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ABSTRACT

A liquid-to-air membrane energy exchanger (LAMEE) is a novel flat-plate
membrane-based energy exchanger where heat and moisture transfer between air and
solution streams occurs through a semi-permeable membrane. The LAMEE consists of
many air and solution flow channels, each separated by a membrane. A small-scale
single-panel LAMEE consists of a single pair of neighboring air and solution channels.
This PhD thesis focuses on developing, testing and modeling the small-scale single-panel
LAMEE, and investigating the similarity between the small-scale LAMEE and a full-
scale LAMEE. This PhD thesis presents a methodology to investigate similarity between
small-scale and full-scale energy exchangers.

A single-panel energy exchanger test (SPEET) facility is developed and built to
measure the performance of the small-scale single-panel LAMEE under different test
conditions. Also, the small-scale LAMEE is numerically modeled by solving coupled
heat and mass transfer equations for the air, solution and membrane of the LAMEE. The
effects of membrane vapor diffusion resistance and enhanced air side convective heat
transfer coefficient are numerically investigated. The numerical model of the small-scale
LAMEE is validated with the experimental data for summer test conditions, and
effectiveness values agree within £4% in most cases. Moreover, the effects of different
heat and mass transfer directions, and salt solution types and concentrations are
experimentally and numerically investigated. The results show that the LAMEE
effectiveness is strongly affected by the heat and mass transfer directions but negligibly

affected by salt solution type and concentration.



The solution-side effectiveness for liquid-to-air membrane energy exchangers is
introduced in this thesis for the first time. The results show that the solution-side
effectiveness should be used to evaluate the sensible and total effectiveness of LAMEE
regenerators. Finally, the similarity between the small-scale and full-scale LAMEEsS is
investigated experimentally and numerically. The results show that the small-scale
LAMEE effectiveness results can be used to predict the performance of a full-scale

LAMEE within +2% to +4% in most cases.
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CHAPTER 1

INTRODUCTION

World energy consumption has been continuously increasing with population and
economic growth during the last few decades. In developed countries such as United
States and Canada, residential and commercial buildings consume over 40% of the total
energy. Heating, ventilating and air-conditioning (HVAC) systems in the buildings
consume almost 50% of this energy (Perez-Lombard et al., 2008). Also, residential and
commercial buildings are a significant source of greenhouse gas (GHG) emissions,
amounting to 36% of total GHG emissions in developed countries in 2006 (Perez-
Lombard et al., 2008). Moreover, indoor air quality (IAQ) and occupant thermal comfort
affect the occupant health and productivity, since people spend almost 90% of their time
inside buildings (Yu et al., 2009). Different types of air-to-air or liquid-to-air energy
recovery (ER) systems (i.e. air-to-air heat exchangers, air-to-air membrane energy
exchangers, direct contact liquid-to-air energy exchangers and liquid to air membrane
energy exchangers) have been developed and experimentally tested to reduce the energy
consumption in HVAC systems and downsize heating and cooling equipment. This PhD
project focuses on liquid-to-air membrane energy exchangers as a component that can be
used in a HVAC system to improve the performance of the system and reduce the system

energy consumption.



1.1 Flat-Plate Liquid-to-Air Membrane Energy Exchanger (LAMEE)

A flat-plate liquid-to-air membrane energy exchanger (LAMEE) is a novel energy
exchanger which transfers heat and moisture between an air stream and a salt solution
through a semi-permeable membrane. The membrane is permeable for water vapor, but
impermeable to liquids. The flat-plate LAMEE consists of several solution panels which
are placed side by side, and air spacers are used between the solution panels to create air
channels in the LAMEE. The single panels are the basic units of heat and mass transfer in
a LAMEE. Figure 1.1 shows a schematic view of a LAMEE with details of the air and
solution channels design.

Air Spacer

Solution
flow outlet

A flow
mlet

(UL ATy

oo
=
=
]
=
=
=
=
@

[AUUEL) U008

Membrane Aar flow
outlet

Solution
flow mlet

Figure 1.1 Schematic view of a flat-plate liquid-to-air membrane energy exchanger (LAMEE)
A comprehensive literature review for the flat-plate LAMEE and other types of

liquid-to-air membrane energy exchangers (i.e. hollow fiber LAMEE) is presented in

Chapters 2 to 6, since each chapter is a research paper, and has an introduction section



with comprehensive literature review. The main aim in the Introduction chapter of this
PhD thesis is to briefly introduce the LAMEE and its application, and introduce the thesis
objectives in detail.

There are few papers available directly on flat-plate LAMEEs. Namvar et al.
(2012) experimentally investigated the steady-state and transient performance of a flat-
plate LAMEE under summer and winter test conditions. They presented a time constant
for the LAMEE as an important parameter for the transient behavior of the LAMEE with
step change in inlet conditions, where the transient behavior of the LAMEE mainly
depends on the thermal capacity of the LAMEE and the salt solution. Bergero et al.
(2000) numerically and experimentally investigated the performance of a flat-plate
LAMEE under air dehumidification test conditions. The results showed good agreement
between the experimental and numerical results for the LAMEE. Also, the numerical
results showed that a membrane mass resistance plays an important role on the latent
effectiveness of the LAMEE. Vestrelli (2006) numerically investigated the performance
of a flat-plate LAMEE used as an air humidifier and an air dehumidifier. The results
showed that for the air humidifier, the moisture transfer across the membrane increased
as the solution inlet temperature decreased, and for the air dehumidifier the moisture
transfer across the membrane increased as the solution inlet temperature increased.
Huang et al. (2012) numerically solved coupled heat and mass transfer equations for a
cross-flow flat-plate LAMEE used as a dehumidifier. The results showed that the real
thermal and concentration boundary conditions on the membrane were neither uniform
value nor uniform flux boundary conditions. The fully-developed Nusselt number for the

air side of the flat-plate LAMEE was between the Nusselt number under a uniform



temperature boundary condition and Nusselt number under uniform heat flux boundary
condition. However, the fully developed Nusselt number for the air side of the flat-plate
LAMEE was closer to the Nusselt number under a uniform temperature boundary
condition.

The flat-plate LAMEE has many applications in liquid-desiccant air-conditioning

(LDAC) systems. Some applications of the LAMEE are mentioned below.

1.1.1 Run-Around Membrane Energy Exchanger (RAMEE)

A RAMEE consists of two flat-plate LAMEEs, and is a LDAC system which
recovers heat and moisture from an exhaust air stream and transfers the heat and moisture
to a supply air stream using a closed solution loop. One LAMEE is located in the supply
air stream and the other LAMEE is located in the exhaust air stream. Liquid desiccant is
circulated in a closed loop between the supply and exhaust LAMEEs to transfer heat and
moisture between the supply and exhaust air streams (see Figure 1.2). Much research has
been done on the RAMEE, and a large fraction of the research has been conducted at the
University of Saskatchewan. Fan et al. (2006) developed a numerical model to
investigate a RAMEE system performance which consisted of two cross-flow LAMEEs
at different operating conditions. Lithium bromide was used as a salt solution in the
solution loop. Fan et al. (2006) predicted a total effectiveness of 70% for the RAMEE
system. Erb (2009) built a prototype for the RAMEE system with two cross-flow
LAMEEs. Erb operated this prototype with top-to-bottom and bottom-to-top solution
flow configurations at summer and winter AHRI conditions (ANSI/AHRI Standard 1060,
2011) and measured a maximum steady-state total effectiveness of 36% and 43%,

respectively. The results show that reversing the solution flow direction in the LAMEE



reduces the impact of the solution flow mal-distribution in the LAMEE. Seyed-Ahmadi
(2008) developed a two-dimensional numerical simulation to investigate the steady-state
and transient behavior of the RAMEE system with two cross-flow LAMEEs. According
to the results, the mass of solution in the system, initial salt solution concentration and
heat gain/loss from/to the surroundings have large impacts on the transient response of
the RAMEE. Finally, Mahmud (2009) designed and built a new RAMEE prototype
consisting of two counter-cross flow LAMEEs and presented experimental results for
both summer and winter AHRI conditions using MgCl; salt solution as the coupling fluid.
This prototype achieved a maximum total effectiveness of 55%, which is higher than the
minimum total effectiveness (50%) required by ASHRAE standard 90.1

(ANSI/ASHRAE STANDARD 90.1, 2007).
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Figure 1.2 Schematic view of the run-around membrane energy exchanger (RAMEE) (Mahmud,
2009)

1.1.2 Hybrid Air-Conditioning System (HACS)
A HACS is a dehumidification system, where a LAMEE with a hygroscopic

desiccant and a hydrophobic membrane is added to a direct-expansion air-conditioning



system, to increase moisture transfer and overall system performance. The HACS has the
ability to humidify or dehumidify air using the membrane-desiccant energy exchanger or
LAMEE. Bergero and Chiari (2011) numerically investigated the effect of air and
solution mass flow rates on the steady-state performance of the HACS at summer
conditions. Two cross-flow LAMEEs were used in the HACS, where one LAMEE was
installed in the supply air stream and the other LAMEE was installed in the exhaust air
stream. The hybrid system performance increases slightly as the solution mass flow rate
increases. Also, the coefficient of performance (COP) of the HACS was significantly
higher (e.g. 50% higher at certain operating conditions) than a traditional direct-
expansion system. In another paper, Bergero and Chiari (2010) considered the effect of
latent load and indoor and outdoor relative humidity on the steady-state behavior of the
HACS at summer conditions. Results showed the percentage power saving of the HACS
compared to traditional direct-expansion system increased as the indoor latent load

increased, and decreased as the outdoor relative humidity increased.

1.2 Flat-Plate Small-Scale Single-Panel LAMEE

A flat-plate small-scale single-panel LAMEE consists of a single pair of
neighboring air and solution channels. The single-panel LAMEE is the basic building
unit of LAMEEs. The schematic of the small-scale single-panel LAMEE and a cross-
sectional view of the small-scale LAMEE are shown in Figure 1.3. The small-scale
LAMEE design is discussed in Chapter 2 in detail. In the small-scale LAMEE design,
solution channels are grooved on two plastic side panels, and the membrane (i.e. GE™
membrane) is attached on each side panel to create a half of the solution side. The other

half of the solution side is made in the same way. The air flow channel is designed to be



in the middle of the single-panel LAMEE, and it is created by using air spacers in the
upper and lower edges of the panel. Also, an air screen (turbulence enhancement device)

is used in the air channel to enhance the heat and mass transfer properties of the air flow.
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Figure 1.3 (a) Air and solution flow configuration and (b) a cross-section view of the small-scale
single-panel LAMEE (Ghadiri Moghaddam et al., 2013b)

There are few papers available on the flat-plate small-scale single-panel LAMEE,
and almost all of them are the result of this PhD research project. Five of these papers are
used here to structure this PhD thesis (one paper in each chapter). The other papers are
attached in the Appendices of this thesis. A complete literature review for the small-scale
LAMEEs is presented in Chapters 2 to 6. Each chapter presents a research paper, and
each paper has an introduction section with comprehensive literature review.

Hollow fiber membrane contactors (hollow fiber LAMEES) are another type of
membrane based energy exchanger which are also small. Zhang (2011a, 2012) introduced
a hollow fiber membrane contactor, which is a small-scale shell and tube membrane
based energy exchanger where a solution passes through hollow fiber membrane tubes

and heat and mass transfer occurs between the air and solution. Zhang (2011a) developed



an analytical model to investigate the steady-state performance of hollow fiber membrane
contactors as a dehumidifier, and compared the analytical results with experimental data
for the contactor under different operating conditions. Zhang (2011b) numerically
investigated the coupled heat and mass transfer in a cross-flow hollow fiber membrane
contactor for air humidification using water. The results showed that the fiber tubes
packing density has a dominant effect on the performance of the hollow fiber membrane
contactor. Also, Zhang et al. (2012a) numerically investigated the coupled heat and mass
transfer in a counter-flow hollow fiber membrane contactors using a free surface model.
The real boundary conditions were obtained for the hollow fiber membrane tube which
were neither uniform temperature nor uniform heat flux. The results showed that the
fully-developed air-side Nusselt number is between the constant temperature and constant
heat flux Nusselt values, and close to constant heat flux Nusselt value for the counter-

flow contactor.

1.3 Thesis Objectives and Overview

Figure 1.4 presents an overview of the objectives for this PhD project. As shown
in Figure 1.4, the main focus of this PhD project is on developing, testing and modeling a
small-scale single-panel LAMEE, and investigating similarity between the small-scale
LAMEE and a full-scale LAMEE. The main focus of this PhD research project is shown
in the large circle in the middle of Figure 1.4; the focus is the small-scale single-panel
LAMEE. Before this PhD project, there was no information available in the literature
about flat-plate small-scale LAMEEs and similarity between small-scale and full-scale
membrane based energy exchangers. The main motivation of this PhD project is to use

the small-scale LAMEE effectiveness results to predict the performance of a full-scale



LAMEE at different operating conditions, because testing a full-scale exchanger such as
a LAMEE is often time consuming and expensive. Five major objectives are defined in
this PhD project. These five major objectives are shown in five small circles in Figure
1.4, which are located around the center circle (the main focus of this PhD project). These
five major objectives are numbered from one to five in Figure 1.4. Also, tasks which are
completed during each major objectives are shown in rectangular boxes beside each of
the major objectives in Figure 1.4. For each task, a chapter of the thesis and a manuscript
which address that task are mentioned in the rectangular box of the task. The five major
objectives which are completed during this PhD project are now discussed in separate

subsections.
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1.3.1 Objective 1: Building a Single-Panel Energy Exchanger Test (SPEET)

Facility

The first major objective of this PhD thesis is to develop, manufacture and test a
novel small-scale single-panel LAMEE, and design and commission a single-panel
energy exchanger test (SPEET) facility. This objective is addressed in Manuscript #1
which forms Chapter 2 in this PhD thesis. The SPEET facility was designed and built
during this PhD project to experimentally evaluate the performance of a small-scale
LAMEE under different operating conditions. Also, the SPEET facility can be used to
test other kinds of liquid-to-air energy exchangers. The SPEET facility provides better
control in experiments on small-scale LAMEEs in comparison to full-scale LAMEE test
facilities since the SPEET facility provides better control and lower uncertainty in
operating parameters. Preliminarily, the small-scale LAMEE is tested under three
different test cases in the SPEET facility using water as a transfer liquid. The mass and
energy balance results and the preliminary test results for the small-scale LAMEE are

presented in Manuscript #1 (Chapter 2).

1.3.2 Objective 2: Testing the Small-Scale LAMEE
The second major objective is to test the small-scale single-panel LAMEE under a
wide range of operating conditions. The second major objective of this PhD project is
addressed in two chapters of this thesis (Chapter 3 and 4):
1) The first part of the second major objective is to develop and verify new
effectiveness correlations that quantify the solution-side effectiveness of
LAMEEs, which is addressed in Manuscript #2 and forms the third chapter of

this PhD thesis. The LAMEE can be used as a dehumidifier to dehumidify the air
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2)

or a regenerator to regenerate (dry) the solution in LDAC systems. The air-side
effectiveness has traditionally been used to evaluate the performance of liquid-to-
air membrane energy exchangers used as a dehumidifier/regenerator, and is
available in the literature. In a regenerator; however, the focus is on the salt
solution, and the solution properties (i.e. solution outlet concentration and
temperature) are important. There is no definition in the literature for the LAMEE
solution-side effectiveness, and therefore they are introduced in Manuscript #2 for
the first time. These effectiveness equations are used to evaluate the performance
of LAMEE regenerators.

Also, it is important to study the effect of different operating parameters
on the performance of a LAMEE operating as a dehumidifier/regenerator. An
experimental parametric study on the performance of the LAMEE as a
dehumidifier or a regenerator is presented in Appendix A, which is done for the
first time in this research. The results of this parametric study are a helpful guide
for researchers and manufacturers to estimate and understand the performance of
a LAMEE that is used as a dehumidifier or a regenerator in a LDAC system.

The second part of the second major objective is to quantify the effect of different
heat and mass transfer directions and salt solution types and concentrations on the
effectiveness of a small-scale LAMEE. The results for the second part of the
second major objective are presented in Chapter 4 which is Manuscript #3. The
effect of different heat and mass transfer directions is investigated for the first
time for LAMEEs in this research, and can be used by other designers and

researchers to understand the effects of different heat and mass transfer directions
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and salt solution types and concentrations on the performance of a LAMEE. In a
LAMEE, the potential for the heat transfer is the temperature difference between
the air and the solution, while the potential for the moisture transfer is the vapor
pressure difference between the air and the solution. Heat and mass transfer
directions in a LAMEE are defined based on the air and solution inlet conditions.
The heat or moisture transfers from the air to the solution when the inlet air
temperature or humidity ratio is higher than the solution inlet temperature or
humidity ratio, respectively, and vice versa. There are four possible combinations
for heat and moisture transfer directions. Also, there are different salt solutions
which can be used with different concentrations. The results of testing different
salt solution types and concentrations in the small-scale LAMEE will help
researchers and manufacturers choose an appropriate salt solution and

concentration for their liquid desiccant systems.

Objective 3: Numerical Modeling of the Small-Scale LAMEE

The third major objective is to model the small-scale LAMEE, and compare the

numerical results with experimental data. The third major objective of this PhD project is

addressed in Manuscript #4, and is presented in Chapter 5. The small-scale LAMEE

numerical model eliminates the necessity of doing experiments in many cases. The

coupled heat and mass transfer in the air, solution and membrane of the LAMEE are

modeled to numerically evaluate the performance of the small-scale LAMEE under

different test conditions. Then, the coupled heat and mass transfer equations in the air,

solution and membrane of the LAMEE are nondimensionalized to derive important

dimensionless parameters affecting the LAMEE performance. Also, the small-scale
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LAMEE numerical effectiveness results are validated with experimental data for summer
test conditions. This numerical model can be directly used or be modified by other
researchers to investigate the performance of small-scale LAMEEs with the same

configuration and design or different design under different operation conditions.

1.3.4 Objective 4: Testing a Full-Scale LAMEE

The fourth major objective of this PhD project is to test a full-scale LAMEE with
a similar design as the small-scale LAMEE under various operating conditions. A full-
scale (100 L/s) LAMEE with similar design as the small-scale LAMEE and with 10
solution panels is tested under summer and winter test conditions in this part of this PhD
project. The full-scale LAMEE effectiveness results are presented in Manuscript #5 (see

Chapter 6) and Appendix B.

1.3.5 Objective 5: Dimensional Analysis and Similarity

The last major objective is to conduct a dimensional analysis of the small-scale
LAMEE, and investigate similarity between the small-scale LAMEE and the full-scale
(100 L/s) LAMEE. Testing a full-scale exchanger such as a LAMEE is often time
consuming and expensive. Consequently, the small-scale LAMEE is used to predict the
performance of the full-scale LAMEE at different operating conditions. The results of the
last major objective will guide researchers and manufactures to test small-scale
exchangers and use the results from the small-scale exchangers to predict the
performance of full-scale exchangers within a certain uncertainty. The effect of important
dimensionless parameters on the small-scale LAMEE steady-state effectiveness, and the
comparison between the small-scale LAMEE and the full-scale LAMEE experimental

and numerical effectiveness results are presented in Chapter 6 which is Manuscript #5.
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1.3.6 Summary of Objectives

The five major objectives, which have been completed during this PhD project,
were discussed in Section 1.3 and shown in Figure 1.4. These objectives also represent a
methodology to investigate the similarity between a small-scale energy exchanger and a
full-scale energy exchanger. This methodology, which is presented in this PhD thesis for
LAMEEs, consists of the following steps:

(1) Manufacture a small-scale exchanger similar to a full-scale exchanger, and
build a test facility to test the small-scale exchanger;

(2) Test the small-scale exchanger under various test conditions;

(3) Develop the governing heat and mass transfer equations for the exchanger,
and identify important dimensionless parameters affecting the exchanger performance;

(4) Test the full-scale exchanger under various test conditions; and

(5) Study the effect of the important dimensionless parameters on the exchanger
performance, and investigate the similarity between the small-scale and full-scale
exchangers.

With the above methodology, which will be applied and tested in this thesis on
LAMEEs, the similarity between small-scale and full-scale energy exchangers can be
established. Thus, the small-scale exchanger effectiveness results can be used to predict
the performance of the full-scale exchanger under different operating conditions within
acceptable uncertainty bounds. Researchers and manufacturers can follow this
methodology when designing and testing new energy exchangers. Manufacturing and
testing a small-scale energy exchanger will facilitate new exchanger development,

leading to higher performing exchangers with reduced investment in time and money.
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CHAPTER 2

SINGLE-PANEL ENERGY EXCHANGER TEST FACILITY

2.1  Overview of Chapter 2

The single-panel energy exchanger test (SPEET) facility and the small-scale
single-panel LAMEE are introduced in this chapter which contains Manuscript #1
(Small-scale single-panel liquid-to-air membrane energy exchanger (LAMEE) test
facility development, commissioning and evaluating the steady-state performance). In
this manuscript, the SPEET facility is introduced to test the small-scale LAMEE, and the
mass and energy balance results for the SPEET facility are presented. The steady-state
performance of the small-scale LAMEE is experimentally investigated under different
test conditions using water as the transfer liquid. Finally, the experimental performance
data are compared with numerical and analytical results for the small-scale LAMEE. The
small-scale LAMEE numerical model, which is used in this chapter to numerically
evaluate the steady-state performance of the small-scale LAMEE, is presented in detail in
Chapter 5. Also, the analytical model which is used in this chapter was developed by
Zhang (2011a) for hollow fiber membrane contactors. Ge et al. (2012) modified the
Zhang’s analytical model for LAMEEs. This chapter explains the first step of the
methodology (see Section 1.3.6) for LAMEESs, which is manufacturing the small-scale
LAMEE and building the SPEET facility to test the small-scale LAMEE under various

test conditions.
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References for this chapter, which contains Manuscript #1, are presented in the
References section of the thesis (see page 215) which includes all the references used in
this PhD thesis.

One postdoctoral fellow (Dr. Gaoming Ge) and a research fellow (Dr. Philip
LePoudre) in our research group have contributed to Manuscript 1. Dr. Philip LePoudre
gave useful advice to me during this project while he was in our research group from
September 2010 to September 2011. He also critically reviewed Manuscript #1. He was
added as the second author in Manuscript #1. Dr. Gaoming Ge developed the analytical
model to evaluate the steady-state performance of LAMEEs based on Zhang’s analytical
model (Zhang, 2011a). The analytical results are used in Figure 2.4, Figure 2.7 and
Figure 2.9. The PhD Candidate’s contributions to Manuscript #1 are: (a) developing the
SPEET facility to test small-scale LAMEEs, (b) manufacturing the small-scale single-
panel LAMEE, (c) testing the small-scale LAMEE under different operating conditions
using water as a transfer liquid, and presenting experimental effectiveness results for the
small-scale LAMEE, (d) generating the numerical results for the small-scale single-panel

LAMEE, and (e) writing the paper and replying to reviewers’ comments.
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Small-Scale Single-Panel Liquid-to-Air Membrane Energy Exchanger (LAMEE) Test
Facility Development, Commissioning and Evaluating the Steady-State Performance
(Energy and buildings, 2013, Volume 66, pp. 424-436)

Davood Ghadiri Moghaddam, Philip LePoudre, Gaoming Ge, Robert W. Besant, Carey J.

Simonson

2.2 Abstract

A new test facility was developed to assess the performance of a small-scale
single-panel liquid-to-air membrane energy exchanger (LAMEE). Mass and energy
balances of the exchanger were computed for each test. The steady-state performance of
the small-scale LAMEE was experimentally investigated under different operating
conditions. Water was used as a liquid transfer medium for the experiments and the
exchanger was tested for air heating and humidifying (H&H), air cooling and
humidifying (C&H), and air cooling and dehumidifying (C&D) at three different NTU
values (2.5, 3.5 and 4.5) and Cr* = 7. The experimental results were compared to results
from a numerical and two analytical models. In most cases, reasonable agreement among
the experimental, numerical and analytical results was achieved except for the sensible
effectiveness in the H&H and latent and total effectiveness in the C&H test cases. The
results showed that the effectiveness of the small-scale LAMEE always increased with
NTU for all test conditions. Sensible and latent effectiveness contour maps of the small-
scale LAMEE were generated numerically for different inlet air conditions and for NTU
= 3.5 and Cr* = 7, while the water inlet temperature was set at 22°C. Finally, the

effectiveness contour maps were compared with three experimental test conditions.
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2.3 Introduction

The world energy consumption has been continuously increasing with population
and economic growth during last few decades. In developed countries, over 40% of total
energy is consumed in residential and commercial buildings and up to 50% of this energy
is consumed by heating, ventilating and air-conditioning (HVAC) systems in buildings
(Perez-Lombard et al., 2008). Since people spend around 90% of their time inside
buildings, occupant thermal comfort and indoor air quality (IAQ) play an important role
on health and productivity (Yu et al., 2009). In addition, conventional HVAC systems
and refrigerants have significant effects on air pollution, amount of released greenhouse
gases and global warming (Afonso, 2006).

Different types of air-to-air or liquid-to-air energy recovery (ER) systems have
been developed and experimentally tested to reduce energy consumption in HVAC
systems and downsize heating and cooling equipment. To select the appropriate ER
technology for building HVAC systems, many parameters should be considered such as
indoor and outdoor conditions, type of application, yearly weather data, installation and
maintenance costs, energy recovery system design and performance (Besant and
Simonson, 2000; Rasouli et al., 2013; Min and Su, 2010; Min and Su, 2011). A run-
around membrane energy exchanger (RAMEE) is a recent technology, which has been
used to transfer both heat and moisture between supply and exhaust air streams.

A RAMEE consists of two liquid-to-air membrane energy exchangers (LAMEE).

One LAMEE is located in the supply air stream and the other is located in the exhaust air
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stream. Liquid desiccants, such as MgCl., LiCl or LiBr, are circulated in a closed loop
between the LAMEEs to transfer heat and moisture between the supply and exhaust air
streams. Several studies have been conducted on RAMEE systems. Fan et al. (2006) for
the first time developed a numerical model to investigate the steady-state performance of
a RAMEE system consisted of two cross-flow LAMEEs at different operating conditions.
A total effectiveness of 70% for the RAMEE was predicted by Fan et al. (2006).
Afterwards, the steady-state performance of a RAMEE system with cross-flow LAMEEs
was investigated experimentally (Erb, 2009). The steady-state effectiveness values were
reported for the RAMEE system with top-to-bottom (36%) and bottom-to-top (43%)
solution flow directions, respectively. Furthermore, Seyed-Ahmadi et al. (2009a)
developed a transient numerical model to study the transient behavior of a RAMEE
system with two cross-flow LAMEEs for coupled heat and moisture transfer problems.
Since the air and solution flow configuration within the energy exchangers has significant
effect on the system performance, Vali et al. (2009) developed a two-dimensional,
steady-state numerical model to study the performance of a RAMEE with two counter-
cross flow LAMEEs coupled by a MgCl> solution loop. Since a counter-flow
configuration is not feasible for a LAMEE (i.e. air and solution inlet and outlet cannot be
at the same location), a counter-cross flow LAMEE was built and tested by Mahmud
(2009). The RAMEE achieved a maximum total effectiveness of 55%, (i.e. higher than
50%, which is the minimum total effectiveness required by ASHRAE standard 90.1
(ANSI/ASHRAE STANDARD 90.1, 2007)).

Another application for LAMEE is in hybrid air-conditioning systems (HACS)

(Bergero and Chiari, 2010). Bergero and Chiari (2011) studied a HACS when LAMEEs
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with hygroscopic desiccant and hydrophobic membranes were added to a direct-
expansion air-conditioning system to increase moisture transfer and overall system
performance. Results indicated that the coefficient of performance (COP) of the HACS
was significantly higher (e.g. 50% higher at certain operating conditions) compared to
traditional direct-expansion air cooling and dehumidifying system. Also in another paper
(Bergero and Chiari, 2011), Bergero and Chiari considered the effect of latent load,
indoor and outdoor relative humidity on the steady-state behavior of the HACS
performance at a summer condition.

Previous studies have investigated the RAMEE and HACS performance where a
LAMEE is a part of the system, but there are less research data available for a LAMEE
itself. The LAMEE consists of several panels for heat and moisture transfer between an
air stream and aqueous liquid desiccant. Moisture transfer inside the LAMEE is
accomplished through a semi-permeable membrane that is impermeable for liquid, but
allows water vapor to transfer. Bergero et al. (2000) developed a numerical model and
conducted an experimental test to study the performance of a LAMEE, which was used to
dehumidify a supply air stream. Their results showed that moisture transfer could be
increased by increasing the air flow rate, but solution flow rate did not have a significant
effect, especially at lower heat capacity ratio (Cr*) values. Recently, Namvar et al.
(2012) experimentally investigated the steady-state and transient performance of a
LAMEE at summer and winter test conditions. Their results showed that the transient
effectiveness of the LAMEE increases with time, and that the thermal and moisture
responses can be represented by two thermal and two moisture time constants. The

thermal and moisture time constants are different and depend on the test conditions.
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Several research studies have been conducted to investigate the performance of a
small-scale exchanger or portion of a full-size exchanger and extrapolate the results to a
full-scale exchanger. Wang et al. (2005) and Abe et al. (2006a, 2006b) investigated the
transient characteristics of humidity and temperature sensors and an energy wheel during
a humidity step change at constant temperature and temperature step change at constant
humidity, respectively. These tests were conducted on a small portion of an energy wheel
and the steady-state effectiveness values for the full-size energy wheel were predicted
and showed good agreement with experimental data measured on the full-size wheel.
Also, Zhang (2011a) developed an analytical solution to investigate the steady-state
performance of hollow fiber membrane contactors, which were used as an air
dehumidifier. The analytical results were validated by testing a small-scale hollow fiber
membrane liquid-to-air energy exchanger under different operating conditions.
Furthermore, there are several literature available that used water as a transfer medium in
liquid-to-air energy exchangers. Zhang and Huang (2011) used water in a counter-flow
hollow fiber membrane module to humidify a supply air stream. The air and water at the
same inlet temperatures were used in experiments to validate a mathematical model for
the air humidification module. Both membrane and liquid side resistances for heat
transfer, and only liquid side resistance for mass transfer, were neglected in the
mathematical model. In another paper by Zhang (2012), a rectangular cross-flow hollow
fiber membrane module was used to humidify an air stream. This time air and water
streams at different inlet temperatures were used in experiments. The result showed that
the packing density of the hollow fiber membrane module is an important factor on the

module performance.
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A LAMEE is a flat-plate energy exchanger that consists of many panels. Each
panel is comprised of adjacent air and solution channels which are separated with a semi-
permeable membrane. A single panel is a basic building block in a LAMEE and the
performance of the single panel relates to the performance of the LAMEE. Also,
manufacturing and testing a full-size LAMEE is costly and time consuming, while a
small-scale single-panel LAMEE is easier and less costly to manufacture and test.
Furthermore, the single-panel LAMEE can be easily used to investigate the effect of mal-
distribution caused by membrane bulging in the exchanger independent from mal-
distribution effects due to using several panels in a LAMEE construction (Hemingson et
al., 2011a). Moreover, there is no numerical or experimental data available directly for
single-panel LAMEEs. These reasons show the significance of doing research on small-
scale single-panel LAMEEs. The main objective of this chapter is introducing and
commissioning a new test facility to test small-scale single-panel LAMEEs, and
presenting preliminary results for this test facility using water in the system. This chapter
focuses on the steady-state performance of a small-scale single-panel LAMEE at
different operating conditions. Also, different numerical and analytical models are
proposed in this chapter to model the LAMEE system. The trends in the modeling results
are compared with the experimental data; however validating the models is not the
objective of this chapter. Finally, the effects of outdoor air conditions on the steady-state
performance of the LAMEE are studied, while other important parameters (e.g. NTU, Cr*

and water inlet temperature) are kept constant.
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2.4 Test Apparatus

A new test facility was designed and built at the University of Saskatchewan to
experimentally investigate the performance of a small-scale single-panel LAMEE under
different operating conditions. The single-panel energy exchanger test (SPEET) facility
consists of a supply air system, an open solution loop, and a test section, where the small-
scale single-panel LAMEE is located. The different parts of the SPEET facility are shown

in Figure 2.1, and are introduced as follows.

Inlet Air Desiccant Chutlet Air
Header Inlet Header eader
WHS & TC  2XTC \ €/ rmsatc
LAMEE | E:.chiuat
TC L 1 Shizlded Aarto Lzb
Desiccant I Shielded [ -F0ed
','3: Chutlet Header * TC - TC
= =2
T H3 & TC ’ E
Bubble EEE:L =
< Humidifier ’ P
< Tani) Tank @ —  Aar flow pipeline
JE - Solution flow pipeline
-3 Bubble + + Relative humidity senzor
7| Humidifier i H3 ¥ SEns
Tankz1 Ti: i Tc  T-tvpe thermocouple
i
Supply Z Bypas: globe valve
Solution e
Tank @ Flow controller
z Flow meter
Flow mixer
=] _
Supply Air m Flow straightener
from )
Soluticn p
Compresscr @ euhon pump

Figure 2.1 Schematic view of the SPEET facility and measurement locations

2.4.1 Supply Air System
An air compressor is used to supply the air into the test setup. A high pressure dry
air (4%RH) at room temperature is supplied to the air pipeline with 25.4 mm (1 inch)

inner diameter, which is made from PVC material. First, the air passes through a flow
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controller (MKS-Type 1559A) to adjust the air flow rate. The capacity of the flow
controller is 0 to 100 L/min, with the accuracy of 2% of the full-scale. Also, a flow meter
(MKS-Type 0558A) with the same capacity as the flow controller but with an accuracy of
1% of the full-scale is used after that to provide more accurate control on the air flow
rate. The flow meter is set to a selected air flow rate for each experiment. After that, two
water bubble tank humidifiers are used in series to humidify the supply inlet air, and a
globe valve is used in the pipeline to bypass the air into the humidifiers. Downstream of
the humidifiers, a shell and tube heater is added to the system to adjust the air
temperature at the inlet of the single-panel LAMEE. The PVC pipeline is replaced with a
copper pipe with the same inner diameter at the heater location to increase the thermal
conductivity of the pipeline, which worked as a shell for the heater system. Hot water
passes through the heater tubing at a controlled rate. This heater is wound around the
copper pipe to heat the supply air. The SPEET facility could adjust the air inlet
temperature and humidity ratio between 15°C to 50°C and 1 to 28 gw/Kgair, respectively,
for the supply air velocity range of 1 to 3 m/s.

The air temperature and humidity are measured at different locations as shown in
Figure 2.1. Four T-type thermocouples are used at the exchanger inlet and outlet to
measure the air temperature at those locations. Also, four Honeywell humidity sensors
(type HIH-4021) are used to measure the air relative humidity at the exchanger inlet and
outlet. These humidity sensors are too big to be located in the exchanger inlet and outlet
headers, so they are installed in the air pipeline upstream and downstream of the
exchanger. Another two T-type thermocouples are also installed at the humidity sensors’

locations to calculate the air humidity ratio at the exchanger inlet and outlet. Furthermore,
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to provide better bulk temperature and relative humidity reading at the humidity sensor
locations, two air mixers are used before the sensors to mix the flow and provide uniform
properties for the air. The calculated uncertainty for the thermocouples and humidity
sensors used for the air side are 0.2°C and 2%RH, respectively. All the thermocouples are
calibrated in the range of -30°C to 40°C by using a Hart Scientific high accuracy dry-well
temperature calibrator (model 9107) with 0.1°C uncertainty. Also, the humidity sensors
are calibrated in the range of 10% to 90%RH at three different temperatures: 10, 20 and
30°C by using a mini two-pressure humidity generator (Thunder Scientific Corporation -
model 1200) with an uncertainty of 0.5%RH in the range of 10% to 95%RH.
Furthermore, two air headers are used in the test setup to direct the air flow into
the LAMEE. The air inlet and outlet openings of the small-scale LAMEE are 94 mm x 5
mm. To direct the air flow from the 25.4 mm inner diameter pipeline to this narrow
rectangular opening required a symmetric converging-diverging diffuser header, which
converges from 25 mm to 5 mm in width, and diverges from 25 mm to 94 mm in height.
There are some guidelines available to design conical diverging or converging diffusers
and symmetric rectangular diffusers with converging or diverging flow (White, 2009).
Since there are little data available to design a converging-diverging diffuser, it is
necessary to simulate the air flow using computational fluid dynamics (CFD) software to
find a proper angle for the headers to provide a uniform air flow without separation at the
inlet of the single-panel LAMEE. The inlet air header in this research was simulated
using FLUENT software with a 3D model. A laminar model was used in FLUENT, and
an air flow with constant velocity was assumed for the inlet boundary condition. As a

result, the minimum air header angle (26) is found to be 11.6° to provide the uniform air
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flow at the exchanger inlet. Also, a 100 mm long settle down area is added to the header
to reduce any possible separation at the air header outlet and provide more uniform flow
in the LAMEE inlet opening. The CFD results show that this 100 mm length for the settle
down area is enough to provide uniform flow without any separation to the exchanger
inlet opening in the air velocity range of 0.5m/s to 3m/s. However, a fully-developed
laminar flow will happen at 170 mm to 1000 mm length from the header for that velocity
range where Reynolds number varies from 300 to 1800. The same air header is used at
the exchanger outlet. Furthermore, a flow straightener is used before the air inlet header

to supply a uniform air flow into the header.

2.4.2 Solution Loop

Water is used in this study to humidify or dehumidify the supply air. Water has
the surface relative humidity of 100%RH, and usually it is used for humidifying the air
flow (Zhang and Huang, 2011; Zhang, 2012). A peristaltic pump with the capacity of 1 to
2316 mL/min and calibration accuracy of 2% of the reading scale is used to pump the
water from a supply solution tank into the exchanger in an open loop. Also, two solution
headers, which are designed specifically for this single-panel LAMEE, are used at the
solution inlet and outlet of the exchanger to direct the solution through the exchanger and
collect it at the exchanger solution outlet, respectively. Moreover, two high-accuracy
shielded T-type thermocouples with the accuracy of 0.1°C are used to measure the
solution temperatures at the solution inlet and outlet headers. These thermocouples were
calibrated with the same temperature calibrator as the air side thermocouples but in the
temperature range of 0 to 60°C. Then, as shown in Figure 2.2(a), the solution is pumped

through the exchanger in the counter-cross flow configuration with respect to the air and
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from bottom-to-top of the exchanger. Finally, the solution is collected in the exhaust
solution tank at the exchanger solution outlet header. Also, the exchanger operates at
almost constant pressure on the solution side inlet. The average static pressure at the

solution side is calculated as 2.5 kPa from the friction and head loss in the solution side.
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Figure 2.2 (a) Air and solution flow configuration and (b) a cross-section view of the small-scale
single-panel LAMEE

Furthermore, the solution inlet temperature is conveniently adjusted by directly
adding hot or cold water to the supply tank depending on the selected solution inlet
temperature in the experiments. Lastly, a National Instruments data acquisition system
(Type DAQ-9174) is used to acquire the data in the experiment, and a 2010 Lab View

program is used to monitor and save the data during experimental tests.

2.4.3 Small-Scale Single-Panel LAMEE
A cross-section view of the small-scale flat-plate single-panel LAMEE is shown
in Figure 2.2(b). The design of this novel single-panel LAMEE is improved in

comparison to previous LAMEE designs to enhance the performance of the exchanger
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(Mahmud, 2009). In the new design, the solution channels are grooved on two solid
plastic surfaces, which are called side panels in this chapter. These side panels are made
by a rapid prototype machine from FullCure850 composite material with the surface
location accuracy of 0.1 mm. Afterwards, the membrane is applied on the side panels to
create half-height solution side channels on each side panel. 3M Scotch ATG969 double
layer adhesive tape is used to attach the membrane on the panels. The air flow channel is
designed to be in the middle of the single panel exchanger and it is created by using air
spacers on the upper and lower edges of the panel. Also, a turbulence enhancer device
(air screen) is used in the air channel to increase the heat and mass transfer performance
of the supply air. This screen is a new part which was recently added to the LAMEE.
Unfortunately, right now there are not any data available for the amount of heat and mass
transfer enhancement in the air channel of the LAMEE with this specific air screen.
However, LePoudre et al. (2011) numerically modeled a rectangular air channel with the
same geometry as the LAMEE’s air channel, and a sinusoidal screen inside the channel.
The results showed almost 100% improvement in the air convective heat transfer
coefficient at Re ~ 2000. Lastly, the single panel exchanger is assembled by placing two
side panels side by side with the air channel in the middle. Also, the counter-cross flow
configuration is chosen for the small-scale single-panel LAMEE, and the solution is
pumped from the bottom-to-top through the exchanger in this research.

The main advantages of the new design for the small-scale LAMEE in
comparison to the old LAMEE designs (Mahmud, 2009) are first, eliminating the solution
leakage from the solution channels into the air stream. The membrane is attached directly

on the edges of the side panels, which are wide enough to provide acceptable sealing
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between the air and solution. Second, the solution flow mal-distribution is reduced by
attaching the membrane on support walls of each solution channel. Flow mal-distribution
may result from membrane deflection caused by the pressure difference between the air
and the solution inside the exchanger; however, these deflections are very small in the
new design. Finally, the new solution panel design uses several parallel solution channels
on each side panel to provide more uniform flow across the solution panels and allows
maximum membrane active area with higher heat and moisture transfer rates in
comparison to previous designs. The small-scale LAMEE specifications and the

measured membrane properties are presented in Table 2-1.

Table 2-1 Small-scale single-panel LAMEE specifications and membrane properties

Parameter value
Exchanger length, Lex (m) 0.49
Exchanger aspect ratio, Lex /Hex 5.2
Exchanger entrance ratio, Lsoi/ Lex 0.11
Air gap thickness, dair (mm) 5
Solution gap thickness on each side panel, dsoi/2 (mm) 0.8
Number of solution paths on each side panel 8
Mass resistance of membrane, Rmem (5/m) 56
Membrane thermal conductivity, Kmem (W/MK) 0.065
Membrane thickness, dmem (MM) 0.265

2.5 Experimental Procedures

As described above, water is used as the transfer fluid in the single-panel LAMEE
and the supply air state is regulated by the heater and humidifiers before entering the
exchanger. The exchanger is tested at three different test conditions: air heating and
humidifying (H&H), air cooling and humidifying (C&H), and air cooling and

dehumidifying (C&D). The steady-state performance of the small-scale LAMEE is
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evaluated at these conditions. Experiments at each condition are conducted at three
different values for the number of heat transfer units (NTU) and constant Cr*. The Cr*
was equal to 7 and NTU varied from 2.5, 3.5 and 4.5. The normal air and solution inlet
conditions for each test are presented in Table 2-2; however, they are slightly different
for each test case due to repeatability of the experiment at different NTUs. The measured
air and solution inlet and outlet conditions for each experiment are reported in the results
section. Also, the air and solution outlet conditions are measured at the steady-state
operating condition to calculate the steady-state effectiveness of the single-panel

LAMEE. The steady-state condition is determined when the temperature and relative

humidity changes by time (%—I and %) are smaller than their uncertainties in the

experiment, which are 0.1°C and 1%RH, respectively.

Afterwards, the numerical sensible and latent steady-state effectivenesses of the
single-panel LAMEE at different supply air conditions are plotted on the psychrometric
chart and verified with three experimental tests. The solution inlet temperature, NTU and
Cr* are set at 22°C, 3.5 and 7 to generate those results. The designed air inlet and test

conditions for each test are shown in Table 2-2.

Table 2-2 Normal air and solution inlet test conditions

Test Case Air Inlet Solution Inlet
T,°C W, a/kg T,°C

H&H 22 8.5 (52%RH) 30

C&H 35 7.1 (21%RH) 22

C&D 35 19.4 (55%RH) 16
Contour map, C&H#1 28 9.2 (39%RH) 22
Contour map, C&H#2 35 7.1 (21%RH) 22
Contour map, C&D 35 21.2 (60%RH) 22
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2.5.1 Test Facility Mass and Energy Balances

It is necessary to do mass and energy balances for the SPEET facility before
beginning the experiments to prove that the system is working at steady-state and
generating accurate experimental data within acceptable uncertainty ranges. For this
purpose, the conservation of mass and energy in the system is used to check the system
bias error. If the mass and energy balance are not satisfied in the system at steady-state, it
means that an unaccounted bias error exists (Simonson et al., 1999). Dry air and solution
mass balances are checked in the energy exchanger to make sure that there is no air
leakage in the system. To establish the dry air and solution mass balance the following

equations should be satisfied (Simonson et al., 1999):

Am, =My, ,, —m <Un

air,in air,out A (21)

Amg, =|m m

<Un (2.2)

sol sol,in — " 'sol ,out A,

where, m is the mass flow rate and subscripts air and sol refer to the air and
solution (water) in the system, respectively. Also, subscripts in and out refer to the inlet

and outlet of the air or solution, respectively. Un,, ~and Un,, —are the calculated

uncertainty for measured air and solution mass flow rate differences in the system
between the inlet and outlet, respectively. After establishing the dry air and solution mass
balances, water vapor and energy in the system are required to be balanced to ensure
valid experimental results. The water vapor and energy balances equations are provided

as follow (Simonson et al., 1999):

(2.3)
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where W and H are humidity ratio and specific enthalpy, respectively. Also,

Un ) and Un are the calculated uncertainties for the water vapor and energy

AW A(H)
transfer in the system based on the measured air and solution properties in Egs. (3) and
(4), respectively. In Eq. (2.3), the water vapor transfer in the solution side, which is pure
water in this experiment, is the water mass flow rate difference between the solution inlet
and outlet. Additionally, the energy balance of the system can be represented in terms of
percentage by using the energy exchange inequality (EEI) in the system. The energy
exchange inequality in the LAMEE is the summation of the total energy transferred
to/from the air and solution in the exchanger divided by the total input energy to the
system and expressed as a percentage in Eq. (2.5).

(1H) 0 = (10H),, o [ (H), = (0H),, |

\(mH) +(rH)

EEI =100x (2.5)

air,in sol,in

To verify the mass and energy balance, the small-scale LAMEE test facility is
tested at a specific operating condition, where NTU and Cr* are set at 3.5 and 7,
respectively. The steady-state air and solution inlet and outlet conditions and flow rates
for this experimental test are presented in Table 2-3. To do the dry air mass balance, a
mass flow controller with the capacity of 100 L/min and 2% of full-scale accuracy is used
to supply the air into the system and measure the supply inlet air flow rate. A mass flow
meter with the same capacity and 1% of full-scale accuracy is installed at the end of the
air pipeline to measure the outlet air flow rate. Also, during the experiment the air side
pressure in the system was monitored by using a barometer on the exchanger inlet to

prevent any possible damage to the test setup due to over pressurizing the system because

of using the mass flow meter at the outlet. According to the mass and energy balances
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results in Table 2-3, the small-scale LAMEE test setup is balanced and is operating at a
steady-state condition. Also, the water vapor and energy balances of the system during
the experiments are checked based on the steady-state experimental results for the three
designed test cases at NTU and Cr* equal to 3.5 and 7, respectively, and the results are
presented in Table 2-4. The dry air and solution flow rates are assumed to be the same at
the exchanger air and solution inlets and outlets for each test case. The results show that,
the energy and mass are conserved within experimental uncertainties during the

experiments.

Table 2-3 Air and solution properties measured at the inlet and outlet of the small-scale LAMEE to
establish the mass and energy balance, and mass and energy balance results

Parameter Unit Value Uncertainty
Tair,in °C 23.1 0.2
Wairin a/kg 1.82 0.15
Qair,in L/min 28 2
Tair,out °C 16.3 0.2
Wair out a/kg 7.74 0.38
Qair,out L/min 25.9 1
Tsol,in °C 15.8 0.1
Qsol,in mL/min 55.3 2
Tsol,out °C 131 0.2
Qsolout mL/min 54.1 1.1
A, kg/h 0.122 0.159
A, kg/h 0.079 0.172
A(rW ) kg/h 0.068 0.172
A(mH) w 3.4 3.7
EEI % 4.7 -
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Table 2-4 Water vapor and energy balance for small-scale LAMEE at different test operating
conditions at NTU =3.5and Cr* =7

Test case Water vapor balance Energy balance EEI
A(MW), kg/h | Ungn kg | A(mH), W | Ung, W %

H&H 0.029 0.097 3.7 3.8 2.8
C&H 0.019 0.096 0.3 2.8 0.5
C&D 0.015 0.095 4.2 4.4 3.9

2.6 Theory of the Experiment

2.6.1 LAMEE Performance Evaluation

The performance of a LAMEE system is evaluated by sensible, latent and total
effectiveness. The sensible effectiveness is due to sensible energy transfer in the LAMEE
and is calculated using the following equation, for equal thermal mass capacity rates for

the dry air at inlet and outlet:

_ (Tair,in _Tair,out) (26)

- —
Sensible
(Tair,in _Tsol,in)

where, ¢ is effectiveness and T is temperature. It is noted that this definition of
effectiveness is somewhat different from the standard definition in the heat transfer
literature because it does not explicitly include the thermal capacity rate ratio because it is
equal to 1.

Similarly, the latent effectiveness of a LAMEE is due to moisture transfer in the
energy exchanger, and is defined as latent energy transferred in the system over

maximum possible latent energy transfer in the exchanger.

e _ (Wair,in _Wair,out) (2 7)
e (Wair,in _Wsol,in ) .
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The solution (water) inlet equivalent humidity content, W

wiins 1S €qual to the
saturated air (i.e. 100%RH) humidity ratio at the same temperature as the water. Finally,
the total effectiveness of the LAMEE, which is related to both sensible and latent energy

transfers, is calculated from the following equation which was developed for a thermal

capacity rate ratio of 1 (Simonson and Besant, 1999):

_ gSensibIe + H gLatent
gTotaI - *
1+H

(2.8)

where H” is the operating factor and it is calculated based on air and solution

inlet temperatures and humidity ratios in the LAMEE (Simonson and Besant, 1999).

. W. W, .
H — AH Latent ~ 2500 air,in sol,in (29)
Sensible air,in ~ 'sol,in

2.6.2 Numerical and Analytical Models

In this chapter, the experimental results are compared to three different sets of
results from a numerical model and two analytical models, which are available to
evaluate the performance of energy exchangers at the steady-state operating conditions.
The trend in the numerical and analytical models was compared with the experimental
data; however, validating the models is not the purpose of this chapter. Firstly, the
experimental results are compared to the enthalpy pump system (EPS) numerical model
results, which had been developed by the University of Saskatchewan RAMEE research
group (Seyed-Ahmadi, 2008; Hemingson, 2010). The EPS code is modified based on the
small-scale single-panel LAMEE design and the results are presented for a counter-flow
LAMEE at the steady-state operating conditions. Approximately, ninety percent of the

designed small-scale LAMEE is pure counter-flow. Furthermore, Akbari et al. (2012a)
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showed that for a LAMEE system with the same aspect ratio and entrance ratio as the
small-scale LAMEE, the discrepancy between the numerical LAMEE performance
results for a counter-cross flow LAMEE and a pure counter-flow LAMEE is less than
1%. As a result, a counter-flow configuration is used to numerically model the small-
scale LAMEE. Additionally, heat losses/gains to/from surroundings are considered
during numerical modeling to provide more accurate numerical results, and water is used

as a transfer media in the numerical code to model the small-scale LAMEE.

2.6.2.1 Analytical Model Based on Analogy between Heat Exchangers and LAMEES
(Shah and Sekulic, 2003)

Secondly, the experimental results for the sensible effectiveness of the small-scale
LAMEE are compared to the results based on Shah and London analytical solution for
heat exchangers (Shah and Sekulic, 2003). This analytical model is based on heat transfer
only, and it is valid for sensible performance of a flat-plate heat exchanger at steady-state
operating conditions with laminar flow for both fluids. The small-scale LAMEE is
modeled with counter-cross flow configuration in this model to get better agreement
between the experimental and analytical results. Shah and London presented a conclusion

for sensible effectiveness of a pure cross and pure counter flow heat exchangers:

0.22

gSensibIe,Cross = 1_ exp{ |:exp (_Cr NTU 078 ) _1]} (2 10)

i _ 1-exp[ -NTU (1-Cr)] 2.11)
Sensible,Counter 1— CI’ eXp[-NTU (1_ Cr):l .

where the dimensionless groups NTU and Cr are the number of heat transfer unit

and heat capacity ratio, respectively, and they were calculated as follow:
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NTU =— 2.12
Cmin ( )

C.
Cr=—"1"0 2.13
c (2.13)

max

where U and A are the overall convective heat transfer coefficient and the total

membrane active area in the LAMEE, respectively. Also, C_, is the minimum heat

capacity rate between the air and solution in the LAMEE that is equal to the air heat
capacity rate in this study. So, Egs. (2.12) and (2.13) can be written in the following
format for LAMEEs:

NTU = DA ___UA (2.14)

Cair (m(-.:p)air

Cr = Cair — (rﬁcp)air — 1* (215)
Csol (mcp)sol Cr

In Egs. (2.14) and (2.15), m and c, are the mass flow rate and specific heat

capacity, respectively. Also Cr” is another dimensionless group for heat capacity ratio,
which is equal to the inverse of Cr, and it is used in this chapter as a definition for heat
capacity ratio. Additionally, the overall convective heat transfer coefficient for LAMEES

is calculated using the equation:

-1
U — i_i__dmem +i (216)
h, k. h,

hir + Kmem Mo

where h, d and k are the convective heat transfer coefficient, thickness and
thermal conductivity, respectively. The subscript mem represents the membrane
properties. In a counter-cross flow LAMEE the combined sensible effectiveness obtained

from Egs. (2.10) and (2.11) is expressed as:

38



_ Abross ACounter
gSensibIe - ( A ngensible,Cross +( A j‘C"Sensible,Counter (217)

The sensible effectiveness of the counter-cross flow small-scale LAMEE is
calculated from Eq. (2.17), where the pure cross and counter active areas of the
exchanger are readily determined for the small-scale LAMEE geometry. Furthermore, the
analytical latent effectiveness of the small-scale LAMEE is calculated based on a heat
and mass transfer analogy from this analytical model (Niu and Zhang, 2001). The heat

and mass transfer analogy is given by the following correlation (Niu and Zhang, 2001):

1

Sh=NuLe 3 (2.18)
where Sh, Nu and Le are the Sherwood, Nusselt and Lewis dimensionless groups.
The convective heat and mass transfer coefficients are found from the Nusselt and

Sherwood number definitions (Seyed-Ahmadi, 2008).

Nu =% 2.19)
Sh = thDh (2.20)

Where h, is the convective mass transfer coefficient. D, and D, , are the

hydraulic diameter and diffusivity coefficient of vapor into air. By substituting the
equations for Sherwood and Nusselt numbers into Eg. (2.18), the convective mass

transfer coefficient for air and solution is found as follows:

h 1
h,=—Le?3 (2.21)

Cp

Since there are no data available about the air flow pattern in the air channel of

the LAMEE with the air screen and the amount of heat transfer enhancement in the air
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side of the LAMEE, the fully-developed laminar flow regime was assumed for both the
air and water flow streams in the LAMEE. The maximum Reynolds numbers on the air
and water channels are 1800 and 20, respectively. Consequently, Nusselt numbers of 8.24
(for a fully-developed laminar flow between two infinite parallel plates with constant heat
flux on both walls) and 5.39 (for a fully-developed laminar flow between two infinite
parallel plates with constant heat flux on one wall and the other wall insulated) are used
for the air and water sides of the LAMEE, respectively (Incropera and DeWitt, 1985).
Similar to the sensible effectiveness, the LAMEE latent effectiveness values for
counter, cross and counter-cross flow exchangers are calculated based on the heat and
mass transfer analogy from Egs. (2.10), (2.11) and (2.17) using expressions similar to

those equations (Nasif et al., 2005):

0.22

‘C"Latent,Cross =1- eXp {m—in [exp (_m* NTU mOI78 ) _1]} (222)

1-exp| -NTU,, (1-m’)|

& atent,Counter * * (223)
TS m exp[—NTUm(l—m )]
gLatent = (%J gLatent,Cross + (%j gLatent,Counter (224)

where the dimensionless groups NTU_ and m’are the number of mass transfer

units and mass flow rate ratio, respectively. The heat and mass transfer problems are
uncoupled in this analytical model using the heat and mass transfer analogy where the

latent effectiveness is found based on sensible effectiveness correlation and substituting
the NTU and Cr* with NTU, and m*. NTU, and m" are calculated as follows for the

LAMEE system:
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NTU,, =—1—==n (2.25)
ITlmin rna\ir
m* = —rT'min = % (226)
mmax I"nsol
where,

1 1 |

U, :[h—+ Rem +—:| (2.27)
m,air 'm,sol

In Eq. (2.27), U,, is the overall convective mass transfer coefficient and R, iS

the membrane moisture transfer resistance. Finally, the total effectiveness is calculated

from sensible and latent effectiveness based on Eq. (2.8) in this analytical model.

2.6.2.2 Analytical Model for Coupled Heat and Moisture Transfers in LAMEES
Finally, the experimental results of the small-scale LAMEE are compared to the
analytical model derived by Zhang (2011a) for coupled heat and moisture transfers
(Zhang, 2011a). The steady-state performance of a hollow fiber-membrane shell and tube
energy exchanger with counter-flow configuration is analytically and experimentally
evaluated by Zhang where the tube side is used for the solution flow and air passes
through the shell side in counter-flow configuration. In order to use this analytical
solution for the flat-plate small-scale LAMEE, the NTU and Cr* are calculated based on
the small-scale LAMEE design and specifications and they are substituted into Zhang’s
analytical model. Moreover, due to using pure water instead of salt solution in this
system, a salt solution with very small concentration (~ 0%) is used to represent the
properties of water in Zhang’s analytical model. Also, it is assumed that the salt solution

concentration is constant in the exchanger and the solution convective heat and mass
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transfer coefficients are neglected in comparison to the air to calculate the overall heat
and mass transfer coefficients for the LAMEE (Hemingson, 2010). Moreover, Namvar et
al. (2012) compared the experimental results for the steady-state performance of a large-
scale LAMEE at different Cr* and NTUs with Zhang’s analytical solution. The results
show an acceptable agreement between the experimental and analytical LAMEE

performance results.

2.7 Results and Discussion

In this section the experimental results for each test conditions are presented and
the trends in the experimental data are compared to the numerical and analytical models
results which were explained in Section 2.6.2. These results are presented for three
different conditions: H&H, C&H and C&D, which are representative of a cold and dry,
hot and dry, and hot and humid outdoor climate operating conditions for the small-scale
LAMEE, respectively. The air and solution design conditions for these experiments are
presented in Table 2-2. Afterwards, numerical sensible and latent performance contour
maps of the small-scale LAMEE are depicted on the psychrometric chart for various

supply air conditions, and the numerical results are verified with three experimental tests.

2.7.1 Air Heating and Humidifying (H&H)

In this test condition, the supply air is heated and humidified while it passes
through the exchanger. Three experimental tests at NTUs equal to 2.5, 3.5 and 4.5 are
conducted for this test condition. The NTU is changed by changing the air flow rate
through the exchanger for each case. The air and solution inlet conditions are almost
constant and Cr* = 7 for all experiments. The measured air and solution inlet and outlet

conditions for the H&H test case are presented in Table 2-5. Moreover, the experimental
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air and solution inlet and outlet conditions for Cr* and NTU equal to 7 and 3.5,
respectively, are plotted on the psychrometric chart in Figure 2.3 to better portray this test
condition. Afterwards, the performance of the small-scale LAMEE is evaluated at three
different NTUs and it is compared with numerical and analytical results for the same

operating conditions.

Table 2-5 Measured air and solution inlet and outlet conditions for the different test cases at Cr* =7
and different NTUs

Testcase | NTU | Tairin, C | Wair,in, 9/Kg | Tairout, C | Wairout, 9/KG | Tsotin, C | Tsotout, C
H&H 25 21.9 8.44 26.3 20.75 29.8 23.1
H&H 3.5 21.9 8.46 26.5 21.82 29.9 22.7
H&H 45 22 8.46 26.9 22.28 29.8 21
C&H 2.5 35 6.69 22 14.60 22 21.1
C&H 3.5 34.9 7.12 21.7 16.30 22 21.3
C&H 4.5 34.9 7.09 21.8 16.66 22 21.4
C&D 2.5 35 19.57 19 13.77 16 22.7
C&D 3.5 34.9 19.17 18.4 13.28 16 23.2
C&D 4.5 34.8 19.13 18.1 13.02 16.1 24.6
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Figure 2.3 Experimental air and solution inlet and outlet conditions on the psychrometric chart for
the air heating and humidifying test (Cr* =7 and NTU = 3.5)

Figure 2.4 shows the sensible, latent and total effectiveness values of the small-
scale LAMEE at air H&H test conditions. The effectiveness of the small-scale LAMEE
increases by almost 10% while NTU increases from 2.5 to 4.5. The numerical and two
analytical results are presented in Figure 2.4 for the small-scale LAMEE with counter-
flow configuration at the same operating conditions as the experiments. The results show
that the numerical and analytical results follow the same trend as the experimental data
for the LAMEE performance when NTU increases, but the results predict higher
effectiveness for the small-scale LAMEE at this test condition. Furthermore, the
agreement between the experimental, numerical and analytical results for the latent and
total effectiveness is good, and the numerical and analytical results are within the
uncertainty bounds for the experiments. However, discrepancy between the experimental
and other results is significant for sensible effectiveness (i.e. almost 20%). The numerical
and analytical models also predict higher outlet air temperatures for all three NTUs which

cause higher sensible effectiveness values in comparison to experimental data.
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Figure 2.4 Steady-state a) sensible, b) latent and c) total effectiveness of the small-scale LAMEE

temperatures and humidity ratios at steady-state condition for both numerical and
experimental results at H&H test conditions. According to Figure 2.5(a), this difference
for the air temperature is 2°C higher for the numerical results. The discrepancy between
the experimental data and the numerical and analytical results may be due to the
following assumptions which are made during the numerical and analytical modeling.
Firstly, the membrane bulging and mal-distribution effect in the solution and air side are
neglected in the numerical and analytical analysis. Also, it is assumed that there is not

any solution leakage in the exchanger during numerical and analytical modeling. The
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Figure 2.5 shows absolute differences between the air inlet and outlet
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solution leakage in the small-scale LAMEE is tested and measured before the experiment
and it is less than 1% of the solution flow rate inside the exchanger. Additionally,
calculating the membrane properties such as membrane thickness and water vapor
permeability have uncertainties, which are not considered in the numerical and analytical
models, but have a significant effect on the LAMEE effectiveness results. Moreover,
solving the uncoupled heat and mass transfer problems in the Shah and London analytical
solution (Shah and Sekulic, 2003), and neglecting the solution heat and mass transfer
convective coefficients in comparison to air while calculating the overall heat and mass
transfer coefficients, in the Zhang’s analytical solution can be considered as the other
sources of discrepancy between the experimental and analytical results. Lastly, the
laminar flow regime was assumed for the air side of the LAMEE during the modeling to
calculate the air convective heat and mass transfer coefficients. The amount of heat and
mass transfer enhancements caused by the air screen inside the air channel of the
LAMEE are neglected in the numerical and analytical models. This assumption can be
considered as an important source of discrepancy between the experimental, numerical
and analytical results. The actual measured air convective heat transfer coefficient in the
air channel of the small-scale LAMEE with the presence of the air screen is used in
Chapter 5 to improve the accuracy of the small-scale LAMEE numerical model and
calculate the small-scale LAMEE performance under different operating conditions.

Also, the numerical model uncertainties are presented in Chapter 5.
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Figure 2.5 Steady-state air a) temperature and b) humidity ratio absolute difference between the air
inlet and outlet of the small-scale LAMEE versus NTU for the air heating and humidifying test with
Cr*=7 (Tair,in'TsoI,in =17.9°C and Wiair,in-Wsol,in = 18.37 g/kg)

2.7.2 Air Cooling and Humidifying (C&H)

This test condition represents the small-scale LAMEE performance in hot and dry
climates. The air is cooled and humidified while passing through the exchanger. Table
2-5 shows the measured air and solution inlet and outlet conditions for this experiment at
three different NTUs and Cr* = 7 as before. Also, the experimental air and solution inlet

and outlet conditions for Cr* and NTU equal to 7 and 3.5, respectively, are shown on the
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psychrometric chart in Figure 2.6. According to the data in Table 2-5 and Figure 2.6, the
air outlet and the solution inlet and outlet conditions are very close together for this test
case which affect the experimental uncertainty for the small-scale LAMEE effectiveness
and the discrepancy between the experimental, numerical and analytical results. The air
and solution inlet conditions are chosen at almost the same enthalpy line on the
psychrometric chart, which causes the air and solution outlet conditions to have the same

enthalpy and be very close to the solution inlet conditions.

25

T 20

Air Inlet

Figure 2.6 Experimental air and solution inlet and outlet conditions on the psychrometric chart for
the air cooling and humidifying test (Cr* =7 and NTU = 3.5)

Figure 2.7 shows the sensible, latent and total effectiveness of the small-scale
LAMEE for the experiment and numerical and analytical analysis. Again, the sensible,
latent and total effectiveness values of the LAMEE increased with NTU. The numerical
and analytical solutions predict lower effectiveness for the small-scale LAMEE at this
test condition. Also according to Figure 2.7(a), the experimental sensible effectiveness of
the LAMEE in this case is higher than 100%, and the agreement between the

experimental, numerical and analytical results is good for the sensible effectiveness.
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However, the discrepancy between the results for latent and total effectiveness is
significant and it can be due to choosing the air and the solution inlet conditions at almost
the same enthalpy, and simplification assumptions which are made during the numerical

and analytical modeling, as mentioned in Section 2.7.1 for the H&H test case.
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Figure 2.7 Steady-state a) sensible, b) latent and c) total effectiveness of the small-scale LAMEE
versus NTU for the air cooling and humidifying test with Cr* =7

2.7.3 Air Cooling and Dehumidifying (C&D)

For this test condition hot and humid air is supplied to the small-scale LAMEE
and this air is cooled and dehumidified using 16°C water pumped through the solution
channels. The measured air and solution inlet and outlet conditions are presented in Table

2-5 for three different NTUs the same as previous cases. Additionally, the air and solution
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inlet and outlet condition for NTU = 3.5 and Cr* = 7 are depicted on the psychrometric
chart in Figure 2.8 to have better understanding of the air and solution inlet and outlet

conditions in the experiment.

25

Solution 120

Figure 2.8 Experimental air and solution inlet and outlet conditions on the psychrometric chart for
the air cooling and dehumidifying test (Cr* =7 and NTU = 3.5)

The experimental sensible, latent and total effectiveness data of the small-scale
LAMEE for three different NTUs and Cr* = 7 are compared with numerical and
analytical results in Figure 2.9. The agreement among the experimental, numerical and
analytical results is good and the numerical and analytical results are within the
uncertainty bound for the experimental data especially for the latent and total
effectiveness. The maximum discrepancy between the experimental and other
effectiveness results is in Figure 2.9(a) for the sensible effectiveness which is less than
10%. The experimental sensible, latent and total effectivenesses of the LAMEE increase
with NTU by almost 10% in Figure 2.9. Also, as it can be seen in Figure 2.8, the good

selection of the air and water inlet conditions for the C&D test case has an effect on the
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good agreement between the experimental and modeling effectiveness results of the

small-scale LAMEE.
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Figure 2.9 Steady-state a) sensible, b) latent and c) total effectiveness of the small-scale LAMEE
versus NTU for the air cooling and dehumidifying test with Cr* =7

2.7.4 Small-Scale LAMEE Steady-State Effectiveness Contour Maps

Using the numerical model for the small-scale single-panel LAMEE with counter-
flow configuration, the sensible and latent effectiveness of the small-scale LAMEE are
plotted on the psychrometric chart as a contour function of the supply air conditions as
shown in Figure 2.10. These performance contour maps are created with Cr* = 7 and
NTU = 3.5, and the water inlet temperature at 22°C. The outdoor air condition is one of

the important parameters affecting the performance of any kind of heat or energy
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exchanger such as LAMEEs. Since, there are many parameters affecting the performance
of the small-scale LAMEE, the other important parameters (e.g. NTU, Cr* and water
inlet conditions) are kept constant, and the effect of only air inlet conditions on the
LAMEE performance are studied in contour maps. Finally, three different experimental
tests are done to verify these performance contour maps. The measured air and solution
inlet and outlet conditions for experimental tests are presented in Table 2-6. Two tests are
done at C&H test conditions and one test is done at C&D test conditions, and they are

included in Figure 2.10.

Table 2-6 Measured air and solution inlet and outlet conditions for the experiments that are used to
verify the numerical small-scale LAMEE performance contour maps at Cr* =7 and NTU =3.5

Test Case Tairin, C | Wair,in, 9/KQ | Tairout, C | Wairout, 9/Kg | Tsonin, C | Tsolout, C
C&H#1 28.1 9.16 21.8 15.53 22 20.6
C&H#2 34.9 7.12 21.7 16.3 22 21.3

C&D 35 21.19 23.2 17.68 22 25.9

In Figure 2.10, both the numerical sensible and latent effectiveness results are
within the uncertainty ranges for the experimental results in most cases except for the
C&H #2 test case. As a result, these contour maps can be used to predict the performance
of the small-scale LAMEE at different supply air conditions with acceptable
uncertainties. According to Figure 2.10(a), in the wide range of supply air conditions on
the psychrometric chart, the sensible effectiveness varies between 75% and 120%. As
well, the sensible effectiveness goes to infinity when the supply air temperature equals
the solution inlet temperature. Additionally, it can be seen from Figure 2.10(a) that the
sensible effectiveness is strongly dependent on the temperature change; however, it still
depends on the supply air humidity ratio change as well. Furthermore, Figure 2.10(b)

shows that the latent effectiveness goes to infinity when the supply inlet air humidity
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equals the inlet solution humidity. Also, it shows that in the wide range of supply air
conditions on the psychrometric chart the latent effectiveness of the small-scale LAMEE
varies between 70% and 90%. The latent effectiveness of the small-scale LAMEE is
strongly depending on the humidity ratio changes. These results are only an example of
these kinds of contours for liquid desiccant (LD) systems such as LAMEES, which show
the effect of the outdoor air conditions on the performance of the LAMEE. The contour
maps can be easily repeated using the numerical model for different NTU, Cr*, and salt
solution types and conditions. These kinds of results will help manufacturers and
designers of LD systems such as LAMEEs to study the effect of outdoor air conditions on

their designed LD systems at desired NTU and Cr*.
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Figure 2.10 Numerical steady-state a) sensible and b) latent effectiveness contour maps of the small-
scale LAMEE on the psychrometric chart at Cr* =7, NTU = 3.5 and various supply inlet air
conditions (Tsolin = 22 °C)
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2.8 Summary and Conclusions

The SPEET facility is developed to investigate the steady-state performance of a
novel small-scale LAMEE at different operating conditions. The air inlet temperature and
humidity ratio could be adjusted between 15°C to 50°C and 1 to 28 gw/kgair, respectively,
for the supply air velocity range of 1 to 3 m/s. Mass and energy balances are maintained
for each test, and the test facility energy exchange inequality is found to be maximum 5%
in the worst case. Also, water is used in the experiments to evaluate the effectiveness of
the LAMEE. First, the small-scale LAMEE is tested at three different test conditions: air
heating and humidifying (H&H), air cooling and humidifying (C&H) and air cooling and
dehumidifying (C&D) at constant Cr* = 7 and three different NTUs. The experimental
effectiveness data are compared to the numerical and two analytical models which are
modified for the small-scale LAMEE design and specifications with counter-flow
configuration. The results show that the effectiveness of the small-scale LAMEE
increased by increasing the NTU from 2.5 to 4.5 in all cases. The C&D test case has the
best agreement between the experimental, numerical and analytical results. In most cases
the numerical and analytical models predict higher effectiveness for the small-scale
LAMEE except for the C&H tests where they predict lower effectiveness in comparison
to experimental results. The discrepancies between the experimental, numerical and
analytical results are mainly due to the simplification assumptions made during the
numerical and analytical modeling which are explained in the chapter (see Section 2.7.1).
In the normal operating conditions, where the air and solution inlet conditions are
selected with acceptable enthalpy difference like the C&D test case, the maximum total

effectiveness uncertainty is found to be £5%.
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Finally, the numerical contour maps for the sensible and latent effectiveness of
the small-scale LAMEE are generated as a function of supply inlet air conditions on the
psychrometric chart at Cr* = 7 and NTU = 3.5, and constant solution temperature of
22°C. These numerical contour maps are compared with three experimental tests. The
result shows that the numerical maps have a reasonable agreement with the experimental
results and numerical performances are within the uncertainty range of the experimental
results in most cases. The contour maps show that, in a wide range of the inlet air
temperature and humidity ratios on the psychrometric chart, the sensible and latent

effectiveness varies between75% to 120%, and 70% to 90%, respectively.

56



CHAPTER 3

LAMEE EFFECTIVENESS EVALUATION

3.1 Overview of Chapter 3

The solution-side effectiveness of the LAMEE is discussed in this chapter which
contains Manuscript #2 (Solution-side effectiveness for a liquid-to-air membrane energy
exchanger used as a dehumidifier/regenerator). The LAMEE can been used as a
dehumidifier or a regenerator in liquid-desiccant air-conditioning (LDAC) systems. The
dehumidifier in a LDAC system conditions the supply air to a building and thus the focus
is on the air side. On the other hand, the regenerator in LDAC systems regenerates (dries)
the salt solution so that it can be reused in the dehumidifier. The air-side effectiveness has
traditionally been used to evaluate the performance of liquid-to-air energy exchangers
used as dehumidifier/regenerator. However, in the regenerators the focus is on the salt
solution, and the solution properties are important. Thus using the air-side effectiveness
to evaluate the regeneration performance of liquid-to-air energy exchangers is
questionable without some direct comparisons. In Manuscript #2, solution-side
effectiveness equations are introduced to evaluate the performance of LAMEE
regenerators using solution properties. Also, the air-side effectiveness equations to
evaluate the performance of LAMEE dehumidifiers are discussed in Manuscript #2. This

chapter provides the effectiveness equations which should be used in the methodology
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(see Section 1.3.6) for LAMEEs to evaluate the experimental and numerical performance
of a LAMEE under various test conditions.

References for this chapter, which contains Manuscript #2, are presented in the
reference section of the thesis (see page 215) which includes all the references used in
this PhD thesis.

Ge et al. (2014) experimentally and analytically investigated the effects of
different operating parameters (i.e. air inlet temperature and humidity ratio, air and
solution inlet flow rates and solution inlet temperature and concentration) on the moisture
removal rate and performance of the small-scale LAMEE used as a dehumidifier and
regenerator. Reference (Ge et al., 2014) shows the application of the LAMEE as a
dehumidifier and regenerator, where the air-side and solution-side effectiveness equations
can be used to evaluate the performance of the LAMEE as the dehumidifier and the
regenerator, respectively. This paper (Ge et al., 2014) is presented in Appendix B. Part of
the experimental results which are presented in Ref. (Ge et al., 2014) are used in
Manuscript #2 to show the application of the solution-side effectiveness equations for the
small-scale LAMEE.

The PhD candidate’s contributions to Manuscript #2 are (a) developing and
introducing the solution-side effectiveness equations, (b) using the solution-side
effectiveness equations to evaluate the performance of the small-scale single-panel
LAMEE tested under different test conditions and (c) writing the paper and replying to

reviewers’ comments.
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Solution-Side Effectiveness for a Liquid-to-Air Membrane Energy Exchanger used as a
Dehumidifier/Regenerator
(Applied Energy, 2014, Volume 113, pp. 872-882)

Davood Ghadiri Moghaddam, Robert W. Besant, Carey J. Simonson

3.2 Abstract

A liquid-to-air membrane energy exchanger (LAMEE) is an energy exchange
device that transfers heat and moisture between air and salt solution streams through a
semi-permeable membrane which is permeable for water vapor but impermeable for
liquid water. LAMEEs have been used as a dehumidifier/regenerator in air-conditioning
systems. In this chapter, the solution-side effectiveness is presented for a small-scale
single-panel LAMEE when it is used to regenerate the solution flow. The solution-side
effectiveness is very important in regenerators where the main focus is on the salt
solution, and the solution properties (i.e. solution outlet concentration) are important. The
small-scale LAMEE is tested under air dehumidification and solution regeneration test
conditions using a LiCl solution at one NTU (i.e. NTU = 5) and three different Cr* values
(Cr* =2, 4 and 6). The results show that both the air-side and solution-side effectiveness
of the LAMEE increase with Cr*. The solution-side latent effectiveness is lower for the
regenerator in comparison to the dehumidifier (e.g. 43% lower at Cr* = 6). Also, the
numerical results for a small-scale LAMEE which were presented in the literature are
used in this chapter to evaluate the solution-side effectiveness of the LAMEE under
different test conditions. The numerical results show that the difference between the air-
side and solution-side latent effectivenesses are negligible. Therefore, the air-side latent

effectiveness can be used to evaluate the solution-side latent effectiveness of LAMEEs.
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Keywords: Salt solution; Effectiveness; LAMEE; Dehumidifier; Regenerator.

3.3 Introduction

There are three types of energy recovery (ER) devices available to recover both
heat and moisture from an exhaust air stream in buildings; these are air-to-air membrane
energy exchangers (AAMEEsS), energy wheels and liquid-to-air energy exchangers used
in run-around liquid desiccant coupled systems (Afonso, 2006; Besant and Simonson,
2000). In AAMEEs the heat and moisture transfer between supply and exhaust air
streams through a semi-permeable membrane. The effectiveness of the AAMEE has been
calculated for both supply and exhaust air streams using ANSI/AHRI Standard 1060
(2011). This standard can be used to calculate the effectiveness of energy wheels for the
supply and exhaust air streams. Also, the effectiveness-NTU method, which was
developed for heat exchangers (Shah and Sekulic, 2003), can be used to predict the
performance of the AAMEEs and energy wheels. Simonson and Besant (1999)
introduced an operating condition factor (H*) parameter for energy wheels to calculate
the total performance of the energy wheels directly from sensible and latent effectiveness.
This method can be used to calculate the total effectiveness of liquid-to-air energy
exchangers (Namvar et al., 2012).

Liquid-to-air energy exchangers have been used to transfer heat and moisture in
liquid-desiccant (LD) air-conditioning systems. In liquid-to-air energy exchangers, a salt
solution and air can be in direct contact, such as packed beds (Ren, 2008), or indirect
contact, such as hollow fiber membrane contactors (Zhang, 2011a) and liquid-to-air
membrane energy exchangers (LAMEEs) (Namvar et al., 2012). In LAMEEs, the heat

and moisture transfer between the salt solution and the air stream occurs through a semi-
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permeable membrane. This membrane is permeable for water vapor but impermeable for
liquid water. The membrane is an important part in membrane based energy exchangers,
and it is important to evaluate its properties in terms of health issues. Alkhudhiri et al.
(2012) and Alklaibi and Lior (2004) did a comprehensive review on membrane fouling
and bio-fouling which have been used in membrane-based desalination systems. The
properties of those membranes are similar to membranes which have been used in LD
systems. Alkhudhiri et al. (2012) presented a few strategies for pre-treatment and
membrane cleaning due to membrane fouling in the liquid side of the membrane such as
solution pretreatment by microfiltration, ultrasonic irradiation technique and fouling
control by operating at low temperature and high flow rate. Alklaibi and Lior (2004)
reviewed previous works on membrane fouling and bio-fouling, and concluded that
problems resulting from bio-fouling such as bacterial and microbial growth were
significantly lower than fouling encountered in other membrane processes.

Liquid-to-air energy exchangers have been used as a dehumidifier and regenerator
in LD air-conditioning systems (Liu et al., 2007a; Yin et al., 2009; Abdel-Salam et al.,
2013). Figure 3.1 shows a schematic of a run-around membrane energy exchanger
(RAMEE) system as a LD air-conditioning system. The RAMEE consists of two
LAMEEs, one in the supply and another in the exhaust air streams where the heat and
moisture transfers between these two air streams using a closed solution loop (Mahmud,
2009). In humid climates, the supply LAMEE acts as a dehumidifier to dehumidify the
supply air and the exhaust LAMEE acts as a regenerator to regenerate the salt solution.
The dehumidifier conditions the supply air to a building and thus the focus is on the air

side (i.e. the air outlet conditions are the control variable that must be satisfied). The
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regenerator is used in the exhaust air stream to recover waste energy from the building’s
exhaust air, and regenerate the salt solution concentration to reuse it in the dehumidifier.
In the regenerator, the main focus is on the solution side since the solution properties are
very important (Ge et al., 2014). The solution properties (i.e. solution concentration)
must be regenerated (dried) in the regenerator to adequately remove moisture from the

supply air in the dehumidifier.
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Figure 3.1 Schematic view of a run-around membrane energy exchanger (RAMEE) system
(Mahmud, 2009)

There are few papers in the literature on the economic and environmental
performances of membrane liquid desiccant air conditioning (M-LDAC) systems (Abdel-
Salam and Simonson, 2013; Patel et al., 2010). Abdel-Salam et al. (2013) evaluated the
economic performance and emissions production of a M-LDAC system using the
TRNSYS software, and compared the M-LDAC system with a conventional air
conditioning (CAC) system. The M-LDAC system consists of two LAMEEs, which were
used as a dehumidifier and a regenerator. A cooling coil was used in the CAC system to
dehumidify the supply air. The results showed that the annual energy consumption and
life cycle cost of the M-LDAC system are 19% and 12% lower than the CAC system,

respectively. The annual emission of CO2 decreased by 19% when the M-LDAC system
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was used in comparison with the CAC system. Also, Patel et al. (2010) studied volatile
organic compounds (VOCs) transfer in RAMEE systems between supply and exhaust air
streams through a salt solution loop, which are an important class of indoor air
contaminants which can cause severe health damage. Toluene (C7Hs) and formaldehyde
(HCHO) were used as the VOCs in their study. The results showed that transfer of VOCs
in a RAMEE system is negligible for VOCs with low solubility in water and small for
VOCs with high solubility in water.

In the literature and practice, liquid-desiccant packed beds are the most common
air dehumidifiers and the solution regenerators, and the air-side effectiveness is
exclusively used to evaluate the dehumidification and regeneration performance of the
packed beds (Babakhani and Soleymani, 2009; Ren et al., 2006; Liu et al., 2007c;
Elsayed et al., 1993). Liu et al. (2007b) tested a cross flow packed bed with a LiBr salt
solution in an LD air-conditioning system as a regenerator. They investigated the impact
of the air and solution inlet parameters on the regeneration performance of the bed using
air-side effectiveness definitions. In another paper (Liu et al., 2007a), they analytically
investigated the coupled heat and mass transfer in dehumidifier/regenerator packed beds
with parallel, cross and counter flow configurations for the air and salt solution using the
air-side effectiveness. This analytical model can be used for the optimal design of
dehumidifier and regenerator packed beds. Yin et al. (2009) developed a model to
evaluate the performance (based on air-side effectiveness) of a dehumidifier/regenerator
packed bed which is equipped with an internal cooling/heating water loop. The results
showed that the internally cooled/heated equipment, which is added to the traditional

packed bed, improves the dehumidification and regeneration performance of the packed
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bed. In these papers on packed beds, the air-side effectiveness definitions were used to
evaluate the regeneration performance of liquid desiccant packed beds even though the
focus should be on the solution properties in regenerators. Therefore, this chapter focuses
on the solution-side effectiveness of regenerators but comparisons are made with the air
side.

Liquid-to-air membrane energy exchangers (LAMEEs) and hollow fiber
membrane contactors are other types of the liquid-to-air energy exchangers where the salt
solution and the air are in indirect contact. In the LAMEE, the heat and mass transfer
occurs through a semi-permeable membrane which is impermeable to liquid water but
allows water vapor to transfer between the air and salt solution. LAMEEs and hollow
fiber membrane contactors have been tested under air dehumidification and solution
regeneration test conditions. Zhang et al. (2012a; 2012b) introduce the hollow fiber
membrane contactors where the salt solution passes through hollow fiber tubes and the
air passes on the tubes in the shell of the contactor. The air-side effectiveness equations
were used to evaluate the performance of hollow fiber contactors under different test
conditions. In another paper, Zhang (2011a) introduced an analytical model to simulate
the performance of hollow fiber membrane contactors under different operating
conditions. He compared the analytical air-side effectiveness results with experimental
data for hollow fiber membrane contactors under air cooling and dehumidification test
conditions. This analytical model is fast, and can be modified for other types of liquid-to-
air membrane energy exchangers.

LAMEEs have been tested as a dehumidifier and regenerator (Namvar et al.,

2012; Ghadiri Moghaddam et al., 2013a). Ghadiri Moghaddam et al. (2013a) tested a
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small-scale single-panel LAMEE under different test conditions including air
dehumidification and solution regeneration conditions. The effect of different heat and
mass transfer directions and different salt solution types and concentrations on the air-
side effectiveness of the LAMEE were investigated for all test cases. Ge et al. (2014)
analytically and experimentally studied the effect of different operating parameters such
as: air and solution mass flow rates, air and solution inlet temperatures, air inlet humidity
ratio and solution inlet concentration on the performance of a small-scale LAMEE used
as a dehumidifier and regenerator. Again, the air-side effectiveness was used to evaluate
the performance of the dehumidifier and the regenerator. Also, Ge et al. (2012) modified
the analytical model, which was introduced by Zhang (2011a), for LAMEESs. They
evaluated the air-side effectiveness of a small-scale LAMEE under air cooling and
dehumidification and air heating and humidification test conditions using the modified
analytical model. The analytical results were compared with numerical results and
experimental data for the small-scale LAMEE for those test conditions. The results
showed that the modified analytical model is reliable to evaluate the performance of
LAMEEs under certain operating conditions.

The air-side effectiveness has traditionally been used to evaluate the performance
of liquid-to-air energy exchangers used as a dehumidifier/regenerator. In the
regenerators; however, the focus is on the salt solution, and the solution properties (i.e.
solution outlet concentration and temperature) are important. Thus using the air-side
effectiveness to evaluate the regeneration performance of liquid-to-air energy exchangers
is questionable without some direct comparisons. In this chapter, solution-side

effectiveness equations are introduced to evaluate the performance of LAMEE
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regenerators using solution properties. The proposed effectiveness equations can be used
for any kind of indirect contact liquid-to-air energy exchangers such as LAMEEs and

hollow fiber membrane contactors.

3.4 Experimental Data

The single-panel energy exchanger test (SPEET) facility is used to produce the
experimental data in this chapter (Ghadiri Moghaddam et al., 2013a; Ghadiri
Moghaddam et al., 2013b) (see Figure 3.2). The SPEET facility can be divided in three
main sections: supply air system, open solution loop and the test section (i.e. a small-
scale single-panel LAMEE). In the supply air system, a compressor is used to supply
pressurized dry air (~ 4%RH) to the test facility. A flow controller and a flow meter are
used to set and measure the supply air flow rate during the tests. Two bubble tank air
humidifiers and a heater are used in the supply air system to control the air humidity and
temperature at the desired test conditions. Then the supply air passes through the small-
scale LAMEE where heat and moisture are transferred between the air and a salt solution.
T-type thermocouples and relative humidity (RH) sensors are used to measure the air
temperature and relative humidity at different locations in the test facility. At the end of
the supply air system, the air is exhausted to the Lab. The schematic of the SPEET
facility and the locations of the measurement instruments are shown in Figure 3.2. The
calibration ranges and uncertainties of the measurement instruments, which are used in
the SPEET facility, are presented in Table 3-1. The ASME standard PTC 19.1 (2005) is
used to calculate the uncertainty for each measurement instrument based on the 95%
confidence intervals (Figliola and Beasley, 2006). The details of the measurement

instruments calibration methods are presented in (Ghadiri Moghaddam et al., 2013a;

66



Ghadiri Moghaddam et al., 2013b). The measurement instrument uncertainties are used
to calculate the uncertainty of the small-scale LAMEE effectiveness. The method of
propagation of errors is used to calculate LAMEE effectiveness uncertainties in all cases

(Figliola and Beasley, 2006).

Table 3-1 The capacity, calibration range and accuracy of the measurement instruments used in the
SPEET facility

Measurement Instruments Capacity/Calibration | 95% Uncertainty
range
Air flow controller (L/min) 0~100 2% of full-scale
Air flow meter (L/min) 0~100 1% of full-scale
Air humidity sensors (%RH) 10~90 1.5
Air side T-type thermocouples (°C) -30~40 0.2
Solution side shielded T-type thermocouples (°C) 0~60 0.1
Solution peristaltic pump (mL/min) 1~2316 2% of reading-scale
Salt solution concentration (%) 30-35 Less than 0.02%
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Figure 3.2 Schematic of the single-panel energy exchanger test (SPEET) facility (Ghadiri
Moghaddam et al., 2013b)
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In the open solution loop, a LiCl salt solution is pumped into the small-scale
LAMEE using a peristaltic pump from a large supply solution tank. The salt solution
passes through the LAMEE, and exhausts into an exhaust solution tank. The salt solution
inlet and outlet temperature and concentration are measured using shielded T-type
thermocouples and a density meter device (Anton Paar-DMA 4500M) (Ghadiri
Moghaddam et al., 2013a) at the solution inlet and outlet headers, respectively. The salt
solution inlet and outlet concentrations are measured 4 to 6 times at each location using
the density meter device for each experiment, and the average absolute value and the
solution concentration uncertainties are calculated based on these measurements using
95% confidence intervals. The calibration ranges and uncertainties of the solution-side
measurement instruments are also presented in Table 3-1.

The small-scale single-panel LAMEE is located in the test section of the SPEET
facility, where the heat and moisture transfer between the air and the salt solution through
a semi-permeable membrane. The detail design of the small-scale LAMEE is given in
(Ghadiri Moghaddam et al., 2013a; Ghadiri Moghaddam et al., 2013b). The counter-
cross flow configuration is used in the small-scale LAMEE for the air and salt solution.
The air and solution flow configuration and a cross section view of the small-scale
LAMEE are presented in Figure 3-3. In application, a LAMEE consists of many layers of
air and solution panels which are located side by side to create air and solution channels
in the LAMEE. In the small-scale LAMEE, solution sub-channels are grooved on two
plastic panels, and a GE™ membrane is attached to the panels to create two half solution
panels for the small-scale LAMEE. The solution channel thickness in these two panels is

half of the normal solution channel thickness (i.e. 2.4 mm) of a full-scale LAMEE. These
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two half solution side panels are placed side by side using two air spacers in the middle
and on the top and bottom of the panels to create the air channel in the middle of the
small-scale LAMEE. An eddy promoter air screen is used in the air channel to enhance
the heat and mass transfer performance in the air side of the LAMEE (Oghabi et al.,
2013; LePoudre et al., 2011; Ghadiri Moghaddam et al., 2013c). The small-scale single-

panel LAMEE specification and membrane properties are presented in Table 3-2.

Table 3-2 The small-scale single-panel LAMEE specifications and the membrane properties

Parameter value
Exchanger length, Lex (M) 0.99
Exchanger aspect ratio, Lex /Hex 10.5
Exchanger entrance ratio, Lsol/ Lex 0.025
Air gap thickness, dair (mm) 5
Solution gap thickness on each side panel (mm) 1.2
Number of solution paths on each side panel 5
Mass resistance of membrane, Rmem (5/m) 24
Membrane thermal conductivity, Kmem (W/MK) 0.065
Membrane thickness, dmem (MmM) 0.265
Solution

Outlet Air Spacer

Air Inlet
_Half Solution
Air Screen Channel
g1 Air Channel
Grooved
Side Panel
Air Outlet

~dgd— Membrane
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Figure 3.3 The small-scale single-panel LAMEE (a) air and solution flow configurations, and, (b)
cross-section detailed view (Ghadiri Moghaddam et al., 2013b)
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The small-scale single-panel LAMEE is tested using the SPEET facility as a
dehumidifier and a regenerator at two different test conditions. The average measured air
and LiCl solution inlet and outlet conditions over time for air dehumidification (i.e. air
cooling and dehumidification test conditions) and solution regeneration (i.e. air heating
and humidification test conditions) test cases at steady-state conditions are presented in
Table 3-3. The steady-state condition is determined when the temperature and relative

humidity changes by time (%—I and dIZ—tH) are smaller than their uncertainties in the

experiment, which are 0.1°C and 1.5%RH, respectively. The small-scale LAMEE is
tested at constant number of heat transfer units (NTU = 5) and three different thermal

capacity ratios (Cr* = 2, 4 and 6). NTU and Cr* are calculated as follows for a LAMEE:

cr =% (3.2)

where U is the overall heat transfer coefficient in Eq. (3.1), and calculated as

follow:

-1
1 o 1
U= —+ 0+ — 3.3

{h. K h} (33)

air mem sol
where h, 6 and k are the convective heat transfer coefficient, thickness and
thermal conductivity. Subscripts air, mem and sol refer to the air, membrane and salt
solution properties, respectively. In Eq. (3.1) A, m and c, are the total membrane active
area for heat and mass transfer, mass flow rate and specific heat capacity. Subscripts min

and max refer to the minimum and maximum values. The Cr* definition has been used as

70



the heat capacity ratio in LAMEEs (Namvar et al., 2012). The air flow has the minimum
heat capacity rate when Cr* values are greater than 1. The air screen in the air channel of
the small-scale LAMEE enhances the air-side heat transfer performance (Oghabi et al.,
2013; LePoudre et al., 2011; Ghadiri Moghaddam et al., 2013c). Ghadiri Moghaddam et
al. (2013c) showed that the actual air-side convective heat transfer coefficient in the air-
channel of the small-scale LAMEE is different than the traditional value which is
calculated from Nuair = 8.24 (for two infinite parallel plates with constant heat flux on
both walls). A wind tunnel energy exchanger insert test (WEIT) facility (Oghabi et al.,
2013) was used to measure the actual air-side convective heat transfer coefficient in the
air-channel of the small-scale LAMEE. The enhanced air-side convective heat transfer
coefficient was used in Ghadiri Moghaddam et al. (2013c) to numerically evaluate the
performance of the small-scale LAMEE under different test conditions. The results
showed that the small-scale LAMEE sensible, latent and total air-side effectivenesses
increase by 10% at Reair = 1550 when the air-side Nusselt number enhances to Nuair = 20
(Ghadiri Moghaddam et al., 2013c) in the air channel of the small-scale LAMEE with the
air screen. The measured enhanced air-side convective heat transfer coefficient from

Ghadiri Moghaddam et al. (2013c) is used in Eg. (3.3).
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Table 3-3 The average measured air and solution inlet and outlet conditions for the air
dehumidification (D) and solution regeneration (R) test cases at NTU = 5 and different Cr* with LiCl

salt solution
Test | Cr* Inlet Conditions Outlet Conditions
Case Tairin | Wairin | Tsotin | Csotin | Weotin | Tairout | Wairout | Tsotout | Csolout | Wsolout
(O | (@kg) | CC) | (%) | (gkg) | (C) | (gkg) | (C) | (%) | (9/kg)
D1 2 | 30.0 145 | 240 | 3212 | 6.7 26.4 8.7 30.5 | 31.85| 10.3
D2 4 | 30.1 143 | 24.0 | 3207 | 6.7 24.9 7.9 28.6 | 31.93 9.1
D3 6 | 30.0 142 | 240 | 3213 | 6.7 24.6 7.3 27.0 | 32.04 8.2
R1 2 | 299 13.8 | 55.0 | 32.00 | 41.1 | 437 23.3 41.8 | 3230 | 194
R2 4 | 300 146 | 55.1 | 32.16 | 40.8 | 475 26.9 459 | 3237 | 244
R3 6 | 30.0 13.8 | 55.0 | 32.00 | 41.1 | 483 28.6 50.5 | 32.18 | 31.8

3.5 Liquid-to-Air Membrane Energy Exchangers Performance Evaluation

A liquid-to-air membrane energy exchanger’s (i.e. LAMEEs and hollow fiber
membrane contactors) effectiveness can be calculated for air or solution sides depending
on the application of the LAMEE. When the LAMEE is used as a dehumidifier in a LD
air-conditioning system, the main focus is on the air side and the LAMEE effectiveness
values are calculated based on the air properties. However, when the LAMEE is used as a
solution regenerator in a LD air-conditioning system, the main focus is on the solution
side and the salt solution properties (i.e. solution outlet concentration) are important.
Thus, the regenerator effectiveness should be calculated based on the solution side of the

LAMEE using the salt solution properties.

3.5.1 LAMEE Air-Side Effectiveness
LAMEE air-side effectiveness definitions are used to evaluate the performance of
dehumidifiers. The LAMEE performance for the air side is evaluated with three types of

effectiveness; sensible, latent and total effectiveness (Ghadiri Moghaddam et al., 2013a).
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Heat or energy exchangers effectiveness are defined using Eq. (3.4), where the exchanger
effectiveness equals to the actual energy transfer rate in the exchanger over the maximum

possible energy transfer rate in the exchanger (Parkash Narayan et al., 2010):

e=—9_ (3.4)
G

The sensible effectiveness quantifies the heat (sensible energy) transfer rate for
the air in the system, and is defined as heat transfer rate to/from the air over the

maximum possible heat transfer rate in the exchanger.

(me )air (Tair,in _Tair,out)

gairvse” } (me )min (Tair,in _Tsol,in) (35)

In this equation, ¢ and T are the effectiveness and temperature, respectively, and
subscript sen refers to the sensible effectiveness. Also, subscripts in and out refer to the
inlet and outlet properties. In the LAMEE, the minimum heat capacity rate is always
related to the air side for Cr*>1. As a result, Eq. (3.5) can be written in the following

format for the experiments in this chapter.

e _ (Tair,in _Tair,out) (3 6)
s (Tair,in _Tsol,in ) .

In evaporative coolers (i.e. LAMEE or hollow fiber membrane contactors when
water is used as a liquid media), when the inlet temperature of the air and water are the
same, the wet bulb temperature of the inlet air is the lower limit for the air outlet
temperature, and the air inlet wet bulb temperature should be used instead of the solution

(i.e. water) inlet temperature, T,

sol,in ?

in the air-side sensible effectiveness (see Eq. (3.6))

(Jaber and Webb, 1989; Zhang and Huang, 2011). Otherwise, when the air and water
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inlet temperatures are not the same, the lower limit for the air outlet temperature is the
solution (i.e. water) inlet temperature.
Likewise, the air-side latent effectiveness shows the latent energy transfer rate

to/from the air in the system, and is due to only moisture transfer in the LAMEE.

e = (Wair,in _Wair,out) (3 7)
i (Wair,in _Wsol,in) .

In Eq. (3.7), W is the humidity ratio, and subscript lat refers to the latent
effectiveness. Finally, the air-side total effectiveness of the LAMEE, which is related to
both heat and moisture transfers to/from the air in the system, is calculated from the

following equation (Simonson and Besant, 1999).

air,in

_ (H Hair,out)
gair,lat B (Hair,in o Hsol,in) (38)

In Eq. (3.8), H is the specific enthalpy, and subscript tot refers to the total
effectiveness of the LAMEE. The only problem with the total effectiveness equation (Eqg.
(3.8)) is in the denominator of this equation, where solution inlet enthalpy is subtracted
from the air inlet enthalpy. The reference points to calculate the air and solution
enthalpies are different, and it is not possible to simply subtract them from each other
without adjusting the reference temperature for air and the solution. As a result, the
equation which was introduced by Simonson and Besant (1999) to calculate the total
effectiveness of energy wheels has been used to calculate the total effectiveness of
indirect contact liquid-to-air energy exchangers (Namvar et al., 2012; Ghadiri
Moghaddam et al., 2013a) (i.e. LAMEEs and hollow fiber membrane contactors) from

the air-side sensible and latent effectiveness:
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e +He.
8air‘t0t — a|r,ser;L+ H* air ,lat (39)

In Eq. (3.9), H™ is known as the LAMEE operating condition factor and it is
calculated based on the air and solution inlet temperatures and humidity ratios in the
system (Simonson and Besant, 1999).

. W. . —-W_.
H* = 2||:||Iat ~ 2500 —2&rin__~“solin (3.10)

sen air,in ~— 'sol,in

3.5.2 LAMEE Solution-Side Effectiveness

There are no definitions in the literature for the LAMEE solution-side
effectiveness, and therefore they are introduced in this chapter for the first time. These
effectiveness values are used to evaluate the performance of LAMEE regenerators. The
general definition for the exchanger’s effectiveness (see Eq. (3.4)) is used in this chapter
to develop the solution-side effectiveness for LAMEEs. The solution-side sensible
effectiveness is defined as a heat transfer rate to/from the solution over the maximum
possible heat transfer rate in the exchanger. The heat transfer rate to/from the solution is
calculated form the total and latent energy transfer rates to/from the solution. The heat
transfer rate is equal to the total energy transfer rate to/from the solution, which is

calculated from the solution enthalpy difference (i.e. AH. =(CoT dy o —(CoT dgiin)s

subtracted by the latent energy transfer rate to/from the solution, which is calculated from
the water vapor phase change energy on the solution side. The solution-side sensible

effectiveness is calculated as follows:

s _ (mCP )50| (Tsol out _Tsol jin ) - msalt hfg ( Xsol out Xsol jin ) ' (3 11)

sol ,sen (mCP )min (Tair,in _TSO| Jin )

75



where X and h,, are the solution mass fraction and enthalpy of phase change for

saturated water. Subscript salt refers to the salt properties (i.e. LiCl). Constant specific
heat capacity is assumed for the salt solution in Eqg. (3.11). In Eqg. (3.11), the first term in
the numerator of the solution-side sensible effectiveness represents the total energy

transfer rate to/from the solution in a LAMEE where H_, =(c.T),, . The second term in

sol *

the numerator represents the latent energy transfer rate to/from the solution in the
LAMEE which is due to water evaporation in the solution side (i.e. air humidification).
Consequently, the result of the numerator of the solution-side sensible effectiveness is the
sensible energy transfer rate to/from the solution where the total energy transfer rate
subtracted by the latent energy transfer rate to/from the solution. The denominator in Eq.
(3.11) represents the maximum possible sensible energy transferred in the LAMEE. In
the LAMEE, the maximum sensible energy transfer rate to/from the solution is the same
as the maximum energy transfer rate to/from the air (see Egs. (3.5) and (3.11)). Also, the
absorption energy in the solution is neglected in Eqg. (3.11) since the solution
concentration change in the LAMEE is small (e.g. less than 1%), and this energy is
negligible in comparison to the water phase change energy transfer to/from the salt
solution in the LAMEE (Afshin, 2010). Moreover, as it was mentioned before, the
minimum heat capacity rate in the LAMEE is always related to the air side for Cr*>1 (i.e.

(Mc, ) = (mc,),;, ). The solution mass fraction and the salt mass flow rate are calculated

as follows:
- mass of water (3.12)
mass of salt
m
M., = sal 3.13
salt 1+ X ( )

sol
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The solution mass fraction can be calculated from the salt solution concentration
which is measured during the experiments:

X = 1;CS°' (3.14)

sol

The LAMEE solution-side latent effectiveness is the latent energy transfer rate
to/from the solution over the maximum possible latent energy transfer rate in the solution

side, and is calculated from Eq. (3.15).

. _ msa“hfg (Xsol out XSO' ,in) (3 15)
sol Jat M., hfg (W W .

air,in sol ,in)

In Eq. (3.15), the denominator is the maximum possible latent energy transfer rate

for the solution side of the LAMEE, when the minimum mass flow rate is related to the

air side of the LAMEE for Cr*>0.3 (i.e. m,, =m,, ).

The solution-side total effectiveness of the LAMEE is the total (i.e. sensible +
latent) energy transfer rate to/from the solution over maximum possible total energy

transfer rate for the solution side of the LAMEE.

(mCP sol (Tsol Jout _Tsol ,in)

; _Tsol jin ) + mairhfg (Wa

sol tot — (mCP )air (T (316)

air in irin _Wsol ,in)
In Eqg. (3.16), the numerator of the solution total effectiveness is equal to the

enthalpy change in the solution side of the LAMEE where H_, =(c.T),, and the

ol

denominator of this effectiveness is the sum of the maximum possible sensible and latent
energy transfer rates for the solution side of the LAMEE. The solution-side sensible,
latent and total effectivenesses are applicable when the minimum heat capacity rate and
minimum mass flow rate are related to the air side of the LAMEE (i.e.

(Mc,) i = (Mc,),, for Cr*>1 and m; =m, for Cr*>0.3).
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3.6 Results and Discussion

The small-scale LAMEE was tested under dehumidifier (i.e. air cooling and
dehumidification test conditions) and regenerator (i.e. salt solution regeneration test
conditions) applications using the LiCl salt solution at NTU = 5 and three different Cr*
(Cr* = 2, 4 and 6). The air-side and solution-side effectiveness and their uncertainty
bounds are calculated for both the dehumidifier and the regenerator using the method of

propagation of errors.

3.6.1 LAMEE as a Dehumidifier

To simulate the dehumidifier application of a LAMEE, the small-scale LAMEE is
tested under air cooling and dehumidification test conditions. Figure 3.4 shows the
measured air and solution inlet and outlet conditions for the small-scale LAMEE used as
a dehumidifier on the psychrometric chart at NTU = 5 and Cr* = 4 to provide better
understanding for the air and solution process lines in the LAMEE at this test case. The
air-side and solution-side effectiveness (i.e. sensible, latent and total effectiveness) of the
dehumidifier are presented in Figure 3.5 at NTU = 5 and three different Cr* = 2, 4 and 6.
The results show that both air and solution-side effectiveness of the dehumidifier increase
with Cr*. The air-side and solution-side effectiveness are almost equal for all the tests
and agree within their uncertainty bounds. The maximum air and solution side total
effectiveness of the small-scale LAMEE as a dehumidifier are 91% and 90%,
respectively, at Cr* = 6. The solution-side sensible effectiveness equation results in
higher uncertainty for the sensible effectiveness (e.g. &solsen = 94% with 21% uncertainty
at Cr* = 6) which is mainly due to the uncertainty in the solution mass fraction, X, which

is in the solution-side sensible effectiveness equation (see Eq. (3.11)). Change in the salt
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solution concentration as it passes through the small-scale LAMEE is small, especially
for high Cr* values (see Table 3-3 and Figure 3-3), which results in a high uncertainty for
solution-side sensible effectiveness. The solution-side sensible and latent effectivenesses
are highly sensitive to the measured salt solution concentration values during the
experiments. Consequently, the measurement uncertainty of the salt solution
concentration has a significant impact on the uncertainty in the solution side sensible and

latent effectivenesses which are calculated using Egs. (3.11) and (3.15).

30

= === Solution inlet constant

concentration line (C=32.07%)
T 25

Air Inlet 115
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0 5 10 1=5 ;0 2; 36 3I5 40
Figure 3.4 Measured air and solution inlet and outlet conditions for the small-scale LAMEE

dehumidifier (i.e. air cooling and dehumidification test conditions) using LiCl salt solution at NTU =
5and Cr*=4
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Figure 3.5 The small-scale LAMEE dehumidifier air and solution sides effectiveness under air
cooling and dehumidification test conditions using LiCl solution at NTU =5 and different Cr*

3.6.2 LAMEE as a Regenerator

In this section, the small-scale LAMEE is used as a regenerator and tested under
test conditions where the solution is regenerated by cool dry air (see Table 3-3). Figure
3.6 shows the measured air and solution inlet and outlet conditions during the
regeneration test with NTU =5 and Cr* = 4 on the psychrometric chart. Figure 3.6 shows
that the LiCl solution enters the small-scale LAMEE at 55°C temperature and humidity
ratio of 41 g/kg, and the solution is cooled and dehumidified to 46°C and 24 g/kg at the

LAMEE solution outlet for the test at NTU = 5 and Cr* = 4. The air-side and solution-
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side sensible, latent and total effectiveness of the regenerator are shown in Figure 3.7 at
NTU =5 and three different values of Cr* = 2, 4 and 6. The results show both the air-side
and solution-side effectivenesses increase with Cr*. Also, the results show that the
solution-side sensible effectiveness is higher than the air-side sensible effectiveness for
the regeneration process (e.g. 11% higher at Cr* = 6), while the solution-side latent and
total effectivenesses show lower effectiveness in comparison to the air-side latent and
total effectiveness (e.g. 10% and 7% lower latent and total effectiveness at Cr* = 2,
respectively). Nevertheless, the air-side and solution-side effectiveness values almost
always agree within their uncertainty bounds. The reason for the high uncertainty in the
solution-side sensible effectiveness are described in Subsection 3.6.1. The maximum
solution-side sensible, latent and total effectiveness are 84%, 46% and 57% at Cr* = 6 for
the regenerator. The solution latent effectiveness is very important in regenerators since it
shows the ability of the LAMEE to regenerate the solution. The results show that the
small-scale LAMEE has lower solution-side latent and total effectivenesses for the
regenerator application in comparison to the dehumidifier application. The solution latent
effectiveness for the small-scale LAMEE regenerator is 43% lower than the dehumidifier

atCr* = 6.
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(i.e. salt solution regeneration test conditions) using LiCl solution at NTU=5and Cr*=4
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Figure 3.7 The small-scale LAMEE regenerator’s air and solution sides effectiveness under salt
solution regeneration test conditions using LiCl solution at NTU =5 and different Cr*
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3.6.3 Application of the Solution-Side Effectiveness

In this section the solution-side effectiveness is applied to the experimental and
numerical results for a small-scale single-panel LAMEE which are presented in Ghadiri
Moghaddam et al. (2013a) and Ghadiri Moghaddam et al. (2013c). Ghadiri Moghaddam
et al. (2013a) tested the small-scale LAMEE at four different test conditions: air cooling
and dehumidifying (C&D), air cooling and humidifying (C&H), air heating and
dehumidifying (H&D) and air heating and humidifying (H&H). LiCl solution was used
as a transfer liquid in the small-scale LAMEE, and the LAMEE was tested at NTU = 3.8
and four different Cr* (Cr* = 1, 3, 5 and 7). An enthalpy pump system (EPS) code
(Ghadiri Moghaddam et al., 2013a; Ghadiri Moghaddam et al., 2013c) has been used to
simulate the steady-state performance of LAMEEs in the RAMEE research group at the
University of Saskatchewan. Ghadiri Moghaddam et al. (2013c) modified the EPS code
for the small-scale LAMEE, and validated the numerical results with the experimental
data presented by Ghadiri Moghaddam et al. (2013a). In Ghadiri Moghaddam et al.
(2013c) coupled heat and mass transfer in liquid-to-air membrane energy exchangers is
modeled for the air flow, salt solution flow and the membrane to calculate the steady-
state performance of the small-scale LAMEE under different air and solution conditions.
The numerical model which was introduced in Ghadiri Moghaddam et al. (2013c) is used
in the current chapter to evaluate the numerical air-side and solution-side effectivenesses
of the small-scale LAMEE. Also, Ge et al. (2012) showed that if the modified analytical
model for the small-scale LAMEE, which was first introduced by Zhang (2011a) for
hollow fiber membrane contactors, was used to evaluate the air-side effectiveness of the

small-scale LAMEE, the analytical and numerical results would agree within their
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uncertainty ranges. Thus, the modified numerical model is used in this section to evaluate
the small-scale LAMEE performance.
Figure 3.8 shows the difference between the numerical air-side and solution-side

effectiveness (Ag, =¢

Jiri — &) Of the small-scale LAMEE using the modified EPS code,
where subscript i indicates the sensible, latent or total effectiveness. Figure 3.8 includes
the numerical results for the experiments which are done for this chapter (the air
dehumidification and the solution regeneration test cases), and the numerical results that
are presented in Ghadiri Moghaddam et al. (2013a, 2013c) for the C&D, C&H, H&D and
H&H test conditions. The results in Figure 3.8 show that the difference between the
numerical air-side and solution-side effectiveness are negligible for the latent
effectiveness while this difference is significant for the sensible and total effectiveness in
most cases. This good agreement between the numerical air-side and solution-side latent
effectiveness for all test cases and Cr* values in comparison to the agreement between
the experimental air-side and solution-side latent effectiveness results (see Figure 3.5 and
Figure 3.7) is due to the mass and energy balance convergence criteria in the numerical
model. The convergence criteria for the mass and energy balance in the EPS code is 102
(Hemingson et al., 2011b); however, in the experiments the imbalance for mass and
energy transfers in the small-scale LAMEE is higher than the model.

Also, Figure 3.8 shows that the sensible and total effectivenesses of the small-
scale LAMEE under regeneration test conditions which are calculated using the solution-
side effectiveness equations (Egs. (3.11) and (3.16)) are higher than the sensible and total
effectivenesses using the air-side effectiveness equations at the same test conditions.

These results show the importance of using the sensible and total solution-side
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effectiveness equations to evaluate the performance of regenerators. In dehumidifiers the
difference between the air-side and solution-side sensible and total effectivenesses are
smaller than for the regeneration test case. However, the air-side effectiveness equations
should be used to evaluate the performance of the dehumidifiers. The air-side latent
effectiveness of a LAMEE can be used as the solution-side latent effectiveness with good
accuracy. The solution-side latent effectiveness shows the LAMEE performance under
solution regeneration test conditions. Also, in experiments with high uncertainty for the
latent effectiveness, the average value of the air-side latent effectiveness and the solution-
side latent effectiveness can be used to represent the LAMEE air-side/solution-side latent
effectiveness which will result in lower uncertainty for the LAMEE latent effectiveness
than the air-side or the solution-side latent effectiveness. Moreover, the air-side latent
effectiveness of a LAMEE can be used to calculate the solution outlet concentration

using Eqg. (3.15) which is also an important parameter for regenerators.
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regeneration test cases) at different Cr* with LiCl salt solution
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3.7 Conclusion

In this chapter, the solution-side effectiveness for liquid-to-air membrane energy

exchangers (i.e. LAMEEs and hollow fiber membrane contactors) are introduced. The

solution-side effectiveness are very important for regenerators where the main focus is on

the salt solution properties (i.e. solution outlet concentration). The small-scale single-

panel LAMEE is tested under air dehumidification and solution regeneration test

conditions using LiCl at NTU = 5 and three different Cr* = 2, 4 and 6. For the test

conditions presented, the following conclusions are made from this chapter:

The experimental results show that the air-side and solution-side effectiveness for
both the dehumidifier and the regenerator increase with Cr*. The air-side and
solution-side effectivenesses are nearly the same for the dehumidifier. However,
for the regenerator, the solution-side sensible effectiveness is higher than the air-
side sensible effectiveness (e.g. 11% higher at Cr* = 6) while the solution-side
latent and total effectiveness are slightly lower than the air-side latent and total
effectiveness (e.g. 10% and 7% lower latent and total effectiveness at Cr* = 2,
respectively).

The experimental results for both the dehumidifier and the regenerator show that
the solution-side sensible and latent effectiveness are sensitive to the measured
salt solution inlet and outlet concentrations. The accurate measuring of the salt
solution concentration will result in accurate solution-side effectiveness with
lower uncertainty bounds than the solution-side effectiveness results that are

presented in this chapter.
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The numerical results for a small-scale LAMEE which were presented in Ghadiri
Moghaddam et al. (2013a, 2013c) are used in this chapter to evaluate the solution-
side effectiveness of the LAMEE under different test conditions (i.e. C&D, C&H,
H&D and H&H test conditions). The numerical results show that the difference
between the air-side and solution-side latent effectiveness are negligible.
Therefore, the air-side latent effectiveness can be directly used to evaluate the
solution-side latent effectiveness of LAMEEs which is an important factor to
evaluate the performance of regenerators.

For experiments with high uncertainties for the air-side and solution-side latent
effectiveness, the average value of the air-side and solution-side latent
effectiveness can be used as a latent effectiveness for a LAMEE which will result
in lower uncertainty for the latent effectiveness than the air-side or the solution-
side effectiveness.

The air-side latent effectiveness of a LAMEE can be used to calculate the solution
outlet concentration using Eq. (3.15) which is an important parameter for
regenerators.

The results show that the solution-side sensible and total effectiveness equations
(see Eg. (3.11) and (3.16)) should be used to evaluate the sensible and total

performance of regenerators in most cases.
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CHAPTER 4

EXPERIMENTAL RESULTS

4.1  Overview of Chapter 4

The effects of different heat and mass transfer directions and different salt
solution types and concentrations are experimentally investigated on the small-scale
LAMEE steady-state effectiveness in this chapter which contains Manuscript #3 (Steady-
state performance of a small-scale liquid-to-air membrane energy exchanger for different
heat and mass transfer directions, and liquid desiccant types and concentrations:
experimental and numerical data). In this manuscript, the SPEET facility is used first to
investigate the effect of different heat and mass transfer directions on the steady-state
performance of a LAMEE system under different operating conditions. The experimental
data are compared with numerical simulation results using the small-scale LAMEE
numerical model presented in Chapter 5. The results show that the performance of the
LAMEE is not the same for different heat and mass transfer directions. Also, the
repeatability of the experimental data for the air cooling and dehumidifying test case is
studied for the first time, and repeatability results show that the experimental data are
repeatable within £2%. This chapter relates to the second step of the methodology (see
Section 1.3.6) for LAMEESs which is testing the small-scale LAMEE under various test

conditions.
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References for this chapter, which contains Manuscript #3, are presented in the
Reference section of the thesis (see page 215) which includes all the references used in
this PhD thesis.

Second, the effect of different salt solution types (i.e. LiCl and MgCl,) and
concentrations are studied on the steady-state performance of the LAMEE under air
cooling and dehumidifying test conditions. Different salt solutions with different
concentrations have been used in membrane based energy exchangers such as the
LAMEE. Salt solution properties are different for different desiccant types and
concentrations, and they affect the performance of the system and air outlet conditions
(Afshin, 2010).

Dr. Philip LePoudre, who worked as a researcher in our research group from
September 2010 to September 2011, reviewed Manuscript #3 and gave useful advice and
comments. Thus, He was added as the second author to Manuscript #3. The PhD
candidate’s contributions to Manuscript #3 are: (a) testing the small-scale single-panel
LAMEE under different operating conditions using LiCl solution in the SPEET facility,
(b) analyzing the experimental data and presenting the experimental effectiveness results
for the small-scale LAMEE, (c) experimentally and numerically investigating the effect
of different heat and mass transfer directions and different salt solution types and
concentrations on the small-scale LAMEE performance, (d) presenting the numerical
results for the small-scale single-panel LAMEE, and (e) writing the paper and replying to

reviewers comments.
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Steady-State Performance of a Small-Scale Liquid-to-Air Membrane Energy Exchanger
for Different Heat and Mass Transfer Directions, and Liquid Desiccant Types and
Concentrations: Experimental and Numerical Data
(ASME Journal of Heat Transfer, 2013, Volume 135)

Davood Ghadiri Moghaddam, Philip LePoudre, Robert W. Besant, and Carey J.

Simonson

4.2 Abstract

A liquid-to-air membrane energy exchanger (LAMEE) is an energy exchanger
that allows heat and moisture transfer between air and salt solution flows through a semi-
permeable membrane. For the first time, a novel small-scale single-panel LAMEE test
facility is used to experimentally investigate the effect of the direction of heat and mass
transfers for the air and salt solution flows, and the effect of different salt solution types
and concentrations on the LAMEE effectiveness. The data for steady-state effectiveness
of the LAMEE are compared to the simulation results of a numerical model. Two studies
are conducted,; first, a study based on different heat and mass transfer directions (four test
cases), and second, a study focused on the influence of solution types and concentration
on LAMEE performance. For the first study, NTU = 3 and four different heat capacity
ratios (i.e. Cr* =1, 3, 5, 7) are used, with a LiCl salt solution in the exchanger. Mass and
energy balances for all the test cases and the repeatability of the experimental data for the
air cooling and dehumidifying test case show that the experimental data are repeatable
and within an acceptable uncertainty range. The results show increasing effectiveness
with increasing Cr*, and good agreement between the numerical and experimental results

for both air cooling and dehumidifying and air heating and humidifying test cases. In the
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second study, two different salt solutions (i.e. LiCl and MgCl.), and three different
concentrations for the LiCl solution (i.e. 25%, 30% and 35%) are selected to investigate
the effect of different salt solution types and concentrations on the performance of the
LAMEE. A maximum difference of 10% is obtained for the LAMEE total effectiveness
data with the different salt solution types and concentrations. The results show that both
the salt solution type and concentration affect the LAMEE effectiveness, and changing
the concentration is one way to control the supply air outlet humidity ratio.

Keywords: Small-scale exchangers, LAMEE, Steady-state effectiveness, Heat and

mass transfer directions, Salt solution, NTU, Heat capacity ratio.

4.3 Introduction

There are many applications for small compact heat exchangers for electronic
cooling systems, aviation and aerospace applications and medical treatment and their
performance is predictable for typical geometries (Jiang et al, 2001). Testing a small-
scale exchanger before manufacturing a full-size exchanger can save money and time,
and will give useful data provided the operating conditions and characteristic
dimensionless parameters are in the same range as that for the prototype. There is much
literature available related to modeling and testing of small-scale heat exchangers (Jiang
et al., 2001; Long 2008; Bejan, 2002). Ozden and Tari (2010) used a commercial CFD
package to numerically model a small-size shell and tube heat exchanger, and investigate
the effect of the baffle spacing, baffle cut ratio and shell diameter on the heat transfer
coefficient and pressure drop. Rogiers and Baelmans (2010) optimized the size of a
small-scale counter flow parallel-plate heat exchanger with respect to maximum thermal

power density. They considered the heat exchanger effectiveness, pressure drop and heat

92



transfer rate density as constraints in this design and used an asymptotic solution to
downsize the heat exchanger surface area.

Few studies have been done on small-scale energy exchangers until now. Zhang
(2011a) developed an analytical solution for coupled heat and mass transfer problems in a
hollow fiber membrane energy exchanger used for air dehumidification with counter flow
configuration for air and liquid. The analytical results compared favorably with
experimental data for a small-scale shell and tube hollow fiber membrane energy
exchanger. Zhang et al. (2012a; 2012b) numerically investigated the coupled heat and
mass transfer problem in a cross flow and a counter flow hollow fiber membrane
contactors. They calculated the actual Nusselt and Sherwood number for the air and
solution sides of the small-scale hollow fiber membrane contactors using a free surface
model. In other work, Zhang and Huang (2011) used the cross flow and counter flow
hollow fiber membrane contactors for air humidification using water in the system. The
performance of the small-scale hollow fiber membrane module was investigated
numerically and was validated with experimental data. The results showed that the cross
flow configuration has a lower pressure drop in the hollow fiber membrane contactors,
and the packing density is the dominant factor influencing the performance of the cross
flow contactors. Ge et al. (2012) used Zhang’s analytical solution (Zhang, 2011a) for
liquid-to-air membrane energy exchangers (LAMEE) and compared the results with
experimental data for a small-scale single-panel LAMEE. Good agreement was obtained
between analytical and experimental results and the maximum discrepancy in exchanger
effectiveness was 10%. Abe et al. (2006c) and Wang et al. (2005) experimentally

investigated the transient response of temperature and humidity sensors in the presence of
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an energy wheel with step changes in temperature and no change in humidity, and step
changes in humidity and no change in the inlet temperature. A new test facility had been
developed for these experiments which included a small part of a stationary energy wheel
in a test section. Abe et al. (2006d) and Abe et al. (2006e) used the time constants that
they measured for the energy wheel to analytically predict the performance of the full-
size counter-flow energy wheel and compared the results with steady-state experimental
performance data for the same energy wheel.

The LAMEE is a novel membrane energy exchanger that transfers heat and
moisture between air and a salt solution (Namvar et al., 2012; Ghadiri Moghaddam et al.,
2013b). The air and liquid desiccant are separated using a semi-permeable membrane
inside the LAMEE, which is permeable for water vapor, but impermeable for liquid
water. The novel test apparatus used in this research was introduced in Ghadiri
Moghaddam et al. (2013b). Some preliminary numerical and experimental results were
presented for the steady-state small-scale LAMEE effectiveness, when water was used as
a transfer medium in the exchanger mainly to humidify the air. Mass and energy balance
results for the test facility showed that the system was balanced during the experiments.
The current chapter will build on this research by using different salt solutions, rather
than water in the LAMEE; investigating a wider range of test cases, including air cooling
and humidifying; and will present results for the repeatability of the experiments. In
previous work (Ghadiri Moghaddam et al., 2013b), the authors used water which is
different than salt solution especially in a numerical model.

The test facility will be used firstly to investigate the effect of different heat and

mass transfer directions on the steady-state performance of a LAMEE system under
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different operating conditions. Experimental data will be compared with numerical
simulation results. The performance of the LAMEE is not the same for different heat and
mass transfer directions. This has been shown for a run-around membrane energy
exchangers (RAMEE) that the direction of heat and mass transfer are important, where
the RAMEE includes two LAMEEs located one in the supply and the other in the exhaust
air stream (Seyed-Ahmadi et al., 2009a; Seyed-Ahmad et al., 2009b). The performance
of the supply and exhaust LAMEEs are not the same while operating conditions and heat
and mass transfer directions are different in those two LAMEEs in the RAMEE system.
Also, the effect of different heat and mass transfer directions on the performance of
energy exchangers was shown by Simonson and Besant (1999) for energy wheels. In this
chapter the effect of different heat and mass transfer directions on the steady-state
effectiveness of the LAMEE system will be investigated for various combinations of the
heat and mass transfer directions. As well, the mass and energy balances and the
repeatability of the experimental data for summer AHRI test conditions (AHRI
STANDARD 1060, 2005) as a standard test condition will be studied. The repeatability
of the experimental data for a LAMEE will be investigated to show how much the
experimental data are repeatable and trust worthy.

The second main objective of this chapter is to study the effect of different salt
solution types and concentrations on the steady-state performance of the LAMEE.
Different salt solutions (i.e. LiCl, LiBr and MgCly) with different concentrations have
been used in membrane based energy exchangers such as the LAMEE (Fan et al., 2006;
Erb et al., 2009). Salt solution properties are different for different desiccant types and

concentrations, and they affect the performance of the system and air outlet conditions
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(Afshin, 2010). The main question is - what is the effect of different salt solutions types
and concentrations on the LAMEE performance? This chapter will address this question
using the small-scale single-panel LAMEE test apparatus. Lithium chloride (LiCl) salt
solution will be used for this purpose with three different concentrations. Moreover,
Magnesium Chloride (MgCl2) liquid desiccant will be used as a second option for salt
solution in the system. The MgCl; inlet conditions are selected at the same temperature
and humidity ratio as the 25% concentration LiCl to have better comparison between the
results for these two desiccant types. There are no numerical results or experimental data

available related to the second objective in literature.

4.4 Test Apparatus and Instrumentation

The single-panel energy exchanger test (SPEET) facility has been used to collect
experimental data in this chapter. The SPEET facility is described in Ghadiri
Moghaddam et al. (2013b) with more details about the LAMEE design and sensor
calibration procedures. A complete description of the test facility is also given below. A
full schematic of the test facility is shown in Figure 4.1. The test apparatus can be divided
into three main sections: the supply air system, the salt solution loop and the small-scale

single-panel LAMEE (i.e. exchanger test section).
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Figure 4.1 Schematic of the single-panel energy exchanger test (SPEET) facility (Ghadiri
Moghaddam et al., 2013b)

In the supply air system, a compressor supplies high pressure dry air (~4%RH) at
room temperature to the test facility. This air passes through a 25 mm inner diameter
PVC pipeline. The flow rate of the air is adjusted by using a flow controller (MKS-type
1559A). A flow meter (MKS-type 0558A) is used after the flow controller to provide
more accurate control on the air flow rate. The flow meter is set to a selected air flow rate
for each experiment. Furthermore, to condition the supply air, two water bubble tank
humidifiers and a shell and tube heater are used in the system. A globe valve is used in
the main pipeline to bypass the air into the humidifiers. The humidifiers could humidify
the air up to 25 gw/kgair depend on the air temperature. After humidifying, the air passes
through the heater, which can heat the air up to 50°C to adjust the supply air temperature.

Finally, the air passes through a supply inlet air header to reach the test exchanger. A
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converging-diverging air header (diffuser) is designed and installed at the air inlet of the
exchanger to direct the air flow from a 25.4 mm diameter pipeline to the rectangular
opening of the exchanger which has an outlet of 5 mm thickness and 94 mm height. The
same air header is used at the air outlet of the exchanger. The detailed description of the
air headers and heater designs are given in Ghadiri Moghaddam et al. (2013b). A flow
straightener is installed before the inlet air header to provide a uniform air flow to the
exchanger inlet. The temperature and humidity of the air are measured at different
locations in the setup, and these locations are shown in Figure 4.1. Four T-type
thermocouples are used in the inlet and outlet air headers to measure the supply air inlet
and outlet temperatures. Also, four high accuracy humidity sensors (Honeywell-type
HIH4012) are installed in the upstream and downstream of the exchanger in the main
pipeline to measure the supply air inlet and outlet humidity. These humidity sensors are
too big to be installed in the air headers close to the air inlet and outlet of the exchanger.
Also, two air mixers are used before humidifiers, one at each location, to provide more
accurate bulk mean flow humidity measurement. To calculate the supply air inlet and
outlet humidity ratio, another two T-type thermocouples are installed in the humidity
sensor locations. The measured humidity ratios in those locations are the same as at the
exchanger air inlet and outlet humidity ratios; because, except for the humidifiers and the
small-scale LAMEE exchanger, there is no other water vapor transfer sources or sinks in
the air piping system. Finally, the air is exhausted to the laboratory room at the end of the
test facility. The capacity, calibration range and accuracy of the measurement instruments

are presented in Table 4-1.
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Table 4-1 The air and solution side measurement instruments capacity, calibration range and

accuracy
Measurement Instruments Capacity/Calibration Accuracy
range
Air flow controller (L/min) 0~100 2% of full-scale
Air flow meter (L/min) 0~100 1% of full-scale
Air humidity sensors (%RH) 10~90 2
Air side T-type thermocouples (°C) -30~40 0.2
Solution side shielded T-type thermocouples (°C) 0~60 0.1
Solution peristaltic pump (mL/min) 1~2316 2% of reading-scale

The LiCl salt solution is used in the test setup as a transfer liquid to both humidify
or dehumidify and heat or cool the air. LiCl is pumped through the open solution loop
using a peristaltic pump (OmegaFlex-FPU500) from a supply solution tank to an exhaust
one. An electrical heater with 100 W maximum power dissipation is used before
exchanger solution inlet to adjust the solution inlet temperature, and a variable
transformer (variac) is used to regulate the heater power. After the electrical heater, the
solution is pumped through the exchanger to condition the supply air. Two solution
headers are designed for the exchanger solution inlet and outlet openings to distribute and
collect the solution to/from the exchanger, respectively. Finally, after the solution outlet
header, the liquid desiccant is collected in the exhaust solution tank. The desiccant inlet
and outlet temperatures and concentrations are measured for each experiment. Two high
accuracy shielded T-type thermocouple are used at the solution inlet and outlet headers to
measure the solution temperatures at those locations. The inlet salt solution concentration
is measured before each experiment by taking three samples from the supply solution
tank and testing them in a densitometer device (Anton Paar-DMA 4500M). This device
measures the salt solution density at 20°C temperature and with this information it is

possible to calculate the salt solution concentration from salt solution properties
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equations (Afshin, 2010). For the solution outlet, another three samples are taken from
the exchanger solution outlet for each test at the steady-state condition and the outlet salt
solution concentration is calculated with the same procedure as inlet salt solution. The
measurement equipment locations in the solution loop are shown in Figure 4.1. Also, the
calibration range and the accuracy of the solution side measurement instruments are
presented in Table 4-1. Finally, all the air and solution measured properties are acquired
with a National Instruments (NI-cDAQ 9174) data acquisition system, and they are
monitored and saved using a 2010 LabVIEW program at steady-state conditions for each
test.

The main part of this test facility is the novel small-scale single-panel LAMEE. A
flat-plate liquid-to-air membrane energy exchanger consists of many panel layers, where
each panel layer acts as one panel exchanger among a plurality of panel exchangers, for
heat and moisture transfer (Namvar et al., 2012; Afshin, 2010; Ghadiri Moghaddam et
al., 2013b). The heat and moisture transfers occur simultaneously through a semi-
permeable membrane in each panel that is impermeable for liquid water, but allows water
vapor to transfer between a supply air stream and an aqueous liquid desiccant. Since the
system design is not yet finalized, future designs could differ from that tested. The main
purpose of designing and manufacturing the small-scale LAMEE is to minimize the cost
and time to develop a full-size LAMEE and to investigate the effect of system design and
operational changes. Also, manufacturing a novel single-panel LAMEE with a new
design helps in minimizing sources of errors in the system. The new small-scale single-
panel design will provide better sealing between the air and solution channels to reduce

the solution leakage from the solution side to the air stream (Ghadiri Moghaddam et al.,
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2013Db). Also, it reduces the membrane deflection inside the exchanger due to pressure
difference between the air and solution. Consequently, it eliminates mal-distribution of
flow among many flow panels and minimizes the mal-distribution effect caused by
membrane deflections on the performance of the small-scale single-panel LAMEE.
Therefore, a counter-cross flow flat-plate small-scale single-panel LAMEE was designed
and constructed for this research. In the small-scale LAMEE, two grooved plastic panels
are used on the sides of the LAMEE and two semi-permeable membranes are attached to
them to form the solution channels inside the LAMEE. These two grooved side panels
are placed beside each other, with an air spacer in between to form the air channel. An air
screen is used inside the LAMEE to enhance the air side heat transfer performance. A
cross section view of the small-scale single-panel LAMEE, and the air and solution flow
configuration inside the exchanger are shown in Figure 4.2. The solution is pumped from
bottom-to-top through the exchanger. The test facility and the small-scale LAMEE are
well insulated to reduce heat loses/gains to/from surroundings. The exchanger geometry,
specifications and membrane properties are indicated in Table 4-2. A GE™ membrane
(type QL822) is used as the semi-permeable membrane in the system. The small-scale
single-panel LAMEE design and manufacturing process are explained with more details

in (Ghadiri Moghaddam et al., 2013b).
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Figure 4.2 The small-scale single-panel LAMEE (a) air and solution flow configurations, and, (b)
cross-section detailed view

Table 4-2 The small-scale single-panel LAMEE specifications and the membrane properties

Parameter value

Exchanger length, Lex (M) 0.49

Exchanger aspect ratio, Lex /Hex 5.2
Exchanger entrance ratio, Lsoi/ Lex 0.11

Air gap thickness, dair (mm) 5

Solution gap thickness on each side panel, dsoi/2 (Mmm) 0.8

Number of solution paths on each side panel 8

Mass resistance of membrane, Rmem (S/m) 56
Membrane thermal conductivity, Kmem (W/MK) 0.065
Membrane thickness, dmem (MM) 0.265

4.5 Experimental Procedures
In total 44 experiments have been conducted with the small-scale LAMEE. The

experimental procedure is discussed in this section.

45.1 Mass and Energy Balances
It is necessary to ensure that the current experimental data conserves mass and

energy (Simonson et al., 1999). The dry air and solution mass balances, which show the
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air or solution leakages in the system, are investigated in (Ghadiri Moghaddam et al.,
2013b) for one specific test case and results show that the system is balanced. It was not
possible to do the dry air and solution mass balances for all experiments, because for dry
air mass balance it is required to use another flow meter at the air exhaust of the test
facility which might over-pressurize and damage the system. Therefore, those results are
trusted here for dry air and solution mass balances and the dry air and salt solution inlet
flow rates are assumed to be the same as the dry air and salt solution outlet flow rates in
the experiment, respectively. Afterwards, the water vapor mass and energy balances of
the system are studied for all four different test cases (i.e. air cooling and dehumidifying
(C&D), air cooling and humidifying (C&H), air heating and dehumidifying (H&D), and
air heating and humidifying (H&H)) to ensure valid experimental data. The water vapor

mass and energy balances for LAMEE systems are calculated as follows (Simonson et

al., 1999):
A(mW) - ‘[( mw )air,in _(mW )air,out :| + [( Mo X o )in - (msalt Xso )out:l < UnA(mW) (4.1)
A(mH ) = H:(mH )air,in N (mH )air,out ] + |:(mH )sol,in _(mH )sol,out] < UnA(mH) (4.2)

where =, W, H and X are flow rate, humidity ratio, enthalpy and solution mass
fraction, respectively. Subscripts air, sol and salt refer to the air, liquid desiccant and
pure salt, respectively. Also subscripts in and out show the air or solution inlet and outlet

for the test section, respectively. Un, ., and Un, . are the calculated uncertainty for

water vapor and energy transfer in the system based on the air and solution properties for
each case, respectively. Moreover, the energy exchange inequality ratio (EEI) of the

SPEET facility is presented in the results. The EEI presents the energy balance of the
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system, and is a summation of the total energy transferred through the air and solution
divided by total input energy to the system.

[(I’hH )air,in _(mH )air,out:|+|:(mH )sol,in _(mH )sol,out:|

(mH),.., + (mH)

EEI =100x (4.3)

sol,in

The test facility water vapor mass and energy balances results are presented in
Table 4-3 for all test cases. Because there is more than one test in each case, the mass and
energy balance results in Table 4-3 are presented for the worst case in each test condition.
The mass and energy balance results show that the test facility is balanced for all
experiments, and the experimental data are within acceptable uncertainty ranges. The
maximum EEI for the C&D test case is found to be 0.02, and EEI is 0.04 for the worst

case which is the C&H test case.

Table 4-3 The water vapor and energy balance results of the small-scale single-panel LAMEE for the
worst cases at different test conditions

Test Case Water vapor balance Energy balance EEI
A(MW), kg/h | Un, g, kath | A(MH), W | U, W _
C&D 10.1 61.9 2.09 2.88 0.02
C&H 6.9 61.1 2.48 2.68 0.04
H&D 5.6 59.6 0.36 2.65 0.01
H&H 8.1 59.8 2.05 2.71 0.02

4.5.2 Repeatability

The repeatability results show the repeatability of the experimental data for the
same test facility operating with specified ranges of inlet conditions. Thus, it is an
indication of the uncertainty caused by small variations in the inlet conditions, the
selection of the recording time or end time of each experiment, and the instrumentation
for the SPEET facility during steady-state experiments. For this purpose, the C&D test

case is repeated 20 times (5 times at each Cr*) with the same air and solution inlet
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conditions, and LIiCl is used as a salt solution in the system. The repeatability is
calculated based on the precision error for each set of data.

Rp=Sxt, (4.4)

where Rp is the repeatability factor for the dependent variable (i.e. effectiveness),

S is standard deviation of the data. and t is the student t factor based on 95% uncertainty

bounds on both sides of the mean value (Figliola and Beasley, 2006). Also, the

uncertainties of the LAMEE effectiveness for the C&D conditions are calculated based

on the bias error of the measurement instruments and the precision errors, which are

found from repeatability results for the measurement instruments.

Un=/Rp? + B? (4.5)

In Eqg. (4.5), Un and B are the total and bias uncertainties, respectively. For other
test conditions, the small-scale LAMEE effectiveness uncertainties are calculated based
on the measurement instruments calibration results. The method of propagation of errors
is used to calculate the LAMEE effectiveness uncertainties in all cases (Figliola and
Beasley, 2006). The small-scale single-panel LAMEE effectiveness results for air C&D
and the repeatability and uncertainty results for this test case are presented in Table 4-4.
The repeatability results show that the experimental data for the LAMEE effectiveness
varies between 0.8% to 1.7% for the C&D test conditions, while the LAMEE
effectiveness uncertainties vary between 2.5% to 6.2%. These repeatability results show
that the precision errors resulting from repeating the experiments are less than the
precision errors resulting from calibrating the measurement instruments and the results

are repeatable. Consequently, experiments with the small-scale LAMEE test facility are
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quit repeatable, and repeating the experiments will not affect the effectiveness results and

the effectiveness results will be within the experimental uncertainty ranges.

Table 4-4 The experimental small-scale LAMEE effectiveness results with the uncertainty and the
repeatability data for the C&D test case (5 measurements for each Cr*, t = 2.571 for 95%
uncertainty)

Cr* | Sensible Effectiveness Latent Effectiveness Total Effectiveness
Value | Un Rp Value Un Rp | Value Un Rp
(%) (%) | (%) (%) (%) | %) (%) (%) (%)

1 41 3.1 1.5 52 6.2 1.2 49 4.6 0.8
3 76 2.5 1.4 77 4.9 11 77 3.6 1.1
5 83 2.7 1.7 82 4.8 1.7 82 35 1.7
7 87 2.6 1 84 4.9 1.6 85 3.6 1.6

45.3 Effect of Different Heat and Mass Transfer Directions

Four different test conditions are considered to investigate the effect of different
heat and mass transfer directions on the performance of the LAMEE system: air cooling
and dehumidifying (C&D), air cooling and humidifying (C&H), air heating and
dehumidifying (H&D), and air heating and humidifying (H&H). The desired air and
solution inlet set conditions for these four experiments are shown on the psychrometric
chart in Figure 4.3. The psychrometric chart can be divided in four regions according to
different heat and mass transfer directions combinations based on known salt solution
inlet conditions. The test conditions are selected based on this idea to have different heat
and mass transfer directions. LiCl is used as a liquid desiccant for these experiments. The
measured air and solution inlet conditions might be slightly different than set conditions
due to slight temperature and humidity variation during the experiments, and they are
presented in the results section with other air and solution measured properties. In
addition, the effect of thermal capacity ratio (Cr*) on the steady-state performance of the

LAMEE is investigated for each test condition. Experiments are conducted for four
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different Cr* (Cr* =1, 3, 5, 7) and a constant number of heat transfer units (NTU = 3).

The definitions of NTU and Cr* are presented in Egs. (4.6) and (4.7).

25
M Air Inlet Conditions
@ Solution Inlet Conditions

r 20

- 135
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r 10
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Figure 4.3 Air and salt solution (LiCl) inlet set conditions for the different heat and mass transfer
directions experiments

4.5.4 Effect of Different Desiccant Types and Concentrations

Different types of salt solutions (i.e. LiCl, LiBr and MgCl,) can be used in
LAMEE systems. Currently, salt solution selection is based on salt properties such as
saturation concentration and cost (Afshin, 2010). However, there are no experimental
data available for the effect of different salt solution types and concentration on the
performance of the LAMEE system. LiBr salt is expensive and less applicable in liquid to
air membrane energy exchangers; however, the LiBr saturated concentration is almost
65% which reduces the risk of salt solution crystallization in the LAMEE solution side
(Afshin, 2010). Thus, the effect of two salt solution types (i.e. LiCl and MgCl,) is
investigated. Also, to provide a better comparison between the results for these two salt
solutions, the solution inlet temperatures and humidity ratios are set to be the same for

both experiments. Moreover, the effect of different salt solution concentrations on the
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performance of the LAMEE is studied for LiCl. Three different concentrations are
selected for these experiments at the same solution inlet temperature. All tests are
conducted for the air C&D test case at summer AHRI test conditions (ANSI/AHRI
Standard 1060, 2011) for four different heat capacity ratios (i.e. Cr* =1, 3, 5and 7) and
NTU = 3. The measured air and solution inlet and outlet conditions are presented in the

results section (see Table 4-6).

4.6 Numerical Modeling

An enthalpy pump system (EPS) numerical code is used to produce the numerical
results in this chapter. The EPS code has been developed by University of Saskatchewan
RAMEE research group and the basics and detailed formulations of this code are
presented in (Seyed-Ahmadi, 2008; Hemingson, 2010). The EPS code was modified
based on the small-scale single-panel LAMEE geometry and specifications by Ghadiri
Moghaddam et al. (2013b) and numerical results were compared with experimental data
in chapter 3. The same modified EPS code is used in this chapter to generate the
numerical results. The numerical results are presented here to show that they follow the
same trend as the experimental data in the results and in some cases they agree very well.
Modifying and validating the EPS numerical code with the experimental data are planned
for future work in this research project.

There are some assumptions in the numerical code which affect the numerical
results. First, heat gains/losses from/to surroundings are included in the numerical code to
provide more realistic numerical results. Second, a counter flow configuration for air and
solution is used in the numerical code. The small-scale LAMEE has counter-cross flow

configuration with 90% pure counter flow area for the air and solution (Ghadiri
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Moghaddam et al., 2013b). Also, Akbari et al. (2012a) indicated that the discrepancy in
the EPS code numerical results for the counter-cross and counter flow configurations for
a LAMEE system with the same aspect ratio and entrance ratio as the small-scale
LAMEE is less than 1%. As a result, pure counter flow configuration is chosen for
numerical modeling. Finally, the air flow inside the exchanger air channel is assumed to
be laminar at the test values of channel Reynolds number. Actually, the flow is not
entirely laminar because of the presence of an air screen inside the air channel, which
produces regions of transitional flow in the air Channel (LePoudre et al., 2011).
However, there are no detailed experimental or numerical data available regarding the
heat and mass transfer promotion for this specific air screen. As a result, the laminar flow
regime was assumed for both the air and water flows in the LAMEE. The Reynolds
numbers in the air and solution channels are 700 and 20, respectively. Nusselt numbers of
8.24 (for a fully-developed laminar flow between two infinite parallel plates with
constant heat flux on both walls) and 5.39 (for a fully developed laminar flow between
two infinite parallel plates with constant heat flux on one wall and the other wall
insulated) are used for the air and salt solution, respectively (Incropera and DeWitt,
1985). LePoudre et al. (2011) showed the heat transfer enhancement for a sinusoidal air
screen inside an air channel with the same thickness as the LAMEE air channels by using
a CFD model. The Reynolds number was between 1370 and 2750, which is in the
laminar to transitional region for the hollow rectangular channel. The results showed
almost 100% improvement in the air convective heat transfer coefficient at Reair = 2000.
The effect of this novel air screen on the heat and mass transfer performance of the air,

and on the LAMEE effectiveness is one of the objectives for future work. The details of
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this assumption and its effect on the numerical performance of the LAMEE will be
discussed in the results section (see section 4.8).

To calculate the numerical results for each test case, the NTU and Cr* are used as
inputs in the numerical code to have the same NTU and Cr* for the experiment and
numerical model. NTUm and m*, which are the number of mass transfer units and mass
flow rate ratio, respectively, are calculated in the code to determine the LAMEE
effectiveness. The NTU and Cr* are important dimensionless parameters for heat and
energy exchangers problems. They are calculated as follows:

NTU = DA (4.6)
C

min

Cr = Zmin _ (47)

@)
@)
q*

where U and A are the overall heat transfer coefficient and total membrane
active area for heat and mass transfers, respectively. Also, C is the heat capacity rate for
an exchanger, and subscripts min and max refer to the minimum and maximum values,
respectively. Cr and Cr* both represent a heat capacity ratio and they have inverse
values. In a LAMEE system formulation Cr* definition has been used as a heat capacity

ratio. Also, in LAMEEs, the minimum heat capacity rate is related to the air side for Cr*

values greater than 1 (C,,, =(c,) and C,,, =(rhc,)_). c, is the specific heat capacity.

Additionally, the overall convective heat transfer coefficient for a LAMEE system is

calculated using the equation:

-1
U ={i+%+i} (4.8)
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where h, ¢ and k are the convective heat transfer coefficients, thickness and
thermal conductivity respectively. Also, subscript mem refers to the membrane
properties in Eqg. (4.8). As it was mentioned before, the convective heat transfer
coefficients for the air and solution sides are calculated for the laminar flow regime in the
air and solution channels. The NTUmn and m* are the other important dimensionless
parameters for energy exchangers, which are used in the code to calculate the LAMEE

performance. They are calculated as follows:

NTU, =—0—=Zm (4.9)
r‘nmin malr
m* = Do _ Mir (4.10)
mmax msol

where Un is the overall mass transfer coefficient and is calculated from the following

equation:
-1
U =|:—+R +—} (411)

In Eq. (4.11), hm and Rmem are the mass transfer coefficients and membrane mass
resistance, respectively. The convective mass transfer coefficients for the air and solution

sides are calculated based on the heat and mass transfer analogy (Niu and Zhang, 2001):

1

Sh=NuLe 3 (4.12)

Where Sh and Le are the Sherwood and Lewis numbers for the air and solution,
respectively. The numerical results for all test cases mentioned in the previous section are
presented in the results section 4.8. Also, as it was mentioned before, the purpose of this

chapter is not validating the numerical code with the experimental data. This chapter aims
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to show that the LAMEE numerical steady-state effectiveness results also follow the

same trend with changing Cr* as experimental data in all cases.

4.7 LAMEE Performance Evaluation

LAMEE effectiveness definitions are used to analyze the results for both the
numerical model and the experimental data. The LAMEE system performance is
evaluated with three types of effectiveness: sensible, latent and total effectiveness. The
sensible or latent effectiveness show how much heat (sensible energy) or latent energy
are transferred in the system, respectively. The sensible or latent effectiveness is defined
as heat or latent energy transferred in the system over maximum possible heat or latent

energy transfer in the exchanger, respectively.

(mcp )air (Yair,in _Yair,out)

E =
Sen or Lat 5
(“lcp )min (Yair,in _Ysol,in)

(4.13)

In this equation, & and Y are effectiveness and temperature (T) or humidity
content (W), respectively. Subscripts Sen and Lat refer to the sensible and latent
effectiveness, respectively. Also, as it was mentioned before, minimum heat capacity rate
is always related to the air side in LAMEE systems for Cr*>1. As a result, Eq. (4.13) can
be written in the following format.

(Y Yair ,out )

g _\Tair,in -
Sen orLat —
(Y _Ysol jin )

Finally, the total effectiveness of the LAMEE, which is related to both heat and

(4.14)

moisture transfer in the system, is calculated from the following equation (Simonson and

Besant, 1999).
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gSen+H*gLat
Ery =————— 4.15
o = (4.15)
where subscript Tot refers to the total effectiveness. In Eq. (4.15), H™ is known as the
LAMEE operating factor, and it is calculated based on the air and solution inlet

temperatures and humidity ratios in the system (Simonson and Besant, 1999). However,

the actual H™ value could be slightly different in the LAMEE system, because the
specific heat capacity of the air is not constant and depends on the air inlet conditions.

N W . —W._..
— AH Latent ~ 2500 arr,In sol,in (416)
AH

H

Sensible air,in ~ 'sol,in

4.8 Results and Discussion

In total, 44 experimental tests have been designed and conducted to
complete the objectives of this chapter. The experimental data of those experiments are
analyzed and the results are discussed in this section. Moreover, the numerical results are
presented for each test case to numerically show the effect of the different heat and mass
transfer directions, and using the different salt solution types and concentrations on the

steady-state performance of the LAMEE system.

4.8.1 Effect of Different Heat and Mass Transfer Directions

In this section, the effect of the different heat and mass transfer directions on the
steady-state performance of the small-scale LAMEE is investigated numerically and
experimentally for four different test cases: air C&D, air C&H, air H&D and air H&H.
The results are presented for NTU = 3 and four different Cr* values, and LiCl is used as a
solution in the system for all cases. The air convective heat transfer coefficient and the

NTU are calculated based on laminar air flow inside the air channel and it is the same for
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the experiment and the numerical model. Moreover, the small-scale LAMEE
effectivenesses are calculated based on the experimental data and the numerical results
for each test case and they are plotted versus Cr*. The results shows that, the small-scale
LAMEE effectiveness is not the same for the different heat and mass transfer directions,
and even the trend for the effectiveness graph versus Cr* is different in some cases for

the different heat and mass transfer directions.

4.8.1.1 Air Cooling and Dehumidifying (C&D)

In this test case, hot and humid air at the summer AHRI conditions is supplied to
the small-scale LAMEE and it is cooled and dehumidified through the exchanger. LiCl is
used as a salt solution in the system and the steady-state performance of the LAMEE is
investigated for four different Cr* values and NTU = 3. The repeatability of the
experiment is also studied for this test case, and the results are presented in Table 4-4.
Twenty experiments have been done for this test case consisting of five tests at each Cr*.
To present the results for this test case the experimental data are averaged for each Cr*.
The average measured air and solution inlet and outlet conditions are presented in Table
4-5 for different Cr*. The sensible, latent and total effectiveness of the LAMEE for both
the experimental data and the numerical results are shown in Figure 4.4. Uncertainties for
the experimental effectiveness are calculated based on the measurement instruments’
calibration results (see Table 4-1) and the repeatability results using the method of
propagation of errors. The small-scale LAMEE effectiveness increases with Cr* for
sensible, latent and total effectiveness. Maximum total effectiveness of 85% is achieved

for the small-scale LAMEE at NTU = 3 and Cr* = 7. Also, the numerical results for the
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small-scale LAMEE effectiveness are within the uncertainty bound of the experimental

data in this test case.

Table 4-5 Average measured air and solution inlet and outlet conditions for the air C&D, air C&H,
air H&D, and air H&H test cases at NTU = 3 and different Cr* with LiCl salt solution

Test | Cr* Inlet Conditions Outlet Conditions
Case Tair,in Wair,in Tsol,in Csol,in Wsol,in Tair,out Wair,out Tsol,out Csol,out Wsol,out
(°C) | (g/kg) | (°C) | (%) | (g/kg) | (°C) | (g/kg) | (°C) | (%) | (g/kg)
1 35 17.28 24 | 3459 5.54 30.6 11.2 39.8 | 3396 | 152
3 35 17.38 24 34.59 5.54 26.6 8.31 342 | 34.24 10.8
C&D 5 35 17.29 24 34.59 5.53 25.8 7.71 31.1 | 34.36 8.83
7 35 17.3 24 34.59 5.54 25.5 7.43 29.2 | 34.43 7.80
1 34.9 0.33 24 34.36 5.65 24.2 4.89 25.0 | 34.68 5.88
C&H 3 35 0.31 24 34.36 5.65 24.4 5.06 24.4 | 34.48 5.73
5 35 0.33 24 34.36 5.65 24.4 511 24.3 | 34.43 5.72
7 35 0.4 24 34.36 5.65 24.5 5.19 24.4 | 34.40 5.32
1 239 | 1625 | 321 | 3442 9.26 31.4 10.9 33.7 | 33.99 10.6
H&D 3 24 16.49 32 34.42 9.26 31.1 10.3 33.5 | 34.22 10.3
5 24 16.46 32 34.42 9.26 31 10.2 33.0 | 343 9.94
7 24 16.45 32 34.42 9.26 30.8 10.1 32.8 | 34.33 9.76
1 24 3.6 32 34.37 9.31 27.5 6.39 23.0 | 34.58 5.21
H&H 3 24 3.58 32 34.37 9.31 29.5 7.55 27.3 | 34.48 6.91
5 24 3.51 32 34.37 9.31 29.9 7.79 289 | 3444 | 7.68
7 24.1 3.55 32 34.37 9.31 30.1 8.05 30.0 | 3441 8.21

The numerical results are expected to show higher performance for the small-
scale LAMEE in comparison to the experimental data because of the simplification and
idealization assumptions, which are made to numerically model the LAMEE system.
However, they show lower values for latent and total effectiveness in Figure 4.4. There
are two main assumptions in the numerical code which have significant effect on the
numerical performance of the small-scale LAMEE and cause lower numerical
effectiveness results in comparison to experimental data. First, as it was explained before,
it is assumed that the air flow regime inside the air channel is laminar, which is not

exactly the case for the small-scale LAMEE. The air screen, which is used inside the air
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channel, produces a modest enhancement of the heat and mass transfer performance of
the air inside the channel. As a result, the air side Nusselt number will be more than 8.24,
which is based on laminar air flow between two parallel plates with constant heat flux on
both walls (Incropera and DeWitt, 1985). Second, the membrane properties, which are
used in the numerical code, are measured by the Permatran-W® (Model 101K) device
(Larson, 2006). It has six test cells to find the water vapor transmission rate and
permeability of a membrane. The geometry of the cells is not ideal for the membrane
permeability test and only part of the membrane area is active inside the cell. The
question is what percentage of the membrane area is active inside the test cell. This active
area is very important to calculate the membrane permeability results. Larson (2006)
suggested that only 52.5% of the membrane area inside the test cell is active. This value
was suggested based on comparison of the Permatran results with other results from
standard membrane permeability test methods, which also have high uncertainties.
Therefore, there are no strong data available for the active membrane area inside the
Permatran test cell. Consequently, in this chapter, it is assumed that 100% of the
membrane area is active inside the test cell and the membrane properties are calculated
based on this assumption, which is also not a real case for the Permatran device. CFD
modeling of the test cell or modifying the Permatran test cell to find the exact active area
of the membrane in the Permatran device is another objective for future studies. These
two assumptions have significant effect on the small-scale LAMEE effectiveness results,

and have likely caused lower numerical results in comparison to the experimental data.
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Figure 4.4 Experimental and numerical small-scale LAMEE (a) sensible, (b) latent, and (c) total
effectiveness for the C&D test conditions at NTU = 3 and variable Cr* with LiCl salt solution

4.8.1.2 Air Cooling and Humidifying (C&H)

and dry climates. The air is cooled and humidified while passing through the exchanger.
The heat transfer direction is from the air side to the solution, while moisture transfers
from the solution to the air. The measured air and solution inlet and outlet conditions are
presented in Table 4-5 for different Cr* and NTU = 3. Also, the experimental air inlet and

outlet conditions for Cr* =5 are shown on the psychrometric chart in Figure 4.5 to show
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the air and solution process lines in the exchanger for the air C&H test case. Figure 4.6
illustrates the numerical and experimental sensible, latent and total effectiveness of the
LAMEE system for the air C&H test case. In Figure 4.6-a, both numerical and
experimental sensible effectiveness of the LAMEE are decrease with increasing Cr*.
Also, it shows good agreement between the numerical and experimental results for the
sensible effectiveness. In the C&H test case, the heat transfer direction is from the air
side to the solution side, and the mass transfer direction is opposite of the heat transfer
direction. Also, the moisture transfer and the latent heat required to humidify the air
causes the solution to get cold through the LAMEE. The sensible heat transfer and the
latent heat transfer directions are opposite and depending on which one is dominant the
LAMEE sensible effectiveness could increase or decrease. In this chapter, for the C&H
test conditions the latent heat transfer is dominant and it causes the LAMEE sensible
effectiveness to decrease. The same reason applies for the H&D test case in this chapter,
where the LAMEE sensible effectiveness decreases while Cr* is increasing. However, in
the H&D test case, the heat transfer direction is from the solution side to the air side and
the moisture transfer direction is the opposite.

The latent effectiveness in Figure 4.6-b slightly increases with Cr*, and again, it
shows lower performance for the numerical model. Finally, Figure 4.6-c shows the total
effectiveness of the LAMEE for this test condition and it also increases with Cr*. The
maximum total effectiveness is 64% for this test case at Cr* = 7 with more than 60%
uncertainty in effectiveness. This test case represents an uncertain test condition for the
LAMEE system because of the air and solution inlet conditions selections. It can be seen

in Figure 4.5 that the air and solution inlets have almost the same enthalpy on a
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psychrometric chart, and it caused to have air and solution outlets close to the solution
inlet condition. As a result, according to the effectiveness definitions, small difference in
the air or the solution outlet conditions in the experimental data or numerical results will
cause big change in the effectiveness results. Also, this effect explains the discrepancies
between the experimental and numerical results for latent and total effectiveness.
Furthermore, there are some other sources of errors in the experiment and the
numerical model which affect the discrepancy between the experimental and numerical
results. First, it is assumed that there is no solution leakage in the small-scale LAMEE
exchanger and that the solution channels are completely sealed. However, according to
the small-scale LAMEE leakage test, there is a small amount of leakage in the system
(less than 1% of the solution flow rate), which affects the accuracy of the experimental
results. Second, the heat gains/losses to/from surroundings are only considered for the
exchanger exterior side walls in the numerical code, and only in one direction which is
perpendicular to the air and solution flow. This effect is minor for small-scale single-
panel LAMEE, and is more significant for a full-size exchanger with more channels when
exterior top and bottom walls are also important for heat gain and loss. Also, in reality,
for the small-scale LAMEE there are heat gains/losses from/to surroundings in some
parts of the air inlet header between the air inlet thermocouples and exchanger inlet
opening, and air outlet header between the exchanger outlet opening and the air outlet
thermocouples. Finally, the air and solution flow configuration is assumed to be pure
counter flow in the numerical model, while it is counter-cross flow with bottom-to-top

direction for solution flow in the small-scale LAMEE.
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4.8.1.3 Air Heating and Dehumidifying (H&D)

In this case, cold and humid air is supplied to the LAMEE and it is heated and
dehumidified through the exchanger. It demonstrates the performance of the LAMEE in
cold and humid climates, when the heat transfer direction is from the solution side to the
air but, the mass transfer direction is reverse, and it is from the air to the solution side.
The measured air and solution inlet and outlet conditions for different Cr* and NTU = 3
are presented in Table 4-5. The results shows that the same as C&H test case, this case is
almost uncertain, and again the air and solution outlet conditions are close to the solution
inlet. The numerical and experimental sensible, latent and total effectiveness of the small-
scale LAMEE are depicted in Figure 4.7. Figure 4.7-a shows that the LAMEE sensible
effectiveness decreases with increasing Cr* in this test conditions. Moreover, the latent
and total effectiveness of the LAMEE increase with Cr* in Figure 4.7. Also, Figure 4.7-
b shows good agreement between the numerical and experimental latent effectiveness of
the LAMEE. The maximum total effectiveness of 98% is reported for the small-scale

LAMEE in Figure 4.7-c at Cr* = 7 with 21% uncertainty in effectiveness.
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Figure 4.7 Experimental and numerical small-scale LAMEE (a) sensible, (b) latent, and (c) total
effectiveness for the H&D test conditions at NTU = 3 and variable Cr* with LiCl salt solution

4.8.1.4 Air Heating and Humidifying (H&H)

This test condition represents the performance of the small-scale LAMEE for cold
and dry climates. The air is heated and humidified through the exchanger and both heat
and mass transfer directions are from the solution side to the air. The measured air and
solution inlet and outlet conditions are presented in Table 4-5. The experimental and
numerical effectiveness of the LAMEE are shown in Figure 4.8. The sensible, latent and
total effectiveness of the LAMEE increase with Cr*. Also, the numerical model predicts

higher performance for sensible effectiveness in comparison to the experimental data, but
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it predicts lower performance for the LAMEE latent effectiveness. The main reasons to
have lower numerical effectiveness results in comparison to the experimental data are
discussed before. Also, Figure 4.8-b and Figure 4.8-c show good agreement between the
numerical and experimental latent and total effectiveness results, and the maximum total
effectiveness of 78% is achieved at Cr* = 7 with less than 10% uncertainty in total

effectiveness.
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Figure 4.8 Experimental and numerical small-scale LAMEE (a) sensible, (b) latent, and (c) total
effectiveness for the H&H test conditions at NTU = 3 and variable Cr* with LiCl salt solution
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4.8.2 Effect of Different Salt Solution Types and Concentrations

The effect of different salt solution types and concentrations is investigated for the
air C&D test conditions on the steady-state performance of the small-scale LAMEE. The
air inlet conditions are set at summer AHRI conditions for these experiments. The
experiments are conducted at four different Cr* and NTU = 3 which is the same as other
cases and the small-scale LAMEE effectivenesses are plotted versus Cr* for all tests.
LiCl and MgCl, are used as salt solutions in the system and three different salt
concentrations are tested for LiCl in this section. The measured solution inlet and air and
solution outlet conditions for LiCl and MgCl; salt solutions are presented in Table 4-6.
The air and solution outlet conditions for LiCl at 35% concentration are presented before
in Table 4-5 for the C&D test case. Figure 4.9 shows the air and solution inlet and outlet
conditions for all solution types and concentrations at NTU = 3 and Cr* = 5 on the
psychrometric chart. The air inlet conditions are the same for all tests (i.e. summer AHRI
conditions) and the solution inlet conditions are set based on the information in Table
4-6. According to Figure 4.9, air and solution outlet conditions for different tests are
almost at the same temperature, but the air and solution outlet humidity ratios increase

while the salt solution concentration decreases.
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Table 4-6 Measured air and solution inlet and outlet conditions for the different salt solution types
and concentrations tests for the C&D test conditions at NTU = 3 and different Cr*

Solution Type | Cr* Solution Inlet Outlet Conditions
Conditions

Tsol,in Csol,in Wsol,in Tair,out Wair,out Tsol,out Csol,out Wsol,out
(°C) | (%) | (g/kg) | (°C) | (g/kg) | (°C) | (%) | (g/kg)

24 25 10.5 28.6 15.7 33.6 | 24.80 18.9

LiCl 24 25 105 | 26.4 | 133 | 31.0 | 2488 | 16.1

(Csoliin = 25%) 24 25 10.5 25.7 12.5 289 | 2491 14.2

24 25 105 | 254 12.2 279 | 2494 13.3

24 30 7.82 | 30.0 13.8 36.6 | 29.57 17.2

LiCl 24 30 7.82 27.0 111 33.8 | 29.67 14.6

(Csolin = 30%) 30 782 | 26.0 | 102 310 | 2078 | 122

24 30 7.82 25.7 9.91 29.1 | 29.83 10.6

24 35.8 7.81 29.5 12.5 37.3 | 35.36 17.8

MgCl,

24 35.8 7.81 26.4 10.0 33.3 | 35.51 13.9
(Csol,in = 358%)

24 358 | 7.81 25.6 9.22 30.3 | 35.63 11.6
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Figure 4.9 Experimental air and solution inlet and outlet conditions comparison between the
different salt solution types (i.e. LiCl and MgCl2) and concentrations for the C&D test conditions at
NTU=3and Cr*=5
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Figure 4.10 shows the experimental sensible, latent and total effectiveness of the
small-scale LAMEE with different salt solution types and concentrations. The
effectiveness uncertainties are presented only for MgCl; results, because the effectiveness
uncertainties for different salt solution types and concentrations are almost the same at
each Cr*. The LAMEE effectiveness always increase with Cr* for the different solution
types and concentrations at the C&D test conditions. Also, Figure 4.10-a shows that
different salt solution types and concentrations do not have a significant effect on the
sensible effectiveness, while the latent and total effectivenesses increase with
concentration for all Cr* values. There is almost 10% difference between the LAMEE
total effectiveness for LiCl salt solution with 25% and 35% concentrations at Cr* = 1.
Moreover, the experimental latent and total effectiveness of the LAMEE with MgCl, salt
solution are close to the results for LiCl salt solution with 35% concentration. However,
the numerical model shows good agreement between the effectiveness results for MgCl»
and LiCl with 30% concentration, which has the same inlet solution temperature and
humidity ratio as MgCla.

Based on the experimental results in this section, using LiCl or MgCl: at the same
concentration does not have a significant effect on LAMEE effectiveness. The price of
LiCl salt is slightly higher than MgCl, depending on the salt purity. However, the
saturated LiCl concentration is higher than MgCl, which makes it more applicable in
liquid-to-air membrane energy exchangers because of the salt solution crystallization that
might happen in the solution side of the exchanger (Afshin, 2010). Moreover, using a
more concentrated salt solution (i.e. 35% concentration) in the LAMEE resulted in higher

latent and total effectiveness. Consequently, using more concentrated salt (i.e. 30% to
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35%) is suggested in membrane based energy exchanger. However, the saturated salt
solution concentration should be considered, especially for MgCl> while manufacturers
want to choose the operating salt solution concentration for their exchanger to avoid any
possible crystallization in the exchanger. Finally, the results in this section show that
although changing the salt solution type and concentration has an effect on the steady-
state LAMEE system performance, it is an effective way to control the supply air outlet

humidity ratio, which is an important factor for air conditioning systems.
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4.9 Conclusions

In chapter 4, the effect of different heat and mass transfer directions, and the
effect of different salt solution types and concentrations are experimentally and
numerically investigated on the steady-state performance of a LAMEE by using the
SPEET facility. All the tests have been conducted at NTU = 3 and four different Cr* =1,
3, 5, 7. The mass and energy balances for all test cases, and the repeatability of the test
facility for the air C&D test conditions are studied. The results show that the
experimental data are repeatable within acceptable uncertainty range that is smaller than
the effectiveness uncertainty for each test. The maximum EEI for the C&D test case is
found to be 0.02, and it is 0.04 for the worst case which is the C&H test case.

The effect of different heat and mass transfer directions is investigated for four
different test cases: 1) air cooling and dehumidifying (C&D), 2) air cooling and
humidifying (C&H), 3) air heating and dehumidifying (H&D), and 4) air heating and
humidifying (H&H). The results show good agreement between the numerical and
experimental results for the C&D and H&H test cases. The C&H and H&D test cases
represent greater uncertain conditions for the LAMEE system. The latent and total
effectiveness of the LAMEE increases with Cr*, while the sensible effectiveness only
increases with Cr* for the C&D and H&H test cases. For the other two test cases, the
sensible effectiveness is decreasing with increasing Cr*. Maximum total effectiveness of
98% with 21% uncertainty is obtained for the H&D test case at NTU = 3 and Cr* = 7,
Also, maximum total effectiveness of 85% is obtained for the small-scale LAMEE under

summer AHRI test conditions (i.e. the C&D test case).
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The effect of different salt solution types and concentrations is investigated for the
steady-state performance of the small-scale LAMEE under summer AHRI conditions.
LiCl and MgCl; salt solutions and three different concentrations for LiCl (C = 25%, 30%
and 35%) are used for this purpose. The results show that the sensible effectiveness is not
sensitive to the salt solution type and concentration, but the latent and total effectiveness
increase with salt solution concentration. A maximum of 10% difference is obtained for
the LAMEE total effectiveness with different salt solution concentrations at Cr* = 1.
Using different salt solution types and concentrations have effect on the LAMEE

effectiveness and it is an effective method to control the supply air humidity ratio.
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CHAPTER 5

NUMERICAL MODELING OF THE SMALL-SCALE LAMEE

5.1 Overview of Chapter 5

Coupled heat and mass transfer on the air-side, solution-side and in the membrane
of the small-scale LAMEE are modeled in this chapter to numerically evaluate the
steady-state performance of the small-scale LAMEE under different operating conditions.
This chapter contains Manuscript #4 (Numerical model of a small-scale liquid-to-air
membrane energy exchanger: parametric study of membrane resistance and air side
convective heat transfer coefficient). The effect of membrane vapor diffusion resistance
(VDR) and air-side convective heat transfer coefficient on the steady-state performance
of the small-scale LAMEE under air cooling and dehumidifying test conditions are
investigated in this chapter as these parameters have significant effects on the
performance of LAMEEs. The membrane VDR plays an important role in the latent
effectiveness of a LAMEE system. Also, there is an air screen in the air-channel of the
small-scale LAMEE which is used to support the membrane, and enhance the heat and
mass transfer performance in the air side of the LAMEE. Finally, the small-scale
LAMEE numerical results are verified with the experimental data for summer test
conditions (i.e. air cooling and dehumidifying and air cooling and humidifying test
conditions), which were presented in Chapter 4, and the numerical results for the small-

scale LAMEE performance are compared with the experimental data under winter test
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conditions (i.e. air heating and dehumidifying and air heating and humidifying test
conditions). This chapter is the third step of the methodology (see section 1.3.6) for
LAMEEs which develops the coupled heat and mass transfer equations in the air, solution
and membrane of a LAMEE. These equations are nondimensionalized in this chapter to
derive important dimensionless parameters affecting the performance of the LAMEE.
References for this chapter, which contains Manuscript #4, are presented in the reference
section of the thesis (see page 215) which includes all the references used in this PhD
thesis.

One Masters student (Mr. Ashkan Oghabi) and one postdoctoral fellow (Dr.
Gaoming Ge) were involved in Manuscript #4. Mr. Oghabi’s contribution to this paper is:
testing the air-screen in a wind tunnel energy exchanger insert test (WEIT) facility at
different air velocities, and calculating the enhanced air-side convective heat transfer
coefficient for each case. Dr. Ge gave me useful advice during my PhD research project
and critically reviewed Manuscript #4. Thus, | added him to this paper as an author to
appreciate his help. My contributions to the manuscript #4 are: (a) developing the
coupled heat and mass transfer equations for the air, solution and membrane of the
LAMEE, and present them in a dimensionless form, (b) modify the base numerical model
that we have in our research group for LAMEEs based on the small-scale LAMEE design
and specifications, (c) testing different membranes in Permatran 101-K device and
calculate their VDR, and comparing the VDR results for these membranes with other
methods, (d) comparing the small-scale LAMEE numerical effectiveness results with the
experimental data for summer and winter test conditions, and (e) writing the paper and

replying to reviewers comments.
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Numerical Model of a Small-Scale Liquid-to-Air Membrane Energy Exchanger:
Parametric Study of Membrane Resistance and Air Side Convective Heat Transfer
Coefficient
(Applied Thermal Engineering, 2013, Volume 61(2), pp. 245-258)

Davood Ghadiri Moghaddam, Ashkan Oghabi, Gaoming Ge, Robert W. Besant, Carey J.

Simonson

5.2 Abstract

A small-scale single-panel liquid-to-air membrane energy exchanger (LAMEE) is
a novel membrane-based energy exchanger that allows heat and moisture transfer
between a supply air stream and a salt solution flow through a semi-permeable
membrane. In this chapter, the steady-state effectiveness of the small-scale single-panel
LAMEE is experimentally measured and numerically modeled. The numerical model is
compared with the experimental data for summer and winter test conditions. Parameters
investigated using the numerical model include membrane vapor diffusion resistance
(VDR) and air side convective heat transfer coefficient. The membrane VDR in the
small-scale LAMEE is measured and the effect of this parameter is studied for the steady-
state effectiveness. Decreasing the membrane VDR from 56 s/m to 24 s/m increases the
LAMEE latent effectiveness by 11%, and as expected, it does not have any effect on the
LAMEE sensible effectiveness. Enhanced convective heat transfer coefficient in the air
flow of the small-scale LAMEE is calculated, and the effect of this parameter on the
LAMEE effectiveness is investigated. The results show 138% improvement in the
convective heat transfer coefficient in the air channel of the LAMEE with an air screen at

Reair = 1570 which results in 11% improvement in the LAMEE effectiveness. Finally, the
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modified numerical model is validated by the experimental data for the steady-state
effectiveness of the small-scale LAMEE under summer test conditions at four different
values of the thermal capacity ratio (Cr* =1, 3, 5 and 7) and NTU = 3.8. Moreover, the
numerical model is used for winter test conditions, and the results are compared with the
experimental data. The results show that the numerical model agrees with the
experimental data for the latent and total effectiveness of the LAMEE under the air
heating and humidifying and air heating and dehumidifying test conditions.

Keywords: Small-scale exchangers, LAMEE, Numerical model, dimensionless
parameters, membrane vapor diffusion resistance, and convective heat transfer

coefficient.

5.3 Introduction

Liquid-to-air membrane energy exchangers (LAMEEs) have been investigated
over the last decade (Zhang, 2011a; Bergero et al., 2000; Fan et al. 2006; Ghadiri
Moghaddam et al., 2013b). Membrane energy exchangers transfer heat and moisture
between an air stream and a salt solution flow through a semi-permeable membrane
which is permeable for water vapor but impermeable for liquid water. The air and salt
solution are in indirect contact within these exchangers which makes them useful for a
wide range of applications (e.g. residential buildings, office buildings, hospitals and
medical clinics). One main application of this kind of exchanger is expected to be in hot
and humid climates where the supply air needs to be cooled and dehumidified. Several
papers have been presented to numerically model coupled heat and mass transfer in
liquid-to-air membrane energy exchangers for the air flow, salt solution flow and the

membrane.
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Zhang (2011a) introduced an analytical model to estimate the performance of a
hollow fiber membrane contactor under air cooling and dehumidification conditions. This
analytical model was based on dimensionless differential equations in the contactor and
the results were validated by experimental data for selected test conditions. The results
showed that the analytical model was reliable for the performance prediction of the
hollow fiber membrane contactor. Also, Zhang and Huang (2011) and Zhang (2012)
investigated the coupled heat and mass transfer in counter-flow and cross-flow hollow
fiber membrane module for air humidification using water, respectively, using a
mathematical model. In Zhang (2012), a shell and tube cross-flow contactor was used
where the shell was like a rectangular box to reduce the pressure drop in hollow fiber
membrane contactors. The effect of fiber tubes packing density and geometry of fiber
packing arrangement were investigated on the performance of the cross-flow contactor as
the main sources of air flow maldistribution in hollow fiber membrane contactors. The
results showed that the fiber tubes packing density has a dominant effect on the
performance of the contactor. As well, Zhang et al. (2012a; 2012b) used a free surface
model for a single fiber tube to solve the conjugate heat and mass transfer in a counter-
flow and cross-flow hollow fiber membrane contactors for air dehumidification,
respectively. The air and solution convective heat and mass transfer coefficients were
calculated for the air and solution sides of the hollow fiber membrane contactor and
experimentally validated for selected test conditions.

Bergero et al. (2000) investigated the steady-state performance of a cross-flow
plane-plate membrane contactor using a two dimensional theoretical model. The coupled

heat and mass transfer in the exchanger was solved numerically for the air and salt
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solution flows. The model results were compared with selected test conditions
experimental data for this membrane contactor. Bergero and Chiari (2010; 2011)
investigated a hybrid air conditioning system where a plate desiccant-to-air membrane
dehumidifier coupled with a vapor-compression heat pump to replace a traditional air
dehumidification system where the air is cooled below its dew-point temperature. The
SIMULINK software was used to simulate the performance of this hybrid system using
the same mathematical model as Bergero et al. (2000) to simulate the membrane
contactor in the system. The results showed that the hybrid air conditioning system could
save up to 50% more energy in comparison to traditional system for supply air
dehumidification conditions. In Bergero et al. (2000), Bergero and Chiari (2010) and
Bergero and Chiari (2011) the air and solution side convective heat transfer coefficients
were calculated based on laminar flow in the air and solution channels of the plane-plate
membrane contactor. Huang et al. (2012) numerically investigated the coupled heat and
mass transfer in a cross-flow plane-plate liquid-to-air membrane energy exchanger used
for air dehumidification. They assumed an ideal smooth channel for air and solution sides
of the exchanger, while the air and solution were assumed to be hydrodynamically fully
developed but thermally developing. The actual Nusselt and Sherwood numbers for the
air and solution were numerically calculated for smooth channels, and the results were
compared with experimental data where good agreement was achieved.

Fan et al. (2006) numerically simulated the steady-state performance of a run-
around membrane energy exchanger (RAMEE) under AHRI summer and winter test
conditions (ANSI/AHRI Standard 1060, 2011). This RAMEE had two cross-flow liquid-

to-air membrane energy exchangers (LAMEEs) coupled together in a closed liquid
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solution loop. A finite difference model was used to solve the dimensionless water vapor
and energy transfer equations for the air and LiBr salt solution in two cross-flow
LAMEEs. The overall effectiveness of 70% was obtained for this RAMEE system.
Seyed-Ahmadi et al. (2009a; 2009b) presented a numerical model to simulate the
transient performance of a similar RAMEE system using the finite difference method to
solve the coupled heat and mass transfer equations for the air and solution sides of those
two cross-flow LAMEEs with an implicate time discretization. Solution storage tanks
volume, solution pumps and heat loss/gain to/from surroundings were also considered in
this numerical model. The numerical results were compared with experimental data for
the RAMEE system. The same numerical model was used by Erb et al. (2009), and the
numerical results were compared to experimental data for a RAMEE system with two
cross-flow LAMEEs using a MgCl> solution loop. Vali et al. (2009) developed a two
dimensional numerical model to investigate the steady-state performance of a RAMEE
system consist of two LAMEEs with counter-cross flow configuration for the air and salt
solution. A finite difference method was used to solve the dimensionless continuity,
momentum and heat and mass transfer equations for this counter-cross flow LAMEE.
The results showed that the performance of the counter-cross flow LAMEE is between
the counter-flow and cross-flow LAMEEs. Hemingson et al. (2011b) used the same
numerical model to calculate the steady-state performance of a RAMEE system under a
wide range of outdoor air conditions. This RAMEE system was subdivided into four
cases based on the effect of heat and mass transfer on the system performance. Ge et al.
(2012) used Zhang’s analytical model (Zhang, 2011a) to evaluate the performance of a

counter-flow LAMEE. These modified analytical results were compared with
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experimental results for a single-panel LAMEE and a RAMEE system under different
operating conditions and good agreement was obtained. The analytical model was used to
evaluate the performance of a RAMEE under balanced and unbalanced air flow
conditions to optimize the exchanger size and solution flow rate. Akbari et al. (2012a;
2012b) developed a neural network (NN) model to predict the steady-state and transient
performance of a RAMEE system for a wide range of operating and design parameters.
The NN model results were compared with the validated steady-state and transient
numerical models (Seyed-Ahmadi et al., 2009a; Seyed-Ahmadi et al., 2009b; Erb et al.,
2009) and good agreement was obtained. The NN model is fast and easy to use and can
be used to optimize the RAMEE design and operating parameters. In Fan et al. (2006),
Seyed-Ahmadi et al. (2009a), Seyed-Ahmadi et al. (2009b), Erb et al. (2009) and Ge et
al. (2012), the laminar flow was assumed for both the air and solution in air and solution
channels of a LAMEE, and the air and solution convective heat transfer coefficients were
calculated based on this assumption. Also, a mal-distribution due to membrane bulging in
a LAMEE and high uncertainty for measured membrane vapor diffusion resistance
(VDR) due to inaccurate measurement of the membrane VDR were reported as other
sources of discrepancy for the numerical model in literature.

Recently, Ghadiri Moghaddam et al. (2013a; 2013b) used a single-panel energy
exchanger test (SPEET) facility to evaluate the performance of a novel small-scale
single-panel LAMEE for different operating conditions. The LAMEE numerical model
which was used in the RAMEE numerical models (Seyed-Ahmadi et al., 2009a; Seyed-
Ahmadi et al., 2009b; Erb et al., 2009; Vali et al., 2009) was modified based on the new

small-scale LAMEE design, and the numerical results were compared with the
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experimental data. Preliminary results for the SPEET facility were presented in Ghadiri
Moghaddam et al. (2013b) using water as a transfer liquid in the LAMEE. Also, the
effects of different heat and mass transfer directions and salt solution types and
concentrations on the LAMEE effectiveness were evaluated with the SPEET facility
using LiCl and MgClI> solutions (Ghadiri Moghaddam et al., 2013a). Only for few cases
there was agreement between the numerical and experimental results. Ge et al. (2014)
experimentally investigated the effect of different operating parameters (i.e. air inlet
temperature and humidity, solution inlet temperature and concentration, and air and
solution inlet flow rates) on the performance of a small-scale LAMEE used as a
dehumidifier and regenerator in an air-conditioning system. The analytical model (Ge et
al., 2012) was compared with the experimental data for a counter-cross flow LAMEE for
both dehumidification and regeneration applications. Again, the laminar flow assumption
for the air side of the small-scale LAMEE to calculate the air convective heat transfer
coefficient and inaccurate measurement for the membrane VDR were reported as main
sources of uncertainty for the numerical model of the small-scale LAMEE in Ghadiri
Moghaddam et al. (2013a), Ghadiri Moghaddam et al. (2013b) and Ge et al. (2014).

In this chapter, the coupled heat and mass transfer in the air, solution and
membrane of a small-scale single-panel LAMEE are numerically modeled to calculate
the steady-state effectiveness of the small-scale LAMEE under different operating
conditions. Also, the effects of the membrane VDR and enhanced air convective heat
transfer coefficient are numerically investigated for the steady-state effectiveness of the
LAMEE under air cooling and dehumidification conditions using the modified numerical

model for the small-scale single-panel LAMEE. Moreover, the steady-state numerical

138



effectiveness of the small-scale LAMEE is validated by experimental data for summer
test conditions (i.e. air cooling and dehumidification and air cooling and humidification).
The same numerical model is used to simulate the effectiveness of the small-scale
LAMEE under winter test conditions (i.e. air heating and dehumidifying and air heating
and humidifying), and the agreement between the numerical results and experimental

data are studied for these test conditions.

5.4 Experimental Data

The single-panel energy exchanger test (SPEET) facility is designed to test a
small-scale LAMEE with a supply air volume flow rates up to 5 cfm with details given in
Ghadiri Moghaddam et al. (2013b). In this test facility, a compressor and an air drier are
used to supply a dry air (~4%RH) to the facility. The air passes through a flow controller,
two bubble air humidifiers and a heater to adjust the air inlet flow rate, temperature and
humidity to the desire test conditions. T-type thermocouples and relative humidity
sensors are used to measure the air temperature and humidity in the LAMEE air inlet and
air outlet headers with the uncertainties of 0.2°C and 1.5%RH, respectively. Finally, the
air passes through the LAMEE and is exhausted into the Lab. The LiCl solution flows in
an open solution loop, where a peristaltic pump is used to pump the solution from a
supply solution tank into the small-scale LAMEE. The inlet and outlet solution
temperatures are measured using shielded T-type thermocouples at the solution inlet and
outlet headers, and a density meter device is used to measure the salt solution
concentration at those locations. The solution passes through the LAMEE and is collected
in a solution exhaust tank. The small-scale LAMEE with the counter-cross flow

configuration is located in the test section of the SPEET facility where the air and
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solution pass through the LAMEE and the heat and moisture transfer through the
membrane between the air and LiCl salt solution. The details of the small-scale single-
panel LAMEE design, the SPEET facility schematic and the mass and energy balance
results of the facility are presented in Ghadiri Moghaddam et al. (2013a). A schematic
and the detailed cross section view of the small-scale single-panel LAMEE are presented
in Figure 5.1. Table 5-1 presents membrane properties and the design specifications of

the small-scale LAMEE.
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Figure 5.1The small-scale single-panel LAMEE a) air and solution flow configuration, and b) cross-
section detailed view (Ghadiri Moghaddam et al., 2013b)

Experimental data which are compared to the numerical model for the steady-
state performance of a counter-cross flow small-scale single-panel LAMEE are presented
in Ghadiri Moghaddam et al. (2013a) for different operating conditions (i.e. air cooling
and dehumidification (C&D), air cooling and humidification (C&H), and heating and
dehumidification (H&D), and air heating and humidification (H&H)). The small-scale
single-panel LAMEE was tested in the SPEET facility for four different heat capacity
ratios (Cr* = 1, 3, 5 and 7) and one number of heat transfer unit (NTU = 3). The NTU

value and numerical results which are presented in Ghadiri Moghaddam et al. (2013a) are
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based on a laminar flow regime in the air and solution channels. The experimental test

data and steady-state LAMEE effectiveness results which are used in this chapter are

presented in Table 5-2.

Table 5-1 The small-scale single-panel LAMEE specifications and membrane properties

Parameter value
Exchanger length, Lex (m) 0.49
Exchanger aspect ratio, Lex /Hex 5.2
Exchanger entrance ratio, Lso/ Lex 0.11
Air gap thickness, dair (Mmm) 5
Solution gap thickness on each side panel, dsoi/2 (mm) 0.8
Number of solution paths on each side panel 8
Membrane thermal conductivity, Kmem (W/mK) 0.065
Membrane thickness, dmem (MmM) 0.265

Table 5-2 Measured air and solution inlet and outlet conditions for the small-scale LAMEE at NTU =

3 and different Cr* with LiCl salt solution under different operating conditions

Inlet Conditions Outlet Conditions Results
Test Cr* Tair,in Wair,in Tsol,in Csol,in Wsol,in Tair,out Wair,out Tsol,out Csol,out Wsol,out Esen Elat Etot
Case (°C) | (g/kg) | (°C) | (%) | (g/kg) | (°C) | (g/kg) | (°C) | (%) | (9/kg) | (%) | (%) | (%)
1 |35 17.3 24 3459 | 5.54 30.6 11.2 39.8 |33.96 | 15.2 40.8 | 51.6 | 48.6
C&D 3 |35 17.4 24 34.59 | 5.54 26.6 8.31 34.2 34.24 | 10.8 76.2 | 76.6 | 76.5
5 |35 17.3 24 3459 | 5.53 25.8 7.71 311 | 3436 | 8.83 83.3 | 815 | 82.0
7 |35 17.3 24 3459 | 5.54 255 7.43 29.2 | 3443 | 7.80 86.6 | 84.0 | 84.7
1 |35 0.33 24 34.36 | 5.65 24.2 4.89 250 | 34.68 | 5.88 98.6 | 857 | 27.0
C&H 3 |35 0.31 24 34.36 | 5.65 244 5.06 244 | 3448 | 5.73 96.3 | 89.1 | 544
5 |35 0.33 24 34.36 | 5.65 244 5.11 243 | 3443 | 5.72 96.3 | 90.1 | 59.2
7 |35 0.40 24 34.36 | 5.65 245 5.19 24.4 34.40 | 5.32 96.1 | 91.1 | 66.3
1 |24 16.3 32 3442 | 9.26 314 10.9 33.7 |33.99 | 10.6 924 | 873 | 823
H&D 3 |24 16.5 32 3442 | 9.26 311 10.3 335 |34.22 | 103 88.9 | 91.2 | 92.6
5 | 24 16.5 32 3442 | 9.26 31.0 10.2 33.0 | 3430 | 9.94 87.3 | 92.6 | 96.2
7 |24 16.6 32 3442 | 9.26 30.8 10.1 328 | 3433 | 9.76 84.8 | 92.6 | 98.0
1 |24 3.60 32 34.37 | 9.31 275 6.39 23.0 3458 | 521 439 | 489 | 471
H&H 3 |24 3.58 32 34.37 | 9.31 29.5 7.55 27.3 34.48 | 6.91 69.6 | 69.6 | 69.6
5 |24 3.51 32 34.37 | 9.31 29.9 7.79 28.9 34.44 | 7.68 736 | 743 | 74.1
7 |24 3.55 32 34.37 | 9.31 30.1 8.05 30.0 3441 | 8.21 76.0 | 781 | 774
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5.5 Numerical Model

The governing equations and dimensional analysis of a counter-flow small-scale
single-panel LAMEE under steady-state operating conditions are presented in this
section. A schematic of the small-scale LAMEE is shown in Figure 5.2 which is used for
numerical modeling. Figure 5.2 shows that air and salt solution are flowing in the
counter-flow configuration through parallel air and solution flow channels. There is one
air channel in the middle of the small-scale LAMEE and two half solution channels on
the sides to create the single-panel LAMEE. The LAMEE enclosure is well insulated
from the surroundings. The air and solution channels are separated with the semi-
permeable membrane, which allows heat and water vapor transfer between the air and
solution, but prevents the solution liquid from penetrating into the air channel. The
differential equations for the LAMEE are for the air and salt solution. Also, the boundary
conditions for those equations are discussed. The following assumptions are used to
model the steady-state performance of the small-scale LAMEE:

1. The exchanger is not well insulated, thus heat losses/gains to/from surroundings
are considered in the numerical model.

2. The velocity and temperature of both fluids at the inlets of the exchanger are
uniform over the flow cross section in the exchanger.

3. The flows are fully developed and thermal properties and convective heat and
mass transfer coefficients of both fluids and membrane properties are constant
along the entire exchanger (i.e. there is no undeveloped flow or mal-distributed
flow) except the temperature dependent properties like the air conductivity. The

mal-distribution problem is well controlled in the small-scale LAMEE since there

142



is only one air channel and an air screen is used in the air channel of the LAMEE
to minimize the membrane deflection.

4. The membrane exchange area in the exchanger is uniformly distributed for both
fluids.

5. Fouling due to air side frosting and salt solution crystallization in the exchanger
are neglected.

6. Axial conduction in the air and salt solution is neglected (i.e. Pe>20 in the air and
solution channels (Seyed-Ahmadi et al., 2009a; Vali et al., 2009)).

7. Phase change energy due to water vapor evaporation or condensation at the air-
liquid interface occurs in the solution side since the solution convective heat and
mass transfer coefficients and solution heat capacity are significantly higher than
the air side. Also, the membrane is only permeable to water vapor.

8. Heat and mass transfers in the exchanger occur normal to the membrane surface

in z-direction (see Figure 5.2) (Seyed-Ahmadi et al., 2009a).
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Figure 5.2 Schematic of a counter-flow small-scale single-panel LAMEE and system coordinates.
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5.5.1 Solution Side Governing Equations

5.5.1.1 Mass Balance

Two half-solution channels are located on the sides of the small-scale LAMEE
which are identical. Figure 5.3 shows the incremental control volume, which is used for
mass balance in the solution side of the small-scale LAMEE. The following differential
equation governs the mass balance of the water content in the solution channel:

Mo Xy dxdy -U,, (W,
dx

air -W,
Yo

sol,mem

)dxdy =0, (5.1)

where m,, and U _ are the salt mass flow rate and overall convective mass

salt

transfer coefficient, respectively and they defined as:

-1
U, ={i+ Onen } (5.2)
hm,air m,mem
. My
m,, =—=>2 5.3
salt 1+ X ( )

m,, is the solution flow rate in each half solution channel, and X, is the solution

sol
mass fraction and calculated as follows:

_ Mass of Water

= 54
< Mass of Salt (5:4)

The salt solution concentration, C is calculated from the solution mass

salt ?
fraction.

1

C.=—— 55
salt 1+ X50| ( )

The following dimensionless parameters are used to nondimensionalize the mass

balance equation in the solution side of the small-scale LAMEE:
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¢ _ W _Wair,i (5 6)
- Wsol,i _Wair,i .
x =2 (5.7)
XO
NTU = _UnA (5.8)
mmin mair
m* = Do _ Mar (5.9)
mmax msol

Here ¢ and x are the dimensionless humidity content and dimensionless length
in the LAMEE, respectively. Also, NTU_ and m" are the number of mass transfer units

and mass flow rate ratio, respectively when the thermal capacity ratio (Cr*) is equal or
greater than 1 (see Eqg. (5.15)). The dimensionless form of the solution side mass balance
equation is found by substituting Egs. (5.6) to (5.9) into Eq. (5.1).

dX

dXs;)I _WO N-I-Um m’ (1+ ><sol )(¢air - ¢sol,mem ) =0 (510)
In Eq. (5.10), Wo is equal to (W, ; =W, ;) .
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Figure 5.3 The incremental control volume used for the mass balance in the solution side of the
small-scale LAMEE
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5.5.1.2 Energy Balance
The control volume, which is used for the energy balance in the solution sides of
the small-scale LAMEE, is shown in Figure 5.4. The following differential equation is

governed based on the energy balance in the solution side of the small-scale LAMEE:

% CD,SOI d;lj-;:l dXdy _Umhfg (Wair _Wsol,mem ) dXdy -uU (Tair _Tsol )dXdy =0 (511)
0

The dimensionless form of Eq. (5.11) based on the dimensional analysis of the
small-scale LAMEE is as follows:

%_ NTUmH Cr (¢air _¢sol,mem)_ NTU Cr (gair _050| ) =0 (512)

Here H” is the operating factor, and is the ratio of maximum possible latent
energy over the maximum possible sensible energy transfers between the air and salt

solution in a LAMEE. Also, 6, NTU and Cr are dimensionless temperature, number of

heat transfer units and thermal capacity ratio, respectively, and are determined as follows:

o= (5.13)
sol i air i

NTU = DA YA (5.14)
Cmin (mCP)air

Cr = Cmin _ (me )air — 1* (515)
Croc  (mc,)_ ~ Cr

H* _ (Wsol,i _Wair,i) hfg (5 16)

(Tsol,i _Tair,i) Co air .
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In the LAMEE the minimum heat capacity rate, C_. , is related to the air side of

min !

the LAMEE (Ghadiri Moghaddam et al., 2013a). In Eq. (5.15), U is the overall heat

transfer coefficient and defined as:

-1
U= i+i+i (5.17)
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Figure 5.4 The incremental control volume used for the energy balance in the solution side of the
small-scale LAMEE

5.5.2 Air Side Governing Equations

5.5.2.1 Mass Balance

The air channel is in the middle of the small-scale LAMEE and is in contact with
the membrane on both sides of the channel where the heat and mass transfers occur
between the air and solution. Figure 5.5 shows the incremental control volume, which is
used for the water vapor mass balance in the air channel of the small-scale LAMEE. The
mass diffusions in the x and y directions are neglected. The differential equation for the

water vapor balance in the air side of the LAMEE is:

Mar gy War o1 o (W, =W, )y =0 (5.18)
Yo dx
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where Wsoimem 1S the humidity content of the salt solution at the membrane-
solution interface, and is calculated from the membrane mass and energy balance

equations (see Section 5.5.3). Equation (5.18) is nondimensionalized by using Egs. (5.6)

to (5.8):
%4_ 2NTUm (¢air _¢sol mem) =0 (519)
X :
dx ' ;o w )\
£ 1 Lmau‘ ”’ afr ”gi- dx d}‘
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Figure 5.5 The incremental control volume used for the mass balance in the air side of the small-
scale LAMEE

5.5.2.2 Energy Balance

The energy balance in the air channel of the LAMEE is presented in this section.
For the air side of the LAMEE it was assumed that the heat diffusion is only in the z-
direction. Figure 5.6 shows the energy transfers which occur in the air side of the small-
scale LAMEE. The heat transfer differential equation for the air channel is found from

the air side energy balance, and is as follows:

T, )dxdy =0 (5.20)

p air air
0

m, dT
ar ¢ dxdy —2C +2U (T,
y ax (

The dimensionless form of the Eq. (5.20) is determined using Egs. (5.7), (5.13)

and (5.14):
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Figure 5.6 The incremental control volume used for the energy balance in the air side of the small-
scale LAMEE

55.3 Membrane
The bulk properties of the air, solution and membrane are used to govern the

differential equations for the air and salt solution in the small-scale LAMEE except the

membrane humidity content (W, ) which occurs at the interface between the solution

ol,mem

and the membrane (see Egs. (5.10), (5.12) and (5.19)). The membrane humidity content

can be calculated from the membrane temperature and solution mass fraction in the

interface between the solution and the membrane (T, and X (Cisternas and

0l,mem sol,mem )

Lam, 1991). The membrane temperature and solution mass fraction on the solution side
of the small-scale LAMEE are calculated from the heat and water vapor mass balance

equations at the membrane-solution interface.

W,

sol,mem

= Function (T X

sol,mem?

(5.22)

sol,mem )
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W, —W
air sol,mem =h [ 1 1 J (523)

Ty T

air sol,mem sol mem

K -1 fg hsol (Tsol,mem
h. -1 mem m,mem
( alr) +[5mem] malr +[ J

The dimensionless forms of the Egs. (5.23) and (5.24) are found using Egs. (5.5)

~To) (5.24)

to (5.9) and (5.13) to (5.16), and are as follows:

NTUm WO (¢air _¢sol,mem ) = NTU (Csalt _Csalt,mem) (525)

m,sol

NTU (@,

air

- gsol,mem ) + NTUm H (¢air - ¢so|,mem) = NTUsoI (gsol,mem - Hsol ) (526)

Here, NTU,, and NTU_, are the solution side number of heat and mass

sol
transfer units, respectively, and defined as follows:

hyA _ hy,A

NTU,, = —= ! (5.27)
I (mCP )min (mCP )air
hm sol A hm sol A
N-I-Um sol — .’ = .Y (528)
' mmin mair

Equations (5.25) and (5.26) should solve iteratively to find the solution humidity

content at the membrane-solution interface.

5.5.4 Boundary Conditions

The dimensionless differential equations, those involved in the steady-state
operation of the small-scale LAMEE, are Egs. (5.10), (5.12), (5.19) and (5.21). The
boundary conditions, which are required to solve the above differential equations, are

determined as follows:
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Xsol = Xsol,i at X= O
Tsol :Tsol i atXx = 0
’ (5.29)
Wi :Wair,i atx =X,
Tair =Tair,i at X= X0

The dimensionless forms of the above boundary conditions are as follows,

respectively:

sol (X* = O =1
(5.30)

¢air (X* :1) = 0

0, (X =1)=0

To solve Egs. (5.25) and (5.26) for humidity content of the solution on the

membrane surface, the following conditions are be used for the initial iteration.

X
T

sol,mem

=X
=T

sol,i

sol,i at X= O
atx =0 (5.31)

sol,mem

These are nondimensionalized to the following forms:

salt,mem (X* = 0) =C
(x* = O) =1

salt,i

(5.32)

sol,mem

5.5.5 Performance Evaluation of a LAMEE

The performance of a LAMEE is evaluated by its sensible, latent and total

effectiveness. Sensible and latent effectiveness are defined as sensible (heat) and latent

(moisture) energy transferred in the system over the maximum possible sensible and

latent energy transfer in the exchanger, respectively. Sensible and latent effectiveness are

calculated for a LAMEE system by the following equation when Cr*>1.
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_ (Yair,i _Yair,o)
Esens or Lat — m (533)

Here, Y is temperature (T) for the sensible effectiveness, and humidity ratio (W)
for the latent effectiveness. Also, the total effectiveness of the LAMEE, which is related
to both sensible and latent energy transfers, is calculated by the Eq. (5.34) (Simonson and

Besant, 1999).

... +H'e
gTot — Sen:sL+ H* Lat (534)

where H" is the operating factor (see Eg. (5.16)), and is calculated based on the
air and the salt solution inlet temperatures and humidity ratios in the LAMEE (Simonson

and Besant, 1999).

5.6 Results and Discussion

In this section, the effects of membrane vapor diffusion resistance and enhanced
air convective heat transfer coefficient are investigated on the steady-state performance
of the small-scale LAMEE under summer AHRI conditions (i.e. air cooling and
dehumidification). Then, the modified numerical model is validated by the experimental
data for the steady-state effectiveness of the small-scale single-panel LAMEE under
summer test conditions (i.e. air cooling and dehumidification and air cooling and
humidification). Finally, this numerical model is used to evaluate the effectiveness of the

small-scale LAMEE under winter test conditions.

5.6.1 Membrane Vapor Diffusion Resistance (VDR)
The membrane VDR plays an important role in the latent effectiveness of a

LAMEE system (Seyed-Ahmadi et al., 2009a; Beriault, 2011). This resistance should not

152



have any effect on the sensible effectiveness of the LAMEE. The membrane which is
used in the small-scale LAMEE is a GE membrane, and is tested in Permatran-W® 101K
device to calculate the VDR of the membrane. In this section, the Permatran-W® 101K
device is briefly introduced, and the membrane VDR result from this device is presented
and verified by dynamic moisture permeation cell (DMPC) test results for the GE
membrane (Larson, 2006; Gibson et al., 1997; Gibson, 2000). Finally, the effect of
membrane VDR on the steady-state effectiveness of the small-scale LAMEE under

summer AHRI test conditions is studied.

5.6.1.1 Water Vapor Permeability Measurement

There are different devices and standards available to measure the membrane
water vapor transmission rate (WVTR) (Beriault, 2011; Larson, 2006). In this chapter,
the Permatran-W® 101K device (Beriault, 2011) is used to measure the WVTR of the GE
membrane. This device uses a modified ASTM E96BW standard (inverted cup with a
guard membrane) to measure the WVTR of a membrane (ASTM E 96-00, 2000). Then,
the membrane VDR is calculated from the WVTR value for the membrane (Beriault,
2011). Permatran has six test cells to simultaneously test the membrane WVTR on six
different membrane areas to reduce the precision uncertainty. A schematic of the
Permatran test cell and the nitrogen gas flow pattern in the test cell are shown in Figure
5.7. There is a water reservoir on the top of the test cell which contains distilled water. A
PTFE guard membrane is used on the bottom of the reservoir which allows water vapor
to transfer through the guard membrane but prevents liquid water to directly contact the
membrane under test. The test membrane, for which the WVTR is calculated, is located

on the bottom of the PTFE guard membrane in the Permatran test cell. Dry nitrogen gas
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(~ 0%RH) with constant supply pressure (~ 103 kPa) flows into the bottom of the test cell
cavity, and the top of the test membrane is in contact with PTFE guard membrane and
water vapor (~ 100%RH). For each cell, Permatran records the data for the nitrogen mass
flow rate and outlet relative humidity (RH) of the nitrogen gas to calculate the mass flow
of the water vapor through a membrane. The Permatran is used to calculate the WVTR at
steady-state conditions. For this purpose, it compares the recent calculated WVTR for a
cell to the previous measurement for the cell, and if they agree within the convergence
criteria of 1%, the measurement for that membrane is complete and the WVTR is
recorded. The outputs of the Permatran device are the test temperature in Celsius, the test
membrane WVTR in g/(m?-day), the calibration WVTR in g/(m?-day), which is for the
test without the test membrane (i.e. only PTFE guard membrane is used for calibration),
atmospheric pressure in mmHg and the nitrogen volume flow rate in standard cubic
centimeters per minute (SCCM) for each cell. The test membrane VDR, which is
calculated from the calibration and membrane WVTR measured in the Permatran, is for
the bare membrane since the effect of the Nitrogen flow dynamics is also considered in
the calibration WVTR. The calibration VDR is subtracted from the main test VDR for
each test cell to calculate the bare membrane VDR (Beriault, 2011).

Beriault (2011) reported that the membrane VDR calculated from the Permatran
outputs is not accurate, and he suggested using a 52.5% correction for the result values he
measured. He compared the membrane VDR calculated from the Permatran to the results
of the dynamic moisture permeation cell (DMPC) method (Larson, 2006; Gibson et al.,
1997; Gibson, 2000) for the same membrane to find this correction factor. The

discrepancy between the Permatran and DMPC results are due to the calibration method
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and effects in the Permatran test cell geometry that cause a complex three-dimensional
nitrogen flow pattern in the test cell which is known as edge effects (see Figure 5.7).

In the current chapter, the test method with Permatran is modified to correct the
output of the Permatran device, and verify the results with DMPC method. Originally, the
membrane active test area was 10 cm? in the Permatran test cell, and now the active test
area is reduced to 1 cm? by using a circular aluminum mask which reduces the edge
effects in the test cell. The GE membrane is tested in the Permatran with the aluminum
mask, and the results are compared with the DMPC method for GE membrane in Figure
5.8. The results show that using the aluminum mask in the Permatran corrects the
membrane VDR results, and the Permatran results are validated with the DMPC results

for the GE membrane. The GE membrane properties are presented in Table 5-1.

§ Water Reservoir
PTFE Guard
Sis—
Test % Membrane

Membrane /7/_\\

Nitrogen Nitrogen

Inlet Qutlet

Figure 5.7 Schematic elevation view of the Permatran-W® 101K test cell showing the nitrogen gas
flow pattern in the cell

5.6.1.2 Effect of the Membrane VDR on LAMEE Effectiveness

Figure 5.9 shows the effect of membrane VDR on the steady-state performance of
the small-scale LAMEE under summer AHRI test conditions (air cooling and
dehumidification) at NTU = 3 and Cr* = 5. Three different membrane VDR values are
used for the GE membrane: 18.5 s/m from the DMPC method, 24 s/m from the modified

Permatran-W 101K with the aluminum mask (i.e. 1 cm? membrane active area), and 56
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s/m from the Permatran-W 101K without masking (i.e. 10 cm? membrane active area).
The results show that the membrane VDR does not have any effect on the sensible
effectiveness of the LAMEE. However, the latent effectiveness of the LAMEE increases
with decreasing the membrane VDR. The latent effectiveness increases by 11% and 3%
with decreasing membrane VDR from 56 s/m to 24 s/m and from 24 s/m to 18 s/m,
respectively. The total effectiveness of the LAMEE also increases by decreasing the

membrane VDR because of the increase in the latent effectiveness (see Eq. (5.34)).
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Figure 5.8 Membrane VDR data for the GE membrane using Permatran with 10 cm? and 1 cm? (with
the aluminum mask) active areas, and DPMC method
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Figure 5.9 Effects of the calculated membrane VDR on the steady-state sensible, latent and total
effectiveness of the LAMEE at NTU = 3 and Cr* = 5 under summer AHRI test conditions
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5.6.2 Air Side Convective Heat Transfer Coefficient
The small-scale LAMEE consists of layers of air and solution channels that are
placed side by side, and separated with a semi-permeable membrane which allows heat

and moisture transfer between the air and solution. The salt solution flows in the solution

channel at very low Reynolds numbers (e.g. Resol < 20), and Nug, =5.39 (Nusselt value

for the laminar flow between two infinite parallel plates with constant heat flux on one
wall and the other wall insulated) (Incropera and DeWitt, 1985) is used for the solution
side of the small-scale LAMEE since the solution channels are in the sides of the
LAMEE (see Figure 5.1b). In a full-size LAMEE where there are multiple air and

solution channels, Nug, =5.39 is used for the solution channels on the sides of the
LAMEE, and Nu,, =8.24 (Nusselt value for the laminar flow between two infinite

parallel plates with constant heat flux on both walls) (Incropera and DeWitt, 1985) is
used for the solution channels in the middle of the LAMEE where each solution channel
is in contact with two air channels on the sides.

In the air channel of the LAMEE, there is an air screen used to support the
membrane, and enhance the heat and mass transfer performance in the air side of the
LAMEE. Thus, the air side Nusselt number in the LAMEE is different than laminar air
flow in an ideal smooth air channel, and needs to be calculated for the air channel of the

small-scale LAMEE with the air screen.

5.6.2.1 Wind Tunnel Energy Exchanger Insert Test (WEIT) Facility
The wind tunnel energy exchanger insert test (WEIT) facility (Oghabi et al.,

2013) is used to determine the heat transfer enhancement by the eddy promoter air spacer
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in the air channels. Figure 5.10 shows the schematic diagram of the WEIT facility in the

Mechanical Engineering Department of the University of Saskatchewan.

Exit plenum
Boundary layer bleed flow (mixing chamber) Orifice plate

_/—E"J | | ;;Im!n pipe l

Alr flow in
1

i . [ . ) Vacuum pump
2-D contraction Settling channel Test section Extension

(27:1) (2.0m) (0.5 m) (0.15m)

Figure 5.10 The schematic of the wind tunnel energy exchanger insert test (WEIT) facility (Oghabi
etal., 2013)

The WEIT facility includes four main sections: a 2-D contraction nozzle, settling
flow development channel, test section, and a mixing chamber. The channel has a
rectangular cross section with 5 mm wide by 152.4 mm high from the nozzle to the
mixing chamber which is the same geometry as the air channel in the small-scale
LAMEE. A vacuum pump located at the downstream of the test facility induces the air
through the test section. Air at room temperature (~23°C) flows into the settling channel
to become hydrodynamically fully-developed before the test section. The side walls of
the test section are electrically heated with constant heat flux to simulate the heat transfer
in the air channel of the small-scale single-panel LAMEE. The test section walls are
completely insulated and the heater elements are installed on the air side of the test
section walls. Therefore, the heat power produced by the side wall heaters is transferred
to the air by convection. The wall surface temperatures and bulk air temperatures are
measured at the inlet and outlet of the test section using T-type thermocouples with 0.1°C
uncertainty and are used to calculate the average convective heat transfer coefficient.

Also, the air flow rate and the pressure drop across the test section are measured by an
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orifice plate downstream of the mixing chamber and static pressure probes installed along
the test section wall, respectively. The heat transfer measurement results for different air
screens, and mass and energy balance results for the WEIT facility are presented in

Oghabi et al. (2013). The log mean temperature, AT, , is used in Eq. (5.35) to calculate
the average air convective heat transfer coefficient through the test section.

Q"=h,, 4T, (5.35)

In Eq. (5.35), Q" is the heat flux at the test section walls. Eq. (5.36) defines the

log mean temperature difference, where T is the temperature in Celsius, and subscript s is

related to the wall surface in the test section (Incropera and DeWitt, 1985).

— [(T(s,i)'T(air,i) )'(T(s,o)'T(air,o) )]
" In [(T(s,i)'T(air,i))/(T(s,o)'T(air,o))] (5'36)

The average air Nusselt number in the test section is determined by the average
air convective heat transfer coefficient as shown in Eq. (5.37) (Incropera and DeWitt,

1985). In Eq. (5.37), Nu,, is the average air Nusselt number, k is thermal conductivity of

the air, and Dy, is hydraulic diameter of the channel.

Nuair:hair Dh /kair (537)

5.6.2.2 Effect of the Air Convective Heat Transfer Coefficient on LAMEE
Effectiveness

Figure 5.11 shows the schematic of the air screen which is used in the air channel

of the small-scale single-panel LAMEE. This air screen is composed of cylindrical bars

with 1.6 mm diameter which are axially vertical in the center of the air channel of the

small-scale LAMEE (i.e. air flow is perpendicular to the bars), and horizontal plastic ribs
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which are located parallel to the air flow and have rectangular holes to provide better
mixing for the air. The cylindrical bars and plastic ribs are located within 90 mm and 10
mm distance apart from each other, respectively. The Reynolds number for the air in the
LAMEE is depend on the operating parameters (e.g. NTU and Cr*) and the size of the
LAMEE, and it is usually in the laminar flow regime (i.e. Reair <2200 for a laminar air
flow in a smooth rectangular duct (Incropera and DeWitt, 1985)). By using the air screen
in the air channel, the air flow regime changes to transitional regime in the air channel,
and the convective heat and mass transfer coefficients of the air increase in the air
channel of the LAMEE. Figure 5.12 shows the measured air convective heat transfer
coefficient for the air in the air channel of the small-scale LAMEE with the air screen
respect to the air Reynolds number which is tested in the WEIT facility. The results show
that the heat transfer enhancement increases in the air side of the LAMEE with the air
screen by increasing the air Reynolds number, and significant enhancement occurs at
higher Reynolds numbers. There are 37%, 67%, 138% and 177% increases in the air side
convective heat transfer coefficient of the small-scale LAMEE with the air screen at Reair
= 620, 950, 1570 and 2170, respectively, compare to the case of no air screen. The air

density and viscosity were calculated based on the air temperature and relative humidity.
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Figure 5.11 Schematic of the air screen used in the air channel of the small-scale LAMEE
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Figure 5.12 Experimental Nusselt number and air side convective heat transfer coefficient in the air
channel of the small-scale single-panel LAMEE with the air screen

The improvement in the air side convective heat transfer coefficient increases the
NTU value for the experimental and the numerical effectiveness of the small-scale
LAMEE (see Egs. (5.14) and (5.17)). Also, the air side convective mass transfer
coefficient and the latent effectiveness of the LAMEE increase by using the air screen in
the air channel of the LAMEE (see Eq. (5.8)). The air and solution convective mass
transfer coefficients are calculated from Sherwood numbers (Sh) for the air and solution

flows using the heat and mass transfer (Chilton-Colburn) analogy (Niu and Zhang, 2001),

1

Sh=Nu Le 3 (5.38)
where Le is the Lewis number in Eq. (5.38). The Sherwood number is calculated
using Eq. (5.39) for the air or solution flows.

sh="Dr
D

va

(5.39)

Figure 5.13 shows the effect of enhanced air convective heat transfer coefficient
on the steady-state effectiveness of the small-scale LAMEE under summer AHRI test

conditions at Cr* = 5. The results show almost 4% improvement in the sensible, latent
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and total effectiveness of the small-scale LAMEE with the air screen at the specific
conditions (see Table 5-2) that the small-scale LAMEE was tested in Ghadiri
Moghaddam et al. (2013a) (i.e. Reair = 620 and Nuair = 11.2) in comparison to the smooth
air channel (i.e. Nuair = 8.24). The increase in the performance of the LAMEE can be
improved at higher air Reynolds numbers (e.g. 11% improvement in the LAMEE
effectiveness at Reair = 1600 and Nuair = 20). Also, as was mentioned, the operating NTU
increases with increasing the air convective heat transfer coefficient. Figure 5.13 shows
that the NTU value for the tests presented in this chapter (see Table 5-2) is increased from
3 to 3.8 in the small-scale LAMEE with the air screen in the air channel.

Huang et al. (2012) showed that the actual heat and mass transfer convective
coefficients for the air and solution in a cross-flow flat-plate hollow channel membrane
energy exchanger are different than the traditional Nusselt values (i.e. Nuair = 8.24 and
Nusor = 5.39 in this study). The sensible, latent and total effectiveness of the small-scale
LAMEE with a hollow air channel (without the air screen) using the actual air-side
convective heat and mass transfer coefficients from reference (Huang et al., 2012) are
also shown in Figure 5.13. The ratio of the small-scale LAMEE width over the solution
channel thickness, Hex/dsol, is 59 (see Table 5-1). Thus Nuair = 7.54 and Shair = 7.74 are
used for the small-scale LAMEE with a hollow air channel which are the actual air-side
Nusselt and Sherwood values from Huang et al. (2012). The actual solution-side
convective heat and mass transfer coefficients from Huang et al. (2012) are not
applicable for the small-scale LAMEE since in the small-scale LAMEE the solution is in
contact with a membrane on one side and the side wall of the exchanger on the other side,

while in Huang et al. (2012) the solution is in contact with the membrane on both sides.
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Also, the air-side convective heat and mass transfer coefficients are more important than
the solution-side convective heat and mass transfer coefficients in calculating the overall
convective heat and mass transfer coefficients for LAMEEs. Figure 5.13 shows that the
small-scale LAMEE sensible, latent and total effectiveness with the actual air-side
convective heat and mass transfer coefficients are 2% lower than the LAMEE
effectiveness using the traditional values (i.e. Nuair = 8.24).

Moreover, some literature (Zhang et al., 2012a; Zhang et al., 2012b) has shown
that using the Chilton-Colburn analogy might be questionable for membrane based
energy exchangers. Zhang et al. (2012a) numerically calculated the actual Nusselt and
Sherwood numbers for a counter-flow hollow fiber membrane energy exchangers with
different packing densities, where the boundary conditions on the membrane are
numerically obtained by simultaneous solution of momentum, energy and concentration
equations for the air, solution and membrane. The results showed that in all cases, the
actual air-side Nusselt values for the counter-flow hollow fiber membrane energy
exchanger are very close to the Nusselt values with a constant heat flux boundary
condition on the membrane. The constant heat flux boundary condition on the membrane
is used in the current study to experimentally measure the enhanced air-side convective
heat transfer coefficient for the air side of the small-scale LAMEE with the air screen,
using the WEIT facility. Also, the results of Zhang et al. (2012a) showed that the actual
air-side Sherwood number is different than the air-side Sherwood number that is
calculated from the Chilton-Colburn analogy. The actual air-side Nusselt and Sherwood
number results for the counter-flow hollow fiber membrane energy exchanger are used to

show the effect of deviation from the Chilton-Colburn analogy on the small-scale
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LAMEE effectiveness. The reasons why only the air-side convective heat and mass
transfer coefficients are considered in this part are mentioned in the previous paragraph.
Also, since the air and solution flows in the small-scale LAMEE are mostly counter-flow,
the results for the counter-flow hollow fiber membrane energy exchanger are used for
this sensitivity study. The Chilton-Colburn analogy is changed to the following format
based on the actual average Nusselt and Sherwood values for the counter-flow hollow
fiber membrane energy exchanger in Zhang et al. (2012a):
Sh = Nu Le (®0%>=000 (5.40)
Equation (5.40) is used in Figure 5.13 to calculate the air and solution sides’
convective mass transfer coefficients for the small-scale LAMEE. The experimental
Nusselt values for the small-scale LAMEE with the air screen are used for the air-side of
the LAMEE (see Figure 5.12), and the laminar flow Nusselt value, Nuso = 5.39, is used
for the solution side of the small-scale LAMEE. Figure 5.13 shows that using Eq. (5.40)
to calculate the air or solution side convective mas transfer coefficients has no effect on
the sensible effectiveness of the small-scale LAMEE. However, the latent and total
effectiveness of the small-scale LAMEE decrease by a maximum of 4% when using Eq.
(5.40) to calculate the convective mass transfer coefficients, instead of the traditional

Chilton-Colburn analogy.
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Figure 5.13 Effect of the enhanced air convective heat transfer coefficient on the steady-state
sensible, latent and total effectiveness of the small-scale LAMEE at NTU = 3 and Cr* =5 under
summer AHRI test conditions

5.6.3 Validating the Numerical Model for Summer Test Conditions

In this section, the numerical model is validated by the experimental data for
summer test conditions (i.e. air cooling and dehumidification and air cooling and
humidification test cases) which are presented in Table 5-2. The effects of the membrane
VDR and the enhanced air convective heat transfer coefficient are studied for the steady-
state effectiveness of the small-scale LAMEE. These two parameters are the main
parameters which have significant impact on the numerical results. There are a few other
parameters that slightly affect the numerical results, and they are considered in the
numerical model. The first parameter is heat loss/gain to/from surroundings which is also
considered in the modified numerical model for the small-scale LAMEE. The second
parameter is the air and solution flow configuration in the LAMEE (e.g. cross or counter-
flow configurations). The air and solution flow in the small-scale LAMEE is in the
counter-cross flow configuration where 90% of the LAMEE has pure counter-flow

configuration for the air and solution. Akbari et al. (2012a) showed that for a LAMEE
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with the same entrance ratio and aspect ratio as the small-scale LAMEE, there is less than
1% discrepancy between the numerical effectiveness results for a counter-cross flow and
a pure counter-flow LAMEE. Consequently, the counter flow configuration is used in the

numerical model for the small-scale LAMEE.

5.6.3.1 Air Cooling and Dehumidification (C&D)

Figure 5.14 shows the experimental and numerical steady-state effectiveness of
the LAMEE and their uncertainties for four different Cr* = 1, 3, 5 and 7 when the LiCl
solution is used as a transfer liquid in the LAMEE. The small-scale single-panel LAMEE
is tested under summer AHRI test conditions (ANSI/AHRI standard 1060, 2011) (i.e. air
cooling and dehumidification test case) which represents hot and humid climates. The
numerical results are modified based on the actual membrane VDR and enhanced air
convective heat transfer coefficient. The numerical uncertainties are calculated based on
the uncertainties in the measured membrane VDR and the calculated enhanced air
convective heat transfer coefficient (see Figure 5.8 and Figure 5.12). The uncertainties in
calculating the NTU and Cr* are also considered in the uncertainty of the steady-state
LAMEE effectiveness. The method of propagation of errors is used to calculate the
small-scale LAMEE effectiveness uncertainties for all cases (Figliola and Beasley, 2006).
The actual NTU for the experiments and numerical model are calculated based on the
enhanced air convective heat transfer coefficient with the air screen, and NTU = 3.8. The
results show agreement between the experimental data and numerical results, and the
numerical model is validated by the experimental data during the air cooling and

dehumidifying (C&D) test conditions which are presented in Table 5-2.
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Figure 5.14 Comparison of the numerical and experimental steady-state effectiveness of the small-
scale LAMEE for different Cr* and NTU = 3.8 under summer AHRI test conditions (air cooling and
dehumidification test case)

5.6.3.2 Air Cooling and Humidification (C&H)

Figure 5.15 shows the experimental and numerical steady-state effectiveness of
the small-scale LAMEE at different Cr* and NTU = 3.8 under air cooling and
humidification (C&H) test conditions. The air C&H test conditions represent hot and dry
climates where the supply air needs to be cooled and humidified in a LAMEE. The
uncertainties of the numerical results are calculated in the same way as the results for the
air C&D test conditions. The results show that the numerical model is also validated for
the C&H test conditions that are presented in Table 5-2, and the experimental and

numerical results are agreed within their uncertainty ranges. Also, Figure 5.15 shows
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almost 60% uncertainty for the experimental total effectiveness of the small-scale
LAMEE which is a high uncertainty. This is because of the air and solution inlet
conditions selections for the experiments. The experimental air and solution inlet
conditions for C&H tests (see Table 5-2) show that the air and solution inlets have almost
the same enthalpies on a psychrometric chart, which causes to have air and solution
outlets close to the solution inlet condition (Ghadiri Moghaddam et al., 2013a).
Consequently, according to the effectiveness definitions (see Egs. (5.33) and (5.34)),
small difference in the air or the solution outlet conditions in the numerical results or

experimental data will cause a big change in the total effectiveness results.
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Figure 5.15 Comparison of the numerical and experimental steady-state effectiveness of the small-
scale LAMEE for different Cr* and NTU = 3.8 under air cooling and humidification test conditions
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5.6.4 Using the Numerical Model for Winter Test Conditions

The numerical model is modified for the small-scale single-panel LAMEE, and
validated for summer test conditions that are presented in Table 5-2 which is one main
application of the LAMEE. In this section, the numerical model is used to simulate the
performance of the small-scale LAMEE under winter test conditions which are presented
in Table 5-2 (i.e. air heating and dehumidification, and air heating and humidification). In
this chapter, the winter test conditions are identified based on the heat transfer direction
in the LAMEE (i.e. air heating process), and are different than winter AHRI test
conditions. Figure 5.16 shows the experimental and numerical steady-state sensible,
latent and total effectiveness of the small-scale LAMEE under the air heating and
dehumidification (H&D) test conditions at the same Cr* and NTU as the air C&H and
C&D test cases. The H&D test conditions represent the operation of the LAMEE in cold
and humid climates where the supply air needs to be heated and dehumidified in a
LAMEE. The results show that the numerical model is still valid for the latent and total
effectiveness of the LAMEE under H&D test conditions. However, the numerical model
predicts higher sensible effectiveness for the small-scale LAMEE in comparison to the
experimental data. There is 5% to 10% discrepancy between the experimental and
numerical sensible effectiveness of the LAMEE under H&D test conditions. This
discrepancy may be due to the fact that sensible energy is not conserved in the small-
scale LAMEE for H&D test cases even though the water vapor mass and total energy are
conserved. The small-scale LAMEE was balanced for all the experiments that are

presented in this chapter (see Ghadiri Moghaddam et al. (2013a) for water vapor and
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energy balance results). However, the mass and energy balances show only the mass and

energy conservations in the LAMEE.
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Figure 5.16 Comparison of the numerical and experimental steady-state effectiveness of the small-
scale LAMEE for different Cr* and NTU = 3.8 under air heating and dehumidification test
conditions

Finally, the steady-state sensible, latent and total effectiveness of the small-scale
LAMEE at different Cr* and NTU = 3.8 under air heating and humidification test
conditions (i.e. LAMEE operation in cold and dry climates) are shown in Figure 5.17.
The results show that the numerical model is still valid for the latent and total
effectiveness of the LAMEE with the experimental data that are presented in Table 5-2,
and they agree within their uncertainty ranges. However, the same as the air H&D test
case, the numerical steady-state sensible effectiveness of the small-scale LAMEE does

not agree with the experimental data for the H&H test conditions at Cr* = 3, 5, and 7.
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Again, it is noted that the sensible energy is not conserved in the small-scale LAMEE for
H&H test case. In addition, if there are any crystallization in the membrane pores, they
may appear when water vapor is transferred from the solution flow to the air stream. This

effect would decrease the measured effectiveness for the small-scale LAMEE (Ge et al.,

2014).
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Figure 5.17 Comparison of the numerical and experimental steady-state effectiveness of the small-
scale LAMEE for different Cr* and NTU = 3.8 under air heating and humidification test conditions

5.7 Conclusions

In chapter 5, the steady-state effectiveness of the small-scale single-panel
LAMEE is numerically simulated, and the numerical results are compared with the
experimental data for summer and winter test conditions. The coupled heat and mass

transfer equations in the air, salt solution and membrane and their boundary conditions
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are derived and nondimensionalized for the counter-flow small-scale single-panel
LAMEE. The effect of the membrane vapor diffusion resistance (VDR) and the enhanced
air convective heat transfer coefficient are investigated for the performance of the small-
scale LAMEE. The membrane VDR found to be 24 s/m for the GE membrane which is
57% lower than the value that had been previously used for the GE membrane in a
LAMEE. The latent and total effectiveness of the small-scale LAMEE increase with
decreasing the membrane VDR while the sensible effectiveness is unchanged. Also,
using the air screen in the air channel of the small-scale LAMEE increases the heat and
moisture performance of the air in the air channel of the LAMEE. The results show that
the air side Nusselt number increases from 8.24 (for a rectangular smooth air channel
with constant heat flux on both walls) to 11.2 in the small-scale LAMEE with the air
screen at Reair = 620. The sensible, latent and total effectiveness of the LAMEE increase
by 4% with increasing the air convective heat transfer coefficient in the small-scale
LAMEE. The numerical model is modified based on these findings for the small-scale
LAMEE, and is validated by the experimental data for the summer test conditions (i.e. air
cooling and dehumidification and air cooling and humidification test cases) that are
presented in this chapter. Also, the model is used for winter test conditions (i.e. air
heating and dehumidification (H&D) and air heating and humidification (H&H) test
cases). The numerical results are compared with the experimental data for the air H&D
and H&H test cases, and the latent and total effectiveness of the small-scale LAMEE are

validated by the experimental data for these test cases.
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CHAPTER 6

SIMILARITY BETWEEN SMALL-SCALE AND FULL-SCALE LAMEES

6.1 Overview of Chapter 6

Experimental and numerical steady-state performance results for a full-scale (100
L/s air flow rate) LAMEE tested under summer conditions, and the similarity between the
small-scale LAMEE and the full-scale LAMEE, are discussed in this chapter which
contains Manuscript #5 (Investigating similarity between a small-scale liquid-to-air
membrane energy exchanger (LAMEE) and a full-scale (100 L/s) LAMEE: experimental
and numerical results). The full-scale LAMEE is tested under four summer test
conditions (i.e. air cooling and dehumidification), and the experimental and numerical
effectivenesses of the full-scale LAMEE are compared together. The results show good
agreement between the experimental and numerical effectiveness results for the full-scale
LAMEE.

Dimensional analysis of the coupled heat and mass transfer equations in the air-
side, solution-side and membrane of a LAMEE shows that there are five important
dimensionless parameters affecting the performance of LAMEEs. The effects of these
important dimensionless parameters on the sensible, latent and total effectivenesses of the
small-scale LAMEE are numerically investigated. Finally, the similarity between the
small-scale LAMEE and the full-scale LAMEE is investigated numerically and

experimentally. The experimental and numerical results show that there is a similarity
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between the small-scale and full-scale LAMEEs, and the small-scale LAMEE
effectiveness results can be used to predict the performance of the full-scale LAMEE
within an acceptable uncertainty range. This chapter represents the last step of the
methodology (see Section 1.3.6) for LAMEEs, which is studying the effect of the
important dimensionless parameters on the performance of the small-scale LAMEE, and
investigating similarity between the small-scale and the full-scale LAMEEs.

References for this chapter, which contains Manuscript #5, are presented in the
Reference section of the thesis (see page 215) which includes all the references used in
this PhD thesis.

Dr. Melanie Fauchoux is a post-doctoral fellow in our research group, and is a co-
author in Manuscript #5. Dr. Melanie Fauchoux’s contribution to this manuscript is
giving a scientific advice during writing Manuscript #5, and critically reviewing it. The
PhD candidate’s contributions to Manuscript #5 are (a) testing the small-scale LAMEE
and the full-scale LAMEE under various test conditions, (b) analyzing the experimental
data for the full-scale LAMEE, and presenting the full-scale LAMEE experimental and
numerical effectiveness results under selected summer test conditions (the full-scale
LAMEE numerical model was initially developed by Hemingson (2010)), (c)
investigating the effects of important dimensionless parameters on the performance of the
small-scale LAMEE, (d) investigating the similarity between the small-scale and full-

scale LAMEEs and (e) writing the paper.
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Investigating Similarity between a Small-Scale Liquid-to-Air Membrane Energy
Exchanger (LAMEE) and a Full-Scale (100 L/s) LAMEE: Experimental and Numerical
Results
(Submitted to Int. J. of Heat and Mass Transfer, 2014)

Davood Ghadiri Moghaddam, Melanie Fauchoux, Robert W. Besant, Carey J. Simonson

6.2 Abstract

Liquid-to air membrane energy exchangers (LAMEEs) are novel membrane-
based energy exchangers that allow simultaneous heat and moisture transfer between salt
solutions and air streams. The similarity between a small-scale (2.5 L/s) LAMEE and a
full-scale (100 L/s) LAMEE is investigated, both experimentally and numerically, in this
chapter. Dimensional analysis of the coupled heat and mass transfer equations in the air-
side, solution side and membrane of the LAMEE shows that five important dimensionless
parameters affect the performance of LAMEES: (1) number of heat transfer units, NTU,
(2) thermal capacity ratio, Cr*, (3) number of mass transfer units, NTUm, (4) mass flow
rate ratio, m*, and (5) operating factor, H*. The differences in the small-scale and full-
scale LAMEEs effectivenesses are numerically investigated for these five important
dimensionless parameters. The results show that in most cases the differences between
the small-scale and full-scale LAMEE effectivenesses are less than 2%. The comparison
between the experimental and numerical sensible, latent and total effectivenesses of the
small-scale LAMEE and the full-scale LAMEE shows that there is a similarity between
the small-scale and full-scale LAMEEs, and that the small-scale LAMEE effectiveness
results can be used to predict the performance of the full-scale LAMEE.

Keywords: LAMEE; Small-scale; Full-scale; Similarity; Dimensional analysis.
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6.3 Introduction

Testing a full-scale thermal system (i.e. a heat exchanger, an energy wheel or a
liquid-to-air membrane energy exchanger) is often impossible or expensive to do, so a
small-scale model of the thermal system, which is smaller and often simpler than the full-
scale one, is often used to predict the behavior of the full-scale system under different
conditions (White, 2009). For this purpose, the small-scale model should be similar to the
full-scale prototype. There are common similarity rules in heat and mass transfer
problems which should be satisfied for a small-scale model and a full-scale prototype of a
thermal system so that the small-scale model results can be used directly to predict the
behavior of the full-scale prototype (White, 2009; Shah, 1981). These similarity rules are:
geometric, momentum, dynamic, thermal and mass transfer similarities (White, 2009;
Incropera and DeWitt, 1985; Jaluria, 2007). Geometric similarity is generally required for
most scaled models (White, 2009). For geometric similarity, all prototype dimensions in
all directions should be scaled with the same linear scale ratio. For thermal systems,
thermal similarity is also required. The model and prototype are thermally similar if the
temperature profiles are the same for both the model and prototype at corresponding
points and time (Incropera and DeWitt, 1985). The most important dimensionless
parameter which should be considered during establishing the thermal similarity is the
Nusselt number. Also, the model and prototype are similar in mass transfer if the
concentration profiles are the same for both components at corresponding points and time
in the system. The most important dimensionless parameter which should be considered

during establishing the mass transfer similarity is the Sherwood number. In some cases,
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the analogy between heat and mass transfer can help to find the important dimensionless
parameters affecting the mass transfer similarity (Niu and Zhang, 2001).

Sometimes, it is not possible to make the small-scale model and full-scale
prototype similar in all aspects; however, they could be similar in specific aspects. Thus,
it is necessary to find the important dimensionless parameters in the system based on the
system requirements and applications to investigate similarity between the small-scale
model and the full-scale prototype. A dimensional analysis is often used to determine
important dimensionless parameters that explain the behavior of a given system (White,
2009; Incropera and DeWitt, 1985). These parameters can be used to minimize the
number of experiments required for the full-scale prototype or the small-scale model of
the system, and to obtain the conditions for similitude (White, 2009). If complete
similarity occurs between the small-scale model and the full-scale prototype, the value of
the important dimensionless parameters will be the same for the model and prototype,
and then the dimensionless results of the small-scale model of the thermal system such as
effectiveness can be directly used to predict the performance of the full-scale thermal
system.

Several studies have been conducted to investigate the performance of a small-
scale exchanger or portion of a full-size exchanger and extrapolate the results to a full-
scale exchanger. Wang et al. (2005; 2007a; 2007b) and Abe et al. (2006a; 2006b; 2006c¢)
developed a test facility to investigate the transient characteristics of humidity and
temperature sensors and an energy wheel during a step change in humidity and no change
in temperature, and a step change in temperature and no change in humidity. They tested

a small portion of the energy wheel in a test facility. They predicted the steady-state
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effectiveness of the full-size energy wheel using the experimental data from the small
portion of the energy wheel, and the results showed good agreement with experimental
data measured on the full-size wheel. Moreover, Zhang (2011a) introduced a hollow fiber
membrane contactor, which is a small-scale shell and tube membrane-based energy
exchanger where a solution passes through hollow fiber membrane tubes and heat and
mass transfer occurs between the air and solution. He developed an analytical model to
predict the steady-state performance of a hollow fiber membrane contactor as a
dehumidifier. The analytical results were compared with experimental data for a small-
scale hollow fiber membrane contactor under different operating conditions. The hollow
fiber membrane contactor was also used as a humidifier when water was used as a
transfer liquid in the contactors (Zhang, 2011b; Zhang, 2012; Zhang and Huang, 2011).
Zhang (2011b) presented a fractal model for the fluid flow and heat and mass transfer in a
randomly packed hollow fiber membrane contactor, and compared the model results with
experimental data for the contactor using water as a transfer liquid. Zhang (2011b)
proposed correlations to estimate the friction factor and Sherwood number for the
randomly packed contactor considering the degree of irregularity. The proposed
correlations were also compared with available mass transfer correlations in literature.
Also, Zhang et al. (2012a) numerically investigated the coupled heat and mass transfer in
a small-scale counter-flow hollow fiber membrane contactor using a free surface model.
The actual boundary conditions were obtained for the hollow fiber membrane tube which
were neither uniform temperature nor uniform heat flux. The results showed that the fully

developed air-side Nusselt number is between the constant temperature and constant heat
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flux Nusselt numbers values, and close to constant heat flux Nusselt number value for the
counter-flow contactor.

A liquid-to-air membrane energy exchanger (LAMEE) is a flat-plate membrane
based energy exchanger, where the heat and moisture transfer occurs between the air and
salt solution through a semi-permeable membrane which is permeable for water vapor
and impermeable for liquid water. The LAMEE consists of many panels. Each panel
consists of a single pair of neighboring air and liquid channels (Ghadiri Moghaddam et
al., 2013b). A single-panel LAMEE is a basic unit in a LAMEE and the performance of
the single-panel relates to the performance of the overall LAMEE. The LAMEE can be
used as a dehumidifier to condition the supply air or as a regenerator to regenerate the
solution in liquid desiccant air conditioning systems (Ghadiri Moghaddam et al., 2013a;
Ghadiri Moghaddam et al., 2014; Ge et al., 2014).

Several papers are available on a small-scale single-panel LAMEE and a full-
scale LAMEE with several panels. Ghadiri Moghaddam et al. (2013b) introduced a test
facility to test a small-scale single-panel (2.5 L/s) LAMEE under different test conditions.
Usually, manufacturing and testing a full-scale LAMEE is expensive and time
consuming, while a small-scale single-panel LAMEE is easier and less costly to
manufacture and test. Also, the small-scale LAMEE test facility provides better control in
the experiments. In another study, Ghadiri Moghaddam et al. (2013a) experimentally and
numerically investigated the performance of the small-scale LAMEE under different heat
and mass transfer directions (i.e. air cooling and dehumidifying, air cooling and
humidifying, air heating and dehumidifying and air heating and humidifying), and

different salt solution types and concentrations. The results showed that using different
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salt solution types and concentrations does not have a significant effect on the
performance of the small-scale LAMEE. The steady-state performance of the small-scale
LAMEE was numerically modeled under different test conditions, and the numerical
results were verified with the experimental data for the small-scale LAMEE (Ghadiri
Moghaddam et al., 2013c). In addition, a full-scale (100 L/s) LAMEE, which consists of
10 single-panels, was tested under summer and winter test conditions (Ghadiri
Moghaddam et al., 2013d). The full-scale LAMEE has a similar design as the small-scale
single-panel LAMEE. The results showed that the steady-state effectiveness of the full-
scale LAMEE is almost 82% under selected summer test condition.

The similarity requirements between the small-scale LAMEE and the full-scale
LAMEE are not completely satisfied in this research. The geometric similarity is not
satisfied in the scaling of the small-scale LAMEE. The air and solution channels
thicknesses are kept the same in the full-scale and the small-scale LAMEEs (the air and
solution channels thicknesses are 5 mm and 2.4 mm, respectively, in the small-scale and
full-scale LAMEES) due to the LAMEE design constraints to minimize the pressure drop
in the air and solution channels of the LAMEE (Seyed-Ahmadi et al., 2009a; Seyed-
Ahmadi et al., 2009b; Vali et al., 2009; Hemingson et al., 2011b). If the air and solution
channels thicknesses in the small-scale LAMEE are scaled down with the same ratio as
other dimensions (i.e. exchanger length and width), some of the LAMEE’s main parts
such as the air screen would not be possible to be manufactured due to size limitations.
However, other similarity requirements such as momentum (i.e. Reynolds number and
Prandtl number), thermal (i.e. Nusselt number) and mass transfer (i.e. Sherwood number)

similarities are satisfied in scaling of the small-scale LAMEE. Thus, complete similarity
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was not be established between the small-scale and full-scale LAMEEs, and the small-
scale LAMEE results cannot be directly used for the full-scale LAMEE. However, it is
possible to predict the full-scale LAMEE performance within a certain uncertainty from
the small-scale LAMEE effectiveness results using the dimensional analysis results of
LAMEEs.

This chapter focuses on investigating and proving a similarity between the small-
scale LAMEE and the full-scale LAMEE. The important dimensionless parameters which
have significant effect on the steady-state LAMEE performance are identified, and
dimensional analysis is used to investigate the effect of each important dimensionless
parameter on the steady-state performance of the LAMEE. The similarity between the
small-scale LAMEE and the full-scale LAMEE is investigated numerically and
experimentally in this chapter. The results of this chapter will guide researchers and
manufacturers to test small-scale exchangers (i.e. LAMEEs, energy wheels and hollow

fiber contactors), and use their results to predict the performance of full-scale exchangers.

6.4 Test Facility
Two different test facilities are used in this research to test the small-scale single-
panel LAMEE and the full-scale LAMEE. These two test facilities are introduced in this

section.

6.4.1 Single Panel Energy Exchanger Test (SPEET) Facility

A single-panel energy exchanger test (SPEET) facility was designed and built to
evaluate the performance of a small-scale LAMEE under different operating conditions.
The SPEET facility can be used to conduct a wide range of experiments on small-scale

LAMEEs and other kinds of small-scale liquid-to-air energy exchangers. Also, the
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SPEET facility provides better control in experiments on small-scale LAMEEs since the
SPEET facility provides less uncertainty and variation in operating parameters in
comparison to a full-scale LAMEE test facility (see Section 6.4.2). A complete
description of the SPEET facility is presented in Ghadiri Moghaddam et al. (2013a,
2013Db), and is briefly introduced in this section. The SPEET facility includes three main
sections: a supply air system to control the supply airflow rate, temperature and humidity
content; an open solution loop to control the solution flow rate, temperature and
concentration; and the small-scale LAMEE located in the test section of the facility.
Figure 6.1 shows a schematic of the SPEET facility.

In the supply air system, high pressure dry air (~4%RH) provided by a
compressor passes through a flow controller and a flow meter with a capacity of 100
L/min and uncertainties of +2% and +1% of full-scale, respectively. The flow controller
and the flow meter are used to adjust and measure the supply air flow rate. The supply air
then passes through two bubble tank humidifiers and a heater to achieve the desired
supply air temperature and humidity. The heater and the humidifiers can adjust the air
inlet temperature and humidity ratio between 15°C and 50°C, and 1 and 28 gw/KQair,
respectively, when the supply air flow rate is in the range of 10 to 100 L/min. The supply
air humidity ratio is measured after the heater by two humidity sensors with an
uncertainty of +1.5%RH, and a flow mixer is used before the humidity sensors to provide
accurate readings for the humidity sensors. Two converging-diverging air headers are
used before and after the small-scale LAMEE to supply air uniformly through the
exchanger and exhaust it to the lab. Two T-type thermocouples with an uncertainty of

+0.2°C are used in the supply air headers to measure the supply air temperature at the air
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inlet of the LAMEE. Two T-type thermocouples are used in the exhaust air header to
measure the exhaust air temperature after the small-scale LAMEE. Also, two humidity
sensors and a mixer are used in the exhaust air pipeline to measure the relative humidity
of the exhaust air. The locations of the instrumentation for the air and solution sides are
shown in Figure 6.1.

In the open solution loop, LiCl salt solution is pumped from a supply solution
tank to the small-scale LAMEE solution inlet header using a peristaltic pump. An
electrical heater is used after the pump to adjust the salt solution temperature to the
desired condition. Two T-type shielded thermocouples with an uncertainty of +£0.1°C are
placed in the solution inlet and outlet headers to measure the solution inlet and outlet
temperatures, respectively. The outlet salt solution is exhausted into a solution exhaust
tank. For each test, the salt solution concentrations at the inlet and outlet of the LAMEE
are measured under steady-state operating conditions, respectively.

A small-scale single-panel LAMEE with a counter-cross flow configuration for
the air and solution is used in this study. A flat plate LAMEE consists of many single
panels. Each single panel LAMEE consists of a single pair of neighboring air and liquid
channels. The small-scale single-panel LAMEE minimizes the sources of errors in the
LAMEE performance evaluation, and facilitates research and development of LAMEEs
by saving the money and time required to build full-scale LAMEEs (Ghadiri Moghaddam
et al., 2013a; Ghadiri Moghaddam et al., 2013b). The solution flows from top to bottom
in the small-scale LAMEE. Figure 6.2(a) shows the air and solution flow configurations.
Two grooved plastic panels are used on the sides of the LAMEE and two semi-permeable

membranes are attached to them to form the solution channels inside the small-scale
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LAMEE. These two grooved side panels are placed beside each other, with an air spacer
in between to form the air channel. An air screen is used inside the LAMEE to enhance
the air side heat transfer performance. The air screen and its effects on the air-side
convective heat transfer coefficient and the performance of the small-scale LAMEE are
discussed in detail in Ghadiri Moghaddam et al. (2013c). Figure 6.2(b) shows the details
of the single-panel LAMEE design. The small-scale single-panel LAMEE specifications
and membrane properties are presented in Table 6-1. The small-scale LAMEE design and
the SPEET facility are introduced in detail in Ghadiri Moghaddam et al. (2013a) and
Ghadiri Moghaddam et al. (2013b). Mass and energy balance results show that the
SPEET facility is balanced and working at steady-state condition (Ghadiri Moghaddam et

al., 2013a, 2013b).
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Figure 6.1 Schematic of the SPEET facility and instrumentation locations (Ghadiri Moghaddam et
al., 2013b)
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Figure 6.2 (a) Air and solution flow configurations and (b) a cross-section view of the small-scale
single-panel LAMEE (Ghadiri Moghaddam et al., 2013b)

Table 6-1 The small-scale single-panel LAMEE and the full-scale LAMEE specifications and the
membrane properties

Parameter Small-scale | Full-scale
LAMEE LAMEE
Exchanger length, (m) 0.99 1.06
Exchanger aspect ratio (length/width) 10.5 14
Exchanger entrance ratio (entrance length/exchanger length) 0.025 0.01
Air gap thickness, (mm) 5 5
Solution gap thickness, (mm) 2.4 2.4
Number of solution panels in the exchanger 1 10
Maximum air flow rate capacity, (L/s) 2.5 100
Water vapor mass resistance of membrane, (s/m) 24 24
Membrane thermal conductivity, (W/mK) 0.065 0.065
Membrane thickness, (mm) 0.265 0.265
Total membrane active area, (m?) 0.17 14.27

6.4.2 Full-Scale LAMEE Test Facility

To investigate similarity between a small-scale and a full-scale LAMEE, it is
necessary to conduct experiments on a full-scale LAMEE with similar design as the
small-scale LAMEE. A full-scale (100 L/s) LAMEE with similar design as the small-

scale LAMEE and with 10 solution panels was tested at the University of Saskatchewan.
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The detailed design and dimensions of the full-scale LAMEE are presented in Table 6-1.
Figure 6.3 shows a schematic of the test facility at the University of Saskatchewan which
is modified to test the full-scale LAMEE. The full-scale LAMEE and the test facility are
introduced in Ghadiri Moghaddam et al. (2013d) in detail. Also, the mass and energy
balances results for the full-scale LAMEE test facility are presented in Ghadiri
Moghaddam et al. (2013d), and the results show that the test facility is balanced and
working at steady-state condition. The full-scale LAMEE test facility consists of three

sections: a supply air system, an open solution loop and the full-scale LAMEE.
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Figure 6.3 Schematic of the full-scale LAMEE test facility (Ghadiri Moghaddam et al., 2013d)

An environmental chamber is used to simulate the outdoor air conditions for the
supply air stream, and is able to provide air between -40°C and +40°C and up to 90%RH.
The conditioned air is supplied in two air pipelines using two vacuum fans. The supply
air passes through the exchanger, and is exhausted to the lab. In the full-scale LAMEE
test facility, the air flow rate in each of the air pipelines is measured using an orifice

plate. The air inlet and outlet temperatures are measured at the air inlet and outlet headers
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using T-type thermocouples with an uncertainty of £0.2°C, while the air inlet and outlet
relative humidities in the test facility are measured in each pipeline before and after the
orifice plates using Vaisala humidity sensors (model HMP233) with an uncertainty of
+1.2%RH. The air pressure drop is measured across the full-scale LAMEE with a
pressure transducer (Validyne, model P305D), which has an uncertainty of £1.5 Pa.

In the open solution loop, the LiCl solution flows from an elevated supply
solution tank through the exchanger, and is collected in a solution exhaust tank at the
exchanger outlet. The solution flow rate in the full-scale LAMEE is controlled by using
two control valves after the supply tank and the LAMEE, and it is measured manually.
The solution inlet and outlet pressures are monitored in the full-scale LAMEE solution
inlet and outlet headers, with two monometers. The solution inlet and outlet temperatures
in the LAMEE solution inlet and outlet headers are measured using shielded T-type
thermocouples with an uncertainty of £0.2°C. Also, LiCl samples from the solution inlet
and outlet headers are used to measure the solution concentration at the solution inlet and

outlet headers.

6.5 Experimental Data

The small-scale LAMEE and the full-scale LAMEE have been tested under
various test conditions. The experimental and numerical performance of the small-scale
LAMEE are presented in Ghadiri Moghaddam et al. (2013a) and Ge et al. (2014). Details
of the small-scale LAMEE testing and the test conditions are presented in Ge et al.
(2014). These experimental results, which are presented in Ge et al. (2014), are used in
this chapter to investigate similarity between the small-scale LAMEE and the full-scale

LAMEE.
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The full-scale LAMEE has been tested under summer (i.e. air cooling and
dehumidifying) and winter (i.e. air heating and humidifying) test conditions, and the
experimental and numerical performance results for the full-scale LAMEE are presented
in Ghadiri Moghaddam et al. (2013d). The experimental results for the full-scale LAMEE
tested under summer test conditions are presented in the result section of this chapter to

investigate similarity between the small-scale LAMEE and the full-scale LAMEE.

6.6 Numerical Modeling of a LAMEE

The enthalpy pump system (EPS) code (Seyed-Ahmadi et al., 2009a; Seyed-
Ahmadi et al., 2009b; Vali et al., 2009) has been developed in the LAMEE research
group at the University of Saskatchewan to model the performance of LAMEEs under
different test conditions. Ghadiri Moghaddam et al. (2013d) used the EPS code to
numerically evaluate the performance of the full-scale LAMEE under summer and winter
test conditions. The EPS code is used in this chapter to evaluate the effectiveness of the
full-scale LAMEE under summer test conditions, and the full-scale LAMEE numerical
results are validate with experimental data under certain test conditions in the result
section. Also, Ghadiri Moghaddam et al. (2013c) modified the EPS code based on the
small-scale LAMEE design, and validated the numerical results with the experimental
data for the small-scale LAMEE presented in Ghadiri Moghaddam et al. (2013a) for the
steady-state test conditions. The important modifications in the modified EPS code which
affect the model are discussed in detail in Ghadiri Moghaddam et al. (2013c). The
modified EPS code is used in this chapter to numerically model the small-scale LAMEE
performance under different operating conditions. The modified EPS code is introduced

in detail in Ghadiri Moghaddam et al. (2013c).
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6.7 LAMEE Performance Evaluation

The performance of a LAMEE is evaluated by its sensible, latent and total
effectivenesses. Sensible, latent and total effectivenesses are defined as sensible (heat),
latent (moisture) and total (sensible + latent) energy transferred in the exchanger over the
maximum possible sensible, latent and total energy transfer in the exchanger,
respectively. Sensible, latent and total effectivenesses are calculated by the following

equation when Cr*>1:

Yair in _Yair ou
gsensible, latent or total — H (61)
air,in sol,in

Here, Y is temperature (T) for the sensible effectiveness, humidity ratio (W) for
the latent effectiveness and enthalpy (H) for the total effectiveness. Cr* is the thermal
capacity ratio, and is introduced in Eq. (6.11). For the total effectiveness, it is not possible
to simply subtract the air and solution enthalpies from each other since the reference
points to calculate the air and solution enthalpies are different. As a result, the total
effectiveness of the LAMEE, which is related to both sensible and latent energy transfers,

is calculated as follows (Simonson and Besant, 1999):

... +H'g
gtotal — sen5|bl:|e- H* latent (62)
+

Here, H" is the operating condition factor, and is calculated based on the air and

the salt solution inlet temperatures and humidity ratios in the LAMEE (Ghadiri

Moghaddam et al., 2013c; Simonson and Besant, 1999). The definition of H™ is

introduced in Eq. (6.14).
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6.8 Dimensional Analysis of the LAMEE

The purpose of this section is to perform a dimensional analysis of the LAMEE,
and determine the important dimensionless parameters that affect its performance. The
coupled heat and mass transfer in the air, solution and membrane of the LAMEE is
numerically modeled in the EPS code and modified EPS code to calculate the steady-
state effectiveness of the LAMEE under different operating conditions. The
dimensionless heat and mass transfer equations in the air and solution sides of the
LAMEE are (Ghadiri Moghaddam et al., 2013c):

e Air-side:
o Heat transfer:

de

e 2NTU (0, 0 ) =0 (6.3)
X
o Mass transfer:
dLET+2NTUm(¢air _¢sol mem)zo (64)
dx '

e Solution-side:

o Heat transfer:

% = NTU H"Cr (dy; — by mem )~ NTU Cr (6, —6,,)=0 (6.5)
o Mass transfer:
et _w,NTU M (1+ X o1 )(Bair = it mem ) = O (6.6)
dx” 0 m sol air sol,mem

In Eq. (6.6), Wo is equal to (W, ;, —W,; ;,) and is a constant for each test condition.

ol ,in
The following dimensionless parameters are used to nondimensionalize the coupled heat

and mass transfer equations in the air and solution sides of the LAMEE (see Egs. (6.3) to

(6.6)):
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X =— 6.7)
XO
0— T _Tair,in (6 8)
- Tsol,in _Tair,in .
wW-W_
_ air,in 6.9
¢ Wsol,in _Wair,in ( )
NTU = DA __ UA (6.10)
Cmm (mCP)air
mc
Cr — Cmin — ( p)air — 1* (6.11)
Cow  (mC, )SOI Cr
NTU =2 _UnA (6.12)
mmin I(nair
m* = rT]min :& (6.13)
mmax msol
* Wso in _Wair in h
_ (W n) g (6.14)
(Tsol,in _Tair,in) CP,air

Here, 8, ¢ and x" are the dimensionless temperature, humidity content and

length in the LAMEE, respectively. NTU and Cr are the number of heat transfer units and

thermal capacity ratio. Cr* is used in this research as the thermal capacity ratio which is

the inverse of Cr for Cso1 > Cair. NTU,, and m" are the number of mass transfer units and

mass flow rate ratio, respectively. H™ is the operating factor, and is the ratio of the
maximum possible latent energy over the maximum possible sensible energy transfers

between the air and salt solution in the LAMEE (Simonson and Besant, 1999). U in Eq.
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(6.10) and U, in Eq. (6.12) are the overall convective heat transfer coefficient and the

overall convective mass transfer coefficient, respectively, and are calculated as follows:

-1
U= i.}.i_{_i (615)
hair kmem hsol
1 s |
U =|—+ (6.16)
hm,air km,mem

The air and solution sides convective heat and mass transfer coefficients are
calculated from the air and solution sides Nusselt and Sherwood numbers, respectively.
The air and the solution sides convective heat and mass transfer convective coefficients
calculations are discussed in detail in Ghadiri Moghaddam et al. (2013c). The solution-
side convective mass transfer coefficient has a negligible effect on the overall convective
mass transfer coefficient in comparison to the air-side convective mass transfer
coefficient and the membrane mass transfer resistance. Thus, the solution-side convective
mass transfer coefficient is neglected in calculating the overall convective mass transfer
coefficient in LAMEEs (see Eq. (6.16)). The other parameters which are used in Egs.
(6.3) to (6.16) are introduced in the nomenclature section of this chapter.

The dimensional analysis of the coupled heat and mass transfer in the LAMEE
shows that the steady-state performance of a LAMEE is a function of six important

dimensionless parameters.

g, = Function(NTU, NTU, ,Cr*,m",H", flow arrangment) (6.17)

total ,steady

NTU and Cr* directly affect the sensible effectiveness of the LAMEE, when the
sensible effectiveness of the LAMEE is calculated from the air inlet and outlet

temperatures and solution inlet temperature (see Eq. (6.1)). On the other hand, NTUr, and
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m* directly affect the latent effectiveness of the LAMEE while the latent effectiveness of
the LAMEE is calculated from the air inlet and outlet humidity ratios and solution inlet
equivalent humidity ratio (see Eq. (6.1)). H* and the flow arrangement have effects on
both the sensible and latent effectivenesses of the LAMEE. Equation (6.2) shows that the
total effectiveness of the LAMEE is dependent on the sensible effectiveness, latent
effectiveness, flow arrangement and H*. Consequently, if similarity is established
between the sensible and latent effectivenesses of the small-scale and the full-scale
LAMEEs, then the small-scale LAMEE total effectiveness must also be similar to the
full-scale LAMEE. Thus, this chapter mainly focuses on the similarity between the small-
scale LAMEE and the full-scale LAMEE sensible and latent effectivenesses. Also, the
effect of the flow arrangement on the LAMEE effectiveness is neglected in this study
since the air and solution flow arrangement in both the small-scale LAMEE and the full-
scale LAMEE are counter-cross flow, and a counter-cross flow arrangement is common

for LAMEEs.

6.9 Results and Discussion

In the results section, the experimental and numerical effectiveness results for the
full-scale LAMEE are presented under summer test conditions (i.e. air cooling and
dehumidifying (C&D)). After that, the modified EPS code which was introduced in
Ghadiri Moghaddam et al. (2013c), and was verified with the experimental data for the
small-scale LAMEE under different test conditions (Ghadiri Moghaddam et al., 2013c),
is used to investigate the effect of the important dimensionless parameters (NTU, NTUm,

Cr*, m* and H*), on the small-scale LAMEE sensible, latent and total effectivenesses.
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Finally, the similarity between the small-scale LAMEE and the full-scale LAMEE is

investigated both numerically and experimentally.

6.9.1 Full-scale LAMEE Results

The full-scale LAMEE is tested under summer test conditions (i.e. air cooling and
dehumidifying). Four tests are conducted with the full-scale LAMEE under C&D
conditions. LiCl is used as the transfer liquid in the LAMEE. The mass and energy
balance results for these tests are presented in Ghadiri Moghaddam et al. (2013d). The air
and solution inlet conditions and the value of the important dimensionless parameters
(NTU, NTUm, Cr*, m* and H*) for the full-scale LAMEE under C&D test conditions are
presented in Table 6-2. These four tests are labeled as F1, F2, F3 and F4 in Table 6-2.
The air and solution inlet conditions and the operating parameters for these 4 tests are
slightly different from each other due to control issues in the full-scale LAMEE test
facility. Based on the data in Table 6-2, the NTU and Cr* for these 4 summer tests vary
between 5 and 5.9, and 2.8 and 4, respectively.

The experimental and numerical sensible, latent and total effectivenesses of the
full-scale LAMEE under C&D test conditions are presented in Figure 6.4. The mal-
distribution and buoyancy effects are neglected in the numerical modeling of the full-
scale LAMEE. The results in Figure 6.4 shows good agreement between the experimental
and numerical sensible, latent and total effectivenesses of the full-scale LAMEE under
the C&D test conditions. The experimental and numerical effectiveness results agree
within uncertainty ranges for these tests. Also, Figure 6.4 shows that the effectiveness of
the full-scale LAMEE increases with both NTU from 5 to 6 at almost constant Cr*~4 (see

tests F2, F3 and F4) and Cr* from 2.8 to 4.2 at constant NTU = 5 (see tests F1 and F2).
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The maximum sensible, latent and total effectivenesses for the full-scale LAMEE are

86%, 87% and 87%, respectively, which occur during test F4 which has the highest NTU

and Cr* values.

Table 6-2 The full-scale LAMEE summer test conditions (air cooling and dehumidifying)

Tair,in Wair,in Tsol,in Wsol,in Csol,in
Test | NTU | Cr* | NTUyn | m* | H* ) .
(°C) | (g/kg)  (°C) @ (g/kg) (%)
F1 5 2.8 3 0.37 3 38.8 21.4 26.7 6.8 33.6
F2 5 4.2 3 047 | 1.9 354 16 25.2 8.3 30.2
F3 55 3.9 3.2 0.45 2 36.3 17.6 23.7 1.7 30
F4 5.9 4 3.6 0.46 | 2.8 354 21 23.3 7.3 30.3
100 100
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Figure 6.4 Numerical and experimental sensible, latent and total effectiveness results of the full-scale
LAMEE, under summer test conditions (air cooling and dehumidifying) using LiCl solution
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6.9.2 Effect of Important Dimensionless Parameters on a LAMEE Performance

In this section, the effect of the important dimensionless parameters presented in
Section 6.8 on the sensible, latent and total effectivenesses of the small-scale LAMEE are
investigated. The modified EPS code is used to simulate the performance of the small-
scale LAMEE under different test conditions. These important dimensionless parameters
are the (1) number of heat transfer units, NTU, (2) thermal capacity ratio, Cr*, (3)
number of mass transfer units, NTUm, (4) mass flow rate ratio, m*, and (5) operating
factor, H*. As mentioned in Section 6.8, NTU and Cr* directly affect the sensible
effectiveness of the LAMEE, while NTUmn and m* directly affect the latent effectiveness
of the LAMEE. H* has effects on both the sensible and latent effectivenesses of the
LAMEE.

Table 6-3 shows the reference test conditions that are selected for a parametric
study of the important dimensionless parameters, and the range of study of each
parameter. The air inlet conditions are set to AHRI summer conditions (ANSI/AHRI
standard 1060, 2011), and the solution inlet conditions are Tsolin = 24°C and Csolin = 32%
which represents the small-scale LAMEE under C&D conditions (these reference test
conditions are also used in the next section to investigate similarity between the small-
scale LAMEE and the full-scale LAMEE). In the parametric study, one dimensionless
parameter is varied in the range of study shown in Table 6-3, while the other
dimensionless parameters are kept constant at the reference value. Figure 6.5 shows the
effect of NTU and Cr* on the numerical sensible effectiveness of the small-scale LAMEE
at steady-state conditions. The results show that the sensible effectiveness of the small-

scale LAMEE increases with both NTU and Cr*. For NTU and Cr* values higher than 3,
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NTU and Cr* have almost the same impact on the sensible effectiveness of the small-
scale LAMEE. Figure 6.5 also shows that, for NTU and Cr* values higher than 5, the
sensible effectiveness of the small-scale LAMEE slightly increases (i.e. the sensible
effectiveness of the small-scale LAMEE increases by 5% for NTU and Cr* values

between 5 and 7).

Table 6-3 Reference test conditions to do the parametric study for the small-scale LAMEE, and to
investigate the similarity between the small-scale LAMEE and the full-scale LAMEE

Parameter Reference value Range of Study
NTU 4 1~7
Cr* 4 1~7
NTUn 2.2 1~7
m* 0.5 0.1~25
H* 2.5 -8~8
Tair,in (OC) 35 -
Wair,in (g/kg) 17.5 B
Tsol,in (OC) 24 -
Csol,in (%) 32 -
Salt solution type LiCl -
100
90 |
&80 ¢
g7 ¢
g 60
3 50 t
=
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320 | ——Effect of NTU
10 - --- Effect of Cr*
0 | | | | | | |
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Figure 6.5 The effect of NTU and Cr* on the sensible effectiveness of the small-scale LAMEE under
reference test conditions

Figure 6.6 shows the effect of NTUm and m* on the latent effectiveness of the

small-scale LAMEE under summer AHRI test conditions. The effect of NTUn on the
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latent effectiveness is similar to the effect of NTU on the sensible effectiveness of the
LAMEE. The latent effectiveness increases with NTUm, and for NTUrm values higher than
five the effect of NTUm on the latent effectiveness of the small-scale LAMEE is small
(i.e. less than 5%). Also, Figure 6.6 shows that the latent effectiveness of the small-scale
LAMEE increases with m*. The effect of m* on the latent effectiveness of the LAMEE
can be divided into two regions: (1) m*<0.5 where a small change in the m* value has a
significant effect on the latent effectiveness, and (2) m*>0.5 where the effect of m* on

the latent effectiveness of the LAMEE is negligible.

m*
3.0
100
90
~ 80
>
w70
)
£ 60
=
g 50
£ 40 L
E 30 -
=
= 20 r ——Effect of NTUm
10 r - - - - Effect of m*
0 1 1 1 1 1 Il 1
0 1 2 3 4 5 6 7 8
NTUm

Figure 6.6 The effect of NTUm and m* on the latent effectiveness of the small-scale LAMEE under
reference test conditions

Figure 6.7 shows the effect of the operating factor, H*, on the sensible, latent and
total effectivenesses of the small-scale LAMEE under summer AHRI test conditions,
when H* varies between -8 and 8. This will cover a practical range of air and solution
inlet conditions for the LAMEE. The results in Figure 6.7 show that the sensible
effectiveness of the small-scale LAMEE linearly decreases from 125% to 68% by
increasing H* from -8 to 8. The latent effectiveness of the small-scale LAMEE is almost

constant at 83% when H* changes between -8 and 0. The latent effectiveness increases to
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o0 when H* = 0. This is because H* is equal to zero when the air inlet humidity ratio and
the equivalent solution inlet humidity ratio are equal, so the maximum potential moisture
transfer is zero. However, due to coupled heat and mass transfer in the LAMEE, there is
a small amount of moisture transfer along the exchanger when H* = 0. For H* values
between 0 and 8, the latent effectiveness of the small-scale LAMEE is again almost
constant, and equal to 80%. The effect of H* on the total effectiveness of the small-scale
LAMEE is similar to the effect of H* on the latent effectiveness. The total effectiveness
is almost constant when H* increases from -8 to -1. The total effectiveness is between
72% and 75% when -8 < H* < -1. The total effectiveness tends to +o0 at H* = -1 because

the inlet air and solution have the same enthalpy. For the H* values higher than -1, the
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total effectiveness of the small-scale LAMEE is again almost constant and equal to 83%.

0

Figure 6.7 The effect of H* on the sensible, latent and total effectivenesses of the small-scale LAMEE
under reference test conditions

6.9.3 Investigating Similarity between the Small-Scale and Full-Scale LAMEESs
In this section, the experimental and numerical results are used to determine that

the small-scale LAMEE and the full-scale LAMEE are similar.
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6.9.3.1 Experimental Results

The experimental sensible, latent and total effectiveness results of the full-scale
LAMEE for tests F2, F3 and F4, which are presented in Table 6-2, are compared with the
experimental effectiveness results for the small-scale LAMEE at almost the same test
conditions. The air and solution inlet conditions and the value of the important
dimensionless parameters for the small-scale LAMEE under C&D test conditions are
presented in Table 6-4. The LiCl solution is used as the transfer liquid in both the small-

scale LAMEE and the full-scale LAMEE.

Table 6-4 The small-scale LAMEE test operating conditions under summer test conditions (air
cooling and dehumidifying)

Test NTU Cr* NTUm m* H* Tair,in Wair,in Tsol,in Wsol,in Csol,in
(°C) | (gkg) = (°C) | (g/kg) (%)

S1 5 4 3 047 | 31 301 14.3 24 6.7 32.1
S2 5.5 4 33 047 31| 301 143 | 241 6.7 32.1
S3 6 4 35 1047 31 30 14.3 24 6.8 32

Figure 6.8 compares the experimental sensible, latent and total effectivenesses of
the small-scale LAMEE and the full-scale LAMEE under summer test conditions at Cr*
=4 and NTU =5, 5.5 and 6. Figure 6.8 shows that the small-scale LAMEE and full-scale
LAMEE sensible, latent and total effectiveness results agree within the 95% uncertainty
bounds. Also, the results in Figure 6.8 show that the sensible, latent and total
effectivenesses increase with NTU for both the small-scale LAMEE and the full-scale
LAMEE. The experimental results that are presented in Figure 6.8 prove the similarity

between the small-scale LAMEE and the full-scale LAMEE for these three test cases.
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Figure 6.8 Comparison between the small-scale LAMEE and the full-scale LAMEE experimental
sensible, latent and total effectiveness results under air cooling and dehumidifying test conditions at
Cr*=4

6.9.3.2 Numerical Results

Since testing a LAMEE under a wide range of operating conditions is time
consuming, the EPS and the modified EPS numerical models are used in this section to
investigate the similarity between the small-scale and full-scale LAMEEs under wide
ranges of design and operating conditions (see Table 6-3). The numerical effectiveness
results of the small-scale LAMEE and the full-scale LAMEE are compared when one of
the important dimensionless parameters is changing and the rest of the important

dimensionless parameters are fixed at their reference values (see Table 6-3). The
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following equation is used to compare the numerical effectiveness results for the small-
scale LAMEE and the full-scale LAMEE under different test cases:

(6.18)

Ag =¢

i = €i small—scale — &

i, full —scale ?
where, & is the effectiveness and subscript i is the sensible, latent or total
effectivenesses.

Figure 6.9 shows the difference between small-scale LAMEE and the full-scale
LAMEE numerical sensible effectiveness when NTU and Cr* vary between 1 and 7.
Figure 6.9 shows that the absolute difference between the sensible effectiveness of the
small-scale LAMEE and the full-scale LAMEE is less than 2% when NTU or Cr* vary
between 1 and 7. Ideally, the difference between the EPS model effectiveness results for
the full-scale LAMEE and the modified EPS code effectiveness results for the small-scale
LAMEE at the same test conditions should be almost zero since the heat and mass
transfer governing equations for the air, solution and membrane are the same in these two
numerical models, and the small-scale and full-scale LAMEEs have similar design. The
small differences (see Figures 6.9, 6.10, and 6.11) between the EPS code and the
modified EPS code could be because of the following reasons:

e There are different equations available in literature to calculate salt solution
properties at different conditions (Afshin, 2010). Salt solution properties
equations which are used in the EPS and modified EPS numerical models to
calculate the solution properties (i.e. salt solution concentration and enthalpy)
at different test cases are different in the EPS code and the modified EPS
code. The different salt solution properties equations cause slight differences

between the calculated salt solution properties in the EPS code and the
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modified EPS code, which slightly affect the numerical effectiveness results
for the small-scale and full-scale LAMEEs calculated from the modified EPS
and EPS codes, respectively.

In the full-scale LAMEE, the air channels are in the outer sides of the
LAMEE, where the heat loss/gain from the surroundings occurs. However, in
the small-scale LAMEE the solution channels are in the outer sides of the
small-scale LAMEE (see Figure 6.2), where the heat loss/gain from the
surroundings occurs. Thus, the heat loss/gain from surroundings is different in
the full-scale and small-scale LAMEEs because (1) the thermal properties (i.e.
thermal capacity and convective heat transfer coefficient) of the air and
solution are different, and (2) the air and solution temperatures in the air and
solution sides are different. Thus, the heat loss/gain from the surroundings
slightly affect the difference between the small-scale full-scale LAMEEsS
numerical effectivenesses by almost 0.5%.

The small-scale single-panel LAMEE consists of one air and one solution
channel (the air channel is in the middle of the exchanger and there are two
half solution channels on the sides of the exchanger (see Figure 6.2)), while
the full-scale LAMEE is consists of 10 single-panels. When these 10 single-
panels are placed side by side to create the full-scale LAMEE, they form 10
solution channels and 11 air channels in the full-scale LAMEE. Thus the air
flow rate and the air-side heat and mass transfer properties in the air channels
of the full-scale LAMEE are slightly different than the air channel in the

small-scale LAMEE. This difference between the air flow in the air channel of
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the small-scale LAMEE and the air-channels of the full-scale LAMEE has
slight effect on the difference between the small-scale LAMEE and the full-

scale LAMEE numerical effectivenesses.
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Figure 6.9 The difference in the small-scale LAMEE and full-scale LAMEE sensible effectiveness
when NTU and Cr* vary from 1 to 7.

Figure 6.10 shows the latent effectiveness difference between the small-scale
LAMEE and the full-scale LAMEE when NTUm varies between 1 and 7 or m* varies
between 0.1 and 2.5, and the other important parameters are fixed at their reference
values (see Table 6-3). The results show that the difference between the small-scale
LAMEE and the full-scale LAMEE latent effectiveness is always less than 2% when m*
varies between 0.1 and 2.5. However, the difference between the small-scale LAMEE
and the full-scale LAMEE latent effectiveness is always less than 4% when NTUn, varies
between 1 and 7. The difference between the small-scale and full-scale LAMEEs
numerical latent effectiveness results is less than 2% when NTUny > 3, which can be
suggested as the operating range for NTUn to have good agreement between the small-
scale and full-scale LAMEEs numerical latent effectiveness. The reasons for discrepancy

between the small-scale and full-scale LAMEEs numerical results are discussed before.
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Figure 6.10 The difference in the small-scale LAMEE and full-scale LAMEE latent effectiveness
when NTUm and m* vary from 1 to 7 and 0.1 to 2.5, respectively.

Figure 6.11 shows the difference between the small-scale LAMEE and the full-
scale LAMEE sensible, latent and total effectivenesses when H* varies between -8 and 8
and the other important dimensionless parameters are fixed at their reference values (see
Table 6-3). The results show the differences between the small-scale LAMEE and the
full-scale LAMEE sensible and latent effectivenesses are less than 2% when H* varies
from -8 to 8 except when H* is close to zero for the latent effectiveness. This difference
is less than 4% for the total effectiveness in the range of -8 to 8 for H* except when H* is
close to -1. The differences between the small-scale LAMEE and the full-scale LAMEE
latent and total effectivenesses tend to oo at H* = 0 and H* = -1, respectively. The
reasons for this are mentioned in Section 6.9.2, where the small-scale LAMEE sensible,
latent and total effectiveness results are presented for different H* values between -8 and
8 (see Figure 6.7). Finally, Figure 6.11 shows that for H* > 0 the differences between the
small-scale and full-scale LAMEEs effectivenesses are less than 2%. Thus, H* > 0 can be
suggested as an operating range for H* to have good agreement between the small-scale

and full-scale LAMEEs numerical effectivenesses.
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Figure 6.11 The small-scale LAMEE and full-scale LAMEE sensible, latent and total effectiveness
differences when H* is changing from -8 to 8.

The comparisons between the experimental effectiveness results in Section 6.9.3.1
and the numerical effectiveness results in Section 6.9.3.2 for the different important
dimensionless parameters show that there is a similarity between the small-scale LAMEE
and the full-scale LAMEE. Consequently, the small-scale LAMEE effectiveness results
can be used to predict the performance of a full-scale LAMEE under different operating
conditions within acceptable uncertainty (i.e. within 2% to 4% uncertainty in most cases
based on comparison between the small-scale LAMEE and the full-scale LAMEE

numerical effectiveness results).

6.10 Conclusion

The similarity between the small-scale LAMEE and the full-scale (100 L/s air
flow rate) LAMEE is investigated numerically and experimentally in this chapter. The
dimensional analysis of the coupled heat and mass transfer equations in the air, solution
and membrane of a LAMEE shows that there are five important dimensionless
parameters (NTU, NTUn, Cr*, m* and H*) that affect the performance of a LAMEE.

NTU and Cr* directly affect the sensible effectiveness of the LAMEE while NTUm and
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m* directly affect the latent effectiveness of the LAMEE. H* affects the sensible, latent
and total effectivenesses of the LAMEE. The effect of each of the important
dimensionless parameters (NTU, NTUm, Cr*, m* and H*) on the effectiveness of the
small-scale LAMEE is presented in this chapter.

The experimental and numerical effectiveness results of the full-scale LAMEE are
presented under summer (i.e. air cooling and dehumidifying) test conditions. The results
show good agreement between the experimental and numerical effectiveness results of
the full-scale LAMEE. To investigate similarity between the small-scale and the full-
scale LAMEE, first, the experimental effectiveness results of the full-scale LAMEE are
compared with the experimental performance results of the small-scale LAMEE for three
different tests. The results show that the experimental effectiveness of the small-scale and
full-scale LAMEEs agree within their uncertainty ranges. Second, the differences
between the small-scale LAMEE and the full-scale LAMEE sensible, latent and total
effectiveness results are investigated numerically for each of the important dimensionless
parameters. The results show that in most cases the differences between the small-scale
LAMEE and the full-scale LAMEE effectiveness results is less than 2%. The
experimental and numerical comparison between the small-scale LAMEE and full-scale
LAMEE effectiveness results shows that there is a similarity between the small-scale
LAMEE and the full-scale LAMEE, and that the small-scale LAMEE effectiveness
results can be used to predict the performance of a full-scale LAMEE within 2% to 4%
uncertainty in most cases based on comparison between the small-scale LAMEE and the

full-scale LAMEE numerical effectiveness results.
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CHAPTER 7

CONCLUSIONS

7.1 Summary and Conclusions

This PhD thesis focuses on developing, testing and modeling the small-scale
single-panel liquid-to-air membrane energy exchanger (LAMEE), and extrapolating the
small-scale LAMEE steady-state effectiveness results to the full-scale (100 L/s) LAMEE.
A LAMEE is a novel membrane based energy exchanger where heat and moisture
simultaneously transfer between air and solution streams through a semi-permeable
membrane. In this thesis, a GE™ membrane is used in the counter-cross flow small-scale
LAMEE, and LiCl salt solution is used as the transfer liquid in most cases. This is a
paper-based thesis, where each chapter of the thesis is a published (Chapters 2, 3, 4 and
5) or submitted (chapter 6) manuscript. This PhD thesis represents the methodology to
investigate similarity between a small-scale and a full-scale exchangers which has five
steps. Each chapter of this thesis shows one step of the methodology for LAMEES, where
the main focus is to investigate the similarity between the small-scale and full-scale
LAMEEs, and use the small-scale LAMEE effectiveness results to predict the
performance of the full-scale LAMEE under different operating conditions. This
methodology is a helpful guide for researchers and manufacturers, and saves resources by

testing small-scale exchangers. The conclusions for each chapter are presented below.
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A single-panel energy exchanger test (SPEET) facility is developed and built in
the University of Saskatchewan to evaluate the performance of the small-scale single-
panel LAMEE under different test conditions. In Chapter 2, for the first set of
experiments with the SPEET facility, water is used as a transfer liquid in the small-scale
LAMEE, and the small-scale LAMEE is tested under 3 different test cases (i.e. air
heating and humidifying (H&H), air cooling and humidifying (C&H) and air cooling and
dehumidifying (C&D)) at constant Cr* = 7 and three different NTUs. Mass and energy
balance results are presented for each test, and the test facility energy exchange inequality
is found to be a maximum of 5% in the worst case. The experimental effectiveness data
are compared to data from one numerical and two analytical models which are modified
based on the small-scale LAMEE design and specifications. The results show that the
effectiveness of the small-scale LAMEE increases by increasing the NTU from 2.5 to 4.5
in all cases. The C&D test case has the best agreement between the experimental,
numerical and analytical results.

The air-side effectiveness equations have traditionally been used to evaluate the
performance of liquid-to-air energy exchangers used as dehumidifiers/regenerators.
However, in regenerators the focus is on the salt solution, and using the air-side
effectiveness to evaluate the regeneration performance is questionable. The solution-side
effectiveness equations for liquid-to-air membrane energy exchangers are introduced in
Chapter 3 for the first time in literature. The small-scale LAMEE is tested as a
dehumidifier and a regenerator at NTU = 5 and three different Cr* = 2, 4 and 6 using
LiCl salt solution. The experimental results show that the air-side and solution-side

effectiveness results are almost the same for the dehumidifier, but the solution-side
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sensible effectiveness is higher than the air-side sensible effectiveness in the regenerator
(e.g. 11% higher at Cr* = 6). The numerical effectiveness results show that the air-side
and solution-side latent effectivenesses are almost the same for different test cases (i.e.
air heating and dehumidification (H&D), C&D, C&H, and H&H test conditions). Thus,
the air-side latent effectiveness equation can be directly used to evaluate the solution-side
latent effectiveness of LAMEEs.

The effects of different heat and mass transfer directions and salt solution types
and concentrations are experimentally and numerically investigated in Chapter 4. To
investigate the effect of different heat and mass transfer directions, the small-scale
LAMEE is tested at NTU = 3 and four different Cr* = 1, 3, 5, 7 under H&D, C&D, C&H,
and H&H test conditions which represent different heat and mass transfer directions in
LAMEEs. The results show that the latent and total effectiveness of the small-scale
LAMEE increases with Cr* for all test cases, while the sensible effectiveness increases
with Cr* for the C&D and H&H test cases, and decreases with increasing Cr* for the
H&D and C&H test cases. Maximum total effectiveness of 85% is obtained for the small-
scale LAMEE under summer AHRI test conditions (i.e. C&D test case) at NTU = 3 and
Cr* = 7. The effect of different salt solution types and concentrations is investigated on
the small-scale LAMEE effectiveness under C&D test case using LiCl and MgCl» salt
solutions and three different concentrations for LiCl (C = 25%, 30% and 35%). The
results show that using different salt solution types and concentrations have a small effect
on the LAMEE effectiveness.

The coupled heat and mass transfer in the air, solution and membrane of the

small-scale single-panel LAMEE are numerically modeled to calculate the steady-state
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effectiveness of the small-scale LAMEE under different operating conditions (i.e. H&D,
C&D, C&H, and H&H test conditions) in Chapter 5. The effects of the membrane vapor
diffusion resistance (VDR) and enhanced air convective heat and mass transfer
coefficients are investigated on the small-scale LAMEE numerical effectiveness under
C&D conditions using the modified numerical model for the small-scale single-panel
LAMEE. Also, the steady-state numerical effectiveness of the small-scale LAMEE is
validated by experimental data for summer test conditions (i.e. C&H and C&D test
cases). The membrane VDR found to be 24 s/m for the GE™ membrane which is 57%
lower than the value that had been previously used for the GE™ membrane in LAMEEs.
The latent effectiveness increases by 11% with decreasing the membrane VDR from 56
s/m to 24 s/m at NTU = 3 and Cr* = 5. However, changing the membrane VDR does not
have any effect on the sensible effectiveness. Also, using an air screen in the air channel
of the small-scale LAMEE enhances the heat and moisture transfers in the air channel of
the LAMEE. The results show that the air side Nusselt number and the small-scale
LAMEE effectiveness increase by 37% and 4%, respectively, when the air screen is used
in the air channel of the small-scale LAMEE, compare to the case of no air screen at Reair
= 620.

Finally, in Chapter 6, the similarity between the small-scale and the full-scale
LAMEEs is numerically and experimentally investigated. The dimensional analysis of
the coupled heat and mass transfer in the air and solution sides of the LAMEE shows that
the performance of a LAMEE is a function of 5 important dimensionless parameters
(NTU, NTUm, Cr*, m* and H*). The effect of these important dimensionless parameters

on the small-scale LAMEE effectiveness is numerically investigated. The full-scale
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LAMEE is tested under summer test conditions (i.e. C&D test case), and the results show
good agreement between the experimental and numerical effectiveness results of the full-
scale LAMEE. The experimental results for the small-scale and full-scale LAMEES under
summer test conditions are compared for three test cases, and the results show that the
experimental effectivenesses of the small-scale and full-scale LAMEEs agree within their
uncertainty ranges. Also, the numerical results show that, in most cases the differences
between the small-scale LAMEE and the full-scale LAMEE effectiveness results is less
than 2%. These experimental and numerical results show the similarity between the
small-scale and full-scale LAMEEs. The numerical results show that the small-scale
LAMEE effectiveness results can be used to predict the performance of a full-scale

LAMEE within 2% to 4% uncertainty in most cases.

7.2 Future Work

There are some additional topics which are related to this research project, and
can be studied in the future to improve the LAMEE design and the performance of
LAMEEs. Some of these topics are:

e The pressure difference between the air and solution sides of a LAMEE causes
the flexible membrane to buldge in the LAMEE. This effect is known as the mal-
distribution effect, which has negetive effect on the LAMEE performance. The
maldistribution effect on the performance of the LAMEE should be studied
experimentally and numerically to reduce the mal-distribution effects in future
LAMEE designs.

e Recent studies (Zhang et al. 2012a; Huang et al., 2012) show that the actual

boundary condition on the membrane of liquid-to-air memberane energy
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exchangers is neither uniform temperature nor uniform heat flux. The uniform
heat flux boundary condition on the membrane is used in this PhD thesis to
calculate the air and solution sides convective heat and mass transfer coefficients
in the LAMEE, which is a reasonable assumption for counter-flow membrane
based energy exchangers. The actual values for the air and solution sides
convective heat and mass transfer coefficents should be calculated, and their
effects on the LAMEE performance should be investigated in future.

Recent studies (Zhang et al., 2012a) show that the Chilton-Colburn analogy
between the convective heat and mass transfer coefficents is not valid in Iquid-to-
air membrane energy exchangers due to coupled heat and mass transfer. The
actual corelation between the convective heat and mass transfer coefficents should
be obtained for LAMEESs. This corelation helps to calculate the convective mass
transfer coefficent for the air or soultion using the air or solution side convective
heat transfer coefficents, respectively, which are easier and more common to
measure.

Salt solution crystalization in the membrane and on the solution side of the
LAMEE is possible under air humidification test conditions (i.e. winter test
cases). The effect of salt solution crystalization on the membrane vapor diffusion
resitance and the LAMEE performance should be investigated. It might be
possible to define limits for LAMEE operation conditions to avoid salt solution
crystalization in LAMEEs.

Buoyancy forces decrease the LAMEE performance under specific operating

conditions. The salt solution density changes when the salt solution temperature
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and concentration change. The buoyancy forces are important in the solution-side
of the LAMEE, when the solution flows vertically, and the solution density
increases in the vertical direction (heavy solution on top). Further experimental
test and numerical modeling are necessary to characterize the buoyancy forces,

and quantify their impacts on the LAMEE effectiveness.
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APPENDIX B

SMALL-SCALE LAMEE AS A DEHUMIDIFER/REGENERATOR

B.1 Overview of Appendix B

The small-scale LAMEE is tested as a dehumidifier and a regenerator in the
SPEET facility, and experimental and analytical steady-state performance results for the
small-scale LAMEE are presented in Appendix B which contains a paper with a title of:
Comparison of experimental data and a model for heat and mass transfer performance of
a liquid-to-air membrane energy exchanger (LAMEE) when used for air dehumidification
and salt solution regeneration. The small-scale single-panel LAMEE is introduced in
detail in Chapter 2. A LAMEE can be used as a dehumidifier to dehumidify the air or a
regenerator to regenerate (dry) the solution in a LDAC system. Therefore, it is important
to study the effect of different operating parameters on the performance of a LAMEE
when it is used as a dehumidifier or regenerator. In Appendix B, the small-scale LAMEE
was tested under dehumidification and regeneration test conditions and the effects of
NTU, Cr*, air inlet temperature and humidity ratio, and solution inlet temperature and
concentration are investigated on the performance of the small-scale LAMEE used as a
dehumidifier or a regenerator. This experimental parametric study on the performance of
a LAMEE when it is used as a dehumidifier or a regenerator is done for the first time in
literature, and the results of this study are a helpful guide for researchers and
manufactures to have an estimation of a LAMEE performance when they want to use the
LAMEE in a LDAC system as a dehumidifier or a regenerator.

Mr. Gaoming Ge is the first author and Mr. Ahmed H. Abdel-Salam is a co-author
in this paper which is presented in Appendix B. Mr. Gaoming Ge is a post-doctoral
fellow in our research group in the University of Saskatchewan, and his contributions to
this paper are: (a) planning and writing the paper, and (b) analytically evaluating the
performance of the small-scale LAMEE using the LAMEE analytical model which was
presented by Ge et al. (2012). Mr. Ahmed H. Abdel-Salam is a PhD student in our

research group in the University of Saskatchewan, and he helped Mr. Gaoming Ge in
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analyzing the small-scale LAMEE results which was tested as a dehumidifier and a
regenerator. My contributions to Appendix B are: (a) modifying the SPEET facility to
test the small-scale LAMEE under regeneration test conditions, which require heating for
the solution (see Figure B.1), (b) Testing the small-scale LAMEE under dehumidification
and regeneration test conditions, and (c) analyzing the experimental data and calculating
the small-scale LAMEE experimental effectiveness under dehumidification and

regeneration test conditions.
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Comparison of experimental data and a model for heat and mass transfer
performance of a liquid-to-air membrane energy exchanger (LAMEE) when used

for air dehumidification and salt solution regeneration

Gaoming Ge", Davood Ghadiri Moghaddam, Ahmed H. Abdel-Salam, Robert W. Besant,

Carey J. Simonson

B.2 Abstract

Liquid-to-air membrane energy exchangers (LAMEES) allow simultaneous heat
and moisture transfer between salt solution flows and airflows. These exchangers can be
used as air dehumidifiers for supply air or liquid desiccant regenerators in liquid
desiccant air conditioning systems while the membrane eliminates entrainment of liquid
desiccant as aerosols in air streams. In this study, the heat and mass transfer performance
of a LAMEE used as dehumidifier or regenerator is experimentally and analytically
investigated to determine the influences of air and desiccant solution flow rates, inlet air
temperature and humidity, and inlet desiccant solution temperature and concentration.
Using the experimental data, the analytical model for the counter-cross-flow LAMEES is
quantitatively validated for sensible and latent effectiveness during air dehumidification
process for the inlet conditions tested, while agreement is not good for the salt solution
regeneration or de-watering process. This discrepancy may be caused by the
crystallization of LiCl agueous solution within the membrane pores near the solution side
of the membrane during the regeneration tests. It is implied that both the moisture flux
ratio and the proximity of the solution concentration to the saturation concentration play a
role for moisture transfer blockage within the membrane when the data for latent
effectiveness is significantly below the theoretical values. The influences of inlet air and
solution parameters on the mass transfer performances of LAMEEs used as dehumidifiers
and regenerators are also compared with those of direct-contact liquid desiccant devices
available in the literature.

Keywords: Liquid-to-air membrane energy exchanger; air dehumidification;

solution regeneration; moisture flux ratio; latent effectiveness; crystallization
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B.3 Introduction

Liquid desiccant air conditioning (LDAC) systems have been studied by several
research groups over recent decades. They have shown the potential to be more energy
efficient than conventional air conditioning systems for the control of indoor air
humidity, especially in hot and humid climates (Kinsara et al., 1996; Dai et al., 2001; Liu
et al., 2006a; Tu et al., 2009). In LDAC systems, the air dehumidification exchanger and
solution regeneration exchanger are two key components. The dehumidifier is used to
dehumidify the supply air while the desiccant solution absorbs moisture from airflow and
becomes diluted during this process. The diluted solution is then dried or de-watered in
the regenerator which is part of the closed-liquid-desiccant-loop of LDAC systems.

For conventional direct-contact liquid desiccant devices (e.g. packed towers or
packed beds (Liu et al., 2006a; Fumo and Goswami, 2002)) entrainment of liquid
desiccant droplets into the downstream air will cause corrosion of downstream air ducts
and exposed metal components. As well, particle downstream drift will negatively impact
the air quality or indoor environment quality. This liquid desiccant carryover problem in
this kind of exchanger largely limits direct-contact exchanger usage to a few types of
commercial and industrial applications, such as health care facilities (Bergero and Chiari,
2011). Research on new liquid desiccant exchangers that prevent desiccant carryover
problems is needed.

Isetti et al. (1997) conducted a series of experiments to investigate the
performance of hydrophobic membranes suitable for use in liquid absorption air-handling
processes. Results showed high vapor fluxes between a hygroscopic solution and an air
stream flowing across a contactor or exchanger can be achieved by using thin and
permeable membranes. Bergero and Chiari (2001) experimentally and numerically
studied the air humidification/dehumidification performance of a hollow-fiber semi-
permeable contactor under different air and liquid desiccant flow rate conditions. It was
found that the change in the humidity ratio of the air diminished as the air flow rate
increased and these findings did not depend significantly on the desiccant flow rate
provided it was above the mass flow rate of air. Zhang (2011a) and Zhang and Huang
(2011) investigated experimentally and theoretically the heat and mass transfer in a

hollow fiber module for air dehumidification and humidification conditions. They
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concluded that indirect-contact energy exchangers where semi-permeable hollow fibers
or membranes were used to separate the air and the solution streams could achieve high
heat and mass transfer performance and effectively overcome the liquid desiccant salt
particle downstream drift problem.

A new kind of liquid-to-air membrane energy exchanger (LAMEE), which uses
semi-permeable membranes to transfer heat and moisture between the air and solution
flows, has been under development and investigation at the University of Saskatchewan
during the past decade. The effectiveness and energy performance of run-around
membrane energy exchanger (RAMEE) systems, which are mainly comprised of two
LAMEEs and a closed loop of agueous desiccant solution and used as passive energy
recovery ventilators (ERV) in building air conditioning systems, have been
experimentally measured and numerically investigated (Erb et al., 2009; Mahmud et al.,
2010; Rasouli et al., 2011). Early test results showed that a 55% total effectiveness could
be achieved by RAMEE systems using two laboratory-constructed counter-cross-flow
LAMEE exchangers for energy recovery from the exhaust air (i.e. higher than the
minimum total effectiveness 50% required by ASHRAE Standard 90.1 (ANSI/ASHRAE
Standard 90.1, 2007)). Steady-state and transient performance data for a LAMEE
obtained under different air and desiccant flow rates for AHRI summer and winter
conditions was reported (Namvar et al., 2012). Steady-state results for this LAMEE
revealed that the effectiveness increased as either the desiccant flow rate increased or the
air flow rate decreased. However, no experimental and theoretical work has been
performed for LAMEEs to study the effects of different design and operating parameters
on the mass transfer performance when LAMEEs are used as active air dehumidifiers and
salt solution regenerators in LDAC systems.

The purpose of this paper is then to measure and compare the LAMEE
performance with a theoretical model results, with a special emphasis on the moisture
transfer performance. In this study, the heat and mass transfer performances of LAMEES
used as dehumidifier and regenerator are experimentally investigated using a small
laboratory test facility (Ghadiri Moghaddam et al., 2013c). The main objective is to study
the effects of different operating parameters, such as air and desiccant solution flow rates,

inlet air temperature and humidity, and inlet desiccant solution temperature and
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concentration, on moisture flux ratio and latent effectiveness of the LAMEE during air
dehumidification and solution regeneration processes. These results can serve as guides
for the design, control and operation of LAMEEs as air dehumidifiers and salt solution
regenerators in LDAC systems. Another objective is to validate a previously developed
analytical model for counter-cross-flow LAMEESs (Ge et al., 2012) using a wide range of
experimental data and analyze the possible reasons causing the discrepancy between the

experimental and theoretical results.

B.4 Test Facility

A small-scale single-panel energy exchanger test (SPEET) facility (Ghadiri
Moghaddam, 2013c) is used to conduct the experimental tests in this study. As shown in
Figure B.1, the SPEET facility consists of a supply air system and an open loop solution
system each with a flow rate controller and property measurement data acquisition
scheme which flow at steady state conditions to a small-scale single-panel LAMEE,
located in the test section. In the supply air system, high pressure dry air (~4%RH),
provided by a compressor, and passes through a flow controller and a flow meter with a
capacity of 100 L/min and accuracy of 2% and 1% of full-scale, respectively. The air
flow controller and flow meter are used to control and measure the supply air flow rate.
The supply air then passes through two bubble tank humidifiers and a heater to achieve
the desired supply air temperature and humidity. Two converging-diverging air headers
are used before and after the small-scale LAMEE to supply air uniformly to the
exchanger inlet and exhaust it to the lab. Four T-type calibrated thermocouples with an
accuracy of 0.2°C and two calibrated humidity sensors with an accuracy of 1.5% RH are
used to measure the temperatures and humidity ratios at the inlet and outlet of the
LAMEE.

In the open solution loop, lithium chloride (LiCl) salt solution is pumped from a
large supply solution tank to the small-scale LAMEE solution inlet header using a
peristaltic pump. An electrical heater is used after the pump to adjust the solution inlet
temperature to the desired condition. Two T-type shielded thermocouples with an
accuracy of 0.1°C are placed in the solution inlet and outlet headers to measure the

solution inlet and outlet temperatures, respectively. The outlet salt solution flow is
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discharged into the exhaust solution tank. For each test, the salt solution concentrations at
the inlet and outlet of the LAMEE are calculated using the measured solution
temperatures and sampled densities under steady state operating conditions.

A small-scale single-panel LAMEE with a counter-cross-flow configuration for
air and solution flows is tested during dehumidification and regeneration operating
conditions. The small-scale single-panel LAMEE was designed to minimize the sources
of errors in LAMEE performance evaluation, and facilitate research and development of
LAMEEs by saving the money and time (Ghadiri Moghaddam, 2013b). The LiCl solution
flows from top to bottom in the small-scale LAMEE. Figure B.2 shows the air and
solution flow configurations of the tested LAMEE. Two grooved plastic liquid-flow
panels are each enclosed by a semi-permeable membrane to form two solution channels,
one on each side of the air channel. An air spacer is used to form an air channel of
constant thickness. The small-scale LAMEE specifications and membrane properties are

presented in Table B-1.
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Figure B.1 Schematic of the SPEET facility (Ghadiri Moghaddam et al., 2013b).
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Figure B.2 Air and solution flow configurations of the small-scale single-panel LAMEE (Ghadiri
Moghaddam et al., 2013b).

Table B-1 The small-scale single-panel LAMEE specifications and membrane properties.

Parameter Value
Exchanger length (m) 0.99
Exchanger aspect ratio of the air-liquid contact area 10.5
Exchanger entrance ratio 0.025
Air gap thickness, (mm) 5
Solution gap thickness in each side panel, (mm) 1.2
Water vapor transmission resistance of membrane, (s/m) | 24
Membrane thermal conductivity, (W/mK) 0.065
Membrane thickness, (mm) 0.265

B.5 Analytical Model for the Counter-Cross Flow LAMEE

An analytical solution developed by Zhang (2011a) for the steady-state heat and
mass transfer for a hollow fiber membrane shell-and-tube energy exchanger with counter-
flow configuration is used in this paper to describe the steady-state performance of the
counter-cross-flow parallel-plate LAMEEs. In Zhang’s analytical model, the problem is
solved in one-dimension (i.e. counter flow). In addition, the axial dispersion of heat and
mass, and heat and mass losses to the surroundings are assumed to be negligible. In order
to use this analytical solution for flat-plate LAMEEsS, the overall heat and mass transfer

coefficients, U and Um, are calculated based on the flat-plate LAMEE configuration as
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shown in Egs. (B.1) and (B.2) and these are substituted into Zhang’s analytical

correlations.

-1
U= i+é+i (Bl)
hc,sol k hc,air
1 s
U =|—+— B.2
" |:hm,air " km:| ( )

where, U is the overall heat transfer coefficient (W/m?-K), Un is the overall mass
transfer coefficient (kg/m?-s), hc is the convective heat transfer coefficient (W/m?-K), J is
the thickness of the membrane (m), k is the thermal conductivity of the membrane
(W/m-K), hn is the convective mass transfer coefficient (kg/m?-s), and km is the
permeability of the membrane (kg/m-s). Subscripts air and sol refer to the air and
solution, respectively.

The convective heat and mass transfer coefficients are calculated for each flow
channel using Egs. (B.3) and (B.4) (Welty et al., 2001).

Nu = % (B.3)
f
h _2
h,= C—C Le 3 (B.4)
p

where, Dy is the hydraulic diameter of the flow channel (m) and is assumed to
equal twice the channel spacing for flow between infinite parallel flat plates, ks is the
thermal conductivity of the fluid (W/m-K), cp is the specific heat capacity (J/kg-K), Le is
Lewis number which is defined as the ratio between the thermal to mass diffusivities.

In order to further simplify the calculations using Zhang’s analytical steady-state
model, the solution outlet temperature and concentration are assumed to be known to
begin the calculations, and these assumptions are corrected by iterative calculations using
energy balance calculations. One more assumption is made. This assumption is that
moisture content change due to absorption/desorption by the salt solution in the LAMEES
can be neglected compared with the average desiccant mass flow rate. Therefore,
constant liquid desiccant mass flow rate and constant solution concentration in the

LAMEEs are assumed as simplifications. These assumptions are justified by
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experimental data for direct-contact air dehumidification and desiccant regeneration
processes (Fumo and Goswami, 2002; Liu et al., 2006b), in which the solution
concentration changed by 0.1~0.8% while the average salt concentration was around 34%
or higher. This small percent change will also be demonstrated in the present study.
Considering the properties of salt solution, the equilibrium humidity ratio of desiccant
solution (Wsal) is solely related to solution temperature and the slope (Er) is only affected
by the iterated solution temperature in the analytical model, as shown in Eq. (B.5). The
calculation of this coefficient is different from Zhang’s solution (Zhang, 2011a), in which
Er is affected by both the iterated solution temperature and desiccant concentration. This

model and Zhang (2011a) assume that saturation conditions do not occur for the salt

solution.
dw,,
=— B.5
! deoI ( )
Several dimensionless parameters are defined as follows for convenience:
-l-* _ T _Tair,in (B 6)
- Tsol,in _Tair,in .
* w _Wair in
W=—"+-=_ (B.7)
Wsol,in _Wair,in
« X
- (B.8)
* Wsol in _Wair in
H =2500—/———= (B.9)
solin — 'air,in
NTU = Max %% (B.10)
Cair Csol
C
Cr*=— B.11
C (B.11)

Where, T is the temperature (°C), W is the humidity ratio (g/kg), L is the length of
the LAMEE (m) and H* is an operating condition factor which is defined as the ratio
between the potential for mass transfer to that for heat transfer (Simonson and Besant,
1999). A is the total effective membrane area (m?) and C is the thermal capacity (W/K).
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With above parameters, the normalized governing equations for heat and moisture

conservation in the air and solution flows are:

*

dT_ai*r =NTU (TS*0| _Ta*ir) (812)
dx
T N e gye W (B.13)
dx Cr Cr -Cp OX
W~ -
d—a’:r = NTUm (\Nsol _Wair) (814)
dx
W * T*
Meo _ 2500 Er . et (B.15)
dx H  dx
In order to simplify these equations further, we define
5 :TS:JI _Taiikr (816)
4 :WSZI _Wa:r (817)
The governing differential equations (B.12) to (B.15) can be rewritten as
d
& araw (B19)
dy
ﬁ =a,&+a,y (B.19)

The sensible and latent effectiveness of the counter-cross-flow exchanger can be
calculated by using the following equations.

£g, =1-Ce* —C,e” (B.20)

g =1+KCe* —K,Ce* (B.21)

Where, C1and C; are functions of ai1~az and are constant coefficients, 11, are the

roots of the characteristic equations of (B.18) and (B.19), and K; and K are the

intermediate coefficients of the analytical solution. More detailed calculations of these
coefficients can be referred to Zhang (2011a).

It is worth mentioning that the results obtained from the above modified steady-

state analytical solution were partly validated using experimental data for several test

conditions in a previous study, and the analytical model was found to fit the measured
data for the LAMEE performance (Ge et al., 2012).
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B.6 Results and Discussion

Experimental measurements for air dehumidification and desiccant regeneration
processes using LiCl salt solution in the small-scale LAMEE were conducted. The results
are presented in this section. In addition, an analytical analysis is carried out to study the
influences of different air and desiccant solution inlet parameters affecting the heat and
mass transfer performance of the dehumidifier and regenerator by using the analytical
model.

In order to analyze the heat and mass transfer performance of the LAMEE during
dehumidifier and regenerator operating conditions, three important indexes (i.e. the
moisture flux ratio (Rw), the sensible (es) and latent (e) effectiveness) in the
dehumidification and regeneration processes are evaluated. The dimensionless moisture
flux ratio is firstly proposed in the study, as shown in Eq. (B.22), to evaluate the moisture
transfer potential of the liquid desiccant exchanger under the tested inlet condition. It is
the ratio between the actual moisture removal rate (MRR) with respect to the membrane
overall mass transfer conductance. This index is proposed here rather than using the
moisture removal rate in previous publications (Fumo and Goswami, 2002; Liu et al.,
2006b), since it would not depend on the size of the exchanger but only depend on the
inlet conditions. This index would make the results more general and useful in the
literature because other researchers could do similar tests and compare the results. In the
reported results it is assumed that Um is almost constant for all tests; however, if a partial

crystal blockage was to occur in the membrane its value would decrease.

. Mair air,in _Wair,out

AU

Ry (B.22)

The sensible and latent effectiveness are calculated using Egs. (B.23) and (B.24)
when Cr* >1. They show the ratio between the actual heat and vapor mass transfer and
the maximum heat and vapor mass that could be transferred in the energy exchanger for a
given set of inlet conditions.

T —T

air,in air,out
Eg =————— B.23
s =2 (8.23)

air,in sol,in
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Wair in _Wair out
= —aivin " airout (B.24)
W. . —-W,

air,in sol,in

&L

Another parameter, named solution operation ratio (Rc), is proposed in the study
to characterize the proximity of the solution concentration to the solution thermodynamic
saturation conditions at the temperature of the solution. It is calculated using Eq. (B.25).

C,,—C C

R. = =1- (B.25)
CSat CSat

Where C is the mass fraction of desiccant salt in the solution, and the subscript

Sat represents the saturation condition of desiccant solution.

B.6.1 Air Dehumidification

Table B-2 summarizes the experimental results (D1-D13, totally 13 groups of
tests) during various air dehumidification conditions. The measured air and solution flow
rates, inlet and outlet air and desiccant solution states, the operating ratios (i.e. NTU, Cr*
and Rc), as well as the calculated experimental and theoretical output results (i.e. &s, &L
and Rw) are listed. Effects of air and desiccant inlet parameters on the air dehumidifier
performance will be discussed in this section, when the reference air inlet parameters are
set as 5.3 kg/h (NTU = 5), 30°C and 14.3 g/kg (50%RH), and desiccant inlet parameters
are 8.3 kg/h (Cr* = 4), 24°C and concentration of 32%. It is observed that the sensible
effectiveness data agrees with the theoretical prediction of sensible effectiveness, and the
difference is generally within 10%. In the following analysis of dehumidifier
performance, we emphasize on the mass transfer performance of the LAMEE under
different parameters, and only one investigated parameter is changed for each test and the
other parameters are kept at the listed reference values. According to the experimental
data, it is found that the wvariation of desiccant concentration during the air

dehumidification process is very small, i.e. in the range of 0.04~0.35%.
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Table B-2 Air dehumidification experimental data, operating ratios and results.

Inlet data Operating ratios Outlet data Results

Mair | Tair | Wair Msol Tsot | Csol NTU | Cr* | Re Tair | Wair | Tsor | Csa | &5 esth | €L et | Rw Rw,tn

(kg/h) | (°C) | (g/kg) | (kg/h) | (°C) | (%) (°C) | (glkg) | (°C) [ (%) | (%) | (%) | (%) | (%) | (107) | (109)
D1 529 [30.1]143 |8311 |24.0|3208 |5 4 0.300 1249 |79 28.6 | 31.92 | 849 |90.0 | 848|854 |260 |246
D2 |3.668 |30.0|143 |5643 |24.0|32.00 |6 4 0.302 | 247 |75 28.3131.85|895|924 |91.0|90.7 209 |1.98
D3 | 2626 [ 300|142 |4.082 |24.0|3200 |7 4 0302|244 |74 28.2 | 318 | 941|948 |91.6 943|165 |1.63
D4 5410 | 250|142 |8435 |24.0|3197 |5 4 0.302 | 24.7 | 7.6 27.7 | 31.76 | 30.0 | 51.6 | 89.4|86.2 | 2.69 | 2.43
D5 |5224 | 352|143 |8.152 |24.0|3204 |5 4 0.301|25.1| 8.0 29.6 | 31.89 | 89.6 | 93.3 | 83.9|84.2 | 253 | 2.38
D6 |5.313 [ 300|202 |8.35 |24.0]3197|5 4 0.302 | 25.5| 8.3 326 | 31.73 | 753|829 |89.1|853|4.83 |4.46
D7 |5.345 [ 30.18.2 8.198 |24.0|3197 |5 4 0.302 1244170 26.4 13193934965 | 841|785 047 |0.30
D8 |5.323 300|145 |4.179 |2403214 |5 2 0.298 | 26.4 | 8.7 30.5(3179|60.7|709 |739|735|230 |216
D9 |5321 [30.0]142 |12457 2403214 |5 6 0.298 | 246 | 7.3 27.0|32.06 | 89.4|93.8 |91.7|88.0 277 | 250
D10 | 5.330 | 299 | 138 |8.216 |28.0| 3207 |5 4 0.305|28.4 |94 30.93201|80.1806 |869 846|180 |1.59
D11 5.330 | 30.0 138 |[8.205 |320]3201|5 4 0312317112 |334|31.89|816|104.7|98.1|86.0|104 |0.70
D12 | 5324 | 30.0 | 142 |8.468 |24.0|37.05|5 4 0.191 | 25.3 | 5.6 30.2 13683 |79.3|87.7 |889 873|348 |3.26
D13 | 5.316 [ 30.0 | 139 |7.877 |24.0|2765|5 4 0.396 | 249|101 |275|2757 859|921 |79.1|823]|153 |147




A complete assessment of the mass and energy balances of the experimental tests
were conducted. The LAMEE water vapor mass and energy balances are calculated from

the following equations (Simonson et al., 1999):

A(MW) = ‘[(Mw)air,in - (MW)air,out]+ [(M saltxsol)in - (M saIthoI)out] < Ur]A(MW) (B.26)

A(MH) :H:(MH)air,in _(MH)air,out]+[(MH)sol,in _(MH)soI,out] SunA(MH) (827)

Where Un,,,, and Un,,,, are the calculated uncertainties for water vapor and

)
energy transfers during the tests, based on the air and solution properties for each test. W,
H and X are humidity ratio, enthalpy and solution mass fraction (Namvar et al., 2012),
respectively. Subscripts salt, in and out refer to the pure salt and the air or solution inlet
and outlet in the LAMEE, respectively. The water vapor mass and energy balances of all
dehumidification tests in the small-scale LAMEE are evaluated and six representative
dehumidification tests are presented in Table B-3. The results show that the small-scale
LAMEE is balanced for all tests, and the experimental data are within acceptable

uncertainty ranges.

Table B-3 Mass and energy balances for six representative dehumidification tests.

Water vapor balance Energy balance
A(MW), gih | Un, . g/h A(MH), W | Un..,, W
D1 20.9 159.9 0.4 8.8
D2 16.4 108.7 1.5 6.0
D5 20.8 156.9 0.8 8.9
D6 26.3 161.1 5.2 9.3
D9 26.5 239.3 19 12,5
D12 27.4 151.0 2.5 8.9

Figures.B.3~B.9 present the experimental results (i.e. moisture flux ratio and
latent effectiveness) for air dehumidification process together with the analytical
modeling results. Overall uncertainties of the experimental measurements were calculated
using the error propagation method (Figliola and Beasley, 2006; ASME Standard PTC

19.1, 2005), which depend on the individual uncertainties of the instruments and
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measured parameters. Error bars obtained from these calculations are also shown in the
figures.

Figure B.3(a) shows the moisture flux ratio, Rw, in the air dehumidifier and the
corresponding experimental uncertainties, as a function of the NTU value for different air
flow rates. The moisture flux ratio decreases significantly with the increasing of NTU
value. According to the air dehumidification experimental results (D1-D3) presented in
Table B-2, it can be found that the higher the NTU value, the lower the air flow rate. It
means that higher moisture flux is transferred in the exchanger at higher air flow rate.
Figure B.3(b) shows the experimental latent effectiveness increases as the NTU value
increases and the air flow rate decreases. It may be explained that a lower air flow rate
will remove the air stream moisture content slowly (i.e. Rw is lower) in the air channel
and this makes &s and . higher. Corresponding, the air humidity ratio at the outlet of the
LAMEE decreases as the air flow rate decreases, as shown in Table B-2.
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Figure B.3 Influence of inlet air flow rate (NTU) on dehumidification (a) moisture flux ratio and (b)
latent effectiveness (D1-D3 data from Table B-2).

The influences of inlet air temperature and humidity on moisture flux ratio and
latent effectiveness of the dehumidification process are shown in Figure B.4 and B.5. The
moisture flux ratio decreases slightly with the inlet air temperature. The reason is that the
air flow at higher temperature will heat the desiccant solution in the dehumidification
process by sensible heat transfer and may reduce the mass transfer potential in the

dehumidifier. Therefore the latent effectiveness decreases accordingly.
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Figure B.4 Influence of inlet air temperature on dehumidification (a) moisture flux ratio and (b)
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latent effectiveness (D1, D4 and D5 data from Table B-2).

Figure B.5(a) reveals that the moisture flux ratio increases substantially with the
inlet air humidity ratio. This happens because a higher inlet air humidity ratio implies a
higher air vapor pressure and consequently a higher vapor pressure difference for mass
transfer between the air and solution flows. The increase of inlet air humidity results in a
negligible increase of the latent effectiveness as shown in Figure B.5(b) since both the
numerator and denominator in Eq. (B.24) increase simultaneously. It can also be found
that the uncertainty of latent effectiveness in the case of Wairin = 8 g/kg is much higher
than other cases, since the equilibrium humidity ratio of solution in the inlet condition
(Wsoiin = 6.8 g/kg) is quite close to the inlet air humidity ratio. According to the

effectiveness definition in Eg. (B.24), small measurement uncertainties of the air or

solution conditions will cause higher experimental uncertainties for ..
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Figure B.5 Influence of inlet air humidity on dehumidification (a) moisture flux ratio and (b) latent
effectiveness (D1, D6 and D7 data from Table B-2).

As the increase of solution flow rate and corresponding Cr* value by Eq. (B.11)
the moisture flux ratio increases accordingly as shown in Figure B.6(a). That is, a higher
desiccant solution flow rate will increase the heat capacity rate of solution and reduce the
temperature increase by absorbing the phase change heat from the moisture condensation
in the air dehumidification process. Therefore, a higher humidity gradient between the air
and solution flows would be maintained under higher solution flow rate conditions, since
the equilibrium humidity ratio of LiCl solution is lower at lower solution temperatures
and the constant desiccant concentration, as shown in Figure B.7. This will increase the
average mass transfer vapor pressure difference between the air and desiccant solution

flows and the latent effectiveness will increase as plotted in Figure B.6(b).
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Figure B.6 Influence of inlet solution flow rate (Cr*) on dehumidification (a) moisture flux ratio and
(b) latent effectiveness (D1, D8 and D9 data from Table B-2).
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Figure B.7 Air equilibrium humidity ratio VS temperature with air relative humidity and
equilibrium LiCl solution concentration as parameters.

Figure B.8 and Figure B.9 present the moisture flux ratio and latent effectiveness
in the dehumidification process under various inlet solution temperature and
concentration conditions. The moisture flux ratio decreases significantly from 2.6x107 to
1.0x10° as the desiccant solution temperature increases from 24°C to 32°C. The
explanation is that higher desiccant temperatures produce higher water vapor pressures at
constant solution concentration in the solution side, as shown in Figure B.7, and this
reduces the moisture gradient between the air and solution flows, consequently resulting
in a lower moisture flux in the dehumidifier. Figure B.8(b) reveals that the latent
effectiveness increases since the denominator in Eq. (B.24) decreases significantly due to
the increasing of inlet solution temperature. The uncertainty of effectiveness is higher
(~24.6%) in the case of Tsoiin = 32°C since the equilibrium humidity ratio of solution in
the inlet condition is very close to the inlet air humidity ratio and the denominator is very

small.
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Figure B.8 Influence of inlet solution temperature on dehumidification (a) moisture flux ratio and (b)
latent effectiveness (D1, D10 and D11 data from Table B-2).

Figure B.9(a) illustrates that the moisture flux ratio increases from 1.5x10 to
3.5x10° as the inlet desiccant concentration changes from 27% to 37%. The
interpretation is that the water vapor pressure decreases with the increase of solution
concentration and therefore gives a higher potential for mass transfer in the dehumidifier
resulting in a greater moisture flux. Figure B.9(b) shows that the latent effectiveness
increases slightly with the desiccant concentration due to the trade-off of both the

denominator and numerator in Eq. (B.24).
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Figure B.9 Influence of inlet solution concentration on dehumidification (a) moisture flux ratio and
(b) latent effectiveness (D1, D12 and D13 data from Table B-2).

In summary, the variables found to have the most significant effect on the air
dehumidification moisture transfer in the LAMEE are: air flow rate, air humidity ratio,
desiccant solution temperature, and solution concentration. In addition, it is seen from the

Figures. B.3 to B.9 that the analytical modeling results show good agreement with the
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experimental findings under the air dehumidification conditions, and the discrepancy

always lies within the range of measurement uncertainty.

B.6.2 Solution Regeneration

Table B-4 presents the experimental data, operating ratios as well as calculated
experimental and theoretical results (R1-R13, i.e. 13 groups of test data) for solution
regeneration or de-watering process. In these tests, the average inlet air temperature and
humidity ratio is around 30°C and 14.3g/kg (50%RH) respectively, while the inlet
solution temperature and concentration is around 55°C and 32% respectively. It is found
that the variation of desiccant concentration in these solution regeneration tests is within
the range of 0.06~0.48%. The water vapor mass and energy balances of all regeneration
tests in the small-scale LAMEE are checked and six representative regeneration tests are
presented in Table B-5. The results demonstrate that the mass and energy balances are
achieved for all tests in the small-scale LAMEE. Figures. B.10~B.15 show the
experimental data together with the analytical results on mass transfer performance for

these regeneration tests.
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Table B-4 Solution regeneration (de-watering) experimental data, operating ratios and results.

Inlet data Operating ratios Outlet data Results

Mair | Tair | Wair | Msal Tso | Csa | NTU | Cr* | Rc Tair | Wair | Tsot | Coot | &5 esth | e | e | Rw Rwih

(kgrh) | (°C) | (g/kg) | (karh) | (°C) | (%) (°C) | (g/kg) | (°C) | (%) | (%) [ (%) | (%) | (%) | (10°) | (107)
R1 |5.326 | 300|146 |8.05 |551|3216 |5 4 0.344 | 475 | 26.9 |459|32.36|69.9|86.7 | 469 | 61.7 | 496 |6.39
R2 |3.664 |30.0|13.7 |5486 |55.0(3229 |6 4 0.342 | 456 | 275 | 46.4 | 32.37 | 62.3 | 87.7 | 52.0 | 68.7 | 4.26 | 5.49
R3 |2695 | 300|144 |4.010 |55.0(3229 |7 4 0.342 | 454 | 30.6 | 46.1 | 3247|615 |88.8|625|73.4|3.98 |453
R4 5419 | 250|142 |8199 |550 3232 |5 4 0.341 | 48.4 | 276 |46.8 |3255| 779|886 |51.3|61.6|544 |6.36
R5 |5.239 | 350|135 |7915 |550)|3232|5 4 0341|477 |26.1 |47.1|3254|635|83.8|47.3|62.8|5.05 |6.56
R6 |5.283 | 30.0|199 |8.078 |551|32.02|5 4 0.347 | 48.8 | 29.2 |48.4|32.21| 752|885 |43.6 |59.0|3.76 |4.97
R7 |5.352 |30.1 |84 7.945 |55.03220 |5 4 0344 |1 471|256 | 4583243 |68.2|845|53.7 643|691 |8.10
R8 |5334 |299|134 |4.046 |55.0|32.00 |5 2 0.348 | 43.7 | 233 | 418|323 |54.8|66.7|358|41.2|4.00 |4.48
R9 |5.333 | 30.0|13.8 | 11.974|55.0|32.00|5 6 0.348 | 483 | 28.6 |50.5|32.18|73.3|92.0|54.2 705|597 | 754
R10 | 5.341 | 29.9 | 139 |8.068 |50.1|32.04 |5 4 0.339 | 452|228 |43.1|3223|758|88.7|51.2|64.6 359 |451
R11 | 5.342 | 30.0 | 142 |8.085 |45.0|32.04 |5 4 0.331| 426|198 |40.3|32.17|84.1]|91.1 595|669 226 |261
R12 | 5.338 | 30.1| 144 |8.156 |55.1|37.00 |5 4 0.246 | 49.8 | 21.3 | 486 | 37.16 | 788 |91.8 |49.8 649|281 |3.75
R13 | 5.328 | 30.0 | 143 | 7.695 |55.0|27.00 |5 4 0.450 | 46,5 | 31.7 | 456 |27.35|66.1|80.1|41.8|58.0|7.01 |9.31




Table B-5 Mass and energy balances for six representative regeneration tests.

Water vapor balance Energy balance
A(MW), g/ | Ung,,, gh | A(MH), W | Ung,,, W
R1 45.4 154.6 9.1 14.2
R2 34.9 105.2 8.4 10.1
RS 32.1 151.4 8.8 141
R6 25.4 155.4 10.6 15.3
R9 31.8 115.3 155 20.7
R12 24.2 145.4 8.6 14.4

Figure B.10(a) shows that the moisture flux ratio increases from 4.0x107 to
5.0x107 as the NTU value decreases from 7 to 5 (i.e. the air flow rate increases from 2.7
kg/h to 5.3 kg/h). The reason for this is that, as the air flow rate increases, the change of
humidity ratio is smaller (as shown in R1-R3 in Table B-4) and the relatively high water
vapor pressure in the air channel would be nearly constant. Consequently, the moisture
transfer between air and solution flows is enhanced, but the latent effectiveness is
diminished. As a result, the latent effectiveness decreases from 62.5% to 46.9% when the
NTU value decreases from 7 to 5 as shown in Figure B.10(b). In addition, it can be found
that much of the analytical results do not agree with the experimental data for the latent
effectiveness for the conditions tested. The analytical results are generally 20% higher
than the experimental results. The possible reasons will be analyzed in the discussion

ahead.
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Figure B.10 Influence of air flow rate (NTU) on regeneration (a) moisture flux ratio and (b) latent
effectiveness (R1-R3 data from Table B-4).

The influences of the regeneration air inlet temperature and humidity ratio on the
moisture flux ratio and the latent effectiveness are depicted in Figure B.11 and Figure
B.12. It can be seen that the inlet air temperature does not cause significant variations in
the moisture flux ration and the latent effectiveness (Figure B.11). As shown in Figure
B.12(a), the moisture flux ratio decreases substantially with the inlet air humidity ratio.
As expected, a higher humidity ratio implies a higher water vapor pressure and
consequently lower moisture gradient between the solution and air flows and hence lower
potential for mass transfer during the solution regeneration process. Accordingly, it will
result in a lower latent effectiveness under higher inlet air humidity condition as shown in
Figure B.12(b).
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Figure B.11 Influence of inlet air temperature on regeneration (a) moisture flux ratio and (b) latent
effectiveness (R1, R4 and R5 data from Table B-4).
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Figure B.12 Influence of inlet air humidity on regeneration (a) moisture flux ratio and (b) latent
effectiveness (R1, R6 and R7 data from Table B-4).

Figure B.13 reveals that the moisture flux ratio, Rw, is enhanced significantly from
4.0x107 to 6.0x10° when the Cr* value is changed from 2 to 6 and the solution flow rate
is increased from 4.0 kg/h to 12.0 kg/h. The explanation is the same as the
dehumidification case (i.e. the higher the solution flow rate, the higher heat capacity rate
of desiccant solution). It will cause less temperature reduction of the desiccant solution
during the phase change or evaporation process of liquid water in the solution channel,
and maintain a high vapor pressure difference for mass transfer. The latent effectiveness
increases from 35.8% to 54.2% as Cr* increases from 2 to 6.
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Figure B.13 Influence of solution flow rate (Cr*) on regeneration (a) moisture flux ratio and (b) latent
effectiveness (R1, R8 and R9 data from Table B-4).

The influences of solution inlet temperature and concentration on the moisture
flux ratio and latent effectiveness during the solution regeneration process are presented

in Figure B.14 and Figure B.15. The moisture flux ratio increases significantly with the
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inlet solution temperature as shown in Figure B.14(a). The reason is that the water vapor
pressure of desiccant solution is highly dependent on its temperature, i.e. the higher the
temperature of desiccant solution, the higher the vapor pressure. Hence, the vapor
pressure gradient between the solution and air streams increases as the solution
temperature increases, and consequently the potential for mass transfer increases. It can
also be found that the latent effectiveness decreases with the solution temperature, since
the equilibrium humidity ratio of solution increases and the absolute value of the
denominator of Eq. (B.24) increases significantly. In contrast to the air dehumidification
process, the effect of solution temperature on the mass transfer performances in the
desiccant regeneration process is opposite.

Comparing the results shown in Figure B.11 and Figure B.14, it is shown that the
moisture flux ratio in the solution regeneration process is more sensitive to the change of
solution inlet temperature and almost independent of the changes of air inlet temperature.
Therefore, heating the desiccant solution and regulating its inlet temperature to enhance
the desiccant regeneration performance in the proposed counter-cross-flow LAMEEs are
more effective than heating the regeneration air flow.
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Figure B.14 Influence of solution inlet temperature on regeneration (a) moisture flux ratio and (b)
latent effectiveness (R1, R10 and R11 data from Table B-4).

Figure B.15 shows that the moisture flux ratio significantly decreases from
7.0x107 to 2.8x107 as the inlet desiccant concentration varies from 27% to 37%. This
may be interpreted from the fact that vapor pressure of the desiccant solution is a function
of the concentration, as shown in Figure B.7. Therefore, the higher the concentration, the

lower the vapor pressure, and consequently the lower the moisture gradient and mass
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transfer potential. It can also be found that the solution concentration has a very small
impact on the latent effectiveness of the regeneration process, since both the desiccant
inlet equivalent humidity ratio and the air outlet humidity ratio decrease with increasing
solution concentration. They offset each other and finally the latent effectiveness
increases slightly.
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Figure B.15 Influence of inlet solution concentration on regeneration (a) moisture flux ratio and (b)
latent effectiveness (R1, R12 and R13 data from Table B-4).

According to the results presented in Figures. B.10~B.15, it can be summarized
that the inlet air humidity ratio, air flow rate, solution inlet temperature, solution
concentration and solution flow rate have significant influences on the moisture
transmission in the desiccant solution regeneration process. In addition, it appears that
except for a small fraction of data the agreement between the analytical and experimental
results is not good in the tested regeneration conditions, although they have almost the
same variation trend as the investigated inlet parameter changes. There are two possible
reasons causing this significant discrepancy between the analytical and experimental
results. The first reason is that the concentration of LiCl aqueous solution near or in the
membrane increases towards saturation conditions while its temperature decreases with
the evaporation of liquid water in the solution channel during the de-watering
regeneration process. This makes the process prone to generate LiCl-H.O crystals above
20°C and LiCl-2H20 crystals below 20°C (Monnin et al., 2002), when the value of Ry is
high and the value of Rc is small, in the membrane pores, which are close to solution side
of the membrane during the regeneration tests. Any crystallization would reduce the

overall moisture transfer coefficient, Um, (defined in Eq. (B.2) and used in Eq. (B.22))

256



during the regeneration tests. Due to the evaporation of liquid water in the solution
channel and the phase change energy required for the desiccant crystallization process,
the solution temperature and membrane temperature will decrease and consequently the
experimentally measured sensible effectiveness is lower than the theoretical results as
shown in Table B-4 for the solution regeneration process. Another less likely reason is
that higher membrane deflections occur in the regeneration tests due to higher solution
temperature in the LAMEE, which may reduce the mass transfer performance of the
exchanger (Hemingson et al., 2011). According to the recorded data, we found that the
measured air pressure drops during the regeneration tests were 10-15% higher than those
in the corresponding dehumidification cases. But, it is noted, the air kinematic viscosity
would have also increased by about 10%, so this pressure drop increase may be mostly
due to viscosity changes not increased deflections.

B.7 Comparison with Results for Other Direct-Contact LD Devices

Many investigations about the heat and mass transfer performances of direct-
contact liquid desiccant devices (e.g. packed towers or packed beds) have been published
in the last decade, while little literature was concerned about the mass transfer
performance of the membrane-based indirect-contact energy exchangers. The present
experimental results for the liquid-to-air membrane energy exchanger during
dehumidifier and regenerator operating conditions are then compared with those for the
direct-contact energy exchanger as dehumidifier and regenerator available in the
literature.

The trends of the effects of the inlet parameters on the moisture transfer (i.e.
moisture flux ratio) and the latent effectiveness of the proposed indirect-contact LAMEE
as dehumidifier and regenerator are summarized in Table B-6 and Table B-7,
respectively, compared with the experimental results reported in the literature for direct-
contact liquid desiccant devices as dehumidifiers and regenerators. It can be found that
the inlet parameters generally have the same trends in affecting the performances of the
indirect-contact LAMEE and the direct-contact energy exchangers. Few exceptions exist
mainly caused by the differences of the operating parameter ranges, such like the air and

solution flow rates (Liu et al., 2007b).

257



Table B-6 Effects of inlet parameters on the moisture flux ratio (Rw), MRR and latent effectiveness of

the indirect-contact LAMME and direct-contact exchangers as dehumidifiers.

Reference Desiccant | Flow type | Index | Mair | Tair | Wair | Msot | Tsot | Csol
Present study LiCl Counter- | Rw 1 - |1 0 !
Cross e ! o | |1 t e
Oberg and TEG Counter MRR | 1 - |1 o |} 1
Goswami (1998) L ! > VIS o | o o
Fumo and LiCl Counter MRR | 1 - |1 - |l |1
Goswami (2002)
Liuetal. LiBr Cross MRR | 1 - |1 0 11
(2006b) e | o o |1 T o
Moon et al. CaCl; Cross MRR | 1 - |1 1 L
(2009) e ! o e |1 Tl

1: Increasing trend; |: Decreasing trend; «<»: No significant effect.

Table B-7 Effects of inlet parameters on the moisture flux ratio (Rw), MRR and latent effectiveness

of the indirect-contact LAMME and direct-contact exchangers as regenerators.

Reference Desiccant | Flow type | Index | Mair | Tair | Wair | Msol | Tsol | Csol
Present study LiCl Counter- | Rw 1 - || 0 0 !

cross e ! - | 1 R
Martin and TEG Counter MRR | 1 - || 0 1 !
Goswami (1999) eL ! o o |1 | | e
Fumo and LiCl Counter MRR | 1 o |} 0 0 !
Goswami (2002) el ! x x 1 X X
Liuetal. LiBr Cross MRR | 1 - ] 0 1 !
(2007h) e l PN PN 1 l 1
Sultan et al. CaCl; Counter MRR | 1 1 ! 1 0 !
(2002)

1: Increasing trend; |: Decreasing trend; <

No significant effect; x: Not mentioned.
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B.8 Conclusions

Experimental tests for air dehumidification and desiccant solution regeneration
using lithium chloride in a liquid-to-air membrane energy exchanger (LAMEE) have
been conducted. The influence of the independent operating parameters (i.e. NTU, Cr*,
Rc, etc.) have been investigated and they are shown to influence the resulting moisture
flux ratio, Rw, and latent effectiveness, &, during dehumidifier and regenerator operating
conditions. During the air dehumidifying tests the theoretical predictions for the sensible
and latent effectiveness agreed with the data; however, during the solution regenerator
tests the agreement was not good. Results show that the most important parameters
impacting the mass transfer performance of the dehumidifier are air flow rate, inlet air
humidity ratio, desiccant solution inlet temperature, and solution concentration. It is also
found that the parameters significantly influencing the performance of the solution
regenerator are the air flow rate, inlet air humidity ratio, solution inlet temperature,
solution concentration and solution flow rate. The effects of air and desiccant solution
inlet parameters on the performance of the counter-cross-flow LAMEES show similar
tendency with those previously reported for direct-contact liquid desiccant devices used
as dehumidifiers and regenerators. In addition, using the experimental data, the analytical
model is quantitatively validated during the air dehumidification process for the inlet
conditions tested, while a qualitative agreement is achieved for desiccant solution
regeneration process. The discrepancy between the experimental and analytical results in
regeneration tests may be mainly caused by the crystallization of LiCl aqueous solution

in the membrane pores near solution side during the de-watering process.
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APPENDIX C

FULL-SCALE (200 CFM) LAMEE RESULTS

C.1 Overview of Appendix C

The full-scale (200cfm) LAMEE is tested under summer and winter test
conditions and the experimental and numerical steady-state performance results for the
200cfm LAMEE are presented in Appendix C which contains my paper in ASME 2013
Summer Heat Transfer Conference in Minneapolis, MN (Title: steady-state performance
of a prototype (200 cfm) liquid-to-air membrane energy exchanger (LAMEE) under
summer and winter test conditions). The 200cfm LAMEE design is similar to the small-
scale single-panel LAMEE design which is presented in Chapter 2. The 200cfm LAMEE
is tested under four summer test conditions and two winter test conditions using the LiCl
salt solution.

Mr. Gazi Mahmood and Mr. John Bolster are co-authors of my paper in ASME
2013 Summer Heat Transfer Conference. Mr. Mahmood and Mr. Bolster are working in
VenmarCES, Saskatoon. Mr. Mahmood helped me to prepare the experimental test
facility to test the 200cfm LAMEE, and conducting tests with the full-scale LAMEE. Mr.
Bolster provided me with the numerical model which | used in Appendix C to evaluate
the numerical performance of the 200cfm LAMEE under summer and winter test
conditions. My contributions to the manuscript #5 are: (a) preparing the test facility to
test the 200cfm LAMEE, (b) testing the 200cfm LAMEE under summer and winter test
conditions, and analyzing the experimental data to calculate the effectiveness of the
200cfm LAMEE under summer and winter test conditions, (c) comparing the
experimental data with the numerical results for the 200cfm LAMEE effectiveness under
summer and winter test conditions, and (d) writing this paper and presenting the paper in
ASME 2013 Summer Heat Transfer Conference in Minneapolis, MN.
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Steady-State Performance of a Prototype (200 cfm) Liquid-to-Air Membrane

Energy Exchanger (LAMEE) Under Summer and Winter Test Conditions

Davood Ghadiri Moghaddam, Gazi Mahmood, Gaoming Ge, John Bolster, Robert W.

Besant, Carey J. Simonson

C.2 Abstract

Liquid-to-air membrane energy exchangers (LAMEES) are a new generation of
energy exchangers in air-conditioning systems to transfer both heat and moisture. In this
paper, the performance of a 200 cfm LAMEE is numerically and experimentally
investigated under summer and winter test conditions when Lithium Chloride (LiCl) is
used as a salt solution in the exchanger. The results show that the LAMEE has almost the
same total effectiveness at summer and winter conditions, but the latent effectiveness of
the LAMEE is higher at the summer conditions. Also, the agreement between the
experimental and numerical results is acceptable for all the tests, and they are within their
uncertainty ranges except for the latent effectiveness of the LAMEE tested under winter
test conditions.

Keywords: LAMEE, effectiveness, NTU, Cr*, summer and winter conditions.

C.3 Introduction

A Liquid-to-air membrane energy exchanger (LAMEE) is a novel membrane
based energy exchanger which allows both heat and moisture transfer through a semi-
permeable membrane between an air stream and a salt solution; since in heat exchangers
only heat transfers between two flow streams. The membrane is permeable to water vapor
and impermeable to liquid water. The LAMEE can be used in different air-conditioning
systems such as a run-around membrane energy exchanger (RAMEE) which is composed
of two LAMEE connected with a desiccant loop (Fan et al., 2006; Erb, 2009), or a hybrid
air-conditioning system (HACS) where a LAMEE is added to a direct expansion air-
conditioning system to increase the moisture transfer and the overall system performance
(Bergero and Chiari, 2010; Bergero and Chiari, 2011).
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Many studies have been done on RAMEEs and HACSs. The effectiveness of
different RAMEE systems with cross and counter-cross flow LAMEEs were numerically
and experimentally investigated under different operating conditions using different salt
solutions (Seyed-Ahmadi et al., 2009a; Fan et al, 2006; Vali et al., 2009). Also, Bergero
and Chiari (2010, 2011) numerically investigated the effects of air and solution mass flow
rates, latent load, and indoor and outdoor relative humidities on the steady-state
performance of a HACS at summer condition using two cross flow LAMEEs in the
supply and exhaust air streams. The results showed that the performance of the HACS
compared to a traditional direct-expansion system was significantly improved (e.g. 50%
higher energy saving at certain operating conditions).

Few studies have been done directly on the performance of LAMEES. Bergero et
al. (2000) numerically and experimentally investigated the effects of air and solution
flow rates on the performance of a LAMEE at steady-state conditions. The results
showed that the LAMEE latent effectiveness increased by increasing the air flow rate.
Namvar et al. (2012) investigated the steady-state and transient performance of a
LAMEE under summer and winter conditions with various air and solution mass flow
rates. Also, the LAMEE’s time constant at transient operating conditions was studied in
(Namvar et al., 2012) as an important variable which depends on the thermal capacities
of the exchanger and the liquid desiccant. Recently Ghadiri Moghaddam et al. (2013a)
presented a new test facility to experimentally investigate the performance of a small-
scale LAMEE under different operating conditions with different salt solution types.

In this paper, the performance of a 200 cfm LAMEE with a unique design is
experimentally investigated under summer and winter test conditions to study the effect
of different outdoor air conditions (e.g. summer and winter conditions) on the
effectiveness of the LAMEE. The 200 cfm LAMEE prototype is chosen as a first full-
scale LAMEE prototype to perform preliminary tests on a full-scale LAMEE system with
a new design under different operating conditions. Seven tests were conducted with the
200 cfm LAMEE with LiCl used as the solution in the exchanger. In addition,
performance of the 200 cfm LAMEE is numerically modeled and the numerical results

are compared with the experimental data for summer and winter operating conditions.
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C.4 Test Facility

A LAMEE test facility was used in this research to test the 200 cfm LAMEE
under summer and winter test conditions. The LAMEE test facility mainly consists of
three sections: supply air system, open solution loop and a LAMEE. In the supply air
system, an environmental chamber was used to simulate the summer and winter air
conditions. The environmental chamber is able to provide an air temperature between -
40°C and +40°C and a RH of up to 90%RH. The conditioned supply air flowed into two
2-inch-diameter piping branches by using two 5 hp vacuum fans. The supply air passed
through the exchanger, and was exhausted to the lab environment by using another two 5
hp vacuum fans in the exhaust pipeline. Variable transformers were used for each fan to
adjust the fan power and the air flow rate. The air flow rate was measured by using an
orifice plate in each piping branch. Also, the inlet and outlet air relative humidities were
measured in each branch after and before the orifice plates, respectively, while the inlet
and outlet temperatures were measured at the air inlet and outlet headers, respectively. T-
type thermocouples and Vaisala humidity sensors with accuracies of 0.2°C and 1.2%RH,
respectively, were used in the supply air system to measure the air temperature and
relative humidity. The air pressure drop across the LAMEE was measured with a pressure
transducer with a capacity of 550 Pa and the accuracy of 1.5 Pa. Figure 6.1 shows the
schematic of the LAMEE test facility.
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LiCl Supply . L. )
Tank - - - Solution Pipeline I:I:I Orifice Plate
(Elevated Tank) TC Thermocouple <  Control Valve
T
Solution Inlet ‘; HS Hunudity Sensor ® Pressure Control
Header ~ 3¢  LiCl sampling
\‘: ] 2% TC Adr Inlet
4xTC 2 x Shielded TC Header
Lab Environmental
LAMEE Chamber
4xShielded TC RS
TC&HS . : :
: T
Air Outlet | LiClsampling - 57 "> _
Header Y 4 N W I Solution
v @ Outlet Header
LiCl Exhaust
Tank

Figure C.1 Schematic of the 200cfm LAMEE test facility
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The salt solution in this system ran under gravity and flowed from top-to-bottom
through the exchanger. The solution flowed from an elevated supply solution tank
through the exchanger, and was collected in a solution exhaust tank at the exchanger
outlet. Two control valves were used after the supply tank and the LAMEE to adjust the
solution flow rate. The inlet and outlet solution pressures were monitored in the LAMEE
solution inlet and outlet headers, with two monometers. Shielded T-type thermocouples
with an accuracy of 0.2°C were used to measure the solution temperature in the LAMEE
solution open loop. Also, LiCl samples from the solution inlet and outlet headers were
used to measure the solution concentration at each location.

A 200 cfm LAMEE with a counter-cross flow configuration was used to conduct
the experiments in this research. The 200 cfm LAMEE consists of 10 single-panel
LAMEEs placed side by side. Each single panel LAMEE consists of a single pair of
neighboring air and liquid channels (Ghadiri Moghaddam et al., 2013a). Figure C.2
shows the details of a single-panel LAMEE. In the single-panel LAMEE, a semi-
permeable membrane was attached to two grooved plastic panels to form a solution
channel. These two plastic panels were placed side by side with an air spacer in between
to create an air channel. The air and salt solution channels were separated by a semi-
permeable membrane which allows heat and moisture transfer between the air and
solution flows. Also, an air screen inside the LAMEE enhances the heat transfer
performance in the air side. The membrane properties and specifications of the 200 cfm
LAMEE are presented in Table C-1.

Table C-1 The 200 cfm LAMEE specifications and the membrane properties

Parameter value
Exchanger length, Lex (m) 1.06
Exchanger height, Hex (m) 0.8
Number of solution panels in the exchanger 10
Maximum air capacity, Qair (cfm) 200
Number of heat transfer units, NTU 5-6
Heat capacity ratio, Cr* 2-4
Mass resistance of membrane, Ryem (S/m) 24
Membrane thermal conductivity, Kmem (W/MK) 0.065
Membrane thickness, dmem (Mm) 0.265
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Figure C.2 The single-panel LAMEE cross-section detailed view (Ghadiri Moghaddam et al., 2013b)

C.4.1 Experimental Procedure

Seven tests have been done on the 200 cfm LAMEE, 4 tests under summer (S)
conditions and 3 tests under winter (W) conditions. The air and salt solution inlet and
outlet conditions for each test are presented in Table C-2. The test conditions are slightly
different at summer and winter conditions. Figure C.3 shows the air and solution inlet and
outlet conditions of the LAMEE on a Psychrometric chart for (a) summer and (b) winter
testing to have better understanding of the air and solution processes in the LAMEE. The
number of heat transfer units (NTU) varies between 5 and 6 in the experiments, and the
heat capacity ratio (Cr*) range is from 2.8 to 4.2 and 2 to 3 for the summer and winter
tests, respectively. The definitions of the NTU and Cr* for a LAMEE are presented in Eq.
(C.0).

mc
NTU = —2A  andcr’ =( ")50' (C.1)

(e, ), (e ),

In Eq. (C.1), U and A are the overall heat transfer coefficient and total

membrane active area for the heat and mass transfer, respectively. Also, ¢, and m are

the specific heat capacity and mass flow rate, respectively. The overall heat transfer

coefficient in the LAMEE is calculated as follows:

-1
U=i+dm—em+i , (C.2)
h, Kk h

air mem sol
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Where h, d and k are the convective heat transfer coefficient, thickness and

thermal conductivity, respectively. The subscript mem represents the membrane

properties.
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Figure C.3 The air and salt solution inlet and outlet conditions of the 200 cfm LAMEE under (a)
summer (test S2) and (b) winter (test W2) conditions on a Psychrometric chart
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Table C-2 The measured air and salt solution inlet and outlet conditions of the 200 cfm LAMEE
under summer and winter test conditions

Test | NTU | Cr* | Tairin | Wairin | Tairout | Wairout | Tsoin | Wsolin | Csonin | Tsotout | Wsotout | Csol,out
(C) | (gkg) | (C) | (gkg) | (C) | (gkg) | (%) | (O) | (glkg) | (%)

S1 5 28 | 388 | 214 | 293 9.8 26.7 6.8 336 | 336 11.2 33.2

S2 5 42 | 354 16 26.6 9.3 25.2 8.3 30.2 | 30.6 11.7 30

S3 6 4 | 354 21 25.8 9.6 23.3 7.3 303 | 324 13.1 30

S4 55 | 39| 363 | 17.6 26 9.4 23.7 7.7 30 315 12.5 29.9

W1l | 55 3 | 095 0.6 21.2 4.8 23 7.4 29.8 | 10.9 3.3 30.1

W2 | 53 | 27 | 05 0.5 21.2 4.6 23.4 7.5 30 10 3 30.4

W3 5 2.2 | 0.36 0.6 224 4.8 23.9 7.5 304 | 105 3 30.9

C.4.1.1 LAMEE Performance Evaluation

The performance of a LAMEE system is evaluated by sensible, latent and total
effectiveness. The sensible and latent effectiveness represent the amount of heat and
moisture transfers in the exchanger to the maximum possible heat and moisture transfer
rates, respectively. Sensible and latent effectiveness are calculated as follows for a
LAMEE when Cr*>1:

. (Yair,in _Yair,out )
Esensible or Latent — Y Y
( sol,in )

In Eq. (C.3), Y can be temperature (T) or humidity ratio (W) for the sensible or

(C.3)

latent effectiveness, respectively. Subscripts in and out refer to the air or solution inlet
and outlet in the LAMEE, respectively. Subscripts air and sol refer to the air and salt
solution, respectively. Also, the total effectiveness is related to both sensible and latent
energy transfers in the LAMEE, and is calculated by Eq. (C.4) (Simonson and Besant,
1999).

_ gSensibIe + H gLatent
gTotaI - *
1+H

In Eq. (C.4),H" is the operating condition factor of the LAMEE, and is calculated

(C.4)

based on the air and the salt solution inlet temperatures and humidity ratios (Simonson
and Besant, 1999).
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C.4.1.2 Mass and Energy Balances

Mass and energy balances of the LAMEE test facility are required for each
experiment to show that the LAMEE is working steady and experimental results are
within their uncertainty ranges. The water vapor mass and energy balances of the

LAMEE are calculated from the following equations (Simonson et al., 1999):
A(mW) :l |:( mW )air,in _(mW )air,out] + I:( msa“ XSO| )in _(msaltxsol )out] |S UnA(mW) (CG)

A(H) [ (H), , =(H ) o, ]+ [(MH) g ~(0H),, , J<UN ) (C7)

Where W, H and X are humidity ratio, enthalpy and solution mass fraction
(Mahmud, 2009), respectively. The subscript salt refers to the pure salt in the LAMEE
system. Also, Un,myy and Uny . are the calculated uncertainties for water vapor and
energy transfers during the tests, based on the air and solution properties for each test.
The water vapor mass and energy balances of the 200 cfm LAMEE are evaluated for
each test and the results are presented in Table C-3. The results show that the 200 cfm
LAMEE is balanced during all tests and the experimental data are within their uncertainty

ranges.

Table C-3 Water vapor and energy balance results of the 200 cfm LAMEE under the summer and
winter test conditions

Test Water vapor balance Energy balance
AGmW) Uy trmw AGmH) Uny (mn)

(kg/h) (kgrh) (W) (W)

S1 2.8 7.6 429 442
S2 1.8 9.8 206 464
S3 2.1 7.5 53 351
S4 2.4 8.4 73 395
W1 0.4 7.1 250 261
W2 0.5 6.8 216 222
W3 1.9 7 197 225
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C.5 Numerical Modeling

An Enthalpy Pump System (EPS) numerical code, which has been developed at
the RAMEE research group of the University of Saskatchewan, was used in this research
to model the 200 cfm LAMEE under summer and winter test conditions (Seyed-Ahmadi
et al., 2009a; Vali et al., 2009; Hemingson, 2010). The EPS code was recently modified
by VenmarCES Inc., Saskatoon with accurate correlations to calculate the LiCl salt
solution properties at different salt concentrations. A LAMEE with the counter flow
configuration for the air and solution was modeled with the EPS code. The 200 cfm
LAMEE is a counter-cross flow exchanger where almost 90% of the LAMEE has counter
flow configuration for the air and solution. Akbari et al. (2012a) showed that the
effectiveness difference between a counter-cross flow LAMEE with 90% counter flow
configuration and a pure counter flow LAMEE was less than 2%. Thus, the counter flow
configuration was used in the EPS code. The heat loss/gain to/from the surroundings was
neglected during the numerical modeling. The air and salt solution inlet conditions, and
the NTU and Cr* from the experiments were used as an input to the EPS code.

In the numerical model, it was assumed that the air and solution flows in the
LAMEE are in the laminar regime (by neglecting the effect of the air screen and
membrane deflection in the air channel of the LAMEE) for all test cases (Resolmax~24 and
Reairmax=1700). Consequently, to calculate the convective heat transfer coefficients in the
current paper, Nu = 8.24 (Nusselt value for the laminar flow between two infinite parallel
plates with constant heat flux on both walls) is used for the air side, and Nu = 5.39
(Nusselt value for the laminar flow between two infinite parallel plates with constant heat
flux on one wall and the other wall insulated) is used for the solution side of the LAMEE
(Incropera and DeWitt, 1985). The convective heat transfer coefficient is calculated as
follow:

_ Nuxk
D,

h

(C.8)

Where, Nu and Dy are Nusselt number and the hydraulic diameter of the air or
solution channels, respectively. Moreover, the air and solution convective mass transfer
coefficients are calculated using the heat and mass transfer analogy (Niu and Zhang,
2001):
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Sh=Nu.Le 3 (C.9)
In Eq. (C.9), Sh and Le are Sherwood and Lewis numbers, respectively. Lewis
number is calculated as follows for the air and solution:

Le = £ Le= K

—5le= (C.10)
: PCp Dh

Where p and D are the density and binary diffusion coefficient of water in air or
solution, respectively.

This is the summary of how the air and solution convective heat and mass transfer
coefficients are calculated in the current paper for the 200 cfm LAMEE. However, the
convective heat and mass transfer coefficients in the air side of the LAMEE are different
than flat-plate exchangers with hollow channels because of the air screen in the air
channel which will promote the heat and mass transfer performance in the air side of the
LAMEE.

C.6 Results and Discussions

The performance results of the 200 cfm LAMEE are presented in this section.
Seven tests were conducted with the LAMEE under summer and winter conditions when
LiCl was used in the exchanger as a salt solution. Also, the EPS code was used to
numerically model the LAMEE under the same condition as the experiments. The
experimental air and salt solution inlet and outlet conditions of the LAMEE are presented
in Table C-2. As it can be seen in Table C-2, the air and solution inlet conditions are not
the same for all the summer tests as well as the winter tests, so, the LAMEE effectiveness
results are presented for each test separately in graphs. Figure C.4 shows the
experimental and numerical sensible, latent and total effectiveness of the LAMEE under
the summer and winter conditions. The results in Figure C.4(a) shows that the
experimental sensible effectiveness of the LAMEE is between 80% to 95% in both
summer and winter conditions while the average experimental sensible effectiveness of

the LAMEE in winter is almost 10% higher than in the summer. This could be caused by

the higher potential for the heat transfer ( ) during the winter testing (see

Tair,in _Tsol,in
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Table C-2). Also, the agreement between the experimental and numerical LAMEE

sensible effectiveness is acceptable and they agree within their uncertainty ranges.
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Figure C.4 The 200 cfm LAMEE (a) sensible, (b) latent, and (c) total effectiveness under summer and
winter test conditions

Figure C.4(b) shows the latent effectiveness of the LAMEE under summer and
winter test conditions. The results in Figure C.4(b) show that, firstly, the latent
effectiveness of the LAMEE is generally lower than the sensible effectiveness which is
due to higher mass transfer resistance in the LAMEE in comparison to the heat transfer
resistance (Zhang, 2011a). Secondly, the experimental latent effectiveness of the LAMEE
under summer conditions (e.g. ~85%) is significantly higher than the results for winter
conditions (e.g. ~60%). This discrepancy can be explained by the following reasons:

1. The potential of the moisture transfer in the LAMEE is higher in summer than

winter. The solution conditions are almost the same for both summer and winter
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testing (see Table C-2), but the difference in the air humidity ratios is higher at
summer conditions due to the higher slope of the RH line on the Psychrometric
chart (see Figure C.2).

2. In the summer testing with the LAMEE, the heat and moisture transfer directions
are from the air side to the solution side of the LAMEE while these directions are
reverse for the winter testing, and are from the solution side to the air side. The

thermal capacity (mc,) of the solution in the LAMEE is more than two times

higher than of the air, which will cause a rapid increase of the air temperature and

vapor pressure during winter testing. As a result, the potential of the air to receive

the heat and moisture from the solution decreases in the winter which could cause
lower latent effectiveness for the LAMEE in the winter tests (Abdel-Salam, et al.,

2013).

Figure C.4(b) shows a good agreement between the experimental and numerical
latent effectiveness of the LAMEE under summer conditions. However, the experimental
and numerical latent effectiveness do not agree within uncertainty ranges for the winter
conditions. This discrepancy under winter conditions may be due to mal-distribution and
salt solution crystallization on the membrane surface in the solution side of the LAMEE
that might happen during the experiments. These two phenomena are not considered in
the numerical model, and may be considered as sources of error in the EPS code. During
the LAMEE winter testing, the moisture transfers from the solution side to the air side of
the LAMEE (air humidification). Air humidification causes the salt solution to dehydrate
on the membrane surface and in the membrane pores in the solution side of the LAMEE,
and the salt solution concentration on the membrane surface increases. The salt solution
concentration may exceed the salt solution saturation concentration (e.g. 44% at 10°C for
LiCl (Afshin, 2010)), and the salt solution may crystallize on the membrane surface and
in the membrane pores in the solution side of the LAMEE.

Figure C.4(c) shows the total effectiveness of the 200 cfm LAMEE under winter
and summer test conditions. The results show that the total effectiveness of the LAMEE
is almost the same for the summer and winter tests, and is between 80% and 90%. Also,
the experimental and numerical total effectiveness of the LAMEE agree within their

uncertainty ranges for all the summer and winter tests.
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C.7 Conclusions

In this paper, the effectiveness of a novel 200 cfm LAMEE under summer and
winter test conditions was studied numerically and experimentally. Seven tests were
conducted (4 summer tests and 3 winter tests) with the LAMEE with LiCl used as the
solution in the exchanger. The experimental results show the average LAMEE sensible,
latent and total effectiveness are 81%, 82% and 82% in the summer conditions, while
they are 92%, 60% and 78%, respectively, in the winter conditions. The latent
effectiveness of the LAMEE is almost 20% lower under winter conditions in comparison
to the summer tests. Also, the agreement between the experimental and numerical
effectiveness is acceptable for all the tests except the latent effectiveness of the LAMEE
under winter conditions, where the numerical model predicts higher latent effectiveness
for the LAMEE system. The total effectiveness of the LAMEE for both summer and

winter tests are in the same range and are almost 80%.
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