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ABSTRACT

This thesis contains the numerically investigatiohshe performance of a run-
around membrane energy exchanger (RAMEE) at difteoeitdoor air conditions and
the effects of non-uniform exchanger channels. RAMEE is a new type of building
ventilation air energy recovery system that alldvesat and moisture to be transferred
between isolated supply and exhaust air streamao liquid-to-air membrane energy
exchangers (LAMEES) are placed in the supply arfthest air ducts and transfer heat
and moisture between air and a circulating liquiekidcant that couples the two
LAMEEs together. The ability of the system to sfem heat and moisture between
isolated supply and exhaust ducts makes it ap@tgpior numerous HVAC applications
(e.g., hospitals and building energy retrofits).

The performance of the RAMEE at different outdomrcanditions is shown to
be highly variable due to the coupling of the heead moisture transfer by the desiccant.
This coupling allows the humidity ratio between thdoor and outdoor air to influence
the heat transfer and the moisture transfer isiémited by the difference between the
indoor and outdoor air temperatures. The coupfirgduces some complex RAMEE
performance characteristics at some outdoor aiditions where the effectiveness
values (i.e., sensible, latent, and total) werenshto be less than 0% or greater than
100%. Effectiveness and operating correlations @egeloped to describe these
complex behaviours because existing correlationsndb account for the coupling
effects. The correlations can serve as desigropedation tools for the RAMEE which

do not require the use of an iterative computationanerical model.



Non-uniform exchanger channels are present in thiRIEE because of pressure
differences between the air and solution channéisiwdeform the membrane into the
air channel. The non-uniform channels are analfichown to create maldistributed
fluid flows and variable heat and mass transfefffcaents. The combined effects of
these two changes lead to a reduction in the RAME&ctiveness, which increases as
the size of the membrane deformation increase ré@thuction in total effectiveness for
an exchanger where the membrane has a peak daflenfti10% of the nominal air
channel thickness operating at a NTU of 12 was shtmiabe 12.5%. These results of

non-uniform exchanger channels agree with prevyocshducted experimental results.
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Chapter 1

INTRODUCTION

1.1  Overview of Building Ventilation

Energy has become an important issue in today’iegocThe combination of an
expanding world economy and a limited hydrocarbeserve has led to a steady
increase in energy prices over the years. Alsocems about climate change and its
causes have added another layer of complexity éoggrissues. A significant amount
of research is being conducted into alternativegynsources and energy conservation
in a wide range of fields. Building science is area of research where substantial
gains can be achieved in energy conservation.

Energy consumption in buildings accounts for up4@o of all the energy
consumed and this value is expected to increasieeimear future (D&R International
2009). Up to 50% of this energy is consumed by eéhergy demands of building
ventilation (D&R International 2009). The purpasfeventilation is to provide fresh air
into a building to reduce the level contaminateghe air that are produced by the
occupants and the building materials. The ainoisreate a work space with high air
quality and worker productivity (Fang et al. 206@sonen and Tan 2004) and prevent
symptoms associated with sick-building syndrome rf@dok et al. 1990). The
recommended ventilation rate depends on the bgiklinse and, in the case of an office
building, this rate is 8.5 L/s (18 cfm) per per¢®&NSI/ASHRAE Std. 62.1 2004). This
outdoor air is at a different temperature and hityignoisture content) compared to the

1



indoor space and must be conditioned so it doesaltet the indoor condition. The
energy required for this conditioning accountsddarge fraction of the energy used in
buildings. In addition to the supplied outdoor, airdoor air is exhausted from the
building to prevent the building from becoming sfgrantly pressurized. This
exhausted air is at or near the desired indooritond (ANSI/ASHRAE Std. 55 2004)
and thus there is potential to transfer energy behnthe exhaust and outdoor ventilation
air to precondition the ventilation air.
1.2  Ventilation Energy Recovery Systems

Ventilation energy recovery systems consist oft@iair exchangers that use the
exhaust air leaving a building to pre-condition wpply air entering it. This allows
some of the energy that was initially used to cbodithe exhaust air to be recovered.
This significantly reduces the costs associateti wainditioning the supply air because
it reduces the amount of energy required to cooulithe supply air and sometimes
allows smaller conditioning equipment to be usebafa®y and Niu, 2001, Zhou et al.
2007, EPA 2010). Energy recovery systems are ¢apsbrecovering heat (sensible
energy) and sometimes moisture (latent energy) devair streams. A system that
transfers both heat and moisture is ideal becdusssithe potential to transfer up to four
times more energy compared to a system that oahsters sensible energy (ASHRAE
2000).

The performance of energy recovery systems is lyseapressed in terms of
effectiveness. Systems that only recover heat lmwsensible effectiveness, while
systems that recover both heat and moisture haxgbde and latent effectiveness. The

sensible (latent) effectiveness is generally deffing the temperature (moisture) change



in an air stream divided by the temperature (motuifference between the air
streams. The effectiveness values of energy regmystems are usually between 40-
80%, but can sometimes exceed 100% or be lessO¥tam particular systems under
some operating conditions (Simonson and Besanta 99SHRAE 2004).

A wide range of energy recovery systems exist, Wwipoovide cost effective
solutions in a wide range of heating, ventilatiand air-conditioning (HVAC) designs.
These systems can be categorized based on whie¢thgystem transfers moisture or not
and whether the supply and exhaust air ducts haveet adjacent to each other.
Examples of air-to-air energy exchangers for HVAGtems include energy wheels, flat

plate exchangers, and run-around glycol loops.

1.2.1 Flat Plate Exchangers

Flat plate exchangers are a simple and effectiverggnrecovery device for
building ventilation air. The exchanger consistsacstack of flat plates constructed
from either metal, plastic, or vapour permeable im@mes. The plates are configured
to create alternating supply and exhaust chanfédsie 1.1). This arrangement creates
a large transfer surface area in a small volumée 3Jupply and exhaust air streams
usually flow in a cross-flow configuration, but semexchangers use a flow
configuration that has cross and counter-flow congmbs. Flat plate exchangers
operate with the supply and exhaust air ducts adjato each other. They have no
moving parts and only create a small pressure grdpe air stream (ASHRAE 2000).
They also have the benefit of minimal cross leakagé tolerate moderate to large

pressure differences between air streams.
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Figure 1.1: Flat plate exchanger (reprinted with pemission from Venmar (2010))

Flat plate exchangers are very efficient in heabvery and can achieve sensible
effectiveness values of 50% to 80% in typical aggilons (ASHRAE 2000). Flat plate
exchangers can also transfer moisture in addittoheat if they are constructed with
vapour permeable membranes. These systems cavadhient effectiveness values of
40% to 70% (Zhang et al. 2000) while maintaining #ame sensible effectiveness as
flat plate exchangers that only transfer heat. ré&ations for the sensible (Incropera and
DeWitt 2002) and latent (Zhang and Niu 2002) effextesses exist and are based on
the overall heat/moisture transfer resistance aserfarea of the exchanger, and the air
stream flow rates. These correlations assume #a And moisture transfers are
independent of each other. The effectivenessetitthanger is reduced by air channel
thickness variations and flow maldistribution i #exchanger headers (Zhang 2009).

The flat plate exchanger's simple design and highfgpmance in heat and
moisture recovery makes it an economical soluttomany applications. It is used in
numerous commercial HVAC installations and is comiypoused in residential

ventilation units where the supply and exhaustiaats are adjacent to each other.

1.2.2 Energy Wheels
Energy wheels are rotary air-to-air exchangers,ciwtdan transfer heat (heat

wheel) or heat and moisture (enthalpy wheel). Toeysist of a cylinder with an air



permeable matrix that rotates between adjacentlsupm exhaust air ducts (Figure
1.2). The matrix consists of numerous channels ghas through the thickness of the
wheel which provides a large surface area for hedtmoisture transfer. A variety of
channel shapes exists, with a common one beinggated pores. A small motor
rotates the wheel which cycles the individual clEsibetween the supply and exhaust
air streams allowing for energy transfer betweemth The wheel matrix is constructed
from metal, plastic, or paper which is the heatgfar medium. In enthalpy wheels, the
matrix is coated with a desiccant that allows fa moisture transfer. The energy wheel
is able to operate with a minimal pressure drop cbass leakage is more significant and

can be up to 10% (ASHRAE 2000).
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Figure 1.2: Energy wheel (reprinted with permissionfrom Venmar (2010))

Energy wheels are some of the highest performindileéion energy recovery
systems and can achieve sensible and latent (vakpgtwheels) effectivenesses of 50%
to 80% (ASHRAE 2000). The higher effectivenesses @ossible because the air
streams move counter-flow to each other in the amghr. Correlations exist to
describe the effectiveness in heat wheels (Kays laonlon 1998) and in enthalpy
wheels (Simonson and Besant 1999a) based on thel wioperties, air flow rates, and
wheel rotational speed. These correlations shaivithan enthalpy wheel, the sensible

effectiveness is influenced by the moisture tramsidich is a unique characteristic of



enthalpy wheels. The performance of energy whesisbe reduced by variations in the
channel sizes (Shang and Besant 2005).

Energy wheels generally provide the highest eneegypvery amongst energy
recovery systems (ASHRAE 2000). They are usudkygreferred option for large air
volume applications with adjacent supply and exhausducts where a small amount of
cross contamination between the air streams isipsitsie. They are commonly used in

commercial applications.

1.2.3 Run-Around Coil Loop

A run-around coil loop consists of two finned tulwpiid coils with one located
in the supply and the other in exhaust air ducigufie 1.3). A coupling fluid, usually a
water-glycol mixture, circulates between the cadlsd forms a loop. Energy is
transferred between supply and exhaust air duatsatie located in different parts of the
building. However, the run-around loop only tramsfheat and no moisture. The run-
around loop is suitable for retrofits of buildingsth non-adjacent supply and exhaust
ducts that do not have an energy recovery systémbuildings with non-adjacent
supply and exhaust ducts it is often cost prohibito move the air ducts together and
utilize a flat plate exchanger or energy wheel. Turearound coil loop eliminates cross
leakage between the air streams and so is suitaddeildings where the exhaust air
cannot contaminate the supply air, such as in kalspand laboratories. The system
requires a pump to circulate the fluid and thera msoderate air pressure drop across the

coils.
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Figure 1.3: Run-around coil loop schematic.
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The sensible effectiveness of a run-around loogesarbetween 45% and 65%,
which is somewhat lower than other systems (ASHRZIB0). The system can be
described by correlations that consider the sizén@fcoils and the flow rates of the air
streams and coupling fluid (London and Kays 195Ihe effectiveness of the system
can be changed by controlling the flow rate of dmpling fluid and a maximum
effectiveness occurs when the coupling fluid armmdstieams’ heat capacity rates are

equal.

1.2.4 Twin Tower Enthalpy Loop

The twin tower enthalpy loop is a run-around systbkat is able to transfer heat
and moisture between non-adjacent supply and ektmuslucts (Figure 1.4). The
system uses a liquid desiccant as a coupling fldicth is sprayed into the air stream at
each exchanger. The flow arrangement betweendsieahnt and the air stream may be
either cross or counter flow. The collected solutirom the bottom of each exchanger
is then pumped to the top of the other exchangertoplete the loop. The physical

properties of the desiccant allow heat and moistaree transferred between the air



streams. It is an open liquid loop system bec#usair and the liquid desiccant come
into direct contact with each other in each excleangThis allows the air stream to
entrain desiccant in aerosol form. Woven meshesseknown as demister pads, are
used to remove these microscopic droplets, but steaiEcant passes through and drifts
downstream. These desiccant droplets corrode dnctother HVAC equipment, such
as fans and coils, which significantly increasesnteaance costs. The system operates
with a small pressure drop and requires pumpsrtulaite the liquid desiccant between

the exchangers.

Liquid Desiccant loop
Figure 1.4: Twin-tower enthalpy loop schematic (Lason 2006)

The twin-tower enthalpy loop transfers heat and stuoe with sensible and
latent effectivenesses of 40% to 60% (ASHRAE 200)e performance is not as high
as a flat plate exchanger with vapour permeable on@nes or an enthalpy wheel, but it
is the only commercial system that transfers hedt moisture between non-adjacent
ducts. No analytical solutions or correlationssexo describe its performance and there
is no literature on the effects of controlling thesiccant solution flow rate.

Twin-tower enthalpy loops are commercially found large air volume
applications where humidity control is very impattgKathabar 2010). The energy
savings in these applications are large enougltffteed the higher maintenance costs.
Food and pharmaceutical processing plants are dearopbuildings where this system

has been used.



1.2.5 Run-Around Membrane Energy Exchanger

The run-around membrane energy exchanger (RAMERBh@&her system that
can transfer heat and moisture between non-adjagmentiucts. It is still in the
development stage and is not yet commercializetdhhs achieved sensible and latent
effectivenesses of 55% and 40% respectively (Edd. 2010). The system is similar to
the twin-tower enthalpy loop in that it transfereah and moisture between two
exchangers that are coupled together by a cirogldiguid desiccant (Figure 1.5). The
exchangers consist of alternating air and solutimennels that are separated by vapour
permeable membranes. The flow regimes used ire thepsid-to-air membrane energy
exchangers (LAMEE) are either cross flow, couni@vf or a combination of both. The
membrane in the exchanger does not transmit ligadi therefore prevents the liquid
desiccant and the air from coming into direct contd his arrangement improves on the
twin-tower enthalpy loop by preventing the desiccénom being aerosolized and
corroding the downstream HVAC equipment. The rouad nature of the system also
minimizes the risk of cross-contamination betwegrsieams because the supply and
exhaust air ducts are isolated from each othercuGition pumps are used to move the
desiccant solution between the exchangers.

Desiccant

Indoor
Exhaust Air

Building

Q

Pump
Figure 1.5: Run-around membrane energy exchanger kematic.

- Outdoor
Supply Air

The RAMEE system is suitable for energy retrofit®ler buildings with non-

adjacent supply and exhaust air ducts and buildimigere the exhaust air must not



contaminate the supply air. These are the sanes tgp buildings where a run-around
coil loop is appropriate, however the RAMEE systesn transfer more energy than a
run-around coil loop due to its moisture transtgpability.
1.3 Past RAMEE Research

The beginning of the RAMEE research dates back®@22when professors
Besant and Simonson from the Department of Mechagiegineering at the University
of Saskatchewan partnered with Venmar CES Incraoeived a NSERC Collaborative
Research and Development (CRD) grant which waswetien 2008. The purposes of
these grants are to research and develop the RAMy&EEmM aiming towards a
commercial product for Venmar CES and to providiing for graduate students. The

development of the RAMEE and key findings are oeti in this section.

1.3.1 Primary Numerical Code

The first investigation on the RAMEE system wasduwted through numerical
simulations (Fan 2005, Fan et al. 2006). The addeed a cross-flow configuration
and demonstrated total effectiveness values u%. 7 Subsequent research revealed
that the vapour permeability of the membrane usdtlé model was unrealistically high
and that the narrow air and solution channels virggractical from a manufacturing

point of view. Nonetheless, this model providesbhd foundation for later research.

1.3.2 RAMEE Prototype #1
The first RAMEE prototype was built based on theding of the primary
numerical model. It employed a cross-flow confaggion and produced limited results

because of unsatisfactory membrane deflectionsnguoperation. Nevertheless, the
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prototype demonstrated heat and moisture transfevden two air streams (Hemingson

2005).

1.3.3 Investigation of Membrane Properties

The membrane limitations exhibited by the first tptgpe led to specific
membrane investigations (Larson 2006). Larsonstigated the vapour permeability
and liquid resistance of several membranes andtsélsuitable ones to be used in the
RAMEE. The deflection of the membrane was alsoregkkd and methods of

supporting it were proposed.

1.3.4 RAMEE Prototype #2

The second RAMEE prototype was constructed basdtiefindings of Larson
(2006). This prototype used a superior membrangpeoed to Prototype #1 and a wire
screen support structure to minimize membrane cléfles. This prototype achieved a
total effectiveness of 43%, which compared wellwiumerical simulations (Erb et al.
2010). However, the experimental results wereedsffit from numerical results and
were attributed to small membrane deflections wexe still present, heat loss and gains

with the environment, and the transient respongbeofystem.

1.3.5 Secondary Numerical Code

Additional numerical simulations was conductedddrass the findings from the
previous prototypes and to improve the understandirihe RAMEE system. A code to
simulate the transient response of the system wader] by Ahmadi (2008). This code
also considered the heat loss and gains betweesy#tem and the environment. The
simulations revealed the importance of the transiesponse and heat loss/gains which

explained several of the observations from protetyp (Ahmadi et al. 2009a & 2009b).
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Another code was created to study the effects @stiution flow-configuration
(Vali 2009). This code was for a steady-stateesysind had the ability to model cross,
counter, and a combination of cross and countev ftonfigurations. Investigations
showed that the upper and lower effectivenessdimithe RAMEE system are achieved
by counter and cross flow configurations, respetyivand that the combination of cross
and counter flow configuration results in internsgdi effectiveness values (Vali et al.,
2009). Vali (2009) also investigated the RAMEEfpenance at summer and winter
conditions (AHRI 2005) and showed different systgrarformances at different

conditions.

1.3.6 RAMEE Prototypes #3 and #4

The next generation of prototypes used the findiingen the prior prototype
(Erb et al. 2010) and numerical models (Ahmadi 2008li 2009). Two prototypes
were made which utilized a flow configurations thatl cross and counter-flow portions
(unlike the cross-flow in Prototype #2) and useffledent membranes and fabrication
techniques (Beriault 2010, Mahmud et al. 2010).

Mahmud et al. (2010) fabricated a prototype thaedus’ropore™ as its
membrane. Propore™ was first recommended asab&imembrane by Larson (2006)
and was used in the prototype of Erb et. al. (20I)e maximum total effectiveness
achieved by this prototype was 55% at an NTU of 12.

Prototype #4 was constructed by Beriault (2010)aad similar to Prototype #3
but it was constructed with improved techniques atiized some different materials.
Experimental results for non-standard outdoor est ttonditions were obtained and

were shown to be significantly different from starditest conditions.
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1.4  Research Objectives
The general objective of this study is to expandtloe understanding of the
RAMEE system, which involves investigating sometio¢ trends and discrepancies
observed in previous studies. This study primdolyuses on the effects of outdoor air
conditions and the effects of exchangers with neifiean channels on the RAMEE
performance. This is achieved through numericalleting of the RAMEE, which,
where available, is compared to experimental restdt validation. The explicit
objectives in this study are to:
1. Determine the effects of operating conditions (ootdemperature and humidity
ratio and solution flow rate) on system performance
2. Develop correlations to describe the system perdoca at different outdoor air
conditions and solution flow rates;
3. Determine the effects of non-uniform exchanger deés on the RAMEE
performance.
1.5 Thesis Overview
The thesis contains the analysis and conclusionstife above objectives.
Numerical data form the core of this thesis andnin@erical model used to generate the
data is presented in Chapter 2. The model wastedely Vali (2009) and has
undergone some modifications to more adequatelgribesthe system. The model is
described in general with attention to the modtfamas and the required additions to
investigate non-uniform exchanger channels.
The effects of the outdoor air condition on the REEperformancedbjective

1) are covered in Chapter 3. This investigationutss on the performance of the
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system when it has maximum sensible, latent, atal energy transfers at a given
outdoor air condition. The relationships betweba butdoor air condition and the
solution flow rate that causes these maximumslavers. Lastly, outdoor air conditions
where heat and moisture are transferring in opgoditections to each other are
described and compared to experimental resultsendygplicable (Beriault 2010).

From the understanding of the relationship betwisenoutdoor air conditions,
solution flow rates, and system performance, catiats are developed to predict the
sensible and latent effectivene§3b(ective 2). This is contained in Chapter 4, which
shows the development and validation of the caticaia.

The investigation into the effects of exchangerghwion-uniform channels on
the RAMEE performanceQbjective 3) is covered in Chapter 5. The results from the
numerical analysis are compared to experimentaltseto estimate the actual impact of
non-uniform channels on RAMEE performance.

The results of this thesis are summarized in Ch&ptnd the conclusions found
throughout are explicitly stated. Recommendatitorsfuture investigation into the

RAMEE are also made.
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Chapter 2

NUMERICAL MODEL

2.1  Introduction

This chapter introduces the numerical model thatged to investigate the
RAMEE system and achieve the objectives of thisithe The model was created by
Vali (2009) based on the model of Fan et al. (20aByring this thesis research, several
modifications have been made to the model to bet#present the RAMEE. This
chapter contains a general description of the madel highlights the modifications
made. This chapter also introduces design andatipgrparameters that are used to
describe the RAMEE system, its operations and padace, and the outdoor air
conditions.
2.2 RAMEE Numerical Model

This thesis relies extensively on numerical datzahbse it allows a large number
of outdoor air conditions and other parameters ¢o itwestigated quickly. The
numerical model used was created by Vali (2009)eawibeen verified analytically for
heat transfer (Vali et al. 2009) and validated wettperimental results for heat and
moisture transfer (Vali 2009). The numerical utmeties are less that 2.5% for the
heat transfer model and between 1-17% (total e¥feoess) for the heat and moisture

transfer model. The model has undergone slightifications for this study to better
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describe the system and allow the objectives afshidy to be achieved. A description

of the model and its important terms are containgtie following sections.

2.2.1 Assumptions

The numerical model is created based on severalmgg®ns. These

assumptions simplify the equations in the model aedrease its computational

demands. The following assumptions are made imtineerical model:

RAMEE Assumptions

1.

2.

The geometry of each exchanger and flow channderstical.

The mass flow rates of supply and exhaust air quale

The inlet air properties for each exchanger aréoumi and steady.

Heat and moisture transfers between the system tl@dsurroundings are

negligible.

LAMEE Assumptions

5.

6.

The flow in each fluid channel is steady, lamiraard fully developed.

The heat and moisture transfer analysis mostly bgkksmean fluid properties.
The heat and moisture transfers across the memiar@neormal to its surface
and the membrane properties are constant.

Heat conduction and moisture diffusion in the fhiich the flow direction are
negligible compared to the advection of energy randsture.

Phase change energy from the evaporation/condensattiwater vapour at the

liquid-membrane interface is all transferred frarthe liquid.
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The first three assumptions for the RAMEE are fteady-state balanced
operations at constant indoor and outdoor air ¢amrdi. Under normal operation (and
adequate insulation), the heat and mass transféreirsystem is significantly greater
than what would occur with the environment and fhtifies assumption 4 for such
conditions.

The fluid flow in the LAMEES is laminar with Reyrdd numbers of ~1 for the
liquid desiccant and 200-400 for the air flow. Tdrdrance length effects as determined
by the total effectiveness difference is less tAd&% (@NTU = 5) compared to when
they are neglected. Therefore, entrance leng#dcisffare neglected and fully developed
flow is assumed.

Using the bulk fluid properties in assumption 6 giifies the analysis to one
dimension. The lateral gradients caused by themtleand mass boundary layer
resistances are accounted for in the overall tearrsBistances. Moisture transfer in the
solution is a little more complex and the boundamer resistance to mass transfer is
accounted for using the liquid-membrane interfagpour pressure difference with the
bulk mean air flow value (see Section 2.2.3).

Heat and moisture transfer across the membrangsisraed to be normal to the
membrane because it is very thin and its resistamcggnificantly greater than the
convective coefficients of the fluids. The memlaanthermal and moisture transfer
properties are independent of temperature and hiyngichrson et al. 2007).

Axial conduction is considered insignificant ford# numbers greater than 20
(Luo and Roetzel 1998). Assumption 8 is possildeabise under normal operating

conditions the heat and mass Peclet numbers aydarge (500-20,000) for both fluids.
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The moisture phase change occurs at the interfabgebn the solution and
membrane. The solution absorbs/releases this pbharge energy because the
convective heat transfer coefficient of the soltf@d00 W/(n%-K)) is more than an order
of magnitude higher than the combined heat trarcgfefficient of the air and membrane

(27 W/(nf-K))

2.2.2 Desiccant Solution

The RAMEE system uses a liquid desiccant as thelowufluid between the
two LAMEEs in order to enable moisture transfemien the air streams. The driving
potential for moisture transfer between the aieats is the difference between their
vapour concentrations or vapour pressures. Inthasis, the humidity ratio is used to
express vapour concentrations and is defined asatiw of the mass of water vapour
over the mass of dry air. Therefore, in orderthar liquid desiccant to transfer moisture
between the two air streams, the equilibrium amtdity ratio of the desiccant (i.e., the
humidity ratio of the air in equilibrium with theidace layer of the desiccant) has to fall
between the humidity ratios of the two air streanhs.this thesis, the equilibrium air
humidity ratio of the desiccant is referred to s humidity ratio of the desiccant for
brevity.

Liquid desiccants are ideal coupling fluids becatissy are able to produce a
wide range of humidity ratios depending on thepetyconcentration, and temperature.
Figure 2.1 shows the equilibrium relationship betw&umidity ratio, temperature, and
concentration for a desiccant solution of LiBr (Afs 2010). At a constant desiccant
concentration, the humidity ratio increases exptabyn as temperature increases.

These trends are very similar to curves of constaftdtive humidity. The liquid
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desiccant also exhibits a saturation concentratiorve at which concentration the
solution can, at equilibrium, not contain anymoesidcant and will begin to crystallize
on the closest available nucleation point or s@féanore water is removed from the
solution. The relationship shown in Figure 2.1 leggpto liquid desiccants other than
LiBr except that the iso-concentration curves fimeg concentrations would correspond
with different constant relative humidity curvesdatime saturation concentration value
and position would differ. These variations betweélee properties of different liquid

desiccants and complications associated with dhgstigon in the desiccant, requires
careful selection of the desiccant based on theiregents of the RAMEE. The work

by Afshin (2010) focused on selecting the optinahild desiccant for the RAMEE.
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Figure 2.1: Equilibrium surface vapour pressure, cacentration (C), temperature relationship of
LiBr with lines of constant relative humidity (RH).

The concentration of the liquid desiccant (C) idirdal as the mass of salt

divided by the mass of solution. In this studyg #solution mass fraction (X) is preferred
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over the concentration, which is equal to massatewdivided by the mass of salt in the

solution. The mass fraction of desiccant is amalisgo the humidity ratio of air.

2.2.3 Liquid-to-Air Membrane Exchanger

The LAMEE is the core element of the RAMEE systedMMEESs are flat plate
exchangers with alternating solution and air chénrad thicknessds, and oay,
respectively, which are separated by a membrarthicknessdyem (Figure 2.2). The
flow regime in the model can be either cross, cemyrdr a combination between cross
and counter flows. The counter flow regime is prachantly used in this study and so
only governing equations pertaining to it will beogyn (numerical simulations of the
experimental prototypes use the combination betweess and counter flows). The

equations for the other flow regimes can be foumttheé work of Vali (2009).
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Figure 2.2: LAMEE control volume with counter flow air and solution streams.

Conservation of Moisture
Moisture transfer is governed by the conservatibmass between the air and
desiccant solution fluid streams. Two equatiom® for the air stream and the desiccant

solution stream, describe the mass transfer. Tégsations are:

GXSOI = 2Um (WAir _WSoI,mem)' (2'1)
0X ‘JSO\6SO|

aWAir == 2Um (WAir _WSoI,mem)’ (2.2)
0X JAiréAir
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where

U=tV 4 (95, ] 23

and X s the mass fraction of the solution\{k@/kgsar,

W is the humidity ratio of the air [kge/KJair],

U'm is the modified overall mass transfer coefficig/[m?-s)],

J is the mass flux [kg/(frs)],

hm is the convective mass transfer coefficient [kg/€}],

km is the membrane water vapour permeability [kg/{n-s
and subscripts:

Air denotes air (bulk),

Sol denotes solution (bulk), and

Sol,mem denotes properties at membrane-solutienfate.

In order to determine A; and Wa;; by solving equations (2.1) and (2.2), the bulk
concentration of the solution has to be relateiistequilibrium air humidity ratio at the
membrane-solution interface, which is not known.hisTis accomplished through
equations (2.4-2.6) that are iteratively solved.ist&€nas and Lam (1991), [also
presented in Afshin (2010)], developed a corretatibat relates the equilibrium air
humidity ratio with the temperature and concentratf the solution at the membrane-
solution interface,

WSOl,mem = f (TSol,mem'xSOI,mem)' (2.4)
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The temperature and concentration of the desicaatite membrane-solution interface
are determined through heat and mass flux balaatdiss interface. The moisture mass

flux at the membrane-solution interface is exprdsse

' = VVAir _WSOI,mem = hX 1 _ 1 ) (2-5)
- mSol 1+XSoI 1+XSoI,mem

( V%’Air )_1 i (km 6Mem)

and the heat flux at the membrane-solution interfagiven by:

TAir - TSoI,mem Wair - WSoI,mem (2'6)

q'= 5+

(hAir )_l * (%Mem) ( m, A )_l * (km BMem)

where m" is the mass flux of moisture [kg/¢rs)],

1 'g = hSoI(TSol,mem - TSO|),

q” is the heat flux [W/rf,
T is the temperature [°C],
h is the convective heat transfer coefficient [WA)],
k is the membrane thermal conductivity [W/(m-K)jda
hyy is the latent heat of vapourization [J/kg],
and superscripts
X denotes a convective mass transfer coefficieaeth@n a difference in X, and

W denotes a convective mass transfer coefficies¢th@n a difference in W.

Equations (2.5) and (2.6) are rearranged to sobre Xsoimem and Tsolmem
respectively, which are then used in equation (&a4)etermine the 8 mem EQquations
(2.4-2.6) are coupled and therefore they are geréd determine the humidity ratio of
the solution at the membrane-solution interfaceictvlallows equations (2.1) and (2.2)
to be solved when the bulk temperature and massidraof the desiccant are known.
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The resistance to mass transfer in the soluticeccounted for by equations (2.5) and
(2.6), which was neglected in Vali's model (2008here Wso memWas based on the
bulk solution temperature and mass fraction.
Conservation of Energy

Heat transfer is governed by the conservation @&frgn between the air and
desiccant solution fluid streams. This heat tran&f described by one equation for the
air and another for the desiccant solution. Thexpgations are also for a counter flow

configuration and are:

aT 2 : 2.7
Sol — U(Tair = Tso) * Um(Wair = Wsomem)Nrg |’ @7
0X Cp,SoI‘]SoIBSoI
0T
Air _ _ 2U (Tair = Tsol)’ (2:8)
0X Cp, Air JAir 6Air

where

U

{hA" (/6Memj (hsl) 1]1’ (2.9)

and U is the overall heat transfer coefficient [W/()], and

C, is the specific heat capacity [kJ/kg].
Air, Solution, and Membrane Properties

The thermal conductivity and specific heat of tireaad solution are required in
the analysis (equations (2.1-2.9)). These air gntigs are only mildly dependent on
temperature and therefore constant values obtdnoga Incropera and DeWitt (2002
are used). The properties of the liquid desiceaatmore complex and depend on the
salt type, concentration, and temperature. Engdigorrelations contained in Zaytsez
and Aseyev (1992) are used to determine the saolytimperties (also contained in

Afshin 2010). The convective heat transfer coedfits in the air and desiccant are
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determined from the Nusselt number for constant fea in a laminar flow between
parallel plates (Shah and London 1978). The air solution convective mass transfer
coefficients are given by the Chilton-Colburn amgidincropera and DeWitt 2002).
Unless otherwise specified, the membrane usedeimtimerical model is based
on the properties of Propore™, which was used énetkperimental prototypes of Erb
(2010) and Mahmud et al. (2010). The propertigsPimpore™ were determined by
Larson (2006) and are presented in Table 2.1. ,Als® thicknesses for the air and
solution channels are presented in Table 2.1. &i@sknesses are also based on the
experimental prototype of Mahmud et al. (2010) anll be used in this study unless

specified otherwise.

Table 2.1: LAMEE channel thicknesses and membranerpperties for Propore™.

Property Value

Channel Thicknesses

Air 4.2 mm

Solution 2.7 mm
Membrane Properties

Thickness 0.2 mm

Thermal Conductivity 0.334 W/(m-K)
Water Vapour Permeability 1.66 x 10° kg/(m-s)

2.2.4 LAMEE Numerical Procedure

Equations (2.1-2.9) enable temperature and moisttoatent (humidity
ratio/mass fraction) distributions in the LAMEE aand solution channels to be
determined. The boundary conditions for the gowgrrequations are the temperature
and humidity ratio of the air inlet and the tempera and mass fraction of the solution
inlet. The air conditions at the LAMEE inlets dhe outside conditions for the supply
exchanger and the indoor conditions for the exhawshanger. Various indoor and

outdoor air conditions are used in this study anlll e highlighted when they are
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applied. Commonly used conditions are the summerwainter AHRI standard test

conditions (AHRI 2005) which are shown in Table.2.2

Table 2.2: AHRI test conditions.

Summer Winter
Indoor  OQutdoor Indoor  OQutdoor
T 24C 35C 21° 1.7C
wW 9.3g/kg 17.59/kg 7.1g/kg 3.5g/kg
RH 50% 49% 46% 82%

The governing equations (2.1, 2.2, 2.7, & 2.8) discretized by an implicit
finite difference method using an upwind schemeoiider to determine the air and
solution temperature and moisture content distidimstin the exchangers. Grids of over
100 nodes in the discretized directions were usdd¢ch were shown to provide grid
independent results (Vali 2009). A Gauss-Seiaghtton technique is used to solve the
discretized governing equations. The convergemiteria is satisfied when the root-
mean-square difference between successive itegation all the air and solution
properties (i.e., T, W, and X) are less than 1X10The convergence criteria are very
conservative in that the change in effectivenesaesed by increasing the criteria from
1x10% to 1x10° is less than 1xI® at the AHRI summer condition. The conservative
criteria ensure satisfactory convergence for aetariof outdoor and indoor air
conditions. Once convergence occurs, the exchamgiget conditions are determined

based on the nodal air/solution values at the engdraoutlets adiabatically mixing.

2.2.5 RAMEE Numerical Procedure

The RAMEE numerical procedure combines the supply exhaust LAMEES
together to determine the temperature and massadinacf the solution at the LAMEE
inlets during quasi-steady state operations. Ehéhieved through an iterative process

that begins by assuming an initial solution comditat the supply exchanger solution
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inlet. The LAMEE numerical procedure is used ttedmine the temperature and mass
fraction of the solution at the supply exchangettedlbased on its boundary conditions.
The solution condition at the supply exchangereaiutecomes the inlet conditions for
the exhaust exchanger. This assumes no heat @tureiis transferred in the piping
system which is justified with adequately insulag@ding. The LAMEE numerical
procedure is then used again to determine the ignlutonditions at the exhaust
exchanger outlet, which is then used as the indéatisn condition for the supply
exchanger. This process is continued until coremerg occurs, which for the RAMEE
is defined as when the moisture and energy trarnsfaveen the supply and exhaust
exchangers are within 5xT®f each other. This is also a conservative daitewith the
change in effectiveness being less IT¥%0when the convergence criterion is increased
from 1x10%% to 1x10°% at AHRI summer conditions. At this steady statethe inlet
and outlet conditions of the exchangers are knoméhdo not change significantly with

further iterations. The results from the RAMEE Igteg are for steady state conditions.

2.2.6 Non-uniform Air and Solution Channel Thicknesses

An objective of this study is to determine the eféeof non-uniform air and
solution channel thicknesses on the system perfocena This is accomplished by
imposing a variable channel thickness into the rhadd considering the resulting flow
maldistributions in the air and solution channetsl ahe variable heat and moisture
transfer resistances. This condition is only agplio the case of a counter-flow
exchanger in this thesis.

The experimental prototypes (Erb 2010, Mahmud .e2@10, and Beriault 2010)

exhibited non-uniform air and solution channel kinesses. The variable channel
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thickness is caused by the higher pressure indhgien channel causing the membrane
to deflect into the air channel. The deflectedgbasm constrained by support structures
in the air channel, which results in the membramgibg into complex two-dimensional

patterns. This pattern is simplified as a sinualopttern, which is shown in Figure 2.3.
In this arrangement, the average thickness of dtatisn channel increases and the
average thickness of the air channel decreases niddeled sinusoidal bulges are
continuous over the length of the exchanger andllgato the fluid flows. The bulges

are also assumed to be identical in all the channel

z
| Solution Channel (flow into the page)
y

i

Membrane

Yo 5/_\" Y2 6Air,Var

.................................... o

Deflection

Figure 2.3: Schematic of air and solution channelariations (Var).

The non-uniform channels are divided into sectigiisdexed) in the y-direction
that extend the length and thickness of the chanfhbé pressure drop across the length
of each section is the same, which allows the floweecome maldistributed due to the
sections having variable thicknesses. The maildiged flow consists of higher flow

rates in the wider sections and lower flow rateghm narrow sections. The flow rates
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through the variable thickness sections can bermé@ted according to Poiseuille flow.
This analysis neglects the fluid shear stressegsdsst adjacent sections which results in
a greater calculated flow maldistribution than eality. The analytical solution for

Poiseuille flow in a uniform channel is:
2
v =1 PhfP (2.10)

where V is the fluid velocity [m/s],
Dy, is the hydraulic diameter of the parallel plateg, [

W is the dynamic viscosity [kg/(s-m)], and

AP is the pressure gradient [Pa/m].
dx

Using equation (2.10) and discretizing the chanvidth (y-direction in Figure 2.3), a
relationship can be derived to describe the fractbfluid flowing through a discrete

channel width at a given thickness. For the ait swiution channels, the relationship is:

m Df , (2.11)

. T n .3
m J
Tot ZDh
IS
where

ml

is the fraction of the total channel fluid massaflrate in section j, and

r.nTot
D#is the hydraulic diameter of channel section j [m].

The channel thickness variation also influenceshtat and moisture transfer
rates by changing the convective heat and massféraoefficients in the air and

solution. The Nusselt number, which is constanfflfaw between parallel plates (Shah
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and London 1978), relates the convective heat feansoefficient to the hydraulic
diameter of the channel (Incropera and DeWitt 200R)erefore if the channel width is
discretized (as was previously done for the mass fate), the convective heat transfer

coefficient can be described as:

_Nufk, (2.12)

where Nu is the Nusselt number, and

k is the conductivity of the fluid [W/(m-K)].
The convective mass transfer coefficient can berdehed from the convective heat
transfer coefficient with the Chilton-Colburn angyo(Incropera and DeWitt, 2002). In

discretized form, the convective mass transferfaoeift can be determined from:

. : -2/3
h#nZhJ d:e ) (2.13)

PCp
where Le is the Lewis number of the fluid,

p is the fluid density [kg/ri}, and

Cr is the fluid specific heat capacity [J/(kg-K)].

The air and solution channel thickness variationshe LAMEE result in flow
maldistributions and variable overall heat and maassfer coefficients. These two
effects are accounted for by equations (2.11-2ah8l) allow for the effects of the non-
uniform channel thicknesses on the system perfocenémbe evaluated.

2.3 Performance Indicators

The performance of the RAMEE system is quantifiadterms of the actual

energy transfer and effectiveness at steady sfidte.energy transfers of interest are the

sensible, latent, and total energy, which desctiiee heat, moisture, and enthalpy
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transferred between the air streams. In this sttlty transfers are described as the

change in temperature (°C), humidity ratio (g/ka)d enthalpy (kJ/kg) of the supply air.

Based on the heat exchanger steady-state defirofigifectiveness, the effectiveness

values are defined as the actual energy transferdigided by the maximum possible

energy transfer for an exchanger with an infiniteaa(equations 2.14-2.16). In a

balanced system (i.e., equal supply and exhauss rfi@s rates), these steady-state

effectivenesses are defined as:

_ TAir Sin ~ TAir Sout _ TAir E,Out _TAir Eln

€sen =
TAir Sin _TAir EIn

TAir Sin _TAir E,In

_ WAir Sin _WAir Sout _ VVAir EOut — WAir Eln |

ELat =
VVAir Sin _WAir E,In

WAir Sin ~ VVAir E,In

_ HAir Sin — HAir Sout _ HAir E,out HAir Eln |

€Tot =
|_|Air Sin — HAir E,In

where ¢ is the effectiveness,
T is the temperature [°C],
W is the humidity ratio [g/kg],
H is the enthalpy [kJ/kg],
and subscripts
Sen denotes sensible,
Lat denotes latent,

Tot denotes total,

Air denotes the air stream properties,

S denotes the supply exchanger,

HAir Sin — HAir EIn

(2.14)

(2.15)

(2.16)



E denotes the exhaust exchanger,
In denotes the exchanger inlet, and

Out denotes the exchanger outlet.

The actual energy transfers (and consequentiaktefémess values) in the
supply and exhaust exchanges are slightly diffe(lrsts than 1% in most conditions)
because the specific heat capacities of the aeasts are slightly different and due to
numerical errors and the convergence criteria. aA®sult, the effectiveness values
presented in this study are averaged between fiysand exhaust exchangers.

2.4  Design and Operating Condition Parameters

Several parameters are used to describe the dastyperating conditions of
the RAMEE. The design parameter describes theoditee system, while the operating
conditions describe the fluid flow rates in thetsys at particular outdoor air conditions.

The RAMEE size (design parameter) is characterigethe number of thermal
transfer units (NTU) and number of mass transfetsiNTUm) in each exchanger. In
this study, the supply and exhaust exchangersharsame size and have equal air mass

flow rates. Therefore these parameters are defised

NTU = — UA | (2.17)
mAiGC,Air
NTUm = JmA, (2.18)
Majr

where

U is the overall convective heat transfer coeffitiV/(m*-K)],

U'rn is the overall convective mass transfer coeffic[egt(m?s)],
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A is the surface area of the membrane in the exygrgnT],
m is the mass flow rate of dry air through the exd®a [kg/s], and

Cp is the specific heat capacity [kJ/(kg-K)].

The operation of the system is characterized byrétie of the solution heat
capacity rate with the air heat capacity rate (Crfhis ratio (Cr*) is similar to the heat
capacity ratio used in the literature for heat exagers (Incropera and DeWitt 2002)
except that the solution properties are alwayhertumerator. Using Cr* to describe
the RAMEE is convenient because, under practicaraipn, the air flow rate is kept
constant and therefore the solution flow rate rsatly related to Cr*. The definition of
Crxis:

_ MsoCpsol. (2.19)
rﬁAir Cp,Air

Cr*

The operating condition factor, H*, is a dimensesd number that is the ratio of
the latent to sensible energy differences betwden dir inlets of the exchanger
(Simonson and Besant 1999b), which is expressed as:

_ OH o

HSer

*

~ 25002W. (2.20)
AT

Figure 2.4 shows the values of H* for different dadr conditions when the indoor
condition is at 24°C and 9.3 g/kg. When the indaod outdoor air humidity ratios are
the same, H* = 0, and when the indoor and outdomdemperatures are equal, H*=.

Typical energy recovery applications have H* valtres vary between -6 to +6.
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Figure 2.4: Psychometric chart showing H* values fioindoor condition of 24°C and 9.3 g/kg.

The operating condition factor can also be useddé&bermine the total
effectiveness from the sensible and latent effectdgses determined in equations
(2.14-2.15). The total effectiveness can be datexdchfrom (Simonson and Besant
1999b):

e = €sentH* ELqt (2.21)
Tot 1+H*

Another parameter can be used in conjunction withtdd fully describe the
conditions at the air inlets. This parameter cdes the enthalpy difference between

the air inlets which is represented My and defined by:

AH =Heyhaust™ Hsupply' (2.22)

Using both H* andAH allows the exact outdoor air condition relativethe indoor

condition to be described.
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2.5 Chapter 2 Summary

This chapter presented the numerical model thatsied in this thesis to
investigate the RAMEE system. The model was ccedtg Vali (2009) and has
undergone some modifications to more accuratelyessmt the system and achieve the
objectives of this study. The assumptions usédemrmodel were presented and justified
and then the properties of the desiccant soluti@rewdescribed. The governing
equations that describe heat and moisture tramstee LAMEE were then shown. The
numerical methods used to solve the governing emmsaand determine the steady-state
performance of the LAMEE and RAMEE were explaine@ihe modification of the
model for non-uniform air and solution channelsdetermine its effects on RAMEE
performance was described. Finally, the indicatersd to determine the performance
of the system were illustrated as well as key desaigd operating condition parameters
which describe the size and operation of the systeththe outdoor air conditions it is

operating in.
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Chapter 3

EFFECTS OF OUTDOOR AIR CONDITIONS ON PEAK PERFORMAN CE

3.1 Introduction

Previous numerical investigations into the RAMERr{Fet al. 2006, Ahmadi et
al. 2009 a&b, Vali 2009, Erb et al. 2010) have shalidferent performances at standard
summer and winter test conditions (AHRI 2005). Séhdifferences are demonstrated in
Figure 3.1, which shows the total effectiveness @bunter-flow RAMEE (NTU = 10
and NTUm = 2.7) operating at summer and winter g¢mns. The plots of total
effectiveness as a function of Cr* for summer amatev conditions show similar trends
in that as Cr* increases from zero, the effectigsnmcreases rapidly from zero to a
maximum effectiveness and then slowly decreasaslateau. However, the maximum
or peak effectiveness and the Cr* value at whiehpglak total effectiveness occurs are
different for the summer and winter test conditiorf®ensible and latent effectivenesses
versus Cr* plots (not shown here) demonstrate ammélationships with different peak

effectiveness values and Cr* values at which thekpecurs.
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Figure 3.1: RAMEE total effectiveness at summer anevinter test conditions. NTU = 10,
NTUm = 2.7.

Total Effectiveness

Summer Condition

This chapter presents the complex relationship éetwthe system performance
(i.e., effectivenesses and energy transfers) amdofierating parameters, namely the
solution flow rate (i.e., Cr*) and the outdoor aonditions (i.e., H* and\H). This is
achieved by simulating a range of outdoor cond#ioner a range of operating Cr*.
The range of outdoor conditions represents thee@ponditions that a given location
would experience in a typical year (Figure 3.2 shitle range for Chicago, IL). From
these results, the relationships between outdoorcamnditions and the peak total,
sensible, and latent performances are shown andaiegd. Additionally, the
relationship between the Cr* values that causeetipesk performances and the outdoor
air condition are shown. The performance of theVi&& at negative H* conditions and
its potential applications are discussed. Lastlg, effects of NTU/NTUm and indoor

conditions on the system are considered.
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Figure 3.2: Hourly outdoor air conditions for a typical year in Chicago, IL.

The results in this chapter apply to a counter-flRAMEE system operating
with a LiBr desiccant solution. The exchangershi@ system have an NTU of 10 and
NTUm of 2.7, which corresponds to a maximum totéeativeness of about 65%
(€sen= 76.5%,€ 41 = 59.9% £10t = 65.7%) at summer test conditions (AHRI 2005).eTh
indoor air conditions are constant at 24°C andg®®8. The outdoor air conditions
range between -15°C to 40° and 0 g/kg to 25 g/k@)°@t and 1 g/kg increments with
682 conditions simulated. The effects of frostinghe RAMEE at the low temperature
conditions are neglected in this analysis. Allesteimulation conditions and factors are
outlined in Chapter 2.

3.2 Peak Total Performance

The peak total performance is the maximum totatggneransferred between the
supply and exhaust air streams at a constant N total energy is comprised of the
sensible energy (heat) and the latent energy (ovejstwhich is described by the

sensible and latent performances. The peak tadomnance of the RAMEE is
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important because in most situations, energy ragosgstems operating at their peak
total performance will allow the maximum amounieokergy recovery in a year (Rasouli
et al. 2010). Knowing the relationship betweenkpesal performance and outdoor air
conditions allows for the annual energy savingthefRAMEE to be determined which
is useful in cost-benefit analyses.

The peak total performance for a specific outdamrdition occurs at a certain
Cr*. This Cr* is referred at as the optimal Cr*daese at this point the system energy
recovery is at a maximum. Knowing the relationshgtween the optimal Cr* and the
outdoor air conditions will allow the RAMEE to op¢e at peak total performance and
therefore achieve maximum energy recovery.

This section presents the relationships of theanrtdir conditions with the peak
total performance and the optimal Cr*. The causkshese relationships are also

explained and discussed.

3.2.1 Performance Contour Plots

The results for the RAMEE performance as a functibthe outdoor conditions
are presented as contour plots on the psychometact. The values on the chart
correspond to the performance of the system fogthen outdoor air temperature and
humidity ratio when the system is operating atdp&amal Cr*. Plots of effectiveness
and energy transfer are used to describe the $enslbent, and total performances.
Using both of these indices aids in observing aestdbing the various trends that are

present.
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Sensible Performance

The contour plots for the sensible performanceuifeéd.3) contain the sensible
effectiveness and the temperature change in thelysag. The sensible effectiveness
contour lines (Figure 3.3A) are similar to linesaminstant H* (see Figure 2.4) and the
effectiveness increases as H* increases. Howenkkeulines of constant H*, the
sensible effectiveness contours have slight curgatuvhich indicates that the sensible
effectiveness still depends on another parameter, fiH). The sensible effectiveness
also goes to infinity when H* goes to infinity (i.endoor and outdoor air temperatures
are equal). Several larg#l* conditions (-6 < H* > 6) produce effectivenesaues that
are less than 0% or greater than 100%. The sensitactiveness for more than half of

the outdoor conditions considered in this chaptarge between 60-100%.
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Figure 3.3: Sensible performance of the RAMEE opetting at optimal Cr* for different outdoor air

conditions. A) Sensible effectiveness (%). B) Sulypair temperature change (°C). Dashed lines are

lines of constant temperature change and circles oespond to AHRI outdoor summer and winter
conditions and the indoor condition (24°C, 9.3 g/Kgat NTU = 10 and NTUm = 2.7.

The temperature change plot (Figure 3.3B) consibtsear vertical lines that
curve down and to the right (i.e., toward lower ldity ratios and higher temperatures).
The distance between the contours is relativelystzon and their curvatures are greater
at lower temperatures. A constant sensible effentiss energy recovery system (i.e.,
moisture transfer does not influence heat transfemild have a temperature change

contour plot with vertical lines with a constanstdince between the contours. The
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contours in Figure 3.3B show the sensible effeawss is mildly influenced by
temperature (relatively constant distance betwhercontours) and strongly influenced
by humidity ratio (contour curvatures).

Latent Performance

The latent performance contour plots (Figure 3hvss the latent effectiveness
and the supply air humidity ratio change. The rateffectiveness contour lines are
similar to lines of constant H* (Figure 3.4A), eptehe effectiveness contour lines are
slightly curved (like the sensible effectivenesatoors). The latent effectiveness values
increase as the inverse of H* increases, which sdaat the highest latent effectiveness
occurs when H* = Dand the lowest latent effectiveness occurs whers @* The
latent effectivenesses go to infinity when the ootdand indoor humidity ratios are
equal. Several conditions where the outdoor husniditio is near the indoor humidity
ratio (i.e., H*<+0.5) produce effectiveness valtleat are less than 0% or greater than
100%. The majority of the simulated outdoor caods produce effectiveness values
between 40-70%.

The moisture change contour plot (Figure 3.4B) =iesof nearly horizontal
lines that curve up and to the left (i.e., towatdgher humidity ratios and lower
temperatures). The distance between the contoes lis relatively constant and their
curvatures are greater at lower humidity ratios.maisture change contour plot with
equally spaced horizontal contours would represgnienergy recovery system with
constant latent effectiveness (i.e., one where traasfer does not influence moisture

transfer).
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Figure 3.4: Latent performance of the RAMEE operatng at optimal Cr* for different outdoor air
conditions. A) Latent effectiveness (%). B) Supplgir moisture change (g/kg). Dashed lines are
lines of constant humidity ratio change and circlegorrespond to AHRI outdoor summer and
winter conditions and the indoor condition, NTU = D and NTUm = 2.7.

Total Performance

The total energy performance of the system is hmaimeharacterize than the
sensible and latent performances because the dffdtiveness is a function of the
sensible effectiveness, the latent effectivenesktha outdoor air conditions (H*, see

Equation (2.21)). As a result of this, the totHfeetiveness of an energy recovery
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system is variable for different outdoor air comadis even if the sensible and latent
effectiveness are constant. The exception todbairs when the sensible and latent
effectivenesses are also equal to each other arstazd. In this situation, the sensible,
latent, and total effectivenesses are the samea@mstant for all outdoor air conditions.
Effectiveness and supply air enthalpy change conpbots are presented in
Figure 3.5. The total effectiveness contour liags similar to lines of constant H* and
also have slight curvatures (Figure 3.5A). Thalteffectiveness contour line values
increase as H* decreases from -1d¢oand then from & to -1. As H* goes to -1 (i.e.,
the outdoor air enthalpy approaches the indooemihalpy), the total effectivenesses
approaches zinfinity. Several outdoor conditioeamH* = -1 (-0.5 > H* > -1.2) have
effectiveness values less than 0% or greater tld@%1 Over half of the conditions

simulated have total effectiveness values betw&ers8o.
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Figure 3.5: Total performance of the RAMEE operatirg at optimal Cr* for different outdoor air
conditions. A) Total effectiveness (% B) Supply air enthalpy change (kJ/kg). Dottedihes
represent enthalpy change for a constant effectiveiss systemsg.=80%, £ .,=61%). Circles

correspond to AHRI outdoor summer and winter condifons and the indoor condition.

The actual total energy transfer (Figure 3.5B) @iasof contours with slopes
similar to lines of constant enthalpy, but they glightly steeper (i.e., greater change in
humidity ratio for a given temperature change).e Total energy contours are slightly
curved, especially near the indoor air conditidine total energy transfer is comparable

to the total energy transfer of a constant effertess system withsen, = 80% and
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eLat= 61%, which are slightly different from the RAMEHfectiveness values at AHRI
summer conditionse§en= 77% anck 5= 60%). These constant effectiveness values are
determined by minimizing the difference (based oot-mean-square) between the air
enthalpy change in a constant effectiveness syséewh the RAMEE (variable
effectiveness) for all the simulated outdoor ainditions. Figure 3.5B shows the
enthalpy change contour lines for the RAMEE syst@alid lines) and a constant
effectiveness systentst,= 80%, .ot = 61%, dotted lines). The slope of the contour
lines and the distance between adjacent linestim $stems are very similar. The only
deviations between the contours of the two systecwir at —H* conditions (i.e.,
outdoor air conditions that are warmer and driercaider and more humid than the
indoor conditions) but these deviations are miniméthese deviations occur because the
sensible and latent effectiveness values show thatest temperature dependency in
these areas.

The total performance of the system summarizes dhesible and latent
performances. The contour plots for the total genance show that the RAMEE
behaves very similar to a system with constantisEnand latent effectiveness. This
indicates that the variations in the sensible atdnt performances of the RAMEE
roughly cancel each other out (i.e., as one effengss increases, the other decreases).
Therefore the total energy recovery of the RAMEMR ¢e determined based on a
constant sensible and latent effectiveness systenr(80%,e .= 61%). However this
approach would inaccurately determine the senslpl@ latent performances of the

RAMEE.
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3.2.2 Heat and Moisture Transfer Driving Potentials

The previous sectioned showed that the RAMEE effecesses strongly
depends on H*. The relationship between H* and RAMEE performance can be
understood by considering the driving potentialshieat and moisture transfer.

Classically, the heat (moisture) transfer drivingtegmtial is the temperature
(humidity ratio) difference between the outdoor amdoor air (referred to as primary
driving potential in this study). Therefore as tmperature (humidity ratio) difference
between the indoor and outdoor air increases, ineuat of heat (moisture) transferred
between the air streams increases as well. Arggmecovery system that operates only
with a primary driving potential would have congtaffectivenesses at different outdoor
conditions and the amount of heat (moisture) temséfl would be dependent on the
temperature (humidity ratio) difference betweenitiaoor and outdoor air streams and
independent of the humidity ratio (temperaturefedénce. Heat wheels, run-around
coil, and flat plate exchangers are examples ofca&ir energy recovery systems that
operate only with a primary driving potential.

However, Figure 3.3-Figure 3.5 show that the healt moisture transfer in the
RAMEE at different operating conditions is more @ex than an energy recovery
system that is only governed by a primary drivirgemtial. Therefore, a secondary
driving potential is required to fully describe tlRAMEE performance at different
outdoor air conditions. In the RAMEE, the secomddriving potential for heat
(moisture) transfer is the humidity ratio (tempare) difference between the indoor and
outdoor air. Thus, heat (moisture) transfer in REMEE is primarily driven by the
difference in temperature (humidity ratio) betweka indoor and outdoor air and to a

lesser, secondary, extent by the humidity rationfterature) difference. Appendix A
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elaborates on how the humidity ratio (temperatuliéference between the indoor and
outdoor air affects the heat (moisture) transfehenRAMEE.

The interplay between the primary and secondamirdyipotentials depends on
their magnitudes compared to each other, whichbeadescribed by H*. When H* is
close to zero, the heat transfer primary drivintepbal (i.e. AT between the indoor and
outdoor air) is very large compared to the secongatential (i.e., AW between the
indoor and outdoor air) and as a result the seagndaving potential has minimal
influence. However, at H* values close to infinftye., AHLa: >> AHsey), the secondary
driving potential becomes predominant, which caulten sensible effectiveness values
that are greater than 100% or less than 0% (Figu&). An analogous description is
applicable for the moisture transfer, except the secondary driving potential is
predominant at H* values close to zero (i£H 4 << AHsey, Which leads to latent
effectiveness values that are greater than 100@&ssithan 0% (Figure 3.4A).

The effects of the secondary driving potentials als® revealed by considering
the amount of heat (moisture) transferred to theteéam. With regards to heat transfer
(Figure 3.3B), at a constant outdoor temperatucktharefore constant primary driving
potential, the temperature change increases asnkfeases. In other words, the
secondary potential increases as H* increases,iwglightly increases the temperature
change in the air. A similar explanation can algoapplied to the change in the air
humidity ratio in Figure 3.4B.

The major features of the sensible and latent conpdots are explained by
considering the primary and secondary driving pidéshfor heat and moisture transfer

and how the outdoor air conditions influence thehdditional factors also influence the
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contour plots (Figure 3.3, Figure 3.4) and theyoaot for the minor features in the
contour plots (e.qg., curvatures of contour lineg)jch are briefly discussed in Chapter

4.

3.2.3 Optimal Cr* Contour Plots

The relationship between effectiveness and Cr* {Sgare 3.1) shows that the
total effectiveness has a maximum value at a SpeCif. see Figure 3.1 also shows
that the value of this specific Cr* depends on dlédoor air conditions. This specific
Cr* is referred to as the optimal Cr* because thaximum amount of energy is
transferred between the air streams when the RAM&Eperating at this Cr*.
Therefore in order for the RAMEE to maximize enetggnsfer when the outdoor air
conditions are variable, the relationship betwdssn dptimal Cr* and the outdoor air
conditions must be known.

The optimal Cr* contour plot in Figure 3.6 showscamplex relationship
between the optimal Cr* values and the outdoocaiditions. The optimal Cr* ranges
between 1 and infinity for the outdoor conditiormsidered. The majority of outdoor
conditions have optimal Cr* values between 1.5 @l A discontinuity in the plot
occurs at H* = -1, which corresponds to the lineafistant enthalpy that passes through
the indoor air conditions. This discontinuity lthe optimal Cr* values approaching 1
or infinity depending on the side of the discontiywu Hot and humid summer outdoor
conditions typically have optimal Cr* values greatean 2.5 while cold and dry winter
outdoor conditions have optimal Cr* values lesstBaD. Therefore if it is desired to
control the RAMEE on a seasonal basis, the winperating Cr* would be around 2.0

and the summer operating Cr* would be around Z'&e exact values of the summer
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and winter operating Cr* values would depend ondireate and would be different for
each location.

The effects of the outdoor conditions on the RAMIpBErformance were
discussed in Section 3.2.2. However, the effentthe optimal Cr* appear to be more
complex and are not properly described by the previdiscussion. A thorough
discussion into the relationship between the ogti@r4 and the outdoor condition is

beyond the scope of this study and is not done.

Humidity Ratio (g/kg)

T T T T T T 0
-15 -10 -5 0 5 10 15 20 25 30 35 40
Temperature (C)

Figure 3.6: Optimal Cr* of the RAMEE system for different outdoor air conditions. Circles
correspond to AHRI outdoor summer and winter condifons. NTU =10 and NTUm = 2.7.

3.3  Peak Sensible and Latent Performances

The previous section (3.2) presented contour piotkescribe the RAMEE when
it is operating with its maximum total effectivesesHowever, when the RAMEE is
operating at its maximum total effectiveness, #esgole and latent effectiveness are not
necessarily at their maximum values for that gieemdoor air condition. Figure 3.7
shows the sensible, latent and total effectiverpsts for the RAMEE operating at
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AHRI summer conditions. Under these conditionsaim be seen that the sensible and
latent effectiveness plots have similar trendshestotal effectiveness plot. Both the
sensible and latent effectivenesses have maximuoesjabut the peak values do not

occur when the RAMEE is operating at the optimé&l Cr
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Figure 3.7: RAMEE system effectiveness values at A& summer test conditions.

This section presents contour plots for cases wherRAMEE is operating at
the Cr* values that cause maximum sensible and maxi latent effectiveness values.
The operating Cr* values are referred to as peakiBke Cr* or peak latent Cr* if it
causes the RAMEE to operate at peak sensible m#eetss or peak latent effectiveness,
respectively. These contour plots are able to @&srthescribe the performance of the
RAMEE under different outdoor air conditions. Tplets can be used to contrast the
differences in performance between when the sysaiperating at either peak sensible
or latent effectiveness conditions compared to piett effectiveness conditions. Also,

the contour plots for peak sensible Cr* and petdnlaCr* are presented.
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The plots and only a brief description are preskriecause the underlying
explanation to their trends is outlined in Secto?.2. Understanding the peak sensible
and peak latent performances and how to achieva thebeneficial because in some
conditions and/or control strategies it is deseatal maximize either the heat transfer

(e.g., cold winter operations) or moisture trangéeg., humid hot summer conditions).

3.3.1 Peak Sensible Performance

The peak sensible effectiveness contour plots fer RAMEE when it is
operating at the peak sensible Cr* are shown inifEi¢¢.8. The sensible effectiveness
has a minimum value of 64% and goes to infinityresoutdoor temperature approaches
the indoor temperature of 24°C. The minimum sdasfffectiveness occurs at outdoor
conditions near an H* of -1. Several outdoor amditions produce effectiveness values
that are greater than 100%. The supply air tenwperachange contour plot (Figure
3.8B) compares the temperature change when thensyistoperating at peak sensible
effectiveness (solid line) and peak total effeate®es (dashed line). This comparison
shows similar temperature changes at positive H#¥*j+conditions (hot and humid or
cold and dry) with the change being slightly gredim peak sensible operations.
However, at negative H* (—H*) conditions the perf@nce is significantly different.
These results indicate that the sensible effectisens near its maximum when the
RAMEE is operating at optimal Cr* for +H* conditienwhile at —H* conditions the
sensible effectiveness achieved at the optimal i€rfuch lower than its maximum

value.
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Figure 3.8: Peak sensible performance of the RAMEKor different outdoor air conditions. A)
Sensible effectiveness (%). B) Supply air temperata change (°C). Dashed lines represent the
temperature change corresponding to peak total eftgiveness conditions (Figure 3.3).

The contour plot of the peak sensible Cr* (opemat®r* that results in peak
sensible performance) is presented in Figure JBe peak sensible Cr* contour plot
shows similar trends as the optimal Cr* contout ffoagure 3.6). The values are very
similar at +H* conditions, but significantly diffent at —H* conditions. This

comparison agrees with the observation that the EEMs near its peak sensible
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performance when it is operating at its optimal @t*+H* conditions. Conversely at
-H* conditions, the peak sensible Cr* and optimat @re significantly different, which

also agrees with the differences in the sensihtioprances.
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Figure 3.9: Peak sensible Cr* in the RAMEE systemdi different outdoor air conditions.

3.3.2 Peak Latent Performance

The peak latent performance contour plots are shiowhRigure 3.10. These
results correspond to when the RAMEE is operatingeak latent Cr*. The minimum
latent effectiveness occurs at H* conditions ndamwhere it decreases to 43%. The
effectiveness values approach infinity as the catdwumidity ratio nears the indoor
humidity ratio (9.3 g/kg). The changes in the dy@r humidity ratio that occur when
the system is operating at either maximum latefecéffeness or maximum total
effectiveness (Figure 3.10B) are very similar at#d large —H* conditions, but very
different at small —H* conditions. At small —H* editions, the humidity ratio change is
significantly higher when the RAMEE is operating peak latent effectiveness

conditions compared to when it is operating at get effectiveness.
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Figure 3.10: Peak latent performance of the RAMEEdr different outdoor air conditions. A)

Sensible effectiveness (%). B) Supply air humidityatio change (g/kg). Dashed lines represent the
humidity ratio change corresponding to peak total #ectiveness conditions (Figure 3.3).

The peak latent Cr* contour plot shown in Figur&l3shows the relationship
between the outdoor air conditions and the opega@n* value that results in the
maximum latent performance in the RAMEE. The pkdént Cr* contour plot is very

similar to the optimal Cr* plot (Figure 3.6) andasly significantly different when H* is
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between 0 and -1. This corroborates why in Figui®B the only discrepancy in the
change in humidity ratio when the RAMEE is opergtat either peak latent or peak

total (optimal) performances occurs at low —H* ciiods.
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Figure 3.11: Peak latent Cr* in the RAMEE system fo different outdoor air conditions.

3.3.3 Peak Sensible and Latent Performance Comparison

The evaluation and comparison of the peak sensildgent, and total
performances for different outdoor air conditioasd the operating Cr* values that they
occur at, reveal some interesting characterisfitseoORAMEE.

At +H* conditions (outdoor air is hot and humid @sld and dry), the operating
Cr* values that cause the peaks in sensible aedtlaffectivenesses are very similar to
each other for a given outdoor condition. At aegivH* condition, if the operating Cr*
value is increased from zero, the peak sensiblaredust, followed by the peak total,
and then the peak latent. The difference betwhenCr* values that cause the peak

sensible and latent effectivenesses is less thdor 1+H* conditions. For +H*
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conditions, the optimal Cr* value is closer to tpeak sensible Cr* at low H*
conditions, while the optimal Cr* value is closer the peak latent Cr* at higher H*
conditions. As a result of the small range in pleak Cr* values and the effectiveness-
Cr* plots being similar, the performances (sensildéent, and total) of the RAMEE at
each of these peaks are very similar.

At —H* conditions (outdoor air is hot and dry orot@nd humid), the peak Cr*
values differ significantly from each other for @en condition. The order of the peak
Cr* values is not as consistent and depends on-Kfiecondition, with either the
sensible peak Cr* or the latent peak Cr* occurrghe lower Cr* values. Also, the
difference between the operating Cr* that causek pensible and latent effectivenesses
is much larger at —H* conditions and can be gre#itan 3 for some H* conditions.
Therefore, at —H* conditions when the RAMEE is @&terg at one of the peak Cr*
values (sensible, latent, or optimal), its effeetigss (sensible, latent, and total) is very
different from when it is operating at another onés peak Cr* values.

3.4  Negative H* Conditions

The analysis of the peak sensible, latent, and petdormances of the RAMEE
in the previous sections reveals some interestimgyacteristics of how the system
operates under different outdoor air conditione Bnalysis shows that the operating
Cr* values that cause the peak sensible, latedti@tal effectivenesses are very similar
at +H* conditions, but are very different at —-H*nzbtions. Therefore, the behaviour of
the RAMEE during —H* conditions is considered in mnaletail in this section. This
investigation consists of describing the relatiopdhetween Cr* and effectiveness at

different —H* conditions and discussing the praationplications of —H* operating
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conditions. Also, a comparison between numerical axperimental results for the
RAMEE operating at —H* conditions is made to valeléhe model and support these

observations.

3.4.1 Cr* versus Effectiveness

A typical Cr* versus effectiveness relationship the RAMEE under +H*
conditions was previously shown in Figure 3.7 firstcase, AHRI summer conditions
where H* = +1.9), which showed the sensible, Igtemd total effectiveness plots.
These three plots are very comparable to each atiteshow the same key features in
that they all exhibit peak effectiveness valuesjchoccur at similar operating Cr*
values, and their effectiveness values approaachaeCr* approaches to zero.

However at —H* conditions, the RAMEE displays a waetifferent Cr*-
effectiveness relationship as shown in Figure 3vh2re the effectiveness is a function
of Cr* is presented for three different —H* condits. The effectiveness values still
demonstrate a peak, but this peak can be a maxioruminimum depending on the
value of H*. Some of these minimum values evenehaegative effectiveness values.
Also, the operating Cr*s that cause each peak slensatent, or total effectivenesses are

very different from each other for the same H* dtind.
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Figure 3.12: Effectiveness of the RAMEE as a funain of Cr* at different —-H* conditions.

58



The plots also display interesting trends at lowerapng Cr*. As the Cr*
decreases to zero, the total effectiveness appesacdro (just like in +H* regions), but
the latent and sensible effectiveness approach zeom-values, which in some
conditions may be very large. The effectivenessspt near-zero operating Cr* display
a trend from small to large —H* conditions (Figud2). This trend has the near-zero
Cr* latent effectiveness decreasing and the near-Zér* sensible effectiveness
increasing as |H*| increases.

The performance characteristics of the RAMEE whers ioperating at —H*
conditions as shown in Figure 3.12 are also presesdme extent at high and low +H*
conditions (i.e., +H*<0.7 or +H*>6). Figure 3.18mwvs the effectiveness plots of the
RAMEE operating at a low and high +H* condition$he trend of effectiveness with
Cr* for these high and low +H* conditions are sianito the trends of effectiveness with
Cr* for moderate +H* conditions when the Cr* valua® greater than 1.5 (see Figure
3.7), but the trends are significantly differentlatv operating Cr*. For low +H*
conditions (Figure 3.13A) with the RAMEE operatiaty a near-zero Cr* value, the
latent effectiveness has a large negative valude\tre sensible effectiveness maintains
an intermediate positive effectiveness. A simitand occurs at high +H* conditions
(Figure 3.13B), except it is the sensible effecte®s rather than the latent effectiveness
that has a large negative value as Cr* goes ta ZEne absolute effectiveness values at
near-zero Cr* values for high and low +H* conditsoare less than the values for the
-H* conditions. Also, the magnitude of the nearez€r* effectiveness values at high
and low +H* conditions decrease as the +H* becomese moderate. As the +H*

condition becomes more moderate the effectivenksgs transition into the plots like
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the one shown in Figure 3.7, which has sensiblelatedt effectiveness values of zero

as Cr* approaches zero.
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Figure 3.13: Effectiveness of the RAMEE as a funain of Cr* at high and low +H* conditions.

Another interesting characteristics of the RAMEE-BI* conditions (and some
high and low +H* conditions) are the negative efifeanesses that occur at some Cr*
values (Figure 3.12 and Figure 3.13). The negafiectiveness values are significant

because heat and/or moisture are being transferrtb@ direction that is opposite to the

60



primary driving potential established by the outdaod indoor air streams. This is
possible because the secondary driving potentialtaager and in the opposite direction
of the primary potentials. These negative effectess values can be advantageous in
certain situations where it is beneficial for thegly air to be conditioned away from
the exhaust air (i.e., the temperature differenegveen the supply and indoor air is

greater than the difference between the indooroanwdoor air)..

3.4.2 Experimental Validation of Performance at —H* Condiions

The performance of the RAMEE at —H* conditions &ry different from the
standard test conditions (i.e., H* = 1.9) resuéiparted by Fan et al. (2006) and Vali
(2009). Therefore experimental results are useglidate the numerical results for -H*
conditions.

Experimental results were produced on Prototypevitich was constructed and
tested by Beriault (2010). The prototype used anlgpation cross-counter flow
configuration. The key dimensions of the exchasgard the membrane properties are
contained in Table 3.1. These exchanger propateslifferent than the ones presented
in Chapter 2 and were applied to the model simuhatiin this section. The prototype
was tested at a range of Cr* values (0.5 to 5) @restant NTU and NTUm of 17 and
4.5, respectively. The inlet and outlet air codis during the test were at 25077°C,
6.3t0.5 g/kg and 16£0.8°C, 8.&0.5 g/kg, respectively, which results in an H* \alof
-0.68t0.05. A full description of the RAMEE prototype ,#dxperimental set-up, and

testing procedure is contained in the thesis ofaBir(2010).
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Table 3.1: RAMEE Prototype #4 specifications

Property Value
Panel Dimensions
Length 1220 mm
Width 305 mm
Entrance Length 64 mm
Channel Thicknesses
Air 5.4 mm
Solution 2.6 mm
Membrane Properties
Thickness 0.5 mm
Thermal Conductivity 0.334 W/(m-K)
Water Vapour Permeability 3.4 x 10° kg/(m-s)

The experimental results consist of 9 measuremehkisn at constant NTU,
NTUm, and H*, but different Cr* values. The expeental sensible, latent, and total
effectiveness values are presented as a functio@rbfin Figure 3.14, which also
contains the results from the numerical simulatbthe prototype. The experimental
results show a high degree of scatter at somegdint some general trends are present.
The scatter can be attributed to flow maldistribatin the channels and heat gains and
losses between the system and the environmenb, tis experimental uncertainty due
to temperature and humidity measurements is mgrafisiant because the differences
between the humidity ratios and enthalpies of W dir streams are small (<3 g/kg and

<3 kJ/kg).
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Figure 3.14: Comparison between experimental (Beridt 2010) and numerical results for Prototype
#4 operating at NTU=17, NTUm=4.5, and H*=-0.68. BEperimental and numerical results are
represented by symbols and lines respectively. Eor bars are only shown on one side, but apply to

both.

Figure 3.14 shows reasonable agreement between ntimeerical and
experimental results. Both results show that tial teffectiveness increases as Cr*
increases from zero and reaches a maximum valogef100% at Cr=1.5. As Cr*
increases above Cr%l1.5, total effectiveness decreases. The experahaensible
effectiveness values are relatively constant ar leamaximum value of around 60%,
which agrees with the numerical results. The aged between the experimental and
numerical results for the latent effectivenessas as good because the numerical data
shows a local minimum at Cr* = 1.5, while the expemtal data does not.
Nevertheless, the differences between the expetahand numerical data for latent
effectiveness are not large and within the bouridseoexperimental uncertainty.

The comparison in Figure 3.14 shows that the gétremrads in the effectiveness

plots predicted by the numerical model are pregenhe experimental results, which
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provides reasonable validation of the numerical ehod Therefore, the unique
performance characteristics of the RAMEE at —H*dibans discussed in this section

can confidently be used to investigate —H* condsidurther.

3.4.3 Performance at Near-Zero Cr*

Investigations of the RAMEE performance at —H* cibinds reveal some
noteworthy characteristics at low operating Crfie$e characteristics have the sensible
and latent effectivenesses approaching non-zerwesas Cr* decreases to zero. Some
of these effectiveness values are very large atwh @xceed 100% when the magnitude
of -H* is high or low. These characteristics aésd@end to high and low +H* conditions
((i.e., +H*<0.7 or +H*>6)) except that either thensible or latent effectivenesses has a
very large negative value that often exceeds -1008call of these cases, the sensible
effectiveness divided by the latent effectivenessiear-zero operating Cr* values is
equal to the negative value of the H* conditionhefiefore, at near-zero operating Cr*;
€sen= ELat When H* = -1, esen> €4t When H* < -1, antEsen< €.t When H* > -1, Also,
the total effectiveness decreases to zero as (otoaphes zero. The explanation of
these characteristics is considered in this section

At near-zero Cr* values, the solution flow ratevisry low. As a result, the
desiccant temperature and concentration (and thusdity ratio) undergoes a large
change as it travels through the exchangers. Fadenmate +H* conditions (i.e.,
1<H*<6), the heat and moisture both transfer inghme direction which results in the
desiccant quickly coming into equilibrium with the stream temperature and humidity
ratio. Therefore, only a small amount of the tfansurface between the desiccant and

air stream has any substantial temperature anddiymatio difference across it, which
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results in very little heat or moisture transfetveen the air and the desiccant. For
-H*conditions (and some +H* conditions), the heat anoisture transfers are in the
opposite directions and these enhance each other.

The enhancement can be understood by considerangnthractions between
heat and moisture transfers with the desiccant.eW\thoisture is transferred to the air,
the latent energy is provided by the desiccantclwiowers the desiccant temperature
and subsequently cools the air. When moisturesimsoved from the air, the latent
energy is absorbed by the desiccant which increhigedesiccant temperature and then
warms the air. At near-zero Cr* values, the tetargy transferred is very low since the
latent and sensible energies are transferred ioppesite direction. This behaviour of
non-zero latent and sensible effectivenesses atzaea Cr* extends to high and low
+H* conditions because the heat and moisturetsdifisfer in the opposite directions at
low Cr* even though the conditions of the indoodawutdoor air indicate they should
transfer in the same direction. Heat and moistueeable to transfer in the opposite
direction at low and high +H* conditions when th&MREE is operating at low Cr*
because the temperature-humidity ratio of the dasic(see Section 2.2.2) allows the
temperature or humidity ratio of the desiccantitterd beyond the region of conditions
between the indoor and outdoor air conditions. tAe +H* condition becomes less
extreme (i.e., 1 < H* < 6), the temperature and iadlityn ratio of the desiccant are
between the indoor and outdoor air conditions 4l results in the heat and moisture
transferring in the same direction.

The operation of the LAMEEs at near-zero Cr* canvmved as either an

evaporative cooler or condensing heater. Oneeof.&MEESs humidifies the air and the
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latent energy used to evaporate the moisture icttireools the air, while the other

LAMEE dehumidifies the air and indirectly uses tieéeased latent energy to warm the
air. When the RAMEE is operating in this fashiomlyomoisture and no energy is

transferred between exchangers.

The circulation of the solution (albeit at a veowlrate) between the exchangers
is also essential for the non-zero sensible arehiagffectivenesses at near-zero Cr*.
The transit of the desiccant through the exchamgeequired for the temperature and
humidity ratio differences between the desiccanl air streams to exist in the
exchanger. The circulation of the desiccant betwtde exchangers couples them
together and keeps the desiccant temperature andlityiratio in equilibrium with the
indoor and outdoor air conditions. However, if thelution stops circulating (i.e.,
Cr* = 0), the two exchangers become decoupled hademperature and humidity ratio
of the desiccant in each exchanger will change dwee and eventually come into
equilibrium with the condition of their respectia@ stream. As this is happening, the
heat and moisture transfer rates would decay armhteally reach zero once the

desiccant in each exchanger reaches equilibriuim tivéetir respective air stream.

3.4.4 Selective Heat or Moisture Transfer

The unique performance of the RAMEE at —H* and highd low +H*
conditions allows heat or moisture to be selegyiveinsferred to some extent. At these
conditions, the difference between the indoor amddaor temperature (high H*
conditions) or humidity ratio (low H* conditionsy ismall. The selective transfer is
possible when the difference between the sensidelaent effectiveness values at a

given Cr* is large. A larger sensible effectivemeslows heat to be preferentially
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transferred while a larger latent effectivenesdguentially transfers moisture. These
large differences in effectiveness values are npswalent at high or lowtH*
conditions (Figure 3.12A,C, & Figure 3.13) and areénimal at moderatetH*
conditions (Figure 3.7 & Figure 3.12B).

The effectiveness plots for the RAMEE at high amd H* conditions are shown
in Figure 3.15 for —H* conditions and Figure 3.1& #H* conditions. The plots
demonstrate two regions of operating Cr* where dtiferences between the sensible
and latent effectiveness values are greatest, wdwiehdenoted as Regions | & Il in
Figure 3.15 and Figure 3.16. In Region | the lakffectiveness is greater than the
sensible effectiveness and in Region Il the seasdffectiveness is greater than the
latent effectiveness. Therefore, if it is benelficior the building HVAC system to
preferentially transfer moisture instead of helag RAMEE should be operated with a
Cr* that resides in Region I. Conversely, if heahsfer is preferred instead of moisture
transfer, then the RAMEE should be operated wi@riain Region Il. Figure 3.15 and
Figure 3.16 also reveal that the values of the aipey Cr* for each region depend on
H*. The operating Cr* values in the regions arthei near-zero or close to the optimal
Cr* (Cr* = ~1-3). For low —H* and high +H* conddns, Region | is near a Cr* of zero,
while Region Il is near the optimal Cr*. For highl* and low +H*, Region | is near

the optimal Cr* and Region Il is near a Cr* of zero
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Figure 3.15: RAMEE effectiveness as a function of i€ at different -H* conditions. Boxed regions
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Figure 3.16: RAMEE effectiveness as a function of i€ at different +H* conditions. Boxed regions
denote greatest positive effectiveness differenclestween: 1) latent and sensible, and I1) sensiblenal
latent.

Applications for Selective Heat and Moisture Transér

Selectively transferring heat or moisture would vide practical benefits in
building HVAC systems as well as in numerous indaktpplications where specific
air conditions are required. The benefits to bnddventilation can be understood by

considering a typical HVAC system and the energpired to condition the ventilation

69



air. Figure 3.17 shows a typical dedicated outdwoHVAC system with a RAMEE
and an auxiliary heating/cooling unit. The corah of the air streams as they travel
through the HVAC system are indicated by numbéFhe outdoor air (state 1) is pre-
conditioned by the supply LAMEE (state 2) and thiely conditioned by the
heating/cooling unit (state 3) after which theiaisupplied to the building space. The
exhaust stream consists of the indoor air (statehd) passes through the exhaust
LAMEE (state 5) and then exhausted from the bugdiifhe condition of the supply air
(state 3) entering the space depends on whethesphee is cooled by the air or a
separate cooling system. In the following disaussthe supply air is assumed to cool

the space and therefore the desired supply airitonslare 13°C and 7 g/kg.

5 ) 4 ) Exhaust

B B B §®]
Q =
o =
Outdoor 8 o ¢
Ai 3583
ir S 52
Heating/Cooling 3 -~ 8 ~

Figure 3.17: Schematic of a typical HYAC system edpped with a RAMEE.

The amount of energy used to fully condition the tai the desired supply
conditions is determined by the difference betwidenconditions of the air at the supply
LAMEE outlet (state 2) and the desired supply siate 3). The RAMEE decreases the
amount of conditioning energy required by pre-ctinding the supply air. The
conditioning energy is minimized when the conditiohthe air leaving the supply
LAMEE is as close to the condition of the desirad@y air as opposed to the condition
of the exhaust air, which the RAMEE is interactimgth. Since the RAMEE is
interacting with the exhaust air and not the deéssapply air, at some outdoor air

conditions the difference between the conditionthefair leaving in the supply LAMEE
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and the desired supply air increases, which wontilease the energy used to fully
condition the air. Therefore at some outdoor amditions, controlling the RAMEE
would minimize the conditioning energy.

The ability of controlling the RAMEE to conditiome air towards the desired
supply air condition depends on the outdoor cooditind how the RAMEE performs at
that condition. The outdoor conditions can berayeal into different zones based on
how the RAMEE should be controlled (Figure 3.18he divisions between the zones
shown here are generalizations and would be diffdox some HVAC applications and
control strategies. A more concise analysis of lawenergy recovery system can be
controlled in different outdoor conditions is prews by Rasouli (2010b). The
description of each zone and how the RAMEE wouldrafe in each zone are given

below.
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Figure 3.18: Outdoor air conditions control zones.

Zone 1: This zone contains outdoor air conditidmat thave a higher enthalpy

than the indoor air. The zone is subdivided irdq#H* conditions) and
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Zone 2:

Zone 3:

Zone 4:

1b (—H* conditions). In Zone 1, the RAMEE wouldavpte at its optimal
Cr*, which allows for maximum energy transfer. 2one 1a, operating
the RAMEE at optimal Cr* also selectively transfémsat or moisture
depending on the outdoor air conditions.

This zone encompasses —H* outdoor air tiondi that have a lower
enthalpy than the indoor air conditions. Operatimg RAMEE at near-
zero Cr* selectively transfers heat and moisturd allows the supply
LAMEE to condition the air towards the desired dypgr condition. If
the RAMEE was transferring maximum total energye tlonditions of
the air at the supply LAMEE outlet become more edght from the
desired supply air conditions, thus requiring maneergy to fully
condition the air.

The outdoor air conditions in this zone #r# and have a temperature
that is lower than the indoor air, but greater tiias desired supply air
(i.e., 13°C). Normally during these conditions esonomizer would be
used which increases the ventilation rate of outdmoallowing supply
air with a temperature that is warmer than 13°Cctol the space.
However, the RAMEE could operate at near-zero Grd atilize its
selective heat or moisture transfer capabilitiesl @ondition the air
towards the desired supply air condition withou¢iowonditioning it.

This zone contains +H* conditions where thgdoor temperature is
lower than 13°C and the outdoor humidity ratioas/ér than the indoor

air (i.e., 9.3 g/lkg). The RAMEE would operateditatoptimal Cr* for
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maximum total energy transfer. In order to notres@ndition the air at
some of the warmer conditions (Zone 4b), the RAMIBHId be partially
bypassed and operated at part load or be opergtedntrolling Cr* and
selectively transfer heat or moisture.
The selective transfer of heat and moisture isirequn some of the zones (1b,
2, 3, & 4b) in order to maximize energy savingsxatples of outdoor air conditions
from these zones are presented to illustrate hewRIAMEE could condition the air in
these zones (Figure 3.19, Table 3.2). In eachesdd cases, the RAMEE is operated at

the Cr* that conditions the supply air as close passible to the desired supply

condition.
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Figure 3.19: Psychometric chart showing cases wheselective heat and moisture transfer in the
supply exchanger conditions the outdoor air towardshe desired supply condition. Black and grey
dots denote supply LAMEE inlet and outlet respectiely. Grey lines divide conditions into described

zones.
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Table 3.2: RAMEE operation for select outdoor air onditions.

Case Outdoor Condition H*  Region Cr* Effectiveness (%) gﬁﬁg%tﬁmt?;
Zone T (T) W (g/kg) value Sensible Latent T (T) W (g/kg)
1 1b 22.0 16.5 -9.0 | 2.0 -34 49 21.3 13.0
2 1b 34.0 7.3 -0.5 Il 15 65 25 27.5 7.8
3 16.5 10.8 -0.5 | 0" 50 100 20.3 9.3
4 2 26.0 2.0 -9.1 Il 0" 250 28 21.0 4.0
5 4b 10.0 7.8 0.3 | 0" 25 -87 135 6.5
6 3 22.0 2.0 9.1 Il 0" -230 26 17.4 3.9
Indoor 24.0 9.3

Figure 3.19 shows some interesting features oRMKBIEE performance at these
extreme H* conditions. Some of the cases demdestne RAMEE'’s ability to cool the
supply air below the indoor temperature (Cases &, @) or dehumidify the supply air
below the indoor humidity ratio (Case 5). Alsonadst conditions (Cases 3, 4, 5, & 6),
no energy is transferred between the supply andwesthair (i.e.,.e1o: = 0) and the
LAMEESs operate as either evaporative coolers odearing heaters.

These cases demonstrate the benefits of selecamsfér at high and lowH*
conditions. In all of the cases, with the exceptmf Case 3, the supply LAMEE
conditions the air towards the desired supply doordi which decreases the amount of
energy required to fully condition the supply aitCase 3 is an exception in this
discussion because the supply LAMEE does not camdthe air towards the desired
supply condition, but it does decrease the humidityo of the air and it would be
beneficial if the humidity ratio is lowered to acceptable level. If the humidity ratio is
decreased sufficiently, the supply air only hasb® cooled (no dehumidification
required) to fully condition it, which would sigisaintly decrease the consumed energy.
Cases 5 and 6 represent examples of where thdigelgansfer in the RAMEE can be

used as an alternative to partially bypassing tA®RE or using an economizer.
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The benefits of minimizing the energy used to fubndition the supply air by
selective heat and moisture transfer in the RAMEE @nly based on a preliminary
study. The discussion does not consider the enssggumed controlling the solution
flow rate for different conditions or the numberladurs during a year that a location
experiences the outdoor conditions where selebiat and moisture transfer is possible
(which is usually very small). A more in-depth bs& of the operation and benefits of
the RAMEE at extreme H* conditions is beyond thepsc of this study (see Rasouli
2010 for a detailed analysis). This discussiantsnded as a general introduction to the
benefits and potential applications for the RAMEEh&se outdoor air conditions.

3.5 Additional Factors Influencing System Performance

The analysis in this chapter (not including theuhssfor Prototype #4 in Section
3.4.2, Figure 3.14) has focused on the effecte@butdoor air conditions on the system
performance with NTU = 10, NTUm = 2.7, and constaaioor air conditions (AHRI
summer conditions). The effects of the exchangez 6NTU and NTUm) and the
indoor air conditions are briefly considered hénat, a detailed analysis is left for further

investigation.

3.5.1 NTU and NTUm

The effects of changing NTU and NTUm independeiihg concurrently at
AHRI summer air conditions are presented in TakBe Jhe results show an increase in
sensible effectiveness and a slight increase iantaeffectiveness when NTU is
increased and NTUm is kept constant. When NTUa@pt kconstant and NTUm is
increased, the sensible effectiveness increasgbtlgliwhile the latent effectiveness

increases significantly. When NTU and NTUm ara@ased concurrently, the sensible
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and latent effectiveness both show significanteases. The changes in effectiveness
when NTU and NTUm are increased together from thselcase are slightly greater
than the sum of the increases that occur when NTd WTUm are increased
independently. This result implies that a sligagiee of synergy occurs in the RAMEE

when NTU and NTUm are increased at the same time.

Table 3.3: RAMEE system effectiveness at differeiTU and NTUm values at AHRI summer
conditions.

System Effectiveness Difference From Base Case
Sensiblel Latent | Total Sensiblel Latent | Total
(%) (%)

10.0 2.7 76.5 59.9 65.7
13.6 2.7 79.0 60.7 67.1 2.42 0.83 1.39
10.0 3.8 77.4 66.0 70.0 0.85 6.12 4.27
13.6 3.8 79.9 67.1 71.6 3.35 7.25 5.88

NTU NTUm

The trends of sensible and latent effectiveneseasing with NTU and NTUm
respectively follow the sensible analytical solago(Incropera and DeWitt 2002) and
latent empirical correlations (Zhang and Niu 206&) single exchangers. The other
trends of sensible effectiveness increasing withUNT and latent effectiveness
increasing with NTU is further evidence of how theisture transfer influences sensible
performance and heat transfer influences lateribpeance.

As a result of these findings and the literatumecidpera and DeWitt 2002,
Zhang and Niu 2002), the RAMEE performance confots would change when NTU
and NTUm are changed. Increasing NTU would ina@d¢he values of the contour lines
on the sensible performance plots significantlylevluinly slightly changing the latent
performance plots. Increasing NTUm would signifita increase the latent
performance contour plot line values, but only tyilchcrease the sensible contour plot

values. The magnitude of the change to the contoeivalues depends on the amount
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NTU and NTUm are changed and the relative proportibthe change. More detailed
conclusions would require contour plots at multilféU and NTUm configurations to
be created which is beyond the scope of this studgwever, the effects of NTU and
NTUm are considered further in Chapter 4 during deselopment of the RAMEE

correlations.

3.5.2 Indoor Air Conditions

The effects of the indoor air conditions on the teys performance are
considered by comparing the effectiveness at diffeindoor conditions (Table 3.4).
The indoor conditions considered consist of thearedpounded by AHRI summer and
winter indoor conditions. This region covers tlamge of indoor conditions that the
system would normally encounter. In order to aotdior the effects of heat and
moisture transfer, the temperature and humiditp @ifferences between the indoor and
outdoor air are kept constant at 10°C and 7 g/kglfiche indoor conditions considered.

This means that H* anflH are constant in all cases.

Table 3.4: RAMEE system effectiveness at differenbdoor air conditions. Outdoor air
temperatures and humidities are 10°C and 7 g/kg hitgr than indoor conditions (H*=1.8).

Indoor Air Condition System Effectiveness Difference From AHRI Summer
T w RH Sensible| Latent | Total Indoor Conditions (%)
() (g/kg) (%) (%) Sensible | Latent Total
24.0 9.3 50 76.2 59.9 65.8
21.0 9.3 60 76.2 60.0 65.9 0.0 0.1 0.1
24.0 7.1 39 79.0 58.6 66.1 2.9 -1.2 0.2
21.0 7.1 47 79.0 58.7 66.1 2.8 -1.3 0.2

Table 3.4 shows that the indoor air condition glighaffects the system
performance. Changing the indoor temperature hasni@mal effect on the
effectiveness valuex(.1%), while changing the indoor humidity ratio lmsnoderate

effect on both the sensible and latent effectivernasgues €sen= 2.9% anc = 1.3%).
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However the variations in sensible and latent éffeness offset each other and as a
result, the total effectiveness only varies by 0fd8%he conditions considered.

The RAMEE contour plots are based on an indoorcairdition of 24°C and
9.3 g/kg, and the above results show that the plxtsbe applied to other similar indoor
air conditions as long as the humidity ratio diéflece between the two indoor conditions
is less than 2 g/kg. In order to apply the confots to different indoor conditions, the
contours must be shifted by the temperature andditymatio differences between the
new and original indoor air conditions that the tooms are based on (i.e., 24°C and
9.3 g/kg). Shifting the plots allows the zero sfem contour lines to cross the new
indoor air condition. The shifted plots will ham@nimum errors (<0.2%) in the total
effectiveness and slight to moderate (<3%%) ernorthe latent and sensible energy
effectivenesses if the new indoor condition is witR°C and 0.2 g/kg of the original
indoor condition of 24°C and 9.3 g/kg. These erorcrease with the difference
between the new indoor condition and the origimadoor air condition increases,
especially as the difference in humidity ratios@ase above 0.2 g/kg.

The system performance is very sensitive to NTU &dJm and slightly
depends on the indoor air conditions. The systerfopmance contour plots only apply
to a system with a NTU of 10 and NTUm of 2.7, the trends would still apply to other
values. The indoor air conditions influence thassigle and latent performance of the
system. These effects offset each other and assaltrthe influence on total
performance is negligible for a small range of iodair conditions £2°C and

+0.2 g/kg) around 24°C and 9.3 g/kg.
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3.6  Chapter 3 Summary

In this chapter the relationships between the RAMggtformance and the
outdoor air conditions were presented. Previowgdtigations revealed the RAMEE
operated differently under summer and winter stechtizst conditions, but the extent of
this variation for other outdoor conditions was mown. Therefore additional
conditions were simulated that represent the rafigmitdoor air conditions that would
be encountered in a typical year for most climateations. The results showed the
effects of the outdoor air conditions on the peakalf sensible, and latent
effectivenesses and the operating Cr* that calmsetpeaks. The underlying causes of
the RAMEE performance at the different outdoorcaimditions were also elucidated.

The results for the peak total performance wersgred as contour plots that
showed the relationships between sensible, lat@md, total performances and the
outdoor air conditions. These results showed hb®att and moisture transfer in the
RAMEE is governed by primary and secondary potentiaFor heat transfer, the
primary and secondary potentials are the temperatnd humidity ratio differences,
respectively, between the outdoor and indoor aWhile for moisture transfer, the
primary and secondary potentials are the differdme®veen the indoor and outdoor
humidity ratio and temperature. The presence cbrsgary driving potentials for heat
and moisture are unique to the RAMEE and resultitirbeing able to achieve
effectiveness values that are greater than 100%ess than 0% for some outdoor
conditions. The contour plot for the operating @mat causes the system to perform

with the maximum total effectiveness was also shownowing this optimal Cr*,
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allows the energy recovery in the RAMEE to be mazed at different outdoor
conditions

Additional contour plots were presented that shbe peak sensible and latent
performances and the Cr* values at which they ocdurese plots further described the
relationship between the RAMEE performance and db&loor air conditions and
demonstrated the maximum heat and moisture traregfes in the RAMEE.

The unique performance of the RAMEE at —H* conditiavas also investigated.
These conditions were shown to cause very intaiggsasults with sensible and latent
effectivenesses greater than 100% or less thand%dme conditions. The results
showed that at some Cr* values, the difference eetwthe sensible and latent
effectiveness values are considerable which allbeast or moisture to be selectively
transferred over each other. The investigatioo alsowed that at low operating Cr*
values, the individual LAMEESs function as eitheeaaporative cooler or a condensing
heater and the RAMEE would transfer very littleata¢nergy between the air streams.
The potential applications of the RAMEE at thesadittons were proposed and the
numerical model was validated at these conditiomis @perimental findings.

Lastly, the effects of the exchanger size (NTU/NT)lnd the indoor conditions
on the system performances and how they would madtég presented contour plots

were considered.
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Chapter 4

RAMEE EFFECTIVENESS CORRELATIONS

4.1  Introduction

Chapter 3 showed that the effectiveness of the RENEextremely variable and
a function of design (i.e., NTU) and operating dtind (i.e., Cr* and outdoor air
conditions) parameters. In this thesis, the RAMigEormance is determined through
numerical simulations which use the design and aipgy condition parameters as
inputs. However, these simulations are computatiamtensive due to their iterative
nature and are cumbersome to use, which makes ithgnactical for designing and
operating HVAC systems that use a RAMEE for eneegpvery.

In practice, correlations are used to describg#rormance of air-to-air energy
recovery systems. Numerous correlations exigtenliterature that are used to describe
heat exchangers (Incropera and DeWitt 2002), fatepenergy exchangers (Zhang and
Niu 2002), heat wheels (Shah 1981) and energy wh&nonson and Besant 1999a).
The correlations are simple explicit equations tetermine the exchanger performance
(often in terms of effectiveness) based on sevemalit parameters. This chapter
develops a set of correlations to describe the REMEectiveness for different design

and operating condition parameters.
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4.2 RAMEE Dependency on Design and Operating Conditio?arameters
In order to develop correlations for the RAMEE sbles and latent

effectiveness, the individual relationship betwesdfectiveness and design and each
operating condition parameters must be determiredme of these relationships (i.e.,
outdoor air conditions) were briefly shown in Chap®, but are considered here in more
detail. The parameters considered in this study MfU (design parameter), Cr*
(operating condition parameter), and H* aA#i (operating condition parameter /
outdoor air condition). The relationship betweeache parameter and the RAMEE
effectiveness is demonstrated by varying one paemile maintaining the remaining
parameters constant. The design parameter of NTJmdirectly considered in the
analysis because it is related to NTU by the progeenf the LAMEE (see egs. (2.17) &
(2.18)). Because of this coupling, NTU and NTUre aot considered independently

and NTU/NTUm is constant at 3.6 for all the opergttonditions considered.
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4.2.1 Effects of NTU on Effectiveness

The relationship between NTU (design parameter) RAMEE effectivenesses
is shown in Figure 4.1. The figure shows the d#asand latent effectivenesses
increasing as NTU increases with the greatest shtehange occurring at low NTU

values and the effectiveness values leveling dffiglier NTU values.
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Figure 4.1: RAMEE effectiveness as a function of NO (Cr* = 3, H* = 3, and AH = -43 kJ/kg).
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4.2.2 Effects of Cr* on Effectiveness

The relationship between Cr* and RAMEE effectivendsas been shown
previously, but is reintroduced in Figure 4.2. Tigeire shows the sensible and latent
effectivenesses rapidly increasing from zero to imam values and then slowly
decreasing to plateaus as Cr* increases from pehigher values. This relationship is
similar to a run-around heat (sensible) exchangeem that the peak effectivenesses

occurs when Cr* is equal to 1 for a run-around kee@hanger (London and Kays 1951).
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Figure 4.2: RAMEE effectiveness as a function of Cr(NTU = 10, H* = 3, and AH = -43 kJ/KkQ).

4.2.3 Effects of H* on Effectiveness

In Chapter 3, the RAMEE effectiveness contour pi@gigyure 3.3A - Figure
3.5A) show that the contours resemble lines of @omsH* (Figure 2.4). Figure 4.3
shows the relationship between the RAMEE effectégsnand H*. In general, the
sensible effectiveness is linearly related to HY amcreases as H* increases, while the

latent effectiveness is inversely related to H*.owdver near H* = -1, the actual
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relationship between effectiveness and performgda@monds/circles in Figure 4.3)

slightly deviates from the general relationshiglaswn by the lines in Figure 4.3.
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Figure 4.3:
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RAMEE effectiveness as a function of HINTU = 10, Cr* = 3, andAH = -5 kJ/KkQ).
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4.2.4 Effects of AH on Effectiveness

The contours from the effectiveness contour pléigure 3.3A - Figure 3.5A)
are slightly curved, which indicates that H* doeg adequately describe the effects of
the outdoor air conditions of the RAMEE performanc&herefore,AH is used as
another parameter to further describe the relatipnsetween the outdoor air conditions
and the RAMEE performance. Figure 4.4 shows tfiat&venesses are linearly related
to AH with minor deviations (indicated by scatter oamiionds/squares around a linear
trend line). AsAH increases (i.e., outdoor air enthalpy decreasss,eq.. (2.22)), the
sensible effectiveness increases while the latiéettereness decreases. Over the range
considered (-60 kJ/kg to +30 kJ/kg), the changihefeffectivenesses is small (+5% for
sensible and -5% for latent). This shows thbt has a minor effect on effectiveness

compared to NTU, Cr*, and H*.
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Figure 4.4: RAMEE effectiveness as a function ddH (NTU =10, Cr* = 3, and H = -3).
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4.3 Peak Total Performance

Figure 4.1 - Figure 4.4 show the relationships lketwRAMEE effectiveness
and the design and operating condition parameterBeveloping effectiveness
correlations that consider all the parameters wdndcextremely difficult and produce
very complex results. However, correlations thesalibe the RAMEE when it is
operating at peak total effectiveness only reqtie NTU, H*, andAH parameters.
Therefore the peak total effectiveness correlatiwnsld be easier to develop because
they do not depend on Cr*, which is the parameién the most complex relationship
with effectiveness.

Developing correlations describing the peak totfotiveness of the RAMEE is
desirable because of the controlled strategy inited in Section 3.4.4 (and thoroughly
discussed by Rasouli (2010b)) has the RAMEE opegatt its peak total effectiveness
for the given conditions. These strategies calltfe RAMEE to be operated at peak
total effectiveness for most outdoor air conditiqpsedominantly +H*) in order to
maximize energy recovery which in return minimizlbe energy required by auxiliary
equipment to fully condition the air in the buildin The control strategies for —H*
conditions are more complex and sometimes reghae €r* be controlled to give an
effectiveness that is different from the maximuntakoeffectiveness. These —H*
conditions are left for future work. Thereforegtborrelations developed in this thesis
are for only +H* conditions.

In order to operate the RAMEE (i.e., control Crt)ita peak effectiveness for a
given condition, the optimal Cr* for that given abtion must be known. Therefore, a

correlation to describe the optimal Cr* is requiradd should accompany the
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effectiveness correlations. This correlation isvadeped for the same range of
conditions as the effectiveness correlations angletore is only valid for +H*
conditions.

The development of correlations for the peak tefééctiveness will allow the
energy saving potential of the RAMEE to be easdtedmined for a range of conditions
(i.,e., NTU, +H*, andAH) without the need of the computational intensivenerical
model. Additionally, the optimal Cr* correlationowld facilitate operating the RAMEE

at its peak total performance under various cooiakti

4.3.1 Data Range and Correlation Development

This section details the range of the input paramsetnd the methodology that
are used to develop the correlations. The outdwaronditions are shown in Figure 4.5
and consist of 51 +H* conditions with respect tanstard indoor air conditions (24°C,
9.3 g/kg, 50% RH). The outdoor temperatures rdrggeveen -6°C to 38°C while the
humidity ratio ranges between 2 g/kg to 24 g/kdne NTU values range between 1 and
14 at increments of 1 and are manipulated by cingnifie air mass flow rate. NTUm is
not considered directly but has the same propatitynto NTU for all conditions (i.e.,
NTU/NTUm = 3.6). The relationship between NTU aNdUm is based on the
LAMEE properties of Prototype #3 (Mahmud et al. @01 The simulated Cr* values
range between 1 and 5 at 0.05 increments. Theerah@r* is adequately sized to
ensure that the optimal Cr* values for all the dbods considered falls within the

range.
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Figure 4.5: Simulated outdoor air conditions usedd develop the effectiveness correlations.

The correlations are developed from the simulated det consisting of results
from the various input parameters. The data set7/id points from the 51 outdoor air
conditions and 14 NTU values considered. The pet# effectiveness is taken as the
maximum total effectiveness that occurs betweersitin@lated range Cr* of 1 to 5. The
Cr* that causes the peak total effectiveness isrtas the optimal Cr* and the sensible
and latent effectivenesses at the optimal Cr* aeduin the data set. Using Cr*
increments of 0.05 ensure that the peak total @ffatess is very close to the actual
peak value.

The general forms of the correlations are basethenrends observed in Figure
4.1, Figure 4.3, and Figure 4.4. Linear relatiopstare used to relate H* afdH (H*
AHY) to sensible (latent) effectiveness. Power amarithmic relationships are used to

describe the relationship between NTU and effentge and were selected by trial and
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error since they provide a better fit than othesibaunctions (e.g., high order
polynomial, exponential and power relationship3he relationships for the individual
parameters are incrementally combined (H¥H, and then NTU) to form the
correlations. The coefficients for each correlatere determined by minimizing the
root mean square difference between the simulatddcarrelated results for each data
point, which is achieved by the solver functionMircrosoft Excel®. The coefficients
are rounded to simplify the correlations. For tkesible effectiveness correlation, the
temperature change in the supply LAMEE is usedHerroot mean square difference,
while the humidity ratio change is used for theeateffectiveness correlation. The
temperature and humidity ratio changes are usdtieasesults instead of the sensible
and latent effectivenesses because the tempei@tdréumidity ratio changes describe
the actual energy recovery of the RAMEE and thesegbent energy savings. This
method results in some of the correlated effectgsas having large errors compared to

the simulated values, but the errors in the temperéumidity ratio changes are small.

4.3.2 Correlations

Sensible Effectiveness

The correlation for the sensible effectiveness wtienRAMEE is operating at
peak total effectiveness is given in equation (4.Dhe correlation shows that the
sensible effectiveness increases linearly with Htl AH. As NTU increases, the

sensible effectiveness also increases but at aidgcaate of change.

€gen = 0.0093INTU [H* -45[{NTU +4) 3 +8x107° [{H* +0.4) INTU [AH + 0.678 4.1)
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The accuracy of the correlation is shown in Figdrg which compares the
correlated and simulated change in the supplyesmperature AT). The differences
between the simulated and correlated temperatuasges §AT) has 95% of the
considered points WitRAT < 0.2°C, 75% of the points witBAT < 0.1°C, and a
maximum difference of 0.31°C. Based on the conspariand the small differences
between the simulated and correlated supply airpéeatiure changes, the sensible
effectiveness correlation is able to successfutiednine the sensible energy transfer in
the RAMEE when it is operating at peak total effemtess within the range of

conditions considered.
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Figure 4.6: Comparison between correlated and simated supply air temperature change.

Latent Effectiveness
The correlation for latent effectiveness is shownequation (4.2). The latent

effectiveness decreases linearlyMs$ increases and decreases linearly as the invérse o
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H* increases. The latent effectiveness also irsgeavith NTU, but at a decaying rate

of change.
€Lat = 001INTU [H* T ~67(NTU +10) 2 ~3x1075 [{H* 1 +2)INTU [DH + 06714 5y

The accuracy of the latent effectiveness corratasashown in Figure 4.7, which
displays the comparison between the correlated samdilated change in supply air
humidity ratio. The difference between the cotedeand simulated supply air humidity
ratio changess@W) has a maximum value of 0.12 g/kg with 91% of pleents having
0AW < 0.05 g/kg and 64% of the points haviddW < 0.025 g/kg. These low
differences between the correlated and simulatechidity ratios show the latent
effectiveness correlation is able to accuratelycdes the latent performance of the

RAMEE.
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Figure 4.7: Comparison between correlated and simated supply air humidity ratio change.

Total Performance
The total effectiveness of the RAMEE is determifredn the sensible and latent

effectiveness and H* according to equation (4.&n(®ison, Besant 1999Db).

€gentH™ €
ETot = Sen1+ wr Lat (4.3)

The accuracy of the total effectiveness correlaisoshown in Figure 4.8, which
compares the change in the supply air enthalpydmwhe simulation and correlation.
The differences between the correlated and simdisueply air enthalpy chang&\H)
has a maximum value of 0.47 kJ/kg and 96% of thatpdavedAH < 0.25 kJ/kg and

65% ofoAH < 0.1 kJ/Kkg.
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Figure 4.8: Comparison between correlated and simated supply air enthalpy change.

Optimal Cr*
The correlation for optimal Cr* provides the Cr*lwa that has the RAMEE

operating at its maximum total effectiveness fgiven outdoor air condition and NTU,

which is shown in equation (4.4).
Cr * o = [LN(NTU ) +10] TH *°* +|(H * +5)2 ~ 0,023 iaH +0.177 (4.4)

The optimal Cr* as a function of the outdoor aindiions (H* andAH) and
NTU is extremely complex, but the developed cotietais able to achieve a moderate
degree of accuracy as can be seen in Figure 48.cmparison between the simulated
and correlated optimal Cr* has a maximum erg€r{opima) Of 0.30 and 85% of the

points havedCr*opiimai< 0.1 and 59% of the points had€r*opima< 0.05. Using a Cr*
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that is 0.3 off the optimal Cr* can results in ttetal effectiveness being off by 2%,

which equates to temperature and humidity rationghaerrors of 0.8°C and 0.03 g/kg.
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Figure 4.9: Comparison between correlated and simated optimal Cr*.

4.4  Chapter 4 Summary

In this chapter the effects of the system (i.e.JUN@nd operating (i.e., Cr*, H*,

AH) parameters on the RAMEE performance were showhese relationships were
guantitatively described and used to create a fSetooelations that describe the
RAMEE effectivenesses and optimal Cr*. The devetbporrelations use NTU, H*,

and AH as input parameters to determine the optimal &1 the sensible and latent
effectivenesses of the RAMEE when it is operatihgnaximum total effectiveness.

The correlations are able to determine the changethe supply air temperature,
humidity ratio, and enthalpy and the optimal Crtiwminimal error (0.31°C, 0.12 g/kg,

and 0.47 kJ/kg, 0.30) and are valid for all +H* ddions between -6°C to 38°C and O to

24 g/kg and NTU values from 1 to 14 with NTU/NTUN8%.
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Chapter 5

EFFECTS OF NON-UNIFORM EXCHANGER CHANNELS

5.1 Introduction

Non-uniform exchanger channels in the LAMEE areimerent design and
construction challenge. Since the membrane thadrages the air and salt solution is
very flexible, it readily deforms due to the prassdifference across each membrane
between the two fluids. Deformations in the membranean the flow channel
thickness varies throughout each LAMEE, which causen-uniform air and solution
velocities in each LAMEE. Varying channel thickees also cause a spatial variation in
the heat and moisture transfer coefficients fohefiad. The effects of the fluid flow
maldistribution and variable heat and moisture dfan coefficients on the RAMEE
performance (effectiveness) are investigated is thiapter. The investigation presents
two somewhat independent methods of estimatingctitenge in effectiveness when
simple geometric deflections are imposed in thavflohannel, i.e., algebraic and
numerical simulation methods. As well, these nucaémpredictions are compared to
some experimental results.
5.2 Geometry of Deformed Channel

The deformed air and solution channels used in ¢hapter are significantly
different than the undeformed channels used toldpwlee model presented in previous

chapters. Figure 5.1 shows the expected geonuktierences between the uniform and
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non-uniform channels in each LAMEE. Uniform flovhannels were used in the
numerical analysis in Chapters 3 and 4 where thalm&ne panels are parallel to each
other. The non-uniform flow channels, considemedhis Chapter, have the membrane
bulging into the air channel, which form a sinusdidattern as shown in Figure 5.1B.
This sinusoidal pattern is used to approximate dbminant membrane deformation
shape in each exchanger which is caused by théi@olchannel bulging into the air
channel because of the pressure differential betweechannels. The membrane forms
a sinusoidal shape because the membrane bulgesdrewvenly spaced air channel
support structures, which are used to prevent ithehannel from collapsing on itself.
This sinusoidal membrane shape is repeated ovehdlght of the channel in the z
direction with the number of cycles depending om tlnmber of support structures and

the sinusoidal shape runs the length of the chanrtbe x direction.
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Figure 5.1: Schematics of uniform and non-uniform bannels with z scale# to y scale. Fluid flows
are into and out of page in the x direction.

The magnitude of the membrane deflection is charaetd by the size of the
peak membrane deflection divided by the undefletexninal) air channel thickness.
Therefore, a deflection of 50% would imply that timembranes would be in contact
with each other at the center of the air chanfagure 5.2 shows the shape (over one
cycle) of the membrane for deflections of 10% a®8o02of the nominal air channel
thickness in a LAMEE. This figure represents thedlattion position with a relative
scale that has the peak membrane deflections anguat relative positions of 0 and 1
and the minimum deflection occurring at 0.5. Imsthection and subsequent sections
(i.e., 5.2 to 5.4), the LAMEE is modeled with nomliair and solution channel of 4 mm
and 2 mm respectively. Also, the effects of thppsut structure inside the air channel

are not considered in this analysis and are leffufiure investigations.
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Figure 5.2: Shape of one membrane deflection cycle.

5.3  Effects of Non-Uniform Channels on RAMEE Parameters

This section describes how the non-uniform chana#éct key parameters that
govern the RAMEE operations. The parameters tteacansidered here are the local
fluid flow rates in the channel (Cr*), the overbh#at and moisture transfer coefficients
(U and U,), and the NTU and NTUm values. These parameters@malized relative
to these values in a RAMEE with uniform channelseacth LAMEE. Therefore, a
parameter with a relative value of 1 is equal te garameter for a RAMEE with

uniform channels.

5.3.1 Local Fluid Flow Rates

The non-uniform channels create flow maldistribngidn the air and solution
channels, with variable local mass flow rates. uwal fluid mass flow rate is the flow
through a channel section of variable thickn@sg| {a, Oairvar) @and equal widthXz).
The resulting maldistributed mass flow rate is dateed by eq. (2.11) which

determines the mass flow distribution based ory fdéveloped Poiseuille flow and that
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the pressure drop along the length of the charméhe same across the face of the
channel (i.e., independent of z).

The normalized mass flow rates of the air and smushown in Figure 5.3 and
Figure 5.4 are normalized with respect to the fioehannels with uniform thicknesses.
These figures show each fluid will have a highessnidow rate in the wider sections of
their channels (i.e., relative positions 0 and rithee air flow) and a lower flow rate in
the narrower section of their channels (i.e., redaposition 0.5 for the air) compared to
the flow rate in a uniform channel. The variationamass flow rate increases as the
magnitude of the peak membrane deflection increas@fie arrangement of the
membrane bulges in the channels result in regiatis lmgh solution mass flow rates

being adjacent to regions with low air mass flovesaand vice versa.
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Figure 5.3: Normalized air mass flow rate distributon for one cycle of membrane deflection in the
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Figure 5.4: Normalized solution mass flow rate distbution for one cycle of membrane deflection in
the channel.

The local Cr* values combines the distribution lué tocal air and solution flow
rates. Figure 5.5 shows this Cr* distribution whicas low values in the wide air

channel sections (relative position 0.5) and largiees in the narrow sections (relative
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positions 0 and 1). The local Cr* in a LAMEE witlon-uniform channels is therefore

very different from a uniform channel system.
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Figure 5.5: Normalized local Cr* distribution for one cycle of membrane deflection in the channel.
5.3.2 Overall Heat and Moisture Transfer Coefficients

The channel thickness variations also influence dherall heat and moisture
transfer coefficients between the bulk air and sofuflows. The overall heat and
moisture transfer coefficients are determined freon. (2.3) and eq.. (2.9) and
incorporate the heat and mass transfer coefficiempesed by the membrane and the air
and solution boundary layers. The coefficientslested in Table 5.1 and are based on
air and solution channels of 4 mm and 2 mm respagtiand fluid conditions
encountered during standard summer test conditiofhe solution mass transfer
coefficient is not incorporated in the overall da@ént but is accounted for in the
governing equations (see Section 2.2.3). The flargsassumed to be laminar and fully
developed, which results in the air and solutionveative transfer coefficients only
being affected by the channel thicknesses in threumiform channel according to eq..
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(2.13) and independent of the fluid flow rates. efidiore the convective coefficients
increase as the channel thickness decreases andersa.

Table 5.1: Heat and mass transfer coefficients fdaminar and fully developed flow in a 4 mm air
channel and 2 mm solution channel.

Heat Transfer Coefficients

N 27.1
K/Byiem 1670  W/(m*s)
hsol 998

Mass Transfer Coefficients

hmar  0.0335

kg/(m?-s
Ko /Syer  0.0083 gl(m-s)

Figure 5.6 and Figure 5.7 show the distributionshef normalized overall heat
transfer (U) and the overall mass transfeg)(toefficients in the non-uniform channels,
respectively. The variable overall coefficient® aormalized to the coefficients for
uniform channels. Both these overall coefficients highest when the air channel is
narrowest (relative positions 0 and 1), which iséaese the air convective coefficients
are higher in the narrow section than the wide igest and the air convective
coefficients make the greatest contributions toawerall coefficients. The variation in
the overall coefficients increases as the sizehef pjeak deflection increases. The
change in the overall mass transfer coefficiergigmificantly smaller than the overall
heat transfer coefficient (~20%), which is duelte thembrane’s transfer coefficient to
mass transfer having the greatest contributiorhéodverall mass transfer coefficient,

which is independent of membrane deflection.
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Figure 5.6: Normalized overall heat transfer coefftient (U) distribution for one cycle of membrane
deflection in the channel.
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Figure 5.7: Normalized overall mass transfer coeffient (U,,) distribution for one cycle of
membrane deflection in the channel.

5.3.3 NTU and NTUm
The effects of the flow maldistribution and varbbverall heat and mass

transfer coefficients are summarized by the locABUNind NTUm values as defined by
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egs. (2.17) and (2.18). Figure 5.8 and Figuresh®w the normalized local NTU and
NTUm distributions in the non-uniform channel. Qmared to the uniform channel, the
local NTU values are depressed in the wide sectbtise air channel (between relative
positions 0.3 to 0.7) and enhanced in the narrosticses of the air channel. For the
peak membrane deflection of 20%, the relative NBdrdases by half in the widest part
of the channel and increases 4 times in the nasbwart compared to a uniform

channel. The average NTU/NTUm values are gredten tL and increases as the
deflection size increases. The relative NTUm hasralar distribution as NTU except

that the magnitude of the variation is not as large
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Figure 5.8: Normalized local NTU distribution for one cycle of membrane deflection in the channel.
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Figure 5.9: Normalized local NTUm distribution for one cycle of membrane deflection in the
channel.

The relative NTU and NTUm distributions are outpbiase with the relative air
mass flow rate distributions, which is shown by pamng Figure 5.8 and Figure 5.9
with Figure 5.3. This arrangement results in thk of the air flowing through the
channel sections with the lower local NTU and NTuatues.
5.4  Effects of Non-Uniform Channels on RAMEE Effectiveress

Chapter 4 showed that NTU and Cr* significantly luehce a RAMEE’s
effectiveness, while Section 5.3 showed that ther-utaform channels create
distributions in the local Cr* and NTU. Therefoeedistribution in the local NTU and
Cr* caused by non-uniform channels will change RBMEE effectiveness. This

change is investigated in this section.

5.4.1 Algebraic Analysis

This section introduces a simple algebraic analisisighlight the mechanisms
that allow the variable Cr* and NTU values to imfhce the effectiveness. This analysis

considers an exchanger with nominal air and salutbannels of 4 mm and 2 mm
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respectively that have a peak membrane deflectfoRO86. Figure 5.10 shows one
cycle of the membrane deflection in the air chanviath is divided into 10 segments of

equal widths.

/\

—_—

-3 T
0.0 0.5 1.0

Relative Deflection Position

Position (mm)
o

Figure 5.10: Air channel with 20% peak membrane ddéction showing one deflection cycle
discretized into 10 segments.

Table 5.2 contains the local values for the air sriésw rate, Cr*, NTU, and
total effectiveness for each of the segments shiowkigure 5.10. The local air mass
flow rate (in each segment), Cr*, and NTU are dateed from the methods described
in Section 5.3, while the total effectiveness igedmined from the method that is
discussed below. The air and solution flow ratesbeased on the fluid mass flow rates
of a uniform channel RAMEE operating with a NTUG#&nd a Cr* of 2.6 (optimal Cr*)
for the simulated AHRI summer condition. The lowalues for the RAMEE with

uniform channels, which are constant for each segnaee also contained in Table 5.2.
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Table 5.2: Local parameters and total effectiveneds discretized segments for the RAMEE
operating at a NTU 6 for RAMEE channels with or without a 20% deflection.

Local Value
Segment | Ajr Mass
Flow Rate NTU cr Eot
(9fs)
Uniform Channels
16 | 0344 | 60 | 26 | 532
Non-Uniform Channels With 20% Deflection
6 0.133 24.4 12.6 56.9
5 0.160 19.2 9.2 59.2
4 0.247 11.0 4.1 63.1
3 0.393 6.0 15 47.8
2 0.547 3.9 0.7 23.2
1 0.614 3.4 0.5 16.4
2 0.547 3.9 0.7 23.2
3 0.393 6.0 15 47.8
4 0.247 11.0 4.1 63.1
5 0.160 19.2 9.2 59.2
6 0.133 24.4 12.6 56.9
Flow Rate Weighted Average 37.9

The results in Table 5.2 show the local air masw flates are higher in the wider
segments (i.e., 1-3) and lower in the narrower sagaicompared to the local mass flow
rates in the RAMEE with uniform channels. The loddU and Cr* values have an
opposite trend and their values increase (comp@ar¢tae uniform channel local values)
when the local air mass flow rate decreases ancgease when the flow rate increases.
These patterns result in the segments of the amra#l with the higher mass flows rates
having lower NTU and Cr* values than the segmentis the lower mass flow rates.

The local total effectiveness in each segment isrdened from the local NTU
and Cr* that are determined algebraically. FigbrEl shows the contour plot of total
effectiveness as a function of NTU and Cr*. Thisitour plot is based on the steady
state numerical simulations for a RAMEE with uniforair and solution channels of
4 mm and 2 mm respectively operating at AHRI sumpwrditions. The local total

effectiveness values are determined by plottingltieal NTU and Cr* values on the

108



contour plot (as indicated by the numbered ciroled=igure 5.11) and interpolating the
resulting effectivenesses. These local total éffeness values are displayed in Table
5.2 and show that the segments with the highernasass flow rates also have
effectivenesses that are lower than the effectsse®for a uniform channel exchanger.
The consequence of this is that the average efeaatss of the channel, based on an air
mass flow rate weighted average (to account fomth&listributed flow), is lower than
the effectiveness for a RAMEE with uniform channelsor the case considered here,
the average total effectiveness for the RAMEE witim-uniform channels is 37.9%,
which is significantly lower than the value of 5% Zor the uniform channel RAMEE

operating at the same conditions.
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Figure 5.11: Contour plot of total effectiveness aa function of NTU and Cr* for a RAMEE with air
and solution channels of 4 mm and 2 mm with NTU/NTlh = 3.8 operating at AHRI summer
conditions. Dotted line indicates the maximum effgiveness for a given NTU and the corresponding
optimal Cr*. Circles and square correspond to thdocal NTU and Cr* for discretized segments of
channels with or without 20% deflections respectively.

The above analysis shows that the variable locdl Mind Cr* values, that are
caused by non-uniform channels, significantly daseethe total effectiveness of the
RAMEE compared to a system with uniform channelhe effectiveness decreases
because a higher proportion of the air flows thiotlie wider segments of the channel
that have decreased local total effectivenessesedaby the decreased local NTU and

Cr* values.
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Unfortunately, an invalid assumption is made in #éhgebraic analysis of the
effects of the non-uniform channel. In the RAMHERe solution at the exchanger outlet
has temperature and concentration profiles thatreleded to the local effectiveness
profile. The solution is then mixed before it estéhe other exchanger and as a result
has a constant temperature and concentration aextleanger inlet. The algebraic
analysis used up to this point in the chapter dumsaccount for this mixing of the
solution and assumes the solution temperature amdteatration profiles at the
exchanger outlet are the same at the inlet. Assalt; the local effectiveness values
obtained from Figure 5.11 and the determined aweedfpctiveness would be slightly
different since mixing occurs. Nevertheless, #nalysis demonstrated the processes by
which the non-uniform channels influence the RAM&HEectiveness. The next section
uses numerical simulations, which account for th&img of the solution, to more

accurately determine the effects of non-uniformneteds on the RAMEE effectiveness.

5.4.2 Numerical Analysis

Section 5.4.1 used a simplified algebraic approdoh demonstrate the
mechanisms by which the non-uniform channels imibeethe RAMEE effectiveness.
Numerical simulations of the RAMEE are now useddescribe the effects of non-
uniform channels on the RAMEE effectiveness.

A counter-flow LAMEE with air and solution channdicknesses of 4 mm and
2 mm, respectively, operating at AHRI summer coodg is simulated. Peak
membrane deflections ranging between 0% and 30%carsidered in order to
adequately describe the effects. The total airsnilasv rates are constant for all the

deflections and correspond to the mass flow raiega RAMEE with uniform channels
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operating with NTU values of 6 and 12. The ratetviieen NTU and NTUm (i.e.,
NTU/NTUm) is 3.8 for the simulations.

Figure 5.12 and Figure 5.13 show the sensibleniasnd total effectivenesses
that occur when the RAMEE is operating at its ptedlil effectiveness as a function of
the peak membrane deflection for both NTU valueBhe figures show the total
effectiveness gradually decreasing in value asdgfection size increases to 5% and
then beyond 5%, the effectiveness decreases rapsdthie deflection size increases to
15%. At deflections greater than 15%, the totédaiveness decreases with deflection
size in a nearly linear manner, but not as rapadiyt did between deflections of 5% to
15%. The sensible and latent effectivenesses ixthib same trend as the total
effectiveness. The decrease effectiveness famtbeNTU cases is slightly higher when
NTU equals 12 (based on percent change) and thmsssthat the impact of non-

uniform channels increase slightly with NTU.
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Therefore, Figure 5.13 (i.e., a RAMEE operating &TU of 12) shows that if a
counter-flow RAMEE with 4 mm and 2 mm air and smuotchannels operating with a
NTU of 12 has a peak membrane deflection of 10%idmwhkvould have a maximum

deflection of 0.4 mm), the sensible, latent, anthlt@ffectivenesses are reduced by
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15.6%, 10.7%, and 12.5%, respectively, comparedth®® same system with no
deflections.

The effects of the non-uniform channels on the RAVkerformance is further
demonstrated by plotting the total effectivenesa &snction of Cr* for different values
of peak membrane deflections, which is shown irufgg5.14 and Figure 5.15. The
results reveal how the effectiveness decreasdseadeflection size increases, which has
the effectiveness decreasing at all Cr* values, bote significantly at lower Cr*
values. As a result, the characteristic effectegsnpeak becomes less distinct and
becomes absent at deflections greater than 10%o0, &le operating Cr* that produces
the maximum total effectiveness increases fronogstenal Cr* to higher Cr* values as
the deflection size increases. These trends aeredd for both NTU values (i.e., 6 and

12) but they are more prominent at the higher Nalle.
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Figure 5.14: Total effectiveness as a function ofr€at different values of peak membrane
deflections at NTU = 6.
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Figure 5.15: Total effectiveness as a function ofr€at different values of peak membrane
deflections at NTU = 12.

5.4.3 Comparison Between Algebraic and Numerical Methods

Two methods are used to describe the effects afidineuniform channels on the
RAMEE effectiveness.  The algebraic method is sémphnd determines the
effectiveness without directly simulating a RAMEERtlwnon-uniform channels, but it
assumes the solution is not mixed when it travelsvben LAMEEs. The numerical
method is more complex and directly simulates tbe-uniform channel. Table 5.3
compares the results from the two methods and shioaisboth predict that the peak
total effectiveness decreases as the deflectienis@eases. The results show that the
simpler algebraic method is unable to exactly rdpce the results obtained by directly
simulating the non-uniform channels. The resuls® ahow that the mixing of the
solution between LAMEEs has a significant effect tne RAMEE performance.

Therefore, the effects of the non-uniform chanoelshe RAMEE effectiveness have to
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be determined by directly simulating the non-untiacthannels. Nonetheless, using the
algebraic method is reasonably accurate up to ka gefection of 20%.

Table 5.3: Comparison peak total effectiveness fatifferent deflections determined by algebraic and
numerical methods when NTU = 6.

. Peak Total .
Deflection Effectiveness (%) Difference
(%) Algebraic Numerical (%)
5 52.8 51.0 1.8
10 49.4 46.3 3.1
20 37.9 40.4 2.4
30 26.7 37.0 -10.3

5.5 Effects of Non-Uniform Channels on Experimental Préotypes

Comparisons between numerical and experimentaltsebave demonstrated
several discrepancies (Erb et. al 2010, Mahmual &010). The numerical results often
have higher effectiveness values than higher tlmen experimental results and the
experimental results do not demonstrate a peakfé@ttereness that is present in the
numerical results. Both of these discrepancies mesent in the numerical and
experimental results for Prototype #3 operating BTU of 12 as shown in Figure 5.16.
This section numerically investigates if these idipancies are due to the effects of non-
uniform channels. The following analysis compatbs experimental results of
Prototype #3 (Mahmud et. al 2010) to numerical lteswith non-uniform channels with

different peak membrane deflections.
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Figure 5.16: Experimental and numerical results oPrototype #3 (Mahmud et. al. 2010) operating at
NTU = 12 and AHRI summer conditions.

Prototype #3 was built and tested by Mahmud et(2010) and utilizes a
combination cross-counter flow configuration. Thkey dimensions and properties of
Prototype #3 are shown in Table 5.4. Testing wasdacted near AHRI summer
conditions at NTU values of 4, 7, 8.5, and 12, watich NTU value tested at 4 Cr*
values ranging between 1 and 5 for a total of ljfeermental data points. The ratio
between NTU and NTUm for Prototype #3 is ~3.6 fbthe data points.

Table 5.4: RAMEE Prototype #3 specifications.

Property Value
Panel Dimensions
Length 1800 mm
Width 200 mm
Entrance Length 76 mm
Channel Thicknesses
Air 4.2 mm
Solution 2.7 mm
Membrane Properties
Thickness 0.2 mm
Thermal Conductivity 0.334 W/(m-K)
Water Vapour Permeability 1.66 x 10° kg/(m-s)
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Numerical results for non-uniform channels with bpeaembrane deflections

from 0% to 20% are simulated and are based on pkeifgcation of Prototype #3.

These numerical results utilize a counter flow aunfation while Prototype #3 uses a
cross-counter flow configuration. However, Figsel7 shows that the numerical
results for a counter flow and cross-counter floonfgured RAMEE based on the
specification for Prototype #3 are very similarheTdifferences between the two flow
configurations are minimal and less than the difiees between the counter flow
RAMEE with uniform channels and non-uniform chamsnelith peak membrane
deflections of 5% (Figure 5.17). Therefore, therdger-flow numerical results can be

used to compare the cross-counter combination empetal results.
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Figure 5.17: Numerical results based on Prototype3#at NTU = 12 operating with either a counter
flow or cross-counter combination flow configurations. Counter flow configurations for uniform
channels and for non-uniform channels with a peak mmbrane deflection of 5% are used.

The total effectiveness numerical results with mworform channels are applied
to the experimental results for Prototype #3 opegaat NTU = 12, which is shown in

Figure 5.18. The experimental results are bourimetdieen the numerical results for
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membrane deflections of 10% and 20%. The expeiaheesults are very similar to

the trend for the numerical results with a defl@ctof 10% in that their effectivenesses
rapidly increase to a plateau as Cr* increasesowitlachieving a peak value. From
these results, the size of the peak membrane tlefida Prototype #3 is interpolated to
approximately 12%. The size of the deflection appears be relatively constant for

the different Cr* results, which shows that thelelefon size is not too dependent on the

solution flow rate.
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Figure 5.18: Prototype #3 experimental and numeridaotal effectiveness at NTU = 12. Numerical
results are for non-uniform channels with peak membane deflections between 0% and 20%.

The experimental and numerical results for the ibénsand latent
effectivenesses are shown in Figure 5.19 and Figu@. Both figures show the same
general trends as the total effectiveness reswiltis,the results mostly being bounded by

the numerical results for membrane deflections08bnd 20%.

119



o
o))

o
o

©
N

o
w

Peak Membrane
Deflection

o
(N

Sensible Effectiveness

o
-

o
o

Cr*

Figure 5.19: Prototype #3 experimental and numeridasensible effectiveness at NTU = 12.
Numerical results are for non-uniform channels withpeak membrane deflections between 0% and
20%.
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Figure 5.20: Prototype #3 experimental (Mahmud etla2010) and numerical latent effectiveness at
NTU = 12. Numerical results are for non-uniform ctannels with peak membrane deflections
between 0% and 20%.

There are additional experimental results from &ype #3 for different NTU

values of 4, 7, and 8.5 and their total effectisneesults are shown in Figure 5.21 to
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Figure 5.23. The experimental results for the NMalues of 7 (Figure 5.22) and 8.5
(Figure 5.23) are still bounded between the nurakresults for deflections of 10% and
20%, which was the case for when NTU is 12. Thsalte for NTU of 4 are outside
these bounds and are between deflection of 5% @%@ 1These results show that the
size of membrane deflection in Prototype #3 istiaddy constant for different air flow
rates (i.e., different NTU), except at low NTU (j.digh air flow rate) where the
deflection size is slightly decreased. This isemeayal statement due to the limited

number of data points.
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Figure 5.21: Prototype #3 experimental (Mahmud etla2010) and numerical total effectiveness at
NTU = 4. Numerical results are for non-uniform chanels with peak membrane deflections
between 0% and 20%.
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Figure 5.22: Prototype #3 experimental (Mahmud etla2010) and numerical total effectiveness at

NTU = 7. Numerical results are for non-uniform chanels with peak membrane deflections
between 0% and 20%.
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Figure 5.23: Prototype #3 experimental (Mahmud etla2010) and numerical total effectiveness at
NTU = 8.5. Numerical results are for non-uniform tiannels with peak membrane deflections
between 0% and 20%.
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5.6 Limitations of Numerical Analysis of Non-Uniform Channel Thicknesses

The numerical analysis of a RAMEE with non-unifooiannel thicknesses is
able to successfully reproduce the experimentalltse®y simulating peak membrane
deflection around 12%. This shows that some ofdikerepancy demonstrated by the
previous RAMEE prototypes between the experimeatal numerical results (uniform
channels) can be attributed to the fluid flow mstidbutions and variable overall heat
and moisture transfer coefficients caused by nafetm channels. However, the actual
size of these predicted deflections is very smadl seems impractical. In the case of
Prototype #3, a 12% deflection represents a déflecif 0.5 mm. It was proposed by
Mahmud et al. (2010) that the size of the deflexdiom Prototype #3 could easily exceed
1 mm.

The differences between the predicted and propolkadnel thicknesses can be
attributed to many things. The model assumed #lsimdhannel deformation pattern
which may not adequately describe the actual defles. The effects on heat transfer
and fluid flow by the air channel support structuneere not considered and thus
neglected. The fluid flows are also assumed tdalb@nar which is justified for non-
deformed channels, but the flow may be transitiomalturbulent in the deformed
channels. A transitional/turbulent flow would irase the overall transfer coefficients
and result in a smaller decrease in effectivenessa fgiven deflection compared to a
laminar flow. Therefore, a more complex model thdtdiresses these limitations might
predict that Prototype #3 operates with a membdaflection of about 1 mm.

Nevertheless, the numerical results with non-unifahannels show the same

trend as the experimental results and demonstnatethie absence of the peak in total
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effectiveness is due to the non-uniform channeirtber investigation into the effects of
non-uniform channels is recommended and is beslestuvith a computational fluid
dynamics (CFD) model. CFD will more accurately mothe complex fluid flow
pattern, especially if it is turbulent, in the eaager and the heat and moisture transfer
coefficients. The fluid flow and heat and moisttnansfer resistances results from the
CFD analysis could then be implemented into the emisal model to properly address
the effects of non-uniform channels on the RAMEEfgenance. This analysis is
beyond the scope of this study and is left for faitstudy.
5.7 Chapter 5 Summary

The purpose of Chapter 5 was to consider the sffeCexchangers with non-
uniform channels on the RAMEE performance. It waswn that the direct effects of
the non-uniform channels are that the fluid floved®es maldistributed with more fluid
flowing in the wider sections of the channel, ahd overall heat and moisture transfer
coefficients become variable. These variable flii@v rates and overall transfer
coefficients were then shown to reduce the RAMBEatifveness and that this reduction
increases as the size of the deflection increa8esharacteristic of this decrease is that
the peak in effectiveness is greatly reduced arehterally vanishes as the deflection
size increases. This understanding of these effe#fchon-uniform channel thicknesses
were then applied to the experimental results fRnototype #3, which showed that the
numerical results with non-uniform channels wereyv@milar to experimental results.
Further analysis of these results implied that ®Rype #3 is operating with membrane

deflections of around 12%.
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Chapter 6

SUMMARY, CONCLUSIONS, AND FUTURE WORK

6.1 Summary

Run-around membrane energy exchangers (RAMEE) dfleat and moisture
transfer between isolated supply and exhaust atiotil air streams. Liquid to air
membrane energy exchangers (LAMEES) are placdueisupply and exhaust ducts and
transfer heat and moisture between the air andjadlidesiccant that is circulated
between the supply and exhaust LAMEEs. The ahilftthe RAMEE to transfer heat
and moisture between isolated supply and exhauss duakes it suitable for several
HVAC applications, such as hospitals and buildingrgy retrofits.

The objective of this thesis was to expand on tidetstanding of the RAMEE
operation and performance, which focused on theceffof outdoor air conditions and
the effects of non-uniform exchanger channels @RAMEE performance. This was
achieved through numerical simulations and compasswith experimental results
where available. The numerical model used in tfhesis was developed and validated
by Vali (2009) and was introduced in Chapter 2igl8Imodifications were made to the
model to better describe the RAMEE and accomphstobjectives of the study.

The effects of outdoor air conditions on RAMEE penfiance were investigated
in Chapter 3. Contour plots for the sensible,rgtand total performances at different

outdoor air conditions were developed. These giaige contours of effectiveness and
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supply air temperature, humidity ratio or enthalpliange superimposed on a
psychometric chart and the values are for the wedwmn the RAMEE is operating with
peak total effectiveness. The contour plots shothatithe RAMEE effectivenesses are
very dependent on the outdoor conditions and magdsethan 0% or exceed 100% for
certain conditions. From these contour plots, ¢bapling of the heat and moisture
transfers were discussed and elucidated. Thisliogupesults in higher heat transfer
when the difference between the indoor and out@dohumidity ratios increase and
higher moisture transfer when the difference betwéee indoor and outdoor air
temperatures increase. A contour plot that dessrithe optimal Cr* for different
outdoor conditions was also developed. Additiooahtour plots were created that
describe the RAMEE when it is operating with peaksible and latent effectivenesses.
All of these contour plots aid in describing thdatenship between the RAMEE
performance and the outdoor air conditions and d/éatility RAMEE implementation
studies.

Chapter 3 also contained a more detailed investiganto the performance of
the RAMEE at outdoor air conditions that are co@ed moister or warmer and drier
than the indoor air, which are referred to as -Hhditions. In many -H* conditions the
RAMEE may be controlled (by controlling the solutibow rate) to selectively transfer
either heat or moisture. This unique relationdbgtween effectiveness and solution
flow rate at —H* conditions was experimentally dalied. This selective heat or
moisture transfer was most pronounced at very lawti®n flow rates where the supply
and exhaust LAMEEs are able to exchange sensidgggrior latent energy and vice

versa without exchanging a significant amount oérgg between LAMEES. These
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behaviours at —H* conditions and very low solutftmw rates could have energy saving
potentials in climatic locations where many hoursiyear have —H* conditions or in
industrial applications that require selective h@amnoisture transfers in —H* conditions.
The results in Chapter 3 on the relationships betmtae RAMEE performance
and outdoor air conditions were used to developgetations in Chapter 4. The
correlations use NTU (RAMEE design parameter) ahditl AH (enthalpy difference
between indoor and outdoor air) as input paramet8ensible and latent effectiveness
correlations for the case when the RAMEE is opegatat its maximum total

effectiveness were developed and are

Esen = 0.0093NTU [H* ~45[(NTU + 4) > +8xL0™° [{H * +04)INTU [AH + 0.678 ¢ 1

€ = O0LCNTU [H* ™ —67((NTU +10) 2 - 3x10°% [{H* ™ +2)INTU [2H + 0671 6.2

The total effectiveness is determined from theseretations by the relationship

determined by Simonson and Besant (1999b), which is

€sentH* €
€10t = Sen1+ — Lat . (6,3)

Another correlation was determined to describeQle(ratio of solution and air heat
capacity rates) that results in the RAMEE operatihgs maximum effectiveness. This

Cr* is referred to as the optimal Cr* and its ctat®n is
. = %01 * 2524 _ _ (6.4)
Cr* optimal = (LANTU +10) [H +[(H +5) o,ozj [AH +0.177

The correlations are valid for +H* outdoor conditsofrom -6°C to 38°C and 0O to 24
g/kg and NTU values from 1 to 14. The maximumaedighces between the simulated

and correlated changes in the supply air temperatwrmidity ratio, and enthalpy are
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minimal at 0.3°C, 0.1 g/kg, and 0.5 kJ/kg respetyiv The maximum error between the
simulated and correlated optimal Cr* is 0.3.

The effects of non-uniform exchanger channels oMEE effectiveness were
investigated in Chapter 5. The channels were neddelith a sinusoidal pattern to
represent the membrane deflection pattern obsarv&iototypes #3. The deflection
magnitude is the deflection size divided by the eflfedted air channel thickness. The
non-uniform channels create a maldistributed filosv and variable heat and moisture
transfer coefficients. The non-uniform exchangbarmmels analysis shows that the
RAMEE effectiveness reduced and that the reduahoeffectiveness increases as the
size of the deflection increases. For a RAMEE afieg at a NTU of 12 with peak
membrane deflections of 10%, the peak total effeaiss is reduced by 12.5% and the
sensible and latent effectivenesses are reduced6fo and 10.7% respectively. The
non-uniform channels cause a greater decreaséectieéness at lower Cr* values and
result in a diminished effectiveness peak thatseat at higher deflection sizes. This
decreased effectiveness and absent peak agreesewiérimental findings from
Prototype #3 and the numerical results imply that prototype was operating with a
peak membrane deflection of 12%

6.2  Conclusions

The investigations contained in this thesis prodube following conclusions.

1. The sensible, latent, and total effectivenesseshef RAMEE are variable and
strongly influenced by the outdoor air conditiorihe effectivenesses are strongly

dependent on H* and mildly dependent/iA.
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6.3

RAMEE effectivenesses can be less than 0% or ex&86éb for some outdoor
conditions, which means that heat or moisturedadferred against or beyond its
driving potentials at these conditions, which isumique characteristic of the
RAMEE.
The RAMEE optimal Cr* is highly variable with outdoair condition and ranges
between 1.5 and 3.5. Therefore, optimal RAMEE apens require controlling
the solution flow rate based on the outdoor airdioons.
The performance of the RAMEE at —H* conditions akoheat and moisture to be
selectively transferred depending on the operatir. These performance
characteristics at—H* conditions were validatedeskpentally.
The RAMEE effectiveness is reduced from the combieffects of fluid flow
maldistribution and variable overall heat and moistcoefficients caused by non-
uniform exchanger channels. The reduction in @ffeness increases as the size of
the membrane deflection increases. The effectserneeak decreases as the
deflection size increases and becomes absentlagrhigflections.
Exchangers with non-uniform channels have a deedeadfectiveness, which
results in the peak in total effectiveness beingeab These trends agree with the
experimental findings from Prototype #3.

Recommendations for Future Work

The research in this thesis has shown the behawviotlie RAMEE at different

outdoor air conditions and with non-uniform exchanghannels. The findings from

this research have identified additional topicg tkeguire further study.
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Frosting in the exchanger at low temperature canttwas neglected in producing
the RAMEE performance contour plots. An invesigatinto the effects of
frosting is required to determine if the RAMEE mermhance at these low
temperature conditions shown in this study are r@ateu

The underlying cause of the relationship betweetin@d Cr* and outdoor air
conditions is not understood. Understanding tmdenlying cause would aid in
operating the RAMEE during part-load conditions aahtrolling the transient
response of the system.

The developed sensible and latent effectivenesglations should be modified to
include Cr* and —H* conditions as an input paramsete These modified
effectiveness correlations would fully describe tRAMEE for all outdoor
conditions and solution flow rates, which is reedirif the RAMEE is to be
actively controlled during the year.

The analysis of the effects of non-uniform exchangennels assumed the flow
was laminar and neglected the effects of the annobl support structures. Both of
these variables should be investigated furtherwal$ proposed in Chapter 5 that
this study should be conducted with a computatidioéd dynamics (CFD) model
because it can accurately model the complex chathmel and include the air

channel support structures.
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APPENDIX A

EFFECTS OF TEMPERATURE AND HUMIDITY RATIO ON RAMEE
PERFORMANCE

A.1  Introduction

Section 3.2.2 introduced the primary and secongatgntials that drive heat and
moisture transfer in the RAMEE. The section pre@gsothat heat (moisture) transfer in
the RAMEE is primarily driven by the difference bemperature (humidity ratio)
between the indoor and outdoor air and to a lesseondary extent by the humidity
ratio (temperature) difference. In order to untierd how these potentials drive heat
and moisture transfer, the performances at a felectseoutdoor conditions are
considered and compared with each other in thiemgig. These outdoor conditions
are warmer and moister than the indoor conditiom$ thus have a positive operating
condition factor (i.e., H*>0).

Case 1 serves as the reference outdoor air comddtnal it is shown on the
psychometric chart in Figure A.1. Case 1 is comgpdo two other cases to demonstrate
the effects of the outdoor air conditions (Numbecadles and diamonds are used to
represent the air and solution conditions respelstiwhile dashed lines connecting the
inlet and outlet conditions of a fluid represerntgass lines. These lines do not represent
the exact process the air or solution undergoethenexchanger, which can be very

complex and are also highly dependent on the outasioconditions.
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Figure A.1: Case 1 inlet and outlet bulk property onditions of the air and desiccant in the supply
and exhaust exchangers.

Table A.1: Outdoor air condition and system effectieness for the studied cases.

Outdoor Condition System Effectiveness

Case Cr* i
T w Sensible| Latent | Total
() | (g/kg) (%) (%) (%)
1 2.9 38 20 75.7 60.2 65.5
2 2.4 38 14 70.9 67.9 69.5
3 3.3 27 20 121.2 | 54.7 61.5

In Case 1, the air passing through the supply exgdrais cooled and

dehumidified (process line 1-2), while the air pagghrough the exhaust exchanger is
warmed and humidified (process line 3-4). The atssit in the supply exchanger gains
heat and moisture (process line A-B), while in éxdaust exchanger it loses heat and
moisture (process line B-A). The two desiccantpss lines have the same end points
because it is assumed that no heat and mass tratsfers in the desiccant as it is

pumped between exchangers. The concentratioreadieékiccant changes slightly (less
than 0.5%) as it passes through the exchanger wikidhdicated by the constant

concentration line in Figure A.1. Also, the averagmperature and humidity ratio of

136



the desiccant (based on inlet and outlet condiliagmsalmost equal to the average
temperature and humidity ratio of the air betwdenihdoor and outdoor air.
The effectiveness of the system can be determnoed the air properties at the inlet and
outlet of each LAMEE in Figure A.1. The primaryiuwing potentials for transfer is the
difference in the temperature, humidity ratio, arthalpy between the outdoor and
indoor air (points 1 & 3), which serve as the demtor for the sensible, latent, and
total effectiveness calculations respectively. @btial energy transferred (numerator in
the effectiveness calculations) is determined frin@ difference in the temperature,
humidity, and enthalpy between the air stream ialed outlet in either the supply or
exhaust exchangers (points 1 & 2 or 3 & 4). Therage of the supply and exhaust
values are presented in this study.
A.2  Effects of Humidity Ratio
Case 2 represents an outdoor condition that ibeatsame air temperature but

lower humidity ratio when compared to Case 1. Canmg these two cases allows the
effects of the humidity ratio to be determinedgufe A.2 plots both Cases 1 and 2 on
the psychometric chart with the inlet and outlenditions in Case 2 denoted with the
primed numbers. The comparison between Case Zasd 1 reveals that decreasing
the outdoor air humidity ratio:

» decreases the amount the supply air outlet is dooleich decreases the

sensible effectiveness,
* decreases the temperature change the desiccampoadén the exchanger,
* has no effect on the average desiccant temperainde,

» decreases the latent transfer but increases th# kefifectiveness.
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These trends can also be seen in Figure 3.3.

Case 1: Unprimed
Case 2: Primed
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Figure A.2: Comparison between the inlet and outlebulk property conditions of the air and
desiccant in the supply and exhaust exchangers at€e 1 and Case 2 (primed numbers).

The above trends can be explained by consideriegtwo effects that the
moisture transfer has on the desiccant. The éiffgict of moisture transfer is that it
changes the concentration of the desiccant. Tdnsentration change is small and its
effects are negligible. The other effect of maisttransfer on the desiccant is that the
desiccant provides/absorbs the latent energy wedsed during the phase change. The
latent energy goes into or comes from the desicaaiead of the air because the
convective heat transfer coefficient of the solutis more than an order of magnitude
greater than the overall convective heat transbefficient of the air and membrane.
The transfer of latent energy to/from the desiccdr@nges its temperature which alters
the heat transfer potential between the air andccke® solution. As a result, the
moisture transfer influences the heat transfehénsystem.

Applying the process described above to the corsparbetween Cases 1 & 2

(Figure A.2) allows the difference in their sensiplerformances to be elucidated. Case
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1 has a higher moisture transfer potential (duéigher humidity ratio) than Case 2,
which allows more moisture to be transferred ifte tlesiccant solution in the supply
exchanger. This additional moisture transfer andsequent latent energy release,
increases the desiccant temperature in the supypihaeger. This warmer liquid
desiccant exits the supply exchanger and entergxhaust exchanger. The reverse
process occurs in the exhaust exchanger, whichtsesua cooler liquid desiccant
exiting it and entering the supply exchanger. dthkexchangers, a greater heat transfer
potential exists because the temperature differeet@een the desiccant and air at the
inlets to the LAMEESs is larger in the case with thigher outdoor air humidity ratio
(Case 1). This greater heat transfer potenti€@ase 1 causes Case 1 to have a higher
sensible effectiveness than Case 2 even though d¢aghs have the same air inlet
temperatures.
A.3  Effects of Temperature
Case 3 is now introduced, which has the same htymidiio as, but lower

temperature than Case 1. Comparing these two casedemonstrate the effects that
the outdoor air temperature has on the systems ddmparison is plotted in Figure A.3
and shows that decreasing the outdoor air temperé@iase 3 compared to Case 1):

» decreases the amount the supply air is dehumigifsddch decreases the

latent effectiveness,
» decreases the humidity ratio change the desiccamtergoes in the
exchanger,
* has no effect on the average desiccant humidiity, rand

» decreases the sensible transfer, but increasesgisible effectiveness.
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Case 1: Unprimed
Case 3: Double Primed 1"
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Figure A.3: Comparison between inlet and outlet bl properties conditions of the air and desiccant
in the supply and exhaust exchangers at Case 1 afidise 3 (double primed numbers).
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Considering the moisture properties of the desiccaplution and their
temperature dependencies allows the above notedistréo be explained. These
properties (see Section 2.2.2) show that at a anhsblution concentration, which can
be assumed in the system, the humidity ratio ofthe equilibrium with the surface of
the solution (referred to as the solution humidaifo in this discussion) is exponentially
related to the solution surface temperature. Bszanf this, the temperature of the
desiccant influences its humidity ratio. Thereftre greater the temperature change of
the desiccant as it flows through an exchangergtkater the change in the humidity
ratio of the solution. Changing the humidity ratiiothe desiccant, changes the moisture
transfer potential between the air and the desiccarich affects the latent

performance. And since heat transfer directly gearthe desiccant temperature, which

in turn changes the humidity ratio of the desicdémbugh the temperature-humidity
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ratio relationship of the desiccant, the heat finism the RAMEE influences the latent
performance.

Using the relationships outlined above, the consoaribetween Cases 1 & 3
(Figure A.3) can be explained thoroughly. The kigbutdoor air temperature in Case 1
results in a higher heat transfer rate betweenddsccant in the supply and exhaust
exchangers. This higher heat transfer rate inese#ise temperature change that the
desiccant undergoes in each exchanger. Basedeodegiccant temperature-humidity
ratio relationship, this greater heat transfer afsweases the change in the humidity
ratio of the desiccant in each exchanger (in agldito the small change due to the
concentration change from moisture transfer). @&toge, Case 1, with its higher
outdoor air temperature, has a greater changeeanrhtimidity ratio of the desiccant
between the inlet and outlet of each exchanger eoatbto Case 3. This greater
humidity ratio change increases the humidity ratiference between the air and
desiccant at the inlets of each exchanger, whicteases the latent performance. This
is why Case 1 has a higher latent effectivenesa #waugh both cases have the same
outdoor air humidity ratio.

A.4  Heat and Moisture Driving Potentials

The nature of the RAMEE allows the outdoor air tenagure and humidity ratio
to influence moisture and heat transfer respegtivelhe influence of the outdoor air
conditions on heat and moisture transfer can beenstmbd be considering them as
primary and secondary driving potential. The drmvpotentials for heat transfer are the
temperature (primary) and humidity ratio (seconjlahjferences between the indoor

and outdoor air. Conversely, the driving potestifbr moisture transfer are the
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humidity ratio (primary) and temperature (secondladifferences between the air
streams. The influence of the outdoor air condgi@mn both the heat and moisture
transfers in the RAMEE is a unique characteristithe system that does not occur in

other energy recovery systems.
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