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ABSTRACT
Liquid-to-air membrane energy exchangers (LAMEEs) allow simultaneous heat and moisture
transfer between air and desiccant solution streams that are separated by semi-permeable
membranes. Moisture transfer between the air and desiccant solution is accompanied by the
release/absorption of phase change energy which increases/decreases the temperature of the
desiccant solution as it flows through the exchanger. The resulting change in the desiccant solution
temperature decreases the driving potential for heat and moisture transfer (i.e. the differences
between the air and desiccant solution temperatures and vapor pressures), which decreases the
rates of heat and moisture transfer between the air and desiccant solution inside the exchanger. To
overcome this problem, a novel 3-fluid LAMEE prototype is designed, built and tested. The 3-fluid
LAMEE is composed of several adjacent parallel air and solution channels separated by
semi-permeable membranes with refrigerant tubes within each solution channel. The aim of these
refrigerant tubes is to reduce the change in the desiccant solution temperature inside the exchanger
to guarantee high differences between the air and desiccant solution temperatures and vapor
pressures along the entire length of the exchanger.
This thesis has three main objectives. The first objective is to determine the practical nominal air
and solution channel widths for flat-plate LAMEEs, and the effects of flow maldistribution caused
by membrane deflections on the performance of flat-plate LAMEEs. The results in this thesis show
that the practical air and solution channel widths for flat-plate LAMEEs are 5-6 mm and 1-2 mm,
respectively. The second objective is to test and compare the rates of heat and moisture transfer
between the air and desiccant solution in 3-fluid and 2-fluid LAMEEs under several operating
conditions. Results show that the 3-fluid LAMEE can achieve the same heat and moisture transfer
rates between the air and desiccant solution as a 2-fluid LAMEE at lower desiccant solution mass
ii

flow rates and with smaller membrane surface areas. Therefore the size of LAMEEs can be
significantly decreased if refrigerant tubes are installed inside the solution channels. The third
objective is to present performance definitions for evaluating the overall performance of 3-fluid
LAMEEs. Unlike the traditional energy exchanger effectiveness equations, results show that the
overall performance definitions can be used to evaluate the overall sensible and latent
effectivenesses of 3-fluid LAMEEs and are less sensitive to the inlet refrigerant temperature.
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CHAPTER 1
INTRODUCTION

1.1 OVERVIEW OF CHAPTER 1
The purpose of this chapter is to briefly present liquid desiccant HVAC technologies, types and
applications of LAMEEs, and the hypothesis, objectives, and structure of this Ph.D. thesis. This
chapter contains brief excerpts from the following published review papers.
Abdel-Salam M.R.H., Ge G., Fauchoux M., Besant R., Simonson C., 2014. State-of-the-art in
liquid-to-air membrane energy exchangers (LAMEEs): A comprehensive review, Renewable and
Sustainable Energy Reviews, 39, 700-728.
Abdel-Salam M.R.H., Fauchoux M., Ge G., Besant R., Simonson C., 2014. Expected energy and
economic benefits, and environmental impacts for liquid-to-air membrane energy exchangers
(LAMEEs) in HVAC systems: A review, Applied Energy, 127, 202-218.
Dr. Gaoming Ge, Dr. Melanie Fauchoux, and Ph.D. supervisors (Professors Besant and Simonson)
are co-authors of these two papers. Dr. Ge is a Postdoctoral fellow and Dr. Fauchoux is a
Departmental Assistant in the Department of Mechanical Engineering at the University of
Saskatchewan. Dr. Ge and Dr. Fauchoux contributed to these two papers by critically reviewing
them and giving comments and advice which enhanced the quality of the papers. My contributions
to these two papers are: (a) conducting the literature reviews, (b) writing the papers, and (c)
responding to the reviewer’s comments.
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1.2 INTRODUCTION
Between 2000 and 2011, global energy consumption increased by 32% (British Petroleum
(2009, 2012)) and the building sector is responsible for 40% of this total (Kolokotsa et al. (2011);
Wyon (2004)). In recent years, much research has been conducted to reduce cooling and heating
energy consumption in buildings (Kusiak et al. (2010); Schulze and Eicker (2013); Chua et al.
(2013); Haniff et al. (2013); Wang et al. (2013); Budaiwi and Abdou (2013)). Heating, ventilation,
and air-conditioning (HVAC) systems are responsible for a substantial portion of the total energy
consumed in buildings; for instance, space cooling consumes 70% of the building total energy
consumption in the Middle East region (El-Dessouky et al. (2004)) and 58% of the total energy
consumption in Canadian buildings is consumed by HVAC systems (NRCan (2014)).
Since people spend more than 90% of their time in buildings (Spengler and Sexton (1983)), it is
important to provide good and healthy indoor environment for occupants. Depending on the
climate (cold, hot, humid, etc.) and building type (hospital, school, residence, etc.), conditioning
outdoor ventilation air can account for up to 30-60% of the total energy consumption in buildings
(Awbi et al. (1998)). Wyon et al. (2004) found that poor indoor air quality may reduce the
performance of the occupants in an office by up to 6-9%. Therefore, if ventilation rates are reduced
below acceptable standards to save energy, occupant productivity losses are likely.
In vapor compression HVAC technologies, the moisture content of the indoor air is reduced by
cooling the supply air to a temperature lower than its dew point temperature; thereafter the supply
air is reheated to a comfortable supply air temperature. In this process, a significant amount of
energy is consumed to condense the water vapor out of the air and then reheat the air. Moreover,
liquid water in the cooling coil may lead to mold growth or the re-evaporation of water into the
airstream, which may reduce the indoor air quality and increase the supply air humidity.
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Over the past two decades, research has shown that using liquid desiccant HVAC systems in
buildings can achieve high energy savings compared to conventional vapor compression HVAC
systems (Abdel-Salam et al. (2014c)). The core component of liquid desiccant HVAC systems is
a liquid desiccant energy exchanger, which is used to simultaneously transfer heat and moisture
between the supply air and desiccant solution streams. Different types of liquid desiccant energy
exchangers used in liquid desiccant HVAC systems are described in the following sections.
1.3 DIRECT-CONTACT LIQUID DESICCANT ENERGY EXCHANGERS
In the last two decades, direct-contact liquid desiccant air-conditioning systems, where the supply
air is dehumidified through direct contact with a liquid desiccant solution, have been studied
(Radhwan et al. (1993); Daou et al. (2006); Mei and Dai (2008); Wang et al. (2013); Enteria et al.
(2013)). Direct-contact liquid desiccant systems investigated have included designs with two
packed beds; one bed dehumidifies the airflow and the other bed regenerates the desiccant solution.
In the dehumidifier, a cooled desiccant solution is sprayed over the packed bed which comes in
direct contact with the hot-humid supply air. The supply air is cooled and dehumidified in the
dehumidifier and the desiccant solution is heated and humidified. After the dehumidifier, the air
is supplied to the HVAC unit whereas the diluted desiccant solution is heated and pumped to the
regenerator, where it comes in direct contact with the exhaust air from the building, which cools
and dries the solution. Further cooling of the solution may be required in an auxiliary heat
exchanger (Radhwan et al. (1993); Daou et al. (2006); Mei and Dai (2008); Wang et al. (2013);
Enteria et al. (2013)).
Despite the fact that direct-contact liquid desiccant systems may show significant energy savings
when integrated in HVAC systems, there are several problems associated with these systems. (1) A
high pressure drop on the airside increases the operating costs of fans and decreases the coefficient
3

of performance (COP) of the HVAC system. (2) Carryover of liquid desiccant aerosols where
some droplets of the desiccant solution are carried downstream by the supply airflow, thus
reducing indoor air quality, causing health problems for occupants, and corroding the ducting
system.
1.4 LIQUID-TO-AIR MEMBRANE ENERGY EXCHANGERS (LAMEEs)
Liquid-to-air membrane energy exchangers (LAMEEs), where the air and desiccant solution are
separated by a micro-porous membrane, have much lower pressure drop on the airside than that in
the direct-contact liquid desiccant packed beds, and can eliminate the carryover problem associated
with direct-contact liquid desiccant air-conditioning systems. In addition, for well-designed
exchangers without significant air and liquid flow maldistributions, the effectiveness of each
exchanger can be increased to more than 80%. The elimination of the carryover of desiccant
droplets in LAMEEs means not only a reduction in the operating costs, but also the transient
response delay times are reduced because smaller masses of liquid desiccant solution are required
within each exchanger (Conde and Weber (2006)).
LAMEEs can be used as active air dehumidifiers and desiccant solution regenerators in liquid
desiccant dehumidification systems. As well, two or more LAMEEs can be combined to constitute
a run-around membrane energy exchanger (RAMEE) system for passive energy recovery from the
exhaust air to precondition the supply air in HVAC systems. By rerouting the liquid desiccant flow
with valves and pumps in the liquid flow loops, several HVAC system configurations can be
achieved using the same set of exchangers (i.e. the passive operating condition may be used for
one set of inlet air conditions and external auxiliary energy inputs make it an active HVAC system
for other inlet air conditions).
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1.5 LAMEE TYPES
1.5.1

Flat-Plate LAMEE

A flat-plate LAMEE has a structure similar to a parallel-plate heat exchanger, only the stiff metal
or plastic plates are replaced by flexible micro-porous membranes. Figure 1.1 shows a schematic
of a flat-plate LAMEE. The micro-porous membranes separate the desiccant solution and air
streams, and allow simultaneous heat and moisture transfer between the two streams. A flat-plate
LAMEE may have a cross-flow, counter-flow, or counter-cross-flow configuration. It can be
employed as a dehumidifier or a regenerator in the liquid desiccant air conditioning systems. When
a LAMEE is used for air cooling and dehumidifying, the heat and moisture are transferred from
the hot-humid air to the desiccant solution, whereas the heat and moisture are transferred from the
desiccant solution to the air when the LAMEE is employed as a solution regenerator.

FIGURE 1.1. Schematic diagram of a counter-cross flat-plate LAMEE.
1.5.2

Hollow-Fiber LAMEE

Figure 1.2 shows a typical configuration of a hollow-fiber LAMEE. Its structure is similar to a
5

shell-and-tube heat exchanger but the metal tubes are replaced with hollow fiber semi-permeable
membranes that allow simultaneous heat and moisture transfer between the working fluids. The
air and liquid flow configurations inside the hollow-fiber LAMEE can be counter-flow or
cross-flow, where the liquid flows inside the hollow fibers and the air flows around the fibers.
Hollow fibers can be either staggered or aligned with the flow (Zhang (2011); Zhang et al. (2012a);
Zhang et al. (2012b)).

(a)

(b)

FIGURE 1.2. (a) Structure of a hollow-fiber LAMEE (Zhang (2011)) (b) a detailed schematic of
a single hollow fiber (Zhang et al. (2012a)).
1.6 LAMEE APPLICATIONS
1.6.1

LAMEE-Based Hybrid Liquid Desiccant Air-Conditioner

Figure 1.3 shows a schematic diagram of a LAMEE-based hybrid liquid desiccant air-conditioner.
A LAMEE-based hybrid air-conditioner is composed of a conventional air-conditioning system
integrated with a LAMEE-based dehumidification system, where two flat-plate or hollow-fiber
LAMEEs are used as an active dehumidifier and regenerator. The novel hybrid air-conditioner has
6

the ability to eliminate the problem of desiccant solution droplet carryover and maintains the
advantages of conventional direct-contact liquid desiccant dehumidification systems. The hybrid
air-conditioner can be utilized either in buildings or automobiles. Over the past decade,
research (Abdel-Salam et al. (2013, 2014a); Abdel-Salam and Simonson (2014a, 2014b); Zhang
and Zhang (2014); Bergero and Chiari (2010, 2011); Vestrelli (2006)) has been conducted to
improve the performance of the LAMEE-based hybrid air-conditioner.

FIGURE 1.3. Schematic diagram of the hybrid membrane liquid desiccant air-conditioning
systems (Abdel-Salam et al. (2014a)).
1.6.2

Run-Around Membrane Energy Exchangers (RAMEEs)

A RAMEE system is typically composed of two flat-plate LAMEEs coupled within a liquid
desiccant solution loop. One of the LAMEEs is located in the supply air stream and is referred to
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as the supply LAMEE, while the other LAMEE is located in the exhaust air stream and is referred
to as the exhaust LAMEE. Figure 1.4 shows a schematic diagram of a RAMEE installation in a
building. During summer seasons, heat and moisture are transferred from the hot-humid outdoor
air into the desiccant solution in the supply LAMEE. The outdoor air is cooled and dehumidified
and the desiccant solution becomes diluted. At steady-state conditions for the loop, the exhaust air
from the conditioned space passes through the exhaust LAMEE to regenerate the diluted desiccant
solution while the exhaust air is discharged to the outside at a higher temperature and humidity
content than its inlet conditions. The same process may occur during winter but the direction of
heat and mass transfer is reversed; however, when the outside air is very dry in the winter, it is
necessary to continuously add water to the loop to prevent the crystallization of the desiccant
solution and maintain steady-state operating conditions. RAMEEs can be installed in existing or
new buildings because they do not require the supply and exhaust air streams to be adjacent.
Moreover, RAMEEs reduce the capital costs of the HVAC heating/cooling equipment and reduce
the operating costs by reducing the heating and cooling energy consumption of the HVAC
system (Fan et al. (2005); Fan et al. (2006); Seyed (2008); Vali (2009); Afshin (2010); Mahmud et
al. (2010); Hemingson et al. (2011a); Ge et al. (2013a)).

FIGURE 1.4. Schematic diagram of a RAMEE installed in a building during summer operating
conditions (Afshin (2010)).
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1.7 RESEARCH HYPOTHESIS AND OBJECTIVES
In 2-fluid LAMEEs, moisture transfer between the air and desiccant solution is accompanied with
the release/absorption of phase change energy which changes the temperature of the desiccant
solution and reduces the differences between the air and desiccant solution temperatures and vapor
pressures inside the exchanger. Therefore, the change in the temperature of the desiccant solution
reduces the rates of heat and moisture transfer between the air and desiccant solution inside the
exchanger.
Adding a third fluid within the desiccant solution may reduce the variations in the temperature and
vapor pressure of the desiccant solution inside the exchanger during heat and moisture transfer
between the air and desiccant solution, which may improve the LAMEE performance. A novel
3-fluid LAMEE is proposed in this thesis. The 3-fluid LAMEE will have refrigerant tubes installed
inside the solution channels to control the temperature of the desiccant solution along the entire
length of the exchanger during the process of heat and moisture transfer between the air and
desiccant solution. The main hypothesis of this thesis is that adding a third fluid to control the
desiccant solution temperature inside the 3-fluid LAMEE may improve the rates of heat and
moisture transfer between the air and desiccant solution compared to 2-fluid LAMEEs.
The main goal of this thesis is to develop a novel flat-plate liquid desiccant membrane energy
exchanger (3-fluid LAMEE) and to test and compare the performance of the 3-fluid and 2-fluid
LAMEEs. Three objectives are set to fulfill the main goal as summarized in Figure 1.5.
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FIGURE 1.5. Objectives and content of this Ph.D. thesis.

1.8 THESIS STRUCTURE
As shown in Figure 1.5, this thesis is composed of eight chapters. Each chapter, except Chapter 8,
contains a research paper that addresses part of the objectives of the thesis. The first objective (to
develop design recommendations for flat-plate LAMEEs) is addressed in Chapters 2 and 6. In
Chapter 2, two key design parameters ((a) thickness of the air and solution channels and (b) air
10

flow maldistribution) will be studied numerically. These studies will provide guidelines for
LAMEE designers and will be used to design the 3-fluid LAMEE used to meet the second objective
of this thesis. Chapter 6 is connected to the design recommendations objective because it will
present the feasibility of using membrane pre-tension to reduce flow maldistribution caused by
membrane deflections in flat-plate LAMEEs.
The second objective of this thesis is to design, fabricate and test a novel 3-fluid LAMEE and
compare its performance with conventional 2-fluid LAMEEs. This objective will be addressed in
Chapters 3, 4, 5, and 6. Chapter 3 presents the design of the 3-fluid LAMEE based on the results
of the numerical studies presented in Chapter 2. The design and fabrication of the 3-fluid LAMEE
and the experimental setup are described in Chapter 3. The heat and moisture transfer rates
between the air and desiccant solution in the 3-fluid LAMEE and a 2-fluid LAMEE will be tested
and compared during: (a) air cooling and dehumidifying in Chapters 3 and 4, (b) desiccant solution
regeneration in Chapter 5, and (c) air heating and humidifying in Chapter 6. In all four chapters
(Chapter 3-6), the sensitivity of the heat and moisture transfer rates to key operating parameters
will be investigated. To quantify the importance of the phase change energy on LAMEE
performance, the effects of phase change energy on the temperature of the desiccant solution and
air will be tested during air cooling and dehumidifying process in Chapter 4 and during air heating
and humidifying process in Chapter 6.
The third objective of this thesis is to present performance definitions for 3-fluid LAMEEs. In
Chapter 7, performance definitions for calculating the overall effectiveness of 3-fluid LAMEEs
will be presented and tested using the experimental data presented in Chapter 3. The effectiveness
of the 3-fluid LAMEE will be calculated using the overall definitions and compared with the
traditional energy exchanger effectiveness equations presented in Chapter 3.
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Chapter 8 provides a summary of the research presented in the thesis and identifies the important
conclusions and contributions of the thesis and suggests topics for future research. The copyright
permissions for manuscripts used in this thesis are presented in Appendix A.
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CHAPTER 2
DESIGN OF FLAT-PLATE LAMEES

2.1 OVERVIEW OF CHAPTER 2
Several flat-plate LAMEEs have been designed and tested over the past two decades; however, to
the best of my knowledge, no studies have been conducted that provide design guidelines on
channel spacing and flow maldistribution in flat-plate LAMEEs. This chapter addresses the first
objective of this thesis (i.e. to develop design recommendations for flat-plate LAMEEs). A
numerical model is used to study the effects of air and solution channel widths on the performance
of flat-plate LAMEEs. The effects of flow maldistribution on the performance of flat-plate
LAMEEs are numerically studied, and practical air and solution channel widths for flat-plate
LAMEEs are determined. The results of the numerical studies presented in this chapter will guide
the design of the novel 3-fluid LAMEE presented in Chapter 3 and tested in Chapters 3-7 of this
thesis.
The manuscript presented in this chapter is published in the International Journal of Heat and Mass
Transfer.
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Sensitivity of the Performance of a Flat-Plate Liquid-To-Air Membrane Energy
Exchanger (LAMEE) to the Air and Solution Channel Widths and Flow Maldistribution
(International Journal of Heat and Mass Transfer, 2015, Volume 84)
Mohamed R. H. Abdel-Salam, Robert W. Besant, Carey J. Simonson

2.2 ABSTRACT
Liquid-to-air membrane energy exchangers (LAMEEs) are novel energy exchangers which use
semi-permeable membranes to separate air and desiccant solution streams. The semi-permeable
membrane allows simultaneous heat and water vapor transfer between the air and the desiccant
solution streams. These exchangers, which include bonded elastic membranes, are prone to
significant variations in the flow channel widths, which causes flow maldistribution and lead to
reduced performance. In this chapter, a numerical model is used to show the sensitivity of the
steady-state performance of a flat-plate LAMEE to the air and solution channel widths, when
operated as a supply air dehumidifier and a diluted desiccant solution regenerator. Simulation
results show that, without air flow channel width variations, the effectiveness of both the
dehumidifier and the regenerator can always be increased toward 1.0 by reducing the air and
solution channel widths. To account for variations in the air channel widths, which occur due to
construction tolerances and pressure differences across the membrane, equations are used to
investigate the influence of random variations in the air channel widths on the performance (i.e.
effectiveness and air pressure drop) of the flat-plate LAMEE. The main contribution of this chapter
is that it shows that there exists an optimal air channel width for flat-plate LAMEEs with flow
maldistribution due to random variations in the air channel width. Decreasing the air channel width
below this optimal value will result in a decrease in effectiveness. Based on the results presented
in this chapter, it is found that the recommended practical air channel width for flat-plate LAMEEs
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is in the range of 5-6 mm and the practical solution channel width is 1-2 mm.
2.3 INTRODUCTION
Buildings are responsible for about 40% of the global energy consumption (Wyon (2004);
Omer (2008); Kolokotsa et al. (2011)). Heating, ventilation, and air-conditioning (HVAC) systems
consume a substantial portion of this total. For instance, HVAC systems were responsible for 58%
of the total energy consumed by Canadian buildings in 2011 (NRCan (2014)). Over the last decade,
the integration of liquid desiccant technologies into HVAC systems became of interest for research
groups due to the promising energy savings that can be achieved by liquid desiccant HVAC
systems, as compared to conventional HVAC systems. Laboratory tests have shown that
direct-contact liquid desiccant conditioners can have a good effectiveness when they are well
designed, constructed and operated (Liu et al. (2007); Martin and Goswami (2000); Elsayed et al.
(1993)). Although these exchangers have showed promising performance and energy savings, the
carryover of desiccant solution aerosols into the supply airstream is a concern when using
direct-contact exchangers, because it may lead to the degradation of indoor air quality and the
corrosion of the downstream air ducting.
The desiccant carryover problem can be eliminated by using a liquid-to-air membrane energy
exchanger (LAMEE). The LAMEE is a novel energy exchanger, in which air and desiccant
solution streams are separated using semi-permeable membranes. These membranes allow
simultaneous heat and moisture transfer between the air and desiccant solution streams, but do not
allow the transfer of any liquid droplets, and thus eliminate the desiccant carryover problem.
LAMEEs can be used for several types of applications in HVAC systems. For instance, two
LAMEEs can be used as an air dehumidifier and a diluted desiccant solution regenerator in a
membrane liquid desiccant air-conditioning system (Zhang and Zhang (2014); Abdel-Salam and
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Simonson (2014a, 2014b); Abdel-Salam et al. (2013, 2014a); Bergero and Chiari (2011)), or in a
run-around membrane energy exchanger (RAMEE) system (Erb et al. (2009); Mahmud et al.
(2010); Hemingson et al. (2011a); Akbari et al. (2012); Patel et al. (2014)) for passive energy
recovery in buildings.
2.4 LITERATURE REVIEW
Comprehensive reviews of the fundamentals of different types of LAMEEs (e.g. flat-plate and
hollow-fiber) and their applications are presented in Abdel-Salam et al. (2014b, 2014c) (excerpts
from these two papers are presented in Chapter 1) and Ge et al. (2013a). Over the past decade,
several research studies were conducted on the steady-state performance of a flat-plate LAMEE
when used as a supply air dehumidifier (Isetti et al. (1997); Zhang (2011); Ge et al. (2013b, 2014a);
Moghaddam et al. (2013a, 2013b 2013c); Namvar et al. (2012)). Isetti et al. (1997) theoretically
studied the influences of different design and operating parameters on the rate of moisture transfer
through the semi-permeable membrane of a LAMEE. An analytical model for a semi-permeable
hollow-fiber LAMEE was developed by Zhang (2011), and then modified for a flat-plate LAMEE
by Ge et al. (2013b). Moghaddam et al. (2013a) experimentally studied the influence of different
desiccant solution concentrations on the LAMEE’s performance and showed an enhancement in
the LAMEE’s performance due to the increase of the desiccant solution concentration.
The influences of several design and operating parameters on the LAMEE’s performance when
used for air dehumidification were investigated by Ge et al. (2014a), and it was found that the
moisture flux ratio (i.e. the ratio between the actual moisture transfer rate across the membrane
and the moisture transfer capacity of the membrane (Ge et al. (2014a))) decreased with the increase
in the number of heat transfer units (NTU). Moghaddam et al. (2013b) found that installing an
insert in the air channels of the LAMEE enhanced the convective heat transfer coefficient of the
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airside by up to 150%. Namvar et al. (2012) found that the LAMEE’s sensible, latent, and total
effectivenesses increased with the increase of either NTU or solution-to-air heat capacity ratio
(Cr*) until a certain point, and thereafter no significant enhancements occurred.
Moghaddam et al. (2013c) found that the latent effectiveness of the LAMEE under air cooling and
dehumidifying operating conditions (i.e. summer operating conditions) was higher than that under
air heating and humidifying operating conditions (i.e. winter operating conditions).
Fewer studies were reported in the literature on the steady-state performance of the flat-plate
LAMEE when used as a diluted desiccant solution regenerator. Ge et al. (2014a) experimentally
studied the influences of several design and operating parameters on the performance of the
regenerator. They found that the moisture flux ratio increased with the increase of either Cr* or
the desiccant solution inlet temperature. Moghaddam et al. (2013d) experimentally investigated
the influences of the desiccant solution inlet temperature on the effectiveness and the moisture
removal rate of the regenerator. The results showed that increasing the desiccant solution inlet
temperature resulted in a decrease in the effectiveness and an increase in the moisture removal
rate. During regeneration of the diluted desiccant solution, the main objective is to increase the
concentration of the diluted desiccant solution by transferring water vapor from the desiccant
solution to the regeneration air. The effectiveness of a regenerator is usually evaluated based on
the airside temperature and humidity ratio. Moghaddam et al. (2014) presented new correlations
to calculate the solution side effectiveness of a LAMEE, and conducted a study on the differences
between evaluating the effectiveness of a regenerator based on the temperature and humidity ratio
of the airside versus the temperature and humidity ratio of the solution side.
The term “Compact” in the field of heat/energy exchangers refers to a high area density, which is
the ratio between the exchanger surface area for heat/mass transfer and the total volume of the
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exchanger. Compact exchangers have an area density ≥ 700 m2/m3 if the working fluids are gases
and ≥ 300 m2/m3 if the working fluids are liquid or two-phase (Reay (2002)). Mehendale et
al. (2000) stated that the hydraulic diameter (Dh) of channels of compact heat exchangers
constructed using welded metal methods ranges between 1 mm and 6 mm. Compared with
conventional heat/energy exchangers, compact exchangers can have higher effectiveness, smaller
volume, lighter weight, lower costs, and higher safety (Reay (2002)). Therefore, compact
heat/energy exchangers are attractive in various applications (e.g. electronics cooling, automotive
industry, power plants, chemical plants, petroleum industry, HVAC systems, solar thermal
systems, food industry, etc.). One of the most effective techniques for increasing the compactness
of a flat-plate LAMEE is to decrease the widths of the air and/or solution channels. Narrow
exchanger flow channels, however, are not without disadvantages and risks. Narrow channels
usually imply high pressure drop in the airside of the exchanger, which increases the operating
costs of the system (i.e. energy consumption of fans).
2.5 MOTIVATION OF THE CURRENT STUDY
One cannot find the best design channel width for flat-plate LAMEEs without considering all the
factors that impact design and performance. As discussed, narrow channel widths may boost the
performance of a flat-plate LAMEE. However, attention must be paid to the variation in channel
width, from one channel to the next. Small variations may occur due to manufacturing tolerances,
as well as due to elastic and plastic deformations of the flow channels during operation. Flow
maldistribution through a channel can be significant when the variation in channel width exceeds
5% of the nominal channel width (Shang and Besant (2005)). Narrow channels also require more
spacer supports within the airflow channels when elastic membranes are used, and require
minimizing the membrane deflections due to pressure differences across the membrane. For
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exchangers with multiple flow channels, variations in flow velocity from one channel to another
can also occur and the resulting maldistribution must be accounted for and minimized in the design.
As well, narrow channels create more difficulties when it comes to filtering and cleaning the
airflow channel surfaces. Finding the best channel width is a complex design problem. In this
study, flow channel variations will be accounted for in the results by selecting an assumed
magnitude of variation and correcting the effectiveness for this width and the other widths selected
for study.
Table 2.1 lists several flat-plate LAMEE prototypes which have been designed, constructed, and
tested over the past decade. Although each prototype was designed with different air and solution
channel widths, no studies have been conducted to evaluate the performance impacts of air and
solution channel widths of the flat-plate LAMEEs. The only information available in the literature
about the influences of different air and solution channel widths on the performance of membrane
energy exchangers is provided by Fan (2005); however, this brief study focused on the
performance of a RAMEE system, which is composed of two flat-plate LAMEEs coupled in a
closed pumped desiccant solution loop. The theoretical study conducted by Fan (2005) showed
that decreasing the width of the solution channels from 2 mm to 0.4 mm had almost no influence
on the sensible, latent, and total effectivenesses of the system, while decreasing the width of the
air channels from 7 mm to 2 mm may have the potential to increase the sensible, latent, and total
effectivenesses by 7%, 9%, and 8%, respectively. Thus, the objective of this chapter is to
investigate the influences of the nominal air and solution channel widths and flow maldistribution
on the steady-state performance of a flat-plate LAMEE.
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TABLE 2.1. Nominal air and solution channel widths of several flat-plate LAMEE prototypes
tested by several researchers.
Flat-Plate LAMEE prototype

Air channel width (mm)

Solution channel width (mm)

Bergero and Chiari (2011)

2.5

1.2

Bergero and Chiari (2004)

3

2

Mahmud et al. (2010)

3.18

1.5

Erb et al. (2009)

4.76

1.7

Moghaddam et al. (2013a)

5

1.6

Ge et al. (2014)

5

2.4

6.35

3.17

Beriault (2011); Namvar et
al. (2012)

2.6 THE FLAT-PLATE LAMEE
2.6.1

Design

Figure 2.1 shows a schematic of a flat-plate LAMEE comprised of several adjacent air and solution
channels separated by semi-permeable membranes. The semi-permeable membrane transfers heat
and water vapor between the air and desiccant solution streams and prevents liquid desiccant
solution from passing through it, as long as the pressure difference between the air and desiccant
solution streams is less than the membrane’s liquid penetration pressure. The temperature and
water vapor pressure differences between the air and desiccant solution streams are the driving
forces for the heat and water vapor transfer. A flat-plate LAMEE can be used for air cooling and
dehumidifying or diluted desiccant solution regeneration, depending on the inlet air and desiccant
solution conditions. In the air cooling and dehumidification processes, heat and water vapor are
transferred from the hot-humid airflow to the desiccant solution stream, causing the desiccant
solution to become diluted. Afterwards, the desiccant solution regenerator is used to reconcentrate
the diluted desiccant solution, where the heat and water vapor are transferred from the diluted
desiccant solution stream to the regeneration airflow.
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FIGURE 2.1. Schematic of a counter-cross flat-plate LAMEE (Abdel-Salam et al. (2014c)).
An exchanger with a counter-flow configuration has a higher effectiveness than one with a
cross-flow or parallel-flow configuration (ASHRAE (2004)). However, it is difficult to construct
a flat-plate LAMEE with adjacent inlets/outlets for the supply air and desiccant solution streams.
Therefore, a counter-cross-flow configuration was proposed by Vali (2009) and Vali et al. (2009).
In this exchanger, no internal guides were used to force the desiccant solution to be in counter flow
with the airflow. Subsequently, it was found that internal solution flow guides would insure that
more than 90% of the exchanger surface was counter-flow (Moghaddam et al. (2013e)). Figure 2.2
shows a schematic of a solution channel where internal guides are used to create a
counter-cross-flow configuration in a flat-plate LAMEE reported by Moghaddam et al. (2013e).
The air and desiccant solution streams have a counter-flow configuration along more than 90% of
the LAMEE’s length, and a cross-flow configuration only in the inlet and outlet regions (i.e.
solution inlet/outlet headers). The ratio between the length of inlet/outlet solution header and the
total length of the LAMEE is referred to as the entrance ratio (Vali (2009)).
22

FIGURE 2.2. Schematic of a solution channel with internal guides to create a counter-crossflow configuration in a flat-plate LAMEE.
The design of LAMEEs depends on multiple design parameters including the channel width, the
exchanger length and height, the surface area for heat/mass transfer, the flow configuration
between the working fluids, the membrane thermo-physical properties, and the heat and moisture
transfer capacity rates of the fluids. In addition, the operating conditions (air cooling and
dehumidifying, air heating and humidifying, diluted solution regeneration) affect the performance
(Kamali et al. (2016)). A multi-objective algorithm can be used to optimize the design of the
LAMEE for a specific operating condition or a range of operating conditions based on
effectiveness, airside pressure drop, compactness and capital/maintenance costs.
In this Chapter, the only design recommendations that will be developed are the air and solution
channel widths for flat-plate LAMEEs. A numerical study will be performed to determine the
effects of the air and solution channel widths on the heat and moisture transfer rates in LAMEEs.
Other design and operating parameters (the exchanger length and height, the surface area of
heat/mass transfer, the membrane thermo-physical properties, the air and solution flow
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configurations, air and solution mass flow rates, inlet air and solution temperatures, inlet air
humidity ratio, and inlet solution concentration) are kept constant and the sensitivity of the
LAMEE performance to the variations in the air and solution channel widths will be investigated.
2.6.2

Performance Evaluation of Flat-Plate LAMEEs

Effectiveness

is

the

most

important

performance

factor

for

energy

exchangers

(ASHRAE Standard 84 (2008)). Sensible, latent, and total effectivenesses of a flat-plate LAMEE
are defined as the ratios between the actual and maximum sensible energy, latent energy, and total
energy transfer rates, respectively, into/from the airflow as it passes through the LAMEE. For
solution-to-air exchangers with a heat capacity ratio greater than unity (Cr* ≥ 1), sensible, latent,
and total effectivenesses are calculated from Equations (2.1) to (2.3) (Simonson and Besant
(1999)).
,
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where  is the effectiveness, T is the temperature (ºC), W is the humidity ratio (kg/kg), and H* is
the operating factor which is calculated from equation (2.4) (Simonson and Besant (1999)).
Subscripts sen, lat, and tot refer to sensible, latent, and total, respectively, while subscripts air, sol,
in, and out refer to air, solution, inlet, and outlet, respectively.
∗

Moisture removal rate (
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,
,

(2.4)

) is another important parameter that is used to evaluate the
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performance of flat-plate LAMEEs. The moisture removal rate is defined as the mass flow rate of
water vapor between the air and desiccant solution streams across the semi-permeable membrane,
and is calculated from equation (2.5). This term comes into play for desiccant solution regeneration
or drying processes because crystallization problems can occur within a porous membrane when
the moisture removal rate is high and the desiccant solution is near crystallization conditions.
,

where

(2.5)

,

is the mass flow rate of air (kg/s).

The sensible, latent, and total effectivenesses, and moisture removal rate of a flat-plate LAMEE
significantly depend on three dimensionless numbers: Cr*, NTU, and the number of mass transfer
units (NTUm). Cr*, NTU, and NTUm are calculated from equations (2.6) to (2.10).
,

∗

,

where Cr* is the heat capacity ratio, C is the heat capacity rate (W/K),

(2.6)
is the mass flow rate

of desiccant solution (kg/s), and cp is the specific heat capacity (J/(kgK)).
(2.7)
1

1

(2.8)

where U is the overall heat transfer coefficient (W/(m2K)), A is the membrane surface area (m2),
Cmin is the minimum heat capacity rate of air and desiccant solution flows (W/K), h is the
convective heat transfer coefficient (W/(m2K)), mem is the membrane thickness (m), and kmem is
the thermal conductivity of the membrane (W/(mK)).
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(2.9)
1

1

,

,

where Um is the overall mass transfer coefficient (kg/(m2s)),

(2.10)

is the minimum mass flow rate

of air and desiccant solution flows (kg/s), hm is the convective mass transfer coefficient (kg/(m2s)),
and km is the water vapor permeability of the membrane (kg/(ms)).
The convective heat and mass transfer coefficients of the air and desiccant solution are calculated
from equations (2.11) and (2.12).
(2.11)
(2.12)
where Nu is Nusselt number, Dh is the hydraulic diameter (m), k is the coefficient of thermal
conductivity (W/(mK)), Sh is Sherwood number, hm is the convective mass transfer coefficient
(m/s), and D is the mass diffusivity (m2/s).
Nusselt number is assumed to be 8.24 for a fully developed laminar flow between two infinite
rectangular parallel plates with a constant heat flux (Incropera and Dewitt (2002); Kays and
Crawford (1990); Nellis and Klein (2009); Çengel (2006)). Sh and hm can be calculated using the
Chilton-Colburn analogy (Colburn (1933); Chilton and Colburn (1934)) as follows (Çengel
(2006); Welty et al. (2001)).
/

∙

(2.13)
(2.14)
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⁄

(2.15)

where Le is Lewis number, and  is the thermal diffusivity (m2/s).
2.7 NUMERICAL STUDY
2.7.1

Numerical Model

A numerical study is performed to investigate the influences of the air and solution channel widths
on the sensible, latent, and total effectivenesses, the moisture removal rate, and the airside pressure
drop of a flat-plate LAMEE when used for both air cooling and dehumidifying and diluted
desiccant solution regeneration. The numerical study is performed using a simulation program
called “Enthalpy Pump System (EPS)”. The EPS program was developed and validated at the
University of Saskatchewan, and, after many test comparisons, it was found to be reliable to
evaluate the performance of flat-plate LAMEEs (Fan (2005); Fan et al. (2006); Seyed (2008);
Seyed et al. (2009); Vali (2009); Vali et al. (2009); Hemingson (2010)). The EPS program can be
used to simulate the steady-state and the transient performances of a flat-plate LAMEE with
different flow configurations (i.e. counter-flow, cross-flow, counter-cross-flow) when used for air
cooling and dehumidifying, air cooling and humidifying, air heating and dehumidifying, air
heating and humidifying, and diluted desiccant solution regeneration.
The EPS model uses the finite difference method to discretize the heat and moisture transfer
governing equations presented in Appendix B. The Gauss-Seidel method is used to solve the
coupled algebraic equations. The numerical study is performed with 200 X 200 spatial nodes. The
numerical model was developed based on the following assumptions (Fan (2005); Fan et al.
(2006); Seyed (2008); Seyed et al. (2009); Vali (2009); Vali et al. (2009); Hemingson (2010)).
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1. The air and desiccant solution are fully developed laminar flows in each flat plate flow channel.
2. There are only negligible heat losses to the surroundings because the LAMEE is well insulated.
3. The heat conduction and mass diffusion in the axial direction are negligible for both air and
desiccant solution flows (Pe > 20) (Luo and Roetzel (1998)).
4. The direction of heat and water vapor flux between the air and desiccant solution is normal to
the semi-permeable membrane.
5. The properties of the semi-permeable membrane are constant.
6. Only water vapor and heat are transferred across the semi-permeable membrane.
7. The influences of flow maldistribution in air and desiccant solution channels are neglected in
the numerical model (however, because of their importance for liquid-to-air membrane energy
exchangers, they will be considered separately in this chapter).
8. Energy of phase change for water is only added/removed to/from the desiccant solution.
9. No frosting or condensation of water occurs external to the membrane pores.
10. Crystallization of the desiccant salt within the membrane pores is assumed to be negligible.
2.7.2

LAMEE Specifications and Operating Conditions

The specifications of the flat-plate LAMEE used in the current study are given in Table 2.2. The
LAMEE has a counter-cross-flow configuration (see Figure 2.1). The air and desiccant solution
streams are separated by a GE semi-permeable membrane. Lithium chloride (LiCl) has a low
surface vapor pressure (Mei and Dai (2008)) and low risk of crystallization (Afshin (2010));
therefore, it is used in this study. Table 2.3 shows the operating conditions for the dehumidifier
and the regenerator. The outdoor air conditions for the dehumidifier were chosen according to
AHRI Standard 1060 (AHRI Standard 1060 (2005)) summer conditions. Although the
effectiveness of the flat-plate LAMEE increases at higher Cr* values (Namvar et al. (2012)), it
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should be noted that flow maldistribution due to membrane deflections increases as Cr* increases.
Therefore, a Cr* of 5 is chosen for both the dehumidifier and the regenerator in the current study.
TABLE 2.2. Specifications of the flat-plate LAMEE for the numerical model.
Parameter

Value

Unit

counter-cross

-

length

490

mm

height

100

mm

exchanger aspect ratio (height/length)
(Vali (2009))

0.2

-

exchanger solution entrance ratio
(Vali (2009))

0.04

-

number of air channels

21

-

number of solution channels

20

-

air channel width (air)*

1-6

mm

solution channel width (sol)**

1-4

mm

membrane type

GE

-

0.265

mm

24

s/m

0.065

W/(mK)

flow configuration

Exchanger

Membrane
(Moghaddam et
al. (2014))

mem
Rm
kmem

*

varies from 1 to 6 mm by 0.5 mm increment;

**

varies from 1 to 4 mm by 1 mm increment

TABLE 2.3. Operating conditions for the dehumidifier and the regenerator.
Parameter

Dehumidifier

Regenerator

Value

Unit

Value

Unit

Tair,in

35

C

28

C

Wair,in

17.5

gv/kgair

13

gv/kgair

Tsol,in

24

C

44

C

Csol,in

32

%

31.7

%

H*

2.3

-

1.6

-

1.95

g/s

1.95

g/s

3.43

g/s

3.46

g/s

5

-

5

-

Cr*
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2.8 RESULTS AND DISCUSSION
2.8.1

The Dehumidifier

Figure 2.3 (a) shows the variation of NTU with air channel width (air) for four solution channel
widths (sol), when the LAMEE is used for air cooling and dehumidifying. It is found that NTU
increases with the decrease of either air or sol, but is more heavily influenced by air than sol. For
instance, at sol = 1 mm, NTU increases by 336% with the decrease of air from 6 mm to 1 mm,
whereas, NTU increases only by 10% with the decrease of sol from 4 mm to 1 mm at air = 1 mm.
Moreover, the influence of air on NTU becomes more significant at lower values of air. For
instance, at sol = 1 mm, NTU increases by 67% and 17% with the decrease of air from 2 mm to
1 mm and from 6 mm to 5 mm, respectively. At air values greater than 1.5 mm, sol has almost no
influence on NTU.
Figure 2.3 (b) shows the variations in the outlet air and desiccant solution temperatures with

airand sol, and Figure 2.3 (c) shows the variations in the outlet air and desiccant solution humidity
ratios with airand sol, when the LAMEE is used for air cooling and dehumidifying. It is found
that the increase in NTU with the reduction of either air or sol results in lower outlet air
temperatures and humidity ratios. Again, the results are more influenced by air than sol. For
instance, at sol = 1 mm, the reduction of air from 6 mm to 1 mm results in decreases of 14% and
19% in the outlet air temperature and humidity ratio, respectively. While at air = 1 mm, the
reduction of sol from 4 mm to 1 mm results in decreases of 0.8% and 7% in the outlet air
temperature and humidity ratio, respectively.
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sol = 1mm
dsol=2mm
sol = 2mm
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2

1

31
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30
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28

27
26
25
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6
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FIGURE 2.3. Variations of (a) NTU (b) outlet air and desiccant solution temperatures (c) outlet
air and desiccant solution humidity ratios with widths of air and solution channels of the
dehumidifier (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).
In addition, Figures 2.3 (b) and 2.3 (c) show that the changes in the outlet desiccant solution
temperature and humidity ratio are less significant than the changes in the outlet air temperature
and humidity ratio. For instance, at sol = 1 mm, the reduction of air from 6 mm to 1 mm results
in an 8% increase in the outlet desiccant solution temperature compared to a 14% decrease in the
outlet air temperature. More details about the effects of air and sol on the sensible, latent and total
effectivenesses, and moisture removal rate of the dehumidifier are presented in the next sections.
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2.8.1.1 Sensible Effectiveness
Figure 2.4 shows the variations in the sensible effectiveness of the dehumidifier with changing air
and sol. The sensible effectiveness increases significantly with the decrease of air. For instance,
the sensible effectiveness increases from 46% to 85% as air decreases from 6 mm to 1 mm. The
sensible effectiveness is more sensitive to the variations in air at lower values of air. The
improvement in the sensible effectiveness can be explained as follows. For a fully developed
laminar flow, Nusselt number is constant and independent of Reynolds number (Re) (Nellis and
Klein (2009)). Since the airflow is both fully developed and laminar (Reair < 2300), this means that
the convective heat transfer coefficient increases inversely with air according to equation (2.11).
As a result, the overall heat transfer coefficient increases which leads to the increase of NTU (see
Figure 2.3 (a)), and consequently the sensible effectiveness increases (see equations (2.7) and
(2.8)).
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FIGURE 2.4. Influences of air and solution channel widths on the sensible effectiveness of the
dehumidifier (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).

On the other hand, it is found that sol has a negligible influence on the sensible effectiveness
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compared to air. As can be seen from Figure 2.4, the maximum improvement encountered in the
sensible effectiveness with the decrease of sol from 4 mm to 1 mm is less than 2% over the entire
range of air studied. This is attributed to the fact that the solution side of the flat-plate LAMEE
has a much higher convective heat transfer coefficient (~4,500 W/(m2·K)) than the airside
(~220 W/(m2·K)). As well, the thickness of the semi-permeable membrane is very small
(0.265 mm). Therefore, it is concluded that the heat transfer resistance of the airside dominates the
total heat transfer resistance within flat-plate LAMEEs, and the solution side accounts for only a
very small fraction (see equation (2.8)). It is worth mentioning that this is in accordance with
previous results reported by Zhang and Huang (2011), which state that the airside resistance
represented more than 98% of the total heat transfer resistance in a hollow-fiber LAMEE.
2.8.1.2 Latent Effectiveness
The variations in the latent effectiveness of the dehumidifier with changing airand sol are
illustrated in Figure 2.5. It is found that the latent effectiveness increases inversely with either air
or sol, with a larger increase due to changes in air. The latent effectiveness increases by up to 25%
as air decreases from 6 mm to 1 mm, and it increases by up to 8% with the reduction of sol from
4 mm to 1 mm. The enhancement in the latent effectiveness with the reduction of either air or sol
can be explained as follows. Since the convective heat transfer coefficient increases with the
reduction of the channel width, as previously mentioned in Section 2.8.1.1, the convective mass
transfer coefficient will increase according to the Chilton-Colburn analogy (Colburn (1933);
Chilton and Colburn (1934)) (i.e. equation 2.15). The higher the convective mass transfer
coefficient the higher the overall mass transfer coefficient (see equation (2.10)), and consequently,
the higher the number of mass transfer units (NTUm) (see equation (2.9)), which leads to the
increase in the latent effectiveness.
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FIGURE 2.5. Influences of air and solution channel widths on the latent effectiveness of the
dehumidifier (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).
According to the results presented in the previous sections, it is found that the latent effectiveness
is lower than the sensible effectiveness of the dehumidifier. This is attributed to the fact that the
heat transfer resistance of the membrane is negligible compared to its mass transfer resistance. The
resistance to water vapor diffusion through pores of a semi-permeable membrane is referred to as
vapor diffusion resistance (VDR) (Larson (2006)). Table 2.4 shows the VDR values for several
commercial semi-permeable membranes. The VDR of the membrane used in the studied flat-plate
LAMEE is 24 s/m.
Figure 2.6 displays the variation in the latent effectiveness of the dehumidifier with the VDR of
the membrane. At air = 2 mm and sol = 2 mm, the latent effectiveness increases from 10% to 67%
as the VDR decreases from 400 s/m to 10 s/m. It can be concluded that the vapor diffusion
resistance of the membrane is the key parameter to enhance the latent effectiveness of flat-plate
LAMEEs. It is worth mentioning that this agrees with the results reported by Zhang and
Huang (2011) which state that the membrane was responsible for more than 83% of the total mass
transfer resistance in a hollow-fiber LAMEE. Moreover, the influence of air on the latent
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effectiveness is found to be less significant than its influence on the sensible effectiveness of the
dehumidifier. This is because, as previously mentioned in Section 2.8.1.1, the airside resistance
represents the majority of the total heat transfer resistance in flat-plate LAMEEs.

TABLE 2.4. VDR for several commercial membranes (Beriault (2011)).
Membrane

VDR (s/m)

GE (Moghaddam et al. (2014))

24

Porex® X-4904

40

Porex® PM3V

57

®

Porex PM6M

84

AY Tech Laminant

97

Porex® X-7744

102

Propore™

158

Tyvek®1059B

215

Tyvek®1025B

245
®

Japanese Tyvek

329

Aptra™ RKW

385
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FIGURE 2.6. Variation in latent effectiveness with VDR of the membrane for different air
values and sol = 2 mm (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).
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2.8.1.3 Total Effectiveness
Figure 2.7 displays the variations in the total effectiveness of the dehumidifier with changing air
and sol. The total effectiveness increases inversely with either air or sol, where it increases by up
to 29% as air decreases from 6 mm to 1 mm, and it increases by up to 6% when sol is reduced
from 4 mm to 1 mm. This is expected because the total effectiveness of the LAMEE is dependent
on its sensible and latent effectivenesses (see equation (2.3)). Since the reduction of either air or

sol leads to the increase in the sensible and latent effectivenesses, consequently the total
effectiveness increases. It is worth mentioning that in equation (2.3), the latent effectiveness is
multiplied by the operating factor (H*), which is higher than unity (see Table 2.3)); therefore, the
change in the latent effectiveness has a higher influence on the total effectiveness than the change
in the sensible effectiveness. Accordingly, the influences of both air and sol on the total
effectiveness are very similar to their influences on the latent effectiveness.
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FIGURE 2.7. Influences of air and solution channel widths on the total effectiveness of the
dehumidifier (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).
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2.8.1.4 Moisture Removal Rate
The moisture removal rate (

) is the mass flow rate of water vapor between the air and desiccant

solution streams across the semi-permeable membrane. The influences of air and sol on
illustrated in Figure 2.8. The

are

increases by up to 61% when air decreases from 6 mm to 1 mm,

and it increases by up to 14% with the reduction of sol from 4 mm to 1 mm. Figure 2.3 (c) shows
that the change in the air humidity ratio across the dehumidifier increases with the decrease of
either air or sol. Since

increases with an increase in the change of air humidity ratio across

the dehumidifier (see equation (2.5)),

increases inversely with either air or sol. This is

attributed to the increase in the convective mass transfer coefficients of the air and desiccant
solution streams with the reduction of air and sol, respectively. It can be concluded that air has a
strong influence on the

; however, as previously mentioned in Section 2.8.1.2, the vapor

diffusion resistance of the membrane has an important influence for achieving significant
enhancements in the latent effectiveness of the dehumidifier and therefore its
shows the variation in

with changing the VDR of the membrane. The

. Figure 2.9
increases

significantly as the VDR decreases, especially for VDR values less than 150 s/m. It can be
concluded that the VDR of the membrane has a strong influence on the moisture removal rate in
the dehumidifier.
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FIGURE 2.8. Influences of air and solution channel widths on the moisture removal rate in the
dehumidifier (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).
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FIGURE 2.9. Variation of moisture removal rate with VDR of the membrane for different air
values and sol = 2 mm (Tair,in = 35C, Wair,in = 17.5 gv/kgair, Tsol,in = 24C, Csol,in = 32%).

2.8.2

The Regenerator

Figure 2.10 (a) shows the variations of NTU with air and sol, when the LAMEE is used for diluted
desiccant solution regeneration. NTU increases inversely with either air or sol, where air has a
more significant influence on NTU than sol. For instance, at sol = 1 mm, NTU increases by 335%
with the reduction of air from 6 mm to 1 mm; whereas at air = 1 mm, NTU increases only by 9%
38

with the reduction of sol from 4 mm to 1 mm.
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FIGURE 2.10. Variations of (a) NTU (b) outlet air and desiccant solution temperatures (c) outlet
air and desiccant solution humidity ratios with widths of air and solution channels of the
regenerator (Tair,in = 28C, Wair,in = 13 gv/kgair, Tsol,in = 44C, Csol,in = 31.7%).
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Figure 2.10 (b) displays the variations in the outlet air and desiccant solution temperatures with

airand sol, while the variations in the outlet air and desiccant solution humidity ratios with airand
sol are presented in Figure 2.10 (c). As was mentioned in Sections 2.8.1.1 and 2.8.1.2, the sensible
and latent effectivenesses of the flat-plate LAMEE increase as NTU increases, thus the outlet
desiccant solution temperature and humidity ratio in the regenerator decrease with the decrease of
either air or sol (i.e. high NTU values). For instance, at sol = 1 mm, the outlet solution temperature
decreases by 6% and the outlet solution humidity ratio decreases by 13% with the decrease of air
from 6 mm to 1 mm. On the other hand, sol has less influences on the outlet solution temperature
and humidity ratio, where at air = 1 mm, the outlet solution temperature and humidity ratio
decrease only by 2% and 4%, respectively, with the decrease of sol from 4 mm to 1 mm.
Figure 2.11 (a) displays the influences of air and sol on the sensible effectiveness of the
regenerator. It is found that air has a strong influence on the sensible effectiveness; for instance,
the sensible effectiveness increases from 48% to 88% as air decreases from 6 mm to 1 mm. As
mentioned in Section 2.8.1.1, Nusselt number is constant and independent of Reynolds number for
a fully developed laminar flow (Nellis and Klein (2009)). Accordingly, decreasingair increases
the convective heat transfer coefficient of the airside, thus the overall heat transfer coefficient,
NTU, and sensible effectiveness increase. Decreasing sol from 4 mm to 1 mm is found to improve
the sensible effectiveness by less than 1%; therefore, it can be concluded that sol has a negligible
influence on the sensible effectiveness of the regenerator.
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FIGURE 2.11. Influences of air and solution channel widths on the (a) sensible effectiveness (b)
latent effectiveness (c) total effectiveness of the regenerator
(Tair,in = 28C, Wair,in = 13 gv/kgair, Tsol,in = 44C, Csol,in = 31.7%).
The variations in the latent effectiveness of the regenerator versus air and sol are presented in
Figure 2.11 (b). The latent effectiveness increases with the decrease of either air or sol. For
instance, at sol = 1 mm, the latent effectiveness increases from 34% to 52% with the reduction of

air from 6 mm to 1 mm, whereas at air = 1 mm, the latent effectiveness increases from 40% to
52% as sol decreases from 4 mm to 1 mm. At the same air and sol, the latent effectiveness of the
regenerator is lower than the latent effectiveness of the dehumidifier. For instance, at air = 1 mm
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and sol = 1 mm, the latent effectivenesses of the dehumidifier and the regenerator are 66% and
52%, respectively. One reason may be that the difference between the inlet temperatures of air and
desiccant solution streams in the regenerator is higher than in the dehumidifier, thus the potential
for heat and water vapor transfer in the regenerator is higher than the dehumidifier. Consequently,
more heat of phase change is released into the desiccant solution side in the regenerator, which
degrades the potential for heat and water vapor transfer between the air and desiccant solution
streams. Another reason may be that the slope of LiCl on the psychrometric chart for the
dehumidifier operating conditions is lower than the regenerator.
Figure 2.11 (c) illustrates the influences of air and sol on the total effectiveness of the regenerator.
The total effectiveness of the regenerator increases inversely with either air or sol. As mentioned
in Section 2.8.1.3, the total effectiveness of a LAMEE is dependent on its sensible and latent
effectivenesses, thus increasing the sensible and latent effectivenesses with the decrease of either

air or sol, increases the total effectiveness of the regenerator. As well, it is found that the variations
in the total effectiveness of the regenerator versus air and sol have a trend similar to the variations
in the total effectiveness of the dehumidifier versus air and sol. For instance, at sol = 1 mm, the
total effectivenesses of the regenerator and the dehumidifier increase by 26% and 29%,
respectively, as air decreases from 6 mm to 1 mm, whereas, at air = 1 mm, decreasing sol from
4 mm to 1 mm increases the total effectiveness of the regenerator and the dehumidifier by 8% and
6%, respectively.
The main objective of a desiccant solution regenerator is to increase the concentration of the
diluted desiccant solution by removing water vapor from it. Therefore, higher values of
indicate higher performance of a regenerator. The variations in
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versusair and sol of the

regenerator are presented in Figure 2.12. It is found that the
either air or sol. For instance, the

increases with the decrease of

increases by up to 52% and 31% with the decrease of air

from 6 mm to 1 mm and sol from 4 mm to 1 mm, respectively. Moghaddam et al. (2013d) found
that increasing the potential for heat and water vapor transfer in the regenerator by increasing the
but decreases the effectiveness. Accordingly,

inlet desiccant solution temperature, increases

designing a regenerator with smaller air and sol is an effective technique to enhance both the
effectiveness and

.
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FIGURE 2.12. Influences of air and solution channel widths on the moisture removal rate in the
regenerator (Tair,in = 28C, Wair,in = 13 gv/kgair, Tsol,in = 44C, Csol,in = 31.7%).
2.8.3

Comparison between the Influences of Air and Solution Channel Widths on the
Effectivenesses of the Dehumidifier and Regenerator

Figure 2.13 shows a comparison between the absolute enhancements in the sensible, latent, and
total effectivenesses of the studied flat-plate LAMEE, when used for air cooling and
dehumidifying and diluted desiccant solution regeneration. Air channel width of 6 mm is selected
as the reference case for the percent changes in the sensible, latent, and total effectivenesses of the
dehumidifier and the regenerator displayed in Figure 2.13. The enhancements in the sensible
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effectivenesses of the dehumidifier and the regenerator are almost the same; however, the
enhancements in the latent effectiveness of the dehumidifier is higher than the regenerator,
especially at small values of air. This is likely because, at the same air and sol, the latent
effectiveness of the regenerator is lower than the latent effectiveness of the dehumidifier, thus the
absolute enhancements in the latent effectiveness of the regenerator are lower than the
dehumidifier. In conclusion, the sensible, latent, and total effectivenesses of both the dehumidifier
and the regenerator, when operated with constant air and solution channel widths and without flow
maldistribution, increase as air or sol decreases.
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FIGURE 2.13. Comparison between the absolute enhancements in the sensible, latent, and total
effectivenesses of the dehumidifier and the regenerator for different air values (at sol = 2 mm).
2.8.4

Pressure Drop

The economic performance of a LAMEE significantly depends on the airside pressure drop.
Higher air pressure drops mean higher power requirements for fans, and thus higher operating
costs. Using an hourly simulation for a building, Rasouli et al. (2014) found that the payback
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period of a RAMEE system (i.e. composed of two identical flat-plate LAMEEs coupled by a
pumped closed liquid desiccant loop) installed in a building in Miami and Phoenix, USA, increased
when the air pressure drop across each LAMEE increased (see Figure 2.14).

FIGURE 2.14. Variation of the payback period of a RAMEE system when installed in a
building in Miami and Phoenix versus the air pressure drop across each LAMEE (Rasouli et
al. (2014)).
As well, fluid accelerations, elevation changes, and inlet/exit manifolds pressure drops normally
account for less than 4% of the total pressure drop in flat-plate heat exchangers (Khan et
al. (2012)). Since the liquid flow pressure drop is usually small, only the air flow channel frictional
pressure drop needs to be calculated for the preliminary design of a flat-plate LAMEE. Using the
Darcy-Weisbach equation (equation (2.16)) (White (1998)), the pressure drop for fully developed
flow in a duct is given by:
∆

∙

∙
2

∙

where ∆P is the frictional pressure drop in the airstream across the LAMEE (Pa),

(2.16)
is the Darcy

friction factor, Lex is the LAMEE length (m), Dh is the air channel hydraulic diameter (m),

is

the air density (kg/m3), and uair is the average air bulk velocity through the exchanger channel
(m/s).
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It is clear from equation (2.16) that the pressure drop for the airside across a heat/energy exchanger
strongly depends on the design parameters (i.e. exchanger length and hydraulic diameter of air
channels) and operating conditions (i.e. velocity of the airflow). The pressure drop increases
inversely with air. For example, the pressure drop is 255 Pa at air = 2 mm, and, with the same
mass flow rate in each channel, the pressure drop is around 2,000 Pa for air = 1 mm. Accordingly,
it can be concluded that, if the air pressure drop for a flat-plate LAMEE is not to be excessive, air
should be ≥ 2 mm in order to keep the pressure drop in the airside within an acceptable range.
2.8.5

Influences of Variations in Channel Width on the Dehumidifier Performance

Manufacturing tolerances in channel spacing and inlet/outlet headers will alter the performance
(i.e. effectiveness and pressure drop) of heat/energy exchangers (Shang and Besant (2005);
Nielsen et al. (2013)). Nielsen et al. (2013) found that the degradation in the performance of a
parallel-plate heat exchanger due to the non-uniformity of the widths of channels and plates
depends on the design parameters and operating conditions (i.e. thermal conductivity of the
exchanger material, Reynolds number, and standard deviation of the variations). Their results
showed that depending on Reynolds number and thermal conductivity of the exchanger material,
the non-uniformity of the channels and plates of a parallel-plate heat exchanger may significantly
degrade its performance even at low standard deviations of variations of 5%-10%.
Therefore, the critical design problem for flat-plate exchangers is:
(1) How should they be designed to make flow maldistribution effects small, especially as they
reduce the exchanger effectiveness? And,
(2) When elastic membrane exchangers are used, what are the most important design
considerations?
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Variations in the air and solution channel widths of a flat-plate LAMEE depend on the
manufacturing tolerances in the frames of the channels, the variations in the membranes thickness
and elastic properties, the pre-stretching tension within the membranes at the time of the exchanger
construction, the gluing process where the membranes are bonded to the frames of the channels,
and the pressure differences across each membrane during operation. Thus, flat-plate LAMEEs
may experience larger variations in the widths of the air and solution channels than other types of
heat/energy exchangers. Hemingson et al. (2011b) showed that the channel width variations may
be large in membrane energy exchangers. They found that flow maldistribution caused by
membrane deflections can reduce the effectiveness of a RAMEE system by up to 29%.
Figure 2.15 shows a cross section of a flat-plate membrane for a series of increasing liquid
pressures, and Figure 2.16 shows measured values for membrane deflections as a function of liquid
pressure (Kamali (2014)). These figures show that, as the liquid pressure increases, the elastic
deformation of the membrane increases. Figure 2.16 also shows that the initial increase in liquid
pressure (i.e. 0-0.5 psig) results in a large step change in membrane deflection, after which, the
changes in membrane deflections with increasing liquid pressure are much smaller and suggest a
non-linear step change relationship for membrane deformation versus liquid pressure (see
(Larson (2006); Larson et al. (2007); Kamali (2014)) for more details). The large step in
membrane deflection and the total membrane deflections can be reduced by pre-tensioning the
membrane

prior

to

clamping

or

gluing

the

membrane

to

the

liquid

flow

channel (Larson et al. (2007)). As well, the total membrane deflections can be reduced by
attaching a support grid to the membrane. For example, Ge et al. (2014b) found that using a support
grid reduced the membrane deflections from 4.6 mm to 2 mm at a pressure of 13,800 Pa (see
Figure 2.17). However, attaching a support grid to the membrane results in a partial blockage of
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the membrane surface area which reduces the rate of heat and water vapor transfer across the
membrane.

FIGURE 2.15. Photograph of membrane deflections versus flow channel length (0 to the
center-line) for several different liquid pressures (Kamali (2014)).
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FIGURE 2.16. Membrane center-line deflection versus liquid pressure applied on the membrane
(Kamali (2014)).
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(a)

(b)

FIGURE 2.17. (a) Photograph of a support grid (b) membrane center-line deflection versus
liquid pressure applied on the membrane with and without a support grid (Ge et al. (2014b)).
These figures imply that not only will elastic membrane deflections be significant, but they will
also change with membrane property variations, pre-tensioning variations of the membrane during
exchanger construction, attaching a support grid to the membrane, and operating conditions (i.e.
spatial and temporal pressure and temperature changes). Each of these cause flow channel
hydraulic diameter variations. These variations imply another two problems; (1) How to define the
correct air flow channel width when deflections are present, and (2) What will be the relative size
of the flow channel width changes when liquid pressures change. As well, variations in air flow
channel bulging from channel-to-channel (i.e. due to membrane property variations and
construction and gluing variations) will cause maldistribution in the air flows as well as the liquid
desiccant solution flow. These complex design problems require a theoretical method of attack to
show the relationship between variations in the air flow channel hydraulic diameter and the
reduction in the exchanger effectiveness and air pressure drop.
For typical air flow rates and for fixed parallel flow channels, Shang and Besant (2004) showed
theoretically that both the effectiveness and pressure drop decrease as the flow channel width
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variations increase for an energy wheel. For a particular energy wheel design and for a given mass
flow rate and mean hydraulic diameter for the flow channels, the maximum effectiveness and
pressure drop will occur only when the channel width variations are negligible. Using this theory
for a large number of flow channels and measuring flow channel hydraulic diameter variations for
a parallel exchanger surface desiccant-coated manufactured energy wheel, and using data for
variations in surface spacing, they estimated a reduction of the effectiveness and pressure drop of
13% and 14%, respectively. They developed equations (i.e. equations (2.17) and (2.18)) to
calculate the reduction in the effectiveness and pressure drop of an energy wheel due to variations
in channel width. These equations, which indicate that flow maldistribution is caused only by
increasing the ratio of standard deviation of flow channel hydraulic diameter divided by the mean
hydraulic diameter for the exchanger, /Do, are shown graphically in Figures 2.18 (a) and 2.18 (b)
for heat and energy transfer wheels with parallel exchanger surfaces. These equations show that
both the effectiveness and the pressure drop decrease in a non-linear manner with /Do. These
equations assume only that the flow is fully developed and the friction coefficient will vary
inversely with Reynolds number of the channel flow. For laminar flow in long narrow channels,
these assumptions are valid, while for fully developed turbulent or transition flow with small
changes of flow channel Reynolds number, they are nearly valid (Shang and Besant (2004)). The
pressure drop ratio can be written as (Shang and Besant (2004)):

∆P
∆Po

1

(2.17)

3

where, for a given total mass flow rate of air, ∆P is the pressure drop across an energy wheel with
random variations in the flow channel hydraulic diameter (Pa), ∆Po is the pressure drop across the
same energy wheel with no variations in the flow channel hydraulic diameter (Pa),  is the standard
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deviation of hydraulic diameters (m) ( can be measured for fixed air flow channel geometries),
and Do is the mean hydraulic diameter of all pore channels of an energy wheel (m). Figure 2.18 (b)
shows that the pressure drop across the exchanger decreases with increasing /Do.

(a)

(b)

=

FIGURE 2.18. Effect of variations in the channel width (given by the ratio of the standard
deviation of hydraulic diameters to the mean hydraulic diameter) on (a) the ratio of effectiveness
of an energy wheel with random variations in channel widths to the effectiveness of the same
energy wheel with no variations in channel width (b) the ratio of the pressure drop across an
energy wheel with random variations in channel widths to the pressure drop of the same energy
wheel with no variations in channel width (Shang and Besant (2004)).

In a similar method of analysis, the ratio of effectiveness with and without random variations in
the hydraulic diameter for a parallel-plate exchanger is given as (Shang and Besant (2004)):

1

∆
∆

1

15

45

15

∆
∆

1

3

(2.18)

where  is the effectiveness of an energy wheel with random variations in the hydraulic diameters,

o is the effectiveness of the same energy wheel with uniform hydraulic diameters, and

is a

dimensionless ratio coefficient (Shang and Besant (2004)) that is nearly constant for selected
typical representative summer and winter operating conditions.
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In the current flat-plate LAMEE design study, it is assumed that the above theoretical model for
the impact of channel width variations for energy wheels applies to membrane energy exchanger
airflow channel spacing variations and

0.3 is chosen because it corresponds to the AHRI

Standard 1060 (AHRI Standard 1060 (2005)) test conditions for both typical summer and winter
conditions (Shang and Besant (2004, 2005)). Unlike energy wheels, direct measurements of
membrane deflections within a manufactured membrane energy exchanger are impractical;
therefore, deviation between measured data of flat-plate LAMEE effectiveness and numerical
simulations for the same flat-plate LAMEE (assuming no spacing variations) are used to indicate
magnitude of the change in flat-plate LAMEE effectiveness caused by flow channel spacing
variations. Although the uncertainty in this estimate is relatively high, it is an improvement on not
including any corrections for the theoretical/numerical performance of flat-plate LAMEEs caused
by flow channel width variations.
The dehumidifier studied in this chapter has many air flow channels which each have a
length-averaged hydraulic diameter that varies in somewhat random manner from channel to
channel, and has a diameter standard deviation of . In total they have a mean hydraulic diameter
Do. It is assumed that the theory presented for energy wheels is directly applicable to other types
of exchangers. Shang and Besant (2004) were able to measure channel width variations; but for
the current design study, where there are several causes for flow channel variations and these
variations change with operating conditions; there is a need to define what is meant by the flow
channel hydraulic diameter. The literature shows that membrane exchanger theory, where each
channel is assumed to have the same flow rate, often overestimates the measured effectiveness
values considerably. For example, Hemingson (2010) predicted up to a 29% reduction in
effectiveness due to membrane deflections in the prototype of Mahmud at al. (2010), Similarly,
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the discrepancy in the effectiveness data measured by Namvar et al. (2012) and analytical model
predictions was up to 20% for a flat-plate LAMEE with nominal air channel spacing of 6.35 mm,
under air cooling and dehumidifying operating conditions. When greater attention was given to
reducing flow channel variations in a flat-plate LAMEE tested under air cooling and
dehumidifying operating conditions (Moghaddam et al. (2013a)), the discrepancy between
experimental data and simulation was less than 10%.
In the current design study, several values for the air channel width variations (i.e.  = 1.2, 1.4,
1.6 and 1.8 mm) are selected, while varying the width of air channels from 2 to 6 mm or Do = 4,
6, 8, 10 and 12 mm. That is, for Do = 4 mm, /Do = 0.3, 0.35, 0.4 and 0.45 when  = 1.2, 1.4, 1.6
and 1.8 mm, respectively. Using equation (2.18), the total effectiveness ratios would be

/o = 0.793, 0.732, 0.668 and 0.603 respectively. As well, equation (2.17) would give
∆P/∆Po = 0.787, 0.731, 0.676 and 0.622 for the same values of /Do.
Using the effectiveness and air pressure drop results, with no channel variations, determined from
the numerical simulation as o and ∆Po respectively, the estimated effectiveness () and air pressure
drop (∆P) with channel variations can be calculated. The results are shown graphically for 
(sensible, latent, and total effectivenesses) and ∆P with different air (the nominal air spacing
without membrane deflections) values in Figure 2.19. It is clear from Figure 2.19 that the sensible,
latent, and total effectivenesses of the dehumidifier decrease with the increase of , and these
decreases in the effectivenesses increase inversely with air. For instance, at air = 2 mm, the total
effectiveness decreases from 49% to 37% as  increases from 1.2 mm to 1.8 mm, whereas at

air = 6 mm, the total effectiveness decreases only from 41% to 39.3% as  increases from 1.2 mm
to 1.8 mm. Therefore, the variations in the air channels width should be kept as small as possible
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to achieve high effectivenesses for flat-plate LAMEEs. As well, it is shown in Figure 2.19 that the
sensible, latent, and total effectivenesses increase inversely with air until a specific value of air
(i.e. optimum air channel width), where any decrease in air beyond this optimum width will cause
the effectivenesses to decrease. This optimum width depends on , and increases with the increase
of . Figure 2.19 (d) shows that the air pressure drop across the dehumidifier decreases with the
increase of , and the decrease in the air pressure drop increases inversely with air.
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FIGURE 2.19. Variations of (a) sensible effectiveness (b) latent effectiveness (c) total
effectiveness (d) air pressure drop of the dehumidifier with air (at  = 0, 1.2, 1.4, 1.6, 1.8 mm
and sol = 2 mm). Results presented in this figure are obtained based on equations (2.17) and
(2.18) developed by Shang and Besant (2004).
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The practical implications of these sensitivity results for the design of flat-plate LAMEEs should
be considered. First, it is worth mentioning that with pressurized exchanger membranes the mean
spacing diameters, with finite liquid pressures in the liquid channels, for the air channel will always
be less than the nominal spacing of the membrane with no deflections (e.g. if the deflection resulted
in 0.5 mm reduction of membrane air flow space for each membrane, then two adjacent
membranes on either side of an air flow channel would cause a 1 mm deduction in the flow channel
average spacing). Therefore it would be prudent design to increase the nominal spacing by a similar
amount. That is, the prediction of optimum effectiveness as a function of flow channel spacing
without deflections should be shifted by 1 mm (i.e. instead of the optimum spacing being between
2 mm and 3 mm one should assume it will likely be between 3 mm and 4 mm spacing). Since the
static pressures inside the liquid flow channels of multiple panel flat-plate LAMEEs will change
with operating conditions and the static pressure depth of the exchanger, the value of /Do will
change for the same exchanger. This implies that the best channel spacing should be further
increased, say from 3-4 mm to 4-5 mm. Finally, over long durations of membrane exchanger
operations (i.e. 10-20 years of life cycle), the elastic properties of the membrane will change
causing some membrane creep or inelastic strain so that the membrane deflections increase slowly
over time. This last concern implies that the spacing between membranes should perhaps be further
increased to 5-6 mm, provided considerable attention has been given to the design and construction
of the membrane exchanger so that variations in the channel widths are as small practical.
2.8.6

Influences of Air and Solution Channel Widths on the Compactness of the Flat-Plate
LAMEE

A heat/energy exchanger, with liquid or two-phase flows, is classified to be compact if it has an
area density higher than 300 m2/m3 (Reay (2002)). Increasing the compactness of a flat-plate
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LAMEE results in lower capital, shipping and installation costs. The compactness of the flat-plate
LAMEE investigated in the current study is calculated from equation (2.19). For the case of an
exchanger with a selected mass flow rate, Figure 2.20 presents the LAMEE’s compactness for
different air and solution channel widths. It is clear that an area density up to 775 m2/m3 can be
obtained at air = 1 mm and sol = 1 mm.
∙
∙

∙

∙

∙
∙

∙

(2.19)

where Nmem is the number of semi-permeable membranes, Lex is the length of the LAMEE (m),
Hex is the height of the LAMEE (m), Nair is the number of air channels, Nsol is the number of
solution channels, andmem is the membrane thickness (m).
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FIGURE 2.20. Influences of air and solution channel widths on the compactness of the studied
flat-plate LAMEE.

Although compact heat/energy exchangers have several advantages over conventional ones,
increasing the compactness of an exchanger is associated with an increase in the pressure drop and
fan and pump power consumption. In addition, increasing the compactness of a flat-plate LAMEE
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by decreasing air will result in flow maldistribution in the air and solution flows due to membrane
deflections, which reduces the effectiveness of the LAMEE. Therefore, a trade-off between the
enhancement in the thermal performance (i.e. effectiveness), the pressure drop, and flow
maldistribution should be considered in order to develop an optimum design for a flat-plate
LAMEE.
2.9 CONCLUSIONS
In this chapter, the influences of the air and solution channel widths on the steady-state
effectiveness, moisture removal rate, and airside pressure drop of a flat-plate LAMEE are
numerically investigated. Results show that considerable enhancements in the effectivenesses and
moisture removal rate of the dehumidifier and the regenerator are possible at narrow air and
solution channel widths, provided the variations in the channel widths are small. The results
presented in this chapter lead to the following conclusions.
1. The airside is responsible for the majority of the total heat transfer resistance in flat-plate
LAMEEs (e.g. 90% of total heat transfer resistance for the recommended practical design),
while the vapor diffusion resistance of the membrane accounts for a significant portion (e.g.
31%) of the total moisture transfer resistance.
2. The sensible effectivenesses of the dehumidifier and the regenerator, with no variations in the
widths of air and solution channels and no flow maldistribution, increase by up to 40% as the
air channels width decreases from 6 mm to 1 mm, whereas the width of solution channels has
a negligible influence on the sensible effectiveness of both the dehumidifier and the
regenerator.
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3. The latent effectiveness of both the dehumidifier and the regenerator, with no variations in the
widths of air and solution channels and no flow maldistribution, increases with the decrease of
the width of either the air channels or the solution channels. However, for the same reduction
in the width of air and/or solution channels, the absolute enhancement in the latent
effectiveness of the dehumidifier is greater than the absolute enhancement in the latent
effectiveness of the regenerator.
4. Variations in the width of the air channels due to manufacturing tolerances and membrane
deflections caused by pressure differences between the air and solution streams, reduce the
effectiveness of flat-plate LAMEEs. The reduction in effectiveness become more significant
as the standard deviation of hydraulic diameter of the air channels increases or as the nominal
width of the air channel decreases. For each specific value of standard deviation of hydraulic
diameter of the air channels, there is an optimum nominal air channel width, where further
reduction beyond this optimum width results in a reduction in the effectiveness of the flat-plate
LAMEE. Considering practical design, construction, and operation of flat-plate LAMEEs, the
recommended practical air channel width for flat-plate LAMEEs is 5-6 mm and the practical
nominal solution channel width is 1-2 mm.
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CHAPTER 3
DESIGN AND TESTING OF A NOVEL 3-FLUID LAMEE

3.1 OVERVIEW OF CHAPTER 3
Based on the design guidelines provided by the numerical studies presented in the previous
chapter, a novel 3-fluid LAMEE prototype is designed and fabricated in this chapter. This chapter
fulfills part of the second objective of this thesis (i.e. to design and test a 3-fluid LAMEE and
compare with a 2-fluid LAMEE). The 3-fluid LAMEE prototype is used to test the rates of heat
and moisture transfer in 3-fluid and 2-fluid LAMEEs at several inlet refrigerant temperatures and
mass flow rates under air cooling and dehumidifying conditions. The 3-fluid LAMEE prototype is
operated as a 2-fluid LAMEE by turning off the refrigerant loop. The design of the 3-fluid LAMEE
prototype, the test-facility and the measuring instruments used to test and measure the
performances of the 3-fluid and 2-fluid LAMEEs are described in detail in this chapter.
The manuscript presented in this chapter is published in the International Journal of Heat and Mass
Transfer.
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Design and Testing of a Novel 3-Fluid Liquid-To-Air Membrane Energy Exchanger
(3-Fluid LAMEE)
(International Journal of Heat and Mass Transfer, 2016, Volume 92)
Mohamed R. H. Abdel-Salam, Robert W. Besant, Carey J. Simonson

3.2 ABSTRACT
Liquid-to-air membrane energy exchangers (LAMEEs) are constructed with micro-porous
semi-permeable membranes and transfer heat and water vapor between two separate fluids (air and
liquid desiccant). Over the last decade, research has shown that LAMEEs can significantly reduce
the energy consumption of HVAC systems. In this chapter, a novel 3-fluid LAMEE prototype is
designed and tested. The main objective of the proposed 3-fluid LAMEE is to enhance the
performance (i.e. sensible, latent, and total effectivenesses, moisture removal rate, and sensible
cooling capacity) of regular 2-fluid LAMEEs. The major difference between the proposed 3-fluid
LAMEE and a 2-fluid flat-plate LAMEE is that refrigeration tubes are placed inside the desiccant
solution channels to enhance the cooling capacity and control the temperature of the desiccant
solution along the length of the 3-fluid LAMEE. Water is used as the refrigerant in the current
work. The main contribution of this chapter is that it shows that the inlet temperature and mass
flow rate of the cooling water have significant influences on the steady-state performance of the
3-fluid LAMEE. Compared to a 2-fluid LAMEE with the same design parameters, the sensible,
latent, and total effectivenesses, moisture removal rate, and sensible cooling capacity of the 3-fluid
LAMEE are improved by up to 69%, 28%, 39%, 54%, and 140% respectively, depending on the
inlet temperature and mass flow rate of the cooling water.
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3.3 INTRODUCTION
In the past decade, research on liquid-to-air membrane energy exchangers (LAMEEs) has shown
the potential for reducing the energy consumption of building HVAC systems (Abdel-Salam et
al. (2014c)). A schematic of a flat-plate LAMEE is shown in Figure 1.1. A flat-plate LAMEE is
composed of multiple adjacent air and solution channels. The supply air flows in the first channel
and is separated from the second channel, where the desiccant solution flows, by a micro-porous
semi-permeable membrane. The elastic semi-permeable membrane is permeable to water vapor
and impermeable to liquids under small liquid-air pressure differences. The heat and moisture are
transferred simultaneously between the supply air and the desiccant solution (or water) streams
through the semi-permeable membrane.
A LAMEE can be used in different climates (i.e. cold and dry, cold and humid, hot and dry, hot
and humid) which implies different directions of heat and moisture transfer (Moghaddam et
al. (2013a)). Also, it can be used as a regenerator for the diluted desiccant solution regeneration
(Ge et al. (2014a)). There are several HVAC systems which can benefit from the use of LAMEEs.
For instance, LAMEEs can be used for hot-humid air cooling and dehumidifying and diluted
desiccant solution regeneration in membrane liquid desiccant air-conditioning systems
(Abdel-Salam et al. (2013, 2014a); Abdel-Salam and Simonson (2014b); Zhang and Zhang (2014))
or can be installed in the supply and exhaust airstreams of an HVAC system, and coupled using
desiccant solution for passive energy recovery in buildings (Vali et al. (2009); Patel et al. (2014);
Hemingson et al. (2011a); Akbari et al. (2012)).
3.4 LITERATURE REVIEW
Comprehensive literature reviews on the development of LAMEEs and their applications have
been presented by Abdel-Salam et al. (2014b, 2014c), Huang and Zhang (2013), and Ge et al.
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(2013a). Table 3.1 (Moghaddam et al. (2013a, 2013b, 2013c, 2013e); Ge et al. (2014a); Namvar
et al. (2012)) summarizes the steady-state sensible and latent effectivenesses of several flat-plate
LAMEE prototypes. Based on design parameters and operating conditions, the sensible
effectiveness ranged between 29% and 97%, while the latent effectiveness ranged between 37%
and 98%. The sensible and latent effectivenesses of flat-plate LAMEEs increases as number of
heat transfer units (NTU) and number of mass transfer units (NTUm) increase, respectively.
(3.1)

(3.2)
Large values of NTU and NTUm imply large membrane surface areas per unit flow rate of air,
which means that high effectivenesses may have high capital costs. Therefore, it is important to
modify the current design of the flat-plate LAMEE to enhance its effectiveness without increasing
its size or decreasing the air flow rate.

TABLE 3.1. Experimental steady-state sensible and latent effectivenesses for several flat-plate
LAMEE prototypes when used for air cooling and dehumidifying.
NTU

NTUm

sen (%)

lat (%)

3

1.7

40-86

51-83

Ge et al. (2014a)

5, 6, 7

3.1, 3.7, 4.3

30-94

74-98

Namvar et al. (2012)

6, 8, 10

2.5, 3.4, 4.2

29-88

37-89

Moghaddam et al. (2013e)

2.5, 3.5, 4.5

2.6, 3.3, 3.9

84-90

70-80

Moghaddam et al. (2013b)

4.5, 5.8

-

35-97

48-92

Moghaddam et al. (2013c)

5, 5.5, 6

3, 3.2, 3.6

79-86

79-87

Reference
Moghaddam et al. (2013a)
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3.5 MOTIVATION OF THE CURRENT STUDY
In LAMEEs, the driving potentials for heat and moisture transfer are the temperature and vapor
pressure differences between the supply air and desiccant solution streams. When the desiccant
solution absorbs/emits moisture, the heat of phase change is released/absorbed to/from the
desiccant solution, which alters the temperature of the desiccant solution. Therefore, as the
desiccant solution flows in the channel, the temperature difference between the process air and the
desiccant solution decreases, and thus the potential of heat and mass transfer degrades. This
decreases the effectiveness of the LAMEE.
For air cooling and dehumidifying process, Figure 3.1 shows the temperature profiles of the
working fluids in a counter-flow sensible heat exchanger and a counter-flow LAMEE. As the
desiccant solution flows through the exchanger, the increase in the desiccant solution temperature
is much higher in the LAMEE than in the sensible heat exchanger because phase change energy is
released due to water vapor absorption by the desiccant solution. This shows a need for
improvement in the design to improve the effectiveness of the LAMEE.

FIGURE 3.1. A schematic representation of the fluid temperatures within a LAMEE and heat
exchanger shows that the phase change energy reduces the temperature difference between the
air and desiccant solution streams.
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To overcome this problem, a new 3-fluid LAMEE was designed, built, and experimentally
investigated in this chapter. The new 3-fluid LAMEE is an improved design that is based on the
flat-plate LAMEEs that have been designed and tested over the past decade at the University of
Saskatchewan (Erb (2009); Mahmud (2009); Beriault (2011); Patel (2012); Namvar (2012); Ge et
al. (2013); Moghaddam (2014)). The structure of the 3-fluid LAMEE is similar to the flat-plate
LAMEE. The major difference is that in the 3-fluid LAMEE, tubes are installed inside the solution
channel and a refrigerant flows inside these tubes to control the temperature of the desiccant
solution. The third fluid (i.e. the refrigerant) has been added to control the temperature of the
desiccant solution throughout the LAMEE. In this chapter, the design and heat/moisture transfer
performance of the novel 3-fluid LAMEE, when used for air cooling and dehumidifying, under
different operating conditions will be explored and its effectivenesses (i.e. sensible, latent, and
total), moisture removal rate, and sensible cooling capacity (SCC) will be investigated and
compared to the conventional 2-fluid flat-plate LAMEE.
3.6 DESIGN OF THE 3-FLUID LAMEE PROTOTYPE
Figures 3.2 (a) and (b) show conceptual schematics of the proposed 3-fluid LAMEE and
Figure 3.2 (c) shows a cross-sectional view of the 3-fluid LAMEE. The air and solution channels
are separated by a reinforced micro-porous elastic semi-permeable membrane, and refrigeration
tubes are accommodated in each solution channel to keep the temperature of the cold desiccant
solution constant throughout the LAMEE. Table 3.2 gives the specifications of the 3-fluid LAMEE
prototype.
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(a)

(b)

(c)

FIGURE 3.2. Conceptual schematics of (a) the 3-fluid LAMEE prototype (b) the solution
channel with refrigeration tubes inside (c) a cross-sectional view.
65

TABLE 3.2. Specifications of the 3-fluid LAMEE prototype.
Parameter

Value

Unit

counter-cross

-

counter

-

length

470

mm

height

100

mm

exchanger solution entrance ratio*

0.11

-

5

mm

4.2

mm

number of air channels

2

-

number of solution channels

1

-

mass (empty)

1.71

kg

thickness

0.3

mm

mass resistance (Rm)

38

s/m

liquid penetration pressure

124

kPa

water

-

titanium

-

7

-

660

mm

2.362

mm

3.175

mm

thickness

0.4

mm

spacing between tubes

9.7

mm

thermal conductivity

21 (eFunda (2014))

(W/(mK))

flow configuration (solution-air)
flow configuration (solution-refrigerant)

Exchanger

nominal air channel width air
nominal solution channel width sol

Membrane

refrigerant
tube material
number of tubes
tube length

Refrigeration
inner diameter
tubes
outer diameter

*entrance ratio is defined as the ratio between the length of the inlet/outlet desiccant solution header
and the length of the exchanger (Vali (2009)).

3.6.1

The Prototype

The 3-fluid LAMEE prototype was manufactured at the University of Saskatchewan using a rapid
prototype machine. The construction drawings for the 3-fluid LAMEE prototype are presented in
Appendix C. The prototype was made of High Temperature Material Objet RGD 525 because of
its ability to resist corrosion of liquid desiccants and withstand high temperatures (i.e. up to 63C).
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The prototype is composed of one solution channel and two air channels. This configuration was
chosen for three reasons: (1) the smallest available tube diameter is 3.175 mm, (2) the thermal
conductivity of the air is lower than that of the desiccant solution, which reduces the heat losses
through the LAMEE’s walls to the surrounding environment, and (3) to reduce the number of
refrigeration tubes which reduces the capital cost.
The prototype walls are made of PVC and each wall has a thickness of 3 mm. The dimensions of
the prototype are given in Table 3.2. The width of the air channels is chosen according to the results
of the study presented in Chapter 2 (Abdel-Salam et al. (2015)) on the sensitivity of the steady-state
performance of flat-plate LAMEEs to the air channels width and flow maldistribution. It was found
that effectiveness and moisture removal rate of flat-plate LAMEEs increase inversely with the air
channel width. However, the airside pressure drop and the variations in the air channels width due
to manufacturing tolerances and membrane deflections (i.e. flow maldistribution), significantly
increase for flat-plate LAMEEs with narrow air channel widths. This causes significant reductions
in the effectiveness of flat-plate LAMEEs. The study recommended that the optimum nominal air
channel width for flat-plate LAMEEs is 5 to 6 mm. Accordingly, the 3-fluid LAMEE prototype is
designed with a nominal air spacing of 5 mm.
Under same operating conditions, counter-flow heat/energy exchangers have higher
effectivenesses than those with parallel-flow or cross-flow configurations provided that flow
maldistribution can be minimized (ASHRAE (2004)). However, designing a flat-plate LAMEE
with adjacent inlet/outlet manifolds for the air and solution streams is impractical. Therefore
Vali (2009) suggested a counter-cross-flow configuration (see Figure 1.1) where the air and
solution streams have a counter-flow configuration along 90% of the LAMEE’s length. Figure 3.3
shows a photograph of the solution channel with the refrigeration tubes inside. The tubes are
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accommodated inside the solution channel and a high temperature marine glue is used to attach
the tubes to the solution header and water header. The membrane is attached to the solution channel
using a high temperature marine glue to resist and prevent liquid desiccant leakages through the
edges of the solution channel. Figure 3.4 shows a photograph of the solution channel with the
membrane glued on it.

FIGURE 3.3. Photograph of the solution channel with the refrigeration tubes inside.

FIGURE 3.4. Photograph of the solution channel with the membrane glued on it.
Figure 3.5 shows a detailed schematic of a novel solution header which has been designed to allow
a counter-cross-flow configuration between the air and the desiccant solution streams, and a
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counter-flow configuration between the desiccant solution and the refrigerant streams inside the
3-fluid LAMEE. Leakage of desiccant solution was a major problem during testing previous
flat-plate LAMEE prototypes. In these prototypes, the solution header was designed and
manufactured as a separate piece and was connected to the solution channel using a glue. A
considerable amount of leakage occurred from this connection. Accordingly, the 3-fluid LAMEE
is designed with the solution header and the solution channel as a one piece (see Figure 3.5) to
prevent desiccant solution leakage from the inlet/outlet solution headers.

FIGURE 3.5. Conceptual schematics of the novel solution header of the 3-fluid LAMEE
prototype.

The desiccant solution may enter the 3-fluid LAMEE either from the top or the bottom header.
Mahmud et al. (2010) found that a flat-plate LAMEE with a bottom-to-top flow configuration for
the desiccant solution had a higher effectiveness than a flat-plate LAMEE with a top-to-bottom
flow configuration. Accordingly, the bottom-to-top flow is chosen for the desiccant solution
stream in all experiments presented in the current chapter.
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3.6.2

The Refrigeration Tubes

The ideal materials for the refrigeration tubes should have the following thermo-physical
properties:
1) The capability to resist the corrosion of liquid desiccant solutions,
2) Ability to withstand high temperatures (i.e. up to 60C),
3) A high thermal conductivity,
4) A high modulus of elasticity to avoid any deformations in the tubes especially during the
regeneration process at high temperatures,
5) Be chemically stable,
6) Low cost.
A

market

survey

was

conducted

and

High-Strength/Lightweight

Titanium

tubes

(McMASTER-CARR (2014)) were chosen. Titanium has a light weight, high resistance to
corrosion caused by liquid desiccant solutions, high modulus of elasticity, acceptable thermal
conductivity, and can withstand high temperatures up to 315ºC (McMASTER-CARR (2014)).
Fernández-Seara et al. (2013) reported that the weight of a heat exchanger can be significantly
reduced if titanium is used instead of stainless steel because the specific weight of the titanium is
less than that of the stainless steel by 55%.
3.6.3

The Refrigerant

Various types of refrigerants (i.e. water, nanofluids, etc.) could be used to cool/heat the desiccant
solution in the 3-fluid LAMEE. Among these refrigerants, water has a high specific heat capacity,
high boiling point, low freezing point, low cost, and is non-flammable, non-toxic, non-corrosive,
abundant and environmentally friendly. Therefore, water was chosen as the refrigerant in the
current research.
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3.6.4

The Air Channel Insert

It was found in Chapter 2 (Abdel-Salam et al. (2015)) that the airside resistance is responsible for
the majority of the total heat transfer resistance in 2-fluid flat-plate LAMEEs. According to
Chilton-Colburn analogy (Colburn (1933); Chilton and Colburn (1934)), the convective mass
transfer coefficient increases with the increase of the convective heat transfer coefficient, thus
enhancing the convective heat transfer coefficient will improve the sensible and latent
effectivenesses of LAMEEs.
For laminar air flow in LAMEEs as in this thesis, the heat and mass transfer on the airside can be
enhanced by generating secondary air flows which enhance mixing. This can be achieved by
installing inserts with specific geometries inside the air channel. For example, installing an insert
with cylindrical bars inside the air channels will generate vortices and provide a better mixing on
the airside which enhances the rates of heat and moisture transfer in LAMEEs (Kakac et al. (1999))
(see Figure 3.6).

FIGURE 3.6. The effect of cylindrical bars on the airflow (Incropera et al. (2007)).

Oghabi (2014) proposed installing air channel inserts in flat-plate LAMEEs to enhance the
convective heat transfer coefficient of the airside. As shown in Figure 3.7, the insert is composed
of several horizontal ribs and vertical cylindrical bars. Oghabi (2014) tested several inserts with
different vertical spacing between the ribs, different horizontal spacing between the cylindrical
bars, and at different Reynolds numbers. He found that increasing Reynolds number or decreasing
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either the horizontal or the vertical spacing results in an increase in Nusselt number of the airside,
where the influence of the horizontal spacing between the cylindrical bars on the enhancement of
convective heat transfer coefficient is more significant than the influence of the vertical spacing
between the ribs. On the other hand, he reported that using this insert in the air channels of the
flat-plate LAMEEs increases the airside pressure drop.

FIGURE 3.7. Photograph of the support grid attached to the air channel insert.

Figure 3.7 shows a photograph of the insert installed in the air channels of the 3-fluid LAMEE
prototype. This insert is designed according to the findings of Oghabi (2014). The insert is made
of High Temperature Material Objet RGD 525 and has horizontal spacing between the cylindrical
bars of 30 mm and vertical spacing between the ribs of 9.8 mm. This vertical spacing was selected
to provide an extra support to the refrigeration tubes installed inside the solution channel, where
each tube is supported by two ribs from both sides. The enhancement in Nusselt number and the
increase in air pressure drop (i.e. increase in the Darcy friction factor) caused by the air channel
insert can be calculated from the following empirical correlations (equations (3.3) and (3.4)) which
have been developed by Oghabi (2014).
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2,200
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(3.4)

3.1
where Nu is the average Nusselt number,

is the width of the air channel (mm), H is the spacing

between the cylindrical bars (mm), Re is Reynolds number, Pr is Prandtl number, D is the diameter
of the cylindrical bars (mm), and fD is the Darcy friction factor.
3.6.5

The Semi-Permeable Membrane

The membrane has a significant influence on the LAMEE’s performance. The following are the
desirable characteristics of the membrane:
1) Low vapor diffusion resistance,
2) High liquid penetration pressure,
3) High modulus of elasticity to reduce membrane deflections,
4) Small tortuosity factor (Khayet (2011)),
5) High selectivity (Zhang et al. (2012c)),
6) High porosity,
7) Ability to withstand high temperatures (i.e. up to 60C),
8) High durability,
9) Low cost.
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Based on our research group’s experience, the GE membrane was selected to be used in the 3-fluid
LAMEE prototype. A photograph and a scanning electron microscopy (SEM) images of the
membrane used in the 3-fluid LAMEE prototype are shown in Figure 3.8. The membrane is
composed of two layers; a hydrophobic layer (Teflon layer) which transfers only water vapor, and
a hydrophilic layer (support layer) which supports the membrane structure. Vapor diffusion
resistance (VDR) of a membrane is the resistance to the diffusion of water vapor molecules through
the membrane’s pores (Larson (2006)). It was found in Chapter 2 (Abdel-Salam et al. (2015)) that
the VDR of a membrane has strong influences on the moisture removal rate and the latent
effectiveness of flat-plate LAMEEs, where the moisture removal rate and latent effectiveness
increase inversely with the VDR. Therefore, it is necessary to measure the VDR of the membrane
used in the 3-fluid LAMEE prototype. A MOCON PERMATRAN-W model 101 K is used to
measure the VDR of the semi-permeable membrane used in the 3-fluid LAMEE prototype. The
properties (i.e. vapor diffusion resistance, liquid penetration pressure, and thickness) of the
membrane used in the 3-fluid LAMEE prototype are given in Table 3.2.
Membranes used in flat-plate LAMEEs are prone to significant deflections due to the pressure
differences between the air and solution streams. The results presented in Chapter 2 showed that
these deflections create variations in the air and solution channel widths, which cause significant
reductions in the performance (i.e. sensible effectiveness, latent effectiveness, total effectiveness,
moisture removal rate, and sensible cooling capacity) of flat-plate LAMEEs (Abdel-Salam et al.
(2015)). Moreover, these deflections will damage the membrane over long duration of LAMEE
operations. Several techniques can be applied to reduce, but not totally eliminate, the membrane
deflections in the 3-fluid LAMEE. The most effective technique is to pre-tension the membrane
before clamping and gluing it on the solution channel. It is shown in Figure 3.4 that the membrane
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of the 3-fluid LAMEE prototype is stretched very well. As well, membrane deflections can be
reduced by attaching a support grid to the membrane. Figure 3.7 shows a photograph of the support
grid attached to the air channel insert. It is worth mentioning that the support grid reduces the
membrane area available for heat and moisture transfer. Therefore, more research is still needed
to find effective techniques to minimize the membrane deflections without affecting the rate of
heat and moisture transfer across the membrane.

(a)

(b)

FIGURE 3.8. (a) Photograph (b) scanning electron microscopy (SEM) images of the
micro-porous semi-permeable membrane used in the 3-fluid LAMEE prototype.
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3.7 PERFORMANCE EVALUATION OF LAMEEs
3.7.1

Effectiveness

As mentioned in Section 2.6.2, for solution-to-air heat capacity ratio (Cr*) ≥ 1, LAMEE’s
sensible, latent, and total (Simonson and Besant (1999)) effectivenesses are calculated from
equations (3.5) to (3.7).
,

,
,

(3.5)

,

,

,
,

(3.6)

,
∗

(3.7)

∗

1

where T is the temperature (ºC), W is the humidity ratio (kgv/kgair), and subscripts air, sol, in, and
out refer to air, desiccant solution, inlet, and outlet, respectively. H* is the operating factor which
was developed by Simonson and Besant (1999), and is calculated from equation (3.8).
∗

3.7.2




,

2500

,

,

,

(3.8)

Moisture Removal Rate

The rate of water vapor transfer between the air and desiccant solution streams inside a LAMEE.
,

where
3.7.3

,

is the air mass flow rate (kg/s).
Sensible Cooling Capacity

The rate of heat transfer between the air and desiccant solution streams inside a LAMEE.
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(3.9)

,

where

3.7.4

,

,

is the specific heat capacity of the air (J/(kgK)).

,

Energy Transfer Rate
,

where

(3.10)

,

is the inlet air enthalpy (J/kg), and

,

(3.11)

is the outlet air enthalpy (J/kg).

,

The performance (i.e. effectiveness, moisture removal rate, and sensible cooling capacity) of a
LAMEE significantly depends on the number of heat transfer units (NTU), the number of mass
transfer units (NTUm), and the ratio between the heat capacity rates of the desiccant solution and
air (Cr*). NTU, NTUm, and Cr* can be calculated from equations (3.12) to (3.17).
(3.12)
1

1

(3.13)

where U is the overall heat transfer coefficient (W/(m2K)), Amem is the membrane surface area
(m2), Cmin is the minimum heat capacity rate of air and desiccant solution flows (W/K), hair is the
convective heat transfer coefficient of the air (W/(m2K)), mem is the membrane thickness (m),
kmem is the membrane thermal conductivity (W/(mK)), and hsol is the convective heat transfer
coefficient of the desiccant solution (W/(m2K)).
(3.14)
1

1

,

,
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(3.15)

where Um is the overall mass transfer coefficient (kg/(m2s)),

is the minimum mass flow rate

of the air and desiccant solution flows (kg/s), hm,air is the convective mass transfer coefficient of
the air (kg/(m2s)), km is the membrane water vapor permeability (kg/(ms)), and hm,sol is the
convective mass transfer coefficient of the desiccant solution (kg/(m2s)).
The convective heat transfer coefficients of the air and desiccant solution streams can be calculated
from equation (3.16).
(3.16)
where h is the convective heat transfer coefficient (W/(m2·K)), Nu is Nusselt number, k is the
coefficient of thermal conductivity (W/(m·K)), and Dh is the hydraulic diameter (m).
,

∗

,

(3.17)

where Csol is the heat capacity rate of the desiccant solution (W/K), Cair is the heat capacity rate of
the air (W/K),

is the mass flow rate of the desiccant solution (kg/s), and cp,sol is the specific

heat capacity of the desiccant solution (J/(kgK)).
3.7.5

Desiccant Solution Concentration

Concentration of the liquid desiccant solution is calculated from equation (3.18).

,

3.7.6

mass of desiccant
mass of desiccant mass of water

(3.18)

Temperature Ratio

The temperature ratio is developed and presented for the first time in the current chapter. The
temperature ratio is a dimensionless parameter that describes the ratio between the temperature
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difference between the inlet air and cooling water streams and the temperature difference between
the inlet air and desiccant solution streams.
,

∗

,

,

(3.19)

,

The temperature ratio relates between the inlet cooling water temperature and the inlet desiccant
solution temperature, where
T* < 1 indicates that Tw,in > Tsol,in
T* = 1 indicates that Tw,in = Tsol,in
T* > 1 indicates that Tw,in < Tsol,in
The proposed 3-fluid LAMEE could be considered as a combination of a liquid-to-air membrane
energy exchanger for energy exchange between the air and desiccant solution streams, and a
counter-flow liquid-to-liquid heat exchanger for heat exchange between the cooling water and
desiccant solution streams. In the next section, the design and operating dimensionless parameters
used to design the water-to-desiccant solution heat exchanger are presented.
3.7.7

Design of the Water-to-Desiccant Solution Heat Exchanger

3.7.7.1 Capacity Rate Ratio
The ratio between the minimum and maximum heat capacity rates of the refrigerant and desiccant
solution. In the 3-fluid LAMEE, the heat capacity rate of the refrigerant is set to be greater than
the heat capacity rate of the desiccant solution to avoid operating the exchanger with high flow
rates of solution, and thus reduce the flow maldistribution due to membrane deflections.
,
,

(3.20)

where Cmin is the minimum heat capacity rate of desiccant solution and refrigerant flows (W/K),
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Cmax is the maximum heat capacity rate of desiccant solution and refrigerant flows (W/K), Cref is
the heat capacity rate of the refrigerant (W/K),

is the mass flow rate of the refrigerant (kg/s),

and cp,ref is the specific heat capacity of the refrigerant (J/(kgK)).
3.7.7.2 Number of Heat Transfer Units between the Desiccant Solution and Refrigerant
(NTUref/sol)
A dimensionless number that gives an indication about the amount of heat transfer between the
refrigerant and desiccant solution streams.
/

/

1
/

(3.21)

1
2

(3.22)

where Uref/sol is the overall heat transfer coefficient between the refrigerant and desiccant solution
streams (W/(m2K)), Atube is the surface area of the refrigeration tubes (m2), Cmin is the minimum
heat capacity rate of refrigerant and desiccant solution flows (W/K), href is the convective heat
transfer coefficient of the refrigerant (W/(m2K)), ri is the inner radius of the refrigeration tubes
(m), ro is the outside radius of the refrigeration tubes (m), ktube is the thermal conductivity of the
refrigeration tubes (W/(mK)), Ltube is the length of the refrigeration tubes (m), and hsol is the
convective heat transfer coefficient of the desiccant solution (W/(m2K)).
The convective heat transfer coefficients of the refrigerant and desiccant solution streams can be
calculated from equations (3.23) and (3.24).
(3.23)

80

(3.24)
where kref is the thermal conductivity of the refrigerant (W/(mK)), Dh is the hydraulic diameter
(m), and ksol is the thermal conductivity of the desiccant solution (W/(m2K)).
3.7.7.3 Sensible Effectiveness of the Liquid-to-Liquid Heat Exchanger (sen,ref/sol)
The ratio between the actual and maximum sensible heat transfer between two fluid streams inside
a heat exchanger. The theoretical sensible effectiveness of the solution-to-water heat exchanger is
calculated from equation (3.25) (Kakac et al. (2012)).
1
,

/

1

1
∗ exp

∗
1

/

∗

(3.25)
/

The objective of the current study is to investigate the possible enhancements in the rates of heat
and moisture transfer between the air and desiccant solution streams when the desiccant solution
is cooled along the length of a 2-fluid flat-plate LAMEE. Therefore, the sensible and latent
effectivenesses of the 3-fluid LAMEE will be evaluated based only on the heat and mass transfer
performance between the air and desiccant solution streams (i.e. equations (3.5) to (3.7)).
3.8 EXPERIMENTAL SETUP
A schematic diagram and a photograph of the experimental setup used to test the 3-fluid LAMEE
are shown in Figures 3.9 and 3.10, respectively. The facility is the same as described in detail by
Moghaddam et al. (2013e), except a third loop (i.e. refrigerant loop) has been added to the existing
air loop and desiccant solution loop. The description of the experimental setup is as follows.
3.8.1

The Air Loop

The air loop is composed of an air compressor, PVC pipe with inner diameter of 25 mm, bubble
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humidifier immersed in a hot water bath, electrical heater, electrical cooler, flow controller, two
flow meters, hand operated globe valve, two flow mixers, and two flow straighteners (see
Figure 3.9). A dry airstream (i.e. 24ºC and 0.7 gv/kgair) is supplied by the compressor where the
flow controller and the flow meter #1 are used to adjust the air flow rate to a desired value. The
flow meter #2 is installed at the inlet of the 3-fluid LAMEE prototype to detect air leakages that
may occur along the air loop during the experiments. The bubble humidifier, the electrical cooler,
and the electrical heater are used to control the temperature and humidity ratio of the supply airflow
to the 3-fluid LAMEE.
3.8.2 The Solution Loop
The solution loop includes a peristaltic pump, two electrical heaters to control the temperature of
the desiccant solution, and desiccant solution supply and exhaust tanks. The peristaltic pump
(OmegaFlex FPU5-MT-110) has a digital control unit which is capable of controlling and
measuring the mass flow rate of the desiccant solution. The desiccant solution is pumped through
the 3-fluid LAMEE from bottom-to-top.
An ideal liquid desiccant would be characterized by a low surface vapor pressure, a low risk of
crystallization, low corrosivity, a low regeneration temperature, a high density (Mohammad et al.
(2013)), a low viscosity (Mohammad et al. (2013)), and cost effective. Lithium chloride (LiCl),
Lithium bromide (LiBr), Calcium chloride (CaCl2), Magnesium chloride (MgCl2), and Triethylene
glycol are the most popular liquid desiccants. Among these desiccants, LiCl is the most stable
candidate, has a low surface vapor pressure (Mei and Dai (2008)) and a low risk of crystallization
(Afshin (2010)). Therefore, LiCl was chosen as the liquid desiccant in the current research.
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FIGURE 3.9. Schematic diagram of the experimental setup.
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FIGURE 3.10. Photograph of the experimental

3.8.3

The Refrigerant Loop

The refrigerant loop is an open loop and is composed of a centrifugal pump, refrigerated glycol
bath cooler, electrical heater, flow meter, two hand operated globe valves, and refrigerant supply
and exhaust tanks. The pump has a maximum capacity of 19 L/min and water temperature can be
controlled between 2ºC and 70ºC with the cooler and heater.
3.8.4

Instrumentation

Figure 3.9 shows the locations where the temperatures, relative humidities, and mass flow rates of
the air, desiccant solution, and water flows are measured, and Table 3.3 provides the overall
uncertainty of each instrument which is calculated using equation (3.26) (ASME Performance Test
Code 19.1 (1998)). The flow rate of the supply air is controlled by a flow controller (MKS-Type
1559A) has a total uncertainty of 1% of the full-scale, and a flow meter (MKS-Type 0558A) is
used to measure the air flow rate. Sixteen T-type thermocouples are used to measure the
temperatures of the air, desiccant solution, and water flows at different locations (see Figure 3.9).
The relative humidities of the airflow at the inlet and outlet of the 3-fluid LAMEE are measured
using five humidity sensors (Honeywell-HIH-4021). Two flow mixers are installed before and
after the 3-fluid LAMEE to get an average bulk value for the air temperature and humidity ratio.
∗

%

∙

(3.26)

where U95% is the total uncertainty at the 95% confidence level, B is the bias uncertainty, t* is the
student-t distribution constant (t* = 2 for number of readings > 30), and S is the precision
uncertainty.
Thermocouples used to measure the air temperature are calibrated using a Hart Scientific Dry-Well
Calibrator (Model 9107) has a bias uncertainty of ±0.2ºC, while a circulating water bath (TC-502)
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has a bias uncertainty of ±0.5ºC is used to calibrate the thermocouples used to measure the
temperatures of the desiccant solution and water flows. A Mini “Two-Pressure” Humidity
Generator (Model 1200) with a bias uncertainty of ±0.5% is used to calibrate the humidity sensors
in the range of 10-90% at 10, 20, 30, 40 and 49ºC. A density meter device (Anton
Paar DMA 4500 M) has a bias uncertainty of ±0.00005 g/cm3 (Anton Paar (2015)) is used to
measure the density of the LiCl solution before and after each experiment. The density of the LiCl
solution is used to calculate its concentration based on data reported by Conde (2004). A National
Instruments data acquisition system (NI-cDAQ 9174) and a LabVIEW software are used to record
temperatures, relative humidities, and mass flow rates of the air, desiccant solution, and water
streams.

TABLE 3.3. Specifications of the instruments used to measure temperature, relative humidity,
density (concentration), and mass flow rate of fluids.
Parameter

Instrument

Air temperature

T-type thermocouples

0-70ºC

±0.15ºC

Solution temperature

T-type thermocouples

2-85ºC

±0.2ºC

Water temperature

T-type thermocouples

2-85ºC

±0.2ºC

Air relative humidity

Honeywell-HIH-4021 sensors

10-90%

±2%

Air flow rate

Flow meter (MKS-Type 0558A)

0-100 L/min

±1%

Solution flow rate

Flow rate sensor

1-2280 mL/min

±3%

Solution density

Density meter device (Anton
Paar DMA 4500 M)
(Anton Paar (2015))

0-3 g/cm3

±0.00005 g/cm3

3.8.5

Calibration range Total uncertainty

Energy and Mass Balance

It is necessary to check the energy and mass balance for all experiments to make sure that fluid
leakages and heat transfer to the environment are negligible. The energy balance is calculated from
equation (3.27) and mass balance is calculated from equation (3.28) (Simonson et al. (1999)).
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∆
,

,

is the mass flow rate (kg/hr), H is the enthalpy (W),

,

(3.28)

is the uncertainty in the

∆

energy balance calculation (W), W is the humidity ratio (kgv/kgair),

∆

∆

is the uncertainty in

the mass balance calculation (kg/hr), and subscripts air, sol, w, in, and out refer to air, solution,
water, inlet, and outlet, respectively. It is found that the energy and mass balance for all
experiments are within the uncertainty limits. Therefore, there are no major fluid (air, desiccant
solution or water) leakages, and heat losses to the surrounding environment are small.
3.9 RESULTS AND DISCUSSION
3.9.1

Test Conditions

The objective of the current study is to investigate and compare between the steady-state
performances of a 2-fluid flat-plate LAMEE and a 3-fluid LAMEE, when used for air cooling and
dehumidifying applications. The 3-fluid LAMEE was operated as a 2-fluid LAMEE by turning off
the cooling water loop. All experiments, for both the 2-fluid LAMEE and the 3-fluid LAMEE,
were performed under the same test conditions. The outdoor air temperature and humidity ratio
were chosen according to AHRI Standard 1060 summer conditions (AHRI Standard 1060 (2005)).
Table 3.4 shows the test conditions for the 2-fluid LAMEE and the 3-fluid LAMEE, and
Figure 3.11 displays the test conditions on a psychrometric chart. Thermo-physical properties of
LiCl solution can be found in Conde (2004).
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TABLE 3.4. Test conditions for the 2-fluid LAMEE and the 3-fluid LAMEE.
Parameter

2-Fluid LAMEE

3-Fluid LAMEE

Value

Unit

Value

Unit

Tair,in

35.4

C

34.9-35.3

C

Wair,in

17.9-18

gv/kgair

17-18.7

gv/kgair

Reair

730

-

730

-

Tsol,in

24.3-24.7

C

24.2-25.3

C

Wsol,in

6.5

g/kg

6.5

g/kg

Csol,in

32.5

%

32.5

%

Resol

2

-

2

-

NTU

1.8

-

1.8

-

Cr*

1.8

-

1.8

-

Tw,in

-

-

10, 15.1, 20.6, 24.6

C

Cr

-

-

0.055, 0.11, 0.26, 0.42

-

FIGURE 3.11. Inlet conditions of the air, desiccant solution, and water streams on a
psychrometric chart.
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3.9.2

Effect of Cooling Water Temperature with Cr = 0.26

3.9.2.1 Outlet Desiccant Solution Temperature
Figure 3.12 shows the variations of the outlet desiccant solution temperatures and the outlet
cooling water temperature of the 2-fluid LAMEE and the 3-fluid LAMEE with the inlet cooling
water temperature. It is clear that the temperature of the desiccant solution remains almost constant
along the solution channel in the 3-fluid LAMEE at inlet cooling water temperature of 15.1ºC.
This implies that the cooling water stream has a temperature of 15.1ºC is able to absorb the heat
transferred from the airstream to the desiccant solution and the heat of phase change released to
the desiccant solution stream. At inlet cooling water temperature of 10ºC, the outlet desiccant
solution temperature is lower than the inlet desiccant solution temperature. It can be concluded
that the temperature of the desiccant solution can be maintained constant as it flows along the
solution channel of the studied 3-fluid LAMEE at inlet cooling water temperature of 15.1ºC and
Cr = 0.26.

38

Temperature (ºC)

34
30
26
22
Solution outlet (3-Fluid LAMEE)
Solution outlet (2-Fluid LAMEE)
Solution inlet
Water outlet

18
14
8

10

12

14
16
18
20
22
Inlet water temperature (ºC)

24

26

FIGURE 3.12. Variations of outlet desiccant solution temperature and outlet cooling water
temperature with the inlet cooling water temperature for the 3-fluid LAMEE. The results for the
2-fluid LAMEE (no cooling water) are presented for comparison (Cr = 0.26).
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3.9.2.2 Sensible, Latent, and Total Effectivenesses
Figure 3.13 (a) shows a comparison between the sensible effectivenesses of the 2-fluid LAMEE
and the 3-fluid LAMEE at several inlet cooling water temperatures. It is clear that the cooling
water enhances the sensible effectiveness of the 3-fluid LAMEE compared to the 2-fluid LAMEE,
where the enhancement in the sensible effectiveness increases as the inlet cooling water
temperature decreases. For instance, compared to the 2-fluid LAMEE, the sensible effectiveness
of the 3-fluid LAMEE increases from 44% to 64% and 113% at inlet cooling water temperatures
of 24.6ºC and 10ºC, respectively. The enhancement in sensible effectiveness of the 3-fluid
LAMEE can be explained as follows. In LAMEEs, the potential for heat transfer is the difference
between the temperatures of the air and the desiccant solution streams. In the 2-fluid LAMEE, the
heat transferred from the airstream to the desiccant solution and the heat of phase change released
to the desiccant solution increase the temperature of the desiccant solution stream as it flows along
the exchanger, which reduces the potential for heat transfer between the air and the desiccant
solution streams. In the 3-fluid LAMEE, the cooling water continuously cools the desiccant
solution as it flows along the exchanger, which keeps a high difference between the temperatures
(i.e. high potential for heat transfer) of the air and the desiccant solution streams. It can be
concluded from Figures 3.12 and 3.13 (a) that the sensible effectiveness of the studied 2-fluid
LAMEE increases from 44% to 94% when the temperature of the desiccant solution is maintained
constant along the exchanger and Cr = 0.26.
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FIGURE 3.13. Variations of (a) sensible effectivenesses (b) latent effectivenesses (c) total
effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE with the inlet cooling water
temperature (Cr = 0.26).
Figure 3.13 (b) displays the latent effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE
at several inlet cooling water temperatures. It is clear that the latent effectiveness of the 3-fluid
LAMEE increases as the inlet cooling water temperature decreases. Compared to the 2-fluid
LAMEE, the latent effectiveness of the 3-fluid LAMEE increases from 38% to 44% and 66% at
inlet cooling water temperatures of 24.6ºC and 10ºC, respectively. The enhancement in the latent
effectiveness as inlet cooling water temperature decreases can be explained as follows. In
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LAMEEs, the potential for moisture transfer is the difference between the vapor pressures of the
air and desiccant solution streams. The heat transferred from the airstream to the desiccant solution
and the heat of phase change released to the desiccant solution increase the temperature of the
desiccant solution as it flows along the exchanger. The vapor pressure of the desiccant solution
increases with the increase of its temperature, which decreases the potential for moisture transfer
in the exchanger. In the 3-fluid LAMEE, the cooling water continuously cools the desiccant
solution as it flows along the exchanger, which maintains a high difference between the vapor
pressures (i.e. high potential for moisture transfer) of the air and the desiccant solution streams. It
can be concluded from Figures 3.12 and 3.13 (b) that the latent effectiveness of the studied 2-fluid
LAMEE increases from 38% to 59% when the temperature of the desiccant solution is maintained
constant along the exchanger and Cr = 0.26.
Figure 3.13 (c) shows the total effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE at
several inlet cooling water temperatures. The total effectiveness of the 3-fluid LAMEE increases
as the inlet cooling water temperature decreases. Compared to the total effectiveness of the 2-fluid
LAMEE, the total effectiveness of the 3-fluid LAMEE increases from 40% to 49% and 79% at
inlet cooling water temperatures of 24.6ºC and 10ºC, respectively. It is clear from equation (3.7)
that the total effectiveness of LAMEEs depends on their sensible and latent effectivenesses,
therefore the enhancements in the sensible and latent effectivenesses with the decrease of the inlet
cooling water temperature improve the total effectiveness. It can be concluded from Figures 3.12
and 3.13 (c) that the total effectiveness of the studied 2-fluid LAMEE increases from 40% to 67%
when the desiccant solution temperature is maintained constant along the exchanger and Cr = 0.26.
3.9.2.3 Moisture Removal Rate
A comparison between the moisture removal rates of the 2-fluid LAMEE and the 3-fluid LAMEE
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at several inlet cooling water temperatures is illustrated in Figure 3.14. It is clear that the moisture
removal rate of the 3-fluid LAMEE is higher than the 2-fluid LAMEE over the entire range of inlet
cooling water temperature studied. The moisture removal rate of the 3-fluid LAMEE increases
inversely with the inlet cooling water temperature, where the improvement in the moisture removal
rate decreases as the inlet cooling water temperature decreases. For example, the moisture removal
rate increases by 23%, 14%, and 5% as the inlet cooling water temperature decreases from 24.6ºC,
20.6ºC, and 15.1ºC to 20.6ºC, 15.1ºC, and 10ºC, respectively. Moreover, at inlet cooling water
temperature of 24.6ºC, the improvement in the moisture removal rate of the 3-fluid LAMEE
compared to 2-fluid LAMEE is only 6%. This can be explained as follows. The difference between
the inlet cooling water temperature and the inlet desiccant solution temperature is very small
(i.e. ~ 0.2ºC), and thus the potential for heat transfer between the water and desiccant solution
streams is very low. As well, it is clear from Figure 3.12 that at inlet cooling water temperature of
24.6ºC, the outlet cooling water temperature is higher than the inlet desiccant solution temperature,
thus the water heats the desiccant solution stream at some part near the exchanger outlet.
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FIGURE 3.14. Comparison between moisture removal rates of the 2-fluid LAMEE and the
3-fluid LAMEE at several inlet cooling water temperatures (Cr = 0.26).
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3.9.2.4 Influences of Temperature Ratio (T*) on the Performance of the 3-Fluid LAMEE
The dimensionless temperature ratio describes the ratio between the difference in the inlet
temperatures of the air and cooling water streams and the difference in the inlet temperatures of
the air and desiccant solution streams. Figure 3.15 (a) displays the variations of the sensible, latent,
and total effectivenesses of the 3-fluid LAMEE with T*, and Figure 3.15 (b) displays the variations
of the moisture removal rate and the sensible cooling capacity of the 3-fluid LAMEE with T*. It
is clear that the sensible, latent, and total effectivenesses, moisture removal rate, and sensible
cooling capacity of the 3-fluid LAMEE increase as T* increases. This is because higher T* values
implies lower inlet cooling water temperatures. T* = 2 implies that the difference between the inlet
temperatures of the air and cooling water streams is double the difference between the inlet
temperatures of the air and desiccant solution streams. At T* = 2, the sensible effectiveness
increases to around 100%. As well, increasing T* has a greater influence on the sensible
effectiveness than the latent effectiveness. It can be concluded that the performance of the 3-fluid
LAMEE improves as T* increases.
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FIGURE 3.15. Variations of (a) sensible, latent, and total effectivenesses (b) moisture removal
rate and sensible cooling capacity of the 3-fluid LAMEE with T* (Cr = 0.26).
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3.9.3

Effect of Cooling Water Flow Rate

In this section, the performance of the 3-fluid LAMEE is tested at several cooling water flow rates
(i.e. Cr = 0.055, 0.11, 0.26 and 0.42) and a constant inlet cooling water temperature (i.e.
Tw,in = 20.6ºC).
3.9.3.1 Outlet Desiccant Solution Temperature
Figure 3.16 displays the outlet desiccant solution temperatures and the outlet cooling water
temperatures for the 2-fluid LAMEE and the 3-fluid LAMEE at several Cr values. The outlet
desiccant solution temperature of the 3-fluid LAMEE is less than the 2-fluid LAMEE over the
entire range of Cr studied. At Cr = 0.11, the temperature of the desiccant solution remains constant
as it flows along the 3-fluid LAMEE, which implies that the cooling water stream is able to remove
the heat transferred from the airstream to the desiccant solution and the heat of phase change
released to the desiccant solution.
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FIGURE 3.16. Variations of the outlet desiccant solution temperatures and outlet cooling water
temperature for the 2-fluid LAMEE and the 3-fluid LAMEE with Cr.
3.9.3.2 Sensible, Latent, and Total Effectivenesses
Figure 3.17 (a) shows a comparison between the sensible effectivenesses of the 2-fluid LAMEE
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and the 3-fluid LAMEE at several Cr values. It is clear that the sensible effectiveness of the 3-fluid
LAMEE is higher than the sensible effectiveness of the 2-fluid LAMEE over the entire range of
Cr studied. The sensible effectiveness of the 3-fluid LAMEE increases as the cooling water flow
rate increases (i.e. Cr decreases). For example, compared to the 2-fluid LAMEE, the sensible
effectiveness of the 3-fluid LAMEE increases from 44% to 63% and 88% at Cr = 0.42 and 0.055,
respectively.
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FIGURE 3.17. Variations of (a) sensible effectivenesses (b) latent effectivenesses (c) total
effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE with Cr.
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Figure 3.17 (b) displays the variations of the latent effectivenesses of the 2-fluid LAMEE and the
3-fluid LAMEE with the cooling water flow rate (Cr). The latent effectiveness of the 3-fluid
LAMEE is higher than the latent effectiveness of the 2-fluid LAMEE over the entire range of Cr
studied. Compared to the latent effectiveness of the 2-fluid LAMEE, the latent effectiveness of the
3-fluid LAMEE improves by up to 28% at Cr = 0.055. As well, the latent effectiveness of the
3-fluid LAMEE increases as the mass flow rate of the cooling water increases (i.e. Cr decreases).
It can be concluded that the mass flow rate of the cooling water has a more significant effect on
the enhancement of the sensible effectiveness than the enhancement of the latent effectiveness.
Figure 3.17 (c) displays the total effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE at
several Cr values. It is clear that the total effectiveness of the 3-fluid LAMEE is higher than the
total effectiveness of the 2-fluid LAMEE over the entire range of Cr studied. Compared to the total
effectiveness of the 2-fluid LAMEE, the total effectiveness of the 3-fluid LAMEE improves by up
to 29% at Cr = 0.055. As well, the total effectiveness of the 3-fluid LAMEE increases as the
cooling water flow rate increases (i.e. Cr decreases).
3.9.3.3 Moisture Removal Rate
Figure 3.18 shows a comparison between the moisture removal rates of the 2-fluid LAMEE and
the 3-fluid LAMEE at several Cr values. The moisture removal rate of the 3-fluid LAMEE is
higher than the moisture removal rate of the 2-fluid LAMEE over the entire range of Cr studied.
Compared to the 2-fluid LAMEE, the moisture removal rate of the 3-fluid LAMEE increases by
up to 52% at Cr = 0.055. As well, the moisture removal rate of the 3-fluid LAMEE increases
inversely with Cr.
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FIGURE 3.18. Comparison between moisture removal rates of the 2-fluid LAMEE and the
3-fluid LAMEE at several Cr values.

3.10 SUMMARY OF INFLUENCES OF INLET TEMPERATURE AND FLOW RATE OF
COOLING WATER ON THE PERFORMANCE OF THE 3-FLUID LAMEE
It has been noticed that under the same operating conditions, the desiccant solution temperature is
maintained almost constant along the 3-fluid LAMEE either at low inlet cooling water temperature
test conditions (i.e. Tw,in = 15ºC and Cr = 0.26) or high cooling water flow rate test conditions (i.e.
Tw,in = 20.6ºC and Cr = 0.11) (see Figures 3.12 and 3.16). Although the temperature of the
desiccant solution is maintained constant in both test conditions, the sensible effectiveness of the
3-fluid LAMEE at low inlet cooling water temperature test conditions is higher (i.e. 94%) than at
high cooling water flow rate (i.e. 82%) test conditions. This is because the refrigeration tubes are
in direct contact with the membrane. Therefore, at low inlet cooling water temperature test
conditions, the cooling water flowing inside the refrigeration tubes cools the membrane which
cools the airstream (see Figures 3.12, 3.13 (a), 3.16, and 3.17 (a)).
Figure 3.19 (a) displays the outlet air conditions on a psychrometric chart for the 2-fluid and
3-fluid LAMEEs at several inlet cooling water temperatures. It is clear that the inlet cooling water
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temperature has significant influences on the outlet air temperature and humidity ratio, where the
outlet air temperature and humidity ratio decrease as the inlet cooling water decreases. At cooling
water temperature of 10ºC, the 3-fluid LAMEE is able to cool and dehumidify the supply
hot-humid air to 23.9ºC and 53.8% RH.
Figure 3.19 (b) shows the outlet air conditions on a psychrometric chart for the 2-fluid and 3-fluid
LAMEEs at several Cr values. It is clear that the outlet air temperature and humidity ratio decrease
as the mass flow rate of the cooling water increases (i.e. Cr decreases). At Cr = 0.055 (i.e. high
cooling water flow rates), the 3-fluid LAMEE is able to cool and dehumidify the supply hot-humid
air to 25.5ºC and 55% RH.
In conclusion, the mass flow rate and the inlet temperature of the cooling water have significant
influences on the steady-state performance of the 3-fluid LAMEE, where the performance of the
3-fluid LAMEE improves as the inlet cooling water temperature decreases or the cooling water
flow rate increases. However, increasing the cooling water mass flow rate is economically more
feasible than decreasing the inlet cooling water temperature.
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(a)

(b)

FIGURE 3.19. Inlet air, inlet desiccant solution, outlet air, outlet cooling water conditions on a
psychrometric chart for the 2-fluid LAMEE and the 3-fluid LAMEE at (a) several inlet cooling
water temperatures and Cr = 0.26 (b) several Cr values and Tw,in = 20.6ºC.
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3.11

CONCLUSIONS

The main contribution of this chapter is that it presents experimental data for a new 3-fluid LAMEE
which uses cooling water to cool the desiccant solution. The data presented in this chapter show
that the performance of the 3-fluid LAMEE is better than the performance of a 2-fluid LAMEE
with the same design and operating parameters, which proves that the main hypothesis of this
thesis (i.e. adding a third fluid to control the desiccant solution temperature inside the 3-fluid
LAMEE may improve the rates of heat and moisture transfer between the air and desiccant solution
compared to 2-fluid LAMEEs) is true under air cooling and dehumidifying conditions. The
sensible effectiveness, latent effectiveness, total effectiveness, moisture removal rate, and sensible
cooling capacity of the 2-fluid LAMEE increase by 39% (43%-82%), 20% (39%-59%), 25%
(40%-65%), 53% (19-29 gv/h), and 84% (6W-11W), respectively when the temperature of
desiccant solution stream is maintained constant along the exchanger by the cooling water. The
steady-state performance (i.e. sensible effectiveness, latent effectiveness, total effectiveness,
moisture removal rate, and sensible cooling capacity) of the 3-fluid LAMEE increases as the inlet
cooling water temperature decreases and/or the cooling water flow rate increases.
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CHAPTER 4
PERFORMANCE TESTING OF 2-FLUID AND 3-FLUID LAMEES DURING AIR
COOLING AND DEHUMIDIFICATION

4.1 OVERVIEW OF CHAPTER 4
The results presented in the previous chapter proved that the hypothesis of this thesis (i.e. adding
a third fluid to control the desiccant solution temperature inside the 3-fluid LAMEE may improve
the rates of heat and moisture transfer between the air and desiccant solution compared to 2-fluid
LAMEEs) is true under air cooling and dehumidifying conditions. In this chapter, the effect of the
phase change energy on the temperature of the desiccant solution and air during air cooling and
dehumidifying will be quantified, and the effects of key operating parameters on the performance
of the 3-fluid LAMEE will be tested under air cooling and dehumidifying conditions. Results
presented in this chapter fulfill part of the second objective of this thesis (i.e. to design and test a
3-fluid LAMEE and compare with a 2-fluid LAMEE).
The purpose of the refrigerant is to minimize the variations of the desiccant solution temperature
inside LAMEEs. There are two sources for variations of the desiccant solution temperature inside
LAMEEs; the sensible heat transferred between the air and desiccant solution, and the phase
change energy associated with the moisture transfer process. To the best of my knowledge, no
other work in the literature has quantified the impact of phase change energy on the temperature
of the desiccant solution and air in LAMEEs. In this chapter, the effects of phase change energy
on the solution and air temperatures inside the 3-fluid and 2-fluid LAMEEs are tested and
compared under air cooling and dehumidifying conditions.
In the previous chapter, the performances of the 3-fluid and 2-fluid LAMEEs were tested and
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compared at several inlet refrigerant temperatures and mass flow rates under air cooling and
dehumidifying conditions. However, the effect of other key operating parameters on the
performance of the 3-fluid LAMEE should be determined to develop a full performance map of
the 3-fluid LAMEE. In this chapter, the performances of the 3-fluid and 2-fluid LAMEEs are tested
and compared at several inlet air humidity ratios and desiccant solution mass flow rates under air
cooling and dehumidifying conditions.
The work presented in this chapter was presented at the 2016 ASHRAE Winter Conference in
Orlando, Florida, USA. The manuscript presented in this chapter is published in ASHRAE
Transactions. The manuscript presented in this chapter is different from the published paper in the
following sections: the description of the test facility, the schematics of the 2-fluid and 3-fluid
LAMEEs, and the equations used to evaluate the LAMEE performance presented in the published
paper are removed since they were presented in Chapters 2 and 3.
Dr. Gaoming Ge and my Ph.D. supervisors (Professors Besant and Simonson) are co-authors of
the manuscript presented in this chapter. Dr. Ge is a Postdoctoral fellow in the Department of
Mechanical Engineering at the University of Saskatchewan. Dr. Ge contributed to this manuscript
by critically reviewing the manuscript and giving comments and advice which enhanced the
quality of the manuscript. My contributions to this manuscript are: (a) testing the 3-fluid and
2-fluid LAMEEs, (b) analyzing the experimental data, (c) writing the paper, and (d) responding to
the reviewer comments.
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Exchangers
(ASHRAE Transactions, 2016, Volume 122, Part 1)
Mohamed R. H. Abdel-Salam, Gaoming Ge, Robert W. Besant, Carey J. Simonson
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permission of ASHRAE.”

4.2 ABSTRACT
Liquid-to-air membrane energy exchangers (LAMEEs) are used to transfer heat and moisture
between air and desiccant solution streams. LAMEEs use semi-permeable membranes to prevent
the penetration of desiccant droplets to the airstream. When a LAMEE is used for air cooling and
dehumidifying, the energy of phase change is released as the desiccant solution absorbs moisture
from the humid airstream. Consequently, the temperature of the desiccant solution increases as it
flows along the exchanger which decreases the LAMEE’s performance. A 3-fluid LAMEE is a
novel type of LAMEE which includes a refrigerant circuit to cool/heat the desiccant solution along
the exchanger. The main contribution of this chapter is that it shows for the first time the effects
of the energy of phase change released in liquid desiccant energy exchangers on the temperatures
of the air and desiccant solution streams under air cooling and dehumidifying operating conditions.
The effects of phase change energy on the performances of a 2-fluid LAMEE and a 3-fluid
LAMEE are experimentally investigated and compared under air cooling and dehumidifying
operating conditions. Also tested are the effects of inlet air humidity ratio and desiccant solution
flow rate on the performances of the 2-fluid LAMEE and 3-fluid LAMEE.
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4.3 INTRODUCTION
Over the past few decades, research has shown that liquid desiccant air-conditioning systems can
achieve significant energy savings compared to conventional vapor compression air-conditioning
systems (Abdel-Salam et al. (2014c)). There are two types of liquid desiccant energy exchangers;
direct-contact energy exchangers (i.e. packed beds or towers) and membrane energy exchangers.
In direct-contact energy exchangers, supply air directly contacts desiccant solution where heat and
moisture are transferred between the two streams. These exchangers suffer from the carryover of
liquid desiccant droplets into the airstream, which reduces the indoor air quality and causes
corrosion problems along the duct system. In liquid-to-air membrane energy exchangers
(LAMEEs) (Abdel-Salam et al. (2014b)), the heat and moisture are transferred between air and
desiccant solution streams through micro-porous semi-permeable membranes, which prevent the
carryover problem. Figure 1.1 shows a schematic of a 2-fluid flat-plate LAMEE. A 2-fluid
flat-plate LAMEE is composed of several parallel air and desiccant solution channels, where each
adjacent air and solution channels are seperated by a semi-permeable membrane.
When a LAMEE is used for air cooling and dehumidifying, heat and moisture are transferred from
a hot-humid airstream to a cool concentrated desiccant solution stream. The process of moisture
transfer is accompanied with the release of phase change energy to the desiccant solution stream.
The sensible heat transferred from the hot-humid airstream and the energy of phase change
increase the temperature of the desiccant solution as it flows along the exchanger, which decreases
the driving forces for heat and moisture transfer between the air and desiccant solution streams
along the exchanger. The amount of phase change energy released to the desiccant solution stream
depends on the operating parameters of both the air and desiccant solution streams, such as
temperature and humidity ratio of the airstream, temperature and concentration of the desiccant
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stream, and the type of desiccant (see Figure 4.1) (Koronaki et al. (2013)).

FIGURE 4.1. Variation of heat of phase change with the type, temperature, and concentration of
the desiccant solution (Koronaki et al. (2013)).
In direct-contact liquid desiccant systems, internally cooled dehumidifiers have been proposed and
studied by several researchers (Bansal et al. (2011); Gao et al. (2013); Ren et al. (2007); Yin et al.
(2008)). Bansal et al. (2011) who found that, at the same design parameters and operating
conditions, the effectiveness of an internally cooled direct-contact dehumidifier is enhanced
compared to an adiabatic dehumidifier. Gao et al. (2013) reported that the effectiveness and
moisture removal rate of internally cooled dehumidifiers increase as the cooling water temperature
decreases.
In the proposed 3-fluid LAMEE, a third fluid (water or refrigerant) is added to keep the
temperature of the desiccant solution nearly constant along the exchanger. Figure 3.2 shows a
schematic of the 3-fluid LAMEE prototype, and its specifications are given in Table 3.2. The
nominal design widths of the air and desiccant solution channels were selected according to design
guidelines given in Chapter 2 (Abdel-Salam et al. (2015)). The desiccant solution and air channels
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are seperated by semi-permeable membranes. Refrigeration tubes are placed inside the desiccant
solution channels to control the temperature of the desiccant solution along the exchanger.
Figure 4.2 (a) shows a photograph of the desiccant solution channel and the refrigeration tubes.
The air and desiccant solution streams have a counter-cross flow configuration, while the desiccant
solution and water streams have a counter-flow configuration. Figure 4.2 (b) shows a photograph
of an insert installed in the air channels to support the membrane against the pressure from the
solution side and to increase the rate of heat transfer between the air and desiccant solution streams.

(a)

(b)

FIGURE 4.2. (a) Photograph of the desiccant solution channel with the refrigeration tubes
before attaching the membrane (b) Photograph of the insert used to enhance the heat transfer
between the air and desiccant solution streams inside the 3-fluid LAMEE prototype.
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The performance of the 3-fluid LAMEE was tested in Chapter 3 (Abdel-Salam et al. (2016a)),
where some minor desiccant solution leakages were observed. Consequently, a 3M Scotch
ATG969 double layer adhesive tape was used to attach the membrane on the frame of the desiccant
solution channel and no desiccant solution leakage was observed.
In Chapter 3 (Abdel-Salam et al. (2016a)) the performance of a 3-fluid LAMEE was tested and
compared with the performance of a 2-fluid LAMEE at several inlet cooling water temperatures
and flow rates under air cooling and dehumidifying operating conditions. Results showed that rates
of heat and moisture transfer between the air and desiccant solution streams in the 3-fluid LAMEE
were higher than the 2-fluid LAMEE under the entire range of inlet cooling water temperatures
and flow rates studied. The objectives of the current chapter are: (1) to determine the effect of
phase change energy released to the desiccant solution stream on the temperatures of the air and
desiccant solution streams, (2) to investigate the effects of inlet air humidity ratio on rates of heat
and moisture transfer between the air and desiccant solution inside the 2-fluid and 3-fluid
LAMEEs, and (3) investigate the effects of the desiccant solution flow rate on rates of heat and
moisture transfer between the air and desiccant solution inside the 2-fluid and 3-fluid LAMEEs.
4.4 RESULTS AND DISCUSSION
In this section, results of testing the 2-fluid LAMEE and the 3-fluid LAMEE are presented and
discussed. The 3-fluid LAMEE was used to test the performance of the 2-fluid LAMEE by turning
off the cooling water circuit. Therefore, the 2-fluid and 3-fluid LAMEEs have the same design
parameters. The effectivenesses of heat and moisture transfer between the air and desiccant
solution streams inside the 2-fluid LAMEE and the 3-fluid LAMEE are calculated using
equations (3.5) to (3.7).
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4.4.1

Effect of Inlet Air Humidity Ratio on LAMEE’s Performance

When a LAMEE is used for air cooling and dehumidifying, the temperature of the desiccant
solution increases as it flows along the exchanger due to the phase change energy released into the
desiccant solution, and the heat transfer from the hot-humid airstream. In this section, the effects
of phase change energy on the temperatures of the desiccant solution and air streams are
investigated at several inlet air humidity ratios. As well, the effects of the inlet air humidity ratio
on the amount of phase change energy released, latent effectiveness, and moisture removal rate
are investigated.
The design (NTU = 2) and operating (Cr* and inlet conditions) parameters are the same for both
the 2-fluid and 3-fluid LAMEEs (Table 4.1). The inlet air and inlet desiccant solution temperatures
are kept equal which means that there would be no heat transfer between the air and desiccant
solution streams if there was no phase change energy released due to moisture transfer. The inlet
air humidity ratio is varied between 9 and 15.2 gv/kgair. Thermo-physical properties of LiCl
solution are given in Conde (2004).
4.4.1.1 Outlet Desiccant Solution and Air Temperatures
Figure 4.3 (a) displays the difference between the inlet and outlet desiccant solution temperatures
at several inlet air humidity ratios for the 2-fluid and 3-fluid LAMEEs. It is clear that the outlet
desiccant solution temperatures of the 2-fluid and 3-fluid LAMEEs increase as the inlet air
humidity ratio increases under the entire range of inlet air humidity ratio studied. This implies that
the amount of phase change energy released to the desiccant solution stream increases as the inlet
air humidity ratio increases. It is worth mentioning that the increase in the desiccant solution
temperature is attributed to the released phase change energy because the inlet air and inlet
desiccant solution temperatures are equal. The heat generated due to phase change energy
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increases the temperature of the desiccant solution across the 2-fluid LAMEE by up to 3ºC, which
is much higher than the 3-fluid LAMEE.

TABLE 4.1. Test conditions for the 2-fluid and 3-fluid LAMEEs at several inlet air humidity
ratios.
2-Fluid LAMEE

3-Fluid LAMEE

Value

Unit

Value

Unit

Tair,in

23-23.4

C

23-23.4

C

Wair,in

9, 11.8, 15.2

gv/kgair

9, 11.8, 15.2

gv/kgair

Tsol,in

23-23.4

C

23-23.4

C

Wsol,in

5.7

g/kg

5.7

g/kg

Csol,in

30.8

%

30.8

%

NTU

2

-

2

-

Cr*

2.5

-

2.5

-

Tw,in

-

-

22.6

C

T*

-

-

1

-

Cr

-

-

0.1

-

Parameter

(a)

(b)
25

2-Fluid LAMEE
3-Fluid LAMEE
Temperature (ºC)

Change in solution temperature (ºC)

3

2

1

0
8

10
12
14
Inlet air humidity ratio (gv/kgair)

Air outlet (2-Fluid LAMEE)
Air outlet (3-Fluid LAMEE)
Inlet air

24

23

22

16

8

10
12
14
Inlet air humidity ratio (gv/kgair)

16

FIGURE 4.3. Variations of (a) difference between inlet and outlet desiccant solution
temperatures (b) outlet air temperature with inlet air humidity ratio for the 2-fluid LAMEE and
the 3-fluid LAMEE.
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Figure 4.3 (b) shows that part of the heat accompanied with the phase change energy is transferred
to the airstream across the membrane which increases the temperature of the airstream. However,
the effect of phase change energy on the desiccant solution temperature is stronger than its effect
on the airstream temperature. It can be concluded that under air cooling and dehumidifying
operating conditions, the phase change energy has a considerable contribution in raising the
temperatures of the desiccant solution and air streams along liquid desiccant energy exchangers,
and the amount of phase change energy released increases as the inlet air humidity ratio increases.
4.4.1.2 Latent Effectiveness
Figure 4.4 displays the variations of the latent effectivenesses of the 2-fluid and 3-fluid LAMEEs
with inlet air humidity ratio. It is clear that the latent effectivenesses of the 2-fluid and 3-fluid
LAMEEs increase as the inlet air humidity ratio increases. This can be explained as follows. The
actual rate of moisture transfer in LAMEEs increases as the inlet air humidity ratio increases. As
well, the maximum potential of moisture transfer in LAMEEs increases as the difference between
the humidity ratios of the inlet air and inlet desiccant solution increases. However, the
enhancement in the actual moisture transfer rate is higher than the enhancement in the maximum
potential of moisture transfer. Figure 4.4 shows that the latent effectiveness of the 3-fluid LAMEE
is higher than the latent effectiveness of the 2-fluid LAMEE under the entire range of inlet air
humidity ratio studied. However, the improvement in the latent effectiveness of the 3-fluid
LAMEE compared with the 2-fluid LAMEE decreases as the inlet air humidity ratio increases.
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16

FIGURE 4.4. Variations of latent effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE
with inlet air humidity ratio.

4.4.1.3 Moisture Removal Rate
Figure 4.5 illustrates the variations of the moisture removal rates of the 2-fluid and 3-fluid
LAMEEs with the inlet air humidity ratio. It is clear that inlet air humidity ratio has strong
influences on the moisture removal rates (mass transfer) of the 2-fluid LAMEE and the 3-fluid
LAMEE. The moisture removal rates of the 2-fluid and 3-fluid LAMEEs increase as inlet air
humidity ratio increases. It shown in Figure 4.5 that the moisture removal rate of the 3-fluid
LAMEE is slightly higher than the moisture removal rate of the 2-fluid LAMEE under the entire
range of inlet air humidity ratio studied, because the average temperature of the desiccant solution
is lower in the 3-fluid LAMEE which enhances the actual moisture transfer rate. In addition, the
inlet air humidity ratio has negligible effect on the difference between the moisture removal rates
of the 2-fluid and 3-fluid LAMEEs.
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FIGURE 4.5. Variations of moisture removal rates of the 2-fluid LAMEE and the 3-fluid
LAMEE with inlet air humidity ratio.
4.4.2

Effects of Cr* on the Performances of the 2-Fluid and 3-Fluid LAMEEs

In this section, the effects of the desiccant solution flow rate (Cr*) on the performances of the
2-fluid and 3-fluid LAMEEs are investigated. Also investigated is the influence of Cr* on the
enhancement of the performance of the 3-fluid LAMEE compared with the 2-fluid LAMEE. The
design and operating parameters are the same for both the 2-fluid and 3-fluid LAMEEs (Table 4.2).
The inlet air conditions were selected according to AHRI summer operating conditions
(AHRI Standard 1060 (2005)). The Cr* is varied between 1.3 and 4.8.
4.4.2.1 Outlet Desiccant Solution and Air Temperatures
Figure 4.6 (a) displays the variations of the outlet desiccant solution temperature with Cr* for the
2-fluid and 3-fluid LAMEEs. It is clear that the outlet desiccant solution temperature of the 3-fluid
LAMEE is lower than the 2-fluid LAMEE under the entire range of Cr* studied, since a part of
the phase change heat released in the desiccant solution stream is transferred to the water flow in
the 3-fluid LAMEE. The outlet desiccant solution temperature of the 2-fluid LAMEE decreases as
Cr* increases, while Cr* has a negligible influence on the outlet desiccant solution temperature of
the 3-fluid LAMEE.
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TABLE 4.2. Test conditions for the 2-fluid and 3-fluid LAMEEs at several desiccant solution
mass flow rates (Cr*).
2-Fluid LAMEE

3-Fluid LAMEE

Value

Unit

Value

Unit

Tair,in

35.4-35.6

C

35.4-35.7

C

Wair,in

16.7-17.1

gv/kgair

16.7-17.2

gv/kgair

Reair

610

-

610

-

Tsol,in

22.7-23.2

C

22.8-23.2

C

Wsol,in

5.65

g/kg

5.65

g/kg

Csol,in

31

%

31

%

Resol

4.3

-

4.3

-

NTU

2

-

2

-

Cr*

1.3, 2.2, 3.4, 4.8

-

1.3, 2.2, 3.4, 4.8

-

H*

2.2

-

2.2

-

Tw,in

-

-

22.6-23.3

C

ṁw,in

-

-

20

kg/hr

Parameter

(b)
38

30

34

29

Air outlet temperature (ºC)

Temperature (ºC)

(a)

30
26
22
Solution outlet (2-Fluid LAMEE)
Solution outlet (3-Fluid LAMEE)
Solution inlet

18
14
1

2

3
Cr*

4

3-Fluid LAMEE
2-Fluid LAMEE

28
27
26
25
24

5

1

2

3
Cr*

4

5

FIGURE 4.6. Variations of (a) outlet desiccant solution temperatures (b) outlet air temperatures
of the 2-fluid LAMEE and 3-fluid LAMEE with Cr*.
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Figure 4.6 (b) shows the variations of the outlet air temperature with Cr* for the 2-fluid and 3-fluid
LAMEEs. The outlet air temperature decreases as Cr* increases in the 2-fluid and 3-fluid
LAMEEs, where Cr* has a stronger effect on the outlet air temperature of the 2-fluid LAMEE. As
well, the outlet air temperature of the 3-fluid LAMEE is lower than the outlet air temperature of
the 2-fluid LAMEE under the entire range of Cr* studied because the cooling water decreases the
temperature of the desiccant solution along the 3-fluid LAMEE.
4.4.2.2 Sensible, Latent, and Total Effectivenesses
Figure 4.7 (a) displays the variations of the sensible effectivenesses of the 2-fluid and 3-fluid
LAMEEs with Cr* and Figure 4.7 (b) shows the variations of the latent effectivenesses of the
2-fluid and 3-fluid LAMEEs with Cr*. It is clear that the sensible and latent effectivenesses of the
2-fluid LAMEE increase as Cr* increases under the entire range of Cr* studied, while the sensible
and latent effectivenesses of the 3-fluid LAMEE increase as Cr* increases until a certain point,
and thereafter no considerable enhancement occurs. The effects of Cr* on the sensible and latent
effectivenesses of the 2-fluid LAMEE are stronger than its effects on the sensible and latent
effectivenesses of the 3-fluid LAMEE. For example, as Cr* increases from 1.3 to 4.8, the sensible
effectivenesses of the 2-fluid and 3-fluid LAMEEs increase from 52% to 81% and from 72% to
82%, respectively, and the latent effectivenesses of the 2-fluid and 3-fluid LAMEEs increase by
19% and 4%, respectively.
Figure 4.7 (a) shows that the sensible effectiveness of the 3-fluid LAMEE is higher than the
sensible effectiveness of the 2-fluid LAMEE under the entire range of Cr* studied. However, the
difference between the sensible effectivenesses of the 3-fluid and 2-fluid LAMEEs decreases as
Cr* increases. For instance, the absolute enhancements in the sensible effectiveness of the 3-fluid
LAMEE compared with the 2-fluid LAMEE are 20% and 1% at Cr* = 1.3 and 4.8, respectively.
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Similar results are obtained for the comparison of the latent and total effectivenesses, as shown in
Figures 4.7 (b) and (c). The absolute enhancements in the latent effectiveness of the 3-fluid
LAMEE compared with the 2-fluid LAMEE are 16% and 1% at Cr* = 1.3 and 4.8, respectively.
It is concluded that the design of the 3-fluid LAMEE is more superior to improve the sensible and
latent effectivenesses at low Cr* operating conditions compared with the 2-fluid LAMEE.

(a)

(b)
3-Fluid LAMEE
2-Fluid LAMEE
Latent effectiveness (%)

90
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70
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50
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2

3
Cr*

(c)

Total effectiveness (%)

Sensible effectiveness (%)
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4

1

5
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2

3
Cr*

4

3-Fluid LAMEE
2-Fluid LAMEE

70
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50
40
30
1

2

3
Cr*

4

5

FIGURE 4.7. Variations of (a) sensible effectivenesses (b) latent effectivenesses (c) total
effectivenesses of the 2-fluid LAMEE and 3-fluid LAMEE with Cr*.

116

5

4.4.2.3 Moisture Removal Rate
Figure 4.8 displays the variations of moisture removal rates of the 2-fluid and 3-fluid LAMEEs
with Cr*. The moisture removal rates of both the 2-fluid LAMEE and the 3-fluid LAMEE increase
as Cr* increases. However, the effect of Cr* on the moisture removal rate of the 2-fluid LAMEE
is stronger than that of the 3-fluid LAMEE. The moisture removal rate of the 3-fluid LAMEE is
higher than the moisture removal rate of the 2-fluid LAMEE under the entire range of Cr* studied.
However, the enhancement become smaller as Cr* increases. For example, the moisture removal
rate of the 3-fluid LAMEE is higher than that of the 2-fluid LAMEE by 41% and 3% at Cr* = 1.3
and 4.8, respectively. It is concluded that higher enhancements in the moisture removal rate of a
3-fluid LAMEE compared with the 2-fluid LAMEE can be achieved at low Cr* values.
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ṁrr (gv/h)

24

20

16
3-Fluid LAMEE
2-Fluid LAMEE

12
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2

3
Cr*

4

5

FIGURE 4.8. Variations of moisture removal rates of the 2-fluid LAMEE and the 3-fluid
LAMEE with Cr*.

4.5 CONCLUSIONS
The results presented in the previous chapter proved the research hypothesis of this thesis (i.e.
adding a third fluid to control the desiccant solution temperature inside the 3-fluid LAMEE may
improve the rates of heat and moisture transfer between the air and desiccant solution compared
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to 2-fluid LAMEEs) to be true at several inlet refrigerant temperatures and flow rates under air
cooling and dehumidifying conditions. In this chapter, the effects of the phase change energy on
the temperatures of air and desiccant solution inside 3-fluid and 2-fluid LAMEEs are quantified,
and the effects of inlet air humidity ratio and desiccant solution mass flow rate (Cr*) on the
performances of 3-fluid and 2-fluid LAMEEs are experimentally investigated under air cooling
and dehumidifying conditions. The main conclusions are summarized as listed below.
1. Phase change energy has a considerable effect on the temperature of the desiccant solution
stream in 2-fluid LAMEEs, and the amount of phase change energy released to the desiccant
solution increases as the inlet air humidity ratio increases.
2. The latent effectivenesses and moisture removal rates of the 2-fluid and 3-fluid LAMEEs
increase as the inlet air humidity ratio increases, and the latent effectiveness and moisture
removal rate of the 3-fluid LAMEE are higher than the 2-fluid LAMEE under the entire range
of the inlet air humidity ratio studied.
3. The enhancement in the latent effectiveness of the 3-fluid LAMEE compared with the latent
effectiveness of the 2-fluid LAMEE decreases as the inlet air humidity ratio increases.
4. The performances (sensible, latent, and total effectivenesses, and moisture removal rate) of
2-fluid and 3-fluid LAMEEs increase as Cr* increases, where the effect of Cr* on the
performance of the 2-fluid LAMEE is stronger than its effect on the performance of the 3-fluid
LAMEE.
5. Enhancement of the performance of the 3-fluid LAMEE compared with the 2-fluid LAMEE
decreases as Cr* increases.
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CHAPTER 5
PERFORMANCE TESTING OF 2-FLUID AND 3-FLUID LAMEES DURING
SOLUTION REGENERATION

5.1 OVERVIEW OF CHAPTER 5
The experimental data presented in Chapters 3 and 4 have proved that the hypothesis of this thesis
(i.e. adding a third fluid to control the desiccant solution temperature inside the 3-fluid LAMEE
may improve the rates of heat and moisture transfer between the air and desiccant solution
compared to 2-fluid LAMEEs) is true under air cooling and dehumidifying conditions. This
chapter will test the thesis hypothesis under desiccant solution regeneration conditions. Results
presented in this chapter fulfill part of the second objective of this thesis (i.e. to design and test a
3-fluid LAMEE and compare with a 2-fluid LAMEE). In this chapter, the rates of heat and
moisture transfer in 3-fluid and 2-fluid LAMEEs are tested and compared at several inlet
refrigerant temperatures, refrigerant mass flow rates, and desiccant solution mass flow rates under
desiccant solution regeneration conditions. To further investigate the effect of the operating
conditions on the improvement in the 3-fluid LAMEE performance compared with 2-fluid
LAMEEs, the results presented in this chapter are compared with the air cooling and
dehumidifying results presented in Chapter 3.
The driving forces for heat and moisture transfer in LAMEEs increase as the difference between
the air and desiccant solution temperature increases. However, it was found in a previous Ph.D.
study (Moghaddam et al. (2013d)) that during solution regeneration, the latent effectiveness of
2-fluid LAMEEs increases as the inlet desiccant solution temperature increases until a specific
point, and thereafter the latent effectiveness decreases as the inlet solution temperature increases.
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To further understand this trend, the effect of the inlet solution temperature on the effectiveness of
2-fluid LAMEEs is tested under solution regeneration conditions and is presented in this chapter.
The manuscript presented in this chapter is published in the International Journal of Heat and Mass
Transfer. The manuscript presented in this chapter is different from the published paper in the
following sections: (a) the description of the test facility, the schematics of the 2-fluid and 3-fluid
LAMEEs, and the equations used to evaluate the LAMEE performance presented in the published
paper are removed since they were presented in Chapters 2 and 3, and (b) Section 5.8 presented in
this chapter was not included in the published paper.
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Performance Testing of a Novel 3-Fluid Liquid-To-Air Membrane Energy Exchanger
(3-Fluid LAMEE) under Desiccant Solution Regeneration Operating Conditions
(International Journal of Heat and Mass Transfer, 2016, Volume 95)
Mohamed R. H. Abdel-Salam, Robert W. Besant, Carey J. Simonson

5.2 ABSTRACT
Liquid-to-air membrane energy exchangers (LAMEEs) use semi-permeable membranes to transfer
heat and moisture between air and a desiccant solution, and prevent the transfer of desiccant
droplets to the airside. A 2-fluid flat-plate LAMEE is composed of several adjacent air and
desiccant solution channels each separated by a semi-permeable membrane. A 3-fluid LAMEE is
the new generation of LAMEEs which has a structure similar to a 2-fluid flat-plate LAMEE. The
novelty of the 3-fluid LAMEE is that it includes titanium tubes inside the desiccant solution
channels to control the temperature of the desiccant solution along the exchanger. In this chapter,
the performances of a 2-fluid LAMEE and 3-fluid LAMEE are tested and compared under diluted
desiccant solution regeneration operating conditions. Also studied are the effects of operating
conditions (inlet heating water temperature, heating water mass flow rate, desiccant solution mass
flow rate, and inlet desiccant solution temperature) on the performances of the 2-fluid and 3-fluid
LAMEEs. For the chosen test conditions, results show that effectiveness and moisture removal
rate of the 3-fluid LAMEE are higher than the 2-fluid LAMEE under the entire range of inlet
heating water temperature, heating water flow rate, and desiccant solution flow rate studied. The
effectiveness and moisture removal rate of the 3-fluid LAMEE increase as the inlet heating water
temperature and/or flow rate increases. The sensible, latent, and total effectivenesses, and moisture
removal rate of the LAMEE increase by 38%, 40%, 39%, and 6 times when the temperature of
desiccant solution is maintained constant along the exchanger. Compared with the 2-fluid
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LAMEE, the sensible, latent, and total effectivenesses, and moisture removal rate of the 3-fluid
LAMEE are improved by up to 104%, 141%, 128%, and 17 times, respectively.
5.3 INTRODUCTION
Heating, ventilation, and air-conditioning (HVAC) systems are responsible for significant amounts
of global energy consumption and greenhouse gas emissions. For instance, HVAC systems
account for 34% of the total energy consumed in the industrialized countries (Zhang (2008)).
Liquid-to-air membrane energy exchangers (LAMEEs) use micro-porous semi-permeable
membranes to transfer heat and water vapor between air and desiccant solution streams. Figure 1.1
shows a schematic of a 2-fluid flat-plate LAMEE. 2-fluid LAMEEs have achieved considerable
energy savings when integrated with liquid-desiccant air-conditioning systems (Abdel-Salam et
al. (2014a, 2014c); Bergero and Chiari (2011); Abdel-Salam and Simonson (2014a); Zhang and
Zhang (2014)). LAMEEs are used for diluted desiccant solution regeneration in liquid desiccant
membrane air-conditioning (LDMAC) systems (Abdel-Salam et al. (2014a, 2014c); Bergero and
Chiari (2011); Abdel-Salam and Simonson (2014a); Zhang and Zhang (2014)) and in run-around
membrane energy exchangers (RAMEEs) (Ge et al. (2013a); Vali et al. (2009); Patel et al. (2014)).
5.4 STATE-OF-THE-ART
A review of the literature (Abdel-Salam et al. (2014b)) revealed that only four studies
(Abdel-Salam et al. (2015); Ge et al. (2014a); Moghaddam et al. (2013d, 2014)) were conducted
on the performance of LAMEEs when used for diluted desiccant solution regeneration. Chapter 2
(Abdel-Salam et al. (2015)) shows a numerical study on the effects of air and desiccant solution
channel widths on the performance of a 2-fluid flat-plate LAMEE when operated as a diluted
desiccant solution regenerator. The results showed that the regenerator’s performance increases as
the width of air and/or solution channels decreases. Based on the widths of the air and solution
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channels, the regenerator’s sensible, latent, and total effectivenesses varied between 48%-87%,
28%-52%, and 35%-65%, respectively. Ge et al. (2014a) tested the performance of a 2-fluid
flat-plate LAMEE when operated as a desiccant solution regenerator and reported that the sensible
and latent effectivenesses varied between 55%-84% and 36%-62%, respectively. Moghaddam et
al. (2013d) tested a 2-fluid flat-plate LAMEE under desiccant solution regeneration operating
conditions and found that the latent effectiveness varied between 48%-60%. Moghaddam et
al. (2014) found that the sensible, latent, and total effectivenesses of a 2-fluid flat-plate LAMEE
when used for diluted desiccant solution regeneration varied between 55%-82%, 25%-54%, and
33%-59%, respectively. This shows that 2-fluid LAMEEs have low effectiveness under diluted
desiccant solution regeneration operating conditions and there is a need to modify the current
design of flat-plate LAMEEs to improve their performances for diluted desiccant solution
regeneration applications.
For desiccant solution regeneration process, Figure 5.1 shows the variations of the regeneration
air and diluted desiccant solution temperatures along a counter-flow heat exchanger and a
counter-flow LAMEE. It is clear that as the diluted desiccant solution flows along the solution
channel, the decrease in the solution temperature is much higher in the LAMEE than in the sensible
heat exchanger. The decrease in the desiccant solution temperature in the LAMEE is attributed to
the absorbed phase change energy of the released moisture. The decrease of the desiccant solution
temperature reduces the difference between the air and desiccant solution temperatures, which
reduces the driving forces for heat and moisture transfer between the air and desiccant solution
streams, and the effectiveness of the regenerator.
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FIGURE 5.1. A schematic diagram of the air and desiccant solution temperatures along a 2-fluid
LAMEE and heat exchanger shows that the phase change energy reduces the temperature
difference between the air and desiccant solution streams under diluted desiccant solution
regeneration operating conditions.

5.5 THE 3-FLUID LAMEE
The performance of the 3-fluid LAMEE under air cooling and dehumidifying operating conditions
was tested in Chapters 3 and 4 (Abdel-Salam et al. (2016a, 2016b)). In Chapter 3 (Abdel-Salam et
al. (2016a)), the results showed that heat and moisture transfer between the air and desiccant
solution streams inside the 3-fluid LAMEE were higher than a 2-fluid LAMEE, and the
performance of the 3-fluid LAMEE is enhanced as inlet cooling water temperature decreases or
cooling water flow rate increases. The results presented in Chapter 4 (Abdel-Salam et al. (2016b))
showed that the phase change energy (i.e. enthalpy of condensation) increases the temperatures of
the desiccant solution and air streams inside LAMEEs under air cooling and dehumidifying
operating conditions. Moreover, the enhancement in the performance of the 3-fluid LAMEE
compared with a 2-fluid LAMEE decreases as the ratio between heat capacities of desiccant
solution and air (Cr*) increases (Abdel-Salam et al. (2016b)).
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5.6 OBJECTIVES OF THE CURRENT STUDY
(1) Test and compare the performances of the novel 3-fluid LAMEE and a 2-fluid LAMEE when
used for diluted desiccant solution regeneration under several operating conditions.
(2) Test the effects of operating parameters (inlet heating water temperature, heating water flow
rate, desiccant solution flow rate, and inlet desiccant solution temperature) on the performance
of the 2-fluid and 3-fluid LAMEEs under diluted desiccant solution regeneration operating
conditions.
5.7 RESULTS AND DISCUSSION
Table 5.1 shows the test conditions for the 2-fluid and 3-fluid LAMEEs.

TABLE 5.1. Test conditions for the 2-fluid LAMEE and the 3-fluid LAMEE.
Parameter

2-Fluid LAMEE

3-Fluid LAMEE

Value

Unit

Value

Unit

Tair,in
Wair,in

29.4-30
13-14.8

C
gv/kgair

29.6-30.2

C

12.4-15

gv/kgair

Reair
Tsol,in
Wsol,in

610

-

40.1-40.3
20.4-20.6

C
g/kg

610
39.9-40.5
20.4-20.9

C
g/kg

Csol,in

30

%

30

%

Resol

4.3

-

4.3

-

NTU

2

-

2

-

Cr*
Tw,in

2, 3.4, 4.8

-

2, 3.4, 4.8
42.3, 49.9, 57.1, 65.7
0.039, 0.135, 0.265

C

Cr

5.7.1

-

-

Effect of Inlet Heating Water Temperature

In this section, the performances of the 2-fluid LAMEE and the 3-fluid LAMEE at several inlet
heating water temperatures are presented and discussed. The 3-fluid LAMEE was operated at
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several inlet heating water temperatures (42.3C, 49.9C, 57.1C, and 65.7C), nearly constant
heating water flow rate (Cr = 0.24-0.28), and constant desiccant solution flow rate (Cr* = 2).
5.7.1.1 Outlet Desiccant Solution Temperature
Figure 5.2 displays the outlet desiccant solution temperatures of the 2-fluid LAMEE and the
3-fluid LAMEE at several inlet heating water temperatures (Tw,in). It is clear that the outlet solution
temperature of the 3-fluid LAMEE is higher than the 2-fluid LAMEE under the entire range of
Tw,in studied, and increases as Tw,in increases. As well, the difference between the outlet solution
temperatures of the 2-fluid and 3-fluid LAMEEs increases as Tw,in increases. The desiccant
solution temperature is maintained almost constant along the 3-fluid LAMEE at Tw,in = 50ºC,
which implies that the hot water stream is able to compensate the decrease in the desiccant solution
temperature caused by the sensible heat transfer to the regeneration air and the phase change
energy accompanied with the moisture transfer from the diluted desiccant solution to the
regeneration airstream.

60

Solution outlet (3-Fluid LAMEE)
Solution outlet (2-Fluid LAMEE)
Solution inlet
Water outlet

Temperature (ºC)

55
50
45
40
35
30
40

45

50
55
60
Inlet water temperature (ºC)

65

70

FIGURE 5.2. Variations of the outlet desiccant solution temperature and outlet heating water
temperature with the inlet heating water temperature for the 2-fluid LAMEE and the 3-fluid
LAMEE.
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5.7.1.2 Sensible, Latent, and Total Effectivenesses
The main objective of the 3-fluid LAMEE is to enhance the rates of heat and moisture transfer
between the air and desiccant solution streams. In this work, the sensible, latent, and total
effectivenesses of the 3-fluid LAMEE are calculated based on rates of heat and moisture transfer
between the regeneration air and diluted desiccant solution streams. The traditional effectiveness
equations (equations (3.5) to (3.7)) are used to calculate the sensible, latent, and total
effectivenesses of the 2-fluid LAMEE and 3-fluid LAMEE. This implies that the hot water stream
is excluded from effectiveness calculations for the 3-fluid LAMEE. Therefore, it is predicted that
the effectiveness of the 3-fluid LAMEE will exceed 100% under specific operating conditions (i.e.
high temperatures and flow rates of heating water stream). New equations for calculating the
effectiveness of 3-fluid energy exchangers will be developed in Chapter 7.
Figure 5.3 (a) shows the sensible effectivenesses of the 2-fluid and 3-fluid LAMEEs at several
inlet heating water temperatures (Tw,in). The sensible effectiveness of the 3-fluid LAMEE is higher
than the 2-fluid LAMEE under the entire range of Tw,in studied, and the difference between the
sensible effectivenesses of the 2-fluid and 3-fluid LAMEEs increases as Tw,in increases. Based on
Tw,in, the sensible effectiveness of the 3-fluid LAMEE is enhanced by up to 79% compared with
the 2-fluid LAMEE. The Tw,in has a significant effect on the sensible effectiveness of the 3-fluid
LAMEE. For instance, the sensible effectiveness of the 3-fluid LAMEE increases from 44% to
107% as Tw,in increases from 42ºC to 66ºC. It is concluded that the sensible effectiveness of the
LAMEE increases from 28% to 66% when the desiccant solution temperature is maintained
constant along the exchanger.
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FIGURE 5.3. Variations of (a) sensible effectivenesses (b) latent effectivenesses (c) total
effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE with the inlet heating water
temperature.
Figure 5.3 (b) shows the variations of the latent effectivenesses of the 2-fluid and 3-fluid LAMEEs
with Tw,in. It is clear that the latent effectiveness of the 2-fluid LAMEE is very low (8%) under the
current test conditions. The latent effectiveness of the 3-fluid LAMEE is higher than the 2-fluid
LAMEE under the entire range of Tw,in studied. At Tw,in = 66ºC, the absolute enhancement in latent
effectiveness of the 3-fluid LAMEE compared with the 2-fluid LAMEE is 95%. This can be
explained as follow. The temperature and equivalent humidity ratio of the desiccant solution
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increase as Tw,in increases. Thus the driving force for moisture transfer (difference between
humidity ratios of regeneration air and desiccant solution streams) increases as Tw,in increases. The
Tw,in has a strong effect on the latent effectiveness of the 3-fluid LAMEE. For example, the latent
effectiveness of the 3-fluid LAMEE increases from 24% to 103% as Tw,in increases from 42ºC to
66ºC. The latent effectiveness of the LAMEE is enhanced from 8% to 48% when the desiccant
solution temperature is maintained constant along the exchanger. It can be concluded that the
influence of Tw,in on the latent effectiveness is stronger than the sensible effectiveness. For
instance, the absolute enhancements of the sensible effectiveness and latent effectiveness of the
LAMEE are 79% and 95%, respectively, at Tw,in = 66ºC.
Figure 5.3 (c) shows the variations of the total effectiveness with Tw,in for the 2-fluid and 3-fluid
LAMEEs. It is clear that the total effectiveness of the 3-fluid LAMEE is higher than the 2-fluid
LAMEE under the entire range of Tw,in studied. Equation (3.7) shows that the total effectiveness
of a LAMEE depends on its sensible and latent effectivenesses. Therefore, the total effectiveness
of the 3-fluid LAMEE is enhanced as Tw,in increases due to the enhancements in the sensible and
latent effectivenesses. The total effectiveness of the LAMEE increases from 15% to 54% when the
desiccant solution temperature is maintained constant along the exchanger.
5.7.1.3 Moisture Removal Rate
Figure 5.4 displays the variations of the moisture removal rates of the 2-fluid and 3-fluid LAMEEs
with Tw,in. The moisture removal rate of the 3-fluid LAMEE is higher than the 2-fluid LAMEE
under the entire range of Tw,in studied, and the difference between the moisture removal rates of
the 2-fluid and 3-fluid LAMEEs increases as Tw,in increases. Compared with the 2-fluid LAMEE,
the moisture removal rate of the 3-fluid LAMEE is enhanced by 12 times at Tw,in = 66ºC. The Tw,in
has a strong effect on the moisture removal rate of the 3-fluid LAMEE. For instance, the moisture
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removal rate of the 3-fluid LAMEE increases by 316% as Tw,in increases from 42ºC to 66ºC. In
conclusion, the moisture removal rate of the LAMEE is enhanced by 6 times when the desiccant
solution temperature is maintained constant along the exchanger.
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FIGURE 5.4. Variations of moisture removal rates of the 2-fluid LAMEE and the 3-fluid
LAMEE with inlet heating water temperature.
5.7.1.4 Effect of Temperature Ratio (T*) on Performance of the 3-Fluid LAMEE
Temperature ratio is the ratio between the difference between inlet temperatures of the
regeneration air and hot water streams and the difference between inlet temperatures of the
regeneration air and diluted desiccant solution streams (Abdel-Salam et al. (2016a)). T* is
calculated from equation (5.1) (Abdel-Salam et al. (2016a)).
,

∗

,

,

,

(5.1)

where Tw,in is the inlet heating water temperature (ºC).
For desiccant solution regeneration operating conditions; where Tair,in < Tsol,in and Tair,in < Tw,in:
T* < 1 implies that Tw,in < Tsol,in
T* = 1 implies that Tw,in = Tsol,in
T* > 1 implies that Tw,in > Tsol,in
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Figure 5.5 (a) shows the variations of the sensible, latent, and total effectivenesses of the 3-fluid
LAMEE with T*. It is clear that the sensible, latent, and total effectivenesses increase as T*
increases. At T* < 3, the sensible effectiveness is higher than latent effectiveness, while the
sensible and latent effectivenesses have almost the same value at T* = 3.5. This implies that the
effect of T* on the enhancement of the latent effectiveness is stronger than the sensible
effectiveness.
Figure 5.5 (b) displays the variation of moisture removal rate of the 3-fluid LAMEE with T*. It is
clear that the moisture removal rate increases as T* increases. This can be explained as follows.
Higher T* implies higher inlet heating water temperatures, thus higher equilibrium desiccant
solution humidity ratios. Increasing the equilibrium desiccant solution humidity ratio increases the
difference between the humidity ratios of the regeneration air and diluted desiccant solution
streams, which increases the driving force for moisture transfer inside the LAMEE. Consequently,
moisture removal rate increases as T* increases.
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FIGURE 5.5. Variations of (a) sensible, latent, and total effectivenesses (b) moisture removal
rate of the 2-fluid and 3-fluid LAMEEs with T*.
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5.7.2

Effect of Heating Water Flow Rate (Cr)

In this section, the performances of the 2-fluid LAMEE and the 3-fluid LAMEE at several inlet
heating water mass flow rates are presented and discussed. The 3-fluid LAMEE was operated at
several heating water flow rates (Cr = 0.039, 0.135, and 0.265), nearly constant inlet heating water
temperature (55.3-58.4C), and constant desiccant solution flow rate (Cr* = 2).
5.7.2.1 Outlet Desiccant Solution Temperature
A comparison between the variations of the outlet desiccant solution temperature with the heating
water flow rate (Cr) for the 2-fluid and 3-fluid LAMEEs is shown in Figure 5.6. The outlet
desiccant solution temperature of the 3-fluid LAMEE is higher than the 2-fluid LAMEE under the
entire range of Cr studied, and increases as Cr decreases. It should be noted that the outlet desiccant
solution temperature at Cr = 0.039 should be higher than the outlet desiccant solution temperature
at Cr = 0.135, however, the outlet desiccant solution at Cr = 0.135 is higher than at Cr = 0.039 in
Figure 5.6. This is because the inlet heating water temperature at Cr = 0.039 is lower than at
Cr = 0.135.
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FIGURE 5.6. Variations of the outlet desiccant solution temperature and outlet heating water
temperature for the 2-fluid LAMEE and the 3-fluid LAMEE with Cr.
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5.7.2.2 Sensible, Latent, and Total Effectivenesses
A comparison between the variations of sensible effectiveness with Cr for the 2-fluid and 3-fluid
LAMEEs is shown in Figure 5.7 (a). The sensible effectiveness of the 3-fluid LAMEE is higher
than the 2-fluid LAMEE under the entire range of Cr studied, and the difference between the
sensible effectivenesses of the 2-fluid and 3-fluid LAMEEs increases as Cr decreases. Compared
with the 2-fluid LAMEE, the sensible effectiveness of the 3-fluid LAMEE is enhanced by up to
104% at Cr = 0.039. This can be explained as follow. Sensible effectiveness of heat transfer
between the desiccant solution and heating water streams increases as heating water flow rate
increases (Cr decreases), thus, the desiccant solution temperature increases as Cr decreases.
Increasing the desiccant solution temperature increases the driving forces for heat transfer between
the desiccant solution and regeneration air streams. It is clear that Cr has a strong effect on the
sensible effectiveness of the 3-fluid LAMEE. For example, the sensible effectiveness of the 3-fluid
LAMEE increases from 84% to 132% as Cr decreases from 0.265 to 0.039.
Figure 5.7 (b) displays the variations of the latent effectivenesses of the 2-fluid and 3-fluid
LAMEEs with Cr. The latent effectiveness of the 3-fluid LAMEE is higher than the 2-fluid
LAMEE under the entire range of Cr studied. The absolute enhancement in the latent effectiveness
of the 3-fluid LAMEE compared with the 2-fluid LAMEE is 141% at Cr = 0.039. It is clear that
Cr has a strong effect on the latent effectiveness of the 3-fluid LAMEE, where latent effectiveness
increases from 70% to 149% as Cr decreases from 0.265 to 0.039.

133

(a)

(b)

140

3-Fluid LAMEE
2-Fluid LAMEE

100
80
60
40

3-Fluid LAMEE
2-Fluid LAMEE

140
Latent effectiveness (%)

Sensible effectiveness (%)

120

160

120
100

20

80
60
40
20
0

0
0

0.05

0.1

0.15
Cr

(c)

0.2

0.25

0

0.3

160

0.1

0.15
Cr

0.2

0.25

0.3

3-Fluid LAMEE
2-Fluid LAMEE

140
Total effectiveness (%)

0.05

120
100
80
60
40
20
0
0

0.05

0.1

0.15
Cr

0.2

0.25

0.3

FIGURE 5.7. Variations of (a) sensible effectivenesses (b) latent effectivenesses (c) total
effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE with Cr.
Figure 5.7 (c) displays the variations of the total effectivenesses of the 2-fluid and 3-fluid
LAMEEs with Cr. As it was mentioned before, the total effectiveness of a LAMEE depends on its
sensible and latent effectivenesses. Therefore, the total effectiveness of the 3-fluid LAMEE
increases as Cr decreases due to the enhancements in the sensible and latent effectivenesses.
5.7.2.3 Moisture Removal Rate
A comparison between the variations of the moisture removal rates of the 2-fluid and 3-fluid
LAMEEs with Cr is shown in Figure 5.8. It is clear that the moisture removal rate of the 3-fluid
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LAMEE increases as Cr decreases. As well, Cr has a strong effect on the moisture removal rate of
the 3-fluid LAMEE. For example, the moisture removal rate of the 3-fluid LAMEE increases by
78% as Cr decreases from 0.265 to 0.039. The moisture removal rate of the 3-fluid LAMEE is
much higher than the 2-fluid LAMEE under the entire range of Cr studied. At Cr = 0.039, the
moisture removal rate of the 3-fluid LAMEE is higher than the moisture removal rate of the 2-fluid
LAMEE by 17 times.
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FIGURE 5.8. Variations of moisture removal rates of the 2-fluid LAMEE and the 3-fluid
LAMEE with Cr.
5.7.3

Effect of Desiccant Solution Flow Rate (Cr*)

In this section, the effects of desiccant solution flow rate (Cr*) on performances of the 2-fluid
LAMEE and the 3-fluid LAMEE are presented and discussed. The performances of the 2-fluid and
3-fluid LAMEEs were tested at several desiccant solution flow rates (Cr* = 2, 3.4, and 4.8),
constant inlet heating water temperature (40-40.3C), and constant heating water flow rate
(ṁw = 115-130 g/min).
5.7.3.1 Outlet Desiccant Solution Temperature
Figure 5.9 displays the variations of the outlet desiccant solution temperature and outlet heating
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water temperature with the desiccant solution flow rate (Cr*) for the 2-fluid and 3-fluid LAMEEs.
It is clear that the outlet desiccant solution temperature of the 3-fluid LAMEE is higher than the
2-fluid LAMEE under the entire range of Cr* studied, and the difference between the outlet
solution temperatures of the 2-fluid and 3-fluid LAMEEs decreases as Cr* increases. The outlet
solution temperatures of the 2-fluid and 3-fluid LAMEEs increase as Cr* increases, where the
effect of Cr* on the outlet solution temperature of the 2-fluid LAMEE is stronger than the 3-fluid
LAMEE. The outlet heating water temperature of the 3-fluid LAMEE increases as Cr* increases.
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FIGURE 5.9. Variations of the outlet desiccant solution temperature and outlet heating water
temperature for the 2-fluid LAMEE and the 3-fluid LAMEE with Cr*.
5.7.3.2 Sensible, Latent, and Total Effectivenesses
Variations of the sensible, latent, and total effectivenesses of the 2-fluid LAMEE and the 3-fluid
LAMEE with Cr* are displayed in Figure 5.10. The sensible, latent, and total effectivenesses of
the 3-fluid LAMEE are higher than the 2-fluid LAMEE under the entire range of Cr* studied,
where the enhancements in the effectivenesses of the 3-fluid LAMEE compared with the 2-fluid
LAMEE decrease as Cr* increases. The sensible, latent, and total effectivenesses of the 2-fluid
and 3-fluid LAMEEs increase as Cr* increases, where the effect of Cr* on the enhancement of the
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effectivenesses of the 2-fluid LAMEE is more significant than the 3-fluid LAMEE.
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FIGURE 5.10. Variations of (a) sensible effectivenesses (b) latent effectivenesses (c) total
effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE with Cr*.
5.7.3.3 Moisture Removal Rate
Figure 5.11 shows the variations of the moisture removal rates of the 2-fluid and 3-fluid LAMEEs
with Cr*. It is clear that the moisture removal rates of the 2-fluid and 3-fluid LAMEEs increase as
Cr* increases, where the moisture removal rate of the 3-fluid LAMEE is higher than the 2-fluid
LAMEE under the entire range of Cr* studied. However, the difference between the moisture
removal rates of the 2-fluid and 3-fluid LAMEEs decreases as Cr* increases. Compared with the
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2-fluid LAMEE, the moisture removal rate of the 3-fluid LAMEE is enhanced by 200% and 38%
at Cr* = 2 and 4.8, respectively. As well, the effect of Cr* on the enhancement of the moisture
removal rate of the 2-fluid LAMEE is stronger than the 3-fluid LAMEE.
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FIGURE 5.11. Variations of moisture removal rates of the 2-fluid LAMEE and the 3-fluid
LAMEE with Cr*.
5.7.4

Effect of Inlet Desiccant Solution Temperature on the Performance of 2-Fluid
LAMEEs

The effect of inlet desiccant solution temperature on the performance of the 2-fluid LAMEE is
tested and presented in this section. The test conditions are shown in Table 5.2.
TABLE 5.2. Test conditions for the 2-fluid LAMEE under diluted desiccant solution
regeneration operating conditions.
Parameter

Value

Unit

29.4-29.7
12-13

C

Tair,in
Wair,in
Tsol,in
Wsol,in

40.1, 50.7, 62.8
20.5-71.2

Csol,in

30

%

NTU
Cr*

2

-

2

-
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gv/kgair
C
g/kg

5.7.4.1 Sensible, Latent, and Total Effectivenesses
Figure 5.12 (a) displays the effect of the inlet desiccant solution temperature (Tsol,in) on the sensible
effectiveness of the 2-fluid LAMEE. It is clear that the sensible effectiveness slightly deceases as
Tsol,in increases. This can be explained as follows. Increasing Tsol,in increases the difference between
the air and solution temperatures which increases the driving force for heat transfer. However, the
desiccant solution absorbs phase change energy as moisture transfers to the airstream which
decreases the desiccant solution temperature. Figure 5.12 (b) shows the variation of the latent
effectiveness with Tsol,in. The latent effectiveness increases as Tsol,in increases until Tsol,in reaches
51ºC, afterwards the latent effectiveness decreases as Tsol,in increases. The decrease of latent
effectiveness at Tsol,in > 51ºC may be attributed to the desiccant solution crystallization, where
desiccant crystals are accumulated on the membrane and block its pores. Figure 5.12 (c) shows
that the trend of the total effectiveness variation with Tsol,in is similar to the latent effectiveness.
Moghaddam et al. (2013d) tested the effects of Tsol,in on sensible, latent, and total effectivenesses
and moisture removal rate of a 2-fluid flat-plate LAMEE when used for diluted desiccant solution
regeneration. The results of the current study are compared with the experimental results reported
by Moghaddam et al. (2013d) (see Figure 5.12). It is clear that the trend of the effect of Tsol,in on
the sensible effectiveness is different from the trend reported by Moghaddam et al. (2013d). This
can be attributed to the differences in the design parameters (channel width, channel height, surface
area available for heat/moisture transfer (membrane surface area), and thermo-physical properties
of membrane) and operating conditions (air flow rate, inlet air temperature, inlet air humidity ratio,
solution flow rate, inlet solution concentration, and inlet solution humidity ratio). Values of
dimensionless parameters (NTU and Cr*) in this study are different from Moghaddam
et al. (2013d). The values of NTU and Cr* are 2 and 2 in this study, and 5 and 4 in
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Moghaddam et al. (2013d). Inlet solution temperature may has a stronger effect on sensible
effectiveness at high NTU values and/or high Cr* values.
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FIGURE 5.12. Variations of (a) sensible effectiveness (b) latent effectiveness (c) total
effectiveness of the 2-fluid LAMEE with inlet desiccant solution temperature.
5.7.4.2 Moisture Removal Rate
Figure 5.13 displays the variation of the moisture removal rate of the 2-fluid LAMEE with Tsol,in.
It is clear that the moisture removal rate increases as Tsol,in increases under the entire range of Tsol,in
studied. As well, Tsol,in has a strong effect on the moisture removal rate. For example, the moisture
removal rate increases by nearly 10 times as Tsol,in increases from 40ºC to 63ºC. This can be
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explained as follows. The inlet equilibrium desiccant solution humidity ratio increases as Tsol,in
increases thus the difference between the inlet humidity ratios of the regeneration air and diluted
solution increases, which increases the driving force for moisture transfer between the regeneration
air and solution streams. The results of the current study are compared with the experimental
results reported by Moghaddam et al. (2013d). Results reported by Moghaddam et al. (2013d)
shows that Tsol,in has a stronger effect on the moisture removal rate. As mentioned previously, this
can be attributed to the differences in the design parameters and operating conditions.
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FIGURE 5.13. Variation of moisture removal rate of the 2-fluid LAMEE with inlet desiccant
solution temperature.
5.8 COMPARISON BETWEEN AIR COOLING AND DEHUMIDIFYING CONDITIONS
AND SOLUTION REGENERATION CONDITIONS
Figures 5.14 and 5.15 show the improvement in sensible and latent effectivenesses between the air
and desiccant solution in the 3-fluid LAMEE compared to the 2-fluid LAMEE at different inlet
refrigerant temperatures and mass flow rates (Cr) under air cooling and dehumidifying conditions
(Chapter 3, Abdel-Salam et al. (2016a)) and desiccant solution regeneration conditions (Chapter 5,
Abdel-Salam et al. (2016c)). It is clear that the improvement in the sensible effectiveness under
air cooling and dehumidifying conditions is similar to solution regeneration conditions. On the
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other hand, the improvement in the latent effectiveness under solution regeneration conditions is
much higher than air cooling and dehumidifying conditions. One reason for this may be the low
latent effectiveness of the 2-fluid LAMEE under solution regeneration conditions (8%) compared
to air cooling and dehumidifying conditions (38%).
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FIGURE 5.14. Ratio between the 3-fluid and 2-fluid LAMEEs effectivenesses for (a) sensible
and (b) latent at different inlet refrigerant temperatures under air cooling and dehumidifying
conditions and solution regeneration conditions (cooling and dehumidifying: NTU = 1.8,
Cr* = 1.8, Cr = 0.26; regeneration: NTU = 2, Cr* = 2, Cr = 0.26).
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FIGURE 5.15. Ratio between the 3-fluid and 2-fluid LAMEEs effectivenesses for (a) sensible
and (b) latent at different refrigerant mass flow rates (Cr) under air cooling and dehumidifying
conditions and solution regeneration conditions (cooling and dehumidifying: NTU = 1.8,
Cr* = 1.8, Tref,in = 20.6ºC; regeneration: NTU = 2, Cr* = 2, Tref,in = 57ºC).
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The most likely reason for the low latent effectiveness of the 2-fluid LAMEE under solution
regeneration conditions is related to desiccant solution crystallization. Afshin et al. (2010) reported
that there is a high risk of desiccant solution crystallization in 2-fluid LAMEEs during solution
regeneration. During solution regeneration in 2-fluid LAMEEs, the concentration of the desiccant
solution increases while its temperature decreases rapidly especially at the interface between the
membrane and the desiccant solution. Mei et al. (2008) reported that the risk of desiccant solution
crystallization increases at low desiccant solution temperatures and high concentrations. On the
other hand, the temperature of the desiccant solution remains high along the entire length of the
3-fluid LAMEE which decreases the risk of desiccant solution crystallization in the 3-fluid
LAMEE under solution regeneration conditions. As mentioned in Section 5.7.4.1, the occurrence
of desiccant solution crystallization may block some membrane pores which reduces the moisture
transfer rate between the air and solution (i.e. latent effectiveness) in 2-fluid LAMEEs under
solution regeneration conditions.
Another reason for the low latent effectiveness of the 2-fluid LAMEE under solution regeneration
conditions may be the potential for moisture transfer between the air and desiccant solution (i.e.
the difference between air and solution inlet humidity ratios) under solution regeneration
conditions is lower than under air cooling and dehumidifying conditions by 35%.
5.9 CONCLUSIONS
The main contribution of this chapter is that it shows that the performance of LAMEEs when
operated under desiccant solution regeneration conditions can be significantly enhanced by using
a hot water stream inside the desiccant solution channel to heat the desiccant solution along the
exchanger, which proves the research hypothesis of this thesis (i.e. adding a third fluid to control
the desiccant solution temperature inside the 3-fluid LAMEE may improve the rates of heat and
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moisture transfer between the air and desiccant solution compared to 2-fluid LAMEEs) to be true
under solution regeneration conditions. Compared with the 2-fluid LAMEE, the sensible, latent,
and total effectivenesses, and moisture removal rate of the 3-fluid LAMEE are improved by up to
104%, 141%, 128%, and 17 times, respectively. Following are the most important conclusions
drawn from this chapter.
1- The sensible, latent, and total effectivenesses and moisture removal rate of the 3-fluid LAMEE
are higher than the 2-fluid LAMEE under the entire range of inlet heating water temperature
and heating water flow rate studied.
2- The sensible, latent, and total effectivenesses and moisture removal rate of the 3-fluid LAMEE
significantly increase as the inlet heating water temperature or mass flow rate increases.
3- The sensible, latent, and total effectivenesses, and moisture removal rate of the LAMEE
increase by 38%, 40%, 39%, and 6 times when a third fluid maintains the desiccant solution
temperature constant along the exchanger.
4- The sensible, latent, and total effectivenesses, and moisture removal rate of the 3-fluid LAMEE
are higher than the 2-fluid LAMEE under the entire range of desiccant solution flow rate (Cr*)
studied, where the differences between the effectivenesses and moisture removal rates of the
2-fluid and 3-fluid LAMEEs decrease as Cr* increases.
5- The sensible, latent, and total effectivenesses, and moisture removal rate of the 2-fluid and
3-fluid LAMEEs increase as Cr* increases, where the effect of Cr* on the 2-fluid LAMEE is
stronger than the 3-fluid LAMEE.
6- The inlet desiccant solution temperature (Tsol,in) has a negligible effect on the sensible
effectiveness of 2-fluid LAMEEs, whereas the latent effectiveness increases as Tsol,in increases
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until a certain point, and thereafter the latent effectiveness decreases as Tsol,in increases.
7- The moisture removal rate of 2-fluid LAMEEs significantly increases as Tsol,in increases under
the entire range of Tsol,in studied (40ºC-63ºC).
In conclusion, results presented in Chapters 3, 4, and 5 show that the proposed 3-fluid LAMEE
can achieve the same effectiveness as a 2-fluid LAMEE at lower values of NTU and Cr* under air
cooling and dehumidifying conditions and solution regeneration conditions.
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CHAPTER 6
PERFORMANCE TESTING OF 2-FLUID AND 3-FLUID LAMEES DURING AIR
HEATING AND HUMIDIFICATION

6.1 OVERVIEW OF CHAPTER 6
The results presented in the previous chapters proved that the main hypothesis of this thesis (i.e.
adding a third fluid to control the desiccant solution temperature inside the 3-fluid LAMEE may
improve the rates of heat and moisture transfer between the air and desiccant solution compared
to 2-fluid LAMEEs) is true under air cooling and dehumidifying conditions and desiccant solution
regeneration conditions. However, the experimental data presented in Chapters 3 and 5 showed
that the improvement in the latent effectiveness of the 3-fluid LAMEE compared to the 2-fluid
LAMEE under desiccant solution regeneration conditions is much higher than air cooling and
dehumidifying conditions. This implies that the improvement in the 3-fluid LAMEE performance
compared to 2-fluid LAMEEs depends on the operating conditions. Therefore, in this chapter, the
performances of the 3-fluid and 2-fluid LAMEEs are tested and compared under air heating and
humidifying conditions. Also tested are the effects of the phase change energy on the temperature
of the desiccant solution in 2-fluid and 3-fluid LAMEEs under air heating and humidifying
conditions.
The effect of flow maldistribution, caused by membrane deflections, on the performance of
flat-plate LAMEEs was numerically studied and estimated at several membrane deflections in
Chapter 2. However, the actual membrane deflections in flat-plate LAMEEs are unknown. To the
best of my knowledge, there is no published study that has experimentally studied flow
maldistribution in flat-plate LAMEEs. For the first time, this chapter will present an experimental
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study of the feasibility of applying pre-tension to the membrane to reduce flow maldistribution
caused by membrane deflections in flat-plate LAMEEs. The membrane deflections in the 3-fluid
LAMEE prototype are investigated with and without membrane pre-tension. The numerical results
presented in Chapter 2 and the measured membrane deflections are used to estimate the
degradation of the 3-fluid LAMEE performance due to membrane deflections.
The results presented in this chapter fulfill part of the first objective (i.e. to develop design
recommendations for flat-plate LAMEEs) and part of the second objective (i.e. to design and test
a 3-fluid LAMEE and compare with a 2-fluid LAMEE) of this thesis.
The manuscript presented in this chapter was submitted to International Journal of Heat and Mass
Transfer. The manuscript presented in this chapter is different from the submitted paper in the
following sections: the description of the test facility, the schematics of the 2-fluid and 3-fluid
LAMEEs, and the equations used to evaluate the LAMEE performance presented in the submitted
paper are removed since they were presented in Chapters 2 and 3.
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Performance Testing of 2-Fluid and 3-Fluid Liquid-To-Air Membrane Energy
Exchangers for HVAC Applications in Cold-Dry Climates
(Submitted to International Journal of Heat and Mass Transfer)
Mohamed R. H. Abdel-Salam, Robert W. Besant, Carey J. Simonson

6.2 ABSTRACT
Liquid-to-air membrane energy exchangers (LAMEEs) can avoid the problem of desiccant
droplets carryover by using semi-permeable membranes to separate the air and desiccant solution
streams. The aim of this study is to test and compare the heat and moisture transfer performances
between the air and desiccant solution inside a novel 3-fluid LAMEE and a 2-fluid LAMEE under
air heating and humidifying operating conditions. The effect of flow maldistribution on the
deterioration of the 3-fluid LAMEE’s performance is estimated, and an experimental study of the
feasibility of membrane pre-tension to reduce flow maldistribution caused by membrane
deflections in flat-plate LAMEEs is presented. Unlike heat exchangers where the lowest possible
outlet hot fluid temperature is equal to the inlet cold fluid temperature, experimental data show
that the outlet desiccant solution (hot fluid) temperature of the 2-fluid LAMEE may be lower than
the inlet air (cold fluid) temperature. This is attributed to the effect of the phase change energy
associated with the air humidification process.
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6.3 INTRODUCTION
In dry and cold climates, building heating, ventilation, and air-conditioning (HVAC) systems
consume

considerable

amounts

of

energy. Liquid desiccants have the ability to

humidify/dehumidify air streams and can be regenerated using solar energy. A liquid desiccant
membrane HVAC system uses semi-permeable membranes to prevent the transfer of desiccant
droplets to the airstream during humidification or dehumidification. Liquid desiccant membrane
HVAC systems could be used for air dehumidification/humidification in residential/commercial
buildings, the food and beverage industry, and the pharmaceutical industry. Over the past decade,
research has indicated that installing liquid desiccant membrane HVAC systems in buildings can
significantly reduce the total energy consumption and improve the indoor air quality (Abdel-Salam
and Simonson (2014a); Abdel-Salam et al. (2014c); Bergero and Chiari (2011); Ge et al. (2013a);
Zhang and Zhang (2014)).
Figure 6.1 shows a schematic of a possible solar liquid desiccant membrane HVAC system under
air heating and humidifying operation mode. The system is composed of two liquid desiccant
membrane energy exchangers, one operating as an air humidifier and the other operating as a
desiccant solution regenerator. In the humidifier, heat and moisture are transferred from a hot
diluted desiccant solution to the outdoor cool-dry airstream, where the temperature of the desiccant
solution decreases and its concentration increases. Afterwards, the air is supplied to the
conditioned space and the cool concentrated desiccant solution is circulated through the
regenerator. In the regenerator, heat and moisture are transferred from a hot-humid regeneration
airstream to the cool concentrated desiccant solution. Solar energy is used to heat and humidify
the regeneration air, and a portion of the hot diluted desiccant solution is stored in a storage tank
to be used during the nighttime which allows for 24-hour operation of the HVAC system.
149

FIGURE 6.1. Schematic of a solar liquid desiccant membrane HVAC system under air heating
and humidifying operation mode.

The solar liquid desiccant membrane HVAC system has several advantages over conventional
vapor compression HVAC systems, such as (1) a high ability to remove contaminants (germs,
bacteria, airborne microorganisms, CO2, toluene, formaldehyde, etc.) from the supply airstream
(Welty; Advantix Systems (2010); Chung et al. (1993, 1995)) which improves the indoor air
quality, (2) avoiding frosting problems which reduce the performance of conventional heat/energy
recovery ventilators in cold climates (Nasr et al. (2014)), and (3) operating by solar energy where
a portion of the desiccant solution heated during the daytime is stored to be used during the
nighttime. This implies low operating costs and net zero greenhouse gas emissions.
6.4 LIQUID-TO-AIR MEMBRANE ENERGY EXCHANGERS (LAMEEs)
The conventional design of flat-plate LAMEEs (see Figure 1.1) is similar to a parallel-plate
sensible heat exchanger, but the hot and cold fluids (i.e. air and desiccant solution) are separated
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by a semi-permeable membrane which allows simultaneous heat and moisture transfer between
the air and desiccant solution but prevents the transfer of desiccant droplets to the airstream.
In liquid desiccant heat and moisture exchangers, the driving forces for heat and moisture transfer
between the air and desiccant solution are the differences between the air and desiccant solution
temperatures and vapor pressures inside the exchanger. The conjugate heat and moisture transfer
between the air and desiccant solution is accompanied with the release/absorption of phase change
energy, which changes the average desiccant solution temperature along the exchanger. In the air
cooling and dehumidifying process, the effect of phase change energy increases the temperature
of the desiccant solution as it flows along the exchanger, while in air heating and
humidifying/diluted desiccant solution regeneration processes, the effect of phase change energy
decreases the temperature of the desiccant solution as it flows along the exchanger. The change in
the average desiccant solution temperature reduces the differences between the air and desiccant
solution temperatures and vapor pressures, which reduces the driving forces and rates of heat and
moisture transfer between the air and desiccant solution inside the exchanger. In Chapter 4
(Abdel-Salam et al. (2016b)), the influences of the phase change energy on the temperatures of air
and desiccant solution inside a 2-fluid flat-plate LAMEE were tested under air cooling and
dehumidifying operating conditions. Results showed that the desiccant solution and air
temperatures increased across the exchanger by up to 3ºC and 1ºC, respectively, due to the effect
of phase change energy.
Experimental data presented in Chapters 3, 4, and 5 (Abdel-Salam et al. (2016a, 2016b, 2016c))
have shown that maintaining the desiccant solution temperature almost constant along the entire
length of LAMEEs resulted in considerable improvement in rates of heat and moisture transfer
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between the air and desiccant solution under air cooling and dehumidifying operating conditions
and diluted desiccant solution regeneration operating conditions.
The objectives of the current chapter are (1) to test and compare the heat and moisture transfer
performances between the air and desiccant solution inside the 3-fluid and 2-fluid LAMEEs under
air heating and humidifying operating conditions, (2) to test the effect of phase change energy,
associated with the air humidification process, on the desiccant solution temperature at different
desiccant solution mass flow rates, (3) to estimate the effect of flow maldistribution on the
deterioration of the 3-fluid LAMEE’s performance, and (4) experimentally investigate the
feasibility of membrane pre-tension to reduce flow maldistribution caused by membrane
deflections in flat-plate LAMEEs.
6.5 RESULTS AND DISCUSSION
6.5.1

Test Conditions

In this section, the heat and moisture transfer performances between the air and desiccant solution
inside the 3-fluid LAMEE and a 2-fluid LAMEE are compared at several desiccant solution mass
flow rates (Cr*) under air heating and humidifying operating conditions. The value of Cr* is
changed by changing the desiccant solution mass flow rate. The 3-fluid LAMEE prototype (see
Figure 3.2) was tested as a 2-fluid LAMEE by turning off the refrigerant loop. Table 6.1 shows
the test conditions for the 2-fluid and 3-fluid LAMEEs which simulate cool and dry climate
conditions. Figure 6.2 shows the inlet conditions of the air, desiccant solution, and water flows on
the psychrometric chart.
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TABLE 6.1. Test conditions for the 2-fluid LAMEE and the 3-fluid LAMEE under air heating
and humidifying conditions.
Parameter
Tair,in
Wair,in

2-Fluid LAMEE
Unit
Value
17.2-17.5
C
0.8-0.9
gv/kgair
560
-

3-Fluid LAMEE
Unit
Value
17.3-17.5

C

0.8-0.9

gv/kgair
C
g/kg

24.5-24.9
6.75-6.9

C
g/kg

560
24.6-25
6.8-6.9

Resol

4.4

-

4.4

-

Csol,in

32.485

%

32.485

%

NTU

2.1

-

2.1

-

Cr*
Tw,in

1.15, 3.2, 5.35

-

1.15, 3.2, 5.35
25.3

C

-

80-93

g/min

Reair
Tsol,in
Wsol,in

w

-

FIGURE 6.2. Inlet conditions of the air, desiccant solution, and water flows on a psychrometric
chart.
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6.5.2

Temperature Data

In sensible heat exchangers, the lowest possible outlet hot fluid temperature is equal to the inlet
cold fluid temperature. Figure 6.3 displays the inlet and outlet temperatures of the air and desiccant
solution in the 2-fluid LAMEE at several Cr* values. It is clear that the outlet desiccant solution
temperature (hot fluid) in the 2-fluid LAMEE is lower than the inlet air temperature (cold fluid) at
Cr* = 1.15. This is attributed to the energy required to evaporate the liquid water (i.e. phase change
energy) at the interface of the membrane and desiccant solution. This phase change energy comes
from the desiccant solution and cools the desiccant solution below the temperature of the air. At
higher Cr* values, the effect of phase change energy on the desiccant solution temperature in the
2-fluid LAMEE decreases because the heat capacity of the desiccant solution increases as Cr*
increases. Figure 6.3 also shows that the trend of air and desiccant solution temperatures variations
across the 2-fluid LAMEE at Cr* = 3.2 is very close to a counter-flow heat exchanger with hot
and cold fluids with equal heat capacity rates (i.e. Cr = 1).
A comparison between the variations of inlet and outlet temperatures of the air and desiccant
solution with Cr* for the 2-fluid and 3-fluid LAMEEs is presented in Figure 6.3. The outlet
desiccant solution temperature in the 2-fluid LAMEE is lower than the 3-fluid LAMEE under the
entire range of Cr* tested. However, the difference between the outlet desiccant solution
temperatures of the 2-fluid and 3-fluid LAMEEs decreases as Cr* increases. Also, the outlet
desiccant solution temperatures of the 2-fluid and 3-fluid LAMEEs increase as Cr* increases,
however the influence of Cr* on the outlet desiccant solution temperature of the 2-fluid LAMEE
is stronger than the 3-fluid LAMEE. For example, the outlet desiccant solution temperatures of the
2-fluid LAMEE and the 3-fluid LAMEE increase by 5.4ºC and 0.9ºC as Cr* increases from 1.15
to 5.35, respectively. This is attributed to the refrigerant which increases the heat capacity of the
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desiccant solution inside the 3-fluid LAMEE, and thus the variations of the desiccant solution
temperature along the exchanger decrease.

FIGURE 6.3. Inlet and outlet temperatures of the air and desiccant solution at several Cr*
values for the 2-fluid LAMEE ((a), (b) and (c)) and the 3-fluid LAMEE ((d), (e) and (f)) under
air heating and humidifying conditions.
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6.5.3

Effectiveness Data

Figure 6.4 shows the sensible, latent, and total effectivenesses between the air and desiccant
solution at several Cr* values for the 2-fluid and 3-fluid LAMEEs. It is clear that the
effectivenesses of the 2-fluid and 3-fluid LAMEEs increase as Cr* increases under the entire range
of Cr* tested, however the effect of Cr* on the improvement in the effectivenesses of the 2-fluid
and 3-fluid LAMEEs decreases as Cr* increases. Also, the effect of Cr* on the improvement in
the sensible and latent effectivenesses of the 2-fluid LAMEE is stronger than the 3-fluid LAMEE.
For example, the sensible effectiveness of the 2-fluid LAMEE and 3-fluid LAMEE increases by
26% and 16%, respectively, as Cr* increases from 1.15 to 3.2 and by 7% and 4%, respectively, as
Cr* increases from 3.2 to 5.35, and the latent effectiveness of the 2-fluid LAMEE and the 3-fluid
LAMEE increases by 15% and 10%, respectively, as Cr* increases from 1.15 to 3.2 and by 4%
and 2%, respectively, as Cr* increases from 3.2 to 5.35. This can be explained as follows. The
desiccant solution has a higher heat capacity at higher Cr* values, which reduces the drop of the
desiccant solution temperature along the exchanger and guarantees high differences between the
air and desiccant solution temperatures and vapor pressures along the entire length of the
exchanger.
The sensible, latent, and total effectivenesses of the 3-fluid LAMEE are higher than the 2-fluid
LAMEE under the entire range of Cr* tested. However, the differences between the
effectivenesses of the 3-fluid LAMEE and the 2-fluid LAMEE decrease as Cr* increases. For
example, the absolute improvement in the sensible and latent effectivenesses of the 3-fluid
LAMEE compared with the 2-fluid LAMEE are 14% and 8% at Cr* = 1.15 and 2% and 1% at
Cr* = 5.35, respectively. The improvement in the sensible and latent effectivenesses is attributed
to the effect of the refrigerant (water) which keeps the temperature of the desiccant solution almost
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constant inside the exchanger, and maintains high differences between the temperature and vapor
pressure of the air and desiccant solution along the entire length of the exchanger. The low sensible
and latent effectivenesses of the 2-fluid LAMEE at Cr* = 1.15 is attributed to the effect of phase
change energy on the desiccant solution temperature, where the desiccant solution temperature
decreases below the air temperature near the exchanger inlet (see Figure 6.3 (a)).

(a)

(b)
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FIGURE 6.4. Comparison between (a) sensible effectivenesses (b) latent effectivenesses (c)
total effectivenesses of the 2-fluid LAMEE and the 3-fluid LAMEE at several Cr* values under
air heating and humidifying conditions.
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The results presented in Figure 6.4 show that the effectivenesses of the 2-fluid and 3-fluid
LAMEEs are almost equal at Cr* = 5.3. These effectiveness trends are similar to the air cooling
and dehumidifying conditions presented in Chapter 4 (Abdel-Salam et al. (2016b)). On the other
hand, at the same design parameters, number of heat transfer units (NTU), and difference between
refrigerant and solution temperatures, the results presented in Chapter 5 (Abdel-Salam et al.
(2016c)) show that the sensible and latent effectivenesses of the 3-fluid LAMEE are much higher
than the 2-fluid LAMEE at Cr* = 4.8 under solution regeneration conditions. This implies that
further improvements in the LAMEEs effectiveness are possible at higher Cr* values (i.e. Cr* > 5)
under solution regeneration conditions. This may be due to reduced desiccant crystallization in the
3-fluid LAMEE.
It should be noted that greater improvements in the effectivenesses of the 3-fluid LAMEE can be
achieved at higher refrigerant (water) temperatures and mass flow rates under air heating and
humidifying operating conditions. However, higher refrigerant temperatures and mass flow rates
are accompanied with higher operating costs. Therefore, a techno-economic study of the overall
performance of the liquid desiccant membrane HVAC system is necessary to determine the
feasibility of installing 3-fluid LAMEEs as the humidifier and regenerator.
6.6 FLOW MALDISTRIBUTION
Since there is no other work in the literature that has experimentally studied flow maldistribution
in flat-plate LAMEEs, this section presents an experimental study of the feasibility of
pre-tensioning the membrane to reduce flow maldistribution in flat-plate LAMEEs. As mentioned
in Chapter 2 (Abdel-Salam et al. (2015)) and Abdel-Salam et al. (2014b), a majority of flow
maldistribution in flat-plate LAMEEs may be caused by the deflection of the membrane due to the
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high pressure differences between the air and desiccant solution flows. Membrane deflections can
be measured before attaching the membrane onto the solution channel frame by applying a pressure
difference across the membrane and measuring the membrane deflection. Figure 6.5 shows a
device known as the bulge test apparatus that was used to measure the membrane deflections by
Larson (2006), Larson et al. (2007) and Beriault (2011). The bulge test apparatus creates a pressure
difference across a clamped membrane and measures the membrane deflection with a linear
variable displacement transducer (Larson (2006)). Figure 6.5 (b) shows the membrane deflection
inside the test cell where the deflection in square membranes can be calculated from equation (6.1)
(Larson (2006)).

(6.1)
1
where P is the applied pressure (Pa), E is the membrane modulus of elasticity (Pa), t is the
membrane thickness (m), a is the radius of the bulge test cell (m), h is the membrane deflection
(m),

is Poisson’s ratio,

is the pre-stress (Pa),

0.8

0.062 , and

= 3.393 (Xiang et

al. (2005)).
The most accurate technique that can be used to measure the membrane deflection during actual
operation of a LAMEE would be to build a LAMEE with transparent walls to be able to visualize
the membrane deflections during the LAMEE operation and use laser technology to measure the
membrane deflections under different operating conditions.
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(a)

(b)

a

FIGURE 6.5. (a) Photograph of the bulge test apparatus (b) schematic of the membrane
deflection in the test cell (Larson (2006)).
The following techniques can be applied to minimize flow maldistribution caused by membrane
deflections in LAMEEs.
1. Select a membrane with a high modulus of elasticity.
2. The nominal air and solution channel widths should be ≥ 5 mm and ≤ 2 mm, respectively
(Chapter 2; Abdel-Salam et al. (2015)),
3. Install a supporting insert inside the air channels (see Figure 3.6),
4. Attach support grids on both sides of the membrane (see Figure 3.6),
5. Pre-tension the membrane before attaching it onto the solution channel frame. Larson (2006)
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reported that membrane deflections could be reduced if pre-tension is applied to the membrane,
6. Operate the LAMEE with low pressure differences across the membrane.
Among the membrane thermo-physical properties, the membrane modulus of elasticity has a
strong influence on the membrane deflections where membranes with low modulus of elasticity
are vulnerable to large deflections during operation. Therefore, the membrane deflections can be
reduced if membranes with high modulus of elasticity are used in LAMEEs. Table 6.2 shows the
modulus of elasticity of several commercial membranes measured by Beriault (2011).

TABLE 6.2. Modulus of elasticity of several commercial membranes (Beriault (2011)).
Membrane

Modulus of elasticity (MPa)

Porex® PM3V

12

®

6.6.1

Porex PM6M

16

Propore™

17

Tredegar #2

45

Japanese Tyvek®

382

AY Tech ePTFE Laminate

387

Liquid Marine Glue (No Pre-tension)

Techniques 1 to 4 were applied during the fabrication of the 3-fluid LAMEE prototype used to
perform the experimental work presented in Chapter 3 (Abdel-Salam et al. (2016a)). The
membrane was attached onto the solution channel frame using a liquid marine glue. During the
drying of the liquid glue, the pre-tension in the membrane was significantly diminished, therefore
only techniques 1 to 3 were effective in this set of tests. The exchanger was tested under air cooling
and dehumidifying conditions (maximum air/solution temperature was 36ºC and low pressure
difference across the membrane (Cr* < 2)) for 70 hours over five consecutive days. Thereafter,
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the 3-fluid LAMEE was disassembled and the membrane was visually inspected (see the picture
in Figure 6.6 (a)).

(a)

(b)

FIGURE 6.6. Photographs of the semi-permeable membrane of the 3-fluid LAMEE at the end of
testing for the case where the membrane was pre-tensioned but tension was significantly
diminished during the drying of the liquid glue used to attach the membrane onto the solution
channel frame (a) and the membrane was pre-tensioned and was attached onto the solution
channel frame using a double-sided tape to maintain the membrane pre-tension (b).
It is clear from Figure 6.6 (a) that there is bulging over the entire surface area of the membrane.
This implies that there is likely even more bulging during operation of the exchanger when the
desiccant solution is pressurized. Measuring the effect of flow maldistribution on the performance
of flat-plate LAMEEs is a complex challenge due to the nature of the membrane deflection which
depends on multiple parameters (i.e. the exchanger design parameters, ratio between desiccant
solution and air mass flow rates, type and properties of the membrane, age of the membrane,
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process of gluing the membrane onto the solution channel frame, etc.). Shang and Besant (2004)
developed equations to calculate the deterioration in the effectiveness of energy wheels due to flow
maldistribution, and these equations were used to investigate the effects of flow maldistribution
on the performance of flat-plate LAMEEs in Chapter 2 (Abdel-Salam et al. (2015)). It was found
in Section 2.8.5 that the effectiveness of flat-plate LAMEEs decreases as the magnitude of flow
maldistribution due to bulging increases.
Based on membrane deflections observed in the disassembled exchanger (see the picture in
Figure 6.6 (a)), the standard deviation of the hydraulic diameters of air channels of the 3-fluid
LAMEE is estimated to be 1.6 mm. It should be noted that depending on the operating parameters,
larger standard deviations may have occurred during the LAMEE operation.
The 3-fluid LAMEE tested in Chapter 3 (Abdel-Salam et al. (2016a)) is a small-scale prototype
with only two air channels and one solution channel. This implies that the membrane deflections
caused by the pressure difference between the air and solution flows decreased the width of the air
channels during the LAMEE operation which increased the airside convective heat transfer
coefficient. Therefore, the higher airside convective heat transfer coefficient would have increased
the effectiveness of the small-scale 3-fluid LAMEE tested in Chapter 3 (Abdel-Salam et al.
(2016a)) compared to an exchanger without membrane deflections. Based on the membrane
deflections observed in the disassembled exchanger, it is estimated that the air channel width was
reduced during the 3-fluid LAMEE operation from 5 mm to approximately 4 mm due to membrane
deflections. According to the numerical study presented in Chapter 2 (Abdel-Salam et al. (2015)),
the increase in the effectiveness of the small-scale 3-fluid LAMEE due to reduced air channel
width caused by membrane deflections is estimated to be 5%.
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Unlike the small-scale 3-fluid LAMEE which has only two air channels and one solution channel,
LAMEEs used in practical HVAC applications are full-scale exchangers with multiple air and
solution channels. In full-scale 3-fluid LAMEEs, membrane deflections will result in variations in
the solution channels width and thus uneven distribution of the solution inside the exchanger where
some solution channels will have a higher solution flow rate than the design value while other
solution channels will have a less solution flow rate than the design value. This will result in
variations in the air channels width where some air channels will have larger widths and thus lower
convective heat transfer coefficients and higher mass flow rates than the design value.
Equation (2.7) shows that decreasing the airside convective heat transfer coefficient while
maintaining the membrane surface area and mass flow rate constant will decrease the NTU
(number of heat transfer units). Therefore, membrane deflections may reduce the effectiveness of
full-scale 3-fluid LAMEEs. Assuming that the effectiveness of the full-scale 3-fluid LAMEE will
be the same as the small-scale 3-fluid LAMEE tested in Chapter 3 (Abdel-Salam et al. (2016a)),
and based on the membrane deflections observed in the disassembled exchanger, and the studies
presented by Shang and Besant (2004) and in Chapter 2 (Abdel-Salam et al. (2015)),
Figure 6.7 (a) shows that the effectiveness of a full-scale 3-fluid LAMEE with mean air channels
width of 5 mm and /Do = 0.16 can be reduced by up to 5% due to flow maldistribution caused by
membrane deflections.
Another assumption is that during the operation of the full-scale 3-fluid LAMEE, the pressure on
the solution side will be always higher than on the airside. Therefore, the membrane deflections
will decrease all air channel widths and thus the mean hydraulic diameter of the air channels will
be smaller than the design value (i.e. the thickness of the air channel insert). Assuming that the
mean hydraulic diameter will be 4 mm (as assumed for the small-scale prototype based on
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Figure 6.6 (a)), then the standard deviation of the air channels hydraulic diameter of 1.6 mm will
result in /Do = 0.2. Figure 6.7 (b) shows that the flow maldistribution caused by variations in air
channel widths can degrade the effectiveness of a full-scale 3-fluid LAMEE with mean air channel
hydraulic diameter of 4 mm and /Do = 0.2 by up to 7%.

(a)

(b)

FIGURE 6.7. Effect of membrane deflections (/Do) on sensible and latent effectivenesses of
a full-scale 3-fluid LAMEE with mean air channel hydraulic diameter of (a) 5 mm (b) 4 mm.

6.6.2

Double-Sided Adhesive Tape (Pre-tension)

As mentioned in Section 6.6.1, the 3-fluid LAMEE without membrane pre-tension was
disassembled at the end of the testing. Thereafter, the membrane was replaced with a new
membrane and the exchanger was reassembled and was used to perform the experiments presented
in Chapters 4, 5, and 6. The membrane was attached onto the solution channel frame using a
double-sided adhesive tape to maintain the membrane pre-tension. This implies techniques 1 to 4
were effective in this exchanger. The exchanger was tested under air cooling and dehumidifying
conditions (Chapter 4), diluted desiccant solution regeneration conditions (Chapter 5), and air
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heating and humidifying conditions (Chapter 6). This resulted in approximately 165 hours of
testing over eight consecutive months and maximum air/solution temperatures of 63ºC and high
pressure difference across the membrane (Cr* up to 5.3). Compared to the exchanger with no
membrane pre-tension (Section 6.6.1), the picture in Figure 6.6 (b) shows that despite the longer
testing period, the higher desiccant solution temperatures, and the higher pressure differences
across the membrane, there is almost no bulging over the entire surface area of the membrane.
This indicates that pre-tensioning the membrane while gluing it onto the solution channel frame
has significantly reduced the membrane deflections and flow maldistribution during the LAMEE
operation.
6.7 CONCLUSIONS
This chapter presents an experimental study and comparison between the performances of the
3-fluid and 2-fluid LAMEEs at several desiccant solution mass flow rates under air heating and
humidifying conditions. Results show that both the sensible and latent effectivenesses of the
3-fluid LAMEE are higher than the 2-fluid LAMEE especially at low Cr* values, which proves
that the research hypothesis of this thesis (i.e. adding a third fluid to control the desiccant solution
temperature inside the 3-fluid LAMEE may improve the rates of heat and moisture transfer
between the air and desiccant solution compared to 2-fluid LAMEEs) is true under air heating and
humidifying conditions. The trends of the 3-fluid and 2-fluid LAMEEs effectivenesses variations
with Cr* are almost similar to the air cooling and dehumidifying conditions presented in Chapter 4
(Abdel-Salam et al. (2016b)), where the effectivenesses improve as Cr* increases, especially over
the low range of Cr* values, until the effectivenesses of the 3-fluid and 2-fluid LAMEEs are nearly
equal at Cr* = 5.3. This trend is different from solution regeneration conditions, where the results
presented in Chapter 5 (Abdel-Salam et al. (2016c)) show that further improvements in the sensible
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and latent effectivenesses of the solution regenerator can be achieved at higher Cr* values (i.e.
Cr* > 5).
Unlike sensible heat exchangers, results show that at low Cr* values, the outlet desiccant solution
(hot fluid) temperature in 2-fluid LAMEEs can go below the inlet air (cold fluid) temperature due
to the effect of the phase change energy accompanied with the air humidification. The feasibility
of applying pre-tension to the membrane to reduce the flow maldistribution caused by membrane
deflections in flat-plate LAMEEs is experimentally investigated. It is found that pre-tensioning the
membrane during the exchanger manufacturing can significantly reduce the membrane deflections
in flat-plate LAMEEs provided that the pre-tension in the membrane is maintained while the
membrane is attached onto the solution channel frame. Moreover, the numerical results presented
in Chapter 2 are used to estimate the effect of flow maldistribution caused by membrane
deflections on the degradation of the effectiveness of a full-scale 3-fluid LAMEE. Results show
that membrane deflections may reduce the effectiveness of full-scale 3-fluid LAMEEs for the
design parameters and operating conditions in this chapter by up to 7%.
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CHAPTER 7
PERFORMANCE DEFINITIONS FOR 3-FLUID LAMEES

7.1 OVERVIEW OF CHAPTER 7
In the previous chapters, the performance of heat and moisture transfer between the air and
desiccant solution in the 3-fluid LAMEE was tested and measured under several operating
conditions. In this chapter, performance definitions for 3-fluid LAMEEs will be presented. The
definitions include the heat transfer between the refrigerant and desiccant solution, and are less
dependent on the inlet refrigerant temperature than the traditional energy exchanger effectiveness
equations. Thus, the overall heat and moisture transfer performances of 3-fluid LAMEEs can be
calculated using these definitions. The experimental data presented in Chapter 3 are used to
determine and compare the sensible and latent effectivenesses of the 3-fluid LAMEE studied in
this thesis when calculated using the traditional energy exchanger effectiveness equations and the
definitions presented in this chapter.
This chapter fulfills the third objective (i.e. to present performance definitions for 3-fluid
LAMEEs) of this thesis.
The manuscript presented in this chapter was submitted to Transactions of the ASME: Journal of
Heat Transfer. The manuscript presented in this chapter is different from the submitted paper in
the following sections: the description and schematics of the 3-fluid LAMEE presented in the
submitted paper are removed since they were presented in Chapter 3.
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Performance Definitions for 3-Fluid Heat and Moisture Exchangers
(Submitted to Transactions of the ASME: Journal of Heat Transfer)
Mohamed R. H. Abdel-Salam, Robert W. Besant, Carey J. Simonson

7.2 ABSTRACT
This chapter presents performance definitions for calculating the overall effectiveness of 3-fluid
heat and moisture exchangers. The 3-fluid heat and moisture exchanger considered in this chapter
is a combination of a liquid-to-liquid heat exchanger for heat transfer between a desiccant solution
and a refrigerant and an energy exchanger for heat and moisture transfer between desiccant
solution and air streams. The performance definitions presented in this chapter are used to calculate
the overall sensible and latent effectivenesses of the 3-fluid LAMEE using the experimental data
presented in Chapter 3 (Abdel-Salam et al. (2016a)). The effectiveness of the 3-fluid LAMEE is
compared when calculated using the traditional energy exchanger effectiveness equations and the
overall performance definitions. Results show that the overall performance definitions provide
effectiveness values that are less sensitive to changes in the inlet refrigerant temperature and
therefore are more generally applicable for energy exchanger design than the traditional
effectiveness equations used in the literature.
7.3 INTRODUCTION
Over the last decade, research has shown that liquid desiccant heat and moisture exchangers
(energy exchangers) may achieve considerable energy savings when integrated with heating,
ventilation, and air-conditioning (HVAC) systems (Abdel-Salam et al. (2014c); Abdel-Salam and
Simonson (2014a); Ge et al. (2013a); Bergero and Chiari (2011)). A liquid desiccant energy
exchanger can be used either for air dehumidification or diluted desiccant solution regeneration
applications. In liquid desiccant energy exchangers, heat and moisture are transferred between air
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and desiccant solution streams. Liquid desiccant energy exchangers can be classified according to
the heat and moisture transfer process as direct-contact energy exchangers and indirect-contact
(membrane) energy exchangers. The main concern in direct-contact liquid desiccant energy
exchangers is the carryover of desiccant droplets within the air stream which decreases the life
time of the exchanger and other equipment due to corrosion and may cause adverse impacts on the
occupants’ health. The novelty of liquid desiccant membrane energy exchangers is that the air and
desiccant solution streams are separated by a semi-permeable membrane which prevents the
transfer of the liquid desiccant into the airstream.
Over the last decade, numerous theoretical and experimental studies have been performed to
enhance the effectiveness of liquid desiccant energy exchangers by determining the optimum
design and operating parameters (Abdel-Salam and Simonson (2016); Abdel-Salam et al. (2014b,
2015); Huang and Zhang (2013)). Recently, the design of liquid desiccant energy exchangers has
been modified by adding a third fluid (refrigerant) inside the solution channels to cool/heat the
desiccant solution within the exchanger. The new design is referred to as a 3-fluid energy
exchanger. It was found in Chapters 3 and 5 (Abdel-Salam et al. (2016a, 2016c)) that under the
same design and operating parameters, the rates of heat and moisture transfer between the air and
desiccant solution in a 3-fluid energy exchanger are higher than 2-fluid energy exchangers. The
main objectives of this chapter are:
(1) To present equations which include the third fluid (i.e. the refrigerant) to calculate the overall
sensible and latent effectivenesses of 3-fluid energy exchangers.
(2) To use experimental data from a specific 3-fluid energy exchanger to verify the overall
effectiveness equations for 3-fluid energy exchangers.
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7.4 PERFORMANCE EVALUATION OF 3-FLUID ENERGY EXCHANGERS
Effectiveness is the most widely used dimensionless parameter to quantify the performance of heat
and moisture exchangers. It is especially useful in the design of heat exchangers because the
effectiveness is nearly constant over a wide range of operating temperatures. The traditional
equations used to calculate the sensible and latent effectivenesses (equations (7.1) and (7.2)) of the
2-fluid heat and moisture exchangers can be used to evaluate the performance of heat and mass
transfer between the air and desiccant solution streams in 3-fluid energy exchangers.
actual heat transfer rate
maximum possible heat transfer rate
actual moisture transfer rate
maximum possible moisture transfer rate
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,
,

(7.1)

,
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(7.2)

where Tair,in is the inlet air temperature (ºC), Tair,out is the outlet air temperature (ºC), Tsol,in is the
inlet solution temperature (ºC), Wair,in is the inlet air humidity ratio (gv/kgair), Wair,out is the outlet
air humidity ratio (gv/kgair), and Wsol,in is the inlet solution humidity ratio (g/kg).
The physical meaning of sensible/latent effectiveness of an energy exchanger is the ratio between
the actual heat/moisture transfer rate and the maximum possible heat/moisture transfer rate
between the working fluids inside the exchanger. This implies that sensible/latent effectiveness of
an energy exchanger should be ≤ 1. However, using equations (7.1) and (7.2) to calculate the
effectivenesses of heat and moisture transfer between the air and desiccant solution in 3-fluid
LAMEEs give effectiveness values ≥ 1 under specific operating conditions (see Figures 3.12, 5.3,
and 5.7) (Abdel-Salam et al. (2016a, 2016c)), which contradicts the physical definition of the
energy exchangers effectiveness equations. This implies that equations (7.1) and (7.2) do not give
an accurate indication of the overall performance of 3-fluid energy exchangers because the
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denominator (maximum possible heat/moisture transfer) does not consider the refrigerant (i.e. the
third fluid). Therefore, there is a need to modify these equations to be used to calculate the overall
sensible and latent effectivenesses of 3-fluid energy exchangers.
Furthermore, the experimental results presented in Chapter 3 (Abdel-Salam et al. (2016a)) show
that the effectiveness values calculated using equations (7.1) and (7.2) are strongly dependent on
the temperature of the refrigerant which reduces the benefit of effectiveness as a universal
dimensionless parameter. Therefore, there is a desire to modify the effectiveness equations
(equations (7.1) and (7.2)) to provide a dimensionless parameter that is constant for a range of
operating temperatures. Such relations would be more valuable for energy exchanger design and
application of 3-fluid energy exchangers. These relations would also reduce the number of tests
required to quantify the performance of 3-fluid energy exchangers because the effectiveness at one
operating condition could be applied for a broader range of operating conditions.
7.4.1

Sensible Effectiveness of 3-Fluid Heat Exchangers

A 3-fluid heat exchanger is used to transfer heat between three fluid streams: a cold fluid (c), an
intermediate fluid (i), and a hot fluid (h). Shrivastava and Ameel (2004) reported that the sensible
effectiveness of a 3-fluid heat exchanger can be calculated based on its operational objective (i.e.
cooling a hot fluid, heating a cold fluid, cooling an intermediate fluid, or heating an intermediate
fluid). When a 3-fluid heat exchanger is used to cool a hot fluid (air cooling and
humidifying/dehumidifying) where the hot fluid stream has a counter-flow configuration with the
other two fluid streams, if the heat capacity of the hot fluid is lower than the heat capacities of the
other two fluids, the sensible effectiveness of this 3-fluid heat exchanger can be calculated from
equation (7.3) (Shrivastava and Ameel (2004)), whereas the sensible effectiveness of this 3-fluid
heat exchanger is calculated from equation (7.4) if the heat capacity of the hot fluid is greater than
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the heat capacities of the other two fluids (Shrivastava and Ameel (2004)).
,
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(7.3)
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(7.4)
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where Th,in is the inlet hot fluid temperature (ºC), Th,out is the outlet hot fluid temperature (ºC), Tc,in
is the inlet cold fluid temperature (ºC), Ti,in is the inlet intermediate fluid temperature (ºC), Ch is
the heat capacity of the hot fluid (W/K), Ci is the heat capacity of the intermediate fluid (W/K),
and Cc is the heat capacity of the cold fluid (W/K).
When a 3-fluid heat exchanger is used to heat a cold fluid (air heating and
humidifying/dehumidifying or desiccant solution regeneration) where the cold fluid stream has a
counter-flow configuration with the other two fluid streams, if the heat capacity of the cold fluid
is lower than the heat capacities of the other two fluids, the sensible effectiveness of this 3-fluid
heat exchanger can be calculated from equation (7.5) (Shrivastava and Ameel (2004)), whereas
the sensible effectiveness of this 3-fluid heat exchanger is calculated from equation (7.6) if the
heat capacity of the cold fluid is greater than the heat capacities of the other two fluids (Shrivastava
and Ameel (2004)).
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where Tc,out is the outlet cold fluid temperature (ºC).
The results presented in Chapters 3 and 4 (Abdel-Salam et al. (2016a, 2016b)) showed that in order
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to attain acceptable performance (effectiveness and moisture removal rate) of 3-fluid energy
exchangers when used for air cooling and dehumidifying applications, the following criteria should
be maintained: (1) the desiccant solution temperature should be lower than the air temperature, (2)
the refrigerant temperature should be lower than the desiccant solution and air temperatures, (3)
the desiccant solution heat capacity rate should be greater than the air heat capacity rate (Cr* > 1),
and (4) the refrigerant heat capacity rate should be greater than the desiccant solution heat capacity
rate (Cr < 1). Therefore, equation (7.3) can be used to calculate the sensible effectiveness of 3-fluid
energy exchangers when used for air cooling and dehumidifying applications.
The results presented in Chapters 5 and 6 (Abdel-Salam et al. (2016c, 2016d)) showed that in order
to achieve acceptable performance of 3-fluid energy exchangers when used for air heating and
humidifying/diluted desiccant solution regeneration applications, the following criteria should be
maintained: (1) the desiccant solution temperature should be higher than the air temperature, (2)
the refrigerant temperature should be higher than the desiccant solution and air temperatures, (3)
the desiccant solution heat capacity rate should be greater than the air heat capacity rate (Cr* > 1),
and (4) the refrigerant heat capacity rate should be greater than the desiccant solution heat capacity
rate (Cr < 1). Therefore, equation (7.5) can be used to calculate the sensible effectiveness of 3-fluid
energy exchangers when used for air heating and humidifying/diluted desiccant solution
regeneration applications.
It is worth mentioning that 3-fluid energy exchangers are used to improve the heat and moisture
transfer between the air and desiccant solution streams by controlling the desiccant solution
temperature and eliminating the effect of phase change energy. In air cooling and humidifying/air
heating and dehumidifying processes, the phase change energy reduces/raises the desiccant
solution temperature which enhances the rates of heat and moisture transfer and thus the
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exchanger’s performance (effectiveness and moisture transfer rate) is enhanced. Therefore, it will
be difficult to apply 3-fluid energy exchangers for air cooling and humidifying/air heating and
dehumidifying applications. 3-fluid energy exchangers are not likely to be recommended in these
applications where the heat and moisture transfer are in opposite directions.
7.4.2

Sensible Effectiveness of 3-Fluid Energy Exchangers

Applying equation (7.3) to 3-fluid energy exchangers when used to cool and dehumidify a
hot-humid airstream for typical case of HVAC applications (i.e. the heat capacity rate of the air is
lower than the heat capacity rates of the other two fluids (desiccant solution and refrigerant), and
the inlet refrigerant temperature is lower than the inlet desiccant solution temperature), the sensible
effectiveness of a 3-fluid energy exchanger can be calculated from equation (7.7).
,

,
,

(7.7)

,

where Tair,in is the inlet air temperature (ºC), Tair,out is the outlet air temperature (ºC), and Tref,in is
the inlet refrigerant temperature (ºC).
Applying equation (7.5) to 3-fluid energy exchangers when used for air heating and
humidifying/desiccant solution regeneration for typical case of HVAC applications (i.e. the heat
capacity rate of the air is lower than the heat capacity rates of the desiccant solution and refrigerant,
and the inlet refrigerant temperature is higher than the inlet desiccant solution temperature), the
sensible effectiveness of a 3-fluid energy exchanger can be calculated from equation (7.8).
,

,
,

,

(7.8)

Figure 7.1 shows a comparison between the maximum possible heat transfer rates in 2-fluid and
3-fluid energy exchangers under air cooling and dehumidifying operating conditions. It is clear
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that adding a third fluid (i.e. refrigerant) within the solution channels in 3-fluid energy exchangers
increases the maximum possible heat transfer between the air and desiccant solution. In 3-fluid
energy exchangers, the refrigerant is cooler than the desiccant solution under air cooling and
dehumidifying operating conditions, where the temperature of the desiccant solution can become
equal to the inlet refrigerant temperature inside the exchanger if the sensible effectiveness of heat
transfer between the desiccant solution and refrigerant is 1.0. Therefore, the maximum possible
heat transfer in 3-fluid energy exchangers is the difference between the inlet air and refrigerant
temperatures, which is greater than 2-fluid energy exchangers.

FIGURE 7.1. Comparison between maximum possible heat and moisture transfer rates in the
2-fluid and 3-fluid energy exchangers under air cooling and dehumidifying operating conditions.
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7.4.3

Latent Effectiveness of 3-Fluid Energy Exchangers

In 3-fluid energy exchangers, the actual moisture transfer rate depends on the difference between
the inlet and outlet air humidity ratios, while the maximum possible rate of moisture transfer
depends on the difference between the inlet air humidity ratio and the equivalent humidity ratio of
the desiccant solution calculated at the inlet refrigerant temperature and inlet desiccant solution
concentration. For air cooling and dehumidifying process (i.e. Tref,in ≤ Tsol,in) and air heating and
humidifying/desiccant solution regeneration processes (i.e. Tref,in ≥ Tsol,in), the latent effectiveness
of a 3-fluid energy exchanger can be calculated from equation (7.9).
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where Wair,in is the inlet air humidity ratio (gv/kgair), Wair,out is the outlet air humidity ratio (gv/kgair),
and
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is the equivalent inlet desiccant solution humidity ratio calculated at

inlet desiccant solution concentration and inlet refrigerant temperature (g/kg).
Figure 7.1 shows that compared to 2-fluid energy exchangers, adding a third fluid (i.e. refrigerant)
within the solution channels in 3-fluid energy exchangers increases the maximum possible
moisture transfer between the air and desiccant solution. The inlet refrigerant temperature in
3-fluid energy exchangers is lower than the inlet desiccant solution temperature under air cooling
and dehumidifying operating conditions, where the temperature of the desiccant solution can
become equal to the inlet refrigerant temperature inside the exchanger if the sensible effectiveness
of heat transfer between the refrigerant and desiccant solution is 1.0. Cooling the desiccant solution
while keeping its concentration nearly constant results in a decrease in its equivalent humidity
ratio. Therefore the maximum possible moisture transfer in 3-fluid energy exchangers is the
difference between the inlet air humidity ratio and the equivalent desiccant solution humidity ratio
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calculated at inlet desiccant solution concentration and inlet refrigerant temperature.
7.5 RESULTS AND DISCUSSION
The rates of heat and moisture transfer between the air and desiccant solution in the 3-fluid
LAMEE studied in this thesis were tested and calculated under different operating conditions in
Chapters 3, 4, 5 and 6. In this section, the experimental data presented in Chapter 3 (Abdel-Salam
et al. (2016a)) are used to calculate the sensible and latent effectivenesses of the 3-fluid LAMEE
using the traditional effectiveness equations (equations (7.1) and (7.2)) and the overall
effectiveness equations which include the refrigerant loop (equations (7.7) and (7.9)).
7.5.1

Sensible and Latent Effectivenesses at Several Inlet Refrigerant Temperatures

In this section, the sensible and latent effectivenesses of the 3-fluid LAMEE are presented at
several inlet cooling water temperatures and constant cooling water mass flow rate (Cr = 0.26) in
Figure 7.2.
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FIGURE 7.2. Comparison between (a) sensible effectivenesses (b) latent effectivenesses of the
3-fluid LAMEE calculated using the traditional and overall effectiveness equations at several
inlet cooling water temperatures.
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From Figure 7.2 (a) it is clear that the traditional effectiveness equation predicts a higher sensible
effectiveness than the overall effectiveness equation, especially at low inlet cooling water
temperatures. The overall effectiveness equation (equation (7.7)) results in sensible effectiveness
values that are less dependent on the inlet cooling water temperature. Unfortunately, the overall
effectiveness values are also dependent on the inlet refrigerant temperature because of the
conjugate heat and moisture transfer between the air and desiccant solution, where the amount of
phase change energy released during moisture absorption by the desiccant solution increases as
inlet cooling water temperature decreases. The phase change energy released during moisture
absorption by the desiccant solution is not considered in the overall effectiveness equation
(equation (7.7)), and therefore the sensible effectiveness is not totally constant with inlet cooling
water temperature.
The slight decrease in sensible effectiveness, calculated using the overall effectiveness equation,
with inlet cooling water temperature can be explained as follow. Decreasing the inlet cooling water
temperature results in a decrease in the desiccant solution temperature which decreases the outlet
air temperature. However, the amount of phase change energy released during moisture absorption
by the desiccant solution increases as the inlet cooing water temperature decreases, which reduces
the decrease in the outlet air temperature. On the other hand, decreasing the inlet cooling water
temperature increases the maximum possible amount of heat transfer inside the exchanger. The
sensible effectiveness of the 3-fluid LAMEE decreases as the inlet cooling water temperature
decreases because the enhancement in the actual sensible heat transfer rate is less than the increase
in the maximum possible heat transfer rate in the exchanger (see equation (7.7)). The actual
sensible heat transfer rate in 3-fluid energy exchangers depends on the amount of phase change
energy released during moisture transfer and the effectiveness of heat transfer between the cooling
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water and desiccant solution, which depends on several design and operating parameters (i.e.
number of heat transfer units (NTU) and heat capacity ratio between the solution and cooling water
flows (Cr)). Therefore, increasing the NTU or Cr between the solution and cooling water will
improve the actual rate of heat transfer between the air and solution.
Figure 7.2 (b) shows the latent effectiveness of the 3-fluid LAMEE calculated using the traditional
and overall effectiveness equations at several inlet cooling water temperatures. Similar to the
sensible effectiveness, the traditional effectiveness equation provides a higher latent effectiveness
value that is much more dependent on the inlet cooling water temperature. Compared to the
traditional equation, Figure 7.2 (b) shows that the inlet cooling water temperature has a negligible
effect on the latent effectiveness calculated using the overall effectiveness equation. The constant
value of the latent effectiveness at several inlet cooling water temperatures means that the overall
effectiveness equation is more universal and can be used for design and application over a range
of refrigerant temperatures. The constant value of the latent effectiveness at several inlet cooling
water temperatures can be explained as follows. Decreasing the inlet cooling water temperature
results in lower outlet air temperature and humidity ratio and lower inlet solution equivalent
humidity ratio (see equation (7.9)). The negligible effect of the inlet cooling water temperature on
the latent effectiveness as inlet cooling water temperature decreases implies that the enhancement
in the actual moisture transfer rate (i.e. the decrease in the outlet air humidity ratio) is almost equal
to the enhancement in the maximum possible moisture transfer rate (i.e. the decrease in the inlet
solution equivalent humidity ratio).
7.5.2

Sensible and Latent Effectivenesses at Several Refrigerant Mass Flow Rates

In this section, the sensible and latent effectivenesses of the 3-fluid LAMEE are presented at
several cooling water mass flow rates (Cr) and constant inlet cooling water temperature
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(Tw,in = 20.6ºC). It is worth mentioning that value of Cr is changed by changing the mass flow rate
of the cooling water, while the mass flow rate of the desiccant solution is maintained constant for
all values of Cr in order to maintain the value of Cr* constant.
Figure 7.3 shows the sensible and latent effectivenesses of the 3-fluid LAMEE calculated using
the traditional and overall effectiveness equations at several cooling water mass flow rates. The
traditional equations predict higher sensible and latent effectivenesses values. The sensible and
latent effectivenesses increase as Cr increases for both effectiveness definitions. This is expected
from the -NTU heat exchanger theory where decreasing Cr (i.e. increasing the cooling water flow
rate) results in an increase in the sensible effectiveness between the cooling water and desiccant
solution, thus the average temperature and equivalent humidity ratio of the desiccant solution
inside the exchanger decrease which results in lower outlet air temperature and humidity ratio. On
the other hand, decreasing Cr (i.e. increasing the cooling water flow rate) has no effect on the
maximum possible rates of heat and moisture transfer inside the exchanger. Equation (7.7) shows
that decreasing the outlet air temperature, while keeping the inlet air and inlet cooling water
temperatures constant, results in an increase in the sensible effectiveness of 3-fluid energy
exchangers. As well, equation (7.9) shows that latent effectiveness of 3-fluid energy exchangers
increases by decreasing the outlet air humidity ratio while keeping the inlet air humidity ratio and
inlet desiccant solution equivalent humidity ratio constant.
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FIGURE 7.3. Comparison between (a) sensible effectivenesses (b) latent effectivenesses of the
3-fluid LAMEE calculated using the traditional and overall effectiveness equations at several
cooling water mass flow rates.

7.6 CONCLUSIONS
The main contribution of this chapter is that it presents equations to calculate the overall
effectiveness of 3-fluid energy exchangers. The sensible and latent effectivenesses of the 3-fluid
LAMEE developed in this thesis have been calculated using the traditional energy exchanger
effectiveness equations and the overall effectiveness equations. Traditional equations evaluate the
effectiveness of 3-fluid LAMEEs based only on the performance of heat and moisture transfer
process between the air and desiccant solution and excludes the refrigerant loop. On the other hand,
the overall effectiveness equations evaluate the effectiveness of 3-fluid LAMEEs based on heat
and moisture transfer process between the air and desiccant solution and the heat transfer process
between the refrigerant and desiccant solution. Results show that the overall effectiveness
equations are less dependent on the refrigerant temperature than the traditional effectiveness
equations, and the traditional equations predict higher values of sensible and latent effectivenesses
of 3-fluid energy exchangers. It is concluded that the overall effectiveness equations are more
universal for calculating sensible and latent effectivenesses of 3-fluid energy exchangers.
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CHAPTER 8
SUMMARY, CONCLUSIONS, CONTRIBUTIONS AND FUTURE WORK

The main goal of the thesis research was to develop a novel 3-fluid LAMEE that has higher rates
of heat and moisture transfer between the air and desiccant solution than conventional 2-fluid
LAMEEs. Three main objectives were set to meet the main goal of this thesis: (1) develop design
recommendations for flat-plate LAMEEs, (2) design, build and test a novel 3-fluid LAMEE
prototype and compare its performance with a 2-fluid LAMEE under a wide range of operating
conditions, and (3) present performance definitions for 3-fluid LAMEEs. The important
conclusions and contributions of this thesis and suggested topics for future research are
summarized in this chapter.

8.1 SUMMARY
8.1.1

Objective 1: Develop Design Recommendations for Flat-Plate LAMEEs

This Ph.D. thesis focuses on improving the rates of heat and moisture transfer between the air and
desiccant solution in LAMEEs. The first objective of the thesis research was addressed in
Chapters 2 and 6. In Chapter 2, a numerical study was performed to determine the practical air and
solution channel widths for flat-plate LAMEEs. The effects of the air and solution channel widths
on the rates of heat and moisture transfer between the air and desiccant solution were studied under
air cooling and dehumidifying conditions and solution regeneration conditions. Results showed
that the rates of heat and moisture transfer increased as air and/or solution channel width decreased.
However, in flat-plate LAMEEs, pressure difference across the membranes may cause membrane
deflections and flow maldistribution. This implies that LAMEEs designed with narrow air
channels may experience partial or complete blockage of the air channels due to membrane
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deflections. Therefore, another numerical study was performed to determine the effects of the flow
maldistribution, caused by membrane deflections, on LAMEEs performance at different air
channel widths. It was found that flat-plate LAMEEs may experience large membrane deflections
which create flow maldistribution and reduce the LAMEE’s performance by up to 24%. Based on
the results of the two numerical studies, it was concluded that the recommended air and solution
channel widths for flat-plate LAMEEs are 5-6 mm and 1-2 mm, respectively.
In Chapter 6, the feasibility of applying pre-tension to the membrane to reduce flow
maldistribution caused by membrane deflections was experimentally investigated and the
degradation in the LAMEEs performance due to membrane deflections was estimated. It was
found that flow maldistribution caused by membrane deflections in flat-plate LAMEEs can be
reduced to a great extent by pre-tensioning the membrane provided that the pre-tension in the
membrane is maintained during the LAMEE manufacturing. Furthermore, results showed that flow
maldistribution caused by membrane deflections may reduce the effectiveness of a full-scale
3-fluid LAMEE that has a similar design as the 3-fluid LAMEE tested in this thesis by up to 7%.

8.1.2

Objective 2: Design, Build and Test a Novel 3-Fluid LAMEE Prototype and Compare
its Performance with a 2-Fluid LAMEE under a Wide Range of Operating Conditions

In Chapter 3, a novel 3-fluid LAMEE prototype was designed and fabricated according to the
design recommendations for channel width developed in Chapter 2 and previous designs of
flat-plate LAMEEs. The 3-fluid LAMEE prototype was used to fulfill the second objective of this
thesis in Chapters 3, 4, 5 and 6. The rates of heat and moisture transfer between the air and
desiccant solution in 3-fluid and 2-fluid LAMEEs were tested and compared under: (a) air cooling
and dehumidifying conditions in Chapters 3 and 4, (b) solution regeneration conditions in
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Chapter 5, and (c) air heating and humidifying conditions in Chapter 6. The effects of key
operating parameters on the rates of heat and moisture transfer in 3-fluid and 2-fluid LAMEEs
were tested and compared under these different operating conditions in Chapters 3, 4, 5 and 6.
Results showed that the rates of heat and moisture transfer between the air and desiccant solution
in the 3-fluid LAMEE were higher than the 2-fluid LAMEE under the entire range of operating
parameters tested. The improvement in the rates of heat and moisture transfer between the air and
desiccant solution in 3-fluid LAMEEs compared to 2-fluid LAMEEs was strongly dependent on
the operating parameters (the inlet refrigerant temperature, refrigerant mass flow rate, desiccant
solution mass flow rate, and inlet air humidity ratio). The sensible effectiveness, latent
effectiveness and moisture transfer rate between the air and desiccant solution in the 3-fluid
LAMEE compared to 2-fluid LAMEEs were improved by up to 69%, 28%, and 54%, respectively,
under air cooling and dehumidifying conditions, and by up to 104%, 141%, and 17 times,
respectively, under diluted desiccant solution regeneration conditions. Furthermore, it was found
that the improvement in the rate of heat transfer between the air and desiccant solution in the
3-fluid LAMEE compared to 2-fluid LAMEEs was almost the same under air cooling and
dehumidifying conditions and solution regeneration conditions, while the improvement in the rate
of moisture transfer under solution regeneration conditions was much higher than under air cooling
and dehumidifying conditions. This may be attributed to the reduced desiccant solution
crystallization in the 3-fluid LAMEE compared to the 2-fluid LAMEE under solution regeneration
conditions.
The effects of the phase change energy associated with the moisture transfer on the temperatures
of the desiccant solution and air in 3-fluid and 2-fluid LAMEEs were experimentally quantified
and compared under air cooling and dehumidifying conditions in Chapter 4 and under air heating
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and humidifying conditions in Chapter 6. It was found that the phase change energy had a
considerable effect on the temperature of the desiccant solution in LAMEEs. Results showed that
the phase change energy increased the temperatures of the desiccant solution and air in a 2-fluid
LAMEE by up to 3C and 1C, respectively, under air cooling and dehumidifying conditions.
Under specific design and operating parameters, the outlet desiccant solution (hot fluid)
temperature in a 2-fluid LAMEE was cooled below the inlet air (cold fluid) temperature due to the
phase change energy.

8.1.3

Objective 3: Present Performance Definitions for 3-Fluid LAMEEs

The third objective of this thesis was addressed in Chapter 7, where performance definitions for
calculating the overall effectiveness of 3-fluid LAMEEs were presented and tested using the
experimental data presented in Chapter 3. The sensible and latent effectivenesses of the 3-fluid
LAMEEs were compared when calculated using the traditional effectiveness equations and the
overall effectiveness equations. It was found that the overall effectiveness equations were less
dependent on the inlet refrigerant temperature than the traditional effectiveness equations. For
example, when the inlet refrigerant temperature decreased from 25ºC to 10ºC, the sensible and
latent effectivenesses of the 3-fluid LAMEE increased by 49% and 22%, respectively, when
calculated using the traditional effectiveness equations and by 15% and 4% respectively, when
calculated using the overall effectiveness equations. Therefore, the overall performance definitions
can be used for designing 3-fluid LAMEEs over a wide range of operating conditions.
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8.2 CONCLUSIONS
The following list contains the principal conclusions obtained from this thesis.


Using a refrigerant to control the temperature of the desiccant solution inside 3-fluid LAMEEs
results in considerable improvements in the rates of heat and moisture transfer between the air
and desiccant solution.



The operating parameters (the inlet refrigerant temperature and refrigerant mass flow rate)
have a strong effect on the improvement in the rates of heat and moisture transfer between the
air and desiccant solution in 3-fluid LAMEEs.



The sensible effectiveness, latent effectiveness and moisture transfer rate of the 2-fluid
LAMEE can be improved by up to 39%, 20%, and 53%, respectively, under air cooling and
dehumidifying conditions, and by up to 38%, 40%, and 6 times, respectively, under diluted
desiccant solution regeneration conditions, if the temperature of the desiccant solution is kept
nearly constant along the entire length of the exchanger.



The improvement in the rate of heat transfer between the air and desiccant solution in 2-fluid
LAMEEs resulted from using a third fluid (refrigerant) to control the temperature of the
desiccant solution is almost the same under air cooling and dehumidifying conditions and
solution regeneration conditions, whereas the improvement in the rate of moisture transfer
under solution regeneration conditions is higher than under air cooling and dehumidifying
conditions. One reason for this may be that desiccant solution crystallization is reduced in the
3-fluid LAMEE under solution regeneration conditions.



The phase change energy associated with the moisture transfer has a strong effect on the
temperature of the desiccant solution in 2-fluid LAMEEs, where under specific operating
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conditions, the outlet temperature of the desiccant solution (hot fluid) can be cooled below the
inlet temperature of the air (cold fluid) due to the phase change energy.


The traditional effectiveness equations overestimate the sensible and latent effectivenesses of
3-fluid LAMEEs and are more dependent on the refrigerant temperature than the overall
effectiveness equations.



The recommended practical air and solution channel widths for flat-plate LAMEEs are 5-6 mm
and 1-2 mm, respectively. Decreasing the air channel width may decrease the LAMEE’s
effectiveness due to flow maldistribution caused by membrane deflections.



Pre-tensioning the membrane during manufacturing of flat-plate LAMEEs is an effective
technique to reduce flow maldistribution caused by membrane deflections.

8.3 CONTRIBUTIONS
The contributions of this Ph.D. research are summarized as follows.


During this Ph.D. research, a novel 3-fluid LAMEE was designed and manufactured which
can achieve higher heat and moisture transfer rates between the air and desiccant solution than
conventional 2-fluid LAMEEs.



The effects of key operating parameters on the performance of 3-fluid LAMEEs were
determined from experimental data under air cooling and dehumidifying, air heating and
humidifying, and diluted desiccant solution regeneration operating conditions.



Performance definitions for 3-fluid LAMEEs were presented and tested.



The importance of phase change energy on the desiccant solution and air temperatures in
2-fluid and 3-fluid LAMEEs under different operating conditions was quantified.
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Design recommendations were developed for flat-plate LAMEEs.



The effects of flow maldistribution on the performance of 2-fluid and 3-fluid LAMEEs were
estimated.



Membrane deflections in the 3-fluid LAMEE were estimated.



The feasibility of pre-tensioning the membrane to reduce membrane deflections and flow
maldistribution in flat-plate LAMEEs was experimentally investigated.

8.4 FUTURE WORK
The 3-fluid LAMEE proposed and studied in this thesis is a new generation of liquid desiccant
membrane energy exchangers. The results obtained in this thesis show that the 3-fluid LAMEE
can overcome several technical problems associated with conventional LAMEEs that limit the
development of liquid desiccant HVAC technology as a reliable substitute for conventional HVAC
systems. Therefore, the following topics are suggested for future research.


Develop a numerical model for 3-fluid LAMEEs.



Perform techno-economic studies of liquid desiccant membrane HVAC systems and RAMEE
systems when a 3-fluid LAMEE is used as the air dehumidifier/humidifier and the desiccant
solution regenerator.



Determine the feasibility of using the same amount of energy consumed to cool/heat the
refrigerant to directly cool/heat the desiccant solution before flowing through a 2-fluid
LAMEE.
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Test and compare the performances of 2-fluid and 3-fluid LAMEEs at different NTU values
(number of heat transfer units) under air cooling and dehumidifying, air heating and
humidifying, and desiccant solution regeneration operating conditions.



Test and compare the transient performances of 3-fluid and 2-fluid LAMEEs under air cooling
and dehumidifying, air heating and humidifying, and desiccant solution regeneration operating
conditions.



Test other 3-fluid LAMEE configurations (i.e. an exchanger composed of multiple parallel air,
solution, and refrigerant channels) and compare with the 3-fluid LAMEE studied in this thesis.



Test the performance of 3-fluid LAMEEs using various refrigerants.



Study the effects of design and operating parameters on the flow maldistribution caused by
membrane deflections in LAMEEs.



Study the desiccant solution crystallization phenomena which may occur in LAMEEs at
specific operating conditions during the desiccant solution regeneration process.
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APPENDIX B
Heat and Moisture Transfer Governing Equations
This appendix presents the heat and moisture transfer governing equations used to develop the
numerical model used in Chapter 2 (Fan (2005); Fan et al. (2006); Seyed (2008); Seyed et al.
(2009); Vali (2009); Vali et al. (2009); Hemingson (2010)).
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where  is the density (kg/m3),  is the channel width (m), W is the humidity ratio (g/kg), Um is the
overall mass transfer coefficient (kg/(m2·s)), J is the mass flux (kg/(m2·s)), X is the ratio between
the mass of water and mass of desiccant salt in the desiccant solution (kg/kg), cp is the specific
heat capacity (kJ/(kg·K)), T is the temperature (ºC), hfg is the enthalpy of vaporization (kJ/kg), 
is the fraction of the energy of phase change absorbed/emitted by the desiccant solution, and
subscripts air, sol and s refer to air, desiccant solution, and desiccant salt, respectively.
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APPENDIX C
3-FLUID LAMEE PROTOTYPE CONSTRUCTION DRAWINGS
This appendix presents the construction drawings of the 3-fluid LAMEE prototype developed in
this thesis.
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