger well.

The coupled heat and mass transfer in the hollow fiber membrane contractor was studied by
Zhang [99], and an analytical solution was obtained which was convenient to use in the practice.
The differential equations of heat and moisture transfer in the air and solution flows were
established, then the sensible and latent effectiveness can be obtained:

Eeon = 1 — CreM — Cy e (2-28)
gt = 1+ K,Cire?M — K,Cpe?2 (2-29)
Where C; and C, were coefficients that are functions of constant coefficients: a;; — a,,. 4,
and A, were roots of characteristic equations. K; and K, were intermedia coefficients of the
analytical solution. Experiments were conducted for validation, and the maximum differences
in temperature and humidity were below 5% and 12% respectively.

This analytical solution based on solely algebraic correlations was accurate and convenient to
use to estimate the sensible and latent effectiveness. However the solution outlet temperature
and concentration need to be assumed in order to start the calculation, which increases the
calculation load. Zhang’s analytical solution was extended by assuming that the desiccant
solution mass flow rate and concentration are constant [145], since the moisture contents

absorbed/desorbed by the solution were negligible compared with desiccant mass flow rate.
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This assumption was verified by experimental results for air dehumidification and desiccant
regeneration. In literature [145], a flat-plate counter-cross-flow liquid-to-air membrane energy
exchanger (LAMEE) was adopted. The solution properties and its equilibrium humidity ratio
were only related to the solution temperature, and the slope (E;) was only associated with
iterated solution temperature. The slope calculation method was different from Zhang’s
analytical solution, in which E; was related to both iterated solution temperature and
concentration. Furthermore, Zhang’s analytical solution was for hollow fiber membrane
contractor, thus in order to use this solution U and U,,, needed to be calculated based on a flat-
plate membrane contractor and substituted into Zhang’s analytical correlations.

The analytical solution was validated through experimental tests under various conditions and
the discrepancy between analytical and experimental effectiveness were within 10%

To conclude, compared with simplified method, e — NTU method showed better accuracy and
wider scope of application. Some iteration was required but in general it is time saving and can

predict the performance of heat mass exchangers rather effectively.

2.6.3 Finite difference method

Factor and Grossman [48] developed a mathematical model for a packed-bed type
dehumidifier/regenerator using liquid desiccant. The numerical model used finite difference
method and was based on the model for adiabatic gas absorption. The adiabatic
dehumidifier/regenerator in the height was divided into n elements, the properties of air and
solution were assumed to be constant across the differential elements. The differential
governing equations for air temperature, humidity were developed, and they were solved
through numerical integration along the unit height together with boundary conditions. The

numerical results were validated through experimental data.
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Following their numerical method, several more studies for packed bed or packed column were
conducted: Gandhidasan et al [204] numerically investigated the heat and mass transfer for a
packed tower using the finite difference method, various parameters such as the effect of liquid
concentration and temperature, air temperature and humidity and solution and air mass flow
rates on packed tower performance were discussed.

Oberg and Goswami [205] used a similar finite difference model to Factor and Grossman’s
model to simulate the performance of packed bed liquid desiccant dehumidifier.

Liu et al [206] studied the heat and mass transfer for a cross flow direct contact liquid desiccant
dehumidifier/regenerator. The desiccant flowed in cross configuration with air and was
distributed over the packing by gravity. To solve governing equations of heat and mass transfer
in air and solution sides, the dehumidifier/regenerator was divided into an infinite number of
differential elements, each with volume of dV and the computational domain was discretized

into M x N meshes, as shown in Fig 2-26.
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Fig 2- 26 Two-dimensional schematic of the computational domain [206]
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According to their results, for the dehumidifier the average absolute differences between
numerical results and 284 groups of experimental data for enthalpy and moisture effectiveness
were 7.9% and 8.5% respectively, while they were 5.8% and 6.9% for regenerator under 82
groups of experimental tests.

The membrane-based contractors were also carried out in many studies. The coupled heat and
mass transfer in the air, solution flows and membrane of a counter flow LAMEE is numerically
modelled by Moghaddam et al [67] and the steady state effectiveness of the LAMEE was
analysed. In the developed module to simplify the numerical modelling, some assumptions
were made: well-insulated exchanger, steady state, fully developed flows, constant thermal
properties and convective heat and mass transfer coefficients, uniform velocity and temperature
at inlets, no axial conduction and phase change heat gain or loss only occur in the solution side.
Solution and air side heat mass conservation governing equations were solved by finite
difference method. The model was validated through experimental data, good agreements were
found under summer operating conditions. But under winter operating conditions the numerical
model predicted higher sensible effectiveness than experimental data, the discrepancy was up
to 10%.

Fan et al [71] numerically studied the performance of a cross flow LAMEE used a similar finite
difference method. Since the dehumidifier was cross flow configuration, the air flow and
solution flow were in x and y direction respectively, thus the dimensionless length in x and y

direction were defined as:

=X -
x' =2 (2-30)
=Y -
y =2 (2-31)

Vali et al [70] studied an counter-cross flow LAMEE numerically. The air temperature T;,

and liquid solution temperature Ts,; were obtained from heat balance equations. The bulk mean
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liquid velocity was determined by applying the second-order Laplace equation for the stream
function (y):

Vi =0 (2-32)
Implicit finite difference method was used to solve the governing equations. They compared
the simulated results with analytical results and found the discrepancy of sensible effectiveness
was within +2.5%.

Then this study was extended by considering both heat and mass transfer problems [78], and
the governing equations in the air and solution sides were similar to those used in [67]. The
determination of heat transfer coefficient h and mass transfer coefficient h,,, were based on an
approximation that heat and mass flux on the membrane are uniform. h could be derived from

the correlation for Nusselt number:
Nu =— (2-33)
Where d;, was the hydraulic diameter (m), k was thermal conductivity (W /m~1K 1), Nu was

constant and equal to 8.24 [207, 208]. Similarly, h,,, could be derived from the correlation for

Sherwood number [77] :

Sh = NuLe™'/3 (2-34)
Sh = "t (2-35)

Where Le was Lewis number given by the ratio of thermal diffusivity a to the mass diffusivity
D. Implicit finite difference method was also used to solve the governing equations. The
numerical model was validated by experimental data and the agreement was within +10%.

A similar numerical modelling for cross flow membrane contractor was produced by Das and
Jain [73], but the calculation process of Nu and mass transfer resistance in the membrane was
improved. Most of the previous studies only focused on the laminar regime, the approximate
correlations was used to consider transition regime in literature [73]. Nusselt number was

obtained from correlations for laminar, transition and turbulent conditions in literature [209].
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A two-dimensional transient model was developed by Seyed-Ahmadi et al [146, 147] for the
coupled heat and mass transfer in a run-around heat and moisture exchanger system (RAMEE).
Compared to the steady-state modelling, the transient effect is of vital importance during the
system operation since the thermal and mass capacities of the liquid are larger than that of air.
In their study, governing equations were similar to those developed in literatures [67, 71, 78] .
Then a characteristic dimensionless time () was defined relative to the transport time for the
bulk solution to flow through both LAMEESs without considering the storage tanks or

connecting tubes:

1
te t;ol,s_1+t;ol,e_1 (2-36)
T indicates the number of complete volume circulations of the solution in both LAMEES, which
is used to interpret the transient response of the system at different operating conditions. The
governing equations were discretised by applying implicit finite difference method for the time
derivative and upwind scheme for the first order spatial derivative, and solved by using Gauss-
Seidal iteration method. The results for both sensible and latent effectiveness showed
satisfactory agreement under different operating conditions and the maximum average absolute
difference between the numerically obtained and experimentally tested data for the transient
effectiveness was 0.103
Following the similar method, the transient model was extended to a RAMEE system
consisting two counter-cross flow LAMEEs by Namvar et al. [210]. The numerical results of
latent and total effectiveness showed good agreement with the experimental data but the
difference between numerically obtained and experimentally tested sensible effectiveness was
up to 17%. The modelling results showed that Grashof number Gr was higher than Reynolds
number under the winter testing conditions, so the buoyancy forces should not be neglected.

To sum up, the finite difference method provides better accuracy in modelling compared with

simplified method and ¢ — NTU method, its governing equations are discretised by applying
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finite difference method and solved by using iteration method. The heat and mass transfer
coefficients are derived from correlations of fundamental data such as Nusselt and Sherwood
numbers, which are borrowed from well-known books. However, these data were obtained
under the uniform temperature (heat flux) or concentration (mass flux) boundary conditions,
which are unable to accurately reflect real heat and mass transfer properties in the membrane
module. In order to solve this problem, conjugate heat and mass transfer modelling method is

required, which will be introduced in the next section.

2.6.4 Conjugate heat and mass transfer method

As mentioned previously, the drawback of the finite difference modelling can be avoided by
using the conjugate heat and mass transfer modelling method. A mathematical model was
established by Huang and Zhang [75] for a cross-flow flat plate membrane module. The unit
cell used for calculation consisted of one membrane and two neighbouring flow channels.
Some assumptions were made in this model including: laminar flow mode for both the air and
liquid solution, Newtonian fluids with constant thermophysical properties, hydrodynamically
fully developed while developing both thermally and in concentration for both flows, no heat
and mass diffusion along the main flow direction. The governing equations of the membrane
surface were different from previous model’s, the real heat and mass boundary conditions on
the membrane surface were numerically obtained by simultaneous solution of momentum,
energy and concentration equations for the air and solution. Governing equations and their
relevant boundary conditions were solved by using the finite difference method, iterative
techniques were also adopted in the process. Numerical results were validated by comparing
with experimental results, the discrepancies between the numerical and experimental data were

less than 6.0%. Thus generally speaking, this model predicted the heat and mass transfer well.
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Fundamental data of Nusselt and Sherwood numbers under different aspect ratios (b/a) were
then calculated and listed in Table 2-1.

Table 2- 1 Fully developed (fRe), Nusselt and Sherwood numbers for different aspect ratios

Aspect ratios (b/a) Nuy Nug Nug Sh¢ Nuc, Shea Nug
References [77, 207, 208] [77, 207, 208] [63] [63] [75] [75] [75]
1.0 3.61 2.98 1.88 1.89 3.12 3.30 341
1.43 3.73 3.08 249 2.52 3.23 341 3.64
20 412 3.39 6.06 3.10 3.48 3.65 4.05
3.0 4.79 3.96 4.06 4.00 4.15 4.28 4.74
4.0 5.33 4.44 4.64 4.52 4.61 511 5.35
8.0 6.49 5.60 6.06 6.03 5.79 5.83 6.41
50.0 - - 7.78 7.81 7.54 7.74 7.91
100.0 - - 8.07 8.05 7.70 7.98 8.08
0 8.23 7.54

It was found from Table 2-1 that Nusselt number under the conjugate heat and mass transfer
condition in the air side (Nu ,) was between that under uniform temperature condition (Nur)
and heat flux condition (Nuy). Furthermore, the Nusselt number under the conjugate heat and
mass transfer condition in the solution side (Nu. ;) was approximately 15% higher than that in
the air side. It was assumed in previous studies that the flow was hydrodynamically fully
developed to avoid difficulties in solving Navier-Stokes equations. However, this assumption
would underestimate the performance seriously since the developing entrance length accounts
for a huge proportion of the duct length.

A step forward to investigate the effects of the developing entrances on the fluid flow and
conjugate heat and mass transfer in a cross-flow flat plate membrane module was made by
Huang et al [76], the membrane module structure in this study was the same as that in literature
[75]. More accurate governing equations were established and solved directly by considering
the influences of the flow, heat and mass transfer developing entrances. The governing
equations and conjugate heat and mass transfer boundary conditions were solved by applying
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a finite volume method, iterative techniques were also used to solve interacted problems. The
model was validated by comparing to the experimental data, the maximum difference between
the calculated values and experimental data was 4.0%, which means this model was able to
predict heat and mass transfer for the cross-flow flat plate membrane module. Then
fundamental data of Nusselt and Sherwood numbers under different aspect ratios (b/a) are
calculated, a comparison of these numbers and those obtained without considering developing
entrance was made in Table 2-2.

Table 2- 2 Comparison of fully developed (fRe), Nuseelt and Sherwood numbers for different

aspect ratios with and without considering developing entrance

Aspect ratios (b/a) Nuc, Nug Nuc, Nug Nuy, o Ny, s
References [75] [75] [76] [76] [76] [76]
1.0 3.12 341 3.37 3.64 3.87 3.95
1.43 3.23 3.64 3.48 3.78 3.99 4.18
2.0 3.48 4.05 3.73 4.19 4.25 4.59
3.0 415 474 4.39 4.88 4.95 5.28
4.0 461 5.35 4.86 5.49 5.34 5.89
8.0 5.79 6.41 6.04 6.55 6.58 6.95
50.0 7.54 7.91 7.79 8.02 8.32 8.45
100.0 7.70 8.08 7.95 8.22 8.49 9.62

As displayed in Table 2-2, Nu¢ , and Nu. ¢ obtained with considering developing entrance
were about 10% higher than those without this consideration. Furthermore, the mean Nusselt
numbers along the complete duct (Nu,,, and Nu,, ;) were about 10% higher than the local
values (Nu¢, and Nuc ), and approximately 20% higher than those calculated in literature
[51]. This means thermally developing entrance has substantial effect on heat transfer in the
duct.

An internally-cooled membrane-based liquid desiccant dehumidifier (IMLDD) was studied by
Huang et al [83], which consisted of feed air, solution, cooling water and sweep air. In this
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modelling, the interface between the water film and sweep air was thermodynamic equilibrium
state, and the velocity of the sweeping air at interface was equal to that of water flow.
Furthermore, gravitational force of the feed air was neglected, while water falling film was
formed only due to its gravitational force. The governing equations of the feed air, solution,
water falling film and sweep air were developed respectively and solved by a finite volume
numerical scheme. Experiment tests were conducted to validate the numerical model, but only
the outlet parameters of the feed air, solution, water falling film and sweep air were measured
due to the difficulty in measuring parameters inside the contractor. The maximum deviation
between numerical and experimental results was less than 8.0%, which means numerical model
is capable of predicting the performance of IMLDD well.

Apart from the flat-plate types, hollow-fiber membrane modules was studied using conjugate
heat and mass transfer approach. To model the complete bundle of a fiber-to-fiber basis directly
was difficult since the number of fibers were numerous, normally 200-600 in a small shell 4cm
in diameter. This problem could be solved by using Happel’s free surface model [211]. In
Happel’s model, each fiber in the shell was surrounded by a fluid envelop, and there was no
momentum, heat or mass transfer on the outer free surface. The fibers were assumed to be
distributed homogenously and the flow was axial. The bundle consisted of a series of free
surface cells, which had only one fiber in the centre and surrounded by homogeneous fluid.

The free surface models in literature [211] were shown in Fig 2-27.
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Fig 2- 27 Free surface models for axial flow [212]
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Zhang et al [100, 102] numerically studied the parallel and cross flow hollow-fiber membrane
modules based on Happel’s free surface model under the laminar flow assumption. In their
modelling, one-fourth of a cell was selected as the calculation domain for the sake of symmetry
and simplicity for the parallel flow module. As for the cross flow module, only half of a cell
was selected as the calculation domain. Body-fitted coordinate systems were generated to
convert the physical plane into numerical one. After the set-up of boundary-fitted coordinate
system, the governing equations were transformed into the corresponding governing equations,
which were then discretized by using finite volume method. For the conjugate heat and mass
transfer problem, alternating direction implicit (ADI) techniques were used to solve the
governing equations. The local and mean Nusselt and Sherwood numbers were obtained and
then experimentally validated. The experimental results showed a good agreement with
calculated data. Discrepancies between the numerical and tested data were below 5% for the
parallel flow module, and 6% for the cross type.

A low-Re k — ¢ turbulent model was employed to describe the turbulent flow and heat and
mass transfer in a cross flow hollow-fiber membrane module [103]. Happel’s free surface
model was used again to overcome the difficulty of direct modelling of numerous number of
fibers. Then the overall mean Nusselt, Sherwood numbers of both flows, and total drag
coefficient of the air flow were calculated and compared with the experimental results. The
results showed that the maximum difference was less than 6.0% for three indices.

The free surface model illustrated previously was a coarse approximation since each single
fiber was enclosed into a hypothetical concentric envelop, the effect of fiber-to-fiber interaction
was not considered. Huang et al [101] [104] investigate the conjugate heat and mass transfer
for counter and cross hollow fiber membrane modules using periodic unit cell model

considering the fiber-to-fiber interactions. Compared with the free surface model, the free
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surface radius ¢ is replaced by the longitudinal pitch S, . The governing equations were solved
by using finite volume method via a self-built code developed by FORTRAN. It was found that
the friction factor and Nusselt number from the free surface model deviated 8-50% from the
periodic unit cell model for the counter flow contractor, and 20% for the cross flow contractor.
The free surface model was only applicable when the packing fraction is less than 0.25. The
periodic unit cell model was developed by Zhang et al [105] based on the same structure of the
cross flow hollow fiber module, the low-Re k — € model was adopted rather than the laminar
model to investigate the hollow fiber module performance. They compared the laminar and
turbulent models with experimental data. It was found that when Re, < 300, the results from
both the laminar and turbulent models agreed with the experimental data well, the maximum
difference was less than 7.0%. However, when Re, > 300, the turbulent model showed a
better fitting than the laminar model.

The heat and mass transfer in a skewed flow fiber bank was investigated in [108, 109]. The
interactions between fibers were considered and the governing equations were solved by finite
volume method. The validation showed that the maximum difference of the validation was less
than 1.5% for periodically mean Nusselt number Nuca, 1.4% for Sherwood number under
naturally formed boundary conditions Shc. and 1.1% for friction factors fa.

To sum up, the conjugate heat and mass transfer method provided the highest accuracy in
modelling compared with simplified, e — NTU and finite difference methods. Fundamental
heat and mass transfer data could be obtained directly from the conjugate heat and mass transfer
governing equations. However the disadvantage of this method is that extensive iteration were
required for solving governing equations, which made it unsuitable for efficient performance
prediction or annual assessment for the dehumidification system. As a matter of convenience,

a detail comparison of three different modelling methods is summarized in Table 2-3.
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Table 2- 3 Comparison of different modelling methods for liquid desiccant heat and mass

exchanger
Fiber-fiber asAs\LIJrrrrk;\iA(;n Solutions to
. interaction (for P
Modelling Flow System N (for hollow solve . L -
exchanger type o hollow fiber " . Experimental validation References Characteristics
method pattern stability exchangers fiber governing
9 exchangers equations
only)
only)
Cross and < 7.9% (cross) 3 .
counter < 13.8% (counter) e Pros: ; ’I;‘aosthtrg(l)cnulation
P Ci < 8Y 195 i
Simplified . 1055 . = 8% 3.Suitable  for  annual
Direct-contact - Steady-stage Analytical - 196 . N
method performance simulation
Counter Good agreements 197 Cons: L. Lowest accuracy
Counter Good agreement 198 "5 Limited application
- - 200
. - Good agreement 199
Direct-contact - Good agreement 201
Flat plate Cross - [202, 203] Pros: 1. Some iterations
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gr;ei\r]lgg Flat plat Cross Steady-state Analytical < 8.6% (latent) [66]
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cross =0
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2.7 Summary

A comprehensive literature review on technologies related to the liquid desiccant

dehumidification system is presented in this chapter. First of all, major findings from literature

review are listed:

1)

2)

3)

4)

Dehumidifier is the most important unit in a liquid desiccant dehumidification system.
Generally they can be divided into two main types: direct contact type and membrane-
based type. For the first type, packed beds or packed columns are normally applied as
heat and mass transfer media. For the second type, semi-permeable membranes are
applied to solve desiccant carry-over problems of direct-contact type dehumidifiers.
With regard to the structure of membranes, membrane-based dehumidifier can be
further divided into flat-plate type dehumidifier and hollow-fiber type dehumidifier.
Flat-plate type dehumidifier has low pressure losses in solution and air channels, easier
construction and maintenance of the system and more reliable system operation; while
hollow-fiber type dehumidifier has more complicated structure but higher heat and
mass transfer ability.

With regard to the flow pattern, the solution and air flows in dehumidifier can be
arranged into parallel, cross or counter-cross configurations. Parallel structure has
higher efficiency but the sealing of solution is difficult and the construction in the
limited space is hard. By contrast the cross structure is more favourable for practical
application. Recently, a counter-cross structure is developed to integrate both parallel
and cross configurations.

Regenerator is another critical unit in such system since the diluted solution generated
in dehumidifier needs to be re-concentrated to realize the solution recycle. Similar to

dehumidifiers, with regard to the module structure, regenerators can be divided into
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5)

6)

7)

8)

direct contact type and membrane-based. The solution can be regenerated using low-
grade energy, such as solar thermal (TH), photovoltaic-electrodialysis (PV-ED) or
photovoltaic capacitive deionization (PV-CDI).

A complete run-around membrane energy recovery system consists of both
dehumidifier and regenerator linked by solution. It is assumed in previous studies that
the heat and mass transfer rates in supply exchanger balance those in exhaust exchanger,
in other words, there is no heat or moisture added or removed from the system.

Many materials have been used as liquid desiccant, for example halide salts, triethylene
glycol, organic acids and the mixture or composite of salts all have both advantages and
disadvantages. The most commonly used materials are LiCl, CaCl, and LiBr. Among
them LiCl solution is the most stable liquid desiccant, which offers the lowest water
vapour pressure and viscosity under the same temperature. However, the price of LiCl
is relatively high. By contrast, CaCl. is the cheapest halide salt, and it is the most readily
available type. Using mixed desiccant could have better dehumidification efficiency,
lower material cost and energy consumption.

For the prediction of property of mixed solution, simple mixing rule (SMR) and
electrolyte non-random two-liquid (NRTL) have been developed. The former one has
the advantage of simple and time-saving, while the later one provides better prediction
of mixed solution surface vapour pressure, especially when the solution concentration
is higher than 30%.

There is two types of membrane materials currently being used: hydrophobic
microporous membranes and nonporous membranes. The former one has the potential
risk of pore-wetting by desiccant solution, which can be solved by applying nonporous

membranes.
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9) There are four predominant modelling methods for the membrane-based liquid
desiccant heat and mass exchanger: simplified, effectiveness NTU(e — NTU), finite
difference and conjugate heat and mass transfer methods.

10) Simplified method could perform the annual performance simulation for liquid
desiccant system without costing much calculation time. But the accuracy is the lowest.
effectiveness NTU (e — NTU) is generally time saving but with wider scope of
application compared to the simplified method. Finite difference method is the most
commonly used one, it provides better accuracy in modelling and its governing
equations are discretised by applying finite difference method and solved by using
iteration method. Conjugate heat and mass transfer method has the highest accuracy,
but extensive iteration are required for solving governing equations, which make it
unsuitable for efficient performance prediction or annual assessment for the

dehumidification system.

Based on literature review, the novelty of this research and identified research gaps between
previous studies and current study are presented:

1) As discussed previously, many experimental studies have been carried out to
investigate the performance of a membrane-based dehumidifier. Several numerical
investigations use conjugate heat and mass transfer methods that solve momentum
equation and continuity equation to obtain velocity field, energy and mass equation to
obtain concentration and temperature distributions. These studies focus on the basic
heat and mass transfer mechanism of plate membrane-based contractor. A few studies
evaluate the performance of liquid desiccant system numerically by examining the
effects of several operating and design parameters. However, limited researches have

been carried out to evaluate the performance of a cross-flow membrane-based parallel
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2)

plate liquid desiccant system numerically by considering comprehensive operating
parameters. In this thesis, the heat and mass transfer in a membrane-based dehumidifier
is investigated by using both numerical and experimental methods in Chapter 3, the
influences of three groups of main parameters (i.e. dimensionless parameters: NTU and
solution to air mass flow rate ratio m*, solution properties: temperature T;,; and
concentration Cg,;, and inlet air conditions: temperature Ty, ;, and relative humidity
RH ;i) are assessed. Moreover, the interactions of different parameters on the system
performance are also investigated. This thesis provides a comprehensive parametric
study on the membrane-based liquid desiccant dehumidifier performance, which
supplies valuable data for the optimum design in the dehumidification and air-
conditioning systems in practice.

Most of the previous literatures mainly focused on the analysis of dehumidifier. Limited
number of researches into regenerator focused on the direct contact type, such as packed
beds or packed columns. Researches on membrane-based regenerator, especially
numerical modelling have not been conducted widely. In this thesis, the heat and mass
transfer in a membrane-based regenerator is investigated numerically and
experimentally in Chapter 4. The effects of main operating parameters, such as
dimensionless parameters (i.e. NTU and m*), solution inlet properties (i.e. temperature
Tso1in @nd concentration C,; ;) and air inlet conditions (i.e. temperature T;; ;,, and
humidity ratio W, ;) on the performance of regenerator are investigated. Solution-
side effectiveness, together with another two indicators: solution side temperature
decrease rate (TDR) and moisture flux rate (MFR) are applied to evaluate the
regeneration performance. This thesis presents a comprehensive parametric analysis on

membrane-based liquid desiccant regenerator.
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3)

4)

The majority of previous literatures focused on either single dehumidifier or single
regenerator in a system. In limited number of literatures about run-around systems, it is
assumed that the heat and mass transfer rates in supply exchanger balance those in
exhaust exchanger, in other words, there is no heat or moisture added or removed from
the system. However, the system can benefit significantly from an external heat source
or cold source, in which case a hot water loop and cooling water loop are included in
the configuration. Thus in this thesis a complete membrane-based liquid desiccant
dehumidification system that includes a dehumidifier, a regenerator, and a hot and a
cooling water supply systems is investigated in Chapter 5. The numerical model for the
complete system containing both dehumidifier and regenerator is developed for the first
time, experimental tests are conducted to validate the numerical model. The effects of
parameters that are controllable in reality such as dimensionless parameters (i.e.
dehumidifier and regenerator side NTUs and m*) and solution inlet properties (i.e.
temperature T, ;,, and concentration Cg,; :, ), and outdoor air conditions (i.e.
temperature Ty, i, and humidity ratio Wy;, ;,,) on the performance of the complete
system are investigated. Energy analysis is conducted through COP and total cooling
energy output Qcooiing - It presents a comprehensive parametric analysis on the
complete membrane-based liquid desiccant dehumidification system, and provides
valuable data for HVAC engineers to design and operate the complete system in reality.
Many literatures used a simple mixing rule (SMR) to investigate the properties of mixed
desiccant solution. Compared to SMR method, electrolyte non-random two-liquid
(NRTL) method provides better prediction of mixed solution surface vapour pressure,
especially when the solution concentration is higher than 30%. Previous literatures on
NRTL method only focuse on direct contact systems, while there are few studies on the

influences of different mixing ratios and the optimum mixing ratio for the membrane-
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based system using NRTL method. Chapter 6 investigates the effects of the mixed LiCl-
CaCl; desiccant solution properties ( i.e. temperature Ts,;, concentration C,,; and
mixing ratio of LiCl and CaCl> ) on the performance of a membrane-based liquid
desiccant dehumidification system by numerical modelling and experimental tests. The
optimum mixing ratio of the LiCI-CaCl, desiccant is determined based on
dehumidification capacity and COP analyses. By comparing with the experimental
results, this thesis comes out a method to predict the system performance with the mixed
solution by combining the NRTL method and numerical modelling. It presents a
comprehensive investigation on the effects of the mixed LiCl-CaCl, desiccant
properties on the membrane-based liquid desiccant dehumidification system, and
provides an approach for the optimum mixing ratio selection through the system

performance and COP analyses.
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Chapter 3: Investigation of a membrane-based flat-plate

liquid desiccant dehumidifier

3.1 Introduction

Based on the literature review presented in the previous chapter, limited researches have been
carried out to evaluate the performance of a cross-flow membrane-based parallel plate liquid
desiccant system numerically by considering comprehensive operating parameters. In this
chapter, the conjugate heat and mass transfer in a cross-flow membrane-based parallel-plate
liquid desiccant (using lithium chloride as desiccant) dehumidification system is investigated
by numerical modelling, the influences of three groups of main parameters (i.e. dimensionless
parameters: NTU and solution to air mass flow rate ratio m*, solution properties: temperature
Tso; and concentration Cg,,;, and inlet air conditions: temperature Ty, ;,, and relative humidity
RH,;ir in) are assessed. In order to validate the developed numerical model, experimental
investigations are implemented with a test rig developed in the laboratory. Moreover, the
interactions of different parameters on the system performance are also investigated. This
chapter is structured in the following sections: Section 3.2 presents the numerical modelling
method; Section 3.3 introduces the performance evaluation indices; Section 3.4 demonstrates
the experimental investigation method; Section 3.5 presents the validation of numerical model;
Section 3.6 investigates the performance of the dehumidifier and Section 3.7 shows the main
conclusions from this chapter.

This work provides a comprehensive parametric study on the membrane-based liquid desiccant
dehumidifier performance, which supplies valuable data for the optimum design in the

dehumidification and air-conditioning systems in practice.
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3.2 Numerical modelling

3.2.1 Governing equations

The structure of the membrane-based parallel-plate dehumidifier is depicted in Fig 3-1(a), and
its air and solution flows are in a cross-flow arrangement. The air and solution channels are
separated by semi-permeable membranes, thus heat and vapour can be transferred through
membranes while the desiccant solution is prevented from going through them. The coordinate
system used in numerical modelling is given in Fig 3-1(b). As can be seen, the air and solution
flow in x and y directions respectively, while heat and mass are exchanged in z direction. One

air channel and one neighbouring solution channel are selected as the calculating domain.

Solution inlet Solution inlet

Sealing Flat-plate

membrane

0 ’ » ) 7 ‘
p . - Air outlet

y ; Solution outlet

() (b)

Y

Membranes

Air inlet

7,

Air inlet Al ,

Sealing

Fig 3- 1 Structure of membrane-based parallel-plate dehumidifier (a), and coordinate system

used for numerical modelling (b).

Heat and mass transfer phenomena of the dehumidifier are complicated, many factors have the
influences on heat and mass transfer characteristics, such as the fluid thermal properties, vapour
condensation, fluid flow rate, etc. In order to develop the numerical model, the following

assumptions for simplification in this study are made:
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1)

2)

3)

4)

5)

6)

The dehumidifier is well-insulated, which means heat transfer between the
dehumidifier and environment is not considered.

Heat and mass transfer through membrane is normal to the membrane in z direction.
Axial conductions in both air and solution channels are neglected since Peclet numbers
(pe) in the air and solution channels are much larger than 20 [70, 147].

Absorption heat is released to solution side only since the solution side convective heat
transfer coefficient is much higher than that in the air side.

Both the air and solution flows are treated as laminar flows since their Reynolds
numbers (Re) are much lower than 2300 in most cases [67] .

Both the air and solution flows are fully developed, while their temperature and

concentration vary along channel length only.

3.2.1.1 Solution side governing equations

Solution side governing equations are developed based on the energy and moisture

conservations in the solution channel. For solution channel, the control volume used for the

energy conservation is illustrated in Fig 3-2.

Solution
Qiu
'
'
'
L
'
'
'
'
E (Sensible heat)
1“”‘ ”(Tﬂu - Tsal)d:rdy
\:t\ +hfg Um(wmr - Wsol‘mem)dxdy
: (Latent heat)
dy e are e
dx
Qou!

Fig 3- 2 Control volume used for the energy conservation in solution side
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The energy flows in the control volume Q;,, and out from the control volume Q,,,; are:

Qin = %dx ’ Cp,solTsol (3-1)

_ Msol ;. Msol g.. . .
Qout_ L dx Cp,solTsol+ 1 dx Cp,sol

0Tso1
ay

dy (3-2)
Where my,, is solution mass flow rate (kg/s); L is the length of dehumidifier (m); dx and dy
are length and height of control volume respectively; T,; is solution temperature (°C); Ty, IS
air temperature (°C); C, s, is solution specific heat capacity (J/kgK).

Then the energy addition to the control volume AQ can be obtained:

Msol . 9T so1
L dy

AQ = Qoue = Qin = ( Cpsor) - dxdy (3-3)
Then based on the heat transfer, the energy addition to the control volume can also be derived:
AQ = U(Tair = Teo1)dxdy + hyg * U (Wair = Weotmem)dxdy (3-4)
Where the first term is the sensible heat addition, and the second term is the latent heat addition,
or the adsorption heat. W, is air humidity ratio (kg/kg dry air); W, men is humidity ratio of

membrane surface on solution side (kg/kg dry air);hs, is water condensation heat (J/kg);

U (W/m?K) and U,, (kg/m?s) are heat transfer and mass transfer coefficients respectively,

which are given by:

1 5 1\t
U= (hair + kmem + a> (3'5)
-1
1 S5
Um - (hm air + km mem) (3'6)

Where h,;, and hg,; are convective heat transfer coefficients in air and solution sides
respectively (W/m?K); Ay, 4i i air side mass transfer coefficient (kg/m?s); 8 is membrane
thickness (m); kperm (W/mK) and k,y, 1mem(kg/ms) are membrane thermal conductivity and
mass transfer conductivity respectively.

It should be noticed in Eq. 3-6 that the solution side mass transfer is neglected since the solution

side mass transfer coefficient h,, s, is much higher than that in air side h,, 4,
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Subsequently, by combining Eq, 3-3 and 3-4, the solution side heat balance equation can be
calculated as:

Tisol . 0Tso1 -C
I ay p,sol

) dxdy = [U(Tair - Tsol) + hfg ’ Um(Wair - Wsol,mem)]dXdy (3-7)
Then the control volume used for the moisture conservation in solution side is illustrated in Fig
3-3.

Solution

Mypoistur e,in

Um (ana' - Wsol,mem )dXdy

Y---
]
1
1

mmm‘stm'e,our

Fig 3- 3 Control volume used for the moisture conservation in solution side

The moisture flows in the control volume m,,,isturein @nd out from the control volume

mmoisture,out are.

. _ mdesi . mmoisture _ mdesi

Munoisture,in = I dx Tgesi - ( I Xsol)dx (3'8)
. _ mdesiX d _|_ mdesi d . aXsol d 3_9
Mynoisture,out = ( L sol) X L X ay y ( )

Where m,; is desiccant mass flow rate (kg/s); W,;, is air humidity ratio (kg/kg dry air);
Wsormen 18 humidity ratio of membrane surface on solution side (kg/kg dry air); X, is

solution mass fraction, which is calculated as:

_ Mpgisture __ 1—Csol
Xgop = —HE = (3-10)
Mdesi Csol
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Where Cj,,; is solution mass concentration:

Cyop = Dodest (3-11)

msol

So the moisture addition to the control volume A, i50ure CaN be obtained:

. e 3 _ mdesi aXsol
AMypoisture = Mynoisture,out — Mmoisture,in = L ’ ay ’ dxdy (3'12)

Based on the mass transfer, Am,,,,;squre Can also be derived:
A".lmoisture = Um ' (Wair - Wsol,men)dxdy (3'13)
Subsequently, the solution side mass balance equation is given as:

Mgesi . X

L a;ﬂ ~dxdy = Uy, - (Wair - Wsol,men)dXdy (3'14)

3.2.1.2 Air side governing equations

The control volume used for the energy conservation in air side is illustrated in Fig 3-4.

U(Tan - Tsol)dxciy e_

i

i

'

.
’
.
.
Q ’
m -
i d
. X
.
.
.
.

Fig 3- 4 Control volume used for the energy conservation in air side

Air

The energy flows in the control volume Q;,, and out from the control volume Q,,,; are:

Qin = %d}/ ’ Cp,airTair (3-15)
= Dair gy, . ) pirTair + 222 dy - Cp iy - 220 g 3-16
out — Ty y p,airtair H y pair 5. X ( - )

Where H is height of the dehumidifier (m); C, 4;- is air specific heat capacity (J/kgK).
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So the energy adduction to the control volume AQ can be obtained:

.air a air
AQ = Qout — Qin = (m_ Lair, Cp,air) ’ dxdy (3'17)

H 0x
Then based on the heat transfer, the deduction from the control volume is derived:
AQ = _U(Tair - Tsol)dxdy (3'18)

So the air side energy balance equation is given as:

f air aTair
mT "Tox Cp,air + U(Tair - Tsol) =0 (3'19)

The control volume used for the moisture conservation in air side is illustrated in Fig 3-5.

/ mmaisture,aut

‘.-_-_-_-_-_-_-_- ———

Um (Wafr - Wsol,mem)dxciy e_ dy

.
,
m ‘
moisture,in L’
p
. dx
4
.
,
,

Air

Fig 3- 5 Control volume used for the moisture conservation in air side

The moisture flows in the control volume 1, isturein @nd out from the control volume

mmoisture,out are.

. _ mair . mmoisture _ mair

Munoisture,in = H dy Tair ~— Ty Wairdy (3'20)
. _ mair mair aWair

Mynoisture,out = o Wairdy + H dy' 9x dx (3'21)

So the moisture deduction from the control volume A, ,;sture CaN be obtained:

3 Nair OW gir
AMypoisture = (mTT) dxdy (3'22)

Based on the mass transfer, A, isture CaN also be derived:
Aﬁlmoisture = _Um ' (Wair - Wsol,men)dxdy (3'23)
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Subsequently, the air side mass balance equation is given as:

malr aWalr

H +Up (Walr Wsol,men) =0 (3-24)

To sum up, Egs. (3-7), (3-14), (3-19) and (3-24) are governing equations of heat and mass
balance in solution and air sides respectively.
3.2.2 Normalization of governing equations

Governing equations: Egs. (3-7), (3-14), (3-19) and (3-24) are normalized as:

dTsor” * * *
ayl NTU h _(Walr - Wsolmem ) NTU (Talr - Tsol ) =0 (3'25)

X501 1 * *
6_y* — NTUp, Wwo(l + Xsol)(Wair - Wsol,mem )=0 (3-26)
aTazr *

+ NTU(Talr — Tso1 )=0 (3-27)
aWazr *

+ NTUm(Walr - Wsol,mem ) =0 (3'28)

Where in the above equations, the following dimensionless properties have been defined.
Dimensionless length is defined by:

Xt == (3-29)
Dimensionless height is defined by:

y == (3-30)
Dimensionless temperature is defined by:

T* — T_Tair,in (3-31)

To
Where Ty is equal t0 (Tso1in — Tairin)- Tsorin @Nd Tgir iy are solution and air temperatures at
the dehumidifier inlet respectively (°C).

Dimensionless humidity ratio is defined by:

W_Wair,in
Wo

w* = (3-32)
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Where W, is equal t0 (Wsorin — Wairin)- Wsorin @nd Wy, i, are solution and air humidity
ratio at the dehumidifier inlet respectively (kg/kg dry air).

m™ is mass flow rate ratio, which is defined by:

m* = Dol (3-33)

Mair
Cr* is thermal capacity ratio, which is defined by:

* (mcp)sol

Cr* = ey, (3-34)
h* is operating factor, which is a dimensionless number defined by:
=2 lre (3-35)

To Cp,air

NTU and NTU,, are numbers of heat and mass transfer respectively, which are defined by:

UA

NTU = —24 3-36
(mcp)air ( )
NTUp, = =2 (3-37)

Where A is total membrane area (m?).

The detailed normalization methods for governing equations are given in Appendix A.

3.2.3 Boundary conditions

Boundary conditions for the solution side are:

Teor” = 1, at y*=0 (3-38)
Xso1 = Xsotin, 2t y*=0 (3-39)
While the air side boundary conditions are:

Tar™ =0, at x*=0 (3-40)

Tair” =0, at x*=0 (3-41)
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3.2.3.1 Heat transfer boundary conditions on membrane surfaces

To solve the governing equations, heat and mass transfer boundary equations on membrane
surfaces need to be established. Heat transfer boundary conditions are based on thermal energy
balance through the membrane:

hsot(Tsormem — Tsor) = U(Tair — Tsormem) + hegUm(Wair — Weormem) (3-42)
Eq. (3-42) can be normalized as:

NTUsor(Tsormem”™ = Tsor”) = NTU(Tai" = Tsopmem”) + NTUph*Wair™ — Weopmen ") (3-43)

Where NTU,,,; is number of heat transfer unit in solution side and defined by:

hso14

(mcp)air

NTUg,, = (3-44)

3.2.3.2 Mass transfer boundary conditions on membrane surfaces

Similarly, mass transfer boundary conditions are based on mass balance through the membrane:
Um(Wair - Wsol,mem) = hm,sol(csol - Csol,mem) (3'45)
Eq. (3-45) can be normalized as:

NTUmWo(Wair™ = Weormem”) = NTUnm.s01(Csor = Csotmem) (3-46)
Where Cso; mem 1S Solution concentration in the interface between the solution and membrane

surface; NTU,, so; 1S number of mass transfer unit in the solution side, which is defined by:

NTUp.so1 = fonsotd (3-47)

Mair

Where hy, ¢,; is solution side mass transfer coefficient (kg/m?s).

3.2.4 Air and solution property calculations

In numerical modelling, the air absolute humidity AH (kg/m3) is derived from its relative

humidity RH (%) by applying the correlation [213]:
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17.67%T gy
(T .+2435)><RH><2.1674—
6.112xe\" air :

273.15+T g

AH(kg/m3) = 1073 x (3-48)

Subsequently the air specific humidity, or humidity ratio W,;,- (kg/kg dry air) can be obtained

by:

AH
Pair

Wair(kg/kg dry air) = (3-49)

Where p,;, is the air density (kg/m3).
The solution equilibrium specific humidity Wy, is used to calculate both the sensible and latent
effectiveness, the relationship between the specific humidity and vapour pressure is given by

[214]:

Py

W, = 0.62198 (3-50)

v

Where P is atmospheric pressure (Pa) and B, is vapour pressure of desiccant solution (Pa).
The equilibrium vapour pressure of desiccant solution is a function of Ts,; and C,,; (P, =

f(Tso1, Cso1)), the correlation is given by [215]:

B

Log P, =KI[a— 2| +[c - 2] (3-51)

T—E;

S

Where P, is solution equilibrium vapour pressure (kPa), T is the temperature (K); 4,B,C, D

can be calculated as:

A=A, +3.60591 x 10* x [ + M,/2303 (3-52)
B = B, + 1.382982 x [ — 0.031185 X I2 (3-53)
C=Cs—3.99334x1073x ] —1.11614 X 10™* x I? + M I(1 — x)/2303 (3-54)
D = D, —0.138481 x I + 0.027511 x [2 — 1.79277 x 1073 x I3 (3-55)

Where Aq, Bg, Cs, Dy, E; and K are electrolyte parameters related to solute and solvent. For

CaCl; and LiCl solutions that use water as solvent, these parameters as given in Table 3-1 [215].
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Table 3- 1 Electrolyte parameters for CaCl, and LiCl solutions [216]

Ag B, C, D, E, K
CaCl, |-0.021302 |-5.390915 |7.192959 | 1730.2857 | 39.53 0.32138
LiCl | -0.021302 |-5.390915 |7.192959 | 1730.2857 |39.53 0.72567

1 is the ionic strength (mol/kg) which can be obtained by [215]:

I =2%bwZa’ (3-56)
Where b; is the molality of electrolyte i; Z;, is the valence of electrolyte i.

M; is the molecular weight of the solvent (kg/mol). For water solvent, M; = 0.018 kg/mol.

x is another electrolyte property related to the solute as calculated by [215]:

Xx=2W, +v.)/ (v Z, > +v_Z_?) (3-57)
Where v, and v_ are number of models of cation and anion produced by the dissociation of
one moles of the electrolyte respectively; Z, and Z, are valence of cation and anion
respectively;

As the result, once the temperature and concentration of solution are given, the equilibrium
vapour pressure can be obtained through Egs. (3-51)-(3-57). Subsequently the solution
equilibrium specific humidity W,; can be calculated by Eg. (3-50). In this study the LiCl is

selected as the working solution, so a psychometric chart of LiCl solution is plotted and shown

in Fig 3-6.
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Fig 3- 6 Psychometric chart of LiCl for dehumidifier

Specific heat capacity, density, conductivity and diffusivity for air and solution flows are
obtained from heat and mass transfer reference books [213, 217]. For the Nusselt number and
Sherwood number in air and solution side, Huang et al. [75, 76] presented the relationship
between aspect ratio and Nusselt number and Sherwood number. For the membrane unite used
in this study, the aspect ratios for air channel and solution channel are calculated as 27 and 48
respectively, and their corresponding Nusselt numbers for air side and solution side are 6.58
and 7.74 respectively, and the Sherwood number for air side is 6.7.

The desiccant solution and air transport properties used in the mathematical modelling are

listed in Table 3-2.
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Table 3- 2 Air and desiccant solution transport properties.

Description Symbol Unit Value
Air specific heat capacity Cp,air JikgK 1020
Solution specific heat capacity Cp,sol JikgK 3200

Air density Pair kg/m?® 1.29
Solution density Psol kg/m?® 1247

Air side diffusivity Dair m?2/s 2.46x10°
Solution side diffusivity Dsol m?/s 0.892x107?
Air side heat conductivity Kair W/Mk 0.03
Solution side heat conductivity Ksol W/Mk 0.53

Air side Nusselt number NUair - 6.58
Solution side Nusselt number NUsol - 7.74

Air side Sherwood number Shair - 6.7

3.2.5 Simulation procedure

3.2.5.1 Discretization of governing equations

Governing equations in Section 3.2.1 are solved by finite difference method, and discretized

by a forward difference scheme. Discretization equations are given below:

Tsot m+1m)” = Tsot (mm)” = AV NTUph*Cr[Wair (ma1m)” = Wsotmem (me1m) | —
dy*NTUCT [Tair (marm)” = Tsot me1m) "] = 0

Xsot ma1m) = Xsot (mm) — AY M WoNTUp [1 + Xso1 ma 1) | [Wair (ma1m)” =
Wsotmem (m+1m) ] = 0

Tair mn+) — Tair mn)” T AX"NTU[Tair mns1)” — Wsot (mn+r) = 0

Wair (m,n+1)* - Wair (m,n)* + dx*NTUm [Wair (m,n+1)* - Wsol,mem (m,n+1)*] =0

Where m is number of grids in x direction, and n is number of grids in y direction.
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Since the air and desiccant solution are closely interacted with each other, the governing

equations are solved in Matlab iteratively until converged. In order to guarantee the accuracy

of numerical results, numerical tests have been conducted to determine the grid size. It has been

found that 30x60 grids are adequate in this study, the result difference is less than 1.0%

compared with 50x100 grids. The numerical uncertainty is 1.0%.

3.2.5.2 Numerical solving procedure

The numerical solution procedure used to solve interacted governing equations are given below:

1)

2)

3)

4)

5)

6)

7)

8)

9)

Set the initial temperature and concentration fields for air and solution as boundary
conditions.

Assume the initial humidity ratio on the membrane surface as the solution inlet
equilibrium specific humidity.

Solve the energy equation (3-25) to get the solution temperature field (Ts,;").

Solve the mass equation (3-26) to obtain the solution concentration field (Xs,;).

Solve the energy equation (3-27) to acquire the air temperature field (T,;,-).

Solve the mass equation (3-28) to get the air humidity field (W,;,-).

Based on the temperature and humidity fields for air and solution flows, solve heat and
mass transfer boundary conditions on the membrane surface (3-43) and (3-46) to obtain
the membrane surface temperature and concentration fields in the solution side
(Tsot,mem” @A Cso1mem)-

Calculate the membrane surface humidity field in the solution side (W, mem ) based
0N Tsormem aNd Csop mem-

Adopt new Wy mem” as a default value and return to step 7 until Wygmem ™ iS

converged.

10) Return to step 3 with the new Wy, mem” UntilTs; ", X501, Tair” and Wy, are converged.
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For better illustration, the solution procedure used to solve interacted governing equations is

shown in Fig 3-7.

Start

Set initial temperature and concentration
fields for air and solution

Solve governing equations (Eqs. (3-25)-(3-28))
to obtain Tsol™*, Xsol, Tair*, and Wair*

Based on boundary conditions of Eqs(3-43)
and (3-46). calculate Tsol mem™* and Clsol mem

J

Based on obtained Tsolmem™* and Csol mem,

calculate Wsol,mem* from Eqs(3-50)-(3-57) Update

Wsol mem

Update

Wsol mem

Wsol mem*(new )=Wsol mem*(old)

Is

Tsol*, Xsol*, Tair* and Wair*
converged ?

Y

Calculate sensible, latent
and total effectiveness

End

Fig 3- 7 Flow chart for the solution procedure for dehumidifier
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3.3 Performance evaluation indices

Effectiveness is the most important parameter used to evaluate the performance of a heat and
mass exchanger [216]. Three types of effectiveness have been defined in this study: sensible
effectiveness (&g.,,), latent effectiveness (g;,.) and total effectiveness (;o¢). €gen 1S the ratio
between the actual and maximum possible rates of sensible heat transfer in a heat exchanger.
€1q¢ 1S the ratio between the actual and maximum possible moisture transfer rates in a mass
exchanger. &;,; is the ratio between the actual and maximum possible energy (enthalpy)
transfer rates in a heat and mass exchanger. The capacity rate of desiccant solution is higher
than that of the air, which means Cr* > 1, then the sensible, latent and total effectiveness are

defined by Egs. (3-62) - (3-64) [218].

gsen — Tair,in_Tair,out (3'62)
Tair,in_Tsol,in
€ _ Wair,in_Wair,out (3 63)
lat — -
a Wair,in_Wsol,in
_ EsentH &gt
ol == T (3-64)

1+h*

Where Ty oy IS air temperature at the outlet (°C) and Wy;; oy IS air humidity ratio at the

outlet (kg/kg dry air).
3.4 Experimental set-up

In order to assess the performance of a membrane-based parallel-plate liquid desiccant
dehumidification system, a test facility is designed and built in the laboratory, which is depicted

in Fig 3-8.
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Fig 3- 8 Schematic diagram of the laboratory test rig

The test rig mainly consists of a dehumidifier, a regenerator, two solution tanks and three heat
exchange units. The outdoor air with high temperature and relative humidity is generated in
the environmental chamber, and it flows into the dehumidifier where both its moisture content
and temperature are reduced by cold desiccant solution, then it leaves the dehumidifier unit at
a dry and cool state. Its flow rate is controlled by adjusting an AC axial fan rotation speed
(ebm-papst Mulfingen GmbH & Co. KG). The dehumidifier has a dimension of 410mm (L) X
186mm (W) x 230mm (H) with 11 air channels and 11 solution channels. The regenerator has
the same structure as the dehumidifier. Three gauze layers are paved on the top surface of the
dehumidifier unit to ensure even solution distribution. The dehumidifier specifications and

membrane physical properties are given in Table 3-3.
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Table 3- 3 Dehumidifier specifications and membrane physical properties

Description Symbol Unit Value
Length of dehumidifier unit L m 0.41
Width of dehumidifier unit W m 0.23
Height of dehumidifier unit H m 0.21
Number of air channels - - 11
Number of solution channels - - 11

Air channel thickness air m 0.0077
Solution channel thickness dsol m 0.0043
Membrane thickness Omem m 0.5x103
Membrane conductivity Kmem W/mK 0.3
Membrane mass transfer conductivity Km,mem kg/ms 3.87x106

Lithium chloride (LiCl) is used as the desiccant in the system. The desiccant solution is
circulated in the system by two identical pumps (15W centrifugal magnetically driven type
with flow rate range of 0-10L/min) and their flow rates are measured by two liquid flow
indicators (Parker UCC PET 1-15 L/min).

Air velocities through the dehumidifier and regenerator are measured at the air duct outlets by
a thermo-anemometer (Testo 405) with a measuring range up to 10m/s. All fans at the inlets of
the dehumidifier and regenerator are equipped with infinitely variable speed controllers to
adjust air flow rates. All air inlets and outlets are instrumented with humidity and temperature
sensors (Sensirion Evaluation KIT EK-H4). The desiccant solution and water temperatures are
measured with K-type thermocouples, and all sensors are connected to a DT500 data logger.
The dehumidifier, regenerator, heat exchangers, storage tanks and pipes are well insulated to
reduce the environment influence. All measurement devices and their accuracies are listed in

Table 3-4.
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Table 3- 4 Measurement devices and uncertainties

Device Measurement Range Uncertainty
Testo thermos-anemometer Air velocity 0-10 m/s +5%
Sensiron Evaluation KIT EK-H4 Temperature 01255 £04%
Relative humidity 0-100 % +3%
K-type thermocouple probe Temperature 0-1100 °C +0.75%
DT500 Datalogger Data acquisition - +0.15%
Parker UCC PET liquid flow indicator ~ Solution flow rate  1-15 L/min +5%
Parker liquid flow indicator Water flow rate 2-22 L/min +2%

Uncertainty analysis has been conducted for all experimental data by applying a method of
propagation introduced by Taylor [219] to estimate uncertainties for experimental data. For the
uncertainty in sums and differences, or in products and quotients, the uncertainty in the

computed value of g can be calculated by:

Sums and dif ferences: 8q ~ \/(6x)% + -+ + (62)2 (3-65)
ents: 0~ () 44 (52) i
Products and quotients: > \/(le) + -+ (|Z|) (3-66)

Where x, - - -,z are measured quantities.

If g is any function of several variables x, - - -, z, the uncertainty of g can be obtained by:

50 = J(26x) + -+ (Loz)

By applying Egs. (3-65) - (3-67), the absolute uncertainties of calculated values can be obtained.

(3-67)

Error bars are included in all experimental data.
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3.5 Numerical model validation

Analytical solutions and experimental data are used to validate the numerical results. 12 groups
of experimental data under different operating conditions are used to validate numerical results.
Under each operating condition, the numerical calculation and experimental results of sensible
effectiveness (&g.,,) and latent effectiveness (g;,;) are compared, as shown in Table 3-5. It can
be seen that generally numerical modelling results of both &, and g;,; agree well with
experimental data. The maximum discrepancy between numerical results and experimental

data for &g, is 8.756%, while the maximum discrepancy for &;,; is 9.822%.

Table 3- 5 Comparisons between numerical results and experimental data

Operating conditions Comparisons

NTU m" ?I](lerls) (nllzlls) Esen,num | Esenexp 5)2; ' €lat,num Elatexp (EZ)Or
2 1 0.1216 0.1216 0.5699 0.520 8.756 0.5101 0.460 9.822
2 2 0.1216 0.2431 0.7113 0.671 5.665 0.5311 0.500 5.856
2 3 0.1216 0.3647 0.7608 0.708 6.940 0.5380 0.508 5.576
2 4 0.1216 0.4862 0.7861 0.735 6.500 0.5413 0.511 5.597
4 1 0.0608 0.0608 0.6276 0.576 8.221 0.7226 0.653 9.632
4 2 0.0608 0.1216 0.8116 0.753 7.220 0.7632 0.742 2.778
4 3 0.0608 0.1823 0.8704 0.810 6.940 0.7756 0.756 2.527
4 4 0.0608 0.2432 0.8990 0.849 5.562 0.7816 0.750 4.043
8 1 0.0304 0.0304 0.7376 0.686 6.996 0.8778 0.818 6.812
8 2 0.0304 0.0608 0.9043 0.857 5.231 0.9270 0.916 1.187
8 3 0.0304 0.0912 0.9440 0.894 5.297 0.9396 0.918 2.299
8 4 0.0304 0.1216 0.9608 0.918 4.455 0.9452 0.928 1.820

Analytical solutions to the model of an enthalpy exchanger with membrane core have been
presented in several literatures. According to these literatures, the sensible effectiveness is a
function of two dimensionless parameters (NTU and Cr*) for an unmixed cross flow, and given
as [66, 202]:

eXp(—NTU°'78Cr*_1)—1

(3-68)

e=1—exp NTU-o77C,

Similar to the sensible effectiveness, the latent effectiveness is calculated as [71]:
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0.22

g=1—exp {NTU’“ [exp(—m*_lNTUm0'78) - 1]} (3-69)

m*1

Results of the analytical solution are also given in Fig 3-9. The numerical modelling and
analytical solution results have similar variation trends, an acceptable agreement between them
is achieved.

The numerical modelling results and experimental data are presented in Fig 3-9, the numerical
modelling results follow the same trends of experimental data for both the sensible and latent
effectiveness under different NTUs. For sensible effectiveness, the maximum discrepancy
between numerical and experimental results is 8.756%. In the meanwhile, the highest
discrepancy between numerical experimental results for latent effectiveness is 9.822%. Based
on the uncertainty analysis, which is shown as error bars for experimental data, it can be seen
that numerical modelling results are within the tolerance range of experimental data. So it can
be concluded that the agreements between the numerical modelling and experimental data for
both the sensible and latent effectiveness are satisfied. It should be emphasized that under each
NTU, the discrepancy reduces with the solution mass flow rate. This is because that the lower
of solution mass flow rate, the greater influence of solution mal-distribution on the
effectiveness.

Based on the comparisons, it is valid to predict the performance of the membrane-based cross-

flow dehumidifier by the numerical model.
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3.6 Results and discussion

3.6.1 Temperature and humidity (concentration) fields

Temperature and humidity fields of the air and solution channels, and the membrane surface
are obtained based on the numerical model. The distributions of temperature and humidity ratio
in the air channel and membrane surface under NTU = 8 and m* = 2 are plotted in Fig 3-10.
The inlet temperatures of the air and solution are 30°C and 20°C respectively, while the inlet
air relative humidity and solution concentration are set as 70% and 39% respectively. It is
observed that the air has the lowest temperature (20.00°C) and humidity ratio (0.0042
kg/kg dry air) at the right top corner of the air outlet. This is because the air at the top side of
the dehumidifier interacts with stronger and cooler desiccant solution. Furthermore, the air
becomes cooler and drier along the air channel length. It is noticed that the air temperature at
left bottom corner of the dehumidifier is slightly higher than its inlet temperature. This is owing

to the increase of the solution temperature during the dehumidification process.
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Fig 3- 10 Air temperature field (a); air humidity ratio field (b); temperature field on

membrane surface (c); humidity ratio field on membrane surface (d)

Furthermore, Fig. 3-10 (c) and (d) reflect the temperature and humidity boundary conditions
on the membrane surface, it is clear that the boundary condition is neither uniform temperature
nor uniform humidity ratio. They are both non-uniform and two-dimensional profiles, the

temperature and humidity ratio decrease along the diagonal line of the membrane surface.
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3.6.2 Effects of dimensionless parameters
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Fig 3- 11 Variations of effectiveness: (a) sensible effectiveness; (b) latent effectiveness; (c)

total effectiveness with m*and NTU.
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The variations of sensible, latent and total effectiveness with m* and NTU are given in Fig 3-
11. The maximum values of sensible, latent and total effectiveness are 0.9849, 0.9845 and
0.9846 respectively when m* = 4 and NTU = 12. The minimum values of sensible, latent and
total effectiveness are 0.3232, 0.4682 and 0.4353 when m* = 0.5 and NTU = 2. Separate
effects of m* and NTU are discussed then.

m”™ is the relative mass flow rate of two fluids in the dehumidifier, and changed by adjusting
solution mass flow rate while keeping air mass flow rate under each NTU. The variations of
sensible, latent and total effectiveness with m* at different NTUs are depicted in Figs. 3-12 —

3-14.
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Fig 3- 12 Sensible effectiveness variations with m* under different NTUs.

117



1.0 | *
I —A—A
09
0.8 - 3
& 07F
= L
o]
; 0.6
8 + = _I
= 0sf T
m F
.
5 04}
L
<
— 03 F —=®— NTU=2 O NTU=2 Exp. Data
02 I —®— NTU=4 O NTU=4 Exp. Data
-1 —A— NTU=8 2 NTU=8 Exp. Data
0.1 F —&— NTU=12
00 I " 1 " 1 " 1 " 1 " 1 " 1 " 1 L 1 "
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5
m*

Fig 3- 13 Latent effectiveness variations with m* under different NTUs.

0.9

0.7

0.6 |

04 F

Total effectiveness
<o
h
1

0.3 F —®— NTU=2 O NTU=2 Exp. Data

[ —®— NTU-4 O NTU-4 Exp. Data
0.2 —A— NTU=8 & NTU=8 Exp. Data
0.1 —*— NTU=12

O_D-,n.l,l.],n,n,l,l,
0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 4.0 4.5

m#*

Fig 3- 14 Total effectiveness variations with m* under different NTUs.

It is evident that m* has significant influences on sensible, latent and total effectiveness, which
all increase with m*. The gradient of change for the sensible effectiveness is more considerable

than that for latent and total effectiveness. For instance, at NTU =8, the sensible effectiveness

118



rises from 0.2917 to 0.9608 as m* increases from 0.5 to 4. In the meanwhile, the latent and
total effectiveness vary from 0.7476 to 0.9452 and from 0.6441 to 0.9487 respectively.
However, the gradients of their changes become moderate gradually and only a slight variation
is observed once m* exceeds 1. Take the latent effectiveness as an example, under NTU = 4,
the effectiveness increases by 43.15% as m™* rises from 0.25 to 1.0, while the effectiveness only

increases by 8.16% when m* rises from 1.0 to 4.0. Therefore a critical value of m* can be

*
crit»

*
crit*

defined as m;,;;, and the effectiveness are more sensitive to m* when m”* is lower than m
Once m* exceeds m,.,., there is not much significant change any more. Similar trends can be
found in literatures [71], in which their results show that both sensible and latent effectiveness
increase with m* when m* < 1, and they are nearly constant when m* > 1. Similar to m,,.;;,
another important indicator Cr,.;, has been introduced in literatures [65, 81], as all
effectiveness increase with Cr* and are more sensitive before Cr* reaching a critical value.

This is easily explainable since Cr* is proportional to m*. Compared to Cr*, m* is a more

straightforward parameter for the system. As a result, it is desirable to maintain the

*
crit:

dehumidification system operating at a condition where m* is close to m It is also worth
mentioning that the gradient of change with m* gets smoothly at low NTU. This is more
obvious for the latent and total effectiveness. For example, the latent effectiveness increases
by 36.21% (i.e. from 0.3974 to 0.5413) when m* varies from 0.25 to 4 under NTU = 2, while
under NTU = 12, an growth of 73.63% (i.e. from 0.5670 to 0.9845) is observed for the same
m” range. This means there is hardly benefit by increasing m* at low NTU to improve the
system performance.

On the other hand, NTU is another important dimensionless parameter affecting the
effectiveness. In literature [65], NTU is treated as the most important parameter with the most

significant impact on the dehumidification system. Compared to the flow rate, the non-

dimensional group NTU is a comprehensive indicating parameter because it eliminates the
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impact of channel geometric properties. In numerical modelling, NTU is changed by adjusting
air mass flow rate, while the solution mass flow rate is changed proportionally to maintain a
constant m* accordingly. Variations of effectiveness with NTU under m* = 4 are shown in

Fig 3-15.
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Fig 3- 15 Variations of effectiveness with NTU under m* = 4.

All effectiveness are seriously affected by NTU as indicated in Fig 3-15. Under the same m*,
the sensible effectiveness is the highest while the latent effectiveness is the lowest among the
three effectiveness. Similar to the influences of m*, the three effectiveness vary more
remarkably when NTU is in the range of 1 to 4. Once NTU exceeds 4, variations of these
effectiveness tend to level off. For instance, under m* = 4, the sensible effectiveness increases
by 53.02% (i.e. from 0.5875 to 0.899) when NTU changes from 1 to 4, conversely it only
increases by 9.56% (i.e. from 0.899 to 0.9849) when NTU varies from 4 to 14. Cases are similar
for the latent and total effectiveness. Thus similar to mg,;, or Cr.,;, a critical value of NTU

exists and is defined as NTU,,;;. Increasing NTU beyond NTU,.;; would not enhance the
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system efficiency. Furthermore, it is observed from Figs. 3-12 — 3-14 that when m* is low,
there is hardly benefit to improve these effectiveness by increasing NTU. This is more obvious
for the sensible effectiveness. For instance, under m* = 0.5, increasing NTU from 2 to 12 will
only slightly enhance the sensible effectiveness from 0.3232 to 0.3311. However, under m* =
4, the sensible effectiveness improves from 0.7861 to 0.9849 when NTU increases from 2 to
12. Therefore there is hardly significance to increase NTU at low m* for performance
improvement.

To sum up, these effectiveness increase with m* and NTU, but their increase gradients are
limited as m* > m/,;; (i.e. 1 in this study) and NTU > NTU,, (i.e. 4 in this case). Effects of
m* and NTU are interacted on each other. Under a relatively low NTU there is hardly benefit
to increase m*, especially for the latent effectiveness. By contrast, with low m*, no obvious
performance improvement could be achieved by increasing NTU, especially for the sensible

effectiveness.

3.6.3 Effects of solution properties

Solution temperature (Ts,;) and concentration (Cy,,;) affect the system performance, variations
of sensible, latent and total effectiveness with Tg,; and C,,; are presented in Fig 3-16, while

NTU and m™ are set as 8 and 2 respectively.
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The sensible effectiveness reaches the maximum value of 0.9458 when T,; = 12°C and C,,; =
21%, while its minimum value is 0.8848 when Ty,; = 22°C and Cs,; = 39%. The maximum
latent effectiveness is 0.9366 when T,,; = 12°C and C,,; = 39%, and its minimum value is
0.8449 when Ty,; = 22°C and C,,; = 21%. For the total effectiveness, it reaches the maximum
value of 0.9380 when Ty,; = 12°C and Cg,; = 39%, while the minimum value is 0.8757 when
Tso1 = 22°C and Cs,; = 21% . Effects of Ty, and C,, on the system performance are
discussed separately then.

Solution temperature has a great influence on the system performance since it is closely related
to the solution surface vapour pressure. The variations of the effectiveness with Ts,; under

different C,,; are shown in Figs. 3-17 — 3-19.
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Fig 3- 17 Sensible effectiveness variations with T,; under different C,,;.
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Fig 3- 19 Total effectiveness variations with T,; under different Cs,,.
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It is clearly reflected in Figs. 3-17 — 3-19 that all effectiveness decrease accordingly with the
solution temperature. The decrease of sensible effectiveness is easily understood since the
increase of solution temperature narrows the temperature difference between the solution and
air. The decrease of latent effectiveness is because vapour pressure in the solution side
increases with the solution temperature, which weakens the dehumidification potential.
Although decreasing the solution temperature can improve the sensible effectiveness, the
improvement is not significant. The sensible effectiveness is weakened by increasing
dehumidification effect since more latent heat released to the solution side would increase the
solution temperature, which would affect the sensible effectiveness negatively. It also should
be mentioned that at a low solution concentration, the sensible effectiveness variation is almost
negligible. For instance, the sensible effectiveness increases by only 1.58 % (i.e. from 0.9311
to 0.9458) when the solution temperature decreases by 10°C under C,,; = 21%. Thus when the
solution concentration is low, decreasing solution temperature will not improve the sensible
effectiveness significantly. The case is opposite for the latent effectiveness as it is more
sensitive to T,,; when C,,; is low. For example, under C,,; = 21%, the latent effectiveness
increases by 5.3% (i.e. from 0.8449 to 0.8896) when the solution temperature decreases from
22°C to 12°C. By contrast, it only increases by 1.33% (i.e. from 0.9243 to 0.9366) under C,,; =
39%. This indicates that the latent effectiveness is more sensitive to solution temperature at a
low solution concentration. Nevertheless, the effect of T,,; on the latent effectiveness is
insignificant compared to Cj,; as discussed subsequently.

Solution concentration affects the system performance as it is directly related to surface vapour
pressure. However, increasing Cs,; has different impacts on the sensible, latent and total

effectiveness, which can be observed from Fig 3-20.
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Fig 3- 20 Variations of effectiveness with Cs,; under T,,; = 18°C

As presented in Fig 3-20, increasing solution concentration from 21% to 39% would decrease
the sensible effectiveness from 0.9366 to 0.9176, and increase the latent and total effectiveness
from 0.8656 to 0.9296 and from 0.8916 to 0.9266 respectively. Similar to the effects of T,
increasing solution concentration will decrease the solution surface vapour pressure, thus the
solution absorption ability will be enhanced and the latent effectiveness will be increased. The
increased dehumidification ability will negatively affect the sensible effectiveness since more
latent heat will be released to the solution side. The total effectiveness is mainly dominated by
the latent effectiveness since they have the same variation trends. It can be observed in Fig 3-
17 that the sensible effectiveness is neither sensitive to T,; nor C,, . For the latent
effectiveness, the effect of solution concentration is far more obvious than that on the sensible
effectiveness. For instance, at T,; = 12°C, the sensible effectiveness decreases by 0.51% (i.e.
from 0.9458 to 0.941) when Cs,,; changes from 21% to 39%, while the latent effectiveness

increases by 5.28% (i.e. from 0.8896 to 0.9366). The latent effectiveness improvement is more

126



significant at a higher solution temperature. For example, at T, = 22°C, the latent
effectiveness increases by 9.40% (i.e. from 0.8449 to 0.9243) when C;,,; varies from 21% to
39%.

To sum up, the sensible effectiveness is insensitive to both Ts,; and C,;, While the latent
effectiveness is comparatively more sensitive. Thus in practical applications, a low solution
temperature is not necessary since it is energy consuming and no significant performance
improvement could be achieved. In the meanwhile, at a relatively high solution temperature,
increasing C,,; Will improve dehumidification ability more considerably. It implies that
increasing solution concentration is a better approach to improve the latent effectiveness

without decreasing the sensible effectiveness.

3.6.4 Effects of inlet air condition

Inlet air condition (i.e. temperature Ty, and relative humidity RHg;, i, ) is of vital
importance to evaluate the adaptivity of the system. Variations of the sensible, latent and total
effectiveness with T;,. 1, and RH;, i, are presented in Fig 3-21, while NTU and m™ are set as

8 and 2 respectively.
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The maximum sensible effectiveness is 0.924 when T, ;, = 36°C and RHg;p- i = 60%, While
the minimum value is 0.8818 when Ty, i, = 27°C and RH gy i, = 75%. Comparatively, the
latent effectiveness reaches the maximum value of 0.9289 when T;, i, = 27°C and RH gy i, =
75%, while the minimum value is 0.9222 when T, ;, = 39°C and RHg;,. i, = 60%. For the
total effectiveness, the maximum value is 0.9249 when T;, i, = 33°C and RH ;. i, = 60%,
while its minimum value is 0.9174 when T, ;,, = 39°C and RHg;,.,in = 75%. Then effects of

Tair,in and RH ;- 1, ON the system performance are discussed separately.
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Fig 3- 22 Sensible effectiveness variations with T,;, ;,, under different RHg;; i,
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Fig 3- 24 Total effectiveness variations with T,;, ;,, under different RHg;; i,

The effectiveness variations with T,;, ;,, under different RH,;, ;,, are shown in Figs. 3-22 — 3-

24, it can be seen that the sensible effectiveness is more sensitive to Ty, i, and RHyip i
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compared with the latent and total effectiveness. When T;, ;,, increases from 27°C to 36°C, the
sensible effectiveness gradually rises and reaches the peak value at 36°C. This is because that
increasing Ty, in at @ constant RH;,. i, Will enhance the heat transfer potential [69]. However
the sensible effectiveness starts to decrease slightly when T, ;,, is higher than 36°C. For
instance, under RH,;, i, = 75%, the sensible effectiveness rises by 2.42% (i.e. from 0.8818 to
0.9031) when T, i, increases from 27°C to 36°C. From 36°C to 39°C, the sensible
effectiveness decreases slightly (i.e. from 0.9031 to 0.9018). For the latent effectiveness, the
effect of T, i IS negligible, for example, under RHy;; 1, = 75%, the latent effectiveness
decreases by 0.74% (i.e. from 0.9289 to 0.9220) when T, ;,, rises from 27°C to 39°C. This is
attributed to the increased membrane moisture resistance [65]. The case is similar for the total
effectiveness, an obvious relationship between the total effectiveness and T, ;,, Can hardly be
found. Effect of RH,;,- i, On the sensible effectiveness is clear, the lower RHg;; 1, the higher
sensible effectiveness. Furthermore, the improvements of the sensible effectiveness by
decreasing RH,;, i, at different inlet air temperatures are basically similar. For example, by
decreasing RHg;, i, from 75% to 60%, the sensible effectiveness improvements are 3.22%,
2.63%, 2.39%, 2.31% and 2.31% respectively at T, ;, of 27°C, 30°C, 33°C, 36°C and 39°C.
For the latent and total effectiveness, similar to the effects of T,;, ;,,, they can barely be affected
by RHg;rin s Well. In other words, the latent and total effectiveness are insensitive to both
Tair,in aNd RH g7, i

In fact, the inlet air state depends on the local weather condition, thus Ty;;, ;,, and RH;, i, are
input parameters for the system rather than controllable ones. Fig 3-25 illustrates inlet and

outlet air conditions on the psychometric chart.

131



0.030

0.025
0.020 ~
.5
]
g
0.015 &
Dehumidification '5\4
&Cooling R
~
Ho0010 =
100% RH
75% RH
. > Air inlet condition
/ S0 8 QO Air outlet condition (NTU=2) - 0.005
/ 25% RH O Air outlet condition (NTU=4)
/ O Air outlet condition (NTU=8)
L L L L 0.000
0 10 20 30 40 50
T(°C)

Fig 3- 25 Inlet and outlet air conditions on the psychrometric chart for numerical modelling.

In traditional cooling coil air-conditioning system, the inlet air is dehumidified by reducing its
temperature below its dew point temperature, afterwards the air relative humidity is normally
high, which means its temperature is too low for the supply air requirement, and subsequently
re-heating is required and more energy is consumed. As seen in Fig 3-25, both inlet air
temperature and humidity content are reduced after passing through the dehumidifier, and the
system outlet air has relatively low temperature and relative humidity. Furthermore, the outlet
air is at the very similar condition in spite of different inlet conditions with the same NTU, and
this is more obvious at high NTU. This means this system has broad adaptability in different
weather conditions, and can produce relative stable state supply air.

To sum up, the influences of T, ;i and RHg;, i, ON the latent and total effectiveness are
negligible, while their effects on the sensible effectiveness are weak as well but evident. The
cross-flow membrane-based parallel-plate liquid desiccant dehumidification system has better
air-conditioning ability to provide the supply air with relatively stable condition despite diverse

outdoor conditions.
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3.7 Summary

In this chapter, a numerical model is developed to investigate the performance of a cross-flow
membrane-based parallel-plate liquid desiccant dehumidification system, the interaction
between the solution and air through membranes is studied by solving heat and mass governing
equations in Matlab. Experimental and analytical solutions are used to validate the numerical
model, and the highest discrepancy for sensible and latent effectiveness between numerical and
experimental results are 8.756% and 9.822% respectively.

The influences of main parameters on dehumidification effectiveness (sensible, latent and total
effectiveness) are assessed respectively, which include: number of heat transfer units (NTU),
solution to air mass flow rate ratio (m*), solution temperature (Ts,;), solution concentration
(Cso1), inlet air temperature (T, i) and relative humidity (RHg;p i) The conclusions can be
drawn as follows:

e m*and NTU are two of the most important parameters influencing the dehumidifier
effectiveness. Although all effectiveness increase with m*and NTU, their increasing
gradients hardly change when m*and NTU exceed m,.;, and NTU,,;; respectively.

e It is desirable to operate the system at the critical condition where mZ,.;, and NTU_,;;
are 1 and 4 respectively in this study.

e Effects of m* and NTU on the system performance are interacted with each other.
There is hardly benefit to the system performance improvement by increasing m* at
low NTU, especially for the latent effectiveness. By contrast, no obvious performance
enhancement is achieved by increasing NTU at low m*, especially for the sensible
effectiveness.

e There is no obvious improvement in the sensible effectiveness with low temperature

and high concentration solution, which is insensitive to both T,; and C,;.
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e The latent effectiveness increases significantly with Cs,; at a high solution temperature,
while the system sensitive effectiveness does not decrease observably.
e The system has broad adaptability in different weather conditions by providing relative

stable state supply air, in particular at high NTU.

In general, the work presented in this chapter contributes to a progress in the field of membrane-
based liquid desiccant dehumidification system. It provides a comprehensive parametric study
on the membrane-based liquid desiccant dehumidifier performance, which supplies valuable

data for the optimum design in the dehumidification and air-conditioning systems in practice.
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Chapter 4: Investigation of a membrane-based flat-plate

liquid desiccant regenerator

4.1 Introduction

Based on the literature review, most of the previous literatures focused on the dehumidification
process. However, within the liquid desiccant dehumidification system, regeneration process
is considered to be one of the most crucial processes since the diluted desiccant solution after
dehumidification needs to be re-concentrated to realize the solution recycle. Literatures that
have been carried out regarding regeneration dealt with direct contact regeneration between the
desiccant solution and air. Thus the main objective of this chapter is to investigate the effects
of main operating parameters, such as dimensionless parameters (i.e. NTU and m”*), solution
inlet properties (i.e. temperature T, ;, and concentration Cg,; ;,,) and air inlet conditions (i.e.
temperature Ty;, i, and humidity ratio W, ;,,) on the performance of a membrane-based heat
and mass exchanger used for desiccant regeneration by numerical simulation and experimental
test. Solution-side effectiveness, together with another two indicators: solution side
temperature decrease rate (TDR) and moisture flux rate (MFR) are applied to evaluate the
regeneration performance. Section 4.2 presents the numerical modelling method; Section 4.3
introduces the performance evaluation indices; Section 4.4 shows the experimental set-up;
Section 4.5 validates the numerical modelling; Section 4.6 investigates the regenerator
performance and Section 4.7 is the summary of this chapter. This chapter presents a
comprehensive parametric analysis on membrane-based liquid desiccant regenerator, and
provides valuable data for the development and operation of liquid desiccant dehumidification

air-conditioning system.
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4.2 Numerical modelling

4.2.1 Governing equations

The structure of regenerator is identical to that of the dehumidifier, which has been illustrated
in Section 3.2.1, Fig 3-1. Assumptions made for the sake of simplification in numerical
modelling are the same as those made for dehumidifier modelling which includes: well-
insulated regenerator assumption; heat and mass transfer normal to the membrane; neglected
heat conductions in air and solution channels; laminar flow assumptions in air and solution
channels et al.

Compared to the dehumidifier, the directions of heat and mass transfer are conversed in the
regenerator. In dehumidifier, heat and mass are transferred from the warm and moist air to cold
and concentrated solution, while in regenerator, heat and mass are transferred from hot and
diluted solution to dry air. It should be noticed that the evaporative heat is taken from the
solution side only since the solution side mass transfer coefficient is much higher than that in
the air side. Then the governing equations for heat and mass transfer are given as:

Solution side heat balance equation:
(et 2t ) - dxdy = —[U(Tsor = Tasr) + hyg - Un(Weotmem = Wair)|dxdy — (4-1)
Solution side mass balance equation:
mdest. 2201 ey = ~Up, * (Wotmem — Wair)dxdy (4-2)

Air side heat balance equation:

Mair OTqir
(mT ' Cp,air " Tox ) “dxdy = U(Tsol - Tair)dxdy (4-3)

Aiir side mass balance equation:

(% ' av;/;ir) ~dxdy = Um(Wsol,mem - Wair)dxdy (4-4)
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4.2.2 Normalization of governing equations

Governing equations Egs. (4-1) — (4-4) are normalized as:

‘;T—yl + NTU,,,h* % (Weormem — Wair) + NTU — (Tor = Tair) = 0 (4-5)
aXsol + NTU,, W0(1 + Xoo) Weoimem — Wein) = 0 (4-6)
e~ NTU (T~ Ty) = 0 wn
6:2; s N TUm(Ws*olmem W;ir) =0 (4-8)

4.2.3 Boundary conditions

Boundary conditions for the solution side are:

Teor = 1,at y*=0 (4-9)
Xsor = Xsovin, &t y"=0 (4-10)
While the air side boundary conditions are:

Tu" =0, at x*=0 (4-11)

Tar™ =0, at x*=0 (4-12)
4.2.3.1 Heat transfer boundary conditions on membrane surfaces

To solve the governing equations, heat and mass transfer boundary equations on membrane
surfaces need to be established. Heat transfer boundary conditions are based on thermal energy

balance through the membrane:

hsol(Tsol - Tsol,mem) = U(Tsol,mem - Tair) + hfg Um(Wsol,mem - Wair) (4'13)

EQ. (4-13) can be normalized as:

NTUsol( sol mem) NTU( sol,mem — alr) + NTU. h*(Wsolmem ;ir) (4'14)
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4.2.3.2 Mass transfer boundary conditions on membrane surfaces

Similarly, mass transfer boundary conditions are based on mass balance through the membrane:
Um(Wsol,mem - Wair) = hm,sol(Csol,mem - Csol) (4'15)
Eq. (4-15) can be normalized as:

NTUmWO(Ws*ol,mem - W;ir) = NTUm.sol(Csol,mem — Cso1) (4-16)
4.2.4 Air and solution property calculations

The calculation methods for air and solution properties have been explained in Section 3.2.4.
It should be noticed that compared with investigation into dehumidifier, the solution
concentration and temperature of interest for regenerator performance investigation in this
chapter are different. Thus the equilibrium specific humidity of LiCl under different conditions

are calculated, and another psychometric chart of LiCl solution is given in Fig 4-1.
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Fig 4- 1 Psychometric chart of LiCl for regenerator
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4.2.5 Simulation procedure

4.2.5.1 Discretization of governing equations

Finite difference method is used to solve governing equations which are discretized by a

forward difference scheme:

Ts*ol (m+1,n) — Ts*ol (m,n) + dy*NTUmh*Cr [Ws*ol,mem (m+1,n) — W;ir (m+1,n)] +
dy*NTUCT[Ts*ol (m+1,n) — T;ir (m+1,n)] =0 (4'17)

Xsol (m+1,n) — Xsol (mmn) + dy*m*WONTUm[l + Xsol (m+1,n)] [Ws*ol,mem (m+1,n) —

Wc:ir (m+1,n)] =0 (4'18)
T;ir (mn+1) — T(;ir (mn) — dx*NTU[Ts*ol (mn+1) — T(;ir (mn+1) = 0 (4'19)
W(;ir (mn+1) — W(;ir (mn) — dx*NTUm[Ws*ol,mem (mn+1) — W(;ir(m,n+1)] =0 (4'20)

Where m is number of grids in x direction, and n is number of grids in y direction. Governing
equations are solved in Matlab iteratively until converged. Numerical tests have been
conducted to determine the grid size for guaranteeing the accuracy of numerical results. It has
been found that 30x60 grids are adequate in this study, the result difference is less than 1.0%

compared with 50x100 grids. The numerical uncertainty is 1.0%.

4.2.5.2 Numerical solving procedure

The solution procedure applied for solving interacted governing equations for regenerator is
similar to that used for dehumidifier as shown in Section 3.2.5.2. Here the solution procedure

for regenerator is depicted in Fig 4-2.
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Fig 4- 2 Flow chart for the solution procedure for regenerator

4.3 Performance evaluation indices

4.3.1 Solution side effectiveness for regenerator

Effectiveness is the most important parameter used to evaluate the performance of a heat and

mass exchanger. Air side effectiveness have been widely used for the dehumidification
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performance evaluation. They are used for the dehumidifier performance evaluation in last
chapter. However in the regeneration process where the main focus is on desiccant solution,
the air side effectiveness cannot reflect the regenerator performance correctly, thus the solution

side effectiveness for regenerator are introduced referring to literature [39]:

e — (mcp)sol(Tsol,in_Tsol,out)_mdesihfg(Xsol,in_Xsol,Out) (4'21)
sol,sen (mcp)mm(T solin—Tair,in)

mdes[hfg(xsol in=Xsolout)
o , 4-22
sollat mminhfg(Wsol,in_Wair,in) ( )
. _ (mcp)sol(Tsol,in_Tsol.out) (4 23)
sol,tol (mcp)min(TsoLm—Tair_in)+mminhfg(Wsoz,in—Wair,in)
Where m,; is desiccant flow rate (kg/s), which can be obtained by:

desi 9
. Mol
Myesi = T @29

1+Xs01
4.3.2 Solution side moisture flux rate (MFR)

Moisture removal rate (MRR) has been used to evaluate the amount of moisture being removed
by the air from diluted liquid desiccant solution, or the amount of moisture being absorbed by
concentrated solution from humid air. In this study with the main focus on desiccant solution,
a similar index so called solution side moisture removal rate is introduced and expressed as:

MRR = M gesi(Xsorin = Xsot,out) (4-25)

Then, another important index so called solution side moisture flux rate is defined:

MFR — MRR _ mdesi(Xsol,in_Xsol,out) (4-26)

UnA UnA
As can been seen from the above equation, MFR is the ratio between moisture removal rate
MRR and membrane overall mass transfer conductance. MFR is generally used for
performance evaluation rather than MRR, because it is independent of the size of the
regenerator. It only depends on the inlet condition, which would make results more general
[139]
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4.3.3 Solution temperature decrease rate (TDR)

Apart from re-concentration of the liquid desiccant solution, the lower solution temperature is
preferred. Lower solution temperature would make dehumidification more effective. Thus, the
index so called solution temperature decrease rate (TDR) is applied to evaluate the sensible

performance of regeneration, which is defined as:

TDR — Tsol,in_Tsol,out: (4_27)

Tsol,in

4.4 Experimental set-up

Experimental tests are conducted using the same membrane-based heat and mass exchanger
test facility built in the laboratory as introduced in Section 3.4. The regenerator and its
membranes have the same physical properties as dehumidifier, those are given in Table 3-3.
The weak desiccant solution temperature is controlled by a hot water supply system with the
supply water temperature range of 20°C to 80°C. The hot water flow rate is controlled and
measured by a liquid flow indicator (Parker FM 26 122 212 0.5-4.5 L/min). All measurement
devices and their accuracies have been listed in Table 3-4. Uncertainty analysis has been
conducted for all experimental data by applying the method of propagation as explained in last
chapter to estimate uncertainties for experimental data. Extensive experiments have been
carried out to investigate the regeneration performance under different operating conditions.

Detailed validation data are given in the next section.
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4.5 Numerical model validation

The experimental data are used to validate the numerical simulation results. 44 groups of

experimental data under different operating conditions are adopted in this study. The

experiment consists of two stages. In the first stage, 22 groups of tests are conducted to validate

the solution side effectiveness (solution side sensible effectiveness &5,; sen, latent effectiveness

Eso11at» ANd total effectiveness e, ¢,¢). The operating conditions (i.e. NTU, m* et al.), as well

as numerically calculated and measured results of effectiveness are listed in Table 4-1. In the

second stage, another 22 groups of tests are carried out to validate the solution side temperature

decrease rate (TDR) and moisture flux rate (MFR). The comparisons between numerical and

experimental results are given in Table 4-2.

Table 4- 1 Comparisons between numerical and experimental results for solution side effectiveness

Operating conditions Comparisons
NTU | m* Mair Mgol Tsotin | Csotin | Tairin | Wairin tstammm | Estseners Error Ssoranam | Estiston Error S | Esoioios Error
(kgls) | (kgls) | (C) | (%) | (°C) | (kalkg) o (%) - (%) o T ()
2 1 0.1234 | 01234 | 60 35 30 126 0.6628 0.622 6.156 | 0.2893 0.246 14.967 | 0.3881 0.342 11.878
6 1 0.0411 | 00411 | 60 35 30 12.6 0.7594 0.710 6.505 | 0.4311 0.388 9.998 | 0.5179 0.470 9.249
10 1 0.0247 | 00247 | 60 35 30 126 0.7752 0.719 7.250 | 04835 0.429 11.272 | 0.5606 0.508 9.383
2 2 0.1234 | 0.2469 | 60 35 30 126 0.7553 0.729 3482 | 0.3767 0.334 11.335 | 0.4769 0.435 8.786
6 2 0.0411 | 0.0822 | 60 35 30 12.6 0.8968 0.860 4103 | 0.6079 0.566 6.893 | 0.6843 0.636 7.058
10 2 0.0247 | 0.0494 | 60 35 30 126 0.9293 0.898 3.368 | 0.6963 0.658 5501 | 0.7580 0.729 3.826
2 3 0.1234 | 0.3703 | 60 35 30 12.6 0.7914 0.785 0.809 | 0.4166 0.392 5905 | 0.5157 0.472 8.474
6 3 0.0411 | 01234 | 60 35 30 12.6 0.9482 0.927 2.236 | 0.6905 0.671 2.824 | 0.7587 0.741 2.333
10 3 0.0247 | 00741 | 60 35 30 126 0.9852 0.955 3.065 | 0.7918 0.757 4395 | 0.8430 0.825 2.135
8 2 0.0309 | 0.0617 | 50 35 30 12.6 0.9502 0.926 2547 | 0.7386 0.706 4414 | 08130 0.778 4.305
8 2 0.0309 | 00617 | 55 35 30 126 0.9329 0.909 2562 | 0.7024 0.669 4755 | 0.7724 0.741 4.065
8 2 0.0309 | 0.0617 | 60 35 30 126 0.9156 0.887 3124 | 0.6602 0.623 5.635 | 0.7278 0.695 4.507
8 2 0.0309 | 0.0617 | 65 35 30 12.6 0.8981 0.861 4131 | 0.6136 0.573 6.617 | 0.6792 0.639 5.919
8 2 0.0309 | 00617 | 70 35 30 126 0.8803 0.849 3556 | 0.5636 0.512 9.155 | 0.6272 0.583 7.047
8 2 0.0309 | 0.0617 | 60 35 26 12 0.8335 0.813 2460 | 04617 0.421 8815 | 0.5679 0.529 6.850
8 2 0.0309 | 0.0617 | 60 35 28 12 0.8319 0.808 2.873 | 0.4635 0.417 10.032 | 0.5643 0.522 7.496
8 2 0.0309 | 0.0617 | 60 35 30 12 0.8302 0.756 8.938 | 0.4654 0.425 8.681 | 0.5606 0.520 7.242
8 2 0.0309 | 0.0617 | 60 35 32 12 0.8282 0.762 7.993 | 0.4672 0.398 14.812 | 0.5567 0.510 8.389
8 2 0.0309 | 00617 | 60 35 34 12 0.8258 0.779 5667 | 0.4691 0.414 11.746 | 05527 0.508 8.088
8 2 0.0309 | 0.0617 | 60 35 30 9 0.8280 0.753 9.058 | 0.4680 0.419 10.470 | 0.5564 0.495 11.035
8 2 0.0309 | 0.0617 | 60 35 30 12 0.8302 0.756 8.938 | 0.4654 0.425 8681 | 0.5606 0.510 9.026
8 2 0.0309 | 0.0617 | 60 35 30 15 0.8324 0.761 8578 | 04623 0.397 14.125 | 0.5653 0.509 9.959
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Table 4- 2 Comparisons between numerical and experimental results for TDR and MFR

Operating conditions Comparisons

| Mair Mesol Tsol,in Csol,in Tairin Wir,in Error Error
NTUT™ | grs) | kats) | Q) | @) | €0) | (ktkg) | TORmm [ TPRew | gy | MPRum | MPRew | ()
2 2 | 01234 | 02469 | 60 35 30 126 01437 | 0.131 8.838 | 0.0162 0.015 7.407
6 2 0.0411 0.0822 60 35 30 12.6 0.2062 0.196 4,947 0.0087 0.008 8.046
10 2 0.0247 0.0494 60 35 30 12.6 0.2283 0.220 3.636 0.0056 0.005 10.254
2 1 0.1234 0.1234 60 35 30 12.6 0.2338 0.221 5.475 0.0124 0.011 11.290
2 2 | 01234 | 02469 | 60 35 30 126 01437 | 0.127 11.797 | 0.0162 0.015 7.407
2 3 | 01234 | 03703 | 60 35 30 126 01036 | 0.092 11.197 | 0.0179 0.017 5028
8 2 | 00309 | 00617 | 50 35 30 126 01474 | 0132 10.448 | 0.0035 0.003 14.286
8 2 0.0309 0.0617 55 35 30 12.6 0.1843 0.176 4504 0.0057 0.005 12.281
8 2 0.0309 0.0617 60 35 30 12.6 0.2192 0.198 9.672 0.0068 0.006 11.493
8 2 0.0309 0.0617 65 35 30 12.6 0.2525 0.242 4,158 0.0092 0.009 2.174
8 2 | 00309 | 00617 | 70 35 30 126 02843 | 0.266 6.437 | 0.0115 0.010 13.043
8 2 | 00309 | 00617 | 60 33 26 [P 02411 | 0232 3774 | 0.0082 0.008 2.439
8 2 | 00309 | 00617 | 60 35 28 [P 02192 | 0.196 10.584 | 0.0069 0.006 13.493
8 2 | 00309 | 00617 | 60 37 30 [P 01957 | 0178 9.044 | 0.0057 0.005 12.667
8 2 | 0.0309 | 0.0617 | 60 35 26 12 00508 | 0.056 6.355 | 0.0202 0.019 5941
8 2 | 0.0309 | 0.0617 | 60 35 28 [P 00584 | 0.055 5822 | 0.0203 0.019 6.404
8 2 | 0.0309 | 0.0617 | 60 35 30 [P 00571 | 0.054 5429 | 0.0203 0.019 6.404
8 2 | 00309 | 00617 | 60 35 32 [P 00557 | 0.053 4847 | 0.0204 0.020 1.961
8 2 | 0.0309 | 00617 | 60 35 34 [P 00543 | 0.051 6077 | 0.0205 0.019 7317
8 2 | 00309 | 00617 | 60 35 30 9 00602 | 0.057 5316 | 0.0222 0.021 5.405
8 2 | 0.0309 | 0.0617 | 60 35 30 [P 00571 | 0.054 5429 | 0.0203 0.019 6.404
8 2 | 0.0309 | 0.0617 | 60 35 30 15 00539 | 0.048 10.946 | 0.0185 0018 2.703

It can be seen in Table 4-1 that the numerical modelling results of ., €14¢ and &, generally
agree well with the experimental data. The maximum discrepancies between numerical results
and experimental data for £50;5en . Esor1ar aNA Eso¢0¢ are 9.058%, 14.967% and 11.878%
respectively. The maximum differences for TDR and MFR are 11.797% and 14.286%
respectively, as indicated in Table 4-2. It should be emphasized that under the same NTU, the
discrepancy reduces with the solution mass flow rate. For instance, under NTU = 6, the
differences between numerical and experimental results decrease from 6.505% to 2.236% for
Esolsen, 9.998% 10 2.824% for e5;14¢, and 9.249% to 2.333% for e, ¢ respectively when
the solution mass flow rate increases from 0.0411 kg/s to 0.1234 kg/s. This is because the
lower of solution mass flow rate, the greater influence of solution mal-distribution on the
effectiveness. The numerical modelling results and experimental data have similar variation

trends, an acceptable agreement between them is achieved, meaning the developed model
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predicts the performance rather accurately and is successful to simulate the operating

characteristics of the cross-flow flat-plate membrane-based regenerator.

4.6 Results and discussion

4.6.1 Temperature and humidity fields

Under each operating condition, temperature and humidity fields of the air and solution
channels and the membrane surface are obtained after all governing equations are converged.
The distributions of temperature and concentration in the solution channel, and the temperature
and humidity ratio fields in the air channel and membrane surface under NTU = 8 and m* =
2 are plotted in Fig 4-3. The inlet temperatures of the diluted solution and air are 60 °C and 30
°C respectively, while the inlet solution concentration and air relative humidity are set as 35%
and 50% (Wg;y in = 12.6 g/kg dry air) respectively. It can be observed in Fig 4-3 (a) and (b)
that the solution has the lowest temperature (35.4°C) and highest concentration (35.51%) at the
left bottom corner of the regenerator. This is due to the fact that the hot and diluted solution at
the left bottom side interacts with the cooler and dryer supply air. Similar case can be found in
the air channel, the air reaches its highest temperature (60 °C) and humidity ratio
(45.7g/kg dry air) at the right top corner since the air is heated and humidified along the length
of the regenerator. Moreover, Fig 4-3 (e) and (f) illustrate the temperature and humidity
boundary conditions on the membrane surface, it is clear that the boundary condition is neither
uniform temperature nor uniform humidity ratio. The temperature and humidity ratio are non-
uniform and two-dimensional profiles, both of them increase along the diagonal line of the

membrane surface.
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Fig 4- 3 (a) Solution temperature field; (b) Solution concentration field; (c) Air temperature
field; (d) Air humidity ratio field; (e) Temperature field on membrane surface; (f) Humidity

ratio field on membrane surface

4.6.2 Effects of dimensionless parameters

In this section, influences of two dimensionless parameters: NTU and m™* on the regeneration
performance are addressed. NTU has been considered as a critical parameter with the most
significant impact on the dehumidification system. Compared to the flow rate, the non-
dimensional group NTU is a comprehensive indicating parameter because it is independent of

the channel geometric properties. In numerical simulation, NTU is changed by adjusting air
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mass flow rate, while the solution mass flow rate is changed proportionally to maintain a

constant m* accordingly.
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Fig 4- 4 Sensible effectiveness variations with NTU under different m”*
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Fig 4- 5 Latent effectiveness variations with NTU under different m*

147



1.0 -
09 |
0.8 -
o1}
06 |

0.5

Total effectiveness

04

—®— m*=] 0O m*=1Exp. Data

o

—®— q*=2 m*=2 Exp. Data

A— 3 A m*=3Exp. Data

0.0 L | L 1 L | L 1 L 1

Fig 4- 6 Total effectiveness variations with NTU under different m*

Influences of NTU on the regenerator effectiveness are analysed at first. Variations of the
effectiveness with NTU under m* = 1,2,3,4 are plotted in Figs. 4-4 — 4-6. It can be seen in
these figures that under the same m*, the sensible effectiveness always has the highest value
among three effectiveness, while the latent effectiveness is the lowest one and the total
effectiveness is the middle one. For example, under m* = 1, the sensible effectiveness varies
from 0.5179 to 0.7752 when NTU rises from 1 to 10. In the meanwhile, the latent effectiveness
changes from 0.2017 to 0.4835 and the total effectiveness increases from 0.2854 to 0.5606. It
is obvious that all effectiveness are significantly affected by NTU, and can be improved by
increasing NTU. A critical value of NTU exists and is defined as NTU_,;;, which is equal to 4
in this case. Increasing NTU beyond NTU,,.;; would not enhance the regeneration performance
efficiently. For instance, under m* = 1, the sensible effectiveness is increased by 42.79%
(from 0.5179 to 0.7395) when NTU changes from 1 to 4. After NTU exceeding 4 the variation
of the sensible effectiveness trends to level off, and it is only increased by 4.83% (from 0.7395

to 0.7752) when NTU rises from 4 to 10. Therefore increasing NTU beyond NTU.,;; would
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not enhance the effectiveness effectively. This effect is relatively inconspicuous for the latent

and total effectiveness. Take the latent effectiveness as an example, under m* =1, it is

increased by 89.09% and 26.77% when NTU rises from 1 to 4 and from 4 to 10 respectively.

Furthermore, when m* is relatively low, the growth extent of the effectiveness with NTU is not

as obvious as that when m™ is high. Take the latent effectiveness as an example, under m* = 1,

the latent effectiveness is increased by 0.2818 (from 0.2017 to 0.4835) when NTU changes

from 1 to 10, while it is increased by 0.5707 (from 0.2728 to 0.8435) under m* = 4, almost

twice as that under m* = 1. Similar cases can also be found for the sensible

effectiveness.
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Fig 4- 7 Influences of NTU on TDR, MFR and Csy; oyt
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Apart from the solution side effectiveness, the solution side TDR and MFR have also been

applied for regeneration performance evaluation. The variations of TDR, MFR and solution

outlet concentration Cgq; oy With NTU under m* = 2 are shown in Fig 4-7. According to this
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figure, TDR increases from 0.0997 to 0.2283 when NTU changes from 1 to 10, meaning the
solution cooling effect is enhanced. Meanwhile, MFR is dramatically decreased from 0.021 to
0.006. This is because the air mass rate decreases (from 0.2469 kg/s to 0.0247 kg/s) with
NTU. When m* remains unchanged, the corresponding solution flow rate should decrease as
well. Based on Eq. (4-24), the desiccant mass flow rate is then decreased significantly (from
0.1728 kg/s to 0.0173 kg/s), and as a result MFR is deteriorated. However, Csy; oyt 1S
increased from 0.351 to 0.355. The low vapour pressure in the air channel would be nearly
constant as the air and solution flow rates decrease. Consequently, the mass transfer between

the air and solution is enhanced, which leads to the increase of the solution outlet concentration.
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Fig 4- 8. Variations of effectiveness with m* under NTU = 6
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Fig 4- 9 Influences of m* on TDR, MFR and Csy; oyt

m”* is another important dimensionless parameter affecting regeneration performance, which is
the relative mass flow rate of two fluids in the regenerator. m* can be controlled by adjusting
the solution mass flow rate while keeping the air mass flow rate constant under each NTU.
Variations of the effectiveness, TDR, MFR and Cgy; o, With m* under NTU = 6 are shown in
Figs. 4-8 and 4-9. Clearly, under the same NTU, the sensible effectiveness is continuously the

highest one, while the latent effectiveness is the lowest one and the total effectiveness is the

*
crit

middle one. A critical indicator C has been introduced [65, 81], all effectiveness increase

with Cr* and are more sensitive before Cr* reaching Cr,.;.. Similarly a critical value of m* is

defined as m_,;,. m" is proportional to Cr*, but it is a more straightforward parameter for the

*
crit:

system. The effectiveness are more sensitive to m* when m* is lower than m_....,. As shown in

*
crity

Fig. 4-8, mz,.;; is 2 in this study, and once m* exceeds mg,.;;, the gradients of all effectiveness

changes become moderate gradually and only a slight variation can be observed. For example,
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the sensible effectiveness is improved by 0.5198 (from 0.377 to 0.8968) when m* changes
from 0.25 to 2. However, it is only increased by 0.0997 (from 0.8968 to 0.9965) when m*
keeps increasing to 12. Besides, as mentioned previously, the effects of NTU and m™* are
interacted with each other. It can also be observed from Figs.4-4 — 4-6 that the effectiveness
variations with m* are more significant under high NTU, meaning the effectiveness cannot be
improved effectively by increasing m* when NTU is too low. For instance, the sensible, latent
and total effectiveness are raised by 0.0825, 0.0711 and 0.0741 individually as m* increases
from 1to 4 under NTU = 1. By contrast, these effectiveness are increased by 0.2376, 0.36 and
0.3277 respectively under NTU = 10.

Effects of m* on TDR, MFR and Cs,,; ., are demonstrated in Fig 4-9. Compared with the
effects of NTU as shown in Fig 4-7, m* has opposite influences on TDR, MFR and Cg; oyt
Heat capacity rate of the solution become higher with the solution flow rate, which would cause
less temperature reduction of the desiccant solution during the phase change process [127],
meaning the solution outlet temperature is increased and TDR is reduced. For example, under
NTU = 6, Tsoy 0u: rises from 41.28 °C to 50.86 °C as m™ increases from 1 to 3, resulting in the
TDR decreases from 0.3120 to 0.1524. So the solution cooling effect is deteriorated. In the
meanwhile, the solution outlet concentration is decreased as well. It can be noticed in Fig 4-9
that Cso; 0y reduces slightly from 0.356 to 0.352. However, according to Eq. (4-24), increasing
the solution mass flow rate would raise desiccant mass flow rate as well, which eventually
improves MFR from 0.0035 to 0.0113. It is also noteworthy that similar to the effects of mg,;;
on the effectiveness, the variations of TDR, MFR and C(; oy, also become steady after m*

reaching m;,;;.
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4.6.3 Effects of desiccant solution properties

Two solution properties: solution inlet temperature Ts,;;, and concentration Cs,; i, are
investigated to clarify their influences on the regenerator effectiveness, TDR, MFR and
Cso0ue- Variations of the regenerator effectiveness, TDR, MFR and Csy; oy¢ With Tso; 1, Under
different C,;;, are displayed in Figs. 4-10 - 4-13.
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Solution temperature has great influence on the system performance as it is closely related to
the solution surface vapour pressure. For the purpose of variable separation, NTU and m* are
set as 8 and 2 respectively. As shown in Figs. Figs. 4-10 - 4-12, under the same solution

concentration, the sensible effectiveness is the highest among three effectiveness, while the
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latent effectiveness is the lowest and the total effectiveness is the middle. For example, under
Csorin = 33%, the sensible effectiveness varies from 0.9308 to 0.86 when T, ;,, rises from 50
°C to 70 °C. In the meanwhile, the latent effectiveness decreases from 0.7263 to 0.5362 and the
total effectiveness changes from 0.7877 to 0.5931 respectively. All effectiveness decrease with
Tso1,in- According to the definition of the solution side sensible effectiveness (as given in Eq.
(4-21)), the absolute value of denominator in Eq. (4-21) increases with T, ;,, SO the sensible
effectiveness is reduced moderately. Besides, as indicated in Fig 4-1, the increase of Ts,; i
under the same C,,; ;, Would result in high solution equilibrium humidity ratio. Based on the
definition of the solution side latent effectiveness (as given in Eq. (4-22)), the absolute value
of denominator in Eq. (4-22) increases with Ty, ;,,, this leads to the decrease of the latent
effectiveness. Compared to the latent and total effectiveness, the sensible effectiveness is
relatively less sensitive to T, ;,,. FOr instance, under Cs,; i, = 37%, increasing T, i, from 50
°C to 70 °C would reduce the sensible effectiveness by 7.05% (from 0.9686 to 0.9003). By
contrast, the latent and total effectiveness are reduced by 20.80% (from 0.7463 to 0.5911) and
21.05% (from 0.8393 to 0.6626) respectively. Despite the deterioration of all effectiveness with
increasing Tso; i, the higher T, i, the higher solution equilibrium humidity ratio and vapour
pressure. Consequently both heat and mass transfer potentials are strengthened, and these have

been reflected clearly in Fig. 4-13, where TDR, MFR and Cg, o,,¢ are all improved with T, i7,.
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Apart from the solution inlet temperature, the solution inlet concentration also affects the
regeneration performance since it is directly related to surface vapour pressure as well.

Variations of the effectiveness, TDR, MFR and Csy; oyt With Csoy i, Under Ty, i, = 60°C are
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shown in Figs 4-14 and 4-15. As indicated in Fig 4-14, the sensible effectiveness is again the
highest among three, while the latent effectiveness is the lowest and the total effectiveness is
the middle under the same Ty, ;. All effectiveness increase with C,; ;,, slightly. However the
increase rates are insignificant compared with the effects of decreasing T, ;,, meaning the
regenerator is less sensitive to Cy,; ;,,. FOr example, the sensible, latent and total effectiveness
are only changed by 4.3%, 6.58% and 8.64% respectively when Cs,, ;,, rises from 33% to 37%.
Based on Fig 4-1, increasing the solution inlet concentration would decrease the solution
equilibrium humidity ratio. Thus both the solution inlet mass fraction X, ;, and equilibrium
humidity ratio W, ;,, in Eq. (4-22) are decreased. These effects offset with each other and
eventually the latent effectiveness increases slightly. However, the decrease of the solution
vapour pressure would reduce mass transfer potential. As a result, MFR is decreased as
illustrated in Fig 4-15. On the other hand, the reduction of mass transfer (latent heat transfer)
would decrease heat absorption during the evaporation process in the solution channel. Thus
Tso10ut 18 inCreased and TDR is decreased as reflected in Fig 4-15. As for the slight increase of
the sensible effectiveness, this can be explained by the definition in Eq. (4-21), increasing
Tso1,0ut Would decrease the absolute value of the total heat transfer, which is the first term in
the numerator. In the meanwhile, the second term in the numerator is deteriorated as well,
which represents the latent heat transfer. Consequently, the sensible effectiveness increases
slightly by the offset effect. It is noticed that although the regenerator has better regenerating
and cooling effects with more diluted solution at the inlet, the solution inlet concentration is
more of a non-controllable parameter since it is from dehumidifier directly. By contrast, the
regenerator benefits from the high solution temperature owing to enhanced re-concentration
and cooling effects. But the high solution outlet temperature means more cooling is needed
before the solution enters the dehumidifier. Thus more follow up studies on optimization design

for the complete system are required.
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4.6.4 Effects of air properties

Compared with the solution inlet properties, the air inlet properties are easier to be controlled
in practice. The influences of the inlet air temperature T, ;,, and humidity ratio Wy;,. ;,, on the
regenerator effectiveness, TDR, MFR and Cj,; o, are analysed in this section. Variations of
the effectiveness, TDR, MFR and Cgy; gy¢ With Ty i, Under Wey i = 12 g/kg dry air are

shown in Figs. 4-16 and 4-17.
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Under the same W, , the sensible effectiveness has the highest value, which is
approximately twice of the latent effectiveness, while the total effectiveness is still in the
middle as shown in Fig 4-16. All effectiveness hardly vary with Ty, ;,, in the temperature range
of 26°C to 34°C, and only change by 0.92%, 1.61% and 2.68% for the sensible, latent and total
effectiveness respectively. For the latent heat transfer, air vapour pressure is only determined
by air humidity ratio Wy, ;,, based on Eq. (3-50), and little impact on air vapour pressure would
be imposed by changing air temperature only. Therefore, the mass transfer potential between
the air and solution would remain constant in this case. Despite this, the latent effectiveness,
MFR and Cs; oy Still increase slightly with T, ;,, as shown in Figs 4-16 and 4-17. A possible
explanation has been given in literature [128], the significant sensible heat transfer would occur
between the air and solution when the solution temperature is higher than the air temperature.
The cooling of the solution when contacting with the air would decrease the air vapour pressure,
which restrains the regeneration. With higher temperature inlet air, there would be less sensible
heat transfer from the solution to the air. Consequently, the vapour pressure difference between
the air and solution sides can be maintained at a high level, and the latent heat transfer can still
be enhanced slightly. On the other hand, the high Ty, ;, would narrow the temperature
difference between the air and solution, which deteriorates the sensible heat transfer potential.
As a result, the sensible effectiveness and TDR are reduced to a small degree as illustrated in
Figs 4-16 and 4-17. Therefore, the effect of the air inlet temperature on the regeneration

performance can be neglected, no obvious improvement can be achieved by adjusting Ty;; i,
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reduced significantly as well. As a result, MFR is decreased considerably as displayed in Fig
4-19. This trend is in accordance with those in previous studies [128, 139]. Nevertheless, the
latent effectiveness decreases significantly as well in the previous studies, this can be regarded
as an effectiveness difference between the air and solution sides. As shown in Fig 4-19, Cso; out
decreases slightly with Wy;,. ;,,. As the result solution outlet mass fraction X, ¢ IS increased.
With refer to the definition of the solution side latent effectiveness as given in Eq. (4-22), both
the numerator and denominator are reduced, and the combined effect causes the ignorable
reduction of the latent effectiveness. Regarding the sensible heat transfer, it is slightly affected
by reduced heat absorption during the evaporation process when the mass transfer is weakened.
So the air outlet temperature T, o, WoOUld increase to a small extent, which results in the
decrease of TDR. Furthermore, according to the definition of the solution side sensible
effectiveness in Eq. (4-26), the denominator would remain constant while both Ts,; o, and
Xsoroue are increased. Consequently, the sensible effectiveness is almost independent of
Wair,in @s the result of the combined effect. To sum up, despite all effectiveness barely change
with W, in, the regenerator moisture removal and cooling effects can still be improved by

drier air.

4.7 Summary

In this chapter, the regeneration performance of a membrane-based parallel-plate heat and mass
exchanger is investigated, heat and moisture transfer characteristics between the solution and
air through membranes are studied by numerical simulation and experimental test. Solution
side effectiveness, temperature decrease rate (TDR) and moisture flux rate (MFR) are applied

to evaluate the regeneration performance.
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Experimental tests are used to validate the numerical model, and the maximum discrepancies
between numerical results and experimental data for €50 sen, €so1,1at AN Esoy ¢0¢ are 9.058%,
14.967% and 11.878% respectively. The maximum differences for TDR and MFR are 11.797%
and 14.286% respectively. The influences of main parameters are assessed respectively, which
include: number of heat transfer units (NTU), solution to air mass flow rate ratio (m*), solution
inlet temperature (Ts,; 1), solution inlet concentration (Cg, i), air inlet temperature (Ty;y i)
and humidity ratio (Wy;, i,). The conclusions can be drawn as follows:

e The boundary conditions of the membrane surface are neither uniform temperature nor
uniform humidity ratio, and they change along the diagonal line of the membrane.

e NTU and m* have the most significant effects on the regeneration performance, and
their effects are interacted with each other. There is hardly benefit to the performance
improvement by increasing NTU at low m*(e.g. lower than 1). By contrast, no obvious
performance enhancement is achieved by increasing m* at low NTU (e.g. lower than
2).

e Although the regeneration performance can be improved by increasing NTU and m*,
their increasing gradients hardly change when NTU and m* exceed NTU,,;; and m;,¢,
which are 4 and 2 respectively in this study.

e Regenerator benefits from increased solution temperature as enhanced re-concentration
(0.8% increase of MFR) and cooling effects (13.7% increase of TDR). However more
cooling energy is required for the high temperature desiccant solution.

e Neither Ty, i NOr Wy, i, has remarkable influence on the regeneration performance,
though the solution re-concentration ability can be enhanced slightly by applying drier

and warmer air.
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Chapter 5: Investigation of a complete membrane-based

flat-plate liquid desiccant dehumidification system

5.1 Introduction

Last two chapters discussed the performance of single dehumidifier and regenerator
respectively. In most literatures about complete membrane-based dehumidification system as
reviewed in Section 2.4, supply and exhaust side exchangers are coupled with aqueous salt
solution flowing in a closed loop. It is assumed in these literatures that the heat and mass
transfer rates in supply exchanger balance those in exhaust exchanger, in other words, there is
no heat or moisture added or removed from the system. However, the system can benefit
significantly from an external heat source or cold source, in which case a hot water loop and
cooling water loop are included in the configuration. The heat and mass transfer rates in
dehumidifier and regenerator may not be equal. Thus in this chapter a complete membrane-
based liquid desiccant dehumidification system that include a dehumidifier, a regenerator, and
hot and cooling water supply systems is investigated. The numerical model for the complete
system is firstly developed (Section 5.2 and 5.3), experimental tests are conducted to validate
the numerical model (Section 5.4 and 5.5). The effects of parameters that are controllable in
reality such as dimensionless parameters (i.e. dehumidifier and regenerator side NTUs and m™)
and solution inlet properties (i.e. solution inlet concentration in dehumidifier Cg,; ;,,) On the
performance of the complete system are investigated. Energy analysis is conducted through

COP and total cooling energy output Q.o1ing (Section 5.6).
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5.2 Numerical modelling

The developed numerical model mainly consists of three parts: dehumidifier, regenerator and

heat exchanger. The structures of the dehumidifier and regenerator are similar, only their heat

and mass transfer directions are converse, thus the numerical models for the dehumidifier and

regenerator are explained in one sub-section. First of all, the assumptions made for the

numerical model are given as follows:

1)

2)

3)

4)

5)

6)

All components are well-insulated, including the dehumidifier, regenerator, heat
exchangers, pipes and ducts, there is no heat and mass transfer between the component and
the ambient environment.

The directions of heat and mass transfer through membrane are normal to the membrane
plane.

Both the liquid desiccant solution and air flows in the dehumidifier and regenerator are
considered as the laminar flow because their Reynolds numbers (Re) are much lower than
2300 in most cases [67].

Condensation or evaporative heat is released to, or taken from the solution channels only
since mass transfer coefficient in the solution side is much higher than that in the air side.
The physical properties of the solution and air, and their convective heat transfer
coefficients are assumed to be constant at the steady operating condition.

Both the solution and air flows in the dehumidifier and regenerator are fully-developed
flows, while their temperature and humidity ratio (or concentration) vary along the channel

length.

In consequence, the numerical modelling methods for dehumidifier and regenerator, and for

heat exchangers will be introduced in Section 5.2.1 and 5.2.2 respectively; Simulation

procedure will be introduced in Section 5.2.3.
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5.2.1 Dehumidifier and regenerator

The structure of dehumidifier and regenerator, and the unit cell applied for the numerical

modelling for these two heat and mass exchangers have been given in Fig 3-1. For the

dehumidifier, hot and humid air from outside flows along the x-axis, while strong and cold

solution inversely flows along the y-axis. For the regenerator, return air from room flows along

the x-axis, while weak and hot solution flows along the y-axis.

5.2.1.1 Governing equations

Governing equations after normalization of heat and mass conservation for dehumidifier and

regenerator have been introduced in Chapter 3 and Chapter 4 respectively, and they are

summarized here:

Dehumidifier solution side:

aT * * *
a;;l NTU h ( air Wsolmem ) NTU (Talr -
aXsol *
ay* —NTU, —Wo(l + wsol)(Walr - Wsol,mem ) =0
Dehumidifier air side:
aTllI.T *
+ NTU(Tair” — Tsot) = 0
anlI.T *
+ NTUm(WalT - Wsol,mem ) =0
Regenerator solution side:
0Tgoy x 1 * *
6_y* + NTU,h o (Wsol,mem alr) + NTU ( - Tair) =0

aXS‘” + NTU,, *Wo(l + wgo) (W,

* —
sol,mem ~ Wair) =0

Regenerator air side:

aTz;ir * * —
=4t — NTU(Tgo, — Tai) = O
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(5-4)

(5-5)

(5-6)

(5-7)



6Wa*ir * *
S NTUm(Wsol,mem - Wair) =0 (5'8)

ax*
5.2.1.2 Boundary conditions

For both dehumidifier and regenerator, boundary conditions of temperature and humidity ratio

(or concentration) are:

Solution side

Teo,' = 1,at y*=0 (5-9)
Xso1 = Xsor,in, a1 y™=0 (5-10)
Air side

Tar™ =0, at x*=0 (5-11)
W,," =0, at x*=0 (5-12)

Boundary conditions of heat and moisture conservations on the membrane surface are:
NTUsol(T'sol,mfarrL>‘F - Tsol*) = NTU(Tair* - Tsol,mem*) + NTUmh* (Wair* - Wsol,mem*) (5'13)

NTUmWO(Wair* - Wsol,mem*) = NTUm.sol(Csol - Csol,mem) (5'14)
5.2.2 Heat exchangers

There are three liquid-to-liquid plate heat exchangers installed in the complete system. The
concept diagram of the complete system is given in Fig 5-1. The concentrated (strong) solution
is cooled by cold water in heat exchanger 3 (HX3) before entering the dehumidifier. By contrast,
the diluted (weak) solution is heated by hot water in heat exchanger 2 (HX2) before entering
the regenerator. Furthermore, there is heat recovery between the strong and weak solutions in
heat exchanger 1 (HX1). For the parallel-flow heat exchanger, the effectiveness ¢ is defined as
the ratio of the actual heat transfer rate over the maximum possible heat transfer rate [213]:

a_ _ Cn(Thi=Tho) _ _Cc(Teo=Tei) (5-15)
dmax Cmin(Th,i_Tc,i) Cmin(Th,i_Tc,i)

&
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Where C,, and C, are heat capacity rates of hot and cold fluid respectively; Ty, ;, Ty, T,; and
T, , are temperatures of hot and cold fluids at inlets and outlets. For HX1-3, their effectiveness

can be expressed as:

£ = msolcp,sol(Tsol,out,re_Tsol,l) _ msolcp,sol(Tsol,z_Tsol,out,de) (5 16)
1= = — -
msolcp,sol(Tsol,out,re_Tsol,out,de) msolcp,sol(Tsol,out,re_Tsol,out,de)
& = msolcp,sol(Tsol,l_Tsol,out,de) (5 17)
2 = . 5 5 -
mln(msolCp,solrmcooling,wcp,w)(Tsol,l_Tcooling,w,in)
£y = msolcp,sol(Tsol,in,re_TSOl,Z) (5-18)

min (Mo Cp, sotMhotwCpw)(Thotw,in—Tsol,2)

Where subscripts “de ” and “re” represent dehumidifier and regenerator respectively.
Teooting,w,in @Nd Thorw,in are temperatures of cooling water and hot water at inlets respectively
(°C); Tso11 and Ty, , are temperatures of strong and weak solutions after HX1(°C), as

illustrated in Fig 5-1. M o01ing,w aNd 1y, are mass flow rates of cooling water and hot water

respectively (kg/s).
Boiler
& &3
HX2 1 HX3 1
'1-'5101,1271,1‘E { Ts1ol,2 Tsotn Tsotinde
1 1 1
Cslol,in,re Co12 Csot1 Tszal inde Csotinde
2 T
Csol,in,de '
T, ir,in,re HX1 I
Wair,in,re - fl> .
1
Regenerator Dehumidifier E
1
Tsol,out,re . Sl \L . Tszlol,out,de
1
Csol,out,‘re Cslol,out,de
\_ /

Fig 5- 1 Concept diagram of the complete dehumidification system
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5.2.3 Simulation procedure

The finite difference method is applied for the solving of governing equations. Egs. (5-1)-(5-

8) are discretized by forward difference scheme to:
Tsol (i+1,j)* - Tsol (i,j)* - dy*NTUmh*Y* [Wair (i+1,j)* - Wsol,mem (i+1,j)*] -
dy* NTUY*[Tair 41" — Tsot i+1,)"] = 0 (5-19)

Wsol (i+1,5) — Wsol (i.j) — AY M WoNTU |1 + wsor 41, | [Wair 41" —

Wiomem 41, ] = 0 (5-20)
Tair Gj+1) — Tair Gy + AX'NTU[Toir (ij+1) — Wsor i,j+1) = 0 (5-21)
Wair @j+1)" = Wair i.p" + A NTUn[Wair i j41)" — Wsotmem (i j+1) "] = 0 (5-22)
Tyorrr) ~ Toot Gy + @Y NTUnh' Y [Wepimem 41,5 — Wair 1] +

dy*NTUY*[Teo; 41,5y = Tair G+10] = O (5-23)

Wsol (i+1,)) ~ Wsol (i,j) T dy*m*WoNTUm[l t Wso1 (i+1.j)][WS*ol.mem G(+1,) — Wair (i+1,j)] =

0 (5-24)
Tair ij+1) = Tair @y — QX" NTU[Tgo; i j+1) — Tair ij+1) = 0 (5-25)
Wair cij+1) = Wair i) — dx*NTUp [Weoy mem (Lj+1) ~ W;ir(i,j+1)] =0 (5-26)

where m and n are numbers of grids in x and y directions respectively. The above equations
for the air and solution flows are solved in Matlab iteratively until the required convergence
has been achieved. The numerical solving scheme is illustrated in flow chart as shown in Fig.
5-2. It has been tested that the difference of obtained results between 30x60 grids and 50x100
grids is less than 1.0% meaning 3060 grids are sufficient for the modelling, and the numerical

uncertainty is less than 1.0%.
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Fig 5- 2 Flow chart of the numerical solving scheme for the complete system




5.3 Performance evaluation indices

5.3.1 Effectiveness for the complete system

Effectiveness is an important dimensionless parameter applied for the performance evaluation
of the heat and mass exchanger. Effectiveness for a single dehumidifier or regenerator have
been defined and illustrated in previous chapters. For the complete system, the overall system
sensible effectiveness, &, sy, Can be defined as the ratio of actual sensible heat transfer rate
between two fluids over the maximum possible sensible heat transfer rate in the system. The
overall system latent effectiveness, €, s,s, Can be defined as the ratio of actual latent heat
transfer rate between two fluids over the maximum possible latent heat transfer rate in the
system. When Cr* > 1, they can be expressed as:

(mcp)air,de (Tair,in,de_Tair,out,de)

min((mcp)air‘de'(mcp )sol) (Tair,in,de=Tair,inre)

(5-27)

Esen,sys =

mair,dehfg (Wair,in,de_wair,out,de) (5_28)

Elat,sys = 1 -
SV mm(mair,dehfgvmsolhfg)(Wair,in,de_Wair,in,re)

5.3.2 Moisture flux rate MFR

Moisture removal rate m,,,isture (Kg/S) is an index of the quantity of moisture being absorbed
by desiccant solution in the dehumidifier, which has be obtained by:

Mmoisture = Mair.ae(Wair,imde = Wairout.de) (5-29)
Then moisture flux rate MFR is defined as a dimensionless parameter that represents the ratio
of moisture removal rate 1,,,isture OVEr the membrane overall mass transfer conductance. It
is preferred compared t0 My,pisture @s it is independent of the dehumidifier’s geometric

properties and only related to inlet state. MFR can be calculated by:

MFR — moisture — atr, e( ailr,in,ae alr,out, e) (5_30)
U A U A
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5.3.3 Total cooling output @ eoting

For the dehumidification system, the most critical functions are absorbing the moisture from
the moist air (latent cooling), and reduce its temperature as well (sensible cooling). Thus it is
important to evaluate its total cooling output, Qcoo1ing (KW), wWhich is the sum of system

sensible and latent cooling output:

Qcooling = Qsen + Quar (5-31)

Qsen and Q,,; are system total sensible and latent cooling output respectively (kW):
Qsen = mair,decp,air(Tair,in,de - Tair,out,de) (5'32)

Qiat = Munoisture X hfg = mair,dehfg(Wair,in,de - Wair,out,de) (5-33)
5.3.4 Coefficient of performance COP

To evaluate the energy efficiency of the system, coefficient of the performance, COP is defined:

COP = Qcooling _ QsentQlat (5-34)

Qreg+Wfan+Wpump Qreg+Wfan+Wpump

Where Q.4 is the regeneration heat input (kW), which can be obtained by:
Qreg = msolcp,sol(Tsol,in,re - Tsol,out,re) (5'35)
Where W,,ym; is pump power consumption (kW); Wy, is fan power consumption (kW),

which can be obtained by:

w. — Woutput — QfanAP — MgirAP (5_36)
fan Nfan Nfan Pairllfan

Where Wy pu: IS the fan power output, in other words it is the useful power output applied to
the air (kW); ¢4y is the fan efficiency; Qf4y is the air volumetric flow rate through the fan

(m3/s); AP is the drop of total pressure across the dehumidifier or regenerator, which can be

calculated by:
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1 Agere)? (_4 ?
AP = Epairuairz (214_‘;) (_d - 1) (5'37)

Ade,re

Where ug;, is the air velocity (m/s); Agere IS the windward area of dehumidifier or

regenerator (m?); A, is the cross area of the duct connected to the dehumidifier or regenerator

(m?).
5.4 Experimental set-up

A real test rig for the complete liquid desiccant dehumidification system is set up in the

laboratory as illustrated in Fig 5-3.

Cooling coil Humidifier

Environmental |
L

chamber

|
] | l
Indoor environment Inflet a:l iy
|
|

Heating
pipes Fan

@ Fan
Regenerator ﬁ
A A@A AAA Dehumidifier

i1~

Exhaust air

Temperature and
humidity sensor

Control
valve

Weak solution flow

—T  K-type thermocouple
(]

it r
i Pump £ "" Strong solution flow
[ ] olution
® B3, & el tank Cold water flow
s )
o t water flow
é HX1 Drain pipe Hot water flow

Fig 5- 3 Schematic of a complete liquid desiccant dehumidification system

It can be seen from Fig 5-3 that the complete system is comprised of one air dehumidifier, one
solution regenerator, two solution tanks, three liquid-to-liquid heat exchangers, one hot water
and one cold water supply units. Strong solution is cooled by cold water before entering the

dehumidifier, in which both temperature and humidity ratio of the air are reduced. The air from
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the dehumidifier is supplied to the indoor environment. The air from the indoor environment
is returned to the regenerator, where the air is humidified and heated, and then exhausted to
outdoor eventually. The diluted solution is heated by hot water before entering the regenerator.
A solution heat exchanger (HX1) is used between the diluted and re-concentrated solutions for
heat recovery. Two solution tanks are used to collect the solutions. With regards to
experimental set-up, air flow rates through the dehumidifier and regenerator are controlled by
two variable speed fans and measured by Testo thermos-anemometer (0-10m/s) with the
accuracy of +5%. The solution is circulated by two 15W centrifugal magnetically driven
pumps, and its flow rates in the dehumidifier and regenerator are adjusted by two liquid flow
indicators (1-15L/min) with accuracy of +5% to make sure the system runs at the steady
condition. The solution concentration is obtained by measuring its density using Brannan
hydrometer with accuracy of +2%. The hot water is provided by electrical boiler with
temperature range of 20°C to 80°C, and the cold water is from the main supply pipe with
temperature of 14°C. Temperatures of the solution and water are measured by K-type
thermocouples (0-1100°C) with the accuracy of +0.75%. Humidity of air is measured by
Sensiron Evaluation KIT (0-100 %) with accuracy of +3%. All sensors are connected to a data
logger (DT500) with accuracy of +0.15% for data acquisition. Physical and transport

properties of the dehumidifier and regenerator are listed in Table 5-1.
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Table 5- 1 Physical and transport properties of dehumidifier and regenerator

Description Notation Unit Value
Length of dehumidifier (regenerator) L m 0.41
Width of dehumidifier (regenerator) W m 0.186
Height of dehumidifier (regenerator) H m 0.23

Air channel thickness air m 0.0077
Solution channel thickness dsol m 0.0043
Membrane thickness Omem m 0.5x1073
Membrane conductivity Kmem kW/mK 3x10*
Membrane mass transfer conductivity Km,mem kg/ms 3.87x10°
Air specific heat capacity Cp.air JikgK 1020
Solution specific heat capacity Cp,sol JlkgK 3200

Air side diffusivity Dair m?/s 2.46x10°
Solution side diffusivity Dsol m?/s 0.892x102
Air side heat conductivity Kair W/Mk 0.03
Solution side heat conductivity Ksol W/Mk 0.53

Air side Nusselt number NUair - 6.58
Solution side Nusselt number NuUsol - 7.74

Air side Sherwood number Shair - 6.7

5.5 Numerical model validation

The numerical model for the complete system is validated by experimental data. In total 30
groups of tests under various operating conditions have been conducted. Both the hot water
and cold water flow rates are set as 0.006 kg/s, and their temperatures are set as 60°C and 14°C
respectively. Room exhaust air is used in the regenerator for regeneration. The effects of the

dehumidifier side NTU number NTU,,, regenerator side NTU number NTU,.,, mass flow rate
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ratio m*, solution temperature Ts,;inqe and concentration Cso;inqe at the inlet of the
dehumidifier, and air temperature T in g and humidity ratio Wy;, i, 4¢ at the inlet of the
dehumidifier are evaluated. The system sensible effectiveness &g, 5y5, latent effectiveness
E1at,sys and moisture flux rate MFR are adopted for the comparison between numerically
obtained and experimentally tested data. The comparison results are given in Table 5-2. It is
found that the maximum relative errors are 13.29%, 12.72% and 12.96% for €s¢p, sys1 €at,sys
and MFR. Generally speaking, the calculated results and experimental data have similar
variation trends, a good agreement between them has been achieved. This means the numerical
model can be used to predict the performance of the complete membrane-based liquid desiccant
dehumidification system.

Table 5- 2 Calculated and tested performance indices under different operating conditions

Operating conditions Comparisons
NTUde NTUre Msol m* Tsol,in,de Csol,in,de Tair,in Wair,in,de €sen,num gsen’exp Error
(kgls) (<€) ) €0 | (kyko) )
1 4 0.009 - 25 39 28 0.012 0.3184 0.281 11.746
4 4 0.009 - 25 39 28 0.012 0.7817 0.749 4.183
8 4 0.009 - 25 39 28 0.012 0.9379 0.883 5.854
1 4 0.012 - 25 39 28 0.012 0.2769 0.251 9.354
4 4 0.012 - 25 39 28 0.012 0.6991 0.667 4.592
8 4 0.012 - 25 39 28 0.012 0.8525 0.798 6.393
4 1 0.009 - 25 39 28 0.012 0.8014 0.764 4.667
4 4 0.009 - 25 39 28 0.012 0.7817 0.759 2.904
4 8 0.009 - 25 39 28 0.012 0.7711 0.732 5.071
4 1 0.012 - 25 39 28 0.012 0.7442 0.718 3.521
4 4 0.012 - 25 39 28 0.012 0.6991 0.667 4.592
4 8 0.012 - 25 39 28 0.012 0.6778 0.637 6.020
4 4 0.0056 1 25 39 28 0.012 0.7244 0.688 5.025
4 4 0.0112 2 25 39 28 0.012 0.7309 0.768 -5.076
4 4 0.0224 4 25 39 28 0.012 0.3356 0.291 13.290
6 6 0.0037 1 25 39 28 0.012 0.7659 0.724 5.470
6 6 0.0074 2 25 39 28 0.012 0.9063 0.870 4.005
6 6 0.0148 4 25 39 28 0.012 0.6678 0.629 5.810
4 4 0.0056 1 25 30 28 0.012 0.8263 0.811 1.852
4 4 0.0056 1 25 36 28 0.012 0.7898 0.769 3.743
4 4 0.0056 1 25 42 28 0.012 0.7732 0.738 4.553
4 4 0.0056 1 25 39 28 0.01 0.8449 0.862 -2.024
4 4 0.0056 1 25 39 30 0.01 0.8674 0.819 5.580
4 4 0.0056 1 25 39 34 0.01 0.8897 0.913 -2.619
4 4 0.0056 1 25 39 28 0.015 0.7505 0.718 4.330
4 4 0.0056 1 25 39 30 0.015 0.7856 0.739 5.932
4 4 0.0056 1 25 39 34 0.015 0.8254 0.791 4.168
4 4 0.0056 1 25 39 28 0.02 0.6462 0.598 7.459
4 4 0.0056 1 25 39 30 0.02 0.6968 0.712 -2.181
4 4 0.0056 1 25 39 34 0.02 0.757 0.704 7.001
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Operating conditions Comparisons
NTUde NTUre Mo m* Tsol,in,de Cscl,in,de Tair,in Wair,in,de Elat,num Slat,exp Error
(kgls) (°C) (%) (°C) (kg/kg) (%)

1 4 0.009 - 25 39 28 0.012 0.2837 0.251 11526
4 4 0.009 - 25 39 28 0.012 0.7436 0.708 4.788
8 4 0.009 - 25 39 28 0.012 0.9342 0.850 9.013
1 4 0.012 - 25 39 28 0.012 0.2853 0.249 12.723
4 4 0.012 - 25 39 28 0.012 0.7353 0.682 7.249
8 4 0.012 B 25 39 28 0.012 0.9230 0.833 9.751
4 1 0.009 B 25 39 28 0.012 0.7466 0.702 5974
4 4 0.009 B 25 39 28 0.012 0.7436 0.698 6.132
4 8 0.009 B 25 39 28 0.012 0.7433 0.678 8.785
4 1 0.012 B 25 39 28 0.012 0.7411 0.699 5.681
4 4 0.012 - 25 39 28 0.012 0.7353 0.702 4529
4 8 0.012 - 25 39 28 0.012 0.7346 0.676 7.977
4 4 0.0056 1 25 39 28 0.012 0.7247 0.689 4.926
4 4 0.0112 2 25 39 28 0.012 0.7421 0.718 3.248
4 4 0.0224 4 25 39 28 0.012 0.7066 0.667 5.604
6 6 0.0037 1 25 39 28 0.012 0.8253 0.790 4278
6 6 0.0074 2 25 39 28 0.012 0.8722 0.831 4724
6 6 0.0148 4 25 39 28 0.012 0.8433 0.807 4.305
4 4 0.0056 1 25 30 28 0.012 0.7167 0.674 5.958
4 4 0.0056 1 25 36 28 0.012 0.7402 0.697 5.836
4 4 0.0056 1 25 42 28 0.012 0.7552 0.720 0.661
4 4 0.0056 1 25 39 28 0.01 0.7616 0.728 4412
4 4 0.0056 1 25 39 30 0.01 0.7548 0.719 4.743
4 4 0.0056 1 25 39 34 0.01 0.7403 0.695 6.120
4 4 0.0056 1 25 39 28 0.015 0.7530 0.715 5.047
4 4 0.0056 1 25 39 30 0.015 0.7482 0.708 5373
4 4 0.0056 1 25 39 34 0.015 0.7380 0.687 6.911
4 4 0.0056 1 25 39 28 0.02 0.7446 0.687 7.738
4 4 0.0056 1 25 39 30 0.02 0.7407 0.700 5.495
4 4 0.0056 1 25 39 34 0.02 0.7322 0.674 0.949

Operating conditions Comparisons

NTUde NTUre Msol m* | Tsol,inde Cool,in,de Tairin Wairinde | MFRmoisture,num MFRmoisture exp Error

(kgls) (°C) (%) (°C) (kg/kg) (%)

1 4 0.009 - 25 39 28 0.012 0.0082 0.0073 10.976
4 4 0.009 B 25 39 28 0.012 0.0055 0.0048 12.727
8 4 0.009 - 25 39 28 0.012 0.0035 0.0031 11.429
1 4 0.012 B 25 39 28 0.012 0.0078 0.0068 12.821
4 4 0.012 B 25 39 28 0.012 0.0052 0.0046 11.539
8 4 0.012 - 25 39 28 0.012 0.0033 0.0029 12.121
4 1 0.009 B 25 39 28 0.012 0.0056 0.0049 12.500
4 4 0.009 B 25 39 28 0.012 0.0055 0.0048 12.727
4 8 0.009 B 25 39 28 0.012 0.0055 0.0049 10.910
4 1 0.012 B 25 39 28 0.012 0.0053 0.0048 9.434
4 4 0.012 - 25 39 28 0.012 0.0052 0.0046 11.539
4 8 0.012 B 25 39 28 0.012 0.0051 0.0045 11.765
4 4 0.0056 1 25 39 28 0.012 0.0055 0.0049 10.910
4 4 0.0112 2 25 39 28 0.012 0.0052 0.0051 1.923
4 4 0.0224 4 25 39 28 0.012 0.0045 0.0046 2223
6 6 0.0037 1 25 39 28 0.012 0.0041 0.0038 7317
6 6 0.0074 2 25 39 28 0.012 0.0044 0.0039 11.364
6 6 0.0148 4 25 39 28 0.012 0.0038 0.0034 10.526
4 4 0.0056 1 25 30 28 0.012 0.0042 0.0037 11.905
4 4 0.0056 1 25 36 28 0.012 0.0051 0.0046 9.804
4 4 0.0056 1 25 42 28 0.012 0.0058 0.0053 8.621
4 4 0.0056 1 25 39 28 0.01 0.0033 0.0029 12121
4 4 0.0056 1 25 39 30 0.01 0.0032 0.0029 9.375
4 4 0.0056 1 25 39 34 0.01 0.0032 0.0028 12,500
4 4 0.0056 1 25 39 28 0.015 0.0055 0.0051 7.273
4 4 0.0056 1 25 39 30 0.015 0.0054 0.0048 11.112
4 4 0.0056 1 25 39 34 0.015 0.0054 0.0047 12.963
4 4 0.0056 1 25 39 28 0.02 0.0077 0.0072 6.494
4 4 0.0056 1 25 39 30 0.02 0.0076 0.0070 7.895
4 4 0.0056 1 25 39 34 0.02 0.0075 0.0070 6.667
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5.6 Results and discussion

5.6.1 Temperature and humidity (concentration) fields

For each operating condition, temperature and humidity fields in the air channel, and
temperature and concentration fields in the solution channel can be obtained once all governing
equations have converged. It is important to clarify temperature and humidity fields for the air
and solution in the dehumidifier, temperature and concentration fields for the solution in the
regenerator, and temperature and humidity fields on the membrane surfaces in both the
dehumidifier and regenerator as these fields reflect the internal processes. These fields are

shown in Fig 5-4.
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Fig 5- 4 Air temperature and humidity ratio fields in dehumidifier (a) (b); solution

fields on membrane surface in dehumidifier (e) (f); temperature and humidity ratio fields on

membrane surface in regenerator (g) (h)

Fig 5-4 is plotted under NTU,, = NTU,, = 4 and m* = 1 (1, = 0.0056 kg/s) condition.

The solution inlet temperature and concentration in the dehumidifier are 25°C and 39%
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respectively, the air inlet temperature and humidity ratio in the dehumidifier are 30°C and 0.015
kg/kg dry air respectively, the return air from indoor environment for regeneration is at state

of 28°C and 0.012 kg/kg dry air. It can be observed from Fig. 5-4(a) and (b) that the air

temperature and humidity ratio have similar distribution in the dehumidifier as they both
decrease diagonally from the left bottom corner to the right upper corner. This is because the
air is cooled and dehumidified when contacting with the solution along the length of the
dehumidifier. Moreover, the solution is warmed and humidified by the air along the height of
the dehumidifier, thus the air has the lowest temperature and humidity ratio at the right upper

corner. For the solution temperature distribution in the regenerator as illustrated in Fig. 5-4(c),

the solution enters the regenerator with a relatively high temperature (48.25°C under this
operating condition) as it is heated by hot water, then it is cooled by the return air, and its
average outlet temperature is 41.01°C. The solution temperature decreases along the diagonal
line of the regenerator, from the right upper corner to the left bottom corner. With regard to the

solution concentration distribution as shown in Fig. 5-4(d), the solution enters the regenerator

with a relatively low concentration after the dehumidification process, it is re-concentrated in
the regenerator. Unlike the diagonal change for other property distributions, there is a nearly
semicircle zoom at the bottom of the solution concentration field. This is caused by the effects
of moisture transfer and phase change in the regenerator as the latent heat is taken away from
the solution channel in the process of water evaporation. The latent heat is assumed to be taken
only from the solution side since convective mass transfer coefficient of the desiccant solution
(R s01) 1S much higher than that of the air (h,, 4;,-). Based on the governing equations for the
regenerator, heat transfer and mass transfer are closely related to each other, this leads to the
semi-circular contour lines in the solution concentration field. The temperature and equilibrium
humidity ratio boundary conditions on the membrane surfaces of the dehumidifier and
regenerator are displayed in Fig. 5-4(e) (f) (g) and (h), they are neither uniform temperature
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nor uniform humidity ratio distribution. The temperature and equilibrium humidity ratio
increase from the right upper corner to the left bottom corner in the dehumidifier, by contrast,
they decrease along the same direction in the regenerator. To sum up, the contours are both
two-dimensional and non-uniform, and they all vary along the diagonal line of the membrane

surface.

5.6.2 Effects of dimensionless parameters

In this section the effects of system dimensionless parameters (the dehumidifier side NTU .,
regenerator side NTU,.., and mass flow rate ratio m*) on the complete system dehumidification
performance are evaluated by the system sensible and latent effectiveness esep sys, €at,sys and
moisture flux rate MFR, while the system energy performance is assessed by the total cooling

output Qcoo1ing and coefficient of performance COP.

5.6.2.1 Effects of dehumidifier side NTU 4,

The variations of €5¢p, sys, €1at,sys aNd MFR with NTUg, under different solution mass flow

rates are plotted in Figs 5-5 — 5-7.
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NTU has been used in many literatures previously to evaluate the performance of heat and mass
exchanger. In this study, according to Eq. (3-36) for a given system with the fixed sizes of the
dehumidifier and regenerator, NT Uy, is adjusted by changing air mass flow rate through the
dehumidifier. NTU,, is inversely proportional to m;; 4., for example, mg;, 4. decreases from
0.0224 kg/s to 0.0028 kg/s when NTU,, increases from 1 to 8. In the meanwhile, NTU, is
kept at 4 (Mg e = 0.0056 kg/s).

As shown in Figs. 5-5 and 5-6, both &y, s aNd 144 5y iNCrease with NTUg,. For example,
under Mgy re = 0.015kg/s, €5en sys iNCreases from 0.2237 to 0.7422 when NTU,, changes
from 1 to 8, while g4, ,,s increases from 0.2852 to 0.9049. However, their increase gradients

reduce with NTU,, gradually, and finally level off. For example, under r,,; = 0.009 kg/s,

Esen,sys INCreases by 179.11% from 0.3184 to 0.8887 when NT Uy, changes from 1 to 6. When
NTUjg, further increases from 6 t0 8, £g¢p, 555 ONly raises by 5.54% from 0.8887 to 0.9379. The
same situation is for g4 5y5, UNder g, = 0.009 kg/s, g4t 5ys raises by 207.01% from

0.2837 to 0.871 when NTU,, changes from 1 to 6. And it only increases by 7.26% from 0.871
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to 0.9342 when NTU,, varies from 6 to 8. Thus similar to single dehumidifier or regenerator,
a critical dehumidifier side NTU does exist and can be defined as NTUgg (ri¢. In this case
NTUge crie I €qual to 6. Before NTU,, reaches 6, both ey, 5ys aNd €141 5y Can be improved
by increasing NTUy,, but increasing NTUy, beyond NT Uy, (e WoUld not enhance ey sy s
and g1 sys-

It is also noticed from Figs. 5-5 and 5-6 that &g, 55 IS NOt always higher than &4 ¢,,5. Under
g = 0.009 kg/s and 0.012 kg/s, &sensys are higher than g, for all NTU,, . For
instance, under g, = 0.012 kg/s, &gensys iNcreases from 0.2769 to 0.8525 when NTUg,
varies from 1 to 8, , while g, changes from 0.2853 to 0.9230. However, once 7, is
increased to 0.015 kg/s, €415ys IS higher than &g, s, for all NTU,4.. For instance, under
Thsor = 0.015 kg/s, €5en 5ys ONly increases from 0.2237 to 0.7422 when NT Uy, changes from
1to 8, while ;4 5y increases from 0.2852 to 0.9049.

The moisture flux rate MFR is another dimensionless parameter used to evaluate the
dehumidification ability. It reflects the total moisture being absorbed by the solution. As
indicated in Fig. 5-7, MFR decreases with NTU,, under all my,;. This is because NTUy, is
inversely proportional to m;, 4¢, the increase of NT Uy, is achieved by reducing the air flow
rate through the dehumidifier. Although the dehumidification effectiveness is improved, and
the air humidity ratio at the outlet of the dehumidifier is reduced (for instance, under rg,; =
0.009 kg/s, Wyiroutae 1S reduced from 0.0136 to 0.0041 kg/kg dry air when NTUg,
changes from 1 to 8) , the total amount of moisture being absorbed is still decreased.

Apart from dehumidification effect, it is of our interest to evaluate the energy performance of
the complete system as well. The relationships among NTUg., Qcoo1ing @nd COP under

different solution mass flow rates are given in Fig 5-8 and 5-9.
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As shown in Fig. 5-8, the latent cooling output Q,,; is significantly higher than the sensible
cooling output Q..,, under all circumstances, in other words the latent cooling output accounts
for the majority part of the total cooling out. For instance, under m,; = 0.009 kg/s and
NTU,4, = 1, the sensible cooling output is 0.086 kW while the latent cooling output is 0.184
kW, which is two times higher than the sensible cooling output. As mentioned in previous
study [18], decreasing the solution inlet temperature could improve the cooling effect in the
dehumidifier, however for the complete system in reality, sometimes it is not practical to cool
the desiccant solution. That is the reason to set the desiccant solution temperature as 25°C in
this study. As the result, the dehumidifier outlet air temperature is too high to be supplied to
conditioned space directly, so further cooling, such as indirect evaporative cooling, is required
after dehumidification. Furthermore, under all solution flow rates, the sensible cooling output
Qsen ., latent cooling output Q,,; and total cooling output Q.,, decrease considerably with
NTUy,. For example, under 1, = 0.009 kg/s, when NTU,, increases from 1 to 8, Qq.n,
decreases from 0.086 kW to 0.036 kW, Q,,; decreases from 0.184 kW to 0.078 kW and Q;,;
decreases from 0.270 kW to 0.114 kW. This is owing to significant decrease of 71,4, 4. When
increasing NTUy,. As discussed previously, although the dehumidification effectiveness is
improved, the total cooling output is limited by dramatic decrease of the air flow rate. Similar
results can be noticed from the variations of COP with NTUy, in Fig. 5-9. Under mg,; =
0.009,0.012 and 0.015 kg/s, when NTU,, increases from 1 to 8, the COP decreases from
0.761 t0 0.287, 0.655t0 0.251 and 0.570 to 0.226 respectively. Based on the definition of NTU,
for the dehumidifier or regenerator with the fixed geometry (fixed heat and mass transfer area)
and solution type, NTU can be only changed by adjusting the air flow rate. Thus the moisture
flux rate MFR, total cooling output Q.1ing and COP would all reduce with NTU,, even

though both the sensible and latent effectiveness of complete system can be improved.
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5.6.2.2 Effects of regenerator side NTU,.,

Similar to NTU,, effects, the influences of the regenerator side NTU,., are addressed in this
section. The variations of &g,y 5y, €1at,sys aNd MFR with NTU,.. under different solution mass

flow rates are plotted in Figs 5-10 — 5-12.
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According to Fig. 5-10, the influence of NTU,, on the system sensible effectiveness is
different from that of NTU,,.. The system sensible effectiveness decreases with NTU,.., and
the decrease gradient is more noticeable when 1, is relatively higher. Under m,, =
0.009 kg/s, &sen,sys is decreased by 3.78% from 0.801 to 0.771 when NTU,., changes from 1
to 8, while it is decreased by 16.4% from 0.664 to 0.554 under 1, = 0.015 kg/s. However,
the influence of NTU,., on the system sensible effectiveness is negligible compared with that
of NTU,,.. This is more obvious for the system latent effectiveness and MFR. It can be seen
from Figs. 5-11 and 5-12 that neither &4 5,c NOr MFR has noticeable variation with NTU,..
For example, under mg,; = 0.009 kg/s, &14¢5ys is 0nly changed by 0.54% from 0.747 to 0.743
when NTU,, increases from 1 to 8. The effect of solution mass flow rate on g, gy is
negligible as well, when NTU,., changes from 110 8, ;4 sy is reduced by 2.17% from 0.737
to 0.721 under mg,; = 0.015 kg/s. The similar influence is for the moisture flux rate, for
example when 1, = 0.009,0.012 and 0.015 kg/s, MFR are decreased by 1.79%, 3.77%

and 5.77% respectively. It is interesting that according to previous research [220] on influence
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of NTU on the regenerator performance, NTU has considerable impact on the sensible and
latent performance of the regenerator. This can be considered as a major difference between
using the regenerator side effectiveness and system effectiveness. The major interests on the
complete system are how much sensible and latent cooling the complete system can provide
for a conditioned space during the dehumidification process. The NTU,.., which is adjusted by
changing the air flow rate through the regenerator, has no obvious effect on the improvement
of system sensible and latent cooling performance.

Furthermore, the variations of Q.q01ing and COP with NTU,.. under different solution mass

flow rates are given in Fig 5-13 and 5-14.
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Since the air mass flow rate through the dehumidifier remains constant, the sensible and latent
cooling outputs are related to the system sensible and latent effectiveness directly, which are
illustrated in Figs. 5-13 and 5-14. Under rm,; = 0.009 kg/s, Q. decreases from 0.060 kW
to 0.054 kW when NTU,., increases from 1 to 8, and this is caused by the decrease of &gy, 5.
Similarly, since €4, s,s and MFR are independent of NTU,.., Q.4 is relatively constant when
NTU,, changes. For instance, under mg,; = 0.012 kg/s, Q;,: only decreases by 5.3% from
0.113 to 0.107 when NTU,., increases from 1 to 8. It can be noticed that the latent cooling
output again accounts for the majority of the total cooling output under all conditions. As the
result, the total cooling output does not vary significantly with NTU,.,. As m,; is0.009, 0.012
and 0.015 kg/s, the corresponding Qcoo1ing decrease by 4.35%, 6.75% and 9.40%
respectively when NTU,., increases from 1 to 8. NTU,., has positive effect on the system COP
as displayed in Fig. 5-14. It is the fact that the total cooling output would decrease slightly with
NTU,., however the regeneration heat input would decrease as well. This is because increasing
the air flow rate through the regenerator would significantly improve the regenerator latent
effectiveness, as the result the regeneration of desiccant solution becomes easier and the

regeneration energy input is reduced [220]. For mg,; = 0.009 kg/s, with the increase of
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NTU,, from 1 to 8, Q.4 reduces from 0.438 kW to 0.342 kW and COP increases from 0.420
to 0.514. Similarly, for mg,, = 0.015 kg/s, Q4 reduces from 0.431 kW to 0.356 kW and

COP increases from 0.345 to 0.379 as NTU,., increases from 1 to 8.
5.6.2.3 Effects of mass flow rate ratio m*

m”™ is another important dimensionless parameter affecting system performance. It is defined
in Eq. (3-33) as the ratio of solution mass flow rate over air mass flow rate. For the complete
system, the solution mass flow rate is constant within the system since it is a closed loop. To
address the influence of m*, the air mass flow rates through the dehumidifier and regenerator
are set equal. This is reasonable in practice since according to Fig. 5-3, the supply air flow rate
from the dehumidifier and return air flow rate from conditioned space to the regenerator are
the same. This setting is helpful for the balance of the air in the conditioned space. Following

the same method, the variations ofegep sys, €ar,sys @Nd MFR with m* under different NTU

values are plotted in Figs. 5-15 - 5-17.
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It can be seen from Fig. 5-15 that the mass flow rate ratio has very strong impact on the system

sensible effectiveness. Generally, it sharply increases with m* at first, and then decreases

gradually. Under NTUge re = 4, £sen,sys inCreases from 0.446 to 0.796 when m* changes from

191



0.5 to 1.5. When m”* keeps increasing to 6, £g¢p, 5y gradually decreases from 0.796 to 0.336.
The variation trend is similar to that of &g, 55 With NTUy, ... Furthermore, the optimal mass
flow rate ratio values, under which the system sensible effectiveness reaches its highest point,
are different for different NTUge .. Under NTUge re = 4, £gen,sys Faches its highest value of
0.796 when m* = 1.5. By contrast, it reaches its highest value of 0.906 under NTUy, . = 6
when m* = 2,and 0.945 under NTUy, . = 8 When m* = 3. The variation of the system latent
effectiveness with m* is comparatively weaker than that of the system sensible effectiveness.
Similar to the gy, 5y Variation, g,4¢ 555 increases with m* before reaching its peak value, and
then slowly decreases. The maximum values of €;,; ¢, under NTUg, .. = 4,6 and 8 are 0.745,
0.872 and 0.935, and their corresponding m* are 1.5, 2 and 3 respectively. With regard to the
moisture flux rate MFR as depicted in Fig. 5-17, it is found that MFR under high NT Uy .. has
low value. This has been explained in previous sections as high NT Uy, .. means low air mass
flow rate. Even &gy sy and &4 s Would be improved, the total amount of moisture being
absorbed would be reduced. Moreover, the variation of MFR with m* has very similar trend as
those of £gep 5ys AN €41 5y, it Would decrease after reaching the peak value. The variation of
MFR under NTUy, . = 8 is comparatively weak compared with those under another
NTUyg, e Values. It increases from 0.0028 to 0.0035 kg/kg dry air when m* changes from 0.5
to 1.5, then it reduces to 0.003 kg/kg dry air when m* reaches 6. Under NTUy, .. = 6, it
peaks at m* = 2 with the peak value of 0.0044 kg/kg dry air, and under NTUye . = 4, it
peaks at m* = 1.5 with the peak value of 0.0056 kg/kg dry air. To sum up, in practice when
the air mass flow rate has been determined, there is no benefit by increasing the solution mass
flow rate once it’s beyond a specific value. To keep increasing the solution mass flow rate
would dramatically reduce the system sensible effectiveness, its latent effectiveness and

moisture flux rate would be restricted as well. Moreover, the high solution flow rate brings
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more pump energy input to the system, which would drag down the COP, and this will be

discussed later in this section. Then the variations of Q¢1ing and COP with m* under different

NTU values are shown in Fig 5-18 and 5-19.
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Similar to Fig 5-8 and 5-13, Fig 5-18 clearly shows that the latent cooling output accounts for
the majority of the total cooling output. The variation of Q¢,iing follows the similar trend of
the system effectiveness’s or moisture flux rate’s. For NTU = 4, when m* changes from 0.5
to 1.5, Qcooting increases from 0.140 kW to its maximum value of 0.185 kW. After that
Qcooting decreases gradually to 0.114 kW. For NTU = 6, Qcoo1ing PaKs at 0.147 KW under
m* = 2, while for NTU = 8, it peaks at 0.117 KW under m* = 3. In other words, the
maximum total cooling outputs can be achieved at m* = 1.5 under NTU = 4, at m* = 2 under
NTU = 6 and m* = 3 under NTU = 8. However the COP would decline as m* increases from
0.5 to 6, as shown in Fig. 5-19. Despite the variation of the cooling output with m™* is not in
one direction, m* has considerable effect on the denominator in Eq. (5-34). Since the
dehumidifier and regenerator side NTUs remain unchanged, so the fan power Wy, is constant.
However m* can be enhanced by increasing the solution flow rate in the closed solution loop,
which would significantly increase the pump power W,,,,,,,,, and regeneration heat input Q..
For instance, under NTU = 6, Q4 rises from 0.11 kW to 0.386 kW as m" increases from 0.5
to 6. This also indicates that increasing m* after excessing a critical value would not enhance

the total cooling output, the system COP would be deteriorated as well.

5.6.3 Effects of solution inlet property

In this section, the effects of solution inlet property on the complete system are investigated.
For the complete system, one of the controllable inputs is the solution inlet concentration in the

dehumidifier C,,; 1, The variations of the effectiveness (sensible and latent effectiveness) and

moisture flux rate with Cg,,; ;, are plotted in Fig. 5-20 when both NTU,4, and NTU,., are set as
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4, and m” is set as 1, the changes of Q.yo1ing and COP with Cs,; ;, are given in Fig. 5-21 and

Fig. 5-22 respectively.
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As presented in Fig. 5-20, increasing the dehumidifier inlet solution concentration from 30%
to 42% would improve the latent effectiveness from 0.717 to 0.755 and decrease the system
sensible effectiveness from 0.826 to 0.773. Increasing the solution concentration will decrease
the solution surface vapour pressure, as the result the solution absorption ability and the latent
effectiveness are enhanced. Similarly, the moisture flux rate MFR is improved as well, it
increases from 0.0042 to 0.0058 as C,,; ;, changes from 30% to 42%. In the meanwhile, the
system sensible effectiveness decreases as the increased dehumidification ability will
negatively affect the sensible effectiveness for more latent heat being released to the solution
side. With regard to the cooling energy output, it can be seen in Fig. 5-21 that the sensible
cooling output slightly decreases with Cs,,; ;,,, While the latent cooling output increases. Since
only the solution inlet property is changed, both the solution and air mass flow rates remain

constant, thus the variations of the sensible and latent cooling output have the direct
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relationships with the sensible and latent effectiveness. So the sensible cooling output decreases
from 0.064 kW to 0.055 kW, and the latent cooling output increases from 0.093 kW to 0.129
kW. As the result, the total cooling output Q yeiing is improved slightly from 0.158 kW to
0.184 kW. As displayed in Fig. 5-22, Cs,; i, has considerable impact on the system COP.
Although the total cooling output is improved, the change is almost negligible. Another
important fact is that the regeneration energy Q.4 reduces with Cg,,; ;,,. FOr example, when
Csou,in increases from 30% to 42%, Q.4 decreases by 21.36% from 0.337 kW to 0.265 kW.
This is caused by the reduction of temperature difference between the inlet and outlet of the
regenerator after rising the solution inlet concentration.

In real application, low solution temperature is not suitable to reduce energy consumption, thus
increasing the solution inlet concentration in the dehumidifier is more applicable and would be
a good way to improve the system dehumidification and energy performance. However, it
should be mentioned that the use of highly concentrated solution may cause the solution
crystallization, which would bring more problems such as mal-distribution, membrane fouling
and high pumping pressure. Thus the operating condition should be assessed to avoid

crystallization when using high concentration solution.
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5.7 Summary

In this chapter, a complete membrane-based liquid desiccant dehumidification system that
mainly contains a dehumidifier, a regenerator, a cold and a hot water supply units is
investigated through performance evaluation and energy analysis. Heat and mass transfer in
the dehumidifier and regenerator are studied by numerical simulation and experimental tests.
The dehumidification performance is evaluated by the system sensible and latent effectiveness
Esen,sys+ Elat,sys and moisture flux rate MFR, while its energy performance is assessed by the
total cooling output Q.qe1ing and coefficient of performance COP. The influences of main
parameters are assessed respectively, which include the dehumidifier side NTU,,, regenerator
side NTU,.., mass flow rate ratio m*and solution inlet concentration in the dehumidifier Cso; ;7.
By comparing the numerical simulations and experimental data, it is shown that the highest
relative errors are 13.29%, 12.72% and 12.96% for €5 5y, €1at,sys aNd MFR respectively.
The main conclusions can be drawn as follows:

e The boundary conditions of the membrane surfaces in the dehumidifier and regenerator
are neither uniform temperature nor uniform humidity ratio, and they change along the
diagonal lines of the membranes.

e NTU,;, and m* are directly related to the solution and air mass flow rates in the
dehumidifier. NTU,;, and m* have the most considerable impact on the system
performance, while NTU,., and Cs,,; ;;, have relatively weak influences.

e The system sensible and latent effectiveness can be improved by up to 0.62 and 0.65
respectively by increasing NTU,, from 1 to 6, however their increasing gradients

hardly change when NTU,, exceeds its critical value NTU g, ., Of 6 in this study.
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Although the system effectiveness increase with NTU,, , the total amount of moisture
being absorbed, Q¢o1ing and COP decrease with NTU,,. Thus there is no meaning to
raise NTUg4, over NTUg, it for the performance improvement.

The latent cooling output Q,,; is significantly (up to 3.92 times under NTU,4, = 1 and
NTU,, = 4) higher than the sensible cooling output Qs.,, SO the process air should be
further cooled after being dehumidified.

The system effectiveness, moisture removal flux rate and cooling output increase with
m* initially, but then decrease. The corresponding m* for the highest values are
different for various NTU values (such as 1.5 for NTU = 4, 2 for NTU = 6 and 3 for
NTU = 6 respectively). It is preferable to keep m* at or below its critical value as
further increasing m* would reduce the system COP.

Increasing the solution inlet concentration for the dehumidifier is more applicable to
improve the system dehumidification and energy performance compared with reducing
the solution temperature. However the problem of crystallization should be avoided

when applying high concentration solution.
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Chapter 6: Parametric analysis of mixed LIiCI-CaCl;

solution and optimum mixing ratio selection

6.1 Introduction

In Chapters 3 — 5 the performance of single dehumidifier, single regenerator and the complete
system have been discussed using the pure LiCl as the working liquid. However, as stated in
the literature review, compared with the single desiccant solution, some mixed desiccant
solutions have the better dehumidification efficiency, lower material cost and energy
consumption. The objective of this chapter is to investigate the effects of the mixed LiCI-CaCl;
desiccant solution properties (i.e. temperature T,;, concentration C,; and mixing ratio of LiCl
and CaCl) on the performance of a membrane-based liquid desiccant dehumidification system
by numerical modelling and experimental tests. Section 6.2 introduces the calculation method
for mixed liquid desiccant properties; Section 6.3 shows the numerical method for the
dehumidification system; Section 6.4 introduces the performance evaluation indices; Section
6.5 illustrates the experimental set-up for the model validation; Section 6.6 validates the
numerical model; Section 6.7 investigates the mixed solution system performance and Section
6.8 is the summary. By comparing with the experimental results, this chapter comes out a
method to predict the system performance with the mixed solution by combining an electrolyte
non-random two-liquid (NRTL) method and numerical modelling. It presents a comprehensive
investigation on the effects of the mixed LiCI-CaCl, desiccant properties on the membrane-
based liquid desiccant dehumidification system, and provides an approach for the optimum

mixing ratio selection through the system performance and COP analyses.
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6.2 Mixed liquid desiccant properties calculation

The predictions of the mixed desiccant properties (such as surface vapour pressure and specific
humidity ratio) under different mixing ratios, temperatures and concentrations are of vital
importance. As presented in the introduction section, the SMR method is only capable of
predicting the mixed desiccant properties when its concentration is lower than 10%. By contrast,
the NRTL method provides more accurate calculation for the mixed desiccant solution with
over 30% concentration. The NRTL method uses only binary parameters to correlate and
predict the deviation from ideality of aqueous multi-component electrolyte system over the
entire ranges of temperature and concentration [169]. Thus the NRTL method is adopted in this
study to calculate the mixed desiccant surface vapour pressure.

The vapour-liquid equilibrium relation for water in an electrolyte solution can be given as [167]:

a, = % (6-1)
Ay = Xy fiv (6'2)

Where a,, is activity of water; P, ;,; and P,,, are vapour pressures of the solution and water
respectively (Pa); x,, is mole concentration of water; f,, is activity coefficient of water.

The vapour pressure of water can be obtained by using August-Roche-Magnus equation [221] :

Py = 0.61094exp

17.625T )
T+243.04

(6-3)
Where B, ,, is water vapour pressure (kPa); T is water temperature (°C).

The solution vapour pressure can be obtained once the activity of water is determined, which
is the product of water mole concentration x,, and activity coefficient f,,. The calculation of
fw can be divided into two parts: long-range and short-range interaction contributions, as can

be expressed as [167]:

Inf,, = nfLRC + Inf3RC (6-4)
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The long-range interaction contribution £,:%¢ can be calculated by using Pitzer-Debye-Huckel

function:
LRC _ {1000 244122
i = () o (65)
X

Where M,, is molecular weight of water, which is 0.018 kg/mol; A4 is Debye-Huckel constant
for the osmotic coefficient, which is 0.391; I, is ionic strength in mole fraction, which equals
0.5 x;z?, where x; is mole fraction of any species in the mixed desiccant solution, and z; is
corresponding absolute value of ionic charge ; y is the closest approach parameter of the Pitzer-
Debye-Huckel equation, which is 14.9.

For the LiCI-CaClx desiccant, Eq. (6-5) can be derived to:

InfERC = 5,829 x Mt Hcacly (6-6)

1+14.9(xic1+3Xcaciy) /?

The short-range interaction in LiCI-CaCl; electrolyte can be expressed as:

lTlfSRC = (—x )ZATLiCl,waiCl+4BTCaClz,waaClz 2ATiciwXLicit4BTcacl, wXcacly
w — T tw 2
(2Ax1ic1+4Bxcact, +*w) 1+(24-2)xic1+(4B—3)Xcacl,

+ (xpiciA") X

!
TwriciXLici+2[C (Tw Lici—Tcaciy Lict) +2Tw,Licl)

XCacCly '
+ (2B'x X
[(1-24"x1ic1+(2C"+2-34 ) xcacr, +A'] ( CaClz)

[C (TW,Caczz —TLicz,Caaz)+Tw,CaClz]xLicz+2Tw,CaClz Xcacl,
[(C+1-2B")xpici+(2—3B") +B’]2
XLicl XCacCly

+ (x4 X

C(Tw,cact, ~TLiclCacly )XLict+2Tw,Cacl XCacly
(Cxpici+2xcact, +B'*w)?

!
Tw,rictXLici+2C (Tw Lici=Tcaciy Licl)Xcacly

'Xcacl 12w )’
(xpici+2c 2+4"%w)

+ (2B'x¢qc1,) X

(6-7)
Where A, B,C,A’, B" and C’ represent:
A = e(=02TLicLw)
B = e(=02%caci,w)
C = e(~%2%Licicacty)
A’ = e(=027y Lic)
B’ = ¢(~0-2twcacly)
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C' = e(79-2%caciy Lic)

Where Tpiciw, Teactyw s TwLicts Tw,cacly » Trictcact, aNd Teqcr, Lici are binary interaction

energy parameters, which are given at 25°C and listed in Table 6-1.

Table 6- 1 Parameters of binary interaction energy for mixed solution activity coefficient

calculation (25°C) [167]

parameter  Tpiciw Tcacl,w Tw Licl Twcacl, TLiclLcacl, TcaClyLicl

value -5.1737 -5.2549 10.1242 105126 O 0

For the binary interaction energy parameters at different temperatures, the following

correlation should be applied [167]:

298.15
() = 727315 L(25°0) (6-8)

Where 7,5 is binary interaction energy parameter at 25°C as given in Table 6-1.

In Eq. (6-7), x1ic; and x¢qc;, are mole concentrations of LiCl and CaCl respectively, and there
exits such a relationship:

Xict + Xcact, T Xw =1 (6-9)
Then the mixed solution vapour pressure P, g,;, can be obtained by solving Egs. (6-1) - (6-9).
Once P, 4, is obtained, the solution specific humidity ratio W, (kg/kg dry air) can be

calculated by [214]:

W,,, = 0.62198 2L (6-10)

—Fuy,sol
Where P is atmospheric pressure (Pa).
The other mixed solution properties, for example density and specific heat capacity, are

calculated using the simple mixing role (SMR) method. This method is explained as below:
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Any property of mixed solution S containing solution a and solution b can be calculated by:
S =Sa¢Pa + SpPp (6-11)
Where S, and S, are properties of each component, and ¢, and ¢,, are mass fractions of each

component, so there is:

Yo+ @p=1 (6-12)
6.3 Numerical modelling

The numerical modelling method used for the mixed solution dehumidification is the same as

that used for the pure solution system as explained in Chapter 3, Section 3.2.

6.4 Performance evaluation indices

6.4.1 Effectiveness of dehumidifier

The effectiveness as a critical index applied for the performance evaluation of a heat and mass
exchanger has been applied for performance evaluation in previous chapters. Thus in this
chapter, sensible effectiveness ( &s.,,) and latent effectiveness (&) are used for the

dehumidifier performance evaluation:

Esen — Tair,in_Tair,out (6'13)
air,in™ 4 sol,in

Elat — Wair,in_Wair,out (6-14)
Wair,in_Wsol,in

Where Ty oue IS air outlet temperature (°C), and Wy oy 1S air outlet humidity ratio

(kg/kg dry air).
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6.4.2 Moisture flux rate

The moisture removal rate (MRR) is an evaluation of the quantity of moisture absorbed by dry
air from the weak liquid desiccant during regeneration, or the quantity of moisture in moist air
absorbed by the strong liquid desiccant during dehumidification. For the dehumidifier, it is
expressed as:

MRR = gy (Wair,in — Wair,out) (6-15)

Afterward, the moisture flux rate (MFR) is presented:

MFR = MRR _ mair(Wair,in_Wair,Out) (6-16)
UnA UmA

MFR has been used for the performance evaluation of regenerator and the complete system in
Chapter 4 and 5. It is the ratio of moisture removal rate MRR over the membrane overall mass
transfer conductance. In this study the MFR is used for performance analysis rather than the
MFF since compared with the MRR, the MFR is independent of the dehumidifier size and it is

only related to inlet state.
6.4.3 Coefficient of performance (COP)

The COP of the membrane-based liquid desiccant dehumidification system can be defined as:

COP = QsentQiat (6-17)

reg

Where Qgen, Qiqr and Q4 are sensible cooling output, latent cooling output and regeneration

power input (kW) respectively, which can be calculated by:

Qsen = maircp,air (Tair,in - Tair,out) (6'18)
Qiat = MRR X hfg = mairhfg (Wair,in - Wair,out) (6-19)
Qreg = msolcp,sol(Treg - Tsol,out) (6'20)
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Where T, 0 is solution temperature at the dehumidifier outlet (°C), T,..4 is required solution

temperature at the regenerator inlet (°C).

6.5 Experimental set-up

The experimental rig used for the mixed solution dehumidification system is the same as that
used for the pure solution dehumidification system as illustrated in the previous Chapter. The

schematic diagram of the system is shown in Fig 6-1.
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Fig 6- 1 Schematic diagram of the mixed solution dehumidification system

Detailed explanation of the operation of the experimental testing has been given in the previous
chapter. It should be mentioned that to make the mixed solution with the specific mixing ratio
and concentration, firstly the mixing ratio is achieved at a low concentration, then more LiCl
and CacCl, are added to the mixed solution to increase its concentration. For example, to make
a 1:1 mixed solution, the same amounts of LiCl and CaCl> are added into water to make a 30%

mixed solution. Then the water remains unchanged, more LiCl and CaCl, with the same
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amount are added into the solution to increase its concentration (e.g. 36% and 39%). This

procedure is also used for the other mixing ratios.

6.6 Numerical model validation

The numerical model and NRTL method are validated by experimental data. The experiment
process consists of two stages, and total 28 tests under different designed operating conditions
have been completed in this study. At first, 15 tests are carried out to verify the sensible and
latent effectiveness. The operating conditions, together with numerically obtained and
experimentally collected values of the effectiveness are given in Table 6-2. Another 13 tests
are conducted in the second stage to validate the moisture flux rate. The solution and air mass
flow rates are kept constant through all the tests for the same m* and NTU. The moisture flux
rate comparisons between the numerical calculations and the experimental data are given in
Table 6-3.

It can be seen in Table 6-2 that the simulation results of &, and &, generally are in
accordance with the measurement data. The maximum discrepancies for &, and g;,; are
3.679% and 6.257% respectively. The maximum difference for the MFR is 15.510% as
indicated in Table 6-3. As seen, generally the numerical model predicts the heat and moisture
transfer in the dehumidifier well. The numerical modelling results are in good agreement with
experimental data, and they have similar variation trends. This means the developed numerical
model with the NRTL method predicts the system performance accurately and can predict the

characteristics of this system rather successfully.
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Table 6- 2 Sensible and latent effectiveness under various designed operating conditions,

comparison of numerical and experimental results

Designed operating conditions Comparisons

Tsotin | Csol,in N Mair | Msol Error Error

(°C) (%) Licl CaCl2 (kgls) | (kg/s) Esen,num Esen,exp (%) €lat,num Elatexp (%)
16 30 1 0 0.0495 0.099 0.8604 0.838 2.603 0.7012 0.687 2.025
16 30 2 1 0.0495 | 0.099 0.8555 0.825 3.565 0.7486 0.714 4.622
16 30 1 1 0.0495 0.099 0.8530 0.832 2.462 0.7807 0.739 5.341
16 30 1 2 0.0495 | 0.099 0.8504 0.829 2.516 0.8216 0.803 2.264
16 30 0 1 0.0495 0.099 0.8448 0.815 3.527 0.9454 0.894 5.437
16 36 1 0 0.0495 | 0.099 0.8479 0.818 3.526 0.7658 0.732 0.414
16 36 2 1 0.0495 | 0.099 0.8427 0.813 3.524 0.8046 0.785 2.436
16 36 1 1 0.0495 | 0.099 0.8399 0.809 3.679 0.8311 0.796 4.223
16 36 1 2 0.0495 | 0.099 0.8371 0.807 3.596 0.8658 0.818 5.521
16 36 0 1 0.0495 | 0.099 0.8310 0.808 2.768 0.9810 0.921 6.116
14 36 1 0 0.0495 | 0.099 0.8596 0.841 2.164 0.7738 0.760 1.783
14 36 2 1 0.0495 | 0.099 0.8548 0.830 2.901 0.8062 0.782 3.001
14 36 1 1 0.0495 | 0.099 0.8522 0.827 2.957 0.8282 0.799 3.526
14 36 1 2 0.0495 | 0.099 0.8496 0.826 2.778 0.8566 0.803 6.257
14 36 0 1 0.0495 | 0.099 0.8440 0.817 3.200 0.9486 0.893 5.861

Table 6- 3 Moisture flux rates under different designed operating conditions, comparison of

numerical and experimental results

Designed operating conditions Comparisons

Teolin (°C) C(f;l) Xiict | Xcace | Mair(kgls) | Msor (kg/s) MFR MFRexp Error (%)
16 24 1 1 0.0495 0.099 0.00396 0.0037 6.575
16 30 1 1 0.0495 0.099 0.00485 0.0041 15.510
16 36 1 1 0.0495 0.099 0.00571 0.0053 7.209
16 42 1 1 0.0495 0.099 0.00640 0.0058 9.425
12 36 1 1 0.0495 0.099 0.00609 0.0054 11.393
14 36 1 1 0.0495 0.099 0.00591 0.0056 5.288
16 36 1 1 0.0495 0.099 0.00571 0.0053 7.209
18 36 1 1 0.0495 0.099 0.00549 0.0048 12.570
16 36 1 0 0.0495 0.099 0.00573 0.00572 0.175
16 36 2 1 0.0495 0.099 0.00572 0.0057 3.197
16 36 1 1 0.0495 0.099 0.00571 0.00569 3.809
16 36 1 2 0.0495 0.099 0.00570 0.00566 7.886
16 36 0 1 0.0495 0.099 0.00569 0.00565 7.150
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6.7 Results and discussion

6.7.1 Specific humidity of the mixed desiccant solution

Instead of the surface vapour pressure, the equilibrium specific humidity of the mixed solution
is adopted to evaluate solution capability to absorb vapour since it is more straight-forward.
Based on Egs. (6-1) - (6-10), the specific humidity of the mixed desiccant solution is related to
its temperature, concentration and solute mixing ratio. The mixed solutions with concentration
of 15%, 30% and 42% are used in this study, and five different mass fraction ratios between
LiCl and CaCl; are adopted: 1:0 (pure LiCl solution), 2:1, 1:1, 1:2 and 0:1(pure CaCl; solution)
for each concentration. The variations of the solution specific humidity with temperature for

different mixing ratios under the three concentrations are plotted in Figs 6-2 — 6-4.
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Fig 6- 2 Mixed solution specific humidity variations with temperature for different mixing

ratios under Cg,; = 15%
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Fig 6- 4 Mixed solution specific humidity variations with temperature for different mixing

ratios under C,; = 42%

As shown in these figures, the mixed solution specific humidity increases with its temperature.
For the solution with the low concentration, its temperature influence is larger than that with
the high concentration. For example, under Cs,; = 15%, the specific humidity of the 1:1 mixed
solution is increased by 0.03051 (from 0.00297 to 0.03348) kg/kg when its temperature rises

from 0°C to 36°C. By contrast, it is increased by 0.0111 (from 0.00073 to 0.01183) kg/kg under
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Csor = 42% . In contrast, increasing the solution concentration can enhance the
dehumidification ability as well by reducing the solution specific humidity. Taking the 1:1
mixed solution as an example, its maximum specific humidity under C,,; of 15%, 30% and 42%
are 0.0335, 0.0202 and 0.0118 kg/kg respectively. Apart from Ts,; and Cs,;, the mixing ratio
is another important parameter influencing the solution specific humidity, which is the main
focus of this paper. According to Figs 6-2 — 6-4, the solution specific humidity decreases with
LiCl mass fraction at the given concentration and temperature, this is because pure CaCl>
solution always has the higher specific humidity compared with pure LiCl solution. It is noticed
that the influences of the solution temperature, concentration and mixing ratio are interacted
with each other. Under the same concentration, the impact of the mixing ratio is insignificant
when the solution temperature is relatively low. For example, under Cs,; = 42%, the specific
humidity difference between LiCl and CaClz solutions at 36°C is 0.01185 kg/kg, while the
difference is only 0.00213 kg/kg at 12°C. Furthermore, the influence of the mixing ratio
increases with the solution concentration, which is illustrated in Fig 6-5. It can be seen that the
specific humidity difference between LiCl and CaCl, solutions under 15% is much smaller than
that under 42%, meaning the mixing ratio has more significant influence on the solution
specific humidity under the high concentration. The solution with high concentration is
preferred in dehumidification, increasing LiClI mass fraction leads to the significant

performance improvement.
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Fig 6- 5 Mixed solution specific humidity variations for pure LiCl and CaCl; solutions under

different concentrations
6.7.2. Impact of the mixed solution property on cooling effect

To cool the supply air in the dehumidifier is of vital importance since the air with low
temperature can save energy used for the subsequent cooling. The cooling effect is evaluated
by the sensible effectiveness introduced in Section 6.4.1. The variations of the sensible
effectiveness with the mixing ratio under various solution concentrations and temperatures are

given in Figs 6-6 and 6-7.
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Fig 6- 6 Sensible effectiveness changes with the mixing ratio under different solution
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Fig 6- 7 Sensible effectiveness changes with the mixing ratio under different solution

temperatures

It is noticed from these two figures that the sensible effectiveness increases with LiCl mass
fraction in the mixed solution, but very weakly. For instance, for the 42% concentration
solution, its sensible effectiveness only increases by 2.18% (from 0.8209 to 0.8388) when the
mixing ratio (LiCl:CaClz) changes from 0:1 to 1:0. Similarly, at the solution temperature of
18°C, the sensible effectiveness also increases by 2.28% (from 0.8144 to 0.833) when the
mixing ratio changes from 0:1 to 1:0. The dehumidification capacity increases with LiCl mass
fraction as well, meaning more latent heat is released. However the sensible effectiveness
increases slight rather than being deteriorated. A reasonable explanation for this is given as
follows. The air temperature change is induced by two parts: sensible temperature decrease and
temperature increase caused by the released latent heat. It can be expressed by:

AT = AT, — ATy (6-21)
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Where AT is temperature change of the air; AT,,, is sensible temperature decrease caused by
the temperature difference between the solution and air; AT),; IS temperature increase caused

by the latent heat during dehumidification. It can be further derived as:

AT = AT,,, — —2at (6-22)

Cp,solmsol

Where Q. is latent heat released (kW), and it increases with LiCl mass fraction. However, in

Qiat

the meanwhile c,, ,, is increased as well. As a result, is slightly decreased due to this

Cp,solMsol

combined effect and AT is enhanced. Then based on the definition of the sensible effectiveness,
it is increased to a small extent.

The influence of the solution concentration on the sensible effectiveness is reflected in Fig 6-
6. Under the same mixing ratio, increasing the solution concentration leads to the sensible
effectiveness decrease. The sensible effectiveness at C,,; = 24% is the highest, while it is the
lowest at Cs,; = 42%. As explained in the previous section, the higher solution concentration,
the lower solution specific humidity. Thus the latent heat released during the dehumidification
is increased, the cooling effect is reduced based on Eq. (6-22). With regard to the solution
temperature, it has negative effect on the sensible effectiveness as well, as displayed in Fig 6-
7. The highest sensible effectiveness is at 12°C, while it reaches the lowest at 18°C. This is easy
to understand since increasing the solution temperature will significantly reduce the
temperature difference between the solution and air, the heat transfer potential is decreased as

well. This leads to the sensible effectiveness decrease.
6.7.3 Impact of the mixed solution property on dehumidification effect

Dehumidification is the key function of the heat and mass exchanger. Similar to cooling effect,

the dehumidification effect is also closely related to the solution properties: concentration,
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temperature and mixing ratio. The influences of the solution mixing ratio on the latent

effectiveness under various concentrations are plotted in Fig 6-8.

1.00
0.95 |
0.90 |
w
w
Q
5 085}
R
2
e 0.80
(5]
=
(5]
= 075 F
.
0.70 | 249, ——30%
36% ——A—42%
0.65 - 36% Exp. Data
& 30% Exp. Data
0.60 . 1 1 ] |

1:0 2:1 1:1 1:2 0:1
Mixing ratio (LiCl:CaCl,)

Fig 6- 8 Latent effectiveness changes with mixing ratio for different solution concentrations

Firstly, the impact of the solution concentration on the latent effectiveness is explored. As
clearly illustrated in Fig 6-8, the higher solution concentration, the better the system
dehumidification effect. For example, for the solution with a mixing ratio of 1:1, its latent
effectiveness increases by 18.69% (from 0.7309 to 0.8675) when C,,; changes from 24% to
42%. For the 2:1 mixed solution, its latent effectiveness increases by 21.94% (from 0.6945 to
0.8467) when Cj,,; varies from 24% to 42%, and the similar cases are found for the other mixing
ratios. This can be reflected by the variations of the moisture flux rate (MFR) and air outlet

specific humidity (Wi, oy¢) With the solution concentration as well.

215



0.010 0.007
4 0.006
0.008
_ 4 0.005
> 0.006
g ’ 4 0.004 .
ey e
= ~
=) 4 0.003
~0.004 |
= 4 0.002
0.002 L " Wair.om ]
+—MFR 4 0.001
¢ MFR Exp. Data
0.000 L L 1 L 0.000

24% 30% 36% 42%
Mixed solution concentration (%)

Fig 6- 9 Impact of solution concentration on MFR and W, ¢

The effects of the solution concentration on the MFR and W, ,,,+ are shown in Fig 6-9 for a
mixing ratio of 1:1. It can been seen from this figure that the MFR increases by 61.7% (from
0.00396 to 0.0064) when the solution concentration varies from 24% to 42%. In the meanwhile
Wair.our reduces from 0.00969 kg/kg dry air to 0.00475 kg/kg dry air, meaning the
dehumidification effect is considerably improved. This can be explained by the variation of the
solution specific humidity with its concentration. As mentioned previously, the solution
specific humidity decreases with its concentration. Therefore, the mass transfer potential
between the solution and air is improved, so the MFR increases. As for the latent effectiveness,
based on its definition given in Eq. (6-14), although the solution inlet specific humidity is
decreased, the significant rise of the humidity difference between the inlet and outlet air still
improves the latent effectiveness. As shown in Fig 6-8, the influence of the solution
concentration becomes weak with CaCl, mass fraction in the mixed solution. For example, for

pure LiCl solution, the latent effectiveness can be improved by 27.7% (from 0.6393 to 0.8164)
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when the solution concentration varies from 24% to 42%. By contrast, for pure CaCl solution,
it is increased by 10.98% only (from 0.8955 to 0.9938).

Apart from the solution concentration, its temperature should be taken into consideration as
well since it is closely related to the mixed solution surface vapour pressure. The changes of
the latent effectiveness with the mixing ratio under different solution temperatures are plotted
in Fig 6-10, while the variations of the MFR and Wy;; o, With the solution temperature are

shown in Fig 6-11.
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Fig 6- 10 Latent effectiveness changes with mixing ratio for different solution temperatures

0.010 0.007

- 0.006
0.008 |
—_ - 0.005
B
=
£ 0.006 -
: ? 4 0.004
2 £
= - 0.003
Z 0004 1 0.00
= 4 0.002
0.002 " Wair.oul
> FA ol
MFR - 0.001
¢ MFR Exp.Data
0.000 L L L L 0.000

12 14 16 18
Mixed solution temperature (°C)

Fig 6- 11 Impacts of solution temperature on MFR and Wy;; ou¢

217



As indicated in Fig 6-10, the solution temperature has different effects on the latent
effectiveness under different mixing ratios. For the LiCl:CaCl>=1:0 solution, the latent
effectiveness is high at low temperature. For the LiCl:CaCl,=1:2 and 0:1 solutions, increasing
the solution temperature can improve the latent effectiveness. For the LiCl:CaCl,=2:1 and 1:1
solutions, the influence of the solution temperature on the latent effectiveness is negligible. For
example, for the LiCl:CaCl,=2:1 solution, the maximum difference of the latent effectiveness
at the measured temperature range is only 0.0048 (the maximum value is 0.8085 at T,,; = 12°C
while the minimum value is 0.8037 at T,,; = 18°C). As explained previously, the lower
solution temperature, the lower solution specific humidity, thus the mass transfer potential
between the solution and air is increased. In the meanwhile, the solution inlet specific humidity
is decreased, so the air humidity difference between the air at outlet and inlet is increased and
the system dehumidification ability is improved. With referring to Eq. (6-14), both the
numerator and denominator are increased, this combined effect would lead to different
influences on the latent effectiveness. However, if only the amount of moisture being absorbed
in the dehumidifier is considered, the system will benefit greatly from decreasing the solution
temperature. This is reflected in Fig 6-11 as well, where the MFR and W, o, Variations with
the solution temperature for the solution with the mixing ratio of 1:1 are plotted. As can be
seen from Fig 6-11 that the MFR is raised by 11% (from 0.00549 to 0.00609), and the W, ¢
is decreased by 18.52% (from 0.006598 to 0.005376 kg/kg dry air) when the solution
temperature reduces from 18°C to 12°C.

Finally the influence of the mixing ratio on the dehumidification effect is investigated. For a
better understanding of the mixing ratio effect, the MFR and Wy, o, Variations with the

mixing ratio are plotted in Fig 6-12.
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Fig 6- 12 Influences of solution mixing ratio on MFR and W, oyt

LiCl has been proved to have better moisture absorbing ability compared with CaClz, and this
is in accordance with the results shown in Fig 6-12. In this figure, the mixed solution
concentration and temperature are maintained at 36% and 16°C respectively. When CaCl, mass
fraction increases from 0O to 1, the MFR is reduced from 0.00573 to 0.00569, while the W, ¢
is increased from 0.00611 to 0.0062 kg/kg dry air. This is because the specific humidity ratio
of pure CaCl; solution is always higher than that of pure LiCl solution under the same
concentration and temperature. However, it should be pointed out that the mixing ratio has less
impact on the dehumidification ability compared with the solution concentration and
temperature. In Figs 6-9 and 6-11, the MFR can be improved by 61.7% and 11% respectively
by increasing concentration from 24% to 42%, or reducing temperature from 18°C to 12°C. By
contrast it is only improved by 1.63% by increasing LiCl mass fraction from 0 tol. With regard
to the latent effectiveness, both Fig 6-8 and Fig 6-10 reveal that the latent effectiveness
increases with CaCl2 mass fraction. According to Eqg. (6-14), the numerator would be

decreased with CaCl, mass fraction, so less moisture is absorbed. However the solution inlet
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specific humidity W, i, is increased as well, which leads to the decrease of the denominator.

This offsetting effect finally improves the latent effectiveness.

6.7.4 Impact of the solution mixing ratio on system COP

The previous sections are about impact of the main solution properties on the cooling and
dehumidification effects. In this section, the system energy efficiency is evaluated by applying
the COP analysis. According to Eq. (6-17), the COP is closely related to the system sensible
and latent cooling outputs, and the heat input for regeneration. First of all, the regeneration heat

input Q4 is assessed.

Q,, (kW)

Qreg (kW)

Ceacr

Fig 6- 13 Variations of Q.4 with contents of LiCl and CaCl; at 16°C

The relationship between Q,., and the solute content at the mixed solution temperature
Tso1in = 16°C is reflected in Fig 6-13. It is noticed that when the mixed solution concentration
increases, Qr.g4 tends to decline. For instance, Q.4 varies from 0.286 to 0.326 kW for the 20%
solution when LiCl mass fraction changes from 0 to 0.4, while it varies from 0.255 to 0.295
kW for the 30% solution, and from 0.225 to 0.266 kW for the 40% solution respectively. The

system dehumidification effect is improved by applying the high concentration solution, as a
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result more latent heat is released during this process, the solution outlet temperature is
increased. For example, Ts,; oy fOr the 1:1 mixed solution at 20% concentration is 21.84°C,
while it is 23.11°C at 30% concentration and 24.31°C at 40% concentration. Then based on Eq.
(6-21), the temperature difference between Ty 0y and Treq is narrowed, meaning the less
energy is required for regeneration. With referring to the influence of the solute content again,
as shown in Fig 6-13, Q,..4 reduces significantly with CaCl, mass fraction in the mixed solution.
This seems to be inconsistent with the impact of the solution concentration, as increasing CaCl;
can reduce the latent heat transfer, which reduces T, 5, . However, it should also be noted
that when CaClz mass fraction is increased, the air cooling effect is reduced, thus T, ¢ Will
be increased. This combined effect leads to the rise of Ty, ,,¢. Taking the 40% solution as an
example, Tgo 0y increases gradually from 24.03 °C to 24.76 °C when Cq¢y, Varies from 0 to

0.4. So the heat input for regeneration is reduced.
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Fig 6- 14 Variations of COP with contents of LiCl and CaCl; at 16°C

Afterwards the relationships between the COP and solute content are plotted in Fig 6-14.
Obviously the COP differences among various mass fractions are dramatic, and can be

significantly increased by raising the solution concentration. The maximum COPs for the 20%,
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30% and 40% solutions are 0.413, 0.56 and 0.749 respectively. The sensible heat output is
decreased slightly with the solution concentration, this is due to more heat released during the
dehumidification. The latent heat output is increased due to the better dehumidification effect,
and Q4 is reduced as discussed previously. So the dramatic difference of the COP between
different concentrations is easily understood.

Then the influences of the solute contents on the system COP are explored. As discussed in
Sections 6.7.2 and 6.7.3, increasing CaCl, mass fraction will reduce both the cooling and
dehumidification effects due to the increased Ty, oy and reduced MFR. This is reflected in
Fig 6-15 where Tg;,. 0y increases from 17.95°C to 18.57°C, and the MFR decreases from
0.0082 to 0.0063 when CaClz mass fraction changes from 0 to 0.3. As a result, both Q,,,, and
Q1q¢ are reduced. In the meanwhile Q... is reduced as well due to the increased solution outlet
temperature. This is also illustrated in Fig 6-15 that T, 4, increases from 22.83°C to 23.61°C

when CaCl, mass fraction changes from 0 to 0.3.
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Fig 6- 15 Variations of T, ou¢, Tair,our @Nd MFR with CaCl2 mass fraction
The variations of the total cooling output (the sum of the sensible and latent cooling output)
and Q.4 With CaCl> mass fraction for the 30% solution are shown in Fig 6-16. It can be noticed
that the total cooling output decreases from 0.163 to 0.108 kW as CaCl, mass fraction rises
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from 0 to 0.3, while Q,4 decreases from 0.294 to 0.255 kW. As a result, the system COP
initially increases with CaCl. mass fraction, then drops off afterwards.
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Fig 6- 16 Variations of total cooling output and Q,.., with CaCl, mass fraction for 30%
desiccant solution
Compared with pure LiCl solution, the system COP can be improved by adopting the mixed
solution. For the 20%, 30% and 40% solutions, the system COPs can be increased by 28.13%,
30.23% and 15.38% respectively compared with pure LiCl solution. For the 20% solution, the
system COP peaks at 0.413 when LiCl:CaCl»=3:1. But for the 30% solution, the COP peaks at
0.56 when LiCl:CaCl,=2:1, while for the 40% solution, its COP peaks at 0.749 when
LiCl:CaCl>=1:1. Thus under different solution concentrations, the optimum mixing ratio for
the highest COP is different, and the higher the solution concentration, the more CaCl shall be
added. This is useful for selecting the optimum mixing ratio under different concentrations.
Currently the LiCl price in the UK is 40£/kg, while the CaCl> price is only 1.5£/kg. Considering
the price difference between LiCl and CaCl,, applying the mixed solution can not only increase

the system efficiency but also save material cost as well.
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6.8 Summary

In this chapter, the effects of the mixed LiCl-CaCl> desiccant properties on the performance of

a membrane-based dehumidification system are analysed. The finite difference method is used

to develop the governing equations in the numerical simulation, and the NRTL method is

applied for the mixed solution property calculation. The experimental tests are carried out to

validate the numerical modelling. The maximum discrepancies for &g, and g;,+ are 3.679%

and 6.257% respectively, and the maximum difference for MFR is 15.510%. The optimum

mixing ratio is identified based on the system COP analysis. The main conclusions are given

as follows:

The specific humidity of the mixed solution can be reduced by decreasing its
temperature, increasing its concentration, and applying the solution with high LiCl
content.

The effects of the solution temperature, concentration and mixing ratio interact with
each other. Under the same concentration, the mixing ratio influence is insignificant
when the solution temperature is relatively low. The mixing ratio has more significant
effect at the high concentration.

The system cooling performance can be enhanced by applying the mixed solution with
low concentration, temperature and CaCl> content, while its dehumidification capacity
can be increased by using the strong and cool solution. Increasing LiCl content can
improve the dehumidification effect, but its influence is relatively weak compared with
the solution concentration and temperature effects.

The regeneration heat Q,.4 can be dramatically saved, and the high system COP can

be achieved by increasing either the solution concentration or CaCl> content.
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Compared with the pure LiCl solution system, the mixed solution system COP can be
raised up to 30.23% by increasing CaCl> content at a 30% solution concentration. The
system COP initially increases with CaCl; content, then drops off.

The optimum mixing ratio varies with the solution concentration. For the LiCI-CaCl>
solution, the highest COPs appear at the mixing ratios of 3:1, 2:1 and 1:1 for 20%, 30%
and 40% concentrations respectively. More CaCl, shall be added to the high

concentration solution for achieving the better performance.
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Chapter 7: Conclusions and future work

7.1 Introduction

The membrane-based liquid desiccant dehumidification air-conditioning system provides
occupants with significant physical, environmental and economic benefits compared to the
traditional air-conditioning systems. The main aim of the thesis is to develop and evaluate a
novel membrane-based liquid desiccant dehumidification air-conditioning system, which
includes two main units: dehumidifier and regenerator. These two units, and the integrated
complete dehumidification system have been investigated. Moreover the effects of mixed LiCl-
CaClz solution on the system performance have been evaluated and a method for selecting
optimum mixing ratio has been proposed. Both numerical and experimental methods have been
adopted for a rigorous and analytical piece of work. Based on the simulation and experimental
results, this thesis has proved the design concept of the membrane-based liquid desiccant
dehumidification system, which thereby provides an evident contribution to new knowledge in
the field of the desiccant dehumidification technology. To produce a coherent conclusion of
the thesis, this chapter consists of two sections: section 7.2 summarises the main findings from
each chapter by revisiting the thesis aim and objectives, and section 7.3 proposes the

recommendations for future work.
7.2 Main conclusions

The preceding six chapters have sought to achieve the main aim of the thesis by accomplishing
the thesis objectives as presented in Section 1.2. In this section, main findings of this thesis are

presented.
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1)

2)

The first objective: “Literature review on technologies related to the liquid desiccant
dehumidification system to give a comprehensive background and evaluation of current
available literature on the topic. More importantly, to highlight the research gaps in
the existing literature of the membrane-based liquid desiccant dehumidification system”
has been achieved in Chapter 2. Through extensive review of literatures on
dehumidifier, regenerator, desiccant and membrane materials and mathematical
modelling methods, it has been found that most of the investigations on the liquid
desiccant dehumidification system are through experimental analysis. Limited
numerical analyses focuse on the heat and mass transfer mechanism, or the system
performance under limited conditions. Comprehensive parametric studies on the
membrane-based dehumidifier and regenerator performance using finite difference
method have not been explored widely yet. With regard to the complete
dehumidification system, based on the literature review it was assumed that supply and
exhaust side exchangers are coupled with aqueous salt solution flowing in a closed loop
in most previous literatures. Furthermore, no previous work has been reported on the
performance evaluation using mixed LiCIl-CaCl. solution through numerical modelling.
The second objective: “Numerical and experimental analysis of the membrane-based
dehumidifier under various conditions and the performance evaluation based on the
simulation and experimental results” has been achieved in Chapter 3 through numerical
modelling using finite difference method and experimental tests. It has been found that
mass flow rate ratio m*and number of heat transfer units NTU are two of the most
important parameters influencing the dehumidifier effectiveness. Although all
effectiveness increase with m*and NTU, their increasing gradients hardly change when
m*and NTU exceed m,,;; and NTU,; respectively, which are 1 and 4 respectively in

this study. Effects of m* and NTU on the system performance are interacted with each
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3)

other: there is hardly benefit to the system performance improvement by increasing m”*
at low NTU , especially for the latent effectiveness. By contrast, no obvious
performance enhancement is achieved by increasing NTU at low m*, especially for the
sensible effectiveness. The sensible effectiveness is insensitive to both T,; and Cs,;,
while the latent effectiveness increases significantly with C,,; at a high solution
temperature. The system shows broad adaptability in different weather conditions by
providing relative stable state supply air, in particular at high NTU.

The third objective: “Numerical and experimental analysis of the membrane-based
regenerator under different conditions and the performance evaluation based on the
simulation and experimental results” has been accomplished in Chapter 4 through
numerical modelling by finite difference method and experimental tests. Membrane-
based regenerator has the same structure as membrane-based dehumidifier, but with
reversed heat and mass transfer directions and different working conditions. It has been
found that similar to dehumidifier, NTU and m* have the most significant effects on
the regeneration performance, and their effects are interacted with each other. There is
hardly benefit to the performance improvement by increasing NTU at low m”*(e.g.
lower than 1). By contrast, no obvious performance enhancement is achieved by
increasing m* at low NTU (e.g. lower than 2). The increasing gradients of regenerator
effectiveness hardly change when NTU and m* exceed NTU,,;; and m,;;, Which are
4 and 2 respectively in this study. Neither T,;; ;,, nor Wy, i, has remarkable influence
on the regeneration performance, though the solution re-concentration ability can be
enhanced slightly by applying drier and warmer air. Regenerator can benefit from
increased solution temperature as enhanced re-concentration (0.8% increase of MFR)
and cooling effects (13.7% increase of TDR). However this means more cooling energy

is required for the high temperature desiccant solution.
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4)

5)

The forth objective: “Development of a complete membrane-based liquid desiccant
dehumidification system by integrating both dehumidifier and regenerator, and to
investigate effects of various operating conditions on the complete system performance
through simulation and experimental data” have been achieved in Chapter 5. Through
the experimental data and the numerical model for the complete membrane-based liquid
desiccant dehumidification system including a dehumidifier, a regenerator, and hot and
cooling water supply systems, it has been found that NTU,;, and m* have the most
considerable impact on the complete system performance, while the influences of
NTU,, and Cy, i, are comparatively weak. The system overall sensible and latent
effectiveness can be improved by increasing NTU,, before its critical value of 6.

However the total amount of moisture being absorbed, total cooling output Q ye1ing

and COP decrease with NTU,,, for the reduced air mass flow rate. The critical values
of m* vary under different NTUSs, and it is preferable to keep m* at or below critical
values as further increasing solution flow rate would reduce system COP. The latent
cooling output Q;,; is normally two times higher than the sensible cooling output Q.
under all circumstances. Considering it is not practical to pre-cool the desiccant solution,
further cooling, such as indirect evaporative cooling is required after the
dehumidification. Improving the solution inlet concentration is more applicable
approach to improve the system dehumidification and energy performance compared
with reducing solution temperature. However the problem of crystallization should be
avoided when applying high concentration solution.

The fifth objective: “Investigation on effects of mixed LiCI-CaCl, solution on the system
performance, and to provide an optimum mixing ratio selection method based on the
mathematical model and experimental data” has been accomplished in Chapter 6 by

combining finite difference method and electrolyte non-random two-liquid (NRTL)
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method. It has been found that the system cooling performance can be enhanced by
applying the mixed solution with low concentration, temperature and CaCl content,
while its dehumidification capacity can be increased by using the strong and cool
solution. Increasing LiCl content can improve the dehumidification effect, but its
influence is relatively weak compared with the solution concentration and temperature
effects. The regeneration heat Q,., can be dramatically saved, and the high system
COP can be achieved by increasing either the solution concentration or CaCl> content.
Compared with the pure LiCl solution system, the mixed solution system COP can be
raised up to 30.23% by increasing CaCl> content at a 30% solution concentration. The
system COP initially increases with CaCl» content, then drops off. The optimum mixing
ratio varies with the solution concentration. For the LiCI-CaCl; solution, the highest
COPs appear at the mixing ratios of 3:1, 2:1 and 1:1 for 20%, 30% and 40%
concentrations respectively. More CaCl shall be added to the high concentration
solution for achieving the better performance.

The sixth objective: “Recommendations for the future work” is presented in next section.
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7.3 Recommendations for future work

Based on the major findings as presented in the previous section, recommendations for the
future work of the membrane-based liquid desiccant dehumidification system are presented as
follows:

1) The work presented in Chapter 3 and Chapter 4 has discussed the impact of various
operating parameters, such as dimensionless parameters, solution properties and air
properties on the dehumidifier and regenerator performance. However, due to the
limitations in research time and finance support, the impact of using different
membrane materials has not been investigated yet. As discussed in Section 2.5.2, many
advanced materials have been developed recently and using different types of
membrane materials could bring significant system performance difference. Future
research would focus on the detailed heat and mass transfer mechanism through more
complex structure of advanced membrane materials.

2) The performance and energy analysis of the complete system have been presented in
Chapter 5. However, only regeneration energy and system COP are used as criteria for
energy analysis. For a more comprehensive performance evaluation, assessments with
regard to exergy, economic and environment need to be discussed. More importantly,
more analysis should be conducted in the future work regarding the difference of annual
electricity consumption or annual CO: production between membrane-based liquid
desiccant dehumidification system and traditional system.

3) The finite difference method is applied to analyse the heat and mass transfer in
dehumidifier and regenerator. However, only temperature and concentration profiles

are obtained from governing equations for investigation. For better understanding of
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4)

5)

6)

the system, velocity and pressure profiles should be calculated in the future by
establishing more complex Naiver-Stokes equations and solved by applying CFD.
Due to limitation in time for the testing rig development, only the data at inlets and
outlets are used for the numerical model validation. Though the entire temperature and
concentration fields are obtained by numerical modelling, they are not validated
entirely by experimental tests. Thus the future work would consider constructing
dehumidifier and regenerator with better structure design that sensors could be placed
inside solution and air channels.

The latent heat generated in the dehumidifier could negatively affect the system
performance for the current design. So the cooling system of solution in the
dehumidifier could be designed in the future.

The diluted solution is regenerated by an electrical boiler in this study. In the future,
the low-grade energy sources such as solar thermal boiler or ground-source heat pump
could be integrated to the dehumidification system to make the complete system more

sustainable and improve the performance further.
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Appendices

Appendix A: Normalization Methods for Governing Equations of

Numerical Modelling

In this appendix, the normalization methods for governing equations are presented.
Dehumidifier is taken as the example.
1. Solution side energy equation normalization

The governing equation of energy conservation in the solution side is:

(msol . aTsol

L W ) Cp,sol) “dxdy = [U(Tair — Tso) + hfg ) Um(Wair - Wsol,mem)]dxdy

Then we define some dimensionless parameters:

Wsol,in - Wair,in hfg

h* =
Tsol,in - Tair,in Cp,air
Cr = (TY'le)air
(mcp)sol
UA
NTU = ———
(mcp)air
U,A
NTU,, = =
air
x* ==
L
Y
Y T H
T* = T - Tair,in
Tsol,in - Tair,in
W — Wy i
W* = air,in

Wsol,in - Wair,in
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Then the governing equation can be derived as:

Msor 0T 5ol _ (mcp)airNTU * * MairNTUnm, %
L ay ' CP.Sol - LH (Tair - Tsol)(Tsol,in - Tair,in) + hfg LH Wair —

Wsol,mem*)(Wsol,in - Wair,in)

Times —=— for both sides:
(mcp)sol
TSOl * * Cr * *
dv* = NTucr(Tsol,in - Tair,in)( Tair - Tsol) + hfg NTUm(Wair - Wsol,mem )
y Cp,air

(Wsol,in - Wair,in)

H — L* (T l,'n_T 'r,i) H H .
Substitute hyy = h*Cp 4y m into the above equation:

aTsol _
ay*

NTUmh*CT(Wair* - Wsol,mem*) - NTUcr(Tair* - Tsol*) =0

2. Solution side mass equation normalization
The governing equation of moisture conservation in the solution side is:

Myesi 0Xso1
LeSl ’ a_;o ~dxdy — Uy, - (Wair - Wsol,men)dxdy =0

Then we define:

Wy = Wsol,in - Wair,in

Mynoisture
Xso1 = :
Myesi

Then the governing equation can be derived as:

mdesi . aXsol _ mairNTUm
L dy LH

(Wair* - Wsol,mem*)WO =0

. 0Xsor . .
Myesi a—;i — Mgy NTU, W (Wair - Wsol,mem ) =0
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aXsol
ay*

1 * *
— NTUp, Fwo(l + Xsol)(Wair - Wsol,mem ) =0

3. Air side energy equation normalization
The governing equation of energy conservation in the air side is:

mair . aTair
H dx

’ Cp,air + U(Tair - Tsol) =0
Then the governing equation can be derived as:

mairC ' aTair_l_ (mcp)airNTU
H P 9x LH

(T(;ir - Ts*ol)(Tsol,in - Tair,in) =0

0Tqir" * *
“oxr + NTU(Tair — Tso1 )=0
4. Air side mass equation normalization

The governing equation of moisture conservation in the air side is:

mair aVl/air
H 0x

+Up - (Wair - Wsol,men) =0

Then the governing equation can be derived as:

mair a]/Vair + mairNTUm

H Ox IH (Wair* - Wsol,mem*)WO =0

*
air

Ox*

+ NTUm(Wair* - Wsol,mem*) =0

5. Membrane surface heat transfer boundary equation normalization

The heat transfer boundary equation through the membrane is:
hsot(Tsormem = Tsot) = U(Tair = Tsormem) + RrgUm(Wair = Wsotmem)
Then we define:

hsolA

(mcp)air

NTUg,, =
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Then the governing equation can be derived as:

NTUsp(1hcy)
LH

(racy)  NTU
LH

ar (Tsol,mem* - Tsol*)( Tsol,in - Tair,in) =

* o
h (Tsol,in - Tair,in)cp,air . mairNTUm
Wsol,in - Wair,in LH

a' * _ ' * " _ . " i *
(T ir Tsol mem )(Tsol in Talr m) + (Walr

_Wsol,mem*)(Wsol,in - Wair,in)

NTUsol(Tsol,mem* - Tsol*) = NTU(Tair* - Tsol,mem*) + NTUmh*(Wair* - Wsol,mem*)

6. Membrane surface mass transfer boundary equation normalization

The mass transfer boundary equation through the membrane is:

Um(Wair - Wsol,mem) = hm,sol(csol - Csol,mem)

Then we define:

Then the governing equation can be derived as:

a”"LH = (Wair - Wsol,mem )(Wsol.in - Wair,in) =12 LH =2 (Cso1 — Csol,mem)

NTUmWO(WaiT* - Wsol,mem*) = NTUm.sol(Csol - Csol,mem)
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Appendix B: Matlab Script for Dehumidifier or Regenerator

Simulation

clear

$inlet conditions

T sol in=25; %$solution inlet temperature (C) (input value)
C _sol in=0.39; %solution inlet mass concentration (%) (input value)

X sol in=(1-C _sol in)/C_sol in; %$solution inlet mass ratio between water
and salt (%)

W sol in=psychro LiCl(T sol in,C sol in); %solution inlet humidity ratio
(kg/kqg)

T air in=30; %air inlet temperature (C) (input wvalue)

RH air in=70; %air inlet relative humidity (%) (input value)

W air in=humidityratio air(T air in,RH air in); %air inlet humidity ratio
(kg/kg)

NTU=12; $NTU (input value)

m mass_ flow ratio=2; %$solution mass flow rate over air mass flow rate

(input value)
m star=1/m mass_flow ratio; %air mass flow rate over solution mass flow
rate

rou air=1.29; %air density (kg/m3)01

rou sol=1247; %solution density (kg/m3)

%geometric peroperties
number of channels=11; S%number of channels

L=0.41; %$length of dehumidfiier unit (m)
H=0.21; %$height of dehumidifier unit (m)

d air=7.7e-3; %air channel thickness (m)

d sol=4.3e-3; $solution channel thickness (m)

L air=(4*d air*H)/(2*(d air+H)); %air channel hydrolic diameter (m)
L sol=(4*d sol*H)/(2*(d sol+H)); %$solution channel hydrolic diameter (m)
A=L*H* (number of channels*2-1); $total heat and mass transfer area (m2)

%heat transfer coefficients

Nu air=6.58; %air side Nusselt number

k air=0.03; %air side heat conductivity (W/mK)

h air=(Nu air*k air)/L _air; %air side convective heat transfer coefficient
(W/m2K)

Nu sol=7.74; S%solution side Nusselt number

k s0l1=0.53; %$solution side heat conductivity (W/mK)

h sol=(Nu sol*k sol)/L sol; %$solution side convective heat transfer
coefficient (W/m2K)

%mass transfer coefficient
Sh air=6.7; %air side Sherwood number
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D air=2.46e-5; %air side diffusivity
h m air=((Sh_air*D air)/L air)*rou air; %air side convective mass
transfer coefficient (kg/m2K)

Sh _sol=6.7; %solution side Sherwood number 2?7
D s01=0.892e-2; %solution side diffusivity 27
h m sol=((Sh sol*D sol)/L sol)*rou_sol; %$solution side convective mass

transfer coefficnet (kg/m2K)

%membrane properties

delta mem=0.0005; smembrane thickness (m)
k mem=0.3; $membrane heat conductivity (W/mK)
k m mem=3.87e-6; $membrane mass conductivity (kg/mK)

%other peroperties

cp_air=1.02; %air specific heat capacity (kJ/kgK)
cp_sol=3.2; $solution specific capacity (kJ/kgK)
h £g=2450; %condensation heat of water (J/kq)
Cr=m_star*(cp air/cp sol); %thermal capacity ratio

$NTU and NTUm
U=(1/h_air+delta mem/k mem+l/h sol)”-1; %overall heat transfer coefficient
(W/m2K)

U m=(delta mem/k m mem+l/h m air)”"-1; soverall mass transfer coefficient
(kg/m2s)

m_air=(U*A)/(NTU*1000*cp air); %inlet air mass flow rate(kg/s)
NTU m=(U m*A)/m _air; SNTUm

NTU sol=(h sol*A)/(m air*cp air*1000); %solution side NTU

NTU m sol=(h m sol*A)/m air; $solution side NTUm

m sol=m air*m mass flow ratio; $solution mass flow rate (kg/s)

m salt=m sol/(1+X sol in); %$salt mass flow rate (kg/s)

$matrixing and assign initial values

n=100; gnumber of grids in y direction
m=200; gnumber of grids in x direction

dx=1/(m-1); %grid length in x direction
dy=1/(n-1); %grid length in y direction

z=ones (n,m) ;
errorl=10;error2=10;error3=10;errord4=10;error5=10;

T air=T air in*z; %assign initial values for air inlet temperature

T sol=T sol in*z; %assign initial values for solution inlet temperature
W air=W air in*z; %assign initial values for air inlet humidity ratio

X sol=X sol in*z; %assign initial values for solution inlet mass ratio

W _sol mem=W sol in*z; %assign initial values for solution membrane humidity
ratio

WO=W_sol in-W air in; $define the
dimentionless parameter WO
Tinoniair=(Tiair—Tiairiin)/(Tisoliin—Tiairiin); $normalization
of air temperature

Tinonisol=(Tisol—Tiairiin)/(Tisoliin—Tiairiin); $normalization
of solution temperature

W_non_air:(W_air—w_air_in)/WO; $normalization

of air humidity ratio
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W non_sol mem=(W_sol mem-W air in)/WO; snormalization
of solution membrane humidity ratio
h=((W_sol_in—W_air_in)/(T_sol_in—T_air_in))*(h_fg/cp_air); %$normalization
of h*

%$start the loop
while (errorl>1e-10) || (error2>1e-10) || (error3>1e-10) || (errord>1e-10);

%$the solution side mass equation
X sol f=X sol;
for a=1:n-1;
for b=1:m;
X sol(l,b)=X sol in; S%boundary condition
X sol(a+l,b)=(X sol(a,b)+dy*m star*WO*NTU m* ((W non air(a+l,b))-
W_non_sol_mem(a+l,b)))./(l—dy*m_star*WO*NTU_m*(W_non_air(a+1,b)—
W non_sol mem(a+l,b)));
end
end
errorl=sum(sum(abs(X_sol—X_sol_f)./(X_sol)));
C sol=1./(1+X sol);

%the solution side energy equation
T sol f=T sol;
for c=1:n-1;
for d=1:m;
T non_sol(1l,d)=1; $boudary condition
T non_sol(c+l,d)=(T_non sol(c,d)+dy*NTU m*h*Cr* (W non air (c+l,d)-
W_non_sol_mem(c+l,d))+dy*Cr*NTU*T_non_air(c+1,d))/(1+dy*NTU*Cr);

end
end
T sol=T non_sol*(T _sol in-T air in)+T air in;
error2:sum(sum(abs(T_sol—T_sol_f)./(T_sol)));

%$the air side mass equation
W air f=W air;
for e =1:n;

for f=1:m-1;

W non_air(e ,1)=0; $boundary condition
W non air(e ,f+1)=(W non air(e ,f)+dx*NTU m*W non sol mem(e ,f+1)) ./ (1+dx*N
TU m);
end
end

W air=W non air*WO0+W air in;
error3=sum(sum(abs (W air-W air f)./(W _air)));

%the air side energy equation
T air f=T air;

for g=1:n;
for h =1:m-1;
T non_air(g,1)=0; $boundary condition

T non air(g,h +1)=(T non air(g,h )+dx*NTU*T non sol(g,h +1))./(1+dx*NTU);
end
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end
T air=T non _air*(T _sol in-T air in)+T air in;
errord=sum(sum(abs(T_air-T air f)./(T air)));

error5=10;

while (error5>1e-10)

W non sol mem f=W non sol mem;

C_sol mem=C_sol-((NTU m*WO* (W non air-
W non _sol mem))./(NTU m sol)); %$solve membrane mass equation

T non_sol mem=(NTU*T non_ air+NTU m*h* (W non air-
W_non_sol_mem)+NTU_Sol*T_non_sol)./(NTU_Sol+NTU);

T sol mem=T non sol mem* (T sol in-T air in)+T air in;

%obtain the new membrane humidity ratio
W_sol_mem=psychro_LiCl(T_sol_mem,C_sol_mem);
W non sol mem=(W_sol mem-W _air in)/WO;

errorb5=sum (sum(abs (W _non sol mem-
W non sol mem f)./(W non sol mem)));

end
end

’

T air out=mean(T air(:,m));
W air out=mean (W air(:,m));
( 1))

1))

)

(:
(:
T sol out=mean(T_sol (n,
X sol out=mean (X sol (n,

’

)
)
)
)
t

C sol out=1./(1+X sol out);

effec sen air=(T _air in-T air out) /(T _air in-T sol in); %calculate the
air side sensible effectiveness

effec lat air=(W air in-W air out)/(W _air in-W sol in); $calcualte the
air side latent effectiveness

effec tot air=(effec sen airth*effec lat air)/(1l+h); %calculate the

air side total effectiveness

effec sen sol=(m sol*cp sol* (T sol out-T sol in)-m salt*h fg*(X sol out-

X sol in))/(m_air*cp air* (T _air in-T sol in)); %calculate the solution
side sensible effectiveness

effec lat sol=(m salt*h fg*(X sol out-X sol in))/(m air*h fg*(W air in-

W sol in)); $calculate the solution
side latent effectiveness

effec tot sol=(m sol*cp sol*(T _sol out-T sol in))/(m air*cp air*(T air in-
T sol in)+m _air*h fg* (W _air in-W sol in)); $calculate the solution side
total effectiveness

MRR=m air* (W _air in-W air out); %$calculate the moisture romoval rate
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function output=psychro LiCl(T sol in,C sol in)
output=(0.62198.*Pv (T _sol in,C sol in))./(101325-Pv (T _sol in,C sol in))

function outputl=Pv(T_sol in,C sol in);
outputl=(10.7(0.73*I(C_sol in).* (A(C_sol in)-
B(C sol in)./((T_sol in)+273.15-39.53))+(C(C_sol in)-
D(C_sol in)./((T_sol in)+273.15-39.53))))*1000;

function output2=I(C _sol in);
output2=(400/17)*(C_sol in./(1-C_sol in));
end
function output3=A(C_sol in);
output3=-0.021302+3.60591e-4*I(C_sol in)+0.018/2303;
end
function output4=B(C_sol in);
output4=-5.390915+1.382982*I(C_sol in)-0.031185*I(C_sol in) ."2;
end
function output5=C(C_sol in);
output5=7.192959-3.99334e-3*I(C _sol in)-1.116l4de-
4*I(C_sol in).”2+4(0.018*I(C_sol in).*(1-2))./2303;
end
function output6=D(C_sol in);
output6=1730.2857-0.138481*I(C_sol in)+0.027511*I(C _sol in)."2-
1.79277e-3*I(C_sol in)."3;
end
end
end

function W _air in=humidityratio air(T air in,RH air in)
W air in=((6.112%exp ((17.67*T air in)/ (T _air in+243.5))*RH air in*2.1674)/(
273.15+T air in))/(1.2*1000)
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Appendix C: Matlab Script for the Complete System Simulation

clear

$basic inlet conditions

m sol de=0.009; %assign solution mass flow rate in

dehumidifier (kg/s)

m sol re=0.009; %assign solution mass flow rate in

regenerator (kg/s)

NTU de=1; %assign NTU in dehumidfiier
NTU re=4; %assign NTU in regenerator

rou air=1.29;
rou_sol=1247;
cp_air=1.02;
cp_sol=3.2;

(kJ/kgK)

cp_water=4.187; $water specific heat capacity (KJ/kgK)
h fg=2450; $condensation heat of water (J/kg)
A=1.8081; %$total heat and mass transfer area (m2)

$heat and mass transfer coefficient

L air=0.0149;

hydrolic diameter (m)

L so0l=0.0084;

channel hydrolic diameter (m)

Nu air=6.58;

Nusselt number

k air=0.03;

conductivity (W/mK)

h air=(Nu air*k air)/L air;

convective heat transfer coefficient (W/m2K)

Nu sol=7.74;

Nusselt number

k s01=0.53;

heat conductivity (W/mK)

h sol=(Nu sol*k sol)/L sol;

convective heat transfer coefficient (W/m2K)

Sh air=6.7;

Sherwood number

D air=2.46e-5;

diffusivity
h_m_air:((Sh_air*D_air)/L_air)*rou_air;
convective mass transfer coefficient (kg/m2K)

Sh _sol=6.7;
Sherwood number
D so0l=0.892e-2;
diffusivity
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%air density
%$solution density
%air specific heat capacity
%$solution specific heat capacity

(kg/m3)

(kJ/kgK)

%air channel

$solution

%$air side

%$air side

%$air side

%$solution

$solution

%$solution

%$air side

%air side

%$air side

$solution

$solution

heat

side

side

side

side

side



h m sol=((Sh _sol*D sol)/L sol)*rou_sol;
convective mass transfer coefficnet (kg/m2K)

%membrane properties
delta mem=0.0005;
thickness (m)

k mem=0.3;
conductivity (W/mK)
k m mem=3.87e-6;
conductivity (kg/mK)

$NTU and NTUm; m air and m sol;m* and Cr*
U=(1/h air+delta mem/k mem+l/h sol)”-1;
transfer coefficient (W/m2K)

U m=(delta mem/k m mem+l/h m air)"-1;
transfer coefficient (kg/m2s)

m air de=(U*A)/(NTU de*1000*cp air);
flow rate in dehumidifier (kg/s)
m air re=(U*A)/(NTU re*1000*cp air);
flow rate in regenerator (kg/s)

%$solution

$membrane

$membrane

%$membrane

side

heat

mass

%overall heat

$overall mass

$inlet air mass

%$inlet air mass

NTU m de=(U m*A)/m _air de; $NTUm in
dehumidifier

NTU m re=(U m*A)/m _air re; $NTUm in
regenerator

NTU sol de=(h sol*A)/(m _air de*cp air*1000); %solution
NTU in dehumidifier

NTU sol re=(h sol*A)/(m _air re*cp air*1000); $solution
NTU in regenerator

NTU m sol de=(h m sol*A)/m air de; $solution
NTUm in dehumidifier

NTU m sol re=(h m sol*A)/m air re; $solution
NTUm in regenerator

m mass flow ratio de=m sol de/m air de;
m_mass_flow_ratio_re:m_sol_re/m_air_re;

m star de=1/m mass flow ratio de;

m star re=1/m mass flow ratio re;

Cr _de=m star de*(cp_air/cp sol); $thermal
capacity ratio in dehumidifier

Cr re=m _star re*(cp air/cp sol); sthermal
capacity ratio in regenerator

% !'!'! inlet conditions in dehumidifier and regenerator

T air in de(1)=30; %air inlet temperature in dehumidifier (C)

W air in de(1)=0.015; %air inlet specific humidity in dehumidifier
(kg/kqg)

T air in re(1l)=28; %air inlet temperature in regenerator (C)

W air in re(1)=0.012; %air inlet specific humidity in regenerator
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T sol in de(1)=25; $solution inlet temperature in dehumidifier (C)

C sol in de(1)=0.39; %solution inlet mass concentration in dehumidifier
T sol in re(1)=47.0905; %solution inlet temperature in dehumidifier
(C)

C sol in re(1)=0.3865; %solution inlet mass concentration in
dehumidifier (%)

n=30; $number of grids in y direction
m=60; $number of grids in x direction
dx=1/ (m-1); %grid length in x direction
dy=1/(n-1); %grid length in y direction
z=ones (n,m) ; $define the matrix

%$three heat exchangers,boiler and coolin

effect 1=0.7;

heat exchanger 1 (solution exchanger)

effect 2=0.7;

heat exchanger 2 (cooling water)

effect 3=0.7;

heat exchanger 3 (hot water)

T coldwater in=10;
temperature (C)
m_coldwater=0.006;

water simulation

$effectiveness of

$effectiveness of

$effectiveness of

$cold water inlet

%cold water mass

flow rate (kg/s)

T hotwater in=60; %hot water inlet
temperature (C)
m_hotwater=0.006; %hot water mass

flow rate (kg/s)

%start the loop

$matrixing and assign initial values

error C de=10;error C re=10;error T de=10;error T re=10;
i=1;
while error C de>0.05]||error C re>0.05||error T de>0.05]||error T re>0.05

errorl=10;error2=10;error3=10;errord4d=10;error5=10;error6=10;error7=10;error
8=10;error9=10;error10=10;

W air in de(i)=W air in de(1l); %air inlet humidity ratio in
dehumidifier (kg/kg)
W air in re(i)=W air in re(1l); %air inlet humidity ratio in

regenerator (kg/kq)
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X sol in de(i)=(1-

C sol in de(i))/C_sol in de(i); $solution

ratio between water and salt in dehumidifier (%)
X sol in re(i)=(1-

C sol in re(i))/C_sol in re(i); $solution

ratio between water and salt in dehumidifier (%)

W sol in de(i)=psychro LiCl(T_sol in de(i),C_sol in de(i));
lution inlet humidity ratio in dehumidifier (kg/kg)

W sol in re(i)=psychro LiCl(T_sol in re(i),C sol in re(i));
lution inlet humidity ratio in dehumidifier (kg/kg)

T air de=T air in de(i)*z;
initial values for air inlet temperature in dehumidifier
T air re=T air in re(i)*z;
initial values for air inlet temperature in regenerator

T sol de=T sol in de(i)*z;
initial values for solution inlet temperature in dehumidifier
T sol re=T sol in re(i)*z;
initial values for solution inlet temperature in regenerator

W air de=W air in de (i) *z;
initial values for air inlet humidity ratio in dehumidfiier
W air re=W air in re(i)*z;
initial values for air inlet humidity ratio in regenerator

X sol de=X sol in de(i)*z;
initial values for solution inlet mass ratio in dehumidifier
X sol re=X sol in re(i)*z;
initial values for solution inlet mass ratio in dehumidifier

W _sol mem de=W sol in de (i) *z;

inlet mass

inlet mass

%assign

%assign

%assign

%assign

%assign

%assign

%assign

%assign

%assign

initial values for solution membrane humidity ratio in dehumidifier

W _sol mem re=W sol in re(i)*z;

%assign

initial values for solution membrane humidity ratio in regenerator

$normalization

WO de=W sol in de(i)-

W air in de(i);

ne the dimentionless parameter WO in dehumidifier
WO re=W sol in re(i)-

W air in re(i);

ne the dimentionless parameter WO in regenerator

T non air de=(T _air de-T air in de(i))/(T_sol in de(i)-
T air in de(i)); %

dehumidifier
Tinoniairire=(Tiairire—Tiairiinire(i))/(Tisoliinire(i)—
T air in re(i)); S

regenerator

T non sol de=(T _sol de-T air in de(i))/(T_sol in de(i)-
T air in de(i)); S

in dehumidifier
T non _sol re=(T sol re-T air in re(i))/(T _sol in re(i)-
T air in re(i)); %

in regenerator
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$defi

$defi

normalization of air temperature in

normalization of air temperature in

normalization of solution temperature

normalization of solution temperature



W non air de=(W air de-

W air in de(i)) /W0 _de; $normal
ization of air humidity ratio in dehumidifier

W non air re=(W_air re-

W_air_in_re(i))/WO_re; $normal
ization of air humidity ratio in regenerator

W non sol mem de=(W_sol mem de-

W_air_in_de(i))/WO_de; $normalization
of solution membrane humidity ratio in dehumidifier

W non_sol mem re=(W_sol mem re-

W_air_in_re(i))/WO_re; $normalization
of solution membrane humidity ratio in regenerator

h_de=((W_sol_in_de(i)—W_air_in_de(i))/(T_sol_in_de(i)—

T_air_in_de(i)))*(h_fg/cp_air); $normalization of h* in dehumidifier
h_re=((W_sol_in_re(i)—W_air_in_re(i))/(T_sol_in_re(i)—
T air in re(i)))*(h fg/cp_air); $normalization of h* in regenerator

%$solve heat and mass transfer in dehumidifier
while (errorl>1e-10) || (error2>1e-10) || (error3>1e-10) || (errord>1e-10);

%the solution side mass equation in dehumidifier
X sol f de=X sol de;
for a=1:n-1;
for b=1:m;
X sol de(l,b)=X sol in de(i); %boundary condition

X sol de(a+l,b)=(X _sol de(a,b)+dy*m star de*W0 de*NTU m de* ((W non air de(a
+1,b))-W non sol mem de(a+l,b)))./(1-
dy*m star de*W0 de*NTU m de* (W non air de(a+l,b)-W non sol mem de(a+l,b)));
end
end
errorl=sum(sum(abs (X sol de-X sol f de)./(X sol de)));
C_sol _de=1./(1+X_sol _de);

%the solution side energy equation in dehumidifier
T sol f de=T sol de;
for c=1:n-1;
for d=1:m;
T non _sol de(l,d)=1; $boudary condition

T non_sol de(c+l,d)=(T non _sol de(c,d)+dy*NTU m de*h de*Cr de* (W non air de
(c+1,d) -
W non sol mem de(c+l,d))+dy*Cr de*NTU de*T non air de(c+l,d))/ (1l+dy*NTU de*
Cr de);
end
end
T sol de=T non sol de* (T _sol in de(i)-T air in de(i))+T_air in de(i);

error2=sum(sum(abs (T_sol de-T sol f de)./(T _sol de)));

%the air side mass equation in dehumidifier
W air f de=W air de;
for e =1:n;

for f=1:m-1;
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W non air de(e ,1)=0; $boundary condition

W non air de(e ,f+1)=(W non air de(e ,f)+dx*NTU m de*W non sol mem de(e ,f+
1)) ./ (1+dx*NTU m de) ;
end
end
W air de=W non air de*W0 de+W air in de(i);

error3=sum(sum(abs (W air de-W air f de)./(W air de)));

%$the air side energy equation in dehumidifier
T air f de=T air de;

for g=1l:n;
for h =1:m-1;
T non air de(g,1)=0; $boundary condition

T non air de(g,h +1)=(T non air de(g,h )+dx*NTU de*T non sol de(g,h +1))./(
1+dx*NTU de) ;

end
end
T air de=T non air de* (T _sol in de(i)-T air in de(i))+T_air in de(i);
errord4=sum(sum(abs (T _air de-T air f de)./(T _air de)));

error5=10;

while (error5>1e-10)

W non sol mem f de=W non sol mem de;

C_sol mem de=C sol de-((NTU m de*W0 de* (W non air de-
W non_sol mem de))./(NTU m sol de)); $solve membrane mass equation in
dehumidifier

T non_sol mem de=(NTU de*T non air de+NTU m de*h de* (W non air de-
W non_sol mem de)+NTU sol de*T non sol de)./(NTU sol de+NTU de);

T sol mem de=T non sol mem de* (T sol in de(i)-
T air in de(i))+T _air in de(i);

%obtain the new membrane humidity ratio in dehumidifier
W_sol mem de=psychro LiCl(T sol mem de,C sol mem de);
W non sol mem de=(W sol mem de-W air in de(i)) /W0 _de;

errorb=sum(sum(abs (W non sol mem de-
W non sol mem f de)./(W non sol mem de)));

end
end
T air out de(i)=mean(T air de(:,m)); %calculat
e the air outlet temperature in dehumidifier
W air out de(i)=mean(W_air de(:,m)); %calculat
e the air outlet humidity ratio in dehumidifier
T sol out de(i)=mean(T_sol de(n,:)); scalculat
e the solution outlet temperature in dehumidifier
X sol out de(i)=mean (X sol de(n,:)); %calculat
e the solution outlet mass ratio in dehumidifier
C sol out de(i)=1/(1+X_sol out de(i)); %$calculat

e the solution outlet concentration in dehumidifier
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%solve heat and mass transfer in regenerator
while (error6>1e-10) || (error7>1e-10) || (error8>1e-10) || (error9>1e-10);

%the solution side mass equation in regenerator
X sol f re=X sol re;
for a=l:n-1;
for b=1:m;
X sol re(l,b)=X sol in re(i); %boundary condition

X sol re(a+l,b)=(X _sol re(a,b)+dy*m star re*W0 re*NTU m re* ((W non air re(a
+1,b))-W non sol mem re(a+l,b)))./(1-
dy*m star re*W0 re*NTU m re* (W non air re(at+l,b)-W non sol mem re(a+l,b)));
end
end
error6=sum(sum(abs(X_sol_re—X_sol_f_re)./(X_sol_re)));
C sol re=1./(1+X sol re);

%the solution side energy equation in regenerator
T sol f re=T sol re;
for c=1:n-1;
for d=1:m;
T non_sol re(l,d)=1; $boudary condition

T non_sol re(c+l,d)=(T non sol re(c,d)+dy*NTU m re*h re*Cr re* (W non air re
(c+1,d) -
W non sol mem re(c+l,d))+dy*Cr re*NTU re*T non air re(c+l,d))/(l+dy*NTU re*
Cr re);
end

end

T sol re=T non sol re*(T sol in re(i)-T air in re(i))+T_air in re(i);
error7=sum(sum(abs (T_sol re-T sol f re)./(T sol re)));

%the air side mass equation in regenerator
W air f re=W air re;
for e =1:n;

for f=1:m-1;

W non air re(e ,1)=0; $boundary condition
W non air re(e ,f+1)=(W non air re(e ,f)+dx*NTU m re*W non sol mem re(e ,f+
1)) ./ (1+dx*NTU m re);

end
end
W air re=W non air re*W0 re+W air in re(i);
error8=sum(sum(abs (W _air re-W air f re)./(W air re)));

%the air side energy equation in regenerator
T air f re=T air re;

for g=l:n;
for h =1:m-1;
T non air re(g,1)=0; $boundary condition
T non air re(g,h +1)=(T non air re(g,h )+dx*NTU re*T non sol re(g,h +1))./(
1+dx*NTU re);
end
end

T air re=T non air re* (T _sol in re(i)-T air in re(i))+T_air in re(i);
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error9=sum(sum(abs (T _air re-T air f re)./(T_air re)));

error10=10;

while (errorl0>1e-10)

W non_sol mem f re=W non sol mem re;

C _sol mem re=C sol re- ((NTU m re*W0 re* (W non air re-
W non sol mem re))./(NTU m sol re)); $solve membrane mass equation in

regenerator

T non_sol mem re=(NTU re*T non air re+NTU m re*h re* (W non air re-

W non sol mem re)+NTU sol re*T non sol re)

./ (NTU sol re+NTU re);

T sol mem re=T non sol mem re* (T sol in re(i)-

T air in re(i))+T air in re(i);

%obtain the new membrane humidity ratio in dehumidifier
W _sol mem re=psychro LiCl(T_sol mem re,C sol mem re);
W non _sol mem re=(W _sol mem re-W air in re(i)) /WO re;

errorlO=sum(sum(abs (W non sol mem re-

W non sol mem f re)./(W non sol mem re)));

end
end

T air out re(i)=mean(T air re(:,m)); $calculate the air
outlet temperature in regenerator

W air out re(i)=mean (W _air re(:,m)); %$calculate the air
humidiity ratio in regenerator

T sol out re(i)=mean(T sol re(n,:)); $calculate the solution
outlet temperature in regenerator

X sol out re(i)=mean(X sol re(n,:)); %calculate the solution
outlet mass ratio in regenerator

C _sol out re(i)=1/ (14X _sol out re(i)); %calcualte tje solution
outlet concentration in regenerator

T1(i)=T sol out re(i)-

((effect 1*min(m sol de*cp sol,m sol re*cp sol)* (T _sol out re(i)-

T sol out de(i)))/(m_sol de*cp sol));

T2 (i)=((effect 1*min(m sol de*cp sol,m sol re*cp sol)*(T sol out re(i)-

T sol out de(i)))/(m _sol re*cp sol))+T_sol out de(i);

T sol in de(i+1)=T1(i)-

((effect 2*min(m _sol de*cp sol,m coldwater*cp water)* (Tl (i)-

T coldwater in))/(m_sol de*cp sol));
C sol in de(i+1)=C sol out re(i);
inlet concentration in dehumidifier

%assign new solution

T sol in re(i+l)=((effect 3*min(m sol re*cp sol,m hotwater*cp water)* (T hot

water in-T2(i)))/(m_sol re*cp sol))+T2(1i);
C sol in re(i+1)=C_sol out de(i);

T air in de(i+1)=T air in de(1i);
temperature in dehumidifier
T air in re(i+1)=T air in re(i);
temperature in regenerator
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%assign new air inlet

%assign new air inlet



W air in de(i+l)=W air in de(i);

%calculate new air inlet humidity ratio in dehumidifier (kg/kqg)

W air in re(i+l)=W air in de(i);

$calculate new air inlet humidity ratio in regenerator (kg/kg)

X sol in de(i+1l)=(1-

C_sol in de(i+1))/C_sol_in de (i+l); $calculate new
solution inlet mass ratio between water and salt in dehumidifier (%)

X sol in re(i+l)=(1-

C_sol _in_re(i+l))/C_sol_in_re(i+l); %calculate new
solution inlet mass ratio between water and salt in dehumidifier (%)

W sol in de(i+l)=psychro LiCl(T sol in de(i+1),C sol in de(i+l));
%calculate new solution inlet humidity ratio in dehumidifier (kg/kg)

W sol in re(i+l)=psychro LiCl (T _sol in re(i+1l),C sol in re(i+l));
$calculate new solution inlet humidity ratio in dehumidifier (kg/kg)

error T de=abs (T sol in de(i+1)-T sol in de(i))
error T re=abs(T sol in re(i+l)-T sol in re(i))
error C de=abs(C _sol in de(i+l1)-C sol in de(i));
error C re=abs(C sol in re(i+l)-C sol in re(i))
i=i+1;

end

m salt re=m sol re./(1+X sol in re(l));

effect sen=(T_air in de-T air out de(i-1))/(T air in de-T sol in de);
effect lat=(W _air in de-W air out de(i-1))/(W _air in de-W sol in de);

MRR=m air de* (W air in de(l)-W air out de(i-1));
MAD=m salt re* (X sol in re(l)-X sol out re(i-1));
MFR_de:MRR/ ( U_m*A) H
MFR_re=MAD/ (U _m*A) ;

Q sen=m _air de*cp air* (T _air in de-T air out de(i-1));
Q lat=m air de*h fg* (W air in de-W air out de(i-1));

Q reg=m sol de*cp sol* (T _sol in re(i-1)-T2(i-1));
COP=(Q_sen+Q lat)/Q reg;
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Appendix D: Matlab Script for the Mixed LiCI-CaCl, Solution

Properties Calculation

function output=psychro mix (T sol in,X LiCl in,X CaCl2 in)
output=(0.62198.*Pv_s(T_sol in,X LiCl in,X CaCl2 in))./(101325-
Pv_s(T_sol in,X LiCl in,X CaCl2 in))

function outputl=Pv_s(T_sol in,X LiCl in,X CaCl2 in)
outputl=Pv w(T sol in)*alfa w(T sol in,X LiCl in,X CaCl2 in)

function output2=Pv_w(T_sol in)
output2=0.61094*exp ((17.625*T sol in)/(T_sol in+243.04))*1000

end

function output3=alfa w(T_sol in,X LiCl in,X CaCl2 in)

output3=X w(X LiCl in,X CaCl2 in)*f w(T sol in,X LiCl in,X CaCl2 in)
function output4=X w(X LiCl in,X CaCl2 in)
output4=1-X LiCl in-X CaCl2 in
end
function outputb5=f w(T sol in,X LiCl in,X CaCl2 in)

outputb=exp (LRC (X LiCl in,X CaCl2 in)+SRC(T_sol in,X LiCl in,X CaCl2 in))
function output6=LRC(X LiCl in,X CaCl2 in)

output6=5.829* ((X LiCl in+3*X CaCl2 in)/(1414.9* ((X LiCl in+3*X CaCl2 in)"0
.5)))

end

function output7=SRC(T sol in,X LiCl in,X CaCl2 in)

output7=A(T_sol in,X LiCl in,X CaCl2 in)+B(T_sol in,X LiCl in,X CaCl2 in)+C
(T_sol in,X LiCl in,X CaCl2 in)+D(T_sol in,X LiCl in,X CaCl2 in)+E(T sol in
;X LiCl in,X CaCl2 in)+F(T_sol in,X LiCl in,X CaCl2 in)
function output8=A(T sol in,X LiCl in,X CaCl2 in)
output8=(2*exp (-0.2*((298.15/(T_sol in+273.15))* (-
5.1737)))*((298.15/(T_sol in+273.15))*(-5.1737))*X LiCl in+4*exp (-
0.2%((298.15/(T _sol in+273.15))*(-5.2549)))*((298.15/(T_sol in+273.15))* (-
5.2549))*X CaCl2 in)/ (1+(2*exp(-0.2*((298.15/(T_sol in+273.15))* (-
5.1737)))-2)*X LiCl in+ (4*exp(-0.2* ((298.15/(T_sol in+273.15))*(-5.2549)))-
3)*X CaCl2 in)
end
function output9=B(T sol in,X LiCl in,X CaCl2 in)
output9=((X LiCl in*exp (-
0.2*%(298.15*%10.1242/(T_sol in+273.15))))* (X LiCl in+6* (X CaCl2 in))*(298.15
*10.1242/(T_Sol_in+273.15)))/((1—2*exp(—
0.2%(298.15%10.1242/(T_sol in+273.15))))*X LiCl in+ (4-3*exp (-
0.2%(298.15%10.1242/(T_sol in+273.15))))*X CaCl2 in+texp (-
0.2*%(298.15*%10.1242/(T_sol in+273.15))))
end
function outputl0=C(T_sol in,X LiCl in,X CaCl2 in)
outputlO=((2*X CaCl2 in*exp (-
0.2%(298.15%*10.5126/(T_sol in+273.15))))*(298.15%10.5126/(T_sol in+273.15))
*(2*X LiCl in+2*X CaCl2 in))/ (((2-2%exp (-
0.2*%(298.15*%10.5126/(T_sol in+273.15))))*X LiCl in+(2-3*exp (-

)
0.2*%(298.15*%10.5126/(T_sol in+273.15))))*X CaCl2 intexp (-
0.2%(298.15%10.5126/(T_sol in+273.15))))"2)

end
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function outputll=D(T_sol in,X LiCl in,X CaCl2 in)
outputll=((X LiCl in*exp (-
0.2*(298.15/ (T_sol_in+273.15) *10.1242)))*(((298.15/ (T_Sol_in+273.l5) )*10.12
42)*(X_LiCl_in+2*X_CaC12_in)))/((X_LiCl_in+2*X_CaClZ_in+exp(—
0.2*%(298.15/(T_sol in+273.15)*10.1242))* (1-X LiCl in-X CaCl2 in))"2)
end
function outputl2=E(T_sol in,X LiCl in,X CaCl2 in)
outputl2=((2*exp (-
0.2*%(298.15/(T_sol in+273.15))*10.5126)*X CaCl2 in)*(298.15/(T_sol in+273.1
5)*10.5126) * (X LiCl in+2*X CaCl2 in))/((X LiCl in+2*X CaCl2 intexp (-
0.2*%(298.15/(T_sol in+273.15))*10.5126)* (1-X LiCl in-X CaCl2 in))"2)
end
function outputl3=F(T sol in,X LiCl in,X CaCl2 in)
outputl3=(-(1-X LiCl in-X CaCl2 in))*(2*exp (-
.2%(298.15/(T_sol in+273.15))* (=5.1737))*((298.15/(T_sol in+273.15))* (-
.1737))*X _LiCl in+4*exp(-0.2*(298.15/ (T _sol in+273.15))* (-
.2549))*((298.15/(T_sol in+273.15))*(-5.2549))*X CaCl2 in)/ ((2*exp (-
.2%(298.15/(T_sol in+273.15))*(-5.1737))*X LiCl in+4*exp (-
.2%(298.15/(T_sol in+273.15))*(-5.2549))*X CaCl2 in+(1-X LiCl in-
~CaCl2 in))"2)

X o o ool o

end
end
end
end
end
end
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