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ABSTRACT

The present thesis contributes to the knowledgaracherization and development of single room
ventilation with heat recovery (SRVHR) systems datid to the residential sector. Investigation
focuses on both the thermal and hydraulic aspéasah units. Thus, a large part of the thesis$esu
particularly on air-to-air heat exchangers dedid&aeSRVHR systems.

Impacts of the operating conditions (dry, partiallgt and frosting conditions) on the performanee ar
investigated. The thesis relies on the results xpegmental and modeling studies carried out on
several polystyrene air-to-air heat exchangers. ekperimental apparatus was built in order to
characterize the thermal and hydraulic performanteair-to-air heat exchanger under various
operating conditions. The first developed modelludes prediction of thermal and hydraulic
performances in dry conditions but also in totalhd partially wet conditions. The developed model i
based on a moving boundary model (“two zones” bgahanger model) initially dedicated to cooling
coil. The validation of the developed model istfisalized on a cooling coil experimental dataaset
then on experimental results collected on an a#itcheat exchanger. In order to characterize the
behavior under frosting conditions, the moving biany model is later improved by taking into
account the frost growth (three zones heat excliangdel). This dynamic model allows to determine
the heat transfer rate as well as the pressurearojption due to the presence of frost. Oncerggai
validation of this developed dynamic model is @drout by means of experimental results collected
on an air-to-air heat exchanger. Strategies umetifig conditions are presented and compared by
using a newly defined factor of energy performance.

In the frame of the design of heat exchanger destictco SRVHR unit, a methodology in order to
choose the best geometry parameters for the hematawy exchanger is proposed. This methodology is
based on the optimization of the overall coeffitiehperformance of the unit. This correspondshi t
best trade-off between hydraulic and thermal perforce and involves numerical and experimental
investigations. An innovative method in the field ar-to-air heat exchanger was developed. It
consists in determining the evolution of pressumgds a function of flow rate on a sample composed
of only two “corrugated” plates. Those plates haeen quickly fabricated thanks to a rapid
prototyping process. Finally, the so-called optedizeat exchanger was manufactured and tested by
means of the developed test rig. A deep study efctire of the heat exchanger was realized. This
investigation permits to highlight some manufaatalefects, which were verified by comparison with
the predictions of a new heat exchanger simulatiodel.

A whole newly developed SRVHR unit (composed of sfafilters, heat exchanger) is also
experimentally characterized. The main characterief the investigated device is its possible
integration into windows ledge, which makes it atarly suitable for housing retrofitting. In the
performance assessment of this unit, both thermalhgdraulic performances of the unit have been
investigated. First, each single component of thi¢ {fians, filters, heat exchanger) has been tested
separately. It has been decided to use a techniglled pressure compensated box method, in order
to determine the flow rate delivered by the deviodially, this method is dedicated to measuravflo
rate delivered by fan coil units. Fan performanageres have also been experimentally determined for
various rotational speeds. Tests in climatic chambave been carried out to determine the
performance of the overall device. Once the whelfgpmance of the device has been characterized, a
performance map was established. The perfect knigelef the device performance (on the contrary
to centralized system which depends on the ductiggacteristics) allows us to compare the system to
several types of ventilation in terms of primarergy, CQ emissions and energy costs by means of
the Heating Degree Day (HDD) method, given a speciimate.
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NOMENCLATURE

A: area [M]

Aspect: ratio to the minimum to the maximum length

of the duct [-]

AU : global heat transfer coefficient [W/K]

CFD : Computational Fluid Dynamic

COP : Coefficient Of Performance

cp : heat capacity [J/kg-K]

C:capacity flow rate [W/K]

C, : heat capacity ratio [-]

D : diameter [m] or vapor diffusivity in air [m2/s]

DNu: entrance region term for the Nusselt

determination [-]

DNurat: Prantl effect term for the Nusselt
determination [-]

e: thickness [m]

f : friction factor [-]

FS: full scale

G : mass flux or mass velocity [kgfrs]

h: specific enthalpy [J/kg]

h: convective heat transfer [WHK]

hm: mass transfer coefficient [kg/m?-s]

hy : enthalpy of vaporization of water [J/kg]

H: height of the exchanger [m]

HR: Heat Recovery

j : Colburn factor [-]

k: conductivity [W/m-K]

Greek letters

AP :differential pressure [Pa]

AT : temperature difference [K]

¢ . effectiveness [-] / porosity [-]

0: enlargement factor [-]

p : density[kg/m]

v : kinematic viscosity [ifs]

T : tortuosity [-]

Subscripts

A: corresponding to the part A of the
heat exchanger

a:air

amb : ambient

B: corresponding to the part B of the
heat exchanger

bnd: boundary

C: corresponding to the part C of the
heat exchanger

cond: condensate

d: density/densification

dp: dewpoint

dry : relative to the dry regime

ex : exhaust from the heat exchanger

fresh: fresh

f: fictitious/frost

fd: fully developed



L: length of the exchanger [m]

Le: Lewis number [-]

Limean : Mean distance [m]

m.v.: measured value

M : Mass flow rate [kg/s]

Nu : Nusselt number [-]

n.m.: not measured

P : pressure [Pa]

prop: ratio between a part and
the total surface of the HX [-]

0 : heat transfer rate [W]

R: thermal resistance [K/W]

Re : Reynolds number [-]

RH : relative humidity [%]

SEM : Semi Empirical Model

SRVHR: Single Room Ventilation with Heat Recovery

T : temperature [°C]

v : velocity [m/s]

V : Volumetric flow rate [Yh]
W: width of the exchangdm]
w : humidity ratio [kg/kg]

x: thickness [m]

Xous: dimensionless length for a hydrodynamically

developing internal flow [-]

Xsar: dimensionless length for a thermally

developing internal flow [-]

Y: dry part of the exchanger [-]

g: growth

h : hydraulic

H: uniform heat flux

hx : heat exchanger

in: inlet

ind : indoor

lat: latent

meas. measured

new: new (result of an algorithm run)
mod: from the model

s: frost surface

sen: sensible

su : supply to the heat exchanger
surf: surface

tot: total

w: wall

wh: wet bulb

wet: relative to the wet regime
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1 INTRODUCTION

The first part of this introduction chapter firgtrssists of a verghort overview on the currengnergy
context

Improving building energy efficiency (especiallyrfexisting buildings) represents an attractive
solution to reduce a significant contribution te thverall energy consumption. This can be realmed
improving insulation and airtightness of buildind$owever, it is important to maintain adequate
ventilation flow rate in order to ensuirgdoor Air Quality (IAQ).

As a resultefficient ventilation technologiesare developed to couple in an effective way énergy
consumption and good IAQ

In this context, a concept of independent ventitaper room with heat recovery integrated in window
ledge was developed. In technical and scientiferditure, this kind of unit is callesingle room
ventilation with heat recovery or aerating windows with heat recoveryor alsoroom based
ventilation with heat recovery.

The present thesis focuses on tlevelopment steps and performance characterizatiowf this
specific device. A large part of the present wookuses on thdéeat exchanger(modeling and
experimental investigations) which is consideredes of the key components of the unit. Behavior
of such heat exchangers is deeply investigatediffarent operating conditions.

Single room ventilation with heat recovery consistsa mechanical pulsing and extracting
ventilation per individual room with heat recovery, as schematically represented in Figure I-1:

Figure I-1: Concept of Single Room Ventilation witHeat Recovery

This kind of system is particularBuitable in the frame of the renovation of a residatial building
involving windows replacement.

After highlighting the importance of (heat recoveryentilation in the current context, some
details/features about the device are already givéinis introduction. A qualitativeomparison with
traditionalcentralized heat recoveryventilation is also realized in this chapter.

Finally, objectivesand theorganization of the thesigchapter by chapter) are presented.
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2 ENERGY CONTEXT

Nowadays, with the increasing costs of energy dmed growing concern about human impact on
climate, important efforts are deployed to reduge actual energy consumption. World final energy
consumption has drastically increased from 19720@9, as it can be observed in Figure I-2 (a). More
precisely, World final energy consumption has alinttmibled.
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Figure I-2 : Evolution from 1971 to 2009 of Worldbtal final consumption by fuel (Mtoe) (a) and
World CO2 emissions in Mt (b) (IEA, 2011)

As a matter of fact, world CO2 emissions and wdirldl energy consumption are deeply linked and
follow the same evolution (from 15640 Mt of CO21ifi73 to 28999 Mt of CO2 in 2009). Mainly due

to the growing scarcity of the World energy resesr¢and many other reasons such as speculation,
economic crisis, emerging countries...), energy griaee increasing. Evolution of the natural gas
import prices for different IEA countries is givenFigure 1-3.

0
1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010
yearly averages

“Japan  me=—=JSA s Belgium Germany === Spain

Figure I-3 : Natural gas import prices in US dolla/MBtu (IEA, 2011)

According to IEA (2008), the building sector acctufor almost 40% of the final energy used in the
World, as shown irFigure 1-4. More precisely, the energy consumption relatedhto residential
sector accounts for almost the third of the fimredrgy consumption. This highly justifies the efford
improve the energy efficiency of this sector.
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® industry

H Residential

= Commercial
® Other sectors

B Transport

Figure I-4 : Energy consumption in different secter- Share of final end use in % (IEA (2008))

In 2011, IEA published its « Technology Roadmap Emergy-efficient Buildings ». It is proposed a
reduction of energy consumption of global buildsegtor by 1509 Mtoe in 2050 in comparison with
baseline scenario. Residential sector accoun&83ur of these energy savings.

The major part of energy used in residential bogdiis due to space heating as shown in Figure I-5.
Differences can be observed between different cmsntespecially in terms of total (not normalized)
energy use.
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Figure I-5: Aggregated subdivision of energy consption in residential buildings for different
countries (IEA (2008))

Energy consumption due to appliances has beemsante 1990. This fact can be partly explained by
the growing use of electrical equipment in resiggnbuildings (computer, cell phone chargers,
washing machines, etc...). In 2004, the third sowfcenergy used concerns the domestic hot water
supply. Energy dedicated to lighting and cookiraystrelatively stable and represents a smaller part
of energy consumption (less than 10%).

As a result, it can be stated that the higher thilging energy efficiency (with a high insulatioevel)
the larger the relative part dedicated to domésitovater and ventilation.

In Europe, in 2004, buildings consumption accourfted40% of the total energy demand, among
which the residential sector represented a shamver 70%, as reported by Perez-Lombard et al.
(2008).

As shown in Figure 1-6, European energy consumglaare in terms of final energy is quite similar to
the World consumption in 2009. Once again, the ggneronsumption related to the residential
buildings accounts for 27% of the total energy use.



Chapter I: Introduction
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Figure 1-6 : European final energy consumption pesector (Eurostat (2011))

In 2002, the Energy Performance of Buildings Directive (EPBiRas adopted by Europe as a
commitment to reduce energy impact of the buildiagtor.

In 2008, the European Union adopted the Climate and Eneegpkage, a range of measures to fight
against climate change. The proposal includes ®20220 targets for 2020:

- Reduce EU greenhouse gas emissions by 20% from|&9613;
- Improve the EU's energy efficiency by 20%.
- Reach 20% of renewable energy in the total EU gnesgsumption.

In 2011, European Commission adopted the Energy Roadm&p.2BU is committed to reduce
greenhouse gas emissions by 80-9%8wow 1990 by 2050. This roadmap could be dividedwo
main parts: higher energy efficiency and higherelu renewable energy sources.

Higher energy efficiency involves:

- More stringent minimum requirements for energyaidficy of appliances and buildings;

- nZEB should become the norm (recast EPBD 2010/3Lf&tJall new building occupied or
owned by public authorities in 2019 and for all newidings in 2021;

- High renovation rates of existing buildings;

- Smart meter in buildings: occupants will get monéoimation on their own consumption
profiles.

As a conclusion, residential sector accounts flarge part of the energy consumption in Europe and
all over the World. The residential buildings seabffers a large potential of reduction of energy
consumption and therefore CO2 emissions. As atrgeahy measures are nowadays adopted in order
to reduce its impact.
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3 VENTILATION

This chapter aims to explain some general concefaited to ventilation. Importance of ventilatiom o
occupant’s health is also presented. In order tiebeategorize the device investigated in the &arn
this thesis, a classification depending on the tyfpeentilation systems (A, B, C D) with or without
heat recovery is proposed.

3.1 Definitions

One can distinguish ventilation and infiltration ®e ways of air exchange from outside and air
contained in a building. Following definitions grm®posed by the Fundamentals of ASHRAE (2009):

“Air exchange of outdoor air with air already in a building canebdivided into two broad
classificationsventilation andinfiltration .

- Ventilation is intentional introduction of air from the outsidieto a building; it is further
subdivided into natural and mechanical ventilation:

« Natural ventilation is the flow of air through open windows, doors,ligs,
and other planned building envelope penetratioms] & is driven by natural
and/or artificially produced pressure differentials

* Mechanical (or forced) ventilation is the intentional movement of aitoirand
out of a building using fans and intake and exhaests.

- Infiltration is the flow of outdoor air into a building througiacks and other unintentional
openings and through the normal use of exteriorrgldor entrance and egress. Infiltration is
also known asir leakageinto a building. Exfiltration is leakage of indoor air out of a
building through similar types of openings. Liketural ventilation, infiltration and
exfiltration are driven by natural and/or artifidigpressure differences.”

The main objective of the ventilation is to remaralilute polluted/contaminated air and to introgluc
fresh air throughout the building in order to mainta good indoor air quality and thermal comfort f
the occupants. Liddament (1996) provides an overgiethe IAQ in relation to:

- Sources of pollutants;

- Metabolism and Health;

- Odour;

- Sick Buildings Symptoms;

- Comfort;

- Reducing pollutant concentration.

3.2 Ventilation and Indoor Air Quality (IAQ)

According to several sources (U.S. environmentaitdetion Agency (1989) and Jenkins et al.
(1992)), it is stated that on average, people speost of their time indoor (approximately 90% of
time spent indoor). Brasche and Bischof (2005) shihat the overall mean time spent at home is 15.7
h/day in Germany. Similar results have been obthfoethe United States (15.6 h/day) as well as for
Canada (15.8 h/day), according to Leech. et aDZ0
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As a result, Indoor Air Quality became a major amcover the last decade and ventilation became a
key topic for researchers. It is estimated th&d@8 the annual burden of disease related to inedeq
IAQ is 2 million disability adjusted life years BU27. This problem has also been identified by the
World Health Organisation (Braubach et al. (2011)).

Recently, the European HealthVent project aim&ateloping a guide for heath-based ventilation
dedicated non-industrial buildings in Europe (of¢ homes, schools, nursery and day cares centers)
by taking into account health and energy impactshefventilation”. In the frame of this project, a
scientific literature review (on the relation beemehealth and ventilation) has been carried out by
Carrer et al. (2012) (Work Package 4 of the Hed#ht project).

In this context, the Lawrence Berkeley National duabory (LBNL) also proposes an Indoor Air
Quality Scientific Findings Resource Bank (IAQ-SHRBThe aim of this data bank is to
provide/collect information about the effects ofQA@and ventilation) on people’s health and work
performance.

From the collected data, it can be observed atdirdchetween ventilation rates and:

- Office Work Performance;

- School Performance;

- Respiratory illness;

- Absence in Offices and Schoal,;
- Sick Building Syndromes (SBS);
- Health in homes.

An example of paper (among others) describing thecticorrelation between ventilation flow rates
and SBS is the one written by Fisk et al. (2009).

3.3 Types of ventilation
Ventilation can be completely natural, completelcimanical or hybrid.

System A System B

e ]

System C System D
N ~

Figure I-7 : Type of ventilation
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According to NBN D50-001, residential ventilatioarcbe divided into four categories, schematically
represented in Figure |-7:

- System A: natural ventilation;

- System B mechanically supplied ventilation;

- System C mechanical extracting ventilation;

- System D mechanically supplied and extracting ventilatitinis important to mention that
most of the dwellings (especially for buildings stmcted before 1970) are not equipped with
a proper ventilation system. Air change is onlyuged by infiltration/exfiltration and airing.

Ecolot (2012) proposes an estimation of the veitilasystems stock per type for EU27 in 2003. This
is represented in Figure I-8. As it can be, in 2008st of the European dwellings are not equipped
with a proper ventilation system and a negligibdet {0.3%) of the ventilation stock corresponds to
System D. It is also interesting to notice thatyomlquarter of the ventilation stock corresponds to
system A.

= Dwellings without dedicated supply and exhaust
provisions (fully depending on infiltration and
airring)

= Dwellings with originally no dedicated provisions
and afterwards installed retrofit exhaust
wall/window fans

= Dwellings with dedicated natural supply and
exhaust provision (System A)

= Dwellings with mechanical supply and natural
exhaust provision (System B)

= Dwellings with natural supply and exhaust
mechanical provision (System C)

= Dwellings with mechanical supply and exhaust
provision (System D)

Figure 1-8: Ventilation systems repartition for EL27 (Ecolot (2012))
3.4 Regulations/policies on ventilation in housing

3.4.1 European level

As already specified, Europe adopted in 2002 therggnPerformance of Buildings Directive but this
barely mentions ventilation requirements.

Currently, a common Standard in terms of ventitatiiow rates for housing for European countries
does not exist. Dimitroulopoulou (2012) recentifessed a review of Standards for European
residential dwellings. It can be observed non-hoenegfies between countries in terms of required
flow rates per specific room (and for the wholelding) as well as in terms of unity for determined
flow rates (some Standards specifies the flow rat@s/h-m2, in i or in m3/h-pers).

However, ventilation flow rates to be considereddesigning ventilation systems in the absence of
national regulations are specified by EN 15251 {&#ae 1-1). This Standard also specifies ventlati
recommended when the building is not occupied. $tdadard does not prescribe a methodology for
the design, but provides the parameters for thegaed buildings, heating, cooling, ventilation and
lighting. It defines how the different categorielscaiteria for indoor environment can be used, but

-8
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does not require the criteria to use. It also d@scimethods for long-term evaluation of the indoor
environment obtained.

Table I-1: Ventilation flow rates for housing durig occupancy hours according to EN 15251

Living room,
Air renewal Be(_jroom, Extracted air (m3/h)
Category essentially pulsed
fresh air
m3/h-m? vol/h I/s-pers| m3/h-m? Kitchen Bathroom WC
| 1.76 0.7 10 5.04 100.8 72 50.4
Il 1.51 0.6 7 3.6 72 54 36
1] 1.26 0.5 4 2.16 50.4 36 25.2

Category |, Il and Il corresponds respectively to:

- A high expected level that is recommended for spaceupied by very sensitive and fragile
persons with special requirements such as handedappck, very young children and the
elderly;

- A normal level expected to be used for new buildiagd renovations;

- An acceptable moderate level expected which carsbd in existing buildings.

During vacancy period, the minimal flow rate recoemtded by the Standard is comprised between
0.18 and 0.36 m3/h-m2,

3.4.2 Belgium level

NBN D50-001 is the Belgian standard concerningviintilation systems for new housing and heavily
retrofitted buildings. This Standard specifies flev rate dedicated to each room of housing, as
reported in Table I-2.

Table 1-2: Flow rates according to the NBN D50-001

Kitchen Corridor,
Living room Bedroom Bathroom Living and
wcC .
Laundry night hall
Nominal flow 3.6 m3/h-m2 3.6 m3/h-m2 3.6 m3/h-m?2
rate of Min: 75 m3/h Min: 25 m3/h Min: 50 m3/h | 25 m3/h 3.6 m3/h-m?
ventilation Max: 150m3/h | Max: 36m3¥h-pers Max: 75m3h

The NBN D50-001 standard mentions that the flove iiatlicated in Table -2 can only be met by
supplying and exhausting air through mechanicattilaion for each room. Indeed, the standard
mentions this case as “the most complete caseaaaly met in practice”. It is then proposed to only
extract or only supply flow rate, depending onttye of the room.

Concerning mechanical ventilation (systems B, C Bjdvitiated air is usually extracted from wet
rooms such as bathroom, kitchen and fresh air ppl®d into dry rooms such as living room and
bedroom.
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3.5 Single room ventilation with heat recovery: device positioning

Given the growing interest to reduce energy pendlig to ventilation, a large number of heat
recovery technologies have been developed in ttedecades as reported by Mardiana-ldayu and
Riffat (2012). According to Shurliff (1988YAny device that removes (extracts, recovers, g
heat from one airstream and delivers it to anothgstream is called an air-to-air heat exchanger”
One can distinguish sensible heat and enthalpgifderand latent heats) recovery exchanger.

Mardiana and Riffat (2013) also recently proposewdew on physical (size, heat transfer area, fans,
ducting, materials and structures) and performdgheat and mass transferNTU method, effects of
airflow, temperature moisture and pressure dropjarpaters of heat recovery for building
applications.

In Figure 1-9, a division of the ventilation systerfwith or without heat recovery) in order to bette
categorize the possible systems for single roontilaéion with heat recovery is proposed:

Ventilation systems

System A System B Systclm C System D
With HR No HR With HR No HR With HR No HR
Heat pump
Fixed plates Heat pipes (Production of DHW) Active heat
__________ Passive heat recovery _recovery._.
Fixed plates Heat pipe Rotary wheel Run-around Heat pumpé
r (regenerator) !
Total HR Sengible
(sensible §z latent) T
5 |
MetalI types Polymer
1
1
Centralized Room based
system

Wall mounted ’ Integrated into windows

Figure 1-9: Product positioning

The device investigated in the frame of this thésamed in red in Figure 1-9) can be classifiechas
room based system D (mechanical supply and exhaustjth (passive) heat recoveryln contrary

to wall mounted device which implies the creatidnwo ducts (one dedicated to the fresh air and
another dedicated to the return air) leading thnotlge external wall (as shown in Figure 1-10), the
system is supposed to be integratedwimdows ledge which makes it particularly suitable for
renovation, and more specifically for renovatioattimplies windows replacement.
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Figure 1-10: Wall mounted SRVHR

Heat exchanger is made [olystyrene (as detailed in Chapter Ill) and only recoveensible heat
(no mass transfer) in contrary to enthalpy exchengevestigated by Nasif (2008), Zhang (1999,
2000, 2002) and Zhou (2006).
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4 BALANCED SINGLE ROOM VENTILATION WITH HEAT RECOVERY

4.1 Interest

As seen in the previous sections, it is obvious itharovement of building’s efficiency represents a
attractive solution to reduce a large part of epegnsumption (and thus to reduce energy bills). As
referred by the Trias Energetica, introduced byelny$§1996), the most sustainable energy is saved
energy”.

N
3) Produce and use energy as
efficiently as possible

J
~N

2) Use sustainable sources of
energy instead of finite fossil
fuels

1) Reduce the demand for
energy by avoiding waste
and implementing energy-
saving measure

Figure I-11 : Trias Energetica concept

From this fact, the best way to make a buildinghalie friendly is first to improve its shell.

The two most common actions that are undertakeineiriield of renovation of existing houses are the
improvement of the thermal insulation and improvatnef air tightness. This represents a high
potential for the reduction of energy consumptiGeiidebien (2011)) but also a possible degradation
of the indoor air quality due to reduction of adénewal related to insufficient infiltration/exfitttion
ventilation flow rate. This phenomenon was firss@tved during the 70’s petrol crisis that led peopl
to tighten their building envelope. As a resultpaumidity and mold problems have been observed
in Belgium dwellings, as deplored by DGTRE (1998Bjis was the first general awareness of the
importance of the ventilation.

Nowadays, the baseline rate concerning retrofittimghe European countries is set to 1% by difiere
studies carried out for Europe (Eurima (2012) adEB(2011)), as well as for a study conducted in
Norway (Norwegian University of Science and Teclgyl (2011)). SPF Economie (2013) gives a
number of 30000 dwellings per year since 2003 ilgiBen, which corresponds to a rate of 0.6% per
year. However, this number corresponds to the heatrgfits that require building permits. Roof
insulation or windows retrofitting do not requireick permits, and their rate is unknown with
precision.

In Belgium, for Brussels Region (IBSA (2013)), thember of retrofit grants awarded for the years
2002 to 2010 is given in Figure 3. These grantbagaall type of renovations, whether it requires a
permit or not. One can see a significant increadbe retrofit rate after 2007. In 2012, the numdder
dwellings was 509433 according to the Belgidnstitut national des statistiques” INS (2014).
Therefore, the retrofit rate ranged from 0.45 &0 per year.
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Since 37% of the Belgian building stock was budfdre 1945, it can be assumed that a natural trend
to the increase in retrofitting will take place B30, with a retrofit rate of 0.8% per year (anglog
with Brussels region).

In combination with the desire to maintain goodiadoor quality (as explained in previous Section),
these building envelope improvements have the teiédncreasing ventilation’s contribution to
energy consumption. From this fact, it can be dtétat the more improvement of the envelope will
be a growing interest in future years, the mordilaion will become an important concern.

4500
4000
3500
3000
2500
2000
1500

number of grants

1000
500

0
2000 2002 2004 2006 2008 2010 2012

Figure I-12: Evolution of the number of grants forenovation in Brussels IBSA (2013)

According to Roulet et al. (2001), more than 50%hef total energy losses can be due to ventilation,
in building with a high thermal insulation. Liddanteand Orme (1998) show that infiltration and
ventilation highly impact the energy use in builginby estimating that 36% of space conditioning
energy is due to total air change. According tod@ison (2005), it is estimated that the ventilation
flow rate constitutes between 20 and 50% of theiinganergy load.

Previous facts highly justify efforts to develogi@ent ventilation device (particularly suitable the
frame of a renovation) such as the one investigatéte frame of this thesis.

4.2 Centralized ventilation versus balanced single room ventilation unit with
heat recovery

The aim of this section is to offer a qualitativarparison between traditional centralized and singl
room ventilation with heat recovery systems. Thege systems are represented in Figure [-13. As
already specified, the principle of heat recovepntilation is well-known, but most of already
commercialized units are centralized (Ecodesignl(2012)), which involves air extracting and air
pulsing ducts through the house.

Someadvantagesof single room ventilation are listed by Manz et(2000):

- Local ventilation units do not need any ductinghivitthe dwelling and are therefore very
suitable for retrofitting use

- Independent ventilation per roors possible with optimal adjustment to local needs

- Local room ventilation allowsuick removal of pollutants from a source-roagnbefore they
mix up with the air in other rooms as might happeati central dwelling ventilation.

- Adirectsound transmission from room to roomhhrough the ventilation systerannot occur
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Centralized unit Single Room Ventilation with
Heat Recovery (SRVHR)

Figre I-13: Centralized unit vs SRVHR

Othersadvantagescan be added to this list:

Avoiding ducts meanshortening the hydraulic circuits, and hence the pressure drops
related to the passage of air flows through themmRhis fact, the specific fan power (SFP)
can be reduced.

Given their placement in habitable rooms and aleeessibility of each componentthe
maintenance of the system (particularly, the filtexplacement) is easier and cheaper than in
centralized heat recovery ventilation systems.

As referred by Wouters and Van den Bossche (2006¥sible problems of installed
centralized ventilation systems deaking air ducts. According to Andersson (2013), “many
studies have identified defective ventilation anduificient air flow as a mean reason for
occurrence of sick building... Duct systems accotomts large fraction of the energy use in a
building. This is further increased with a leakyctlisystem.” These potential issues are
avoidedin single room units.

Dust accumulationin ducting can lead to a performance degradatidheoinstallation due to

a rising of the pressure drop (Anon (2000)). Moexpthe indoor air quality can decrease due
to a contamination of air flow rate by particles, micro-organisms wolatile organic
compounds (Barbat and Feldmann (2010)). Once atfgnse problemare avoidedin single
room ventilation units.

It should also be noticed that recent studies (kga/€2011), Maripuu (2011)) investigated the
potential ofdemand controlled ventilation (DCV), which could be particularly suitable with
balanced single room ventilation.

One of the major advantages of the single roomilation with heat recovery is the
opportunity towell balance the flow coming from the outdoor environment ahé flow
coming from the indoor environment during the mastiiring phase of the unit. This could
be realized by means of alibration consisting in an adjustment of the electrical powe
supplied to each of the fans to reach the requinérimeterms of flow rates. This calibration
can be achieved for all of the commercialized yritstrary to centralized units that require
an adjustment of the exhaust and supply flow ratesitu. So, in terms ofpractical
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installation, the single room ventilation seems particularlgye@ompared to centralized
systems.

The main intrinsicdrawbacks of Single Room Ventilation with Heat Recovery #nat devices are
installed directly in the rooms. Thus, it is neeggsto take care of thaesthetic and acoustical
aspects of the device. Moreover, theniaturization, as well as thenultiplicity of the units inside
the houses, can lead to additional losses (suchreant converter losses, as an example).

4.3 Challenges

All of the previous given characteristics imply ansiderable challengeteveloping a competitive
heat recovery ventilation system despite of a smalvailable volume by taking care of the
aesthetic and acoustic aspects

As for every heat recovery ventilation system, diegeloped device faces a trade-off between a high
thermal effectiveness and a related rise of pressiops inducing a degradation of the global
performance of the unit due to a higher energy fosehe fan. Greater attention is also paid to
hydraulic performance than in centralized systems since they are direwlated to thenoise
generatedby the fans.

As an example, in Belgium, according to the NBN -800-1, acoustic requirements for each type of
local are summarized in Table I-3:

Table 1-3: Requirement in terms of acoustic comf@tcording to the Belgian norm
NBN S01-400-1 for mechanical ventilation

Local Normal acoustic | Superior acoustic
comfort level comfort level
Bathroom, toilets <35dB <30dB
Kitchen <35dB <30dB
Living room <30dB <27dB
Bedroom <27dB <25dB

The World Health Organization recommends two valuesthe report “Guideline values for
community noise in specific environments” (199®spectively, 35 dB for living rooms and 30 dB
inside bedrooms.

4.4 Specificity of the developed device

Starting from the observation that most of the titmglding retrofitting implies windows replacement
(Schwenzfeier et al. (2009)) and given the growimigrest for renovation in Europe as seen in
previous Section, a device wheteuble flow ventilation is achieved through the intgration of the
unit into windows ledgeswas developed, as shown in Figure I-14.

Thanks to this concept, the windows replacementidvalso permit to ensure mechanical ventilation
with heat recovery, and thus a good Indoor Air @ual
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» Single room
“.— | ventilation with
heal recovery

Al
= [
il i
il | i <7 | Window ledge
i
|

Figure I-14: Schematic representation of the devpetm device

The developed single room ventilation unit with thecovery mostly consists in a parallelepiped box
containing:

- two DC fans(an extracting one and a pulsing one);

- two filters (for both fresh and indoor air flow rate);

- anAC/DC current converter;

- anelectronic fan control;

- aset of sensorgCO,, humidity, presence sensors, depending on theelgvi
- aheat recovery exchangeconsidered as the key component of the unit.

Characteristics (geometry, performances, type loéré,...) of the first generation of developed
devices are detailed in Chapter V.
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5 MARKET TRENDS

The aim of this present section is first to presbatcharacteristics of the ideal single room Vetitin
with heat recovery. Then, performances of somecaavrecently released on the market will be
presented.

5.1 Theideal single room ventilation with heat recovery

Before launching the development phase of any mtsdut is common to define what would have
been the ideal device. By definition, the perfemtdoict is a fictitious ideal device with a set of
performance targets impossible to reach practic@the aim of any constructor is obviously to buld
device as close as the perfect defined one faf étle parameters.

In the case of single room ventilation with heatoreery, what would be the ideal device features?
Response to this question is summarized in Figdfe |

Adaptability of the device High easiness of
placement

f 1l

Maximal ventilation <:| I:> Maximal recovered heat
efficiency THE IDEAL SINGLE € =100%

ROOM VENTILATION ..

Minimal cost <=3 WITH HEAT I:> Minimal consumed energy

n.=100%
RECOVERY fans

Maximal ﬂ‘?xibilityin <:| = Maximal acoustic comfort
terms of delivered flow

dB =0
rate G @

Minimal volume => High effective air
invisible (esthetical aspect) filtration (hygienic
aspect)

Figure 1-15: The “ideal” single room ventilation wth heat recovery

Obviously, the real final device results in a tradiebetween all the features of the device. As an
example, an effective filtration raises the consdireeergy or a small volume implies a poor heat
exchanger efficiency.

One advantage resulting from the definition of gegfect device is to establish a hierarchy of the
performance targets to be met by the real develdpeite. This hierarchy can be based on subjective,
economical or legal issues. In the frame of theithet will be proposed an approach to deterniire t
best trade-off between hydraulic and thermal parforce of the device.

5.2 Off-the-shelf devices

The present section shows a technical state oathéy presenting a non-exhaustive list of some
devices very recently released on the market.ithportant to notice that most of these productseha
been commercialized after 2009.

Even if there are only a few products on the maflests than ten to our best knowledge), that trend
confirms the growing interest for room based vatith with heat recovery, especially these last few
years.
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Table I-4 : Benchmarking

Brand Model | Installation | Flow | Power 3 Product
rate
. Below the 20 3.5W
Aldes Ventileo windows md/h | perfan| 65% -
ledge
20 m3/h: 3W
40 m3/h : 5W e
. . Ezuﬁéi?iﬁg 60 m?/h: SW | g5g - i‘@
Climarad | Climarad svstem 80 m¥h : 15,5W (max.) -
(ra%iator) 100ma/h : 25,5W ' — e
125 m3/h : 42W
Standby: < 1,0 W
; AirPur Coupled to | 11-45 o i%
HOHbauer| yvioqul | the shutter| meh na. | 69-84% - J
s=
Integrated \‘\/
Schiico Vento into the 15 m3/h: 5W 45% )
therm window 30 m3/h :13W 40% ‘
ledge 2
Aeromat | Upon the 42 62%
Siegina X m3/h n.a.
vt window (max.)
(max.)
. Coupled to| 0-100
Storkair . 5 <04 80%
Zehnder Duett the heating| m3/h wWimeh | (max.)
system (max.)
0-75 o
Brink Advance wall m3/h n.a. 90% at
mounted 20m?3/h
(max.)
LT
Paul Ventos Wall i’go 11to | 83% at
50 DC mounted mé/h 62W | 40 m3h
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5.3 Ventilation market segment

Differences can be observed between zones of Eurogerms of ventilation market. Balanced
mechanical ventilation with heat recovery seembeaanore popular in the Northern part of Europe
such as Finland: 100% of new buildings are equippéd mechanical ventilation, as reported by
Kurnitski (2008). Simple exhaust ventilation is mavidespread in medium climate such as France, as
specified by Durier (2008). In the Southern panfjltration and airing seems to remain the most
common way of ventilating.

Figure I-16 shows the repartition of mechanicaltivation sales in 2003 according to Ecolot (2010).
can be observed that the major part of the maskatié to like for like replacement market.

Major part of the market concerning the room bassthanical ventilation with heat recovery
concerns obviously the renovation market. Given rise of renovation due to new policies and
incentives (see Section 4), a growth of this mafieethe future years is expected.

= Renovation market (first time installation)
= Room based mech. ventilation units
(mainly exhaust, some supply)

= Centralized mech. ventilation units
(mainly exhaust)

Centralized mech. ventilation units with HR

Room based mech. ventilation units with HR

= Replacement market (like for like)

= Total new built Market

= Room based mech. ventilation units

" Room based mech. ventilation units .
(mainly exhaust, some supply)

(mainly exhaust, some supply)
= Centralized mech. ventilation units

(mainly exhaust)

= Centralized mech. ventilation units
(mainly exhaust)

= Centralized mech. ventilation units = Centralized mech. ventilation units

with HR with HR
Room based mech. ventilation units Room based mech. ventilation units
with HR with HR

Figure I-16 : Ventilation market segment in 2003 ¢{Blot design (2012))

5.4 Past annual sales and forecast for mechanical heat recovery ventilation

As referred by Fehrm et al. (2002), heat recovenytilation dedicated to residential building stelrite
the late seventies in Sweden. Heat recovery véintilahas now acquired a status of efficient
ventilation strategies, especially for low or net@energy buildings (Handel (2011)).

As shown in Figure I-17, a strong growth of the kearconcerning the mechanical heat recovery
ventilation is expected. Ecodesign Lot 10 (2012jnestes a potential market of approximately
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938000 mechanical heat recovery units to be mg0#5b in the EU 27, with an explosion of sales in
the medium climate market.

1000000

r Past‘annual sales Forecast /
i - o
800000 /
600000}
I ——Total number EU27
[ ——Medium climate
400000 ‘
r ——Cold cljmate
r ——Warm élimate
200000

//
0 B

1980 1990 2000 2010 2020 2030

Annual sales Mechanical HR units

Year
Figure I-17 : EU27 Forecast and Market trends (Eautl design (2012))

As reported by Wouters et al. (2008), this trendlisady observed in Belgium (in the frame of the
Walloon project “Construire avec I'énergie”) witm ancreasing of the share of the balanced
mechanical ventilation systems.

This is also confirmed by Seppanen (2012) that sldoan important changement in the ventilation
market in Belgium:

- Before 2007, only 0.68% of buildings are equippéithwwechanical ventilation systems;

- 5% of buildings constructed during years 2007 af@82are equipped with mechanical
ventilation systems;

- 40% of buildings constructed after 2008 are equdppigh mechanical ventilation systems.
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6 NOMENCLATURE

Nomenclature used in the frame of the thesis isrgin Figure 1-18:

- Supply and exhaust corresponds to the inlet andutiet of the heat exchanger;

- Indoor and fresh air side corresponds respectitepe flow coming from the building and

the flow entering in the building.

Heat exchanger

Supply fresh

air side

Supply indoor
air side

Y
N

rd

&
S

Exhaust indoor

N

<

Exhaust fresh
air side

v

Y

air side

Figure I-18: Used nomenclature

Building
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7 OBJECTIVES OF THE THESIS

This thesis aims at contributing to the state afrgdic and technical knowledge on the development
and the characterization of mechanical heat regoventilation and more precisely Single Room
Ventilation with Heat Recovery (SRVHR) by develapinew and improving existing methods (both
experimental and numerical). A large part of thesth focuses on air-to-air heat recovery exchanger
which is often considered as one of the key compisnef the device. Most of the work was carried
out in the frame of th&reen + project launched in 2009 and which aimed to dgvelo integrated
single room ventilation unit with heat recovery.

The first objective of the thesis is to develop eisdable to simulate the behavior of air-to-airthea
recovery exchanger imarious operating conditions dry, partially wet and frosting conditions. The
aim of those models is to evaluate the impact afous operating conditions on the overall
performance of the unit. This first objective alsmludes the performance determination of
polystyrene heat exchangers presentidifferent geometries In their review, T’joen et al. (2009)
indicate that polymer matrix seems promising foe us the design and construction of heat
exchangers for ventilation applications. Howevelya few experimental investigations have been
carried out on polymer based heat exchanger, instientific literature (Kragh et al. (2008) and
Fernandez et al. (2010)).

The second objective of the thesis consists of gsimg a methodology in order to choose the best
geometry parameters for a heat exchanger dedidatésRVHR unit. This approach consists of
choosing the best trade-off between hydraulic and thermal pdormance by means of an
optimization of the coefficient of performance bétunit.

The third objective of the thesis is to propos@approach in order to experimentally characterizea
newly developed whole SRVHR unit that could bedgné¢ed in windows ledge. A distinction is made
between experimental investigations during and #fie development steps of the unit.

The final objective consists icomparing the seasonal energy performancef the unit with other
ventilation systems (A, B, C and D), given a spedifimate.
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8 ORGANIZATION OF THE MANUSCRIPT
The thesis is organized as follow:

- The second chapterfocuses on the development and experimental vedidaf a model of
air-to-air heat exchanger dedicated to domestichangical heat recovery ventilation. The
proposed model describes dry and partially wetmegi The first part of the chapter presents
a semi-empirical model based on the physical cheniatics of the heat recovery device and
relying on empirical correlations available in tlterature for the convective heat transfer
coefficients and the friction factor. In the cadepartially wet regime, a moving boundary
model is applied in order to predict sensible atdrit heat transfer rates. The second part of
the chapter describes the experimental investigadonducted on an off-the-shelf heat
exchanger presenting triangular channel in therabpart. Experimental data are used to tune
correlations for the determination of the convextheat transfer coefficient and the friction
factor. A validation of the proposed simulation rabaf the ventilation heat recovery
exchanger in partially wet conditions is then readi. Finally, examples of use of the
developed model are presented.

- The third chapter first proposes a definition of the coefficient oférfpormance (COP) of
single room ventilation with heat recovery. Stagtinom this definition, a methodology to
determine the best trade-off between hydraulic #mefmal performance for the heat
exchanger (given a specific geometry) is propo3ée optimization of the COP is not the
only parameter to take into account in the develamnprocess of the device. Indeed, due its
position in living rooms, the sound generated leydbvice is also one major parameter. Thus,
great attention is paid to hydraulic performanae.this context, an innovative method is
proposed in the frame of the development step ef device: measuring the hydraulic
performance of a proposed geometry by means ofréial prototyped plates. Investigations
carried out by means of these rapid prototypedeplare detailed. Finally, the so-called
optimized heat exchanger has been manufacturedrimentally tested and analyzed.

- The fourth chapter proposes a dynamic simulation model of the heahaxger under
frosting conditions. A description of the frost imation is added and the heat exchanger is
now divided in three zones: dry, wet and frostifilge presence of a frost layer has significant
impact on hydraulic and energy performances. Thanhe of the reasons why the study of the
frost formation in single room ventilation heat banger is so important, especially in cold
climates. The numerical model is validated throagperimental investigations. Then, several
strategies under frosting conditions are presem{ddantages and drawbacks of each method
in terms of practical implementation are also dised. A method of evaluation based on the
determination of an “energy” factor is proposeaider to compare the different strategies.

- The fifth chapter first presents the features of the developed sirggien ventilation with heat
recovery unit. Then, the experimental investigatioarried out on the several components of
the final unit are presented. Each of them had fimen tested separately during the
development step of the unit. Then, experimentastigations are carried out on the entire
final unit in climatic chamber. Thanks to these emkpental results, a performance map of the
unit is established. This performance map allowswualuate the potential of the use of the
device compared to other systems. A comparisomefunit with those of other ventilation
systems by means of the Heating Degree Day (HDDhodeis realized. This latter allows to
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show some trends at a regional/national scale. Meire this method allows comparing two
heat recovery ventilation systems by only one sirgfiuation involving the heat exchanger
efficiency and the Specific Fan Power (SFP).

- The last chapterconcerns the conclusions and the perspectiveedetat this work. Some
recommendations concerning the device are alsmgive
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1 INTRODUCTION

This chapter focuses on the development afimaulation model of an air-to-air heat exchanger
dedicated to heaecovery ventilation. Numerical and experimental investigations on isthe-shelf
heat exchanger have been carried out'ire@erse engineering” objective, in order to validate some
assumptions/correlations useful in the design etegpe heat recovery exchanger dedicated to single
room ventilation unit (see Chapter 3).

While such exchangers have been on the market fortynyears, only a few experimental and
modeling works are presented in technical and #fiediterature. Adamski (2009) carried out

experimental studies and developed correlationa lmmgitudinal flow spiral recuperator, but did not
investigate the wet regime. Fernandez-Seara €P@l1) experimentally studied an air-to-air heat
recovery device for balanced ventilation but did develop a thermal and hydraulic performance
prediction model. Kragh et al. (2008) also expentaly investigated a new counter-flow heat
exchanger but focused more precisely on the frgagsue.

A thermoeconomic investigation was carried out lilylSmez (2000) in order to optimize heat
recovery exchanger size. Adamski (2008, 2010) efdinated the financial effect due to the use of
heat recovery ventilation instead of a simple Vatitin system.

The studied air-to-air heat exchanger in this chapteris really similar to the system developed in
the frame of this thesis in its form (polystyrereatexchanger), its volume, its flow configuration
(quasi counter-flow configuration) and its purpgdedicated to single room ventilation unit).

Accurate and robust simulation models, able to iptethe behavior indry and partially wet
regimes are needed when designing/ sizing a ventilatieat hecovery exchanger and evaluating its
thermal and hydraulic performance. Quantificatibthe condensate flow rate (and thus the latent hea
transfer rate) is also an important issue in th&gheprocess of such systems mainly in order te siz
the condensate evacuation system.

Such models are also convenient to better preldicseasonal performance of the heat exchanger by
taking into account th&atent part of the heat transfer rate This can be done by integrating the
system model into an hourly baskdilding energy simulation model These models can also be
used to investigate some strategies to afreiezing in the heat exchanger.

A numerically robust andcomputationally efficient model of a ventilation heat recovery exchanger
is proposed. It is derived from several existinglcw coil models. Partially wet regime operatien i
modeled through a moving boundary approach thaivalfor the possibility to distinguish the portion
of the heat exchanger where water condensationaggpp€his new moving boundary model is first
successfully validatedby means of an experimentaboling coil data set The model is also
guantitatively compared to different stand-alonghwods. As already mentioned by Moarisot (2000),
application of a cooling coil model to describeemtilation heat recovery exchanger is not a new.ide
However, to the authors’ best knowledge, thisremo extensive experimental validation of such
models in the scientific literature

In order to gather performance points with a vievealibrating andralidating the model for air-to-

air application, an experimental study was conductedteAt rig was designed in such a way to
reproduce a large range of operating conditionthefheat exchanger. Measured performance points
are thoroughly detailed in this chapter. ContraryrRbse et al. (2008) who partially assessed their 1
heat exchanger model by comparing experimental simailation results through only one single
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experimental point, aletailed validation of the model in dry and partialy wet conditions is
presented in the present chapter. Nielsen et AD9Rused the same model to investigate a few
strategies for defrosting in cold climate.

After a short presentation of the investigated leahanger, the first part of the chapter presants
semi-empirical model based on the physical charnatts of the off-the-shelf heat recovery device
and relying on empirical correlations availabletire literature for theconvective heat transfer
coefficients In the case of partially wet regime, a moving itary model is applied in order to
predict sensible and latent heat transfer rates nfdving boundary model is presented and validated
thanks tocooling coil data set A model developed with friction factor coefficisnestimated by
correlations from the literature is also presertedrder to predict thaydraulic performance in dry
conditions.

The second part of the chapter describesettpgerimental investigation conducted on the off-the-
shelf heat exchanger. Experimental data are usddni correlations for the determination of the
convective heat transfer coefficient avalidate the proposed simulation modebf the ventilation
heat recovery exchanger in partially wet conditiohswvill be shown that the model developed to
determine the hydraulic performance with existiogrelations for the friction factor coefficient doe
not require a calibration.

Finally, examples of use of the developed modelpaesented, which include®upling the model
with a building simulation model, a study of thénfluence of the humidity on the evolution of the
latent and sensible heat transfer ratesstiradegies to avoid freezing in the heat exchanger
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2 SIMULATION MODEL OF THE VENTILATION HEAT RECOVERY

2.1 Presentation of the investigated device

The investigated ventilation air-to-air heat reagvexchanger is actually dedicated to residential
building and more precisely to single room ventiat It is made of several corrugated plates in
synthetic material, as shown in Figure 1I-1.

Figure II-1: Polystyrene heat exchanger

The central (main) region of the heat exchangér ounter-current arrangement and is composed of
parallel triangular ducts as shown in Figure 11-2.

Flow configuration in the
central part of the matrix

W =0.213 [m]
L =0318 [m]
H=0.139 [m]

Indoor air inlet

Fresh air inlet i \\\ N
{ |1 X7

l r
4

Figure 11-2: Schematic representation of the studleexchanger

The inlet and outlet regions of the heat exchaagerin cross-flow arrangement and are composed of
channels with rectangular cross-sections. Flow igardition inside the heat exchanger is
schematically represented in Figure 11-3.

Figure II-3: Flow configuration inside the heat eXtanger

The air flows operating range investigated in thespnt study (for both indoor and fresh air strgams
has been chosen between 30 and 100 m3h. It sbeutdticed that the study employs the same ratio
of maximum to minimum air flow rate as the one preed by Fernandez et al. (2011).
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2.2 Development steps
Development of the semi-empiridilermal model is achieved with the following steps:

* The thermal effectiveness in dry regime is deteeaiirthe heat exchanger is divided in three
parts (as explained in section 2.3). Determinatibtihe effectiveness requires the knowledge
of the heat transfer convective coefficients that estimated by correlations for indoor and
fresh air flows. Selection of these correlationalso justified below.

« A moving boundary model is used to predict sensibig latent heat transfer rates in partially
wet conditions (section 2.4).

e Finally, a solving procedure able to determine teat exchanger operation regime is
presented in section 2.5.

Thehydraulic performance modelis based on the same approach as the thermatmpearioe model:

« The pressure drop is calculated by dividing thet le@ahanger in three parts, as explained in
section 2.6.

* Determination of the hydraulic performance requitles knowledge of the friction factor
value that is determined by correlations for batles. Selection of these correlations is also
justified in section 2.6.

2.3 Thermal performance prediction in dry conditions

The developed model is based on the clasgi¢dlU method. The model relies on the method
exposed by Nasif et al. (2005) by dividing the hesathanger into several zones (three in our study
case), as shown in Figure 11-4.

. Rectangularchannels
_.~~Cross-flow configurations .

o

Triangular channels
Counter-flow configuration

—
L W

Figure II-4: Parts of the heat exchanger and meaisthnce considered

This division is employed because the geometriethefdifferent zones are different. The passage
channels of the parts A and C have a rectangutasesection while the passage channels of theBpart

have a triangular cross-section. Moreover, theigardtions are in counterflow arrangement in part B
and in crossflow arrangement in parts A and C.

Effectiveness is determined for each parts of thkehanger in a classical way. As an example,
effectiveness of part A is determined by 8&ITU method. The minimal and maximal capacity flow
rates are given by Equations 1I-1 and 1I-2, whégg and Cfresh are the indoor and fresh air capacity
flow rates in [W/K] respectively:
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Cmin = min(éind; Cfresh) -1
Cmax = maX(Cind; Cfresh) -2
C: [] is the heat capacity ratio and is defined byé&ipn 11-3 :

C, = C:‘min -3
Cmax
The convective heat transfer coefficiénin [W/m?-K] for both sides of the equivalent heat exchanger

is approximated by the weighted average of theevafteach region:
h=h, - prop, + hg - propg + h¢ - propc -4

Fractionsprops props andpropc correspond respectively to the ratio of the heatdfer areas of each
zone A, B and C to the total heat transfer areghefheat exchanger. Numerical values of these
fractions for the currently investigated heat exgdwa are given in Table II-1. The sum of these
fractions is equal to one.

Table lI-1 : Heat transfer area ratio

Zone prop [%]
A=C 2.8%
B 94.4%

Heat transfer resistancBgsq, Riesh aNdR,, in [K/W] are expressed as functions of the conwechieat
transfer coefficientd,q and hyegn in [W/mZ-K] and the conductivity of the material platé&g in
[W/m-K], by means of Equations II-5, 1I-6 and II-7:

1

Ripg = —"
nd Apx * hing 11-5
R = ! -6

Jresh Ahx : hfresh
R = eplate II-7

v Ahx : kw
The overall heat transfer conductance AU in [W&Kgiven by Equations 1I-8:

1 11-8

AU =
Rind + Rfresh + Rw

For part A and C of the heat exchanger with a dlmssconfiguration, its effectiveness is given lnet
commonly-used Equation 11-9, given in Incropera &aVitt (2002):

NTUO22 11-9
- (exp[-C,-NTU*78] —1)

g=1—exp
T

With NTU, the number of transfer unit [-]:
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AU -
NTU = [1-10

min

For the part B of the heat exchanger, the effec@ss is also given by Equation II-11 (Incropera and
De Witt (2002)):

o 1—exp[-NTU(1 - C,)] 11-11
BT 1—C, exp[-NTU(1 - C,)]

As suggested by Nasif et al. (2005), the entiret lszghanger effectivenegs corresponds to the
weighted average of effectiveness of each regioudEon 11-12):

E=¢g, Propy + €5 Propg + ¢ Propc 11-12

The proposed method based on a weighted average fal the convective heat transfer coefficient
has been compared to a discretized model methbis 1atter consists in dividing the heat exchanger
into discrete elements (parts A, B and C in ouesasDue to the high relative value mfops, the
difference between these two methods is insigmifiq@ifference of less than 0.75% in terms of
effectiveness in dry regime). The weighted averamgelel has been selected because it allows an
easier implementation of the moving boundary mateh the discretized model.

The Reynolds number Re [-] is required to deterntieeregime in the heat exchanger. Definition of
the Reynolds number is given by Equation II-13:

v -D -1
Re = h 3

v
with:

- vin[m/s], the mean velocity of the air througje tmatrix;

- Dy in [m], the hydraulic diameter of channels of tinatrix. This latter corresponds to the
ration between four times the cross sectional améh the wetted perimeter of the cross
section;

- vin [m?s], the kinematic viscosity of air.

The hydraulic diameter is equal to 3.9 mm for gadnd C and 1.6 mm for part B. For a maximum
flow rate of 100 nh, the velocity for part A and C is 3.6 m/s and 2u/s for part B. These
considerations involve a Reynolds Number of 960pkmt A and C and 230 for part B. The Reynolds
number is always less than 1000, in this studyad result, the correlations selected for thegpites
model are valid only for the laminar regime.

Regarding the calculation of the Nusselt and thibb@a numbers (required to estimate the convective
heat transfer coefficients), two different correlas are applied: one for the rectangular chan(pels
A and C) and one for the triangular channels (Bart

The Nusselt correlation used for the part A and @he one provided for a uniform heat flux in the
library of EES software (2013) and described bylislaihd Klein (2009).

Wall temperature (approximated by the mean tempegdietween hot and cold fluid) is assumed to
be constant through parallel flow exchangers. Imreoy, uniform heat flux is assumed to be constant
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in counter flow heat exchanger (temperature diffeeeis anywhere the same), as represented in
Figure 1I-5.

s
x dbx Parallel Flow R

T T x dx Counter Flow

T

T Tho \ T;m
T

d T

T

Figure II-5 : Temperature evolution in a parallel ad counter flow heat exchanger

In cross flow configuration (as in part A and Qje tcorrelation choice is not so obvious since the 2
temperature evolution inside the heat exchangeem@esented in Figure 11-6.

Figure II-6 : Temperature evolution in a parallel ad counter flow heat exchanger

For parts A and B, correlations for a uniform hiéat were arbitrarily preferred since the majortpar
of the heat exchanger (part B) is in counter fl@nfiguration. Due to the small relative part oftsac

A and C, it is important to notice that the infleenof the correlation selected for these sectiens i
quite negligible (less than 0.4% in term of effeetiess).

Hesselgreaves (2001) distinguishes the fully deezloand the developing laminar flows (entrance
region effect). The heat transfer parameters ireldging flow are dependent on the Prandtl number,
unlike the fully developed case where there isepetidence on Prandtl number.

The Nusselt number for a constant heat flux)Ns determined by adding the entrance region effec
(DNuwy) and the Prandtl number effect ternNurat) to the fully developed Nusselt number that is
exposed to a uniform flux (Ni), as shown in Equation II-14:

Nuy = Nuy rq + DNurat.DNuy 11-14

The constant heat flux correlation for Nusselt logiynamically and thermally fully developed that is
exposed to a uniform heat fliduy; 4, is provided by Shah and London (1978) throughdiiqu |1-

15:

Nuy rq = 8235 - (1 —2.0421 - Aspect + 3.0853 - Aspect? — 2.4765 - Aspect? [1-15
+ 1.0578 - Aspect* 4+ 0.1861 - Aspect®)
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‘Aspect’ corresponds to the ratio of the minimummiaximum dimensions of the duct.

For rectangular section ducts, for simultaneouslyetbping velocity and temperature boundary layer
which are more likely to be characteristics of raiflations the Nusselt numbers for Prandtl number
equal to 0.72 are given by the data of Wibulsw&&6). Two intermediate calculation parametegs A
and B, are used to determine the entrance region effect RBNu,, given by Equations 11-16, II-17
and 11-18:

Ay = 0.113636994 + 0.712134212 - Aspect — 0.392104717 - Aspect? I1-16

0.9403 + Aspect - (0.6994 — 0.9403)/0.25 if (Aspect < 0.25)
By= 1-17
0.77413 — 0.35036 - Aspect + 0.1985 - Aspect? if (Aspect = 0.25)

DNuH = AH . exp(_BH : lnxstar) ||-18

The dimensionless thermal length appropriate foheamally developing flowky,, is defined by
Equation [I-19:
L/Dp, 1 [1-19

Xstar = (Re-Pr) Gz

The dimensionless lengiy,; is also referred as the inverse of the Graetz numbe

The Prandtl number effect is taken into accountirttgrpolating a table of data for a square duct
(Aspect = 1) provided by Kakag et al. (1987). Thandtl number effect term DNurat is estimated by
Equation [I-20:

0.6847 + 0.3153 - exp (712654459 -(In(P)=In(0.72)) £ (Pr > (0.72)

DNurat =
68— 0.68 - exp(0:32-(In(P)=1n(072))) ;£ (pr < 0.72) 11-20

If the length of the duct is infinite and the Prdmtumber is equal to 0.72, the calculated Nudselt
equal to the fully developed one.

The convective heat transfiein [W/m?-K] coefficient for part A and C is determined bygution II-
[1-21:

Nuy - kg I1-21

Concerning the part B, the Colburn values propdselays and London (1984) and provided in the
library of EES software (2013) were used as shawfigure 1l-7. This correlation is dedicated to
matrices composed of isosceles triangular flow zes.
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5 0.1 ~ o —0.1 ':
Q 2 NI TN e Friction factor f [-] (o)
Qo e I ‘6
£ ~ ' ©
- S
P4 b g
E I . . =
= Colburn factor jy [-] .9
o) .
S 0.01 =1—10.01 -
o :
0.002 0.002
20 100 1000 5000

Re [-]
Figure II-7: Interpolation of data provided by Nelt and Klein (2009) for the Colburn and friction
factor number

The relation between the convective heat transfefficienth in [W/m?* K] and the non-dimensional
Colburn factoljy., is given by Equation 11-22:

Ga : jH,a * CPq 11-22

pr,2/?

hq =

As explained in Section 5.2, these latter correfeti(and hence the value of the Colburn factor) wil
be calibrated by means of experimental resultsynegime.

2.4 Thermal performance in wet/partially wet regime

2.4.1 |Investigated regimes
In heat recovery devices, three regimes can benetkf{if the frost formation is not taken into
account):

e Totally dry regime: no water condensation occurs in the heat exchanger

» Totally wet regime: condensation appears directly at the inlet of et lexchanger (the inlet
surface temperature is inferior to the dew pointgerature);

» Partially wet regime: condensation occurs in the heat recovery devitadidirectly (there
are a dry and a wet parts of the heat exchanger).

A schematic representation of the partially wetrregis given in Figure 11-8. The two parts of theah
recovery device can be observed: the dry zone laavet zone. At the boundary between these two
parts, the wall surface temperature equals to dve mbint temperature of the cooling air at the heat
exchanger supply.
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Tsurf;bnd = po;su;ind
—_— .
Tsu;ind 5 Tex;ind
Wu;ina iCondensate Wex;ind
Tsurf;su | |Tsurf;ex
T x;frest s Tsu;fresh
exiresh - HX wall |
Wex;fresh Wsu;fresh

Figure 11-8: Schematic representation of the parllg wet regime

Due to similarities in terms of regime, it was i to apply a cooling coil model to our heat
recovery exchanger, as previously suggested byddiof2000).

2.4.2 Development of a new cooling coil model applicable to heat recovery
The literature proposes a large number of coolmgrodels. Two kinds of cooling coil models can
be identified:detailed andsimplified ones.

Thedetailed models are often discretized in a finite numbesaitions called control volumes. These
models are generally quite complex and involve @dganowledge of the geometry. Wang and Hihara
(2003) proposed a method that aims to simplifyddleulation in each control volume and distinguish
the three cooling regimes (totally wet, partiallgtvand totally dry). Wang et al. (2007) proposed to
decouple the sensible and the latent heat tramgides assuming a constant value of the sensibte hea
ratio (ratio between the sensible and the totat reasfer rate), so called SHR, and the saturation
curve slope within a small piece of the cooling.cBoth the SHR and the curve slope are determined
by an iterative solution of the unknown conditiafighe air, coil surface and chilled water.

Thesimplified models use a restricted number of parametersderibe and characterize the cooling
coil. Wang et al. (2004) proposed a simple, yeueate, steady state cooling coil model, involving
only three parameters. The model can be employeceéd time control and optimization of HVAC
systems. This model is also the origin of a dynamiclel developed by Jin et al. (2006) which aims
to predict the transient cooling coil performance.

The developed simulation model of the heat recowtghanger is built on thbasis of three
“simplified” models specifically developed to describe the heat andsntansfers in cooling coils.
These are the models presented by Lebrun et @0j18randemuehl et al. (1993) and Morisot et al.
(2002).

All of these three models present advantages amsvbdicks. The main advantage of models
developed by Lebrun et al. (1990) and Morisot et(2002) is their simplicity since they rely on

Braun's hypothesis to describe the partially wegime. Braun's hypothesis (1988) considers
simultaneously fully dry and fully wet regimes acwhsiders that the regime to be selected (totadiy w

or totally dry) is the one leading to the maximadbling capacity [W].

Qtot = maX(ery; Qwet) 11-23

Braun showed that this approximation generally $eadan error lower than 5% on the prediction of
the total energy rate. Lebrun’s and Morisot's medshow good behavior and performance
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predictions, except in the case of cooling coilragien with a SHR close to unity. This is related t
the Braun’s hypothesis that assumes the coil wobgpletely dry when the SHR is close to unity.

On the contrary, the Brandemuehl’s model (1993pahices a moving boundary which yields good
performance prediction even for SHR close to uniiso, Morisot's model presents a solution
procedure that can be used to quickly identifyrégime. This procedure has been considered in the
present model and applied to our heat recoverycdewdis explained in section 2.5.

The model developed in the frame of this thesisriless the partially wet regime in the same way as
Brandemuehl et al. (1993). It divides the heatdfar area of the cooling coil into two parts: tally

dry portion and a totally wet portion. These parficare separated by a moving boundary, whose
position is determined by means of the surface ésatpre. In reality, this method requires two
interlinked iterations, as illustrated in FigurelR:

- A first loop iterating on the wet surface area fi@t (location of the boundary). The wet
surface is delimited by a surface temperature emudhle entering air dewpoint.

- A second loop iterating on the water temperaturboaindary for a given wet surface area
fraction.

The solving procedure determines the cooling capégi identifying the dry and the wet parts of the
coil in the considered operating conditions. Caplooil is considered to be locally wet when the
surface temperature is equal to or below the sugiplgewpoint temperature.

In the totally wet cooling coil model of Brandemueh al. (1993), water enthalpies are replaced by
“fictitious fluid” enthalpies, defined as the enliina of saturated air at the temperature of the wate
The difference between the model developed for needvery device and the one proposed by
Brandemuehl et al. (1993) concerns the descripifotihe totally wet portion of the heat exchanger.
Here, in the new developed model, the wet regim#escribed in the same manner as proposed by
Lebrun et al. (1990): a fictitious perfect gas wh@nthalpy is fully defined by the actual wet bulb
temperature replaces the air. The replacementeofmibist air (the indoor one in winter and the fresh
one in summer) instead of water (which is presan& icooling coil and not in an air-to-air heat
exchanger) by a fictitious fluid is the reason vidgbrun’s method to describe the wet part of thd hea
exchanger was preferred. Indeed, it is directlypgatale and obviously more intuitive and appropriate
for an air-to-air exchanger.

The basis equations of the reference model propbgddebrun et al. (1990) are given below for a
water cooling coil model. The specific heat capaoitthe fictitious fluidcp, f;c in [J/kg-K] is given
by Equation 11-24:

hsu,a - hex,a,wet 11-24

twb,su,a - twb,ex,a,wet

CPq,fic =

The air side thermal resistance of the fictitiowsdf R, ;. [K/W] is weight-averaged by the ratio of
the specific heat capacity of the ajr, [J/kg-K] and the specific capacity of the fictiti® fluid cpg f;c
[J/kg-K]:

CPq 11-25
Cpa, fic

Ra,fic = R,
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Knowing the effectiveness in wet regime (on theidaé the convective resistance), the heat transfer
rate for the wet regimé,,.. [W] can be obtained through the two following reaships. The first
one (Equation [I-26) involves the coil effectiveaes,; .. in wet regime, the wet bulb supply
temperature of the moist aff,, s, , and the supply water temperatufg,.,. The second one
(Equation 11-27) involves the supply and exhaust uéb of the moist air.

Qwet = 8coil,wet : Cmin,wet : (wa,su,a - Tsu;w) 11-26
Qwet = Ca,fic : (wa,su,a - wa,ex,a,wet ) 1-27

with the capacity flow rate [W/K] of the fictitiouuid given by Equation I-28:
Ca,fic = Ma * CPaq,fic 11-28

As also proposed in the Brandemuehl et al. (1998)ah a fictitious semi-isothermal heat exchanger
is considered to determine the outlet air cond#tio®ne of the two fluids supplying this heat
exchanger is the air; the other one is a fictitiflugl of infinite capacity flow rate, whose unifor
temperature is supposed to correspond to the aweemgperature of the external surface of the coil,
also called “surface” temperature.

2.4.3 \Validation of the new developed model through experimental data

Before applying the new developed cooling coil mddeour air-to-air heat recovery device, it was
decided to validate and compare it to the differsiaind-alone methods mentioned above: Braun-
Lebrun and Morisot models.

Identifications of model parameters

The parameters of the models mentioned above are:

- The air-side heat transfer coefficient in ratingditions,
- The water-side heat transfer coefficient in ratingditions,
- The metal thermal resistance (supposed constannastlof the time neglected).

Two methods are commonly used to identify the \&bfehese parameters:

- Semi-empirical parameter identification using omes@veral operating points to calibrate the
parameters of the simulation model. The use ofdperating points is often combined to
practical assumptions (e.g. ratio between watez-aitti metal thermal resistances).

- Deterministic parameter identification relying ommmrical correlations based on the
geometrical characteristics of the considered coil.

Only the semi-empirical parameter identification thoel is considered for the cooling model
validation. This method has been well describethencase of the Braun-Lebrun model by Lemort et
al. (2008) in the frame of IEA-ECBCS Annex 43 pubje

Validation of the developed cooling coil model andomparison with stand-alone methods

As already noticed before, three models are ingated:

- Braun-Lebrun model,

11-14



Chapter II: Development of a ventilation heat remgvexchanger simulation model

- Morisot model,
- the new moving boundary model.

The three models have been built and validated B E2013) environment. Performance points
considered for validating the models come from expental data collected by Morisot (2002).

Except the water flow rate which is almost constgh639 kg/s), all the physical quantities are
variable. The inlet air temperature is comprisetiveen 17.2 °C and 23.6 °C and the inlet water
temperature is comprised between 7.6 °C and 11.3 °C

The metal thermal resistance was neglected fothttee validations. The identified parameters ef th
three models are:

- the air-side heat transfer coefficient in ratingaitions,
- the water-side heat transfer coefficient in ratogditions.

Thermal conductance in non-rating conditions i®gity Equation 11-29:

11-29

11 [Man]™
AU, AU, | M,

The values of the identified model parameters arengn Table 11-2:

Table 1I-2 : Air and water heat transfer coefficidn

Air heat transfer coefficient

Water heat transfer mefficient

“Braun-Lebrun” model

AU,.,= 2000 W/K

AU,n= 1850 W/K

“Morisot” model

AUyn= 2415 W/K

AU.= 1768 WIK

New Moving boundary model

AU,n= 2100 W/K

A= 1900 W/K

The validation is based on four parameters:

- the total energy exchanged by the water flow aedathstream@

- the sensible heat ratiSHR

- the exhaust water temperatufgs.y.coi
the exhaust air temperatuii@y.a.coi
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Braun-Lebrun model

SHR close to unity
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Figure 11-9: Comparison of the predictions by therBun-Lebrun model and the measurement for
the cooling capacity a) and SHR b)

Morisot model ]
SHR close to unity
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Figure 11-10: Comparison of the predictions by thdorisot model and the measurement for the
cooling capacity a) and SHR b)

New moving boundary model

SHR close to unity
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Figure II-11 : Comparison of the predictions by theew moving boundary model and the
measurement for the cooling capacity a) and SHR b)
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Mean relative errors (for cooling capacity and SHIRY mean absolute errors (for leaving air and
water temperature) are given in Table II-3, for &émdire data range. It appears that the three reodel
provide satisfying results, in the range of valaeéshe uncertainties on measured energy rate (+

200W) and temperatures (+ 0.3K).

Table I1-3: Average of absolute value of error amdaximal errors for all data range

Braun-Lebrun Morisot Moving boundary
All data range
AVE MAX AVE | MAX | AVE MAX

Cooling capacity [W] 3.5% 8.7% 50% |  11.7%  2.2% 6.1

[MRE]
SHR [%] [0) 0, (0] 0 0] [0)

RE] 1.3% 7.5% 1.5% 7.4% 1.2% 4.3%

Leaving Air Temp. [K] 019K | 043K | 026K | 048Kl o012kK| 051K
[MAE]

Leaving V[Vlv?fé]Temp' KI'l 012k | 027k | o016k | 032K| 016K| 017K

As shown in Figure 11-9 and Figure 11-10, the “Bralebrun” and the “Morisot” models have good
behavior and performance predictions. The mainlpmlf these two models is that they are not able
to represent cooling coil operation for a senshi#at ratio (SHR) around unity. In fact, this prable
comes from the Braun’'s hypothesis: for SHR closeot®, Braun’s method assumes the coil
completely dry. Nevertheless, this approximatioesimot affect global simulation results. On the
contrary, the moving boundary model produces gesdits even for SHR close to unity, as shown in
Figure II-11 and Table II-4. It is one of the mawnclusions concerning the new developed model.

Table II-4: Average and maximal errors for measur&HR close to unity

(comprised between 0.9 and 1)

Braun-Lebrun Morisot Moving boundary
SHR close to unity
AVE MAX AVE MAX AVE MAX

Cooling capacity [W] 4.2% 8.7% 6.2% 11.7% 2.1% 5.5%

[MRE]
SHR [%] 0] 0, 0] 0 0] 0

MRE] 1.3% 7.5% 1.2% 7.4% 0.5% 1.7%

Leaving Air Temp. [K] 022K | 043K | 027k | 048K/ 013K| 032K
[MAE]

Leaving V[VN?tAeé]Temp' KI'| 011k | o021k | 015K | 023kl 008Kl 017K

From this fact, it has been preferred to applyrttozing boundary model for our heat recovery device
in order to better predict SHR close to unity. Murer, as explained in Chapter 3, the moving
boundary model can be extended to a three-zondseRehanger model by adding a portion of the

heat exchanger where frosting occurs.
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2.5 Determination of the regime

In order to allow quicker simulation (especially avhcoupled to a building simulation model), the
determination of the regime (totally dry, totallyetvand partially wet) is realized by means of a
solving procedure initially developed by Morisot &t (2002) for cooling coils and presented
hereafter.

The implemented solution algorithm, representethenflow chart given in Figure 11-12, includes the
following steps:

1. The first step consists in comparing the supplyoordair temperaturds, ,qand the supply
fresh air temperaturé, ress If the supply fresh air temperature is lower thiaa supply indoor
temperature, the heat exchanger is supposed tatepar‘winter conditions” and in “summer
conditions” in the opposite case.

The rest of the description of the solving procediacuses on the right part of Figure 5 (“winter
conditions”).

2. The second step consists in comparing the supghoimnair dewpoint temperatulig, s,,ins@nd
the supply fresh air temperaturg, fresn
Obviously, if the supply fresh air temperaturg s.sn IS higher than the supply indoor air
dewpoint temperaturéyp s,ina the coil will be in completely dry regime.

If the supply fresh air temperatuie, esn iS lower than the supply indoor air dewpoint
temperaturd gy s, resh the il is considered, as a first guess, inrapetely wet regime.

3. The third step consists in comparing the supplyandair dewpoint temperatuiyp s, resh t0
the supply cooling coil surface temperatiitg:s, Supply surface temperature is determined
by Equation 11-30:

(wa,su,ind - surf,su) _ (wa,su,ind - ex,fresh) 11-30

Rind,fic B Rfresh + Rw + Rind,fic
If the supply cooling coil surface temperatufg,s, is lower than the supply indoor air
dewpoint temperaturé;p;s.ins then the cooling coil is completely wet.

4. In the opposite case, the fourth step is to comffeesupply indoor air dewpoint temperature
Tap.suina@nd the exhaust cooling coil surface temperature..

If the exhaust cooling coil surface temperatlitg:exiS higher than the supply indoor air
dewpoint temperaturé, s, ind then the cooling coil is completely dry.

In the opposite case, the cooling coil is considgrartially wet and the variable boundary
model dedicated to partially wet regime is applied.

The “partially wet” model only requires three pardars: convective heat transfer coefficients in dry
conditions for indoor and fresh air and conductieat exchanger wall resistance. Due to its small
thickness (2.1 m), the wall resistance can generally be neglects®n for material such as
polystyrene with a low thermal conductivity (aroudd4 W/m-K). As a quantitative example, wall
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resistance due to conduction is around 6.5 timeerdhan the convective heat transfer resistance in
the investigated exchanger and taking into accabetwall resistance would only decrease the
predicted thermal performance by less than 0.6%e Tbnvective heat transfer coefficients are
determined by means of correlation, as alreadyudssd in section 2.3.

In the rest of the paper, the supply fresh air erature is always considered lower than the indor
temperature (winter conditions). However, the mogelstill valid when describing the summer
conditions.

» NO YES , .
Summer conditions Winter conditions
NO
—>

Tsu,'ruh
<Tap,su,ind

Ttu,lnd

<po,lu,'ruh

YES

YES

Considered Considered
totally wet totally wet
Totally

Totally YES T. > wet
wet Tsun,su surf.su (Lebrun)
(Lebrun) <po.su,lruh <po,su,lnd

|
NO
—
No Tsurf,-x
<po,tu,'rosh

Partially
wet
(Variable

Tlurl,cx
<po,su,lnd

Partially

NO NO NO

NO

Tond,ind =
Tond,ind,new

Tsun,bnd -
Tup.su.lresh

YES
Tond fresh =
Tbnﬂ,"esh,new
YES
Tsurv,hnd =
po.su,ind
YES

YES

Figure II-12: Solution procedure of the developedauel
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2.6 Hydraulic performance prediction

The model dedicated to the hydraulic performaneegliption applies the same methodology than the
one dedicated to the thermal performance sindsadtdivides the heat exchanger into three zones (th
reason is that two of them are composed of rectangiannels and one of them is composed of
triangular channels). The mean distances considerezhch part are represented in Figure 11-13. The
mean distance considered for the part A and the(plrean.a@Nd Lyean:g IS €qual to the half-length of
the supply side. The mean distance consideredhéopart B is equal to the length of the central phr
the exchanger.

\Lmean;c
Figure 11-13: Mean distance considered for the hyalulic model

As an example, pressure drop in the regiol B, in [Pa], is determined as a function of the foati
factor fy, the air density, in [kg/m’], the mean distance considered for the patt, A g, 4 in [M], the
hydraulic diameteD,, , 4 in [m] of part A and velocity, 4 in the part A [m/s], as given by Equation
[1-31:

fA * Pa 'Lmean,A 'Va,A2 11-31
2 'Dh,a,A
The same equation is used for sections B and Bedfi¢at exchanger.
The total pressure drop [Pa] due to friction in tieat exchanger corresponds to the sum of the
pressure drops of parts A, B and C:

APA=

AP = AP, + APy + AP 11-32
The first step was to develop a model using carela available from the literature. Two distinct
correlations have been used to compute the frickiamtor: a first one dedicated to the triangular
channels (part B) and a second one dedicated teett@ngular channels (parts A and C). As already
mentioned, laminar flow correlations are used stheecalculated Reynolds is always less than 1000.

According to Nellis and Klein (2009), the fully ddeped friction factor for rectangular duct is a
function of the aspect ratio (ratio of the minimsionthe maximum lengths of the duct), according to
Equation [I-33:

96
fra = Re (1 —1.3553 - Aspect + 1.9467 - Aspect? —1.7012 - Aspect® + 11-33
0.9564 - Aspect* + 0.2537 - Aspect®)

Results of Curr et al. (1972) for a developing laaniflow are approximated by Equation 11-34:
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1.25 b frg— 3.44
4 | 3.44 4 " Xplus ra v/ Xplus

=— + 11-34
Rel [ Xpius 1+0.0021 - xpys

f

where xsis the dimensionless length for a hydrodynamicdiyeloping internal flow defined by
Equation [I-35:

L/Dy
X. =
plus Re
Once again, ‘Aspect’ is based on the geometricatatdteristics and is the ratio of the minimum to
maximum dimensions of the duct.

[1-35

Concerning the friction factor dedicated to thet arthe value proposed by Kays and London (1984)
and shown in Figure 3 is used. Correlation was ex@atally determined for a gas flowing through a
matrix composed of isosceles (apex angle varyiog f50° to 90°) triangular flow passages.
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3 HEAT RECOVERY EXCHANGER TEST BENCH DESCRIPTION

The present section aims at describing the expeataheapparatus developed to determine the
hydraulic and thermal performance of the analyzeat lexchanger. A schematic representation of the
test bench and pictures of its practical achieverasngiven in Figure 11-14.
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Fresh air can be cooled down by means of the eingaansion evaporator of an air-cooled chiller. In
order to avoid freezing of the evaporator, theetais sup-plied with fresh air delivered by an air
compressor coupled to an industrial dryer (“Atlag€o air dryer FD210"), given in Figure II-15.

N

iR
‘X A
i‘ 2

Figure 1I-15: Industrial air dryer Atlas Copco FD20

It is possible to control the fresh air temperatairéhe inlet of the heat exchanger by post-hedtirg
fresh air stream with the use of variable electrresistances. Ducts containing fresh air flow are
insulated by mineral rock of 25 mm thickness.

Indoor air (ambient air) can be cooled down andided by by-passing part of the flow rate
exhausting from the evaporator in a mixing boxatiéd at the inlet of the indoor air fan. Here aiso,
is possible to control with precision the indoor &mperature by means of variable electrical
resistances, as represented in Figure II-16.

Figure II-16: Resistances of 900W in series

Humidity is controlled by the use of electrical aste generators supplied with variable electrical
power.

The mass flow rate of both fluids (fresh and indaioy can be adjusted by means of a set of regaglati
valves and are measured by means of orifice plagesscommended by ISO 5167 (2003).

Differential pressure ‘Schaevitz’ sensors dedicateithe air flow rates measurement have an accuracy
of £2.5 Pa. Air temperatures are measured with fypieermocouples with accuracy of £0.3 K. In the
rest of this chapter, the mean supply and exhaesipérature corresponds to the average of
respectively two and eight measurements by tygeefintocouples.

The differential pressure between the inlet andotliéet of the heat exchanger is measured by means
of two distinct differential pressure sensors: dadicated to the lowest air flow rates with an aacy

of + 1 Pa with a full-scale value of 100 Pa (‘Dirhednsor) and another one with accuracy of + 2.5 Pa
with a full-scale value of 500 Pa (‘Schaevitz’ sems

Figure 1I-17: Schaevitz sensor (500 Pa at full sealand Dimed sensor (100 Pa at full scale)

11-23



Chapter II: Development of a ventilation heat resxgvexchanger simulation model

The relative humidities (RH) at the inlet and a tutlet of the indoor exhaust air stream are nredsu
by means of humidity sensors with an accuracy & fpercent points. These sensors have been
calibrated by means of LiCl and NaCl, which perniitreate an atmosphere at respectively 11.3%

and 70% of relative humidity. Their operating rangecomprised between -25°C to 45°C and 0 to
100%.

Figure 11-18: ‘Status instrument’ relative humiditysensor

The heat exchanger is located in a box insulatedCbynm thick polystyrene in order to reduce heat
losses to the atmosphere. In order to ensure aramidir flow through the heat exchanger, dampers
with filters are placed in the box upstream of leat exchanger, as shown in Figure 11-19.

Figure 11-19: Heat exchanger box

All the measurements were automatically stored PCaby means of three data acquisition cards
(Solartron Instruments Sl 359551), as representedrigure [I-20. The data acquisition unit

programmed by the computer receives the signal fileenelectronic sensors. All the channels are
scanned every second.

Figure 11-20 : Data acquisition cards (Solartron Istruments S| 359551)
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Accuracies of the measurement devices are sumrdanzeable 11-5.

Table II-5 : Accuracy of the measurement devices

Measurements Accuracy
Type T Thermocouples +/- 0.5 K
Differential pressure sensors (Full-scale: 500 Pa) +/-2.5 Pa
Differential pressure sensors (Full-scale: 100 Pa) +/- 1 Pa
Simultaneous measure of relative humidity and +-2 %
temperature +/-0.4 K
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4 EXPERIMENTAL INVESTIGATIONS ON THE STUDIED HEAT RECOVERY
EXCHANGER: TESTING CONDITIONS AND MEASURED PERFORMANCE

The present section of the paper presents the imgr@al investigations carried out by means of the
previously presented test bench. Indoor and freaksnflow rates were equal (well balanced flow
rates) as well in dry than in partially wet regimé&sis condition was fulfilled by using regulating
valves of the test bench.

Four kinds of tests were performed:

- Measurement of the hydraulic performance in drymeg,

- Measurement of the hydraulic performance in weihneg,
- Measurement of the thermal performance of the éeatanger in dry conditions,

- Measurement of the thermal performance of the bgahanger in partially wet conditions
(which includes the determination of the sensilaliegnt and total heat transfer rates).

The present section presents the testing condit&lagve to each type of experimental tests amdeso
interesting results related to the experimentadétigations.

4.1 Hydraulic performance under dry conditions

Concerning the hydraulic performance, the presdoog was determined for several air flow rates
(approximately from 30 to 100%h). The conditions at the inlet of the heat exgjearfor these tests
were 24°C and 45% of relative humidity. Each pnésg result for the several air flow rates
concerning the hydraulic performance of the heaharger corresponds to a stabilized test of 200
secondes. The matrix is considered to be symmgitreén the negligible observed difference in terms
of pressure drop if flows are diverted.

4.2 Hydraulic performance under partially wet conditions

Analysis of hydraulic performance under partiallgtvconditions was realized by carrying out four
experimental points. The aim of this investigatisas to highlight the influence of condensation on
pressure drop. Experimental points correspondesvéovolumetric air flow rates and two relative
humidities. Supply fresh air temperature was chdsenrder to enhance condensation and avoid
freezing. Each of the observed pressure drops mieshe same evolution and leads to the same
conclusions as those drawn by Fernandez et alFj6t, there is an increase of the pressure drop
which can be attributed to the reduction of thevilg area due to the formation of condensate. Then,
pressure drop become nearly stable.

The evolution of pressure for a set of operatingditions is given in Figure 11-21.

For an indoor volumetric flow rate of 41°fn, well balanced mass flow rates, a supply indaior
temperature of 18.6°C and a fresh air supply teaipez of 1.6°C, the relative increase of pressure
drop is equal to 111% for a relative humidity oD of the supply indoor air and 46% for a relative
humidity of 50%. The difference between these twsults can be explained by the fact that
condensation appears on a larger surface of the duedanger for a higher supply air relative
humidity.

For an indoor volumetric flow rate of 86#n, well balanced mass flow rates, an indoor appsu
temperature of 18.6°C and a fresh air supply teatpez of 1.6°C, the relative increases of pressure
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drop are equal to 72% and 20% respectively folaive humidity of 100% and 50%. The difference
between these two results can be explained inaime snanner than previously explained.

150

Conditions: . Indoor temperature = 18.6 [°C)
- Outdoor temperature = 1.6 [°C)
125 - Relative humidity = 50%
- Volumetric flow rate = 41 [m3/h)
- Well balancing flow rate

100
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Figure 11-21: Pressure drop evolution under partigl wet conditions

4.3 Thermal performance under dry conditions

4.3.1 Temperatures

Investigated flow rates are comprised between 30%hni/h. Since the flow rates are rather small,

the temperature difference at the inlets of thet lee@hanger was chosen in a range comprised
between 30 to 40 K (between 40 and 50°C for theandhir at the inlet of the heat exchanger and
between 0 and 10°C for the fresh air at the infehe heat exchanger). Obviously, these conditions
(especially the high virtual indoor temperature)mbd correspond to the usual operating conditidns o

the device but allows minimizing the relative eroorthe heat transfer measurement.

The results presented in the following part of plager correspond to the average value of stabilized
regimes of 500 sec. An example is given in Figli#2land shows the mean temperatures at the inlets
and at the outlets of the heat exchanger and tlasuned orifice plate pressure drop.

—APdph,ind
1 00 reastihmtisbsanpmres it At - Py ’
— 75 1 _APdph,fresh
o
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© — Tsu HX ind
e S e I S N
o
< *Tex,HX,fresh
25
7Tex,HX,ind
0 I Tsu, Hx fresh

15875 16000 16125 16250 16375 16500
Time [sec]
Figure 11-22: Example of a stabilized test for a itonetric flow rate of 43 m3/h in the standard
condition (25°C and 101325 Pa) for dry regime
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The aim of these tests was to determine the pedoce of the heat exchanger in dry conditions. Part
of the dry air coming from the dryer and exhaustiogn the cooling coil was deviated into the mixing
box situated at the inlet of the indoor air pulsiag (see Figure 11-14).

The condition on the dry regime was checked by medinthe measurements of the humidities at the
inlet and at the outlet of the heat exchanger aasl achieved during the whole set of tests.

4.3.2 Balance of heat transfer rates
Heat transfer rates were measured on both the iinglod the fresh air sides and are compared in
Figure 11-23. The heat transfer rate differenceneein these two values is always less than 1.5%,

which is within the accuracy of the measurementsces. Heat transfer raté€sin [W] for each side
in dry operation are determined by Equations 1686€ 11-37:

Qind = Mind -Cpind-(Tsu,ind - Tex,ind) I1-36
eresh = Mfresh -Cpfresh-(Tex,fresh - Tsu,fresh) 11-37
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Figure 11-23: Balance of heat transfer rates for #ndry regime

4.3.3 Measured effectiveness

If the air mass flow rate is converted into a voétrit flow rate in standard condition (25°C and
101325 Pa), the measured effectiveness shown iard-ili-24 is obtained. Horizontal error bars
indicate the uncertainty on measurements on the fiates and vertical error bars indicate the
uncertainty on measurements on the effectivenebg. Zoom in Figure 1l-24 permits a better
visualization of these uncertainties.
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Figure 1I-24: Measured effectiveness [%] vs. volutrie flow rate [m3/h]

The uncertainty on the measured effectiveness waliated using the “Uncertainty propagation”
function of the EES Software, which uses the metdedcribed in NIST Technical Note 1297
(1994). The purpose of this command is to caleubaiw the uncertainties in each of the measured
variables X, X,, etc propagate into the value of the calculateghtjty Y that is a function of one or
more variables that are directly measured, i.e5 ¥ X1, X, etc). According to this method, the
uncertainty on the calculated quantity ¢an be determined as a function of the uncertaontyhe
measured variable JJby Equation 11-38:

2
Uy = jZ(g_;) Uni® 11-38

i

4.4 Thermal performance under partially wet conditions

4.4.1 Temperature and humidities

Contrary to the previous tests in dry conditiomstd in partially wet conditions were carried aut i
realistic operating conditions. Temperatures at itilet of the heat exchanger were respectively
comprised between 0 and 5°C for fresh air flow betlveen 20 and 25°C for the indoor air flow. Inlet
relative humidity of the indoor air flow ranged Ween 45 and 80%.

The value of the inlet fresh air temperature wasseh in order to avoid any risk of freezing and to
allow for the partially wet regime. Inlet indoor &mperature and relative humidity representaive
inside conditions of a domestic building were ingubs

The results presented in the following part of plager correspond to the average value of stabilized
regime of 500 sec. An example of stabilized tespiien in Figure 1I-25 and shows the mean
temperatures at the inlet and at the outlet ohtiret exchanger for both fluids. Relative humiditiés
the indoor air at the inlet and the outlet of treathexchanger are also given in Figure II-25. It is
interesting to stress the fact that the differdmetveen the inlet and the outlet temperatureseohdat
exchanger for both air flows are not the same,raonto the observed case in Figure 11-22. Thig fac
can be explained by the appearance of condendatighthus a part of latent heat transfer ratehen t
indoor side of the heat exchanger.

11-29



Chapter II: Development of a ventilation heat rezrgvexchanger simulation model

80‘ | I I I | | _.RHe"'iY‘d ‘
M A N e A AP A~ N AN
t _RHsu.ind 1
T 60
==
@ I
© 40
- |
—TsuHx,ind |
20: 7Tex,HX,fresh |
T Tex,HX,ind|

0 Tsu,HX,fresh

1820018250 18300 18350 18400 18450 18500 18550 18600 18650
Time [sec]

Figure 11-25: Example of stabilized tests under pally wet conditions

4.4.2 Balance of the heat transfer rates

Measured heat transfer rates on indoor and freskides are compared in Figure II-26. It can be
observed that energy balances on the fresh andirmo streams agree within a band of + 15%.
Fernandez-Seara (2011) obtained the same rangeoofom tests realized on the same type of heat
recovery exchanger.

These results are considered satisfactory for thas#s of devices, due to the relatively low heat

transfer rate and the uncertainties related tadtaive humidity sensors. Heat transfer rades [W]
for each side are determined by the Equations B+8911-40:

Qind = Mind -(hsu,ind - hex,ind) 11-39

wherehg, ing@nd hey ing are respectively the enthalpy of the indoor aithat supply and the exhaust of
the heat exchanger. These two values are deterrbineceans of the knowledge of the temperature
and humidity at those conditions.

eresh = Mfresh -Cpfresh . ( Tex,fresh - Tsu,fresh) 11-40
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Figure 11-26: Heat transfer rates determined fronhé experimental data through the energy
balance on the indoor and fresh air-flow rates
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As it can be observed in Figure 11-26, heat transé¢ée measured on the indoor air side is always
larger than the one measured on the fresh air Shde.can be explained by the unavoidable saturatio

of relative humidity sensors in the range of higbasured relative humidity. However, measurement
of relative humidity at the inlet and the outlettbé heat exchanger is not necessary, as explained

section 5.3.
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5 CALIBRATION AND VALIDATION OF THE MODEL

5.1 Hydraulic performance

The comparison between the predictions by the maddithe measurements in terms of hydraulic
performance is given in Figure 11-27.
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Figure 1I-27: Pressure drop through the heat exchgar [Pa] vs. volumetric flow rate [m3/h]

The full line in Figure II-27 represents the sintida results from the model. The mean deviation
between the prediction by the model and the meamneis 4.6% and the maximum deviation is less
than 7%.

Considering the uncertainty on the mass flow rit@( 1.5 to 2.2% according to 1ISO 5167 (2003))
and the uncertainty on the air pressure drop se{istw 2.5 Pa depending on the sensor used), the
experimental measurements are on sufficiently gmpdement with the model.

5.2 Thermal performance in dry conditions and calibration of the correlations

5.2.1 Comparison with non calibrated model

Figure 11-28 offers a comparison between the thérpexformance prediction and the thermal
performance measurement. As it can be observed,ntimecalibrated model overestimates the
measured thermal performance. The maximal devidieiween the prediction by the model and the
measurements for the thermal performance is 8.5%4lemean deviation is equal to 5.2%.
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Figure 11-28: Comparison between the developed midoefore the calibration and the experimental
measurements

Even if both curves have similar shapes, such réiffees are unacceptable and require a tuning of
some parameters of the model. To do so, a semgiavalysis was performed and is detailed here
after.

5.2.2 Sensitivity analysis
The influence ofthree parameters on the heat transfer rate has been investigathdseT three
parameters are given hereafter:

- the convective heat transfer coefficient in part B Given the high value gfrops compared

to propa andprope and the counter flow configuration in part B iresteof cross flow configuration in
part A and C, the main part of the heat transfer appears in the central part of the heat excliahge
discretized model indicates that in the dry regiateut 90.5% of the heat transfer rate occursen th
central part of the heat exchanger. As a resudt,piiesent sensitivity analysis does not focus en th
variation of the convective heat transfer coeffitsein part A and C,

- thegeometrydimensions of the heat exchanger,

- themal-distribution of one or both fluids through the heat exchanger.

Carrying out a sensitivity analysis involving flomte distribution in a heat exchanger is not so
obvious. To do so, the heat exchanger has bedtiofisly divided into two identical semi heat

exchangers in parallel configurations, as showrrigure 11-29. The total mass flow rate on both
indoor and fresh air sides are considered equal:

Mind;total = Mfresh;total 1-41
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Figure 11-29 : Sensitivity analysis - Flow rate mdlistribution (fictitious division of heat exchanggr

The maldistribution of each flow rate is charaaed by theerm X in Table 11-6. Obviously, the sum

of each flow rate entering in each fictitious heathanger is equal to 1. To investigate the infbeen
of maldistribution on the heat transfer rate, & baen decided to vary X from 0.9 to 1.1. This eaofy
variation close to unity is justified by the preserof damper which is supposed well distribute the
flows. The other parameters taken into accountunsensitivity analysis (convective heat transfer
coefficient in part B and each measured geometmyedsions of the heat exchanger) have been
modified in a similar manner.

Three different cases of maldistribution have biegastigated.

In Case 1 flow rates through HX and HX are well balanced even if there is an overall
misdistribution for both flow rates.

HXy: Mfresh;l = Mind;l = 05x Mind;total * X I1-42
HXp: Mfresh;z = Mind;z = 0.5+ Mind;total *(2-X) I1-43

In Case 2,flow rates of indoor air side remains constant amil-balanced between HXand HX
(0.5 *Ml-nd;wtal). From this fact, contrary to case 1, flow rates @ao longer well-balanced for HX
and HX.

HXy: Mfresh;l =05 >k1\‘4fresh;ttotal*X VS Mind;l =0.5 >kl\}lind;total II-44
ﬂz_-' Mfresh;z =0.5* Mind;total * (2 - X) \A Mind;z =0'5*Mind;total 11-45

Case 3is the one leading to the worst heat transfer datgradation since it is the one generating the
worst maldistribution inside the heat exchanger.

HX;: Mfresh;l = 0.5 Mfresh;total * (2 _X) Vs Mind;l = 0.5 Mind;total * X 11-46

HX>: Mfresh;z = 0.5 Mfresh;total * X VS Mind;z = 0.5 Mind;total * (2 _X) 1-47

Table 11-6 summarizes the investigated cases mdeaf flow rates. Nomenclature used is the same as
the one presented in Figure 11-29.
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Table II-6 : Flow rate maldistribution for each ingstigated cases

Minaq M;na | - M fresna
Case 1 0.5* 0.5* 0.5* 0.5*
Mind;total *X Mind;total * (Z'X) Mfresh;total *X Mfresh;total * (2'X)
Case 2 0.5* 0.5* 0.5* 0.5*
Mind;total Mind;total Mfresh;total*x Mfresh;total *(Z'X)
Case 3 0.5* 0.5* 0.5* 0.5*
Mind;total*x Mind;total*(z'x) Mfresh;total*(z'x) Mfresh;total*x

The sensitivity analysis has been carried out fomaoor volumetric flow rate of 60 m3/h. The inlet
indoor air temperature is equal to 20°C and thetifiesh air temperature is equal to 10°C. Resiilts
the carried out sensitivity analysis are graphycgiVen in Figure 11-30.
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Figure 11-30 : Results of the sensitivity analysis

As shown in Figure 11-30, except for the Case Bngdistribution flow rate, the convective coefficie

in part B appears to be the most influential patemeven if each measured geometric characteristic
varied by 10%. This seems unrealistic since thengdxy characteristics are known with a high level
of accuracy (high precision of used calipers). Casend 1 of maldistributions appears to be the less
influential parameters.

It is important to precise that special attenti@s lveen paid to ensure a homogeneous repartition of
flow rate (placement of dampers in the box upstreditihe heat exchanger as seen in Figure 11-19).
Moreover, even without dampers, due to the testlbeonfiguration, its symmetry and the air inlet
configuration in the box containing the heat exclen a potential maldistribution of flow rates
through the heat exchanger would be close to Case 1

Considering these results and also the fact thatotiginal correlation was developed for slightly
different heat exchanger (regenerator matrix), aeggion of the heat transfer coefficient in part B
seems to be most relevant one.
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5.2.3 Calibration of the model

From results of the sensitivity analysis, it wasided to alter the correlation for the determinatod
the value of the convective heat transfer coefficia part B of the heat exchanger. The tuning was
achieved by multiplying the correlation presentedéction 2.3 by a factor of 0.59.
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803 —Calibrated rrllo.de-ir_i o
70!

60
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50
40-
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20+
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.
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Figure 11-31: Comparison between the developed midoefore/after the calibration and the
experimental mesurements

As it can be observed in Figure II-31, the moddhwiew correlations predicts the thermal efficiency
with a mean relative error of 1.6% which is of #@me order as the experimental uncertainty (from
1.5 to 2.2% according to ISO 5167 (2003) ).

5.3 Thermal performance in partially wet conditions and validation of the new
moving boundary model

The aim of this section is to compare simulatiosules of the calibrated model with experimental

results in partially wet conditions and thus tolesate the variable boundary model. In the reshef t

paper (and in particular for the comparison betweadel and experimental results in partially wet

conditions), the convective heat transfer coeffities determined by the calibrated correlations,

established in the previous section 5.2.

The quality of the model is evaluated by compasimgulation and experimental results in terms of:
- Total heat transfer rate;
- Sensible heat transfer rate;
- Latent heat transfer rate or condensate flow rate.

The total heat transfer rate was measured on #sh fair side, where only sensible heat transfer
occurs. This is justified by the fact that senstidat transfer measurements present less errottban
latent heat transfer measurements (RH sensors nprege important uncertainty measurement
compared to the type T thermocouples). Thus, theidered measurements taken into account for the
validation are:

11-36



Chapter II: Development of a ventilation heat rezrgvexchanger simulation model

Qmeas,tot = Qmeas,fresh 11-48

Qmeas,tot = Mmeas,fresh -CPfresh -Atmeas,fresh 11-49
Qmeas,sen = .meas,ind -CPind -Atmeas,ind 11-50
Qmeas,lat = Qmeas,tot - Qmeas,sen [1-51

Figure 11-32 presents the comparison between maadel experimental results in terms of total,
sensible and latent heat transfer rate.
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Figure 11-32: Comparison between model and experintal results in terms of total, sensible and
latent heat transfer rates

The model is able to predict the total, sensiblé katent heat transfer rate within 5%, 3% and 10%
respectively.
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6 PARAMETRIC STUDIES

The model presented in the previous section has beed to investigate the influence of operating
conditions on condensation and freezing issues.clinent section gives some conclusions that can
be drawn from these uses of the model.

6.1 Influence of the operating conditions on the evolution of the latent and
sensible heat transfer rate
As mentioned before, it is relevant to quantifyw@etely both the sensible and the latent heatfeans
rates extracted from the indoor air. Based on thmilation model presented and validated in the
previous sections, the evolution of these heatstemnrates was computed as a function of the air
indoor relative humidity for several outdoor tengtares. Values presented in Figure 11-33 correspond
to an indoor temperature of 20°C, an indoor aiumwtric flow rate of 60 fth, outdoor temperatures
of 0 and 10°C and well-balanced air mass flow rates

| Conditions - Indoor temperature = 20 [°C] -—-—Qutdoor temperature = 0 [°C]
550 - Vitiated air flow rates : 60 [m3/h]—————-. Outdoor temperature = 10 [°C]

[ - Well balanced mass air flow rates
500 i i

W]
EN
oy
o

N
N e E

300,
250/
200/
150
100
50/ |
0.2 0.4 0.6 0.8 1

Relative humidity (Indoor side) [-]

Figure 11-33: Evolution of total, latent and sensib heat transfer rates as a function of the air
indoor relative humidity for two outdoor temperates

Heat transfer rate

» Latent heat transfer rate [W]

As observed in Figure 11-33, the maximal increatéhe total heat transfer rate, due to condensation
for the presented conditions is equal to 8.3 % &rido for fresh air supply temperatures of
respectively 0 and 10°C.

Figure 16 also permits to stress the fact thap#reof latent heat becomes larger than the seneii#
only for rather high relative humidity (82% for antdoor temperature of 0°C and 88% for an outdoor
temperature of 10°C).

To highlight this fact in a real case, the modeh d@ used to determine the yearly amount of
condensate and the annual energy transferred bgetiee by integrating the model into an hourly-
based simulation model of a domestic building, sitie computational time (less than one second in
Matlab environment) of the presented model is qoite
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A coupling between building indoor hygro-thermahete model and the presented variable boundary
model was realized by Masy et al. (2011). The dirtig investigation was to assess the efficiericy o
decentralized air handling terminals in a semi-cle¢al house located in Belgium. Annual simulations
were performed with EES solver on an hourly basth typical Belgium weather data. Simulations
over a whole year showed that energy savings pedviy latent heat recovery, due to condensation of
the indoor exhaust air humidity, is equal to 1.6#4he@ whole energy saving provided by the heat
recovery. Even if the energy saving provided bgratheat recovery seems negligible compared to the
sensible one, it represents a yearly total amolcordensate of 67 liters.

6.2 Partial investigations under frosting conditions
Looking at the exhaust surface temperature all@vgte prediction of when the freezing occurs i th
heat exchanger for specific volumetric flow rates.

Figure 11-34 permits to visualize the supply fremh temperature under which freezing appears for
three different indoor volumetric flow rates:
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Figure 11-34: Determination of a freezing front

As observed in Figure 11-34, freezing occurs foriragpor volumetric flow rate of 60 $#h, equal mass
flow rates, an indoor air temperature of 20°C andnaoor air relative humidity of 50% at an outdoor
temperature of -5.7°C.

The model also allow for the investigation of sostrategies to prevent frosting in the heat exchange
One of them consists in keeping the indoor air flate constant and reducing the fresh air flow. rate
As an example, in order to avoid any freezing,ghecentage of reduction of the fresh air mass flow
rate is equal to 47% compared to an initial welehaed mass flow rate situation, for an outdoor
temperature of -15°C, an indoor volumetric floweraf 60 nih, an indoor air temperature of 20°C
and an indoor air relative humidity of 50%.
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7 COMPARISON WITH DISCRETIZED MODELS

The first part of this discussion section conceires comparison with a discretized heat exchanger
model proposed by Rose et al. (2008). Steps adie¢helopment of the Rose model are the same as the
model presented in this thesis (starting from tkengetry characteristics of the heat exchanger to
deduce the convective heat transfer coefficientdayelations). However, their model is based on a
discretization of the heat exchanger. The lattespig into a finite number of segments, whereia th
heat exchange is considered to occur as 1D steatdy €onservation of mass and energy is expressed
for each of the defined control volumes. Based lum tiscretization, Rose et al. (2008) offer a
representation of temperature evolution insidentrt exchanger.

The model proposed in this chapter allows for asieeamplementation because of the absence of
discretization. The use of the moving boundary rhquermits to determine where condensation

occurs in the heat exchanger. From this point efwyiapplication of the moving boundary concept

presents the same advantages as the discretipditiba heat exchanger. However, unlike the present
model, the precision in partially wet conditionsaoéliscretized model such as Rose’s model (2008) is
highly dependent on the number of segments coresidamnd so on, on the calculation time. Moreover,

the model of Rose et al. (2008) has only been gigrtvalidated through one single experimental

point.

Even if the present model is able to predict iEfi@ag occurs or not (c.f. section 6.2), the modeild

be improved by adding a description of the frostration in order to simulate the heat exchanger
under frosting conditions. Description of three esrheat exchanger model (dry, wet and freezing
part) under frosting condition will be detailed@hapter 3.

It is important to stress the fact that the expasethod (pre-model, calibration in dry conditiordan
validation in partially wet conditions) can be ended to all types of air-to-air heat exchangers.
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8 CONCLUSIONS

The aim of this chapter was to investigateofirthe-shelf air-to-air heat recovery exchanger device
through modeling and experimental approaches wigverse engineering objective

First, a semi-empirical model using correlations already existing in the literat in order to
determine the hydraulic and the thermal performasfcine heat recovery deviée dry conditions
was presented. Then, an improved model baseskweral existing cooling coil modelsvas applied

to describe the heat exchanger behavior in partiadit conditions. Asolving procedureto identify
the regime was also proposed. The moving boundageimas well as the solving procedure for
predicting performance under partially wet condiiacan be applied for all types of air-to-air heat
exchangers.

Secondly, the develope@éxperimental apparatus the testing conditions and the measured
performance were described in the second parteoftiapter.

Thirdly, a comparison between prediction by the et@hd measurements was conduckgeiraulic
performance was predicted by the developed model witlsatisfying accuracy (mean deviation
between the prediction and the measurement of 4.8%)ough results were of the same order of
magnitude in terms of thermal performance (absolotean deviation of 5.2% in terms of
effectiveness), aadjusted correlation for the convective heat transdr coefficientwas proposed to
increase the accuracy of the model (absolute mesiattbn of 1.6% in terms of effectiveness). The
choice of only altering the convective heat transfeefficient was justified by aensitivity analysis
This latter takes into account influence of thergetsic characteristic, flow rate misdistributiondan
heat transfer coefficient in part B.

Then, thermal performance testspartially wet conditions were presented. The developed variable
boundary model predicts withgmod accuracythe total heat transfer rate (within 5% of erras)well
as latent (within 10% of error) and sensible (witB®6 of error) ones.

Finally, parametric study was carried out to investigate th#luence of operating conditionson
condensation (evolution of sensible and latent teatfer rates as a function of indoor inlet retat
humidity). The model has also been coupled to &limg simulation model to quantify the influence
of condensation on the annual thermal gain undgelgian climate. Results of this simulation show
that condensation has a really limited impact onuah heat recovered energy. From this fact, in the
rest of the thesisnfluence of condensation on thermal annual perforrance will be neglected

By determining theexhaust surface temperature the model is also able to determine the air flow
control strategy to apply tavoid freezing in the heat exchangerThat could be particularly
interesting in the design step of heat recoveryilaion, for the implementation of the fans coftro
under freezing conditions. This strategy will benp@ared to other strategies conditions in Chapter IV
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1 INTRODUCTION

The present chapter focuses on dleeelopment step of the heat exchanger by proposmgmerical
andexperimental procedures.

First, a methodology in order to determine the beatle-off between hydraulic and thermal
performance for a specific geometry of heat exchaudgdicated to single room ventilation with heat
recovery is proposed. This consists in an optiromabf the Coefficient of Performance (ratio
between the heat recovered and the supplied eaighower), called COBf the device. However, the
COP is not the only parameter to take into accoitnélso depends on technical, economic and
acoustic considerations. Aumerical optimization method is proposed in the frame of this chapter.
Optimization is first performed by using a semi @gpl model based on a division of the heat
exchanger in three parts and using correlations/etrfrom Chapter 2. The semi-empirical model
allows for a parametric study in order to identifishat the most effective geometry is (COP
optimization). Then, the second step was to compagenumerical results determined by Hemi
empirical model with the results coming froBFD simulations.

Concerning SRVHR, great attention has to be paithédydraulic performance since it is directly
related to the fan noise level. Thus, in order ¢oshre of the hydraulic performance predicted by
models (semi empirical and CFD) related to thectetegeometry and before launching the expensive
manufacturing process of the thermoforming moldyas been decided to experimentally check the
hydraulic performance of the geometry by means ob@d prototyping process. It consists in
measuring the pressure drop related to the air flagsage through two corrugated plates. Several
geometries have also been investigated. Detailsitaibe experimental investigations are given in
Section 5.

Finally, experimental investigations on the finahhexchanger have been carried out by means of the
test bench described in Chapter 2. Only the boxadming the heat exchanger has been modified.
Some details about this modification will be givé&ixperimental results in terms bfdraulic and
thermal performance are presented. From the fact thaterdifices between theoretical and
experimental results have been observed, the hadtarger has been cut apart and its internal
structure investigated. Somenanufacturing defaults have been identified thanks to this
investigation.

These defaults imply an overall misbalancing offtoe rate inside the heat exchanger, which leads t
a decrease of performances (thermal and hydrasilieel) compared to the predicted one, especially
for low flow rates. Anew heat exchanger model taking into account manufacturing defauk haen
built up. After a calibration procedure, the newbveloped model is in accordance with experimental
results.
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2 MAIN CHARACTERISTICS OF THE DEVELOPED HEAT EXCHAN GER

The aim of this section is to present the mainuiest of the developed heat exchanger. Definition of
the specific geometry will be realized by the ojtmtion process (see Section 3). However, some
intrinsic characteristics (as well as the manufidetuprocess) have been defined/fixed at the early
beginning of the project in collaboration with tinelustrial partner.

2.1 Flow configuration

In order to maximize the heat exchanger efficienttye initial idea was to develop a U-flow
configuration heat exchanger, as shown in Figuré.INasif et al. (2008) has already investigated a
enthalpy heat exchanger which presents a quitéasiftow configuration (Z-flow configuration).

Such exchangers (also called quasi-counter flow évazhanger) present a counter flow configuration
over the major part of their heat transfer areds Tditer is often called the central part of theath
exchanger.

A schematic representation of such heat exchasggvén in Figure IlI-1:

Exhaust

T I A e

I S
e = = S n TR PRl U-flow
H M ﬁ//conﬁguratiun

oo
R R

LI A ]

t . 0 ¢ 097 €8 9T

L

Figure 11l-1: U-flow configuration heat exchanger

In the rest of the chapter (as well as in the ofsthe thesis), the overall dimension of the heat
exchanger is assumed to be:

- W=0.22 [m];
- H=0.06 [m] ;
- L=0.45 [m].

Those overall dimensions correspond to those @fad éxchanger supposed to be installed in a single
room ventilation standard unit (initial choice bétmanufacturer).

2.2 Materials and structures
It has been decided to develop a heat recoveryaegen made irsynthetic material, and more
particularly polystyrene.

The main drawback of polystyrene heat exchangersaras their low thermal conductivity compared
to aluminum, as an example. However, this drawbeak be counter-balanced by the high
enlargement factor (ratio of the developed lengthhe protracted length) that can be reached with
polystyrene heat exchangers (theoretically 400%)pared to traditional plate heat exchangers made
of metal (rarely superior to 150% Ayub et al. (2))08
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Moreover, as shown in Chapter 2, the decreaserimstef efficiency for envisioned wall thickness
(0.3 mm) is lower than 0.6% compared with a heaharger made with a wall resistance equal to
zero.

Economic criteria have also been taken into accwutfite material choice.

2.3 Manufacturing process
The first step of the manufacturing process is hermoform plate coming from a plastic roll.
According to NCPS Board of Consultants and Engm¢€2014), the general definition is:

“Thermoforming is a manufacturing process where lasfic sheet is heated to a pliable forming
temperature, formed to a specific shape in a mahd, trimmed to create a usable product. The sheet,
or "film" when referring to thinner gauges and @ert material types, is heated in an oven to a high-
enough temperature that it can be stretched intordo a mold and cooled to a finished shape

Once the thermoforming process is finished, tha ideo fold up the several corrugated platesadike
accordion. This idea was first submitted by Kleerf8¥8). A schematic representation of the several
steps is given in Figure I11-2:

Thermoforming:
plate corrugation

Folding

Figure IlI-2: Heat exchanger manufacturing process

The main advantages about this manufacturing psomes

- Easiness for assembling the heat exchanger;
- Possibility of adjustment of the heat exchangegtlen
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3 OPTIMIZATION OF THE HEAT EXCHANGER GEOMETRY

The optimization of the heat exchanger geometrfires based on the variation of the COP as a
function of two defined geometric parameters (¢osatof a COP map). Then, some technical,
economic and acoustic considerations will be takewconsideration to determine which the most
effective final geometry is.

A discussion on some influencing parameters orC@@ will also be proposed.

3.1 Coefficient of performance of SRVHR: Definition

The overall performance of centralized heat regpventilation is highly dependent on the hydraulic
circuit (length and bending of the pulsing and asting ducts) and therefore on the house and ducts
configuration. In contrary, the overall performamafesingle room heat recovery ventilation is not
influenced by the rest of the installation. As saule performance of single room ventilation witsah
recovery does not depend on the house charaatsristit only on the characteristics of the device
itself.

The overall performance of each unit can be defimethe ratio of the recovered heat transfer rate t
the electrical power of the fans and is given bydiepn 111-1:

Recovered heat transfer rate  Q,ecovered

CopP = =
SRVHR Electrical supplied power W ans

-1

By only taking into account the sensible part o #tudy (the total amount of latent heat rate
compared to sensible recovered heat can neglettetbderate climate as Belgium: see Chapter 2),
the recovered heat transfer rate is given by Egmnalil-2 and depends on the heat exchanger
effectiveness (varying with the mass flow rateg, delivered mass flow rate and on the indoor/outdoo
temperature difference:

Qrecovered = Mfresh -cp -E. (Tind - Tout) -2
With

- Mfresh the fresh air mass flow rate in [kg/s];
- Cp the air capacity in [J/kg-K];

- ¢ the heat exchanger effectiveness [-];

- Ting the indoor temperature;

- Touthe outdoor temperature.

As represented in Figure 11I-3, the parametersigricing the COP of the unit are:

- Fan performance;

- Hydraulic performance of the unit. This can be divided in two parts: one relatedh®
passage of the air flow in tHeeat exchanger itsef and another one related to the flows
throughtherest of the unit (filter, supply and exhaust of the unit);

- Effectiveness of the heat exchanger;
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- Climate: indoor/outdoor temperature difference. From alygaerformance point of view, the
interest of use of heat recovery ventilation ishhygdependent on the climate (recovered heat
over one year v s electrical consumption due tg)tan

; . . -
M Lep Mting — tout MIE!
COPspyur =‘__£ce_:s_h_ P (ting — tout 1€

Wrans! |

/7 /U flow
%, configuration

Figure Ill- 3: Parameters influencing the CORvhr

It is interesting to notice that most of heat exajexr manufacturers only indicate their heat exchang
effectiveness but not its hydraulic performanceradises also question that only heat exchanger
effectiveness (and not the Specific Fan Power 3@, therefore the overall performance of heat
recovery ventilation) is taken into account by goweent to deliver incentives.

3.2 Optimization procedure

The aim of the present section is to describe tbegalure followed to determine the best dimension
dedicated to a specific heat exchanger geometrg. SHveral steps are summarized hereafter and
schematically represented in Figure IlI-4:

- The first step is to determine/define heat exchawparacteristics depending on geometric
factors. In the investigated case, the geometrcadteristics are;and i and are defined in
Section 3.5.

- The second step is to develop a heat exchangerlmbte to determine the thermal and
hydraulic performance of the heat exchanger itgdficiency and pressure drop due to air
flow passage in the heat exchanger) as a functibrthese two defined geometric
characteristics.

- By setting a volumetric flow rate and knowing bgthessure drops related to the heat
exchanger and the rest of installation, it is puesto determine the electrical consumption
dedicated to fan (identification of the electricahsumption on the performance fan cunve:
vsV).

- Knowing the heat exchanger effectiveness and the fawer consumption (and by setting the
indoor/outdoor temperature difference), it is pbkesto determine the COP of the device. By
varying independently the geometric dimensions taf heat exchanger ;(@nd h), it is
possible to create a COP map depending on theseegieo dimensions.

- The last step consists in taking into accountéielnical, economic and acoustical constraints
to identify the values for;aand R that optimizes the COP.
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AP (Pa)

Volume flow rate (m*/h)

mm———— =1 .
Enx t APpy ——— Wans
C
Constraints
) |:> - Technical |:> a4, =X
© b, =Y
- Economical £
- Acoustical

Figure Ill- 4: COP optimization procedure

3.3 Optimization : parameters settings
The present section also consists in setting soalaes of the previously defined parameters
influencing the COP determination:

- In the rest of the optimization process, the indmai outdoor temperature are respectively set
to 20°C and 8.5°C, which corresponds to the medodnand outdoor Belgian temperature.

- Flows are considered perfectly well-balanced insnas

- Electrical consumption is determined using fan abgaristic curves by means of an
interpolation drawn from experimental points, degirg on the volumetric flow rate and
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pressure drop of the whole unit (HX and rest of tiné). Used fan curves have been first
experimentally determined.

- Pressure drop related to the rest of the instatidtiave been first experimentally determined
before the COP optimization phase.

COP optimization is first conducted by setting esfr air flow rate of 60 m3/h (considered firsthad t
nominal flow rate) but results related to some offwav rates will also be presented. Some parametri
studies on the hydraulic performance of the regtstfllation have also been performed.

3.4 Optimization Constraints

The aim of this section is to list the several ¢@ists to take into account in the optimizationqass
of the geometry of the heat exchanger. These @ntsrare divided into three categories:

- technical (manufacturing constraints);
- acoustic (pressure drop limit);
- economic (manufacturing costs).

All of these three constraints are detailed heeeaft

3.4.1 Technical constraints
Due to technical manufacturing constraints, theimméh values for aand k are respectively:

- a=1mm
- b;=25mm.

According to the definition proposed by Ayub (2008)e enlargement factor @ is the ratio of the
developed length to the protracted length. As diyegaentioned, the enlargement factor that could be
reached with polystyrene heat exchanger is muclhehighan with aluminum heat exchangers.
However, the enlargement factor for polystyrenet lexahanger has also a limit. Using the current
manufacturing technology, the maximum enlargemaatof that could be reached480%. To the
author’s knowledge, a heat exchanger presentiniysloe (as realized in the frame of this thess) i
world first.

3.4.2 Acoustic constraints

As already shown in Chapter 1, great attentionaigl po noise level of the device since the units ar
placed in living rooms. In order to obtain the basbustic performance of the device, several
guidelines can be followed:

- Choice of the most silent fan (step realized atemty beginning of the project);

- Placement of sound absorber. In SRVHR, impact eir thse is really limited (comparison
with acoustical performance with and without silerscas shown in Chapter 5). This is mainly
due to the lack of space dedicated to SRVHR;

- Maximizing thehydraulic performance of the device (reduction of the pressure drophef t
unit).

A first parameter to take into account in the C@Rnoization is the hydraulic performance of thethea
exchanger. From this fact, a mapAd®t as a function of a; and b, will also be drawn in order to check
the hydraulic performance of the determined op&niZOP.
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3.4.3 Economic constraints

From an economic point of view, manufacturing pesceost is highly dependent on thember of
plates composing the heat exchanger. Therefore, for aesawerall performance, a geometry
presenting digher factor b; will always be preferred.

3.5 Geometry of the heat exchanger
The central part of the heat exchanger is corragatea sinusoidal form. The sinus form can be
defined by only considering two parameteksard kL.

Nomenclature used for the geometry definition didated in Figure 1lI-5. The crucial question is:
“what are the best values for @nd h in order to optimize the COP (trade-off betweem liydraulic
and thermal performance)?”

Plate (N) Plate (N+1)

Figure I1I-5: Geometry of the central part of the éat exchanger (homenclature)

A plastic sheet used to stiffen the heat exchaisgieiserted between two corrugated sheets, as shown
in Figure 111-6.

HERE ; et
Figure I1I-6: Insertion of plastic sheet in ordera stiffen the heat exchanger

3.6 Semi-empirical heat exchanger model

In order to carry out the optimization procedurseai-empirical model (SEM) was built in the EES

environment. The aim of this section is to givettdieas of the model (assumptions used, heat transfer
area determination, pressure drop correlation,...).
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3.6.1 Discretized heat exchanger model
The model is based on a discretization of the &eetanger in three zones (two supply/exhaust zones:
A and C; one central part: B), as representedgurgilll-7.

This division is employed because of the differeimteerms of geometry of the several zones.
Moreover, configuration is in counter flow arranggrhin central part and in cross flow arrangement
in supply and exhaust parts.

Supply
exhaust

Supply

Central part
p exhaust

Cross flow Counter flow Cross flow
arrangement arrangement arrangement

Figure IlI-7: Discretized heat exchanger model

Concerning the hydraulic performance of the heaharger, the same method exposed in Chapter 2
has been applied. It consists in the identificatbithe friction factor and the convective heahsfar
coefficient for each zone.

The heat transfer is determined for each zone dy-MiTU method. Then, the overall effectiveness of
the heat exchanger is defined by EquatiorBill-

£ Qa+Qp+0Qc -3

Cmin . (tsu,ind - tsu,out)

3.6.2 Enlargement factor determination

As mentioned in section 3.5, the central part & keat exchanger is assumed to be corrugated
following a“sinus” form. Nomenclature concerning the two geometriapeeters (aand h) used in

the frame of the COP optimization process is gimeRigure 111-8:

L

=0

2.b

1

Figure Ill- 8: Central part of the matrix, nomenclature used the COP optimization process
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The enlargement factor (and therefore the heatamgdr area) for the central part of the matrix is
calculated, as a function of and hk, by using Equation Ill-4. This corresponds to thgo between
the length of the sinus semi wavelength;fland a :

o~

sin -4
a;

® =

Lsnis determined by Equation 1lI-5 (application oetRythagorean theorem). This elliptic integral
cannot be analytically solved. The resolution cé #tguation is numerically obtained by the EES

software:
e ) e by.m
Lsin=f 11+ F @y dx=f 1+(2b
0 0 M1

-5

2
X. T
.cos— | dx
a1

3.6.3 Employed correlations for friction factor and convective heat transfer coefficient
Correlations dedicated to sinus form are givenitardture (Hesselgraves (2001)) but only for ratio
between aand h less than two. From this fact, as schematicallyagented in Figure I1I-8, sinusoidal
channels have been approximated by assuming tiemchannels.

Investigations carried out in the frame of the GbaR provide calibrated correlations for friction
factor as well as for convective heat transfer fooeht for triangular channels with a similar skajt
has been decided to use them for correlations dedido the central part of the heat exchanger.

Concerning parts A and C, correlations dedicate@dtangular cross section area have been used (see
Chapter 2).

3.7 Optimization results

3.7.1 COP optimization: a; and b; determination

The aim of the present section is to show the tesufl the optimization process. This could be
graphically determined by representing the COPwi@mi as a function of,and k.

COP optimization is given in Figure 11I-9. Presdiua of the results is made by varyingaad i from
0.5 mm to 5 mm. Then, COP optimization is madeabyng into account the constraints.

Dashed lines correspond to the technical conssr&ant 1mm, B > 2mm,® < 400%).

The dashed arrow corresponds to the economic eomistit aims to reduce the number of plates and
therefore to choose the highest value ;dbb a same value of COP.

The purple cross corresponds to the optimizedfsatloes for aand k.
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Figure I11-9: COP optimization

As observed in Figure 111-9, the most effective aetalues for aand hh seems to be:

- ay=122mm;
- by =450 mm.

The predicted COP is equal to 4.93. In the resit®@fection, some features of the heat exchanghr su
as effectiveness, pressure drop and heat transf@iase presented.

3.7.2 Effectiveness

Figure 111-10 shows the evolution of the effectiess as a function of and k. For optimized aand
b,, the calculated effectiveness is equal to 70%afovell-balanced flow rate of 60m3/h. Given the
geometric constraints, it seems difficult to obtiagiter effectiveness.
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Figure I1I-10: Effectiveness as a function of gand

by [m]

3.7.3 Pressure drop

Figure 11I-11 shows the evolution of the pressurepdas a function of ;aand k. Contrary to
effectiveness evolution, it is possible to obtagitér hydraulic performance if setting a higherueal
for &. However, the determined value for 60m3/h (34 fea)ains reasonable compared to maximal
value that could be reached for the allowed vabies and h (260 Pa).

0.005
2614
0.0045

0.004
0.0035

0.003

by [m]

141.4
0.0025

0.002
0.0015
0.001 115

0.0005
0.0005 0.001 0.0015 0.002 0.0025 0.003 0.0035 0.004 0.0045 0.005

ap [m]
Figure 111-11: Pressure drop as a function of gand b

3.7.4 Heat transfer area

Figure 11I-12 presents the heat transfer area ¢éoias a function of;aand k. By comparing Figure
[11-10 and Figure 11I-12, it can be observed a s$amiy between the heat transfer area and the
effectiveness of the heat exchanger.
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Figure 111-12: Heat transfer area as a function o, and b

3.8 Discussion

The aim of this discussion section is to invesggtite influence of some parameters/inputs on the
values of the optimal COP. It is realized by vagythe flow rates, the hydraulic performance of the
rest of the installation and the overall dimensi@iti®r L) of the heat exchanger (cfr Figure 11I-1).

3.8.1 Flow rates

COP optimization procedure for well-balanced flaater of 30m3/h has been performed. It gives the
same values for;and h as when COP optimization is realized with a flaterof 60m3/h.
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Figure 11I-13: COP optimization procedure for welbalanced flow rates of 30 m3/h
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3.8.2 Rest of the installation: hydraulic performance

If setting the pressure drop related to the resh@finstallation equal to 0 (thus by reducing uhé to
only a fan and a heat exchanger), the COP optifoizas obtained and presented in Figure Ill-14.
Obviously, the present investigated parametricysigdan ideal case but it allows investigating the
sensitivity of the COP with the hydraulic perforraarof the rest of the installation.
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Figure IlI-14: COP optimization for well-balancedlbdw rates of 60 m3/h (witht P,.s=0)

The same results are obtained concerning the vafies and h. However, it can be observed a
difference concerning the range where the COP igngged. This latter is larger and other set of
values of @aand h could be picked up. This observation is partidularteresting when regarding the
hydraulic (and thus acoustic) performance of thie. émother set of aand k reducing the pressure
drop could be chosen (Figure IlI-11). That showesithportance of the hydraulic performance of the
rest of the installation when optimizing the COP.

Also, it can be observed a high difference in teah€OP map (and thus on the maximum value of
COP) if taking or not taking into account the preesdrop related to the rest of installation (COP i
almost doubled). It highlights the fact that hydiaperformance of the unit has a crucial role be t
performance of such unit (and not only the effesntizss of the heat exchanger).

3.8.3 Overall dimensions of the heat exchanger (W, H and L)

Changing the height H or changing the length ofttbat exchanger L (see Figure 1 for nomenclature)
is the same in terms of changes of the perform@&i@#) of the unit. Both of the changes consist in
adding a heat exchanger in parallel.

Figure 1lI-15 gives the result of the optimizatiprocess if H or L is doubled (that consists in gsin
two exchanger of dimensions given in Figure IlkRIparrallel).
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Figure IlI-15: COP optimization procedure for welbalanced flow rates of 60m?3/h (by assuming a
height H of the heat exchanger equal to 12 cm oleagth L equal to 90 cm)

As shown in Figure 1lI-15, it is really interestinig notice that even by doubling the volume of the
heat exchanger (by doubling either W or H), the imak value reached by the COP (6.2) is lower
than by reducing to zero the pressure drop of élse af the installation (COP=8, as shown in Figure
I1I-14). Once again, this highlights the importarafehe hydraulic performance and its impact on the
COP.
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Figure 111-16: COP optimization procedure for welbalanced flow rates of 60m3/h (by doubling the
length of the central part)

Contrary to modifying dimensions L and H, modifyiig(by doubling the length of the central part of
the heat exchanger) is not equivalent to add a dveztanger in parallel but to add an exchanger in
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series. This leads to a complete change in them@dxialue reached by the COP (5.11, as shown in
Figure 111-16). This could be easily explained I ffact that adding a heat exchanger in serieesais
the effectiveness of the heat exchanger but alsblddhe pressure drop (and thus raise the elaktric
power supplied to the fans). This is not the cagadding a heat exchanger in parallel where both
thermal and hydraulic performances of the unitiagoved.

This fact can be highlighted by realizing a paraioettudy by varying the length of the central pafrt
the heat exchanger. Results of this study are dgivéigure IlI-17. This study has been realizedhwit
optimized a and h values and same inputs chosen for the COP optiimizarocess (well-balanced
flow rates of 60 m3/h, indoor/outdoor temperatuiféetence of 11.5 K, same pressure drops related to
the rest of installation,...) .
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g3t o e
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Figure IlI-17: COP as a function of the central padength of the unit

COP [-]

It can be observed that there exists a value (dd&24he central part of the matrix that correspotal
an optimum for the COP. For higher values, risefédéctiveness is counterbalanced by the pressure
drop which leads to an overall degradation of tkdPC

3.8.4 Conclusions
Several conclusions can be drawn:

- Same results for,aand R are obtained when varying the parameters/inputd usr
optimization procedure;

- Hydraulic performance of the unit (and thus of tlest of installation) has a crucial
importance and highly impacts on the COP;

- Increasing L or H is always a plus for the ovepaliformance of the unit. It positively impacts
on the hydraulic as well as the thermal performanidhe unit;

- This is not the case when increasing W. This caeXmained by the fact that increasing W
degrades the hydraulic performance of the heatamgdr. As a result, there is a value for W
that optimizes the COP. In the present case, iingossible to reach this value given the
geometric constraints fixed by the manufacturghatbeginning of the project.
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4 CFD ANALYSIS

The aim of the CFD analysis was to validate/confggometry resulting from the optimization
procedure by comparing CFD results and semi engpirgsults. The CFD study has been performed
by Greencom s.c.r.l. company (heat exchanger manuéx).

In terms of calculation time, semi empirical mogrmits to quickly determine what the most
effective geometry is: it takes less than 15 sesdagberform a parametric study of 100 cases.

Calculation time for CFD ranges between 36 anda@@4) depending on the flow rates set as inputs.
Moreover, drawing the geometry could also be tinnesaming (approximately two days for a
confirmed technical drawer). However, CFD simulasi@llow the possibility to obtain results coming
from a specific geometry (without geometric assuoms) and also to highlight some misdistributions
effects.

Some recent papers deal with the CFD in the fraihteat and energy exchanger, such as the ones of
Yaici et al. (2013) and Al-Waked et al. (2013).

4.1 CFD Simulations

The following results have been obtained by ushiy €D commercial packag&olidworks flow
simulation 2012”

The heat exchanger has been considered perfectinsiric and in order to reduce the calculation
time, only one plate of the heat exchanger has bemfeled, as shown in Figure IlI-18. The rate of
each flow at the entrance corresponds to the flotalrate divided by the number of plates.

The investigated domain corresponds to the spaiveeba two plastic sheets (see Figure 111-6). The
CFD model consists of one flow passage for thermetiream and one flow passage for the fresh
stream.

It has been assumed a steady state (no time evolutiodel of the heat exchanger.

4.1.1 Governing equations

The conservation laws for mass, angular momentunah,egnergy in the Cartesian coordinate system
are used in the conservation form, according tdi8mrks 2012” for the CFD simulations.

4.1.2 Boundary conditions

One “pressure” type boundary condition and onewfloype boundary conditions have been set for
both fluids (internal flow boundary conditions).

At the entrance, temperature and dynamic flow piggee (i.e. the flow direction, and volume flow
rate) have been imposed. At the exhaust, the atmosppressure has been set. The hydraulic
performance AP) is determined by the difference of the supplyspure drop and the atmospheric
pressure.

Concerning the wall boundary conditions, the vajobbundary condition at solid wall corresponds to
the well known“no slip” conditions: the velocity at the wall is equal &ra (the fluid at the wall is
not moving).

No penetration and no cross flow is imposed ondbkd wall boundary (the wall is considered
impermeable). That implies that the velocity nortaathe wall is equal to zero.

I-19



Chapter IIl: Development steps of a heat exchadgdicated to single room ventilation

A zero heat flux conditions is imposed at the syimnplan (at the plastic sheet), assuming that the
profile temperature is the same on the other sidéhe plastic sheet (same flow rate and heat
exchanger considered symmetric).

The heat conductivity in solid media is describgdhe Fourier’s law:

or -6

=k —
n ax;

The wall properties (conductivity, density and heapacity) are defined directly by the solver when
setting the type of used materials.

4.1.3 Mesh generation

Mesh generation is automatically performed usinglitvorks flow simulation 2012". It has been
decided to use a fine grid. The total number ofscel perform the study has been set up equal to
2536000 cells.

4.1.4 Example of results

Figure 111-18 provides the velocity and temperatprefiles for flow rates of 60 m3/h for the totaddt
exchanger (and thus a flow rate of 0.625 m3/h faegor both flows).

e Msualizaion 4 camours

Figure 111-18: Temperature and velocities inside éhheat exchanger according to CFD simulations

Figure 111-19 shows a zoom on the velocity profite both parts of the plate. As it can be observed,
the below part of the channel is well supplied canytto the upper part of the channel. This is tue
the sinusoidal form of the channel.
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Figure 111-19: Velocities profiles inside the hea&xchangér:-according to CFD simulations

4.2 CFD vs Semi-Empirical Model (SEM)

The aim of the section is to compare results ptediby the semi empirical model and CFD in terms
of effectiveness and pressure drop. Three CFD satiions have been performed for three different
flow rates (5, 60 and 100 m3h). Results comingnftbese three simulations are represented by blue
squares in Figure 11I-20 and Figure 111-21.

4.2.1 Effectiveness comparison
1

* B ecep
0.9 |
—E&sEM
0.8
w \\
0.7
| ]
\\\
0.6
| ]
0.5
0 10 20 30 40 50 60 70 80 90 100
V [m3/h]

Figure 111-20: Effectiveness vs flow rates (compaon between SEM and CFD results)

Effectiveness determined by CFD and by SEM folldiwes same evolution as it can be observed in
Figure 111-20, even if the SEM always presents ealguperior to results given by CFD. However, the
maximal deviation between the two models is infetdo5 points of efficiency.
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4.2.2 Hydraulic performance comparison

Pressure drop follow the same evolution for botllet®, as shown in Figure I11-21. It can be observed
that the CFD overestimates the pressure drop cadp@r SEM but results stays relatively close
(maximal absolute difference is less than 15 P#hiehighest flow rate).
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Figure IlI-21: CFD vs SEM (hydraulic performance)

4.2.3 COP comparison

For well-balanced flow rates of 60m3/h, COP vafiesn 4.93 for SEM to 4.7 for CFD. Values are
considered close and both of them are consideredaeptable for the developed product. From this
fact, it has been decided to keep the values detedfior a and kL.
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5 “RAPID PROTOTYPING” TESTING METHOD

As already mentioned, the manufacturing processeyfnoforming mold is quite expensive (x 75 000
€). Before launching it and in order to confirm ttemerical results and more particularly the one
related to the hydraulic performance, a unique oekth the field of heat exchanger analysis has been
applied. This method consists in measuring thespresdrop due to the passage of air between two
rapid prototyped plates.

According to Behrendt and Shellabear (199Rgpid prototyping (RP) is a concept concerned with
producing a physical part as quickly as possiblenira design idea, as part of the product
development process”.

To the best author's knowledge, only the paper h &t al. (2005) deals with the use of rapid
prototyping method in the field of manufacturingppess of heat exchangers. However, the type of
heat exchanger (ceramic micro heat exchanger) hasvehe application field is completely different
as the one presented in the frame of this thesis.

Producing two rapid prototyped plates does notafiar determining the efficiency of the final heat

exchanger presenting the specific chosen geomeétoyvever, it has been considered that the
knowledge of the hydraulic performance was an didquiece of information because of its influence
on the overall performance of the unit (COP) bugoabn the acoustic performance of the unit.
Moreover, tests on rapid prototyped plates allowdetermining precisely the hydraulic performance
of the heat exchanger and therefore to verify/chivedltes predicted by CFD and SEM.

5.1 Manufacturing process of rapid prototyped plate S

One of the main advantages of rapid prototypinghimettis that it allows creating a piece in a small
amount of time (around one day for the corrugatetep presented in the frame of this chapter). It
makes this process particularly suitable in thégestep of heat exchanger, especially when testing
several geometries. Moreover, the rapid prototypimgcess costs around 250 € per two rapid
prototyped plates, which is considered as neghgilgispecially compared to the price of
thermoforming mold.

There are many different rapid prototyping techgie available. According to Pham and Gault
(1998), “rapid prototyping method may be divided by thoseoiving the addition of materials and
those involving its removal”The material addition technologies can also h&ddd into process
involving a liquid, process involving discrete pelgs and process involving solid sheets. Each of
them can also be divided in several parts.

Rapid prototyped plates have been realized by thes SSompany by means of Selective Laser
Sintering method that can be classified as a disgrarticles addition process. According to Kruth e
al. (1998),“Selective Laser Sintering produces parts by fusorgsintering together successively
layers of powder material’'SLS process uses a laser to melt powder of pléstiother material such
as metal ceramic or glass) to create a mass thahbalesired 3D shape, as schematically repreksente
in Figure 111-22.
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Laser

Roller Powder bed

Fabricated piece

Powder delivery
system

Fabrication piston

Figure I1I-22: Schematic representation of Selecéw.aser Sintering (SLS) process

5.2 Rapid prototyped geometry
Figure IlI-23 shows the precise geometry of theidgmototyped plates, resulting from the COP
optimization process.

54,45

DETAIL B
ECHELLE 4 : 1

DETAIL C
ECHELLE 4 :1

Figure I11-23: Rapid prototyping geometry

5.3 Experimental apparatus
Experimental apparatus, schematically representé&igure I11-24, is composed of:
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- an air compressor to supply the flow;

- aset of valves to adjust the flow rate;

- aset of rotameters to measure the flow rate (different full scale values: 40, 300, 1500 and
108000 I/h);

- aset of differential pressure drop sensors (wiiflereént full scale values);

- atemperature measurement at the air inlet ofahepke;

- the rapid prototyped heat exchanger plates.

AP
Rotameters

“Rapid prototyped”

- lat Y
Valves = pates J:Lj)
= f—

\ v}

Air compressor

, X \\' /’J Supply/ Mm Supply/
«\\ ;“‘J‘ exhaust m cx::u;(

\ Z)
LF

Figure 111-24: Schematic representation of the expmental apparatus

Some pictures of the practical achievements arensho Figure 111-25:

Set of
rotameters

Set of
valves

Air exhaust

Air supply

My Rapid prototyped plates
Figure 111-25: Practical achievements of the rapigrototyping campaign testing process

A differential pressure drop sensor of 125 Pa bfsitale (sensirion SDP 1000-L05) has been used for
all the measurements. The accuracy of the usedrseosesponds to the maximum between 0.2% FS
and 1.5% m.v. Accuracy of the used rotameters spamds to 1.25% FS.

One of the aims of the rapid prototyping test cagmpavas also to check if the flow rate was well
distributed along the heat exchanger. That is ¢asan why it has been decided to bore nine holes
along the heat exchanger. This allows to take séwbfferential pressure drop measurements and
therefore to quantify the flow rate repartitionraathe heat exchanger.

The nine holes have been symmetrically bored incerdral part of the rapid prototyped plates, as
schematically shown in Figure 111-26:
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Figure I11-26: Nomenclature of the nine drilled hat¢s and practical achievements of the differential
pressure drop measurements along the heat exchanger

5.4 Experimental results
The present section focuses on the rapid prototggpdrimental results.

5.4.1 Overall pressure drop on the entire sample

First, it is important to mention that the samgeonsidered symmetric given the negligible obskrve
difference in terms of pressure drop if flows aneded. Figure 11I-27 shows the comparison between
the predictions by SEM and CFD models and the mieasents in terms of hydraulic performance.
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Figure IlI-27: Comparison of hydraulic performancdetween experimental, SEM and CFD results

The black full line represents the simulation resfilom the SEM. The mean deviation between the
prediction by the model and the measurement is ab&tthe maximal absolute difference is less than
4 Pa.
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Blue full squares represent simulation results flORD. CFD simulation seems to overestimates a bit
the pressure drop but follow the same trend asxperimental results.

5.4.2 Pressure drop repartition on the tested sample

As already mentioned before, one of the concerositathe accordion heat exchanger was about the

flow repartition along the height of the heat exaler. This misdistribution could lead to performanc
degradation of the heat exchanger.

In order to check that specific potential issuespure drop has been taken along the heat exchanger
by means of the nine drilled holes.

The pressure drop map is presented for three €diffeffow rates: 600 I/h, 1000 I/h and 1400 I/h.
Nomenclature (1 to 9) of the nine drilled holethis same as the one proposed in Figure 111-26.
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Figure 111-28: Pressure drop map for 600 I/h, 1001 and 1400l/h

As shown in Figure 111-28, the flow rate seems &vizell distributed along the heat exchanger, since
the negligible difference in terms AP for the three investigated flow rates.

5.5 Conclusions about rapid prototyping tests

Tests on rapid prototyped plates allow confirmihg hydraulic performance predicted by the SEM
and confirm the trends given by the CFD simulatiesults.

Pressure drop measurements by means of the nieddnbles show the good distribution in the
direction perpendicular to the flow.
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6 CHARACTERIZATION OF THE FINAL HEAT EXCHANGER

The aim of the present section is first to desctifse experimental results concerning the final
prototype of the heat exchanger. Then a compatietween numerical and experimental results is
proposed.

Regarding the difference between experimental amdenical results, it was decided to cut off the
heat exchanger in order to deeply study the cotimmgdorm by scanning the central part of the
matrix. This investigation permits to highlight aanufacturer default inducing an overall
misbalancing impacting on the heat exchanger pedoce. The numerical model is modified and
calibrated to quantify this overall misbalancing.

6.1 Manufacturing process of the heat exchanger
As already mentioned in Section 2, the final heahanger was realized by first corrugating a réll o
plastic sheet through a thermoforming process.reigi+29 shows the thermoforming mold used:

g

sl

4 = 3
(a) (b)
Figure I11-29: Thermoforming mold (a) and zoom orhie central part
of the thermoforming mold (b)

Once the thermoforming process is over, a corragatastic sheet is obtained, as represented in
Figure 111-30:

A E -
Figure 111-30: Corrugated plastic sheet

e
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The plate is folded manually and then insertedguide, as shown in Figure 111-31.:

Figure I1I-31: Heat exchanger assembly

Once the plastic plates are inserted in the gyiktes of the future heat exchanger are pressed
according to the Figure 111-32:

L
nmllnuuurllunruunuhn

Figure 11I-32: Press of the heat exchanger

The last step of the heat exchanger manufacturiogegs is to place an angle iron full of glue to fi
all the folded sheets together, as shown in Figi+33:

Figure 111-33: Placement of the angle iron
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6.2 Test bench modification

The same experimental apparatus as the one prdsente second Chapter of this thesis was used to
test the final heat exchanger prototype. The erpEtal apparatus was designed in such a way that
several heat exchangers could be tested. Compartbe test bench presented in the second chapter,
the only modification concerns the box containing heat exchanger in order to fit the dimensions of

the tested exchanger, as shown in Figure 111-34:
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Figure 111-34: Adaptation of the test bench

Concerning the supply and exhaust air temperat@asarements, guidelines indicated by European
Standard EN 308 have been applied: 5 type T thesomles have been placed as schematically and
practically represented in Figure I11-35.

d

| = ; u‘i . 4

Figure I11-35: Supply and exhaust air temperaturé easurements (EN 308)

A damper has been placed upstream the heat exchangesure a well-balanced flow rate along the
heat exchanger. The box is insulated by means lgkfyoene plate of 3 cm thickness in order to
reduce ambient heat loss. A special attention le&s Ipaid to air tightness between the tested heat
exchanger and the different parts of the box, as/shn Figure I11-36:
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Figure I11-36: Box containing the heat exchanger
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6.3 Comparison between experimental and numerical r  esults

6.3.1 Hydraulic performance

The comparison between the prediction by the CHD $BM and the experimental measurements in
terms of hydraulic performance is given in FigutesF7.
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Figure 11I-37: Experimental side 1, side 2, SEM an@FD
Several remarks can be enounced regarding thosksres

- The first one concerns the difference between hyidr@erformance measured on side 1 and
side 2 even though the heat exchanger is thedigtsyanmetric.

- The hydraulic performances is underestimated b I&2FD and SEM. Nevertheless, SEM
predictions have been previously validated by mezdrngsts on the rapid prototyped plates
(cfr. Figure 11I-27). That obviously implies a diffence between the geometry of the rapid
prototyped plates and the final heat exchanger.

6.3.2 Thermal performance

Comparison between models and experimental rasulésms of efficiency is presented in Figure IlI-
38:
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Figure 111-38: Experimental results vs SEM vs CFD
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As shown in Figure 111-38, effectiveness seems ¢opioorly predicted by both of CFD and SEM.
Some physical phenomena are clearly not taken actmunt by the models. This confirms the
observation done regarding the hydraulic results.

Even the evolution trend (especially for low floate) is not well predicted by models. That means
that only a modification of the convective heansfer coefficient is not applicable in this case an
that an overall misbalancing of flow rates is tadleen into account.

In order to better understand the difference betweedels and reality, a deep investigation on the
heat exchanger is carried out in the next secftarting from the observation done in Section &.4,
new model (called post-model) will be built in (8en 6.5).

6.4 Heat exchanger diagnosis

In order to understand the difference observed éatvexperimental and numerical results in Section
6.3, it has been decided to deeply investigateémral part of the heat exchanger. To do so, ¢a h
exchanger has been cut off and scanned, as schaltyatepresented in Figure 111-39.

The scanning permits to zoom and therefore to ifjetite some manufacturer defaults, impossible to
visualize at naked eye.

A
/}ﬁ/"ﬁ

1%
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HX cutting

Figure 111-39 : Investigation of the central part bthe heat exchanger

Result of the scanning procedure is given in Fidgli+40:

_LA

Figure 111-40: Scanning of the central part of théneat exchanger
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Thanks to this scanning procedure, two types diulef have been detected/defined:

- Random defaults;
- Systematic defaults.

These defaults are investigated in the next sextion

6.4.1 Random defaults
So-called "random" defaults means that these de#gear in a non recurrently way. Their repetition
is non-systematic but indicative of problems innéduring the manufacture phase of the exchanger.

Even if they are non-systematic, their occurrerscguantitatively quite high which bring us to the
conclusion that the geometry is “uncontrolled”lve tcentral part. This can be explained due to shcru
of the corrugation during thaccordion” assembly (observed difference between corrugdtadsp

before and after the assembly).

An example of manufacturing defects called "rand@given in Figure I11-41:

Figure 11I-41 : Random defects
By their definition, the so-called random defeats enpossible to model for a full exchange but the

knowledge of their presence is paramount in ouestigations. They allow highlighting the fact that
the general elongation factor of our matrices tedunla low rigidity of the plates and thereforktiée

controlled geometry, mainly in the central parte3é defects inevitably lead to non-uniformity of
flow over the height of the heat exchanger, whictpacts directly on the thermal and hydraulic

performance of the exchanger.

6.4.2 Systematic defaults
Scanning the central part has allowed to highlighjor difference between the theoretical geometry

and the actual geometry of the exchanger.

Real channels

Theoretical channels
- b 1

Figure 111-42 : Identification of the differences letween theoretical and real geometry
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As it can be seen in Figure 111-42, the differenbesween the theoretical and actual specificaton i
striking. Channels that were designed to be symoate actually unbalanced (blue comparison).

Thus, a deeper observation of Figure Il1-42 alld®&ter understanding the profile of the experimenta
results:

- The asymmetry and the difference in terms of£s®ECtion area allows explaining the existence of a
difference between pressure drops measured o sidd pressure drops measured on side 2.

- The observation of the channel geometry alsonallfor an explanation of the low effectiveness of
the heat exchanger for low flows. Indeed, narrovéagn in Figure IlI-42 involves an important non-
uniformity of flow within a same channel of the teh part of the heat exchanger. In other terms,
upper portion of each channel is less air supghed the lower portion. Furthermore, this smahflo
of air is in contact with the portion of the chahbetter supplied over the opposite side. From this
fact, a flow imbalance along the height of a cha® be deplored.

The concern now is to numerically quantify thisssgection area asymmetry. To do this, an industria
design software (“Solidworks”) has been used temine the length of the sides and the area of the
portion of a channel.

The results given in Figure 111-43 concerns wharss to be a “typical” channel:

Figure 11-43 : Quantifation of the channels asyrmtry

First of all, it is important to notice that the aseired height of a channel is 4.2 mm. TheoreticHily
height of a channel is supposed to be equal tordin5 This involves a diminution of the cross section
area for both channels compared to the theoratf@ainels. This leads to an enlargement factor equal
to 371%.

The total cross sectional areas of a “typical” fthldinnel from side 1 and side 2 are respectivély 4.
mnt and 5.37 mm?2. The side 2 has a passage surfaategtiean 15% compared to side 1.

6.5 Post-modeling
In order to better understand phenomenon’s apggarninhe heat exchanger, it has been decided to
develop a new model, called post-model, based®oltservation realized in the previous section.
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First of all, it is important to mention that it mot possible to take into account all the singtiées of
the geometry (presence of random defects). Thedssumption is to neglect all the defaults in the
post model.

The second assumption is to extend the dimensien“tyfpical” channel (see Figure 111-43) to all the
channels, even if in practice the geometry is dlghacontrolled.

6.5.1 Discretization of the heat exchanger

The same discretization as the one defined in @e&iis proposed, except that the central pat®f t
heat exchanger is also discretized in two partss T& done in order to take into account the
misbalancing observed in the previous sectionschsmatically represented in Figure Il1-44:

Mixing point
Up/down
sfresh ——.
TS = Supply (42 > ex, fresh

Exhaust Supply

ex;ind —€= @ Exhaust
/ g e i l
1 / Down/up 5 < Shi

Mixing i)Oillt

Figure IlI-44: Discretization of the heat exchanger

For the mixing point, energy conservation equationdoth fluids are:

Mind -CPind -Tsu;ind;SEl = MUD;ind -CPind -Tex;ind;UD + MDU;ind -CPina -Tex;ind;DU -7

Mfresh -Cpfresh -Tsu;fresh;SEZ = MUD -Cpfresh -Tex;fresh;UD + MDU -Cpfresh -Tex;fresh;DU I11-8

with:

- SE1: Supply/exhaust 1
- SEZ2: Supply/exhaust 2
- UD: Up/Down
- DU : Down/UP

Determination of the flow rates related to the upged lower parts of the channel (for both sides) i
realized by an iterating process. The stoppingioih for the algorithm is to obtain the same puess
drop for both parts of the channel:

APypina = APpyina 111-9

APyp.fresh = APpy;fresn 111-10

Determination of the pressure drop as well as thevective heat transfer coefficient have been
realized by using correlations dedicated to reatlrgchannels for upper and lower parts of the
channel (see sections 2.3 and 2.6 of Chapter 2).

6.5.2 Calibration process

The calibration process has been realized by adguttiree parameters. The first one corresponds to
the factora that fictively divides the channels in two partip(Down and Down/up). The two others
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parameters concern the determination of the prestp (adjustment of the factor 4 of the Equation
34 of the Chapter 2), for both sides of the heaharger.

W,

D

a = calib-h rUp/Down

®

X2

X1

@ @ - Down/Up

w1
Figure 111-45: Discretization of the channels

6.5.3 Calibration results
The calibration parameters have the following nucaévalues:

- The calibration factor which fictively divides theeat exchanger (parametéilib” to
determinga” ) is equal to 0.475;

- The factor 4 in the Equation 34 of Chapter 2 hasnbeacreased by the factor 1.2 and 1.3
respectively for side 1 and side 2. This increakehe friction factor coefficient can be
physically justified by singularities observed retprevious section (Sections 6.4.1and 6.4.2 ).

Results of the calibration process concerning ftifieciiveness of the heat exchanger are given in
Figure 11I-46. Blue point corresponds to the meadweffectiveness and the black full line corresgond
to the effectiveness determined by the post-modelit can be observed in Figure 111-46, the model
with new correlations predicts the thermal efficgrwith a maximal absolute error of 3.2% and a
mean relative error of 1.7%, which is of the samdepas the experimental uncertainty (from 1.5 to
2.2% according to ISO 5167 (2003)).
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10 20 30 40 50 60 70 80 90 100
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Figure 111-46: Results of the calibration processiiterms of effectiveness
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Calibration concerning the hydraulic performancaebfoth sides is represented in Figure 111-47:

160
140 I . APm(\eas,sidel\ - ;
f Apmgas,sidez -
120 | | | .
fAPpost-mod,sidel L)
__ 100 | | : A
0“:_5 7Appost—mod,side2 - A
— A
o 80 L] N
q | < —
60 4 <
40 =t
L ] A
20 4
0 10 20 30 40 50 60 70 80 90 100
V [m3h]

Figure IlI-47: Results of the calibration processiterms of hydraulic performance

A mean relative error of 8.7% and 9.7% for respetyiside 1 and side 2 are obtained. The calilbmatio
has been judged satisfying given the large amotsingularities not taken into account by the post-
model.

6.5.4 Results analysis

The post-model allows quantifying the flow rate baiancing appearing in each channel. This is
schematically represented in Figure 111-48 for wedlanced flow rates of 60 m3/h.

Performance degradation, especially for low flotesacan be easily explained regarding the overall
misbalancing for flow rates in the channel.

D

65% 32%

O,

D
35% | 68%

®

Figure I11-48: Misbalancing determination
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6.6 Conclusions about investigations on the final h eat exchanger

The aim of this section is to summarize the maimctigsions about the heat exchanger investigations.
First, the main observed differences between thedftetical” (i.e. as it was designed) heat exchange
and the actual one are listed.

Then, it is proposed to investigate a rectanguleongetry in order to estimate the maximal
performance that could be reached given the voliama so called ideal heat exchanger. This perfect
heat exchanger is impossible to manufacture wihelchnology described here above. This is mainly
due to the fact that it is impossible to reach éhtargement factor of 400% with perfect rectangular
channels (impossible to thermoform a sharp-edgédo8fd). However, this investigation allows for
setting a maximal value for the effectiveness/pmessdrop of such a heat exchanger.

6.6.1 Theoretical geometry versus experimental investigations
One can list the differences between theoreticdlraanufactured geometry:

- Height of the channel is lower for the manufactuggebmetry than for the theoretical
geometry. That leads to a decrease of the enlargdamtor (400% to 371%);

- Many singularities defects have been identifiedowerall, a non-controlled geometry has to
be deplored. This is mainly due to a strength wes&mf the matrix;

- A dissymmetry (cross section area 15% higher inadranel compared to the other) between
channels has been observed.

6.6.2 Ideal rectangular geometry

Given results obtained by the post modeling, gt&ed that performance degradation is mostly due t
an uncontrolled geometry yielding a channel formattinduces an overall misdistribution. This
channel form results from technical constraint duthermoforming mold, as previously explained.

However, let's imagine that a perfect rectangulanmf in the central part could be obtained, as
schematically represented in Figure IlI-49. Letlsoaimagine a perfect heat exchanger (with

absolutely no singular and random defects). Tha afenodeling such heat exchanger is to determine
a maximal limit of performance of unit given theddmted volume and the proposed geometry.

b=2.b,

Figure 111-49: Definition of an ideal rectangular ggometry
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Just like the previous model, the model is based atiscretization. The only difference with the
previous model is that the previous one considers/@ctive heat transfer correlation dedicated to
rectangular channels for the central part.

First of all, the same procedure for COP optim@mathas been applied. It gives the same value,for a
and h as the one determined by using the calibratectlation from Chapter 2.

Difference in terms of hydraulic performance is ligggle compared to the one calculated with
calibrated triangular correlations determined fr@hapter 2 and the one measured on the rapid
prototyped plates.

70
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60

50

40
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N\

30 o APigeal

20

10 L

4

0O 10 20 30 40 50 60 70 8 90 100
V [m3/h]
Figure 111-50 : Comparison in terms of pressure dps between triangular and rectangular
channels

In contrary to hydraulic performance, effectivenastermined by the model considering the
rectangular channels highly differs from experinaémésults and theoretical results determined with
calibrated correlation from Chapter 2, as showfigure I11-51.

1
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0.8 %#} gﬁ % %\
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Figure I1I-51: Comparison in terms of effectivenedsetween experimental data and theoretical
results realized with triangular and rectangular ceelations
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Mean average difference between ideal theoreticalainand experimental data is equal to 16% in
terms of effectiveness and maximal difference & Zfor the lowest flow rate), considering a range i
terms of flow rate from 0 to 75 m3/h. COP variesgortionally with the effectiveness. As a resultia

by assuming a same electrical consumption regattmgpydraulic performance comparison, the same
trend will be observed in the COP evolution.

[11-40



Chapter IIIl: Development steps of a heat exchadgdicated to single room ventilation

7 CONCLUSIONS

The present chapter first proposes a method tordete the best parameters for a specific geometry
dedicated to Single Room Ventilation with Heat Rewmy exchanger, by means of a COP
optimization procedure. Most of heat exchanger rfaaturers only present efficiency of their
products without including the pressure drop whiels a strong impact on the overall performance of
the installation.

The COP optimization is realized by means of theeligpment of a discretized heat exchanger model,
using correlation for the determination of the tido factor and the convective heat transfer
coefficient. The hydraulic performance of the refsthe installation as well as the fan curve muest b
previously known or approximated to carry out thgimization.

Then, two steps to check the so called “optimizgelimetry are proposed:

- Use of CFD analysis to confirm numerical resultsicy from the optimization process (semi
empirical model);

- Measurement of hydraulic performance of the spatifjeometry by means of two rapid
prototyped plates. This method seems to be paatigusuitable in the design step of heat
exchanger, and more particularly for SRVHR wherdraylic performance is important since
its impact on the acoustic performance of the unit.

Once the geometry has been judged “validated” bgnwef the previous steps, some explanations
about the manufacturing process are presented.

Then, the last part of the chapter focuses onitie heat exchanger. To the author's knowledge, a
heat exchanger presenting such a high enlargenaetarf(400%) is a world first. A difference
between theoretical and experimental results tbatdcbe explained by identified manufacturing
defects (random and systematic defaults) has bessred.

Those defaults involve an overall misbalancing o flow rates through the heat exchanger. A
numerical model is then presented and calibrateddar to fit the experimental results.

Finally, modeling of a heat exchanger with perfemttangular channels is proposed in order to
determine the maximal performance that could behed given the specific volume and an
enlargement factor of 400%.

It is important to notice that the exposed methax also be applied when designing centralized heat
recovery ventilation if knowing or approximating mean averaging the hydraulic performance of the
rest of the installation. The knowledge of the fi@nformance curve is also primordial.

In the case of centralized heat recovery ventitatiparameters constraints can also be modified:
especially constraints concerning the sound leaadl ¢hus the pressure drop).

The proposed methodology could also be appliedtheroseveral geometries. Then, a comparison
between all the optimized geometries could be done.
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1 INTRODUCTION

Frost formation can be a major problem encountered in heat exenangnder certain conditions so
called frosting conditions, a frost layer can fasmthe heat exchanger surfaces. This frost layelsle
to areduction of the cross section areaObviously, this reduction generates ianrease of the
pressure dropthrough the heat exchanger and thusnarease of the electrical powedelivered to
the fans (Fisk et al. (1984)). If electrical povelivered to the fans remains constant, dheflow
rate flowing through the heat exchanger decreasea Silva et al. (2004), Chen et al. (2003))
which can leads to unbalanced flow rates. In extreases, the frost layer can creatallablockage

of air flow passageg(Xia et al. (2006)). Frost layer also correspotals new thermal resistance
which affects the exchanged heat transfer ratesdeet the two air streams (Fisk (1985)). As a
consequenceyverall energy performanceswill be affected by the presence of frost inside heat
exchanger. The aim of this chapter is to quantify impact of the frost layer on air-to-air heat
exchanger dedicated to SRVHR performances.

Fisk et al. (1984kxperimentally investigatedair-to-air heat exchangers under frosting condgio
Theydid not developa numerical model but they quantified the amodrtinoe required to defrost
the heat exchanger’s core as well as the decredeenis of efficiency due to the frost layer. Bardt

al. (1987 a), b) and c)) investigated experimentallcounter flow heat exchanger under frosting
conditions. They divided their heat exchanger mau&lvo zones (dry and condensing parts) and they
presented thdirst mathematical model for frost in counter-flow plate heat exchanger by using
empirical correlations. Theame trends were observeth terms of thermal performances butek

of good agreement has been found between simulatiand experimentalresults and a much more
complex model is required. Philips et al. (1989paleveloped a discretized simulation model inrorde
to investigate the heat transfer rates under fngeeonditions. However, they did not investigate th
impact of the frost layer on the hydraulic perfonm@ and their model hamot been experimentally
validated. More recently, Nielsen et al. (2008) developediscretized modelin order toonly
predict the heat transfer rate under frosting condiions. However, they did not take into account
both the thermal resistance due to frost layehairtmodel as well as the impacts of the frostilaye

the hydraulic performances. Even if their modehghgood agreement with the measured values, they
concluded their studies by stating thrabre precise measurements are needefdr the model
validation. Moreover, they also stated that it scessaryto improve the calculation model,
especially for defrosting phaseRafati Nasr et al. (2014) reported that importapics such asffect

of frost accumulation on airflow rate have been barely covered in the literature antthi@aproblem

of frosting in air-to-air heat exchanger is still unresolved

In the current Chapter, dynamic “three zones” heat exchanger modetaking into account a dry,
wet and frost zones) is developed in order to itigate frosting/defrosting strategies. The model is
based on the same structure as the “two zones” Ipoeldously validated in the frame of the Chapter
II. This model is completetdy adding a frost part. The three zones are determined by using the
movingboundary method

Many publications concerning the frost growth canfbund in scientific literature (especially for
uniform plate temperature). &ost growth model (based on several publications) is first presented
and validated by comparing results with experimental resultsntbun literature (Hermes et al.
(2009)). A defrost model will also be developed in order to investigateatsigies allowing frost
presence in the heat exchanger (so called defreistaus).
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The second part of the chapter concerns experifertstigations. The same experimental apparatus
developed in the Thermodynamics Laboratory of thevétsity of Liege and presented in the frame of
the Chapter Il is used to investigate the behaofos quasi-perfect counter-flow heat exchanger
Before investigating the behavior of the heat ergea under frosting conditions, the two zones
model is first checked on this specific heat exgearpresenting a different geometry to the one
investigated in the frame of the Chapter Il (coatimn angle of 30°). Under frosting conditions,
pressure drop evolutionas well asheat transfer rate will be experimentally determined for several
supply parameters under frosting conditions. Thdeheeems able to predict the time evolution of the
heat transfer rates as well as the pressure despsit when the wet part is significant).

Finally, somestrategies under frosting conditionsare presented and classified depending on whether
the frost is allowed in the heat exchanger or rdvantages and drawbacksin terms of
implementation of each method are presented, esdfyeni the case of single room ventilation with
heat recovery. Each of these strategies will bepeoed by means of a newly defined criterion of
overall energy performance (ratio between energpvered by the unit and energy supplied to the
fans). To the best of the author's knowledge, dhly proposed method permits to determine the
overall performance of a specific methodCalculation will be realized bysing the three zones
model (determination of the heat transfer rates andptessure drop for each calculation steps). This
implies the knowledge d&n curve performance considering that energy supplied édans depends

on the flow rate and the pressure drop (and thubefrost layer which is calculated at each segond
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2 HEAT EXCHANGER MODEL UNDER FROSTING CONDITIONS

This section describes the characteristics of theeldped model under frosting conditions (so called
three zones model). The first step consists in ldpireg and validating a model able to predict the
frost growth on a plate surface temperature. Vabdeof the frost growth model is realized by means
of experimental data collected in the literaturkefi, the validated frost growth model is addedchéo t
two zones model already validated in the framénefGhapter II.

2.1 Frost formation

Many authors give the same definition for the syppbnditions required for the frost formation
(Hermes et al., (2008); Le Gall et al., (1996) &addula (2011)):

“Indeed, if the surface temperature is above thev-@eint, only sensible heat transfer occurs.
Moreover, if this surface temperature is below tHew-point, but above 0°C, then vapour
condensation occurs. Otherwise, if the surface &atpre is below 0°C, the condensed vapour
freezes. Finally, a vapour desublimation occurs nvbeth surface and dew-point temperatures are
simultaneously below 0°C. The water vapour may ghatirectly into solid.”

Hayashi et al. (1977) considered three processasléhd to the formation of a frost layer. This
description of the frost growth is widely accepiadthe scientific community (Prols and Schmitz
(2006), Lee et al. (1998)).

Tao et al. (1993) and Hermes et al. (2009) proptsetivide the frost and growth nucleation process
into several stages, schematically representedyuré1V-1:

Moist air
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AN ///—\\ 4 \
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Figure IV-1: Schematic representation of the frosticleation and growth processes
(Hermes et al. (2009))

ol /”"

More recently, Cheikh and Jacobi (2014) observedsime steps during frost formation on a chilled
flat surface: condensation, freezing of the drapland then frost crystal growing. Observed
phenomena are given in Figure [V-2:

Figure IV-2: Frozen droplets on a cold surface (td) and frost crystals growing on top of the
frozen droplets (left)(Cheikh and Jacobi (2014))
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2.2

Frost growth model

Developed frost formation model is mainly basedtlom publications of Hayashi (1977), Lee et al.
(1997), Cheng and Cheng (2001), Na and Webb (2088)mes et al. (2009) and da Silva et al.
(2011).

Experimental data presented in the paper of Hereteal. (2009) are used to validate the frost
formation model developed in the frame of this Gbap

2.2.1

Assumptions

Most of the models released in the literature asel on a series of assumptions:

All processes (mass and heat transfer) are trest@dquasi-steady state and one dimensional
phenomenon;

The frost density is a layer-averaged value atraognent;

The air pressure is uniform in the air stream aitbithe frost layer;

The thermal conductivity of frost is a functiond#nsity;

The frost thickness was assumed uniform along #ile;w

The Lewis analogy (analogy between heat and massfar) is applicable.

Most of the models consist of dividing the overaliss mass flux into two parts, called the growth
mgy and the densificatiorh; mass fluxes. The nomenclature used for the frastity model is given
in Figure 1V-3:
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Frost surface

Frost layer

Figure IV-3: Air/frost surface interface (nomenclatre used for the frost growth model)

2.2.2 Empirical relations
The model depends on empirical information for savearameters:

the vapor diffusivity in air D [m2/s];

the frost layer density [kg/m3];

the frost thermal conductivity; RV/m-K];

the convective heat transfer coefficiep{W/m?-K];
the mass transfer coefficient, fkg/mz2-sj;

the tortuosity of the frost layer[-];

the porosity of the frost layer[-].
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Vapor diffusivity in air
The vapour diffusivity in the air is interpolatesl @ function of the air temperature from the déta o
Lee et al. (1997), presented in Table IV-1:

Table IV-1 - Diffusion coefficient for water-air
T [°C] D [cm?/s]

-45,6 0,163
-40,0 0,169
-34,4 0,176
-28,9 0,183
-23,3 0,190
-17,8 0,198
-12,2 0,205
-6,7 0,213
-1,1 0,220
4,4 0,228
10,0 0,236
15,6 0,243

Frost layer density
Hayashi et al. (1977) proposed a correlation fog fhost density depending on the surface
temperature:

p;= 650 exp(0.277T,) V-1

Hermes et al. (2009) recently proposed a correlatigpending on the wall surface temperatuge T
and the frost layer temperatufe for the frost layer density. It has been showrn thie correlation
produced better prediction than the one of Hayeshl. (1977):

p;=a exp(b T;+cT,) V-2
with the following values for the coefficierasb andc:
- a=207.3;
- b=0.266;
- ¢=-0.0615

Finally, Da Silva et al. (2011) used a correlata@pending on the frost surface and the supply air
dewpoint temperature:

p;=aexpbTs+cTym) V-3

Based on their experimental data, the coefficiants and ¢ were adjusted to minimize the root mean
square difference between calculated and measurel@ pressure drops:

- a=494;
- b=0.11;
- ¢=-0.06

Frost thermal conductivity
Several empirical correlations have been releaséide literature for the frost thermal conductivéty
a function of the frost layer density. Yonko et(4967) proposed:

kp=0.02442 +7.214x10°* p, +1.18x107" p * V-4
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While O’neal (1992) suggested:
ke =1.202x107° p 9% IV-5

More recently, Lee et al. (1997) proposed:

k;=0.132 +3.13x107* p,+1.6 x1077. pl,2 (for p; comprised betweesD and 400 kg/m3) V-6

Convective heat transfer coefficient

The convective heat transfer coefficient was deddoem the Nusselt number proposed in the paper
of Yamakawa et al. (1972), as suggested by Hernmesl. 2009) for the frost growth model
validation. Other correlations will be used in timwestigation on the heat exchanger realized in
Section 3.

Mass heat transfer coefficient
The mass heat transfer coefficient is determinedgdplying the Lewis boundary layer analogy:

hx V-7

h =—
" cpm.LeZ/3

whereLe = % is the Lewis numben. is the thermal diffusivity in m2/g. ande are respectively the
tortuosity and the porosity of the frost layer.
Tortuosity of the frost layer

The tortuosity factor is a representation of theewa&apor molecular diffusion in the frost layeher
tortuosity of the frost layer is deduced from thedal of Na (2004):

r=— 5 V-8
1-—+Vl1l-¢

Porosity of the frost layer
The porosity of the frost layer is calculated from:

_ Pf— Pice V-9
Pvap — Pice

with p.  the density of ice (917 kg/m3).

ice
2.2.3 Air and frost interface

Sensible and latent heat transfer occurs simultasigo due to the difference temperature and
humidity between air and the surface of the fraget. The total heat flux per square meter is glwen
the following equation:

Qtot = Qsens + Qlat IV-10

with the sensible heat transfer:

Qsens =hy. (Tin - Ts) IvV-11

and the latent heat transfer:
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Qlat = hpy (Wi — W) . Lg IvV-12

L is the latent heat of sublimation:

Ly = 2830 kd/kg IV-13

2.2.4 Mass transfer in the frost layer

According to Lee et al. (1997), it is assumed thatamount of water vapour absorbed in the control
volume is proportional to the density of water vaipim a control volume. Consequently, the equation
for the diffusion of water vapour in the frost layg given by:

d2p, IV-14
Derr — 7z = rpw

whereq; represents a coefficient to be determined.

The boundary conditions are given by:

- Atx =0:
Pw = pw,sat (Tw) IV'15
dpy
dx
- Atx = xg:
Pw = Pw,sat (Ts) IV-16

The general expression gf, (x) can be expressed by:
Pw(X) = Pwsar (Tp)COSh(yx) IvV-17

Finally, the absorption coefficient in the frosyda is given by:

1 T\ IV-18
Xg Pw,sat (Tp)
where:
_ % IV-19
Y= D

2.2.5 Frost surface temperature
The temperature distribution in the frost layedéetermined using the energy balance in the control
volume. It is obtained by using the analysis of't€kee and al. 1977):

=T + (Qsens + Qlat). IV-20

ar . P .
f w,sat,s
Ts w kf - T L 2

Lg
. h(y. -1
= Pt D osn(yag) - 1)

V-9



Chapter IV: Investigations on strategies undertingsconditions

2.2.6 Frost mass and frost growth

The model consist of dividing the overall mass ftaxnto two distinct parts, namely the growit),
and densificatiomh,, as represented Figure IV-3

dx dp IvV-21
o r i
m—mg+md—pf.ﬁ+xf.ﬁ

As demonstrated by Hermes et al. (2009), the nhas®f frost growth can be determined by:

LS . b .xf . 2 b .xf . Qsens . Qlat _ IV‘22
( k; >m9+<1+ k; mg L. =0

Therefore, the evolution of the mass of frost gtoistgiven by:
_ f ; IV-23
mass(t) = | m*drt

2.3 Frost model validation (on chilled surface plat e)

As already stated, the developed model has beddated by means of the experimental data
presented in the frame of the paper of Hermes.&R@0D9). They observed and quantified the frost
formation under several air supplied conditionsaaontrolled temperature chilled plate of 100 cmz.

2.3.1 Frost layer evolution

Figure IV-4 shows the comparison between the maddithe experimental data in terms of frost layer
evolution for four different wall temperatures:

5 ‘ T
e T,=-16°C Ti, = 16°C
¢ Ty=-12°C RHyy= 80%
A Tw=-8C v=07m/s -
4 m T, =-4C .
Model / ¢
/ //0
3 > ° / / ?
E / * —
;<_ 2 ) ’ h/ A/A/ [ S
. 'S A /
) L3 R A / ././
L ’/A A . -/l/
o a /.)/-/
0
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [sec]

Figure IV-4: Frost layer evolution
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Results in terms of frost layer thickness evolutiwa satisfying regarding results presented inréigu
V-4,

2.3.2 Validation under several air inlet conditions and wall temperatures

Hermes et al. (2009) carried out 12 experimentydoying the air relative humidity from 50% to
80%; the air inlet temperature from 16 to 22°C #hedplate surface from -5 to -15°C.

They presented the results in terms of surface éemtypre T(°C), mass of frost Mags; (), thickness

of the frost layer x(mm), and density of the frogi (mm). Those parameters are given for test
duration of one and two hours. Figure IV-5 shows tlynamic validation of the developed frost
growth model for the different operating conditions
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Figure IV-5: Frost model validation

Regarding the results, model prediction is judgatsfactory.

2.4 “Three zones” heat exchanger

As already stated, the idea was to divide the aeethanger in three parts (dry, wet and frost). o d
so, the two zones model presented and validatdiframe of the Chapter Il is improved by adding a
frost part. A schematic representation of a couftbey heat exchanger under the three regimes is
given in Figure IV-6. It can be noticed that th&uation is different in cross flow heat exchanger
where appearance of condensation and frost is aitwensional problem, as reported by Mercadier et
al. (1993).
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Te¢,bnd = Tdp,su,ind Te,bnd = 0°

T—> Tbnd,ind,wet l Tbnd,ind,frost l ——
su,ind

Tex,ind

{ Condensate Frost

HX wall ;
l
Tex,freSh Tsu,fresh
— . <
Thbnd,fresh,wet Thnd,fresh,frost
: Y Z
X 1-X

Figure IV-6: Schematic representation of a countdow heat exchanger presenting three zones
(Dry, wet and frost parts)

The boundary condition to determine the frost partesponds to a wall temperature of 0°C and the
boundary conditions to determine the wet part apwads to a wall temperature equal to the supply
air dewpoint temperature. Psychometric processelsdih air sides are schematically given in Figure

IvV-7.

Tsu:ind

Humidity ratio [kg/kg]|

>
re

Tsu:fresh Tex:fresh

v

Dry bulb temperature [°C]

Figure IV-7: Psychometric process for both fresh diindoor air side (under three regimes)

In order to decrease the number of iterations) faéues of time “t-1” are used as initial condit®
for time “t”.
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2.5 « Three zones conditions » validation

In order to experimentally validate the definitiohthe boundary conditions of the three zones model

an experiment was carried out on a sample supposegbresent two channels of a perfect counter
flow heat exchanger (and thus presenting a contimt®mperature evolution). Given the impact of the

thermal inertia on the experimental results becaigbe low flow rate passing in the channels, this

experiment did not permit to validate the threeemheat exchanger model. However, the main goals
of the experiment were qualitative:

- to visually observe the three zones of the hedtamger;

- to check if the three zones are well delimited bg tewpoint temperature of the supply
indoor air and 0°C;

- to observe the frost formation on a vertical watlogt of the experiments described in the
literature have been carried out on horizontalg)lat

- to check if the frost layer can be assumed unifairalong the frosting part.

A schematic representation of the test bench isemted in Figure 1V-8:

T 1
@ ! Insulating !
Indoor room =2 @ @ 0! . |%'&>
(Hot room) Hot air side Lo8ssssssssssssnsnssne) Ll 5 = Outdoor room
<y | e o
!"8' ! : . ‘F streom (Cold room)
I ﬂ Inw'm | | resh air side
e -
O Relative humidity sensor @
@ Rotameter CEETE) Thermocouples in the wall
g Thermocouples @ Pressure

Figure IV-8: Visualization of the three zones (agewed from above)

Temperature wall evolution has been realized bypgipg the plate separating the two channels with
30 thermocouples. The dry-bulb temperature measmtare made at the supply and exhaust of the
fresh and indoor air side. Relative humidity meament is performed for the supply and exhaust
indoor air side. Rotameters are used for the flat@ measurement and two fans are used for pulsing
up the flows in the channels.

In order to have a precise temperature measureaiarg the heat exchanger wall, the plate separating
the two channels has been milled by a 3D CNC mgilimachine. Thermocouples have been inserted in
the milled channels, as represented in Figure 1V-9:

Figure IV-9: Temperature measurement along the at
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In order to ensure an optimal thermal contact betwbe thermocouples and the plate, thermal paste
has been inserted in the thinnest part of the chdlgannels.

In order to reduce the impact of the ambient heasds, a system involving Plexiglas plate was
imagined. The idea was to maintain the vacuum betweo Plexiglas plates by means of a vacuum
pump running all along the tests. The system isgurted in Figure IV-10:

Figure IV-10: Vacuum between Plexiglas plates

Practical realization of the test bench is giveFRigure 1V-11:

Figure IV-11: Practical realization of the test beh
As expected, the boundary conditions delimitingheaone are well respected (appearance of
condensation at the dewpoint temperature and tstirig at 0°C) and each zone is well delimited by

those conditions. An example of wall temperaturera hours of tests is given in Figure IV-12.
Visual observation confirms the presence of frtatting from the thermocouple 19:

Temperature [°C]

Thermocouple

Figure 1V-12: Wall temperature evolution
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In the frost part, frost formation follows the sasteps as the one presented in Figure 1V-2, detgpte
verticality of the plate. Frost layer has been roess by means of caliper at different places: thetf
layer can be considered uniform along the platbanfrost part.

All these observations confirm the basis/assumptiosed for the three zones model and the frost
formation description model.

2.6 Pressure drop evolution under frosting conditio ns

The pressure drop was calculated for each calonlditme step (one second), by taking into account
the impact of the calculated frost layer thickness schematically shown in Figure IV-13. At each
second, the hydraulic diameter is determined. Tias a high impact on the regime (Reynolds
number) and thus the Nusselt number and the frnictextor. The knowledge of pressure drop is
important to determine the electrical power to bévdred to the fans (use of fan curve). Da Silva e
al. (2011) applied the same procedure in ordereterchine the decrease of flow rate during the frost
formation on an evaporator.

Fresh air side Indoor air side Fresh air side

o |[e|l ©

xel | X

>

Frost layer thickness

Figure IV-13: Hydraulic diameter calculation

2.7 Model for defrosting cycle
Defrosting is performed in two distinct stages.

In the first stage, the available heat from theowordflow is used to increase the temperature of the
frost layer so that it reaches the melting tempeeati.e. Tr,e1ring = 0°C. During the first stage, the
frost mass is assumed to be constant and is emtla mass of frost at the end of the frosting phas

In the second stage, the heat provided allows tlasgchange. Consequently, the frost begins to melt
During the phase change, the frost temperaturgsisnaed to be constant and equal to O ° C.

The rate at which the mass of the frost variesvisrgby Nielsen et al. (2008):

derost — ﬂ |V-24
dt Ahyg

The latent heat of fusion for frodh,, is assumed to be constant during the whole prare$equal to
333000 J/kg.
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First stage: sensible heat trasnfer

The calculation of the sensible power requiresdittermination of heat transfer rate exchanged en th
side of the indoor and fresh air. During the defrgsphase, no fresh air is supposed to flow in the
heat exchanger. The convective heat transfer cositi has been chosen equal to 7 [W/m?-K]. Heat
transfer rates for both sides are respectivelyrgwe

{ Qind = &ing- Cind . (Tsu,ind - Tfrost) |V‘25
eresh = hh,f‘resh A (Tf‘rost - Tfresh)

ThostiS @approximated by the mean average temperatuteeofall temperaturé,, and the frost surface
temperatureTs. Effectiveness of the heat exchanger has beerrndetxd by using correlation
dedicated to a semi-isothermal wall.

The heat transfer delivered to the mass of frastosaapproximated by:

Qtransfered to frost — Qind - eresh IV-26

The difference in temperature of the frost layer lba determined by the following equation:
Qt‘ransfered to frost — Mfrost * Cpfrost * AT IV'27

The thermal capacity of the frost is assumed todmstant and equal to 2060 J/kg.

This expression is used to determine the temperalifierenceAT for each second, which is used to
determine the new temperature of the frost ldygy;; .

During this stage, the mass of frost is assumedstaah in the heat exchanger core. The only
parameter varying is the temperature of the fragtH.

Second stage: latent heat transfer

Similar to the first stage, heat transfer ratesdmtermined on the side of the indoor and freshlair
this case, the temperature of the frost layerssmed to be constant and equal to 0°C.

The heat flow rate exchanged by each fluid is givgn

{ Qind = &ina- Cind '(TSu.ind - 0) IV-28

eresh = hh,fresh-A . (O - Tmean,fresh)
Those values are used to determine Algerequired for the change phase (Equation IV-26) Th
evolution of the mass over time is obtained by gigquation 1V-24.

Knowing the mass of frost and thus the thicknegh@ffrost layer at time t, it is possible to detire
the convective heat transfer coefficient on the sitithe indoor air at time &y, ;,,(t). If no fresh air
flow rate is flowing in the heat exchanger, a cative heat transfer coefficient of 7 [W/m2 K] is
assumed (natural convection).

The thickness of the frost layer is calculated by&ion IV-29:
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Mf‘rost(t) |V-29

xp(t) = y

Wherep, is assumed to be constant and equal to the |ag galculated during the frosting phase.

During the defrosting phase, liquid water resultingm frost melting is supposed to be directly
ejected from the heat exchanger. The hydraulic efamis calculated by taking into account the mass
of frost remaining in the heat exchanger.
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3 EXPERIMENTAL INVESTIGATIONS

The aim of the experimental investigations wag fiosconfirm the validity of thétwo zones” heat
exchanger model developed in frame of Chaptertilbth a different corrugation geometry. The idea
was first to apply exactly the same methodologythes one described in the frame of Chapter II:
calibration of the correlations under dry conditiofollowed by the application of the variable
boundary method under partially wet conditions. mhévestigations under frosting operating
conditions were carried out. The goal was to vadidae“three zones”heat exchanger model and also
to experimentally investigate the different strasgunder frosting conditions. The studied exchange
presents the same overall geometry but preseffigsatit corrugation forms in the central part thaa t
one presented in Chapter lIl. In reality, this heathanger presents an enlargement factor of only
140% which makes the investigated geometry bettetralled during the manufacturing process.
This well characterized geometry allows for easrdy of the freezing phenomena. One of the
advantages of this heat exchanger is that it alimvsn easy observation of the frost in the céntra
part of the heat exchanger.

3.1 Experimental apparatus

The same experimental apparatus as the one prdseritee frame of Chapter Il was used (wood box
with insulation).

For tests under frosting conditions, the box caoritg the heat exchanger is in Plexiglas in order to
better observe the frost formation (especiallyhatindoor air exhaust of the heat exchanger), asish
in Figure 1V-14.

Supply of the box

Damper

Heat exchanger

Thermocouples
Figure 1V-14: Plexiglas box

The Plexiglas box has been recovered by flexibsilation in order to reduce the heat ambiance
losses.

3.2 Presentation of the heat exchanger geometry

The present section aims at presenting the geanutairacteristics of the investigated heat exchrange
The manufacturing process is exactly the sameeasrib exposed in Chapter Ill. And just like the so-
called final heat exchanger, the investigated leeahanger presents a U flow configuration and is
assembled in accordion, as schematically represémteigure 1V-15.
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Figure IV-15 : U-flow configuration

Pictures of the tested heat exchanger are givEigure [V-16:
———

— LN . LN
Figure IV-16: Tested heat exchanger

The central part of the heat exchanger presentagations. Geometric characteristics of the tested
heat exchanger are given in Figure IV-17:

Corrugations characteristics

(central part)

Aw
Rmax : . T
, i hw
Lny / /\/\ i
4 //
1 F ” Lmax
Whx /

- Renx=0.448 [m]

- wmx=0.05[m]

- Lmin=0.157 [m] LIV
€SPplate |

- Lasx=0.220 [m] I

- Aw=0.014[m] /’/

- hw=0.007[m]

= Tesplfowrate ™= 29 “.h
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v

r
R B B

Figure IV-17 : Overall geometric characteristics dfie heat exchanger and corrugations of
the central part
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Corrugation angle definition corresponds to theesame provided by Ayub et al. (2003). Corrugation
anglep of the central part is equal to 30°:

Cross-section normal to

T direction of troughs
R =
\\\\X,ﬁ:’/// Developed length
S -=-= Protracted length
Lp
e 1 /—%———L—'
/ N b \\,,_ A
“f\ + ///“*r\\: -//:_h 3
Nl N
1

|- ! -

Figure IV-18 : Corrugation angle definition accordig to Ayub et al. (2003)

The Reynolds number is defined by:

v -D -
Re — h IV-30

v

And the hydraulic diameter is determined by:

_4A 4A 2b IvV-31

D = = —-—
TP T2+ ow) @
With @, the enlargement factor.

3.3 Used correlations for Nusselt and friction fact ~ or number

Concerning the Nusselt number determination, caticel provided by Wanniarchchi et al. (1995) has
first been used before the calibration. This catieh can be applied to heat exchanger presenting a
corrugation angle comprised between 20 and 62 Afevalidity concerning the Reynolds number is
comprised between 1 and*1The correlation is given under the form of thiéofeing relationship:

Nusselt = [(3.65 . p~0455 0661 Rp0339)3

+ (126 . p~1142 gli-ml pem)? /3 | pri/3 IV-32

with :

m = 0.646 + 0.0011.8 IV-33

Correlation for the friction factor determinatiandlso provided by Wanniarchchi et al. (1995):

Nusselt = 4.[(1174 . 71926 @2 Re™1)3 + (46.6 . p~108, ¢[1+Pl ReP )3 13 IV-34

with:
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p = 0.00423. B + 0.0000223. B2 IV-35

Given experimental results in dry regime (applmatiof the method exposed in Chapter II), the
Nusselt number and the friction factor have bespeetively tuned of by a factor of 1.1 and 0.9. The
calibration factors are closer to unity than thesdetermined in the frame of Chapter Il. This lsan
explained by the fact that the geometry is bettetrolled and also simpler (corrugations such as th
one investigated have been many times studieckisdtentific literature).

Next section compares experimental results withltesoming from the calibrated model.

3.4 Hydraulic performance in dry regime

Hydraulic performance has been experimentally nregsan both parts of the heat exchanger. As can
be observed in Figure IV-19, the differences imeiof pressure drop evolution as a function of the
flow rate is considered negligible and the heataxrger is considered symmetric.

200 ————
u|
A Fresh air side
150 0
O Indoor air side T’
A
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Figure 1V-19: Pressure drop as a function of volurtre flow rate for fresh and indoor air side

Hydraulic performance is well predicted by the lmated model, as can be observed in Figure 1V-20:

200

o Experimental data /
Model results H

o

150 /
100 /@‘
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Figure IV-20: Hydraulic performance (measured daigs model results)

APpx [Pa]
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3.5 Thermal performance in dry regime
A comparison for well-balanced flow rates in terofigffectiveness is given in Figure IV-21:
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Figure IV-21: Comparison between experimental anddel results in terms of effectiveness

Comparison in terms of AU (by assuming the heatharger in perfect counter-flow) is given in
Figure IV-22:

OV——

35/
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Figure 1V-22: AUneasVvS AlUnod

3.6 Performance in wet and partially wet regimes

The same procedure as the one exposed in the fadntee Chapter Il has been applied for
experimentally determining the sensible and lateatd. As shown in Figure IV-23, results are
considered satisfactory as well for the tested aeeltanger in terms of heat transfer rates:
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400

A Sensible heat transfer rate

® Total heat transfer rate

| | A
B | atent heat transfer rate /
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Figure 1V-23: Validation in wet and partially wetegimes

Concerning the hydraulic performance under wet antially wet regimes, same conclusions as the
ones given in Chapter Il can be drawn. It can st Gbserved a rising of the pressure drop followed
by a stationary period where the pressure dropirentanstant.

3.7 Performances under frosting conditions

3.7.1 Test supply conditions

Performance under frosting conditions has beeizezhfor different supply conditions given in Table
IV-2:

Table IV-2: Supply conditions (experimental conditis)

Test Fresh air Indoor air
es To.[°C] | RH[%] | M[kg/s] T [°C] | RHo[%] | M[kg/s]
1 -18.4 n.m. 0.029 19.1 40 0.029
2 -14.5 n.m. 0.019 19.0 35 0.019
3 -17.5 n.m. 0.029 19.0 64 0.029
4 -14.0 n.m. 0.029 20.0 44 0.019
5 -14.2 n.m. 0.029 20.0 37 0.029

* not measured

Supply conditions have been chosen to validatentbdel in different operating conditions under
frosting conditions. All of the tests have beerizea with balanced flow rates, except Test 4 which

0.029

presents a ratio between fresh and indoor air feter different from oneﬂ—jﬁ = m).

ind

Presence of frost for each of these tests has biseally checked. This observation was made
possible thanks to the transparent Plexiglas bbe. ffost layer at the exhaust of the heat exchanger
can be shown in Figure IV-24.
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Figure IV-24: Check of the presence of frost at tiexhaust of the heat xchanger

3.7.2 Tests description

Each performed test presents two phases: therfgoatid the defrosting phases. For each of these
phases, the measured time evolution of heat traratfes and pressure drop will be compared with the
numerical model.

During the defrosting phase, the fresh air floverist stopped while the indoor air flow rate remains
constant. As an example, the pressure drop evaoltdioTest 4 is given in Figure IV-25.
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Figure IV-25: Frosting and defrosting phase duringxperimental test

As expected, the frosting phase lasts longer thamléfrosting phase. The supply/exhaust temperature
evolution for Test 4 is given in Figure IV-26:
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Figure IV-26: Supply and exhaust temperature evatut for Test 4

The indoor and fresh air mass flow rates evolutemesrepresented in Figure IV-27 during the fragtin
phase of Test 4. In order to counter balance tbeease of pressure drops due to the presence of the
frost layer, the indoor mass flow rate is manuadtjusted by means of valves during the whole
frosting and defrosting phase in order to keegflthe rate constant. Those adjustments correspond to
flow rate steps, as shown in Figure IV-27. Thiglso the reason why the pressure drop evolution is

not continuous in Figure 1V-25. Concerning the ffresr side, the mass flow rate does not need an
adjustment to remain constant all along the process
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Figure IV-27: Indoor and fresh air mass flow ratef®or Test 4
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3.7.3 Comparison of Tests 1, 3 and 5 in terms of pressure drop evolution
Figure IV-28 shows the comparison between the presdrop evolution for tests 1, 3 and 5.

Differences between Test 1 and Test 5 seem in¢uéthd logical: for the same air supply conditions,
the rate of increase of the pressure drop is Idarefest 5 compared to Test 1. This is due to Hug f
that the supply fresh air side is cooler (-18.5-14.5°C) which obviously implies a cooler plate
temperature and then a quicker frost layer formmatio

On the contrary, comparison analysis between Tasd1Test 3 is not intuitive. In reality, the testh

the air supply conditions presenting the highebiesin terms of relative humidity (Test 5) is thee
presenting the smoothest pressure drop evolutidrat Bbservation is in contradiction with the
observation carried out on chilled flat surface €@y and Cheng (2001)). In those situations, the
supply air presenting the highest relative humidityhe one presenting the thickest frost layesredt
certain amount of time.

In reality, situation in heat exchanger is veryfetiént compared to chilled plates because of the
interaction of the different zones: those differemcan be explained by the fact that the condensate
flows out of the heat exchanger when the wet pérthe heat exchanger is important. This
condensation flows perturbs the theoretical frasmition. Figure 1V-28 brings the most relevant
findings of this chapter. This phenomenon is obsgrisy means of the Plexiglas box: condensate
flushes out of the heat exchanger and condensatieracts with the frost part.

600
500
T Test 3
.D_'. 400
% /
.g- 300 /
S - \
200
// -
100
0
0 2000 4000 6000 8000 10000 12000 14000 16000
t [sec]
Figure 1V-28: Pressure drop evolution for Test 1,&hd 5
3.8 Three zones model versus experimental results: dynamic comparison

Dynamic comparison between numerical and experiaheasults has been realized for hydraulic and
thermal performances. The only parameter that bas ladjusted is the factor “a” in Equation IV-2
concerning the frost density determination. Theapeater “a” has been chosen equal to 270 instead of
207.
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Thermal performances are well predicted by the hadehown in Figure 1V-29, for Test 3 and Test
4:
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Figure IV-29: Thermal performance comparison for B& 3(left) and Test 4 (right)

Discrepancies in terms of thermal performance atodginning of the test can easily be explained by
the thermal inertia of the heat exchanger and Xperénental apparatus. This has been neglected by
the model. On the other hand, this has never begiidghted for dry and partially wet tests which
have been realized under stabilized conditionsepixtor this identified problem, predictions fit Nve
with the experiment.
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Figure 30: Pressure drop evolution (comparison been model and experimental results)

Concerning the hydraulic performance during thetfry phase, the model seems able to well predict
the behavior of the heat exchanger under frostimgditions, except for the Test 3. This can be
explained by the interaction of the wet parts oa ftost part which has already been mentioned
earlier. The developed model does not considepéniirbation due to the condensate flushing out of
the heat exchanger. As shown in Table IV-3, if rdga the numerical results in terms of surface
proportion, difference between Test 1 and Teste3gaite important. Wet part is three times larger i
Test 3 than in Test 1. This can explain the difieeesbetween model and experimental results for test
3.

Table IV-3: Surface proportion (determined by theoatel)

Test 1 Test 3
- Propyy=35% - Propyw=7%
- Propuet= 25% - Profuet= 73%
- Propest= 40% - Propest= 20%

Concerning the hydraulic performance during thead#ing phase, it seems that the model predicts a
quicker decrease of the pressure drop in compangtm the experimental results. This can be
explained by the assumption concerning the direat@ation of each mass of melt frost. In reality,
each melt frost is not directly removed from thathexchanger, as it has been observed by visual
observation through the Plexiglas box.
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4 STRATEGIES UNDER FROSTING CONDITIONS

As already stated, the major problem encounterdégat exchangers is the frost, e.g. during theawint
time. The formation of a frost layer on the surfagemerates a fouling inside ducts. Consequently, it
reduces the flow section and the air flow rate Xial., 2006). The frost quantity may increase lunti
blocks the passage ways for exhaust air and stoppletely the airflow.

Several methods are mentioned in the scientiferdiure (Shurcliff (1988), Philips et al. (1989),

Nielsen et al. (2008) and Rose et al. (2008)). Hanethere is little literature available on the

evaluation performance related to these methodsnethod in order to take into account the

unbalanced flow rate is proposed. In the followsegtion, presentation and classification of each
technique is proposed and a method of evaluatisadan the determination of an “energy” factor is
proposed to determine the best method to applys Bhiealized by using the three zones dynamic
model presented above. Advantages and drawbackaabf method in terms of implementation are
also discussed.

As described by Philipps et al. (1989), the idé&dtegy under frosting conditions is a strategy niehe
the frost is continuously removed without puttinty @&nergy into the removal process. Consequently,
there wouldn’t be heat exchanger fouling. Howevretthis way, the latent and sensible energy from
cooling and freezing water vapor to frost are stittovered completely.

Strategies involving an intrinsic modification d¢fet device in terms of materials and/or configuratio
will not be investigated in the frame of this tleesi

- Use of phase change materials (Qarnia et al. (2001)
- Use of two heat exchangers working alternativelsa(k(2007));
- Changing surface properties (Liu (2010)).

4.1 Strategies Classification

In order to control the impacts of frost, severatiods of frost control and defrost strategies are
applied on the heat exchangers. These stratedigsaee/oid or toremovethe frost layer on the
exchange surface of the heat exchangers.

There are three categories of methods under fgpsbnditions:

. Defrost method (Philips et al., (1989));

. Frost control method (Nielsen et al. (2008), Shurcliff (1989) and Resal. (2008));

. Hybrid method.

The difference between the two first methods affisea the presence or absence of a frost layer:

- Inthedefrost method a frost layer on the exchange surface of the éveztianger is accepted.
That implies cycles of frost followed by cycles a@dfrost. Indeed, this method attempts to
remove the frost from the heat exchange surfaceréetaching a “defined” degradation of
heat exchanger performances (raise of pressurg.drop

- In thefrost control method, no amount of frost on the exchange surface igmed. The

main idea is to prevent any frost formation in tmeat exchanger. Several frost control
methods exist. For instance, an electrical air drean be used to rise the fresh air
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temperature at the inlet of the exchanger. It adléevmaintain the supply fresh air temperature
above the frost threshold temperature. Generdlflg, ftost control method starts when a
criterion defined by the manufacturer is reached.most of the cases, if the outdoor

temperature equals to a threshold temperaturetiigeinost control method starts.

One can also imagineybrid methods. This would results in a combination of “defroatid

“frost control” methods. Indeed, the presence ofrast layer is accepted but the frost

formation is reduced.

Defrost methods are summarized in Figure 1V-31:
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Figure IV-31: Strategies under frosting conditions

4.2 Defrost methods
Defrost methods generally consists in a cycle wingl two phases:

* Afrosting phase,
* A defrosting phase.

The frosting phase corresponds to the formaticafobst layer on the heat exchanger surface.

The defrosting phase corresponds to the decredsiefmef the frost mass. This phase starts when the
degradation of heat exchanger performances is deres too high. As an example, a criterion on the
pressure drop or on the volume flow rate can beosad. When this criterion is reached, the

defrosting phase begins.

Y
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The so called frosting/defrosting cycle ends whHenftost has disappeared (melt) from the exchange
surface.

Several defrost methods can be applied dependinipeostrategy applied during the frosting phase
(constant supplied electrical power or constantsniilasv rate) and the defrosting phase (fresh air fa
shutoff or fresh air fan shutoff with recirculatjorEach strategy for both frosting and defrosting
phases are detailed here.

4.2.1  Frosting phase
During the frosting phase, the system can be clbediron two ways, depending on the operating
variable which is maintained constant:

» The indoor air mass flow rate is kept constantrduthe cycle,
e The electric power supplied to the fans is keptstamt during the cycle.

a) Constant indoor flow rate

In this case, the indoor air volume flow rate igptkeonstant during the frosting phase. During the
formation of the frost layer on the exchange s félee pressure drop will increase which involves a
increase of the electrical power delivered to tdoor fan in order to keep a constant volume flow
rate. The opposite phenomenon appears during tiefygehase: the pressure drop decreases involving
a reduction of the electrical power delivered te thdoor fans. The model calculates the electrical
power delivered to the fans at each time step ¢ewsend).

The defrost starts when a criterion on the presdungs is reached. This criterion is the maximum
pressure drop accepted inside the heat exchangardpecific flow rate. A parametric study on this
criterion will be carried out.

This strategy is schematically represented in Edgur32:
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Figure 1V-32: Schematic representation of the coast mass flow rate strategy (frosting phase)

Evolution of the electrical power supplied to thag is deduced from the knowledge of the fan curve
experimentally determined.

b) Constant electric fan power
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In this case, the electric power delivered to tidoor fan is kept constant during the frosting eycl
During the formation of the frost layer, the pressdrop will increase which leads to a decreashen
volume flow rate of indoor air for a given elecaigower. During the defrosting phase, the pressure
drop decreases increasing the volume flow rataddadr air.

The consumed electrical power is constant duriedrbst/defrost cycle. However, the exchanged heat
transfer rate decreases in proportion with the melflow rate of indoor air. Thus, the recovered
thermal energy is lower over an entire cycle.

The defrost phase starts when the defined critepiorvolume flow rate is reached. This criterion
represents the minimum volume flow rate acceptedafspecific electrical power delivered to the
indoor fan.

This strategy is schematically represented in Edgur33.

w,

elec,cst

Pressure drops (Pa)

Volume flow rate (m3/h)

Figure IV-33 : Schematic representation of the cdasat electrical fan power strategy (frosting
phase)

In the simulations, a function expressing the flate depending on the pressure drops and theielectr
power fan is used in order to determine the vammatf volume flow rate in this strategy. This funot
is given by:

V= f(AP 'Welec)
WhereAP represents the total pressure d{Bp).
The pressure drops are determined by usingTheee zones exchangerinodel described in the
previous section. The electric power fan is impoag@ supply condition. Once again, the fan curves
are experimentally determined. Finally, the flower@an be deduced from the knowledge of the

pressure drops and the electric power fan.

4.2.2 Defrosting phase
The defrosting phase can be performed in two ways:

* Fresh air fan shutoff;
* Fresh air fan shutoff and indoor air recirculation.

a) Supply outdoor air fan shutoff
This strategy (Philips et al. (1989)) is the singplend most commonly used method to reduce the fros
layer. This method implies shutting off the fresh fan while leaving on the indoor air fan, as
schematically represented in Figure IV-34. By thiy, the indoor air is no longer cooled down and
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the frost layer on the exchange surface begins ¢ti. benerally, the frosting/defrosting phases
correspond to a determined set time period (i.emifutes of frost period and 5 minutes of defrost
phase) that can be a function of the outdoor teatpes.

Figure 1V-34: Schematic representation of supply toloor air fan shut off (during defrosting time)

The considered parameter could also correspontetpriessure drops on the indoor air side. When a
criteria on the pressure drop is reached (i.e. wherpressure drop is more than X Pa for a specific
flow rate), the defrosting phase starts. The gjsatean be optimized to recover as much energy as
possible. This optimization involves minimizing tifraction of time spent in the defrosting phase.
Optimization of the method can be obtained by itigating the impact of a reduction in the defrost
phase time or a decrease of the frequency of deffmeriod. It is quantified in the frame of this
chapter.

The advantage of the method is that it can beyemsglemented while the drawbacks are:

* Frequency offrost/defrost cycle can acoustically perturb inhabitants for Engoom
ventilation;

« During the defrost mode, the house is placed uadegative pressure because the outdoor air
fan is shut off while the indoor air fan continuesperate.

b) Indoor air recirculation
This method (Philips, 1989) proposes to block thieasmce of the duct of the fresh air to preveno it
flow within the exchanger. The exhaust duct ofitidoor air is connected with the supply of the duct
of the outdoor air so that the indoor air flowsotlgh both ducts. In other words, a recirculation of
indoor air is introduced; as a consequence, omyrttioor air circulates within the heat exchanger.

Figure IV-35: Schematic representation of an indoair recirculation method (during defrosting
phase)

The advantage of the method is that it reducedé¢fi@sting time compared to fresh air fan shut off.
The drawbacks are:

» Difficulty of practical implementation, especiafigr single room ventilation;
* Frequency of frost/defrost cycle can acousticadlgtyrb inhabitants for single room
ventilation;
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« Ventilation is interrupted.

Compared to the other defrosting method, the mdirartage is that the house is not subjected to
negative or positive pressure imbalances. Howdwerntain disadvantage is the interruption of the
ventilation.

In order to compensate for the interruption of veatilation rate when the heat exchanger is in the
defrosting phase, the indoor air flow rate mushlmgher during frosting time. This increase helps to
maintain the average desired ventilation rate tjinout the hour or day.

4.3 Frost control methods
Four frost control methods can be distinguished:

* The balance adjustment method (Nielsen et al. 2008)

* The electric preheating (Philips et al. 1989);

« The decrease in the effectiveness of the heat agendPhilips et al. 1989);
* The preheating by mixture of indoor air and outdaioi(Rose et al. 2008).

As already stated, the aim of all these strateggeto avoid the formation of frost in the heat
exchanger. The considered parameters to deterrhmeptesence of frost or not is the contact
temperature at the outlet of the heat exchanggr. Trost will not form on the heat exchange surféce
this temperature is above 0°C.

4.3.1 Balance adjustment method

This method implies to adjust the volume flow rateeach side to prevent the formation of a frost
layer, as represented in Figure 1V-36. Unlike trethrod of defrost cycle, this method does not requir
the complete stop of the fresh air fan. Howeverreitjuires the determination of the contact
temperature. This temperature can be known diramtldeduced from the outside temperature by
means of a model predictive control (use of theo*aenes” variable boundary model).

>

Figure IV-36: Schematic representation of the bale® adjustment method

This method can be implemented in different walymdy be decided to vary only one of the two flow
rates. In other words, just an air flow can be éased or decreased, i.e. indoor or outdoor air. In
another way, both rates can vary simultaneously.iistance, the outdoor air flow can be decreased
and indoor air flow rate can be increased at threeséime (the most important is to ensure an
unbalancing of the two flow rates).

The advantages are:
« Ease of implementation (fans can be controlledpeddently);

e Ventilation is not interrupted;
« Safer for the systems than defrost strategies;
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» Several strategies can be applied (rise of indooside flow rate, decrease of fresh air side
flow rate or variation of both flow rates).

The drawbacks are:

* Mechanical unbalanced flow rates (depressurizatfaghe building);
« |f the fresh air flow rate is set to the minimurhetindoor air flow rate has to be increased.
This can lead to fan noise problem, especialljhexdase of units placed in bedrooms.

4.3.2 Electrical pre-heating

This method implies to preheat the fresh air beforenters inside the heat exchanger. It can be
realized by using an electric heater positionedtrapm of the heat exchanger, as schematically
represented in Figure 1V-37. This preheating caddree in several stages (use of several resistances
In fact, the preheating can be split into two aethstages. The method is initialized when a tloldsh
outdoor temperature is reached within the heatangér.

—

Figure IV-37: Schematic representation of the elecal pre-heating method

The advantages are:

« Diversity of possible strategies (one or more sgage

e Can be easily implemented (variation of the eleatrpower delivered to the resistances as a
function of the outdoor temperature);

* Air flow rates remains balanced;

* Ventilation is not interrupted.

The drawbacks are:

« Additional electrical consumption;
» Limited to the available space.

4.3.3 Decrease of the heat exchanger effectiveness

This method involves a reduction of the heat exgkameffectiveness. In order to implement it, some
passes of the heat exchanger that allow the passagiee volume flow rate can be blocked.
Consequently, the effectiveness decreases andiitact temperature of the exchange surface is kept
above 0°C. The main advantage of this method mmamtain the ventilation on. Unfortunately, the
practical implementation of this method seems qeai@plicated, especially for devices such as single
room ventilation with heat recovery.

The advantage is that the ventilation is not iniged.
The drawbacks of the method are:

« Difficulty of practical implementation in single om ventilation;
e Low heat recovered energy;
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* Important fan consumption if blocking a large paftthe supplies of the heat exchanger
(increase of the pressure drop).

4.3.4 Preheating by mixture of indoor and outdoor air

This method consists in a preheating of the fréisgang to the heat exchanger by means of a mixing
with indoor air. The principle is to derive a paftthe indoor air flow rate to the fresh air sideah
exchanger supply. It can be realized by addinga/skction in direct contact with outdoor air. When
the threshold temperature is reached, a valve egordiportionally opened and the mixture can take
place. In other operating conditions, the valveaes closed. The situation under frosting condgion
is schematically represented in Figure 1V-38.

<

Figure IV-38: Schematic representation of the “pneating by mixture” strategy
The advantages of the method are:

e Ventilation is not interrupted;
« Precise valve control offering several strategies.

The drawbacks of the method are:

» Difficulty of practical implementation;

* Increase of the electrical power delivered to @ tb ensure the derivation of the indoor air
for the mixing (passage through the valve and duotXhe simulation, an increase of fan
consumption of 10% has been assumed due to thig#lte deviation;

* Increase of the electrical power delivered to tredue to the passage of a higher flow rate in
the heat exchanger in fresh air side.

Due to the difficulty of implementation of the “dease effectiveness” method in single room
ventilation unit, only three methods have been anpnted:

e The balance adjustment method ;
e The electrical preheating ;
« Preheating by mixture of indoor and outdoor air.

4.4 Criteria of energy performance: definition
In order to compare the strategies, a criteriorermérgy performance is required. The criterion is
defined as the ratio between the energy recoverédree energy delivered to the fans:

E covere -
Q= re d [_] |V 36

Eelec

With
Erecoverea . the thermal energy recovered in [J];
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E.ec : the electrical energy supplied to the fans n [J

Some authors such as Rose et al. (2007) prefeoredrhpare some strategies by considering the
yearly energy consumed and recovered. They camigdnvestigations for two different climates
(Denmark and Nuuk). They introduced a factor of @bthe electrical energy in order to take into
account the COemissions associated with the electrical prodactla reality, Rose et al. (2007)
investigated a method involving two heat exchanderparallel. They performed a combination
between the balance adjustment method and thestiefyfirosting cycle. This strategy is impossible
to apply to single room ventilation given the rision on the available volume.

In the frame of this chapter, strategies will oblg compared by means of Equation IV-37. The
integration is realized on a cycle involving a trog time of 7200 sec:

Q - erecovered dt IvV-37
device fWelech

With Qyecoverea, the power recovered at each time step in [WJldi#v rates are unbalanced, it is
assumed that the flow rate difference comes frditration as schematically represented in Figure
IV-39 for a case where the indoor flow rate is leigthan the fresh air flow rate:

M ind
\ . . .
Tex,ind ( A Tsu,ind Minf = Mind . Mfresh
Tsu, fresh / Tex ;fresh Tsu,f resh
!
M fresh

Figure 1V-39: Infiltration resulting from unbalanced flow rates Mg > Myesn)
In this case, the recovered heat rate at eachstigpeis determined by:
Qrecovered = (Mfresh + Minf) . Cp- ( Tmix - Tsu,fresh) IV'38

with T,,,;,, the temperature resulting from the fictitious mix of the infiltration and the flow rate
flowing through the heat exchanger:

Minf- Cp- Tsu,fresh + Mfresh- Cp- Tex,fresh IV'39

Tmix P
Mind . Cp
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The experimentally determined fan curves have hese and coupled to perform the investigations
of the strategies.

4.5 Comparison of strategies

4.5.1 Energy performance criteria
The above presented strategies have been compaoath&idering the supply conditions given in

Table IV-4:

Table 1V-4: Supply conditions for investigations drost/defrost strategies
Vfresh [m3/h] l./ind [mg/h] Tsu,ind [OC] Tsu,fresh [OC] RHsu,ind [_]
50 50 18 -15 0.5

Note that the supply conditions are kept constarihg the whole simulation time.

Comparison of the different strategies in termsepérgy performance is given in Table IV-5. A
frosting time of 7200 sec has been assumed for efaicivestigated frost/defrost cycles. Thanks ® th
developed model, it is also possible to quantify tthtio between flow rate mechanically supplied and
removed from the building over a period. This fad® a representation of the (de)pressurization
and/or on the indoor air quality.

Table IV-5: Methods of defrost

Methods under frosting conditions
Minq
Frosting time | Defrosting : evice | Mfresh
Strategy [s] time [s] Cycle time [s]| [-]
[]
_ Supply a;:r O‘#door fan 7200 238 7438 10.3 1.03
V constant shuto
Indoor air recirculation 7200 153 7353 10.4 1.0R
W Supply air outdoor fan 7200 118 7318 108| 091
fan shutoff
constant - goor air recirculation 7200 102 7302 108 091
Balance adjustment method 0 0 0 11.p 2.40
Electrical preheating 0 0 0 1.2 1.04
Pre-heating by mixture of indoor and 0 0 0 8.0 1.00
outdoor air

As an example, it is possible to determine the ftate evolution if the power delivered to the indoo
air side fan is kept constant, as shown in FigMrd0. Same figure could be realized for the eleatri
power delivered to fans if the flow rate is kephstant.
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Figure 1V-40: Flow rate evolution in the casd s4,s = constant)

4.5.2 Strategy classification in terms of energy performance and implementation

It is now possible to determine a classificationtié method in terms of energy performance,
implementation and mechanical unbalancing (ratioveen flow rates mechanically supplied and
removed from the building over a period), espegiddlr single room ventilation unit with heat
recovery. Table V-6 summarizes the advantagedtamdrawbacks of each strategy in terms of these
parameters:

Table IV-6: Strategy in terms of energy performanaad implementation

Advantages and drawbacks
Strategy Energy Implementation Mechanlgal
performance unbalancing
‘ Supply a;:r Ol#dOOI‘ fa + i t
V constant shuto
Indoor air recirculatiorll + -- ++
' Supply air outdoor fam . R .
Wetec shutoff
constant Indoor air recirculation + -- +
Misbalancing ++ ++ --
Electrical preheating - - ++
Pre-heating by mixture of indoor arld
. - + - ++
outdoor air

4.5.3 Influence of the cycle time on the energy criteria

As already specified, in the simulations perfornfied frosting/defrosting cycle, a frosting time of
7200 sec has been imposed. That corresponds tdaincamount of pressure drop Wfhas been set
constant, as an example).

The present section studies the impact of thiemoih (or frosting/defrosting time cycle) on thesayy
performance criteria. The investigation is carmed for frost/defrosting cycle with fresh air fahus
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off without recirculation and during the frostinigne, the volumetric flow rate is kept constant. The
supply conditions are the same as the one preseniable IV-4 and results are given in Table IV-7:

Table IV-7: Variation of the criterion on the presure drops

Variation of the criterion on the pressure drops
Pressure drop at | o Ilflwmd
i H ; ) device fresh
F_rostlng Defrosting time Cycle time [s] the_ end of the 0 res
time [s] [s] frosting cycle[Pa] (]

3000 108 3108 64 10.70| 1.036
6000 203 6203 74 10.45 1.033
9000 291 9290 80.5 10.1§ 1.032

As it can be observed, if the frosting time is regtl} the energy performance criterion seems better
and the mechanical flow rate unbalanced stays @lthessame. A strategy with a higher frequency of
frost/defrost cycle will be preferred.
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5 CONCLUSIONS

The aim of this chapter was to investigate the ehpéthe frost layer on the performance of ant@ir-
air heat recovery. The first step was to adapttine zones” model presented in the frame of Chapter
Il by adding a third zone (so called frost zone).do so, a frost growth model was first developed.
This latter is based on several publications ardlated by means of experimental data from the
scientific literature. The model has been validabigdcomparing the frost layer thickness evolution
under several operating conditions.

Considering the behavior of a heat exchanger ufrdeting conditions, experimental investigations
have been carried out on a U-flow heat exchangér @arrugations of 30° in the central part. Thetfir
part of the experimental investigations was to gonthe validity of the “two zones” heat exchanger
model but on a heat exchanger presenting a geomiiéfeyent from the one presented in the frame of
the Chapter Il. The same methodology was applietibfation of the heat transfer coefficient for
friction factor and Nusselt number). Then, invesigns under frosting conditions have been
performed and analysis of the experimental databkas realized. The first conclusions to be drawn
concern the influence of the humidity: tests perfed under air supply conditions with a high relativ
humidity show an evolution different from the orregticted by the model. This is due to the influence
of the condensates flowing out of the heat exchaagé perturbing the theoretical formation of frost
This influence is reduced when the wet part is fmnal

Once the model has been judged validated, seves#hatis under frosting conditions have been
presented. Discussion in terms of ease of appicdtas been realized for each of them, especially i
the case of the development of a single room \ain with heat recovery. Then, all the methods
have been compared by means of two coefficienteramgy performance coefficient and a ratio of
mass mechanically supplied and removed from thielingi
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1 INTRODUCTION

In spite of the growing interest for room based nagdcal ventilation with heat recovery these last
few years, only a few experimental works are priskin technical and scientific literature. To the
best knowledge of the authors, only the papers ahdet al. (2000) and Schwenzfeier et al. (2009)
makes mention of experimental characterization infle room ventilation with heat recovery.
However, they barely detailed their experimentgl dat for the determination of the thermal and
hydraulic performance of the units.

The first part of the current chapter consists déscription of the characteristics and propeiabie
final developed device (features, components, ffonfiguration,...).

In the second part of the chapter, an approacheisepted to experimentally characterize the urst. A
already stated, the criteria of performance aredas:

- Thermal effectiveness (effectiveness of the recpheat exchanger),
- Hydraulic aspects (flow rates delivered by th& uersus electrical power supplied to the unit),

- Acoustic aspects.

Figure V-1: Final unit

This chapter mostly focuses on the experimentadrdenation of the hydraulic performance of the
unit. One can distinguish two types of investigas, depending on the phase of development of the
unit:

- Experimental studies realizeldiring the development stepf the unit. These investigations
realized in the development steps aim to charaetesach component separately. In this
context, the idea was to develgme single experimental apparatus that could be easily
adaptable to determine performance of each compasenell as the overall unit;

- Experimental investigations tdharacterize the final device This was realized in the climatic
chamber of the Thermodynamics Laboratory of thevehsity of Liege.

The overall performance (COP) of the unit can kaldished based on the experimental results. A
map of the COP (ratio between the recovered haasfier rate and the supplied electrical power) can
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be constructed, depending on the flow rates detvdxy the unit and the indoor/outdoor temperature
difference. In order to have all the performancarabteristics of the device in one single figuhe t
sound level is also specified for each delivereavftate (as well as the acoustic performance of the
unit).

In the last part of the chapter, the seasonal pednce of the developed device is determined by
using the Heating Degree Day (HDD) method. This hoeét allows to quickly compare the
performance of the system to natural, simple exhand traditional centralized ventilation systems i
terms of primary energy, consumer price and canbioxide emissions for a given climate. The
method seems particularly suitable to easily asfespotential of use of heat recovery device at a
regional/national level.
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2 PRESENTATION OF THE FINAL DEVICE

Before describing the experimental investigaticeasied out on the unit, the aim of the currentisect
is to present in detail the characteristics/featfehe developed unit.

2.1 Characteristics of the device

Contrary to single room ventilation with heat reeov units installed on a wall (so called wall
mounted) with air inlet and air outlet through thilding facade, the specificity of the unit is the
easiness of integration in the windows ledge, winnetkes them especially convenient in the frame of
a house retrofitting implying windows replaceme@terall dimensions (except the casing length
which is adaptable, according to the window’s I§dtfehe unit are given in Figure V-2:

Figure V-2: Window mounted device

2.2 Parts of the unit
One can consider two parts of the unit: the “actared the “passive” parts:

- The so-called “active” part of the unit consistsaoparallelepiped box (made in polystyrene)
containing two fans and two filters (for both fremhd indoor air sides), an electronic control
board, an AC/DC inverter, a set of sensors (demgndn the model) and obviously, the heat
recovery exchanger. The standard length of theeaqtart is equal to one meter. However,
some studies on active parts on longer and shiemeth have been carried out. Results are
presented in the present chapter. The weight ddictiee part is equal to 5.5 kg (for 1m).

Figure V-3: Passive (left) and active (right) partd the unit

- The so-called “passive” part of the unit consistsan aluminum casing that can be directly
mounted upon the window ledge. This part is custoade and adjustable to the window
ledge. If the length of the “active” part is smaltean the length of the “passive” part, the
casing incorporates a thermal break (insulationemal) to prevent thermal bridges. Those
thermal breaks are situated on each side of theeggarts. Obviously, it is also possible to
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insert several “active” parts in one single pasgad, depending on the available space. The
unit also comprises an anti-insect grille on théepside. The casing also includes a rigid
shells; the aim of this rigid shell is to stiffemetcasing. Two side profiles collect condensate.
For a length of 1200 mm, the weight of the cas®Ql2m) is 8.8 kg.

This “active” unit is inserted in the “passive” gag as schematically represented in Figure V-4:

Figure V-4: Insertion of the active part of the uhin passive parts of the unit

The separation of the active and passive paresaifzed in order to optimize:

The industrialization process: each part is manufad separately. As already mentioned
above, the passive parts dimensions are adjusti@ windows ledge (adaptation on demand
of the unit). This adjustment is realized by thedaw ledge manufacturer;

The installation: the “passive” part is directly ambed on the windows ledge. Once the
windows is placed, one can manually insert thevaqtiart in the aluminum box, as shown in
Figure V-5;

The maintenance: filter replacement (as well asréipdacement of the whole active parts) is
really to perform.

o

Figure V-5: Insertion of the active parts in the gaive parts (practical achievements)

2.3 Flow configuration inside the unit
Flow configurations inside the unit are represeimdeigure V-6:
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Figure V-6: Flow configurations inside the unit

2.4 Filters

Filters dedicated to the indoor and fresh air fllates are placed upstream of the fans and thus
upstream of the heat exchanger in order to protieet unit and its components against dust
accumulation. As a result, filters have two rokesfiltration and protection of the system. Moreov

the system is designed in such a way that botrdilare accessible from the inside of the buildasg,
shown in Figure V-4 and Figure V-7. Types of aahbié filters for the unit are G4, M5 or F7 (as
defined in the EN 779 Standard).

Figure V-7: Filters insertion

Note: Unless otherwise specified, experimentalltegiiven in the frame of this thesis concernsaunit
equipped with G4 filters.

2.5 Fans and electrical current converter

The device is supplied by electrical network ACreat 230V, 50Hz. As the unit was supposed to be
symmetric, the same DC centrifugal fans (EBM P&i5t160) are used for both streams (fresh and
indoor sides). The rotational speeds of each farbeacontrolled independently.

Figure V-8: EBM Papst RG 160 fans
Fan performance characterizatidhversus AP) is realized for different rotational speeds intim 3.
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2.6 Conduction heat losses of the unit
The heat losses due to conduction through the ray6téhen the fans are off) are represented by an
overall heat transfer coefficieni,Ld

U,ss Values for several length of the unit (dependimgtiee number of active units placed in the
passive parts) are given in Figure V-9. U valua wecreasing function of the length of the unié th
higher the length of the unit, the higher the sectf the thermal break.
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Figure V-9: U value for several length of the unit
(as a function of the number of inserted “active’apts)

2.7 Mode
The device can be controlled by the user via al@gseremote control. The remote control includes:

- 5 different levels of balanced delivered flow rag&s, 25, 36, 50 and 75 mé/h);
- A sleep mode (stop for 2 hours);

- A boost mode (maximal speed during 15 minutes);

- A simple exhaust or a simple supply mode.

The unit can also be equipped with air quality sesghumidity or CQ) which allow regulation of the
flow rate depending on those parameters.

2.8 Condensation evacuation

Condensate is removed by means of a drain chaitnatesl at the exhaust of the indoor air side, as
represented in Figure V-10.
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Drain channe

Anti insect grille

T
Figure V-10: Condensation evacuation

2.9 Examples of integration of the unit

Final products have been integrated in real bujslirPractical achievements (outdoor and indoor
views) are given in Figure V-11 and Figure V-12.itdrare installed in office buildings in Olen,
Belgium.
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Figure V-12: Installed unit (outdoor view)

It is important to mention that as shown in FigWr&2, unit can be visible from outside but it is@l
possible to make them completely invisible by itiagrthe unit behind the wall facing or the brick
veneer, as shown in Figure V-13.

A

////?/'//})(_',' A7, L e
T4 w0555 \ 3 2 2

A P Ny

Figure V-13: Installed units (invisible from the aoor side)

Comparing to the off -the-shelf devices presentethé frame of Chapter 1, the developed device can
be distinguished by the configuration flow as wadla different type of heat exchanger (U flow heat
exchanger: cfr Chapter 3).
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3 HYDRAULIC PERFORMANCE ESTABLISHMENT DURING DESIGN STEP

The present section describes the experimentalrafpsadeveloped to characterize the hydraulic
performance of a single room ventilation unit whiat recovery during the development steps.
Experimental investigations have been carried auhe entire unit in order to determine the flowera

it delivers but also on some single component (scthe fan or filters) of the device.

The initial idea was to develop one single testchehat could be easily adaptable in order to nreasu
several types of components, several dimensiopsstgnd configurations of units.

3.1 Experimental procedure

3.1.1 Delivered flow rate by the device

It is rather difficult to determine the deliverddv rates by means of velocity sensors since thescr
sectional velocity profile at the exhaust of theide is not known (the flow is pulsed through a sfi

a mesh screen). Measurements given by the senapys depending where the velocity sensor is
placed. Moreover, use of intrusive sensors can fydlke delivered flow rate.

As a result, a method initially dedicated to fam-cmits and described by Hannay and Lebrun (1972)
was applied. A schematic representation of the iaxgeatal apparatus is given in Figure V-14:

Filter valve ar
s A ‘ Dph1 Balancing
1 _"F/l,// ............... l | & I Fan
ﬁt Fan I /' s 1 ™
. % X 3 —
e Dph 2
Regulating

valve

Figure V-14 : Schematic representation of the expeental apparatus to determine the delivered
flow rate delivered by the device

This method consists in connecting the exhausbElihe device into a pressure-compensated box, as
shown in Figure V-15. As it can be observed, thly oemoval (and thus adjustable) part of the test
bench is the fixation board where the unit is iteskrAir tightness of the pressure compensatedsox
ensured by means of silicone. Air tightness betwienunit and the pressure compensated box is
ensured by means of tapes.

s
<—— Fixation Pressure
board compensated box

e b

Figure V-15: Insertion of the unit in the pressureompensated box
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At the exhaust of the compensating box, a set ifiterplates is used to determine the flow rate, as
shown in Figure V-14 and Figure V-17. In order tioneate the decrease of the delivered flow rate
due to the passage through the orifice plates (winiduces an additional pressure loss), a balancing
(also called compensating) fan is used. Severallaggg valves are used to adjust manually the flow
rate. Used compensating fan and regulating valveslaown in Figure V-16. A differential pressure
sensor is placed between the atmosphere and fbe wfithe compensated box. The compensating fan
rotational speed can be modified by means of tHev@oe “Labview” in order to automatically reach

a given differential pressure drop between therigite of the box and the atmosphere.

Fiéure V-16: Compensating fan and regulating valves

Once the measured differential pressure betweeatthesphere and the inner side of the box is equal
to zero, the device is supposed to operate in redmonditions and the volumetric flow rate measured
by means of the orifice plate (according to ISOB16 the one really delivered by the unit.

A set of two orifice plates placed in parallel Hasen used in order to measure a large range of
delivered flow rate (use of one orifice plate oe ug both orifice plates). A practical achievemeht
the test bench is given in Figure V-17.

Figure V-17: Flow rate measurement at the exhausttbe pressure compensated box
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A T type thermocouple has been placed at the exludube pressure compensated box in order to
determine the flow rate with precision. Accuracytloé thermocouple is + 0.5K. Depending on the
delivered flow rate, several “Sensirion” differaitpressure sensors (with several full scale values
+62.5 Pa, 125 Pa and 500 Pa) have been used.

(1) SDP1000/ SDP2000 around
23°C

(2) SDP1000/ SDP2000 betwesn
0°..50°C

(3) Typical membrane based

sensor with 1.5% FS error

between 10°...40°C

% of measured vahe]
o

+ emor |

0 10 20 30 4 S0 6 70 8 9 100
differential pressure [% full scale]

Figure 18: Accuracy (includes errors caused by atslinearity, hysteresis and repeatability) of the
“Sensirion” sensors

The delivered flow rate was measured for eachdfidiee unit (with and without filter) and for seagr
rotational speeds of the fan (see Section 3.2.).

3.1.2 Determination of hydraulic curve of the unit

The same experimental apparatus as the one debariltiee previous section is used to determine the
total pressure drop associated with a specificrmeluic flow rate passing through the unit. The unit
fans are switched off while only the balancing isoperating. The balancing fan is able to ensuge t
flow rate delivered by the unit fans at a giveratioinal speed.

By measuring the pressure drop between the atmosgra the pressure compensated box, it is
possible to determine the total pressure drop &ssdcwith a given rotational speed of the unit lign
delivering the same flow rate, as previously esthbld in section 3.1.1. This was realized for flow
rates associated to five rotational speeds fofrésh and indoor sides of the unit.

3.1.3 Determination of fan curve

Once again, the same experimental apparatus améhased to determine the delivered flow rate has
been used to determine fan curves (total pressrseis volume flow rate). Fan rotational speed @n b
modified by means of an electronic control integdain the device. Since the fan manufacturer only
indicates the fan curve for the nominal rotaticsped, it has been decided to determine the ctoves
several other rotational speeds. The developedriexpetal apparatus is shown in Figure V-19. For a
given rotational speed, it is possible to modify tbtal differential pressure drop between thet iatel

the outlet of the fan by means of the set of rdgqudavalves and/or the rotational speed of the
balancing fan. The same experimental apparatuseasne described in the previous section is used.
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Figure V-19 : Determination of fan curve for severeotational speeds
The total pressure drop between the inlet and dtletaof the fan is given by the following equation
APfOf = APstat + AdeTL [Pa] V'l

The differential static pressure drop is measusethbans of differential pressure drop sensor aad th
dynamical pressure drop is deduced, knowing thesored volumetric flow rate (orifice plates) and
the cross sectional areas of the fan supply andusttports.

3.1.4 Determination of filter curve

Determination of filter curve is realized by followg the same experimental procedure as described in
Section 3.1.2. Several filters have been tested: M5and G4. Filters are inserted in a plastim@a
(dimension 0.195*0.175) as represented in FiguoV-

Figure V-20: G4 filters

3.2 Experimental results
The aim of the current section is to present thleop@ance of each single component of the unit.

3.2.1 Fan curves

Two fan curves have been established: one relatdtetindoor side and one related to the fresh side
In reality, the flow configuration at the exhausttlee fan volute for fresh and indoor air side ioési
differences in conversion efficiency.

V-14



Chapter V: Experimental characterization of simglem ventilation with heat recovery
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Indoor air side Fresh air side

Figure V-21: Flow configuration at the exhaust ohe fan for both sides

For the fresh air side, as observed in Figure Vt24 air flow at the outlet of the fan will firstthhe
side opposite to the inlet of the exchanger. Thiange of direction induces turbulence, recircutatio
and therefore a loss of conversion efficiency.

Concerning the exhaust air side, the conversiomsee be more efficient (flow is smoothly guided to
the supply of the heat exchanger).

In order to experimentally observe the phenomelsde® to the change of direction of fresh air sitle
the exhaust of the volute, a plexiglas plate wasgd upon the heat exchanger supply area. Moreover,
in order to get a qualitative map of the air speadd possible turbulence at the inlet of the heat
exchanger, strings of Teflon were placed in the/flourbulence can be observed in the area of change
of flow direction (the exhaust of the fresh air)fan

As a result and in order to take into account #ffect, two fan curves have been experimentally
determined by inserting the fan in the “upper” &mel “lower” parts of the unit (cfr. Figure V-21)h&

so called “upper” and “lower” parts of the unit @ne parts of the unit between the fan exhaustlaad
heat exchanger supply respectively correspondirtggandoor and fresh air side. In this case,ahos
parts are considered as an extension of the vohaacing a difference in terms of energy conversio

Figure V-23 gives the comparison between fan curgkded to indoor and fresh air side for different
rotational speeds:
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Figure V-23: Fan curves dedicated to indoor and $feair sides

Experimental investigations have also been caoigdn order to determine the variation of supplied
electrical power delivered to the fans (withoutitgkinto account the current converter losses).
Results are presented in Figure V-24 for the indmorside fan. As can be observed, the supplied
power remains almost constant for a given rotatispaeds whatever the delivered flow rates.
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Figure V-24: Electrical consumption as a functionféhe delivered flow rates and the rotational
speeds of the fan

3.2.2 Unit curves

The standard length of an active part correspoads in (which corresponds to a unit containing a
heat exchanger with length of 0.45 m). However,rduthe development steps, units with several
active parts lengths have been tested. Resultgvae for both sides in Figure V-25:
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Figure V-25: Hydraulic curve of units presenting seral dimensions of the heat exchanger
(for both indoor and fresh air sides)

It is therefore experimentally confirmed that irasing the length of the heat exchanger will also
increase the thermal and the hydraulic performarfitiee unit.

In the rest of the chapter, the presented expetahegsults only concern unit presenting active pér
one meter long. That corresponds to the only abvailgize on the market today. But the presented
methodology can also be applied to other sizestofeaparts of the unit.

3.2.3 Filters

As already specified, the unit can be equipped satveral types of filters, depending on the ushef
device. Each of them has been experimentally cteriaed. Hydraulic performance curves (as well as
proposed correlations) are given Figure V-26:
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Figure V-26: Filters hydraulic curves

3.2.4 Unit and fan curves : experimental reconciliation

Knowing the hydraulic curve as well as the fan perfance for both sides of the unit, it is now
possible to experimentally reconcile the curvethefunit. Results are given for both sides of thie u

in Figure V-27. As it can be observed, five coupléselivered flow rate and pressure drop related t
specific rotational speeds have been experimentallgrmined for each side of the unit (white cscle
or squares in Figure V-27). The imposed rotatiapaeds correspond to the rotational speeds of the

five fan curves.

Experimental reconciliation has been judged satisfg given the assumptions made on the dynamic
pressure drop at the exhaust of the fan (deterinimatf a mean average velocity determined by
knowing the delivered flow rate and the exhaustasararea).
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Figure V-27: Fan curves and hydraulic curve of thanit for both sides (experimental

reconciliation)
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3.2.5 Experimental analysis

It is also possible to represent the contributiohsach single component as well as the total press
drop curve of the unit. This is represented in Fegu-28 for both sides of the unit.
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Figure V-28: Filters hydraulic curves for fresh anéhdoor side of the unit

As it can be observed, the unit is not symmetritceoning the hydraulic performance. The hydraulic
curve of the indoor air side seems to presentpgesssure drop for a given volumetric flow rate (and
thus to present a better efficiency). In additidthwhe fact that the fresh air fan curve is |effigient,
one can notice a high difference in terms of maxmdelivered flow rate for the fresh air side
compared with the indoor side. It can be deducédrdint delivered flow rates related to several fan
rotational speeds (see squares in Figure V-28)aexample, the maximal delivered flow rates for
the indoor and fresh air side are respectively 78 and 93 m?3h (cfr. Figure V-28).

One can also notice that the contributions of thgply//exhaust passages is not negligible compared t
the contribution of the heat exchanger and therfikhs an example, for the indoor air side, it acts

for approximately half of the pressure drop forigeeg flow rate. This is mainly due to the flow
configuration inside the unit and the design of délegve part of the unit. It seems difficult to uee
this contribution given the placement and the suhemicated to the unit. However, it could certainly
be reduced if considering a wall mounted device.

As already proposed in Chapter 3, one can divideptiessure drop related to heat exchanger and the
pressure drop related to the rest of the instalatirhis latter represents the contribution tcefilt
supply and exhaust parts of the unit (also calad 60f heat exchanger” contribution).

The contribution of the rest of installation (Su/ExFilter) can be easily deduced knowing the total
pressure drop and the pressure drop related tdvdhe exchanger. The contribution of the rest of
installation (equipped with G4 filter) is shownRkigure V-29:
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As shown in Figure V-29, the “rest of installatiottirve seems to be similar for both sides of the un
Since the filters are the same for both sides @futhits, it can also be deduced that the supplgesth
contributions are the same. The only differencteims of total hydraulic curve for both sides df th
unit comes from the dissymmetry of the heat exchafgee experimental investigations carried out in
the frame of the Chapter 3).

Note: The rest of installation curve presentedigufe V-29 have been used for the COP optimization
process in Chapter 3.

Applied improvements

As previously observed, two things can explaindissymmetry in terms of delivered flow rates for a
given rpm between both parts of the unit:

- Fresh air fan efficiency is lower than indoor fdficeency due to its position;
- The pressure drop related to a specific flow rathigher (total hydraulic fan curve presents
poorer performance).

As a result, the fresh air side is two times peeali In order to better balance the hydraulic
performance of the unit as well as to reduce theepalelivered to the unit, a small modification of
the active part of the unit allowed to inverse tieat exchanger. Therefore, this change implies the
modification represented in Figure V-30:
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Figure V-30: Fan curves and hydraulic curve of thenit for both sides (experimental
reconciliation)

Now, the best hydraulic curve is coupled with therst fan curve. Experimental investigations have
been carried out on the unit with this new configiem. Experimental results perfectly fit the
envisioned predictions.

Please note that the experimental results presédntdle rest of the chapter are related to this
configuration.

Suggested improvements

It is clear that the fresh air fan position induedsss of conversion efficiency due to a rougledion
change at the exhaust of the fresh fan. This irklnoa-symmetry in fan performance between indoor
and fresh air side. This could be corrected by ldpieg a new mold of the active parts of the unit i
order to avoid this phenomenon. This would perimt possibility to raise the hydraulic performance
of the unit and thus at the same time, the acoys&itormance of the unit. This amelioration will
likely be applied for the second generation ofdbeice.

3.3 Calibration to well-balance the delivered flow rates

As already specified in the frame of Chapter 1, ohthe main advantages of this type of unit is the
opportunity to well balance the fresh and indoowflrates during the development phase (and not on
site, as required for centralized systems). Anteda control board (ECB) is used for this purpose
The electrical diagram of the unit is given in Fig-31:
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Figure V-31: Electrical schema of the unit

The ECB allows the user/designer to set a spefbific rate via the rotational speed of the ventitato
A function of the type V= a*rpm? + b*rpm + ¢ ” needs to be implemented into the ECB. Thus, thank
to this function, the ECB impose the ventilatoroggty in order to reach the requested flow ratee Th
imposed velocity depends on the voltage delivengedhb ECB to the fans by means of the control
wire (see Figure V-31). The parameters a, b andepewdetermined based on the experimental
characterization. The interpolation curve for thédor air side is given in Figure V-32:
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Figure V-32: Interpolation curve (flow rate as a fuction of rpm) for indoor side

Once the parameters are implemented, the ECB dared®& different flow rates that need to be
specified. That corresponds to the five levels elivéred flow rates by the unit (see section 2.7).
Thanks to the tachometer (the white wire), the EBdBpts constantly the fan rotational speed. Thus,
each 10 second, it slightly increases or decrehgedelivered voltage on the (violet) instructioimen

in order to reach the appropriate speed. Once @i ltas been programed, tests have been carried out
in order to check out the reliability of the ECB.
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4 ACOUSTIC PERFORMANCE OF THE FINAL UNIT

Acoustic performance determination was realizedti®y CEDIA Laboratory of the University of
Liege. Only the main outlines of acoustic invediigas are given in this section.

The acoustic performance of the unit can be dividgdo parts:

- The acoustic insulation of the device;
- The sound level produced by the unit. Measuremieawe been realized for each flow rates
delivered by the unit.

4.1 Acoustic insulation

The sound insulation of the prototype was tested .tirat purpose, the prototype has been placed in a
double wall composed of MDF and chipboard betweenmreverberation chambers of the laboratory.
Picture of the practical achievements are giverigure V-33:

Figure V-33: Acoustic insulation measurement

After measurement in the different frequency baoid$/3 octave, sound attenuation is expressed as
the Dy index applicable to the measurement of sound atism of small elements according to ISO
717. Values C andCGare the adaptation terms respectively for pinls@aind road noise.

The D index is the equivalent of a perfectly insulatellvef 10 m2 including a small component. In
this case the perfect double partition wall (whishmore insulated than the prototype) and the
construction element is the prototype itself.

The measured value B, (C, C;) = 42 (-1, -3)

4.2 Generated Sound level

Once again, the system has been inserted in a elowdll composed of MDF and chipboard, as
represented in Figure V-34:
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Figure V-34: Generated sound level measurement

Measurements were carried out for each of the @i/ flow rates by the unit (15, 25, 36, 50 and 75
m3/h). An “acoustic” version of the device has almen developed. This modification consists of
making the passive part deeper (310 mm instead®mgn) and to fill up the additional space with

acoustically insulating material (INM1 absorberithis latter does not show significant improvement
of the overall acoustic performance of the unitisTie mainly explained by the low space dedicated t

acoustic insulation. That means that the only veasnéke the unit quieter is to improve the hydraulic
performance and/or to improve acoustic fan perfoigeaResults are given in Table V-1, for each of

the delivered flow rates.

Table V-1: Generated sound level

Flow rate 15 m¥h 25 m3/h 36 m3/h 50 m3/h 75 m3/h

Standard 28.3dB 33.4dB 40.1 dB 47.3dB 54.3 dB
system

Acoustic 26.8 dB 33.2dB 40.0 dB 46.9 dB 53.0 dB
system

As expected, it can be seen that the generatedideuvel is the main weakness of the unit. Except fo
the low flow rates (15 and 25 m3/h), the devicesdoet meet the requirements in terms of generated
sound level, according to NBN S01-400-1 and the W(kk2 values given in Table I-3).
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5 PERFORMANCE MAP OF THE FINAL UNIT

In order to take into account the conduction efféctthe unit and an eventual degradation of therma
performance due to a misdistribution of the floweréhrough the heat exchanger, the best way to
determine the overall performance of the final devis to test it into a climatic chamber, as

schematically shown in Figure V-35. This procedsreupposed to represent the nominal operating
conditions of the unit.

5.1 Experimental apparatus

The idea is to place the unit in a wall separatingutdoor and an indoor room of a climatic chamber
Flow rate delivered by each side of the unit ar@asueed by the pressure compensated box method
(Lebrun and Hannay, 1972). The mean outlet temperaif each side of the device is determined by
means of five thermocouples T (placed as mentidnedBN 308) situated at the exhaust of the
pressure-compensated box. Concerning the meantémgterature measurement, five thermocouples
have been placed on both filters.

% : regulating valve |AP\ : pressure drop sensor

"8 : compensating fan @ : temperature measurement (EN 308)

=

. : orifice plate

Indoor room

QOutdoor room

Figure V-35: Schematic representation of the expaantal apparatus dedicated to the thermal
performance of the entire unit

Since the supply and the exhaust ports of the agmsists of slits, it is important to mention that
ensuring the air tightness between the unit andeifperimental apparatus takes a large amount of
time. That is the reason why this experimental egipa is not suitable for the design step of the
device but only for the overall performance of fival version of the device (once the device is
considered as “optimized” by the manufacturer).

Test bench developed in the climatic chamber offtermodynamics Laboratory of the University of
Liége is given in Figure V-36:
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Figure V-36: Climatic chamber test (Outdoor side)

5.2 Supplied electrical power
The COP of the system is directly deduced by mégtihe supply electrical power delivered to the
unit. As shown in Figure V-37, three types of elieal measurements have been realized:

- Power supplied to the uni?y);
- Power supplied to the electronic control bodrg);(

- Power supplied to the fanB4.

P, P, P3=P3esnt Psiina
Electrical l l l
network 1 Red
) \ 24V/DC 2 Blue Fresh air
\ =() be 1 3 Violet side fan
— Electronic | ¢ Shite
230V/50Hz AC/DC control

Indoor air
side fan

v fr

=l

S

board
Inverter Red
(ECB) Blue
Violet !
q“ .

Figure V-37: Electrical power measurement

The AC electrical power supplied to the unit hasrbeneasured by an alternative current analyzer
(Voltech analyzer 1000 PM), as the one given irufggv-38. Concerning the power supplied (DC
current) to the ECB and the fans, two voltmetersehbeen used: one dedicated to the current

measurement and one dedicated to the voltage nesasnt.
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Figure V-38: Electrical power measurement: AC (Igfind DC (right)
A summary of the supplied electrical power measergrs given in Table V-2:

Table V-2: Supplied power to the unit for differexielivered flow rates levels

Flow p P P P P Losses| Losses| Losses
Level rate 1 2 3;ind 3;fresh 3;total 1to2 2to3 1to3
(ma/h) (W) (W) (W) (W) (W) (W) W) W)
5 75 38.4 32.89 1752 14.6)f 32.195.51 0.7 6.21
4 50 17.77| 15.08 7.92 6.33 14.252.69 0.83 3.52
3 36 10.05 8.43 4.13 3.32 7.45 1.62 0.98 2.6
2 25 6.54 5.13 2.26 1.85 411 141 1.02 2.43
1 15 4.84 3.66 1.36 1.33 2.69 1.18 0.97 2.15

Specific Fan Power can be deduced from Table Vr2&xh measurement points specified in Figure
V-37. They are summarized in Table V-3:

Table V-3: Specific Fan Power

Level Flow rate Pl;norm Pz;norm I:)3;ind;norm I:)3;fresh;norm I:)3;'ro'r;norm
(m3/h) (W/ms-h) | (W/m3-h) | (W/ms-h) | (W/m3-h) | (W/ms3-h)
5 75 0.256 0.219 0.234 0.196 0.215
4 50 0.177 0.151 0.158 0.127 0.1425
3 36 0.139 0.117 0.115 0.092 0.103
2 25 0.131 0.102 0.09 0.074 0.082
1 15 0.161 0.122 0.091 0.089 0.09

The European standard EN 13779 specifies SFP 324055 W/m3-h per fan, as default values for
heat recovery systems and SFP 2, 0.14-0.21 Wi/rférhsimple exhaust systems. The Belgian
organization for building technics CSTC (2013) maoeends to reduce the fan consumption to SFP2
(0.21 Wims-h) for system D. In Germany, the Pasklaas Institut (2009) fixed the upper limit of the
operational range to 0.45 W/m3-h for transported flEow as a requirement for passive house
ventilation.
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Fan performance seems to fulfill the requirememisrghere-below (even by taking into account the
current converter losses) and shows excellent pedoce (SFP 1) for levels 2 and 3.

5.3 Thermal performance

The mean average effectiveness (determined of@dehhas been determined for the 5 different flow
rates on the whole device in climatic chamber. Bélance of measured heat transfer rate is within 5%
for each test point.

The thermal performance measured in the climatemtier does not show significant differences
compared with thermal performance determined on hbat exchanger alone (see Chapter llI).
Differences in terms of effectiveness are less th&fo for each of the measured performance point.
That means that the flow rate is well distributézhg the heat exchanger.

5.4 Performance map determination

As defined in Chapter 3, the overall performancethaf unit can be defined by the ratio of the
recovered heat transfer rate to the electrical pafehe fans. A performance map can be drawn,
depending on the delivered flow rate by the und #me indoor/outdoor temperature difference, as
shown in Figure V-39. This performance map couldcbepled to a building model in order to

determine the seasonal performance of the unit.

As seen in Section 4, sound pressure levels haam determined on the inner side of the unit. Ireord
to have a complete performance map of the devlerrftal, hydraulic and acoustic), the level of
generated noise related to a specific flow ratdgs indicated, as well as the acoustic insuldgoal.

Sound level [dB] COP
40 47 53

204

10.79

ATindoor/outdoor [°C]

0.408

15 25 36

. 50 75 Dne (C, Ctr)
V [m?/h] =42 (-1,-3)

Figure V-39 : COP [-] vs flow rate in [m3/h] and fference indoor/outdoor temperature in [°C]
(Performance Map of the unit by considering the AQT current converter losses)

In Figure V-40, the performance of the unit by tekithe power delivered only to the supply and
exhaust fans (in others terms by neglecting theD&CEurrent converter losses) is presented. Once
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again, sound level is also indicated on the perfme map in order to represent the overall
performance of the device:

Sound level [dB] COP
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Figure V-40 : COP [-] vs flow rate in [m3/h] and fference indoor/outdoor temperature in [°C]
(Performance Map of the unit by neglecting the AGIDcurrent converter losses)

In order to better observe the impact of the loskes to the AC/DC current converter, it has been
decided to show the COP evolution as a functiomeflow rates for an outdoor temperature of 8.5°C
and an indoor temperature of 20°C, as representEgyjure V-41.
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Figure V-41: Comparison of the COP of the device taking into account or neglecting the AC/DC
current converter losses

V-29



Chapter V: Experimental characterization of sinmglem ventilation with heat recovery

Figure V-41 highlights one of the most importamidings of the current chapter. As seen in previous
chapters (geometry optimization), many efforts hlaeen realized during the development steps of the
device to optimize the heat exchanger considerd¢kestgey” component of Single Room Ventilation
with Heat Recovery. However, it is clearly showattlin the case of the presented developed device,
the AC/DC inverter (and the electronic control fow flow rates) highly impacts the coefficient of
performance, especially for low delivered flow miEECB losses are approximately constant and
therefore impact more on small delivered electiater).

The measured value of COP is higher than the \&l@OP obtained during the optimization process
in Chapter 3. This is easily explained by the thet the current converter losses have been taken i
account for each fan during the optimization precg® the total current converter losses have been
multiplied per two compared to the final device)ofdover, the worst fan curve has been used for the
optimization process. Only the value of the maxif@DP changes but not the results of the
optimization process, as already demonstrateddpanametric studies.

V-30



Chapter V: Experimental characterization of sinmglem ventilation with heat recovery

6 HEATING DEGREE DAY METHOD

As shown in the previous section, the energy séyethe investigated device is highly dependent on
the climate and more precisely on the indoor/outdemperature difference. The aim of the present
section is to assess the overall performance afititegiven a specific climate.

Many authors use a heating degree days (HDD) methatktermine the potential of use of heat
recovery system in a given climate. For examplearAski (2010) used it to estimate the financial
effects of a ventilation system with a spiral rezugtor in Poland. Kristler and Cussler (2002)
combined the heating degree days and the absalmélity days to define a cost effectiveness ratio
(division of the actual energy cost savings ofithvestigated device by these energy costs) to aeim
the performance of their membrane heat exchangere Mecently, Laverge and Janssens (2012) used
the Heating Degree Day method to evaluate the aaganof natural, simple exhaust mechanical
ventilation and heat recovery ventilation over eatier for European countries. In the frame of this
thesis, the method is applied for mean averageesafor Europe and Belgium which can be
considered as a typical moderate European climate.

The total annual heat recovered in [J/year] byinkiestigated device can be determined by integgatin
Equation V-2 over one typical year:

Qrecovered = f V(). p(0).cp(t). € (V). AT (¢) de V-2

The total electrical energy delivered to the unieroone year in [J/year] can be determined by
Equation V-3:

. . . . V-3
Ee = J[ Wean, fresn(V) + Wfan,indoor(v)] dt

Equations V-2 and V-3 are quite difficult to evatlel since the flow rate delivered by the unit and
hence the effectiveness and the electrical fanwsopgon vary with time and is dependent on many
factors: type of ventilation control, type of roavhere is placed the unit, user’s behavior,... In the
frame of this study, it has been decided to makeesassumptions to solve them.

Used assumptions are the same than the one usevérge and Janssens (2012):

- The ventilation system is considered to permanentiyall along the year,

- The specific heat capacity [J/kg-K] and the air densify [kg/m3] are considered constant all
year long and their product is equal to 1224 [3p3-

- Integration of the indoor/outdoor temperature défece over a year can be realized through
the use of the number of heating degree days HDBgW. According to Eurostat (2013), the
heating degree for a given day is equal to thedifice between 18°C and the mean outdoor
temperature but only if this average daily outd®onperature is inferior to 15°C. On the
contrary, it is assumed equal to zero. The me#aoou temperature is defined as the
mathematical average of the minimum to the maxinemmperature of that given day.
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- Values used in the frame of this study for Europe Belgium come from Eurostat (2013) and
corresponds to the mean heating degree days @/eetiod 1980-2004. They are respectively
for Europe and Belgium equals to 3253 and 2872 ,ceffectiveness of the system is
considered constant all year long.

By using the enounced assumptions and by normglEguation V-2 and V-3, one can determine the
total annual heat recovered pel/my ccoverea in [Jh/Mi-year] and the annual electrical energy delivered
to the unit per rih for both fang.in [Jh/m3-year]:

qrecovered = 24’ .1224 .HDD.S V_4

e = 24.365. SFP V-5

with SFP, the specific fans power in [JJrande, the effectiveness of the heat exchanger [-].rifen

to take into account some potential variation ef ¥entilation flow rate, the value used for the SFP
the unit and the effectiveness of the unit in Emqumst V-4 and V-5 corresponds to the mean average
value related to five rotational speeds covering flow rate range of the unit. The average
effectiveness is equal to 0.748 and the total $FBdth fans is equal to 1246 [Jm

The device can be evaluated by means of three rpmaface parameters: G@missions, primary
energy and energy costs of the device. Hence, ah#etitiveness of the heat recovery device is
demonstrated if the dimensionless num@dedefined in Equation V-6, is superior to one facl of
the investigated performance parameters:

0= Qrecovered - ffuel — Qrecovered >1 V-6
€el - fel €el- f
with fre and fe, the traditional conversion factors for the spaeating fuel and electricity. It is
assumed that the equivalent of the recovered Isegemerated with a 100% efficient natural gas
combustionfis the conversion factor for 1J of electricity tbdf gas fired heating for G@missions,
primary energy and energy costs. Values used forthe frame of the study for Europe (UE) and
Belgium (BE) are listed in Table V-4:

Table V-4 : Used value for conversion factor for Eape and Belgium

Conversion Values References
factors
UE BE UE BE
CO2 1.72 1.16 Laverge and Stabat (2009)
Primary energy 2.74 2.5 Janssens Walloon EPB decree (2008
Energy costs 2.8 2.9 (2012) Eurostat (2013)

Numerical values fof2sgvur, determined from Equation V-6, for CO2, primary eyyeand household
consumer prices are resumed in Table \2&wur is higher than one for the UE as well as for
Belgium. As a result, the investigated device se&nbe competitive from an environmental and
economic point of view.

It is also possible to use the method to deterntivee minimal HDD from which the device is
competitive given several values of conversiondiadEor Belgium, the most restrictive conversion
factor concerns the energy costs (Vid¢kywr= 2). By taking this latter, the minimal HDD fromhich
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the device is competitive is 1450 [K day]. Thatresponds to HDD of a low energy building in
Belgium.

Table V-5 :Qsrvur values

Qsrvar
UE BE
CO2 4.3 5
Primary energy | 2.7 2.3
Energy costs 2.3 2

6.1 Comparison with other ventilation systems

In the present section, the device is compared thitbe other ventilation systems: natural, simple
exhaust and “traditional” centralized heat recovwegntilation. Given results in Table V-5, it is afte
that the system is more efficient than natural leidn sinceQsgvyris higher than one for each
investigated case as well for Belgium as for Eurdjes investigated system is even more competitive
compared to the simple exhaust ventilation singe Ilditer involves a supplementary electrical
consumption related to exhaust fans compared toalatentilation.

The comparison with traditional centralized heabxery ventilation appears to be more complicated
since the SFP of traditional centralized systermhighly dependent on the used fan and on the
hydraulic characteristics of ducts. According te European standard EN 13779 (2007), Laverge and
Janssens (2012) propose to take the boundary bet®€B 3 and SFP 4 (1250 [J]rper fan), as
reference for heat recovery system.

A centralized ventilation system with heat recovisrgssumed to be as competitive as the investigate
device ifQcurv is at least equal to the determin@dvur In other terms, the minimum effectiveness for
centralized systems required to be as competigwbainvestigated device is given by Equation V-7:

_ SFPcyry V-7
€min,cHRV = ESRVHR . S—FP -
SRVHR

So, if assuming a total SFP of 2500 [J/1250 [J/m?] per fan) for a centralized heat remy device,
the required minimum effectiveness has to be eguals [-], which is physically unrealistic.

It is very difficult to find information on the SF&f centralized heat recovery in scientific litens
Recently, Caillou (2012) presented in situ measerdm of SFP for centralized heat recovery
ventilation systems in residential buildings. Te thest author’s knowledge, this is the only study
presenting such results. These latter are givétiginre V-42 for n=28 investigated houses:
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Figure V-42: Measurement of SFP in situ (Caillou (22))

The required minimum effectiveness to be as competas the investigated single room ventilation is
superior to unity (which is physically unrealisticy 75% of the investigated systems (22 out of 28)
By considering an average effectiveness equal 3ddi. a centralized heat recovery exchanger, the
investigated single room ventilation shows bettrfgrmance for 82% of the investigated cases, as
schematically representedkigure V-43

75% 90 % | £ 2000 .
------ -g—l—SOO--—------------q--
ey = 24 1—22+.H1979.: 24. 1224. 1+1949.: Qenny 1000
24365 SFPspypp> 24 .365-CSFPcygy 500
T——— SRVHR > 82% of | | 0 ;
1246 [J/m?] L1495 [J/m?) —_ o 1 System D with |
e measured cases heatrecovery |

___________________________________

Figure V-43 : Performance comparison between CHRKdathe final unit

To conclude, from an energetic point of view andnpared to other systems tested on site,
performance of the investigated device seems frdmising.

6.2 Discussion about the HDD method

The presented investigation was realized by usamgervative conditions and by taking into account
the electrical conversion losses: transformatiamfrAC (230~) to DC (24V). These losses are not
negligible compared to the electrical power delxeto the fans (especially for the low rotational

speeds) and are entirely dependent on the curnargformers used. In the determination of the SFP,
these losses could be neglected if one assumgsdbence of a DC domestic network, resulting from
the use of photovoltaic panels for example.

By only taking a unique reference temperature,ntle¢hod of the HDD is debatable since it doesn'’t
take into account the thermal properties of thédimg, its air tightness characteristics, its ocugy,
the solar and internal gains as well as the deofEration/use. Moreover, definition itself of HDD
(choice of the base temperature) leads to a |disolussion.

V-34



Chapter V: Experimental characterization of sinmglem ventilation with heat recovery

However, despite its simplicity, the method allopainting out some trends (at a national/regional
level) and permits to compare different types adthecovery balanced ventilation in a fair way (see
Equation 6). This relationship could be particylaguitable for manufacturer to easily compare
performances of two competitive products. Currertig effectiveness of the heat exchanger seems to
be the only parameters taken into account to coenpgstems between them.

Moreover, the method also allows determining a maliHDD (defined as the relationship between
climate and building characteristics) from whick tkevice is competitive.
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7 CONCLUSIONS

The current chapter presents the experimental iiga¢®ns carried out in order to characterize the
overall performance of the developed device.

During the development phase, hydraulic performasfceach component (fan, filter, HX) has been
determined separately. Results analysis allowedoetter balance the hydraulic performance of each
side of the unit by reversing the heat exchang#reractive part of the unit (see section 2).

Some suggested improvements can be presentedardsegf the experimental results. The first one
concerns the important impact of the AC/DC inveltsses (as well as the ECB for low flow rates) on
the overall performance of the unit. In order toidwthem, a DC domestic network could be imagined.
That could permit to reduce the AC/DC current caterelosses because only one AC/DC current
converter is required. Another solution could bedicectly couple the unit to the domestic DC
network or to photovoltaic panels.

Another improvement of the unit concerns the positf the fresh air fan. As seen in Section 3, its
position is not optimized because of rough air geadirection creating turbulence at the exhaust of
the fan. A new mold of the active part could resallis problem and improve the overall hydraulic
performance of the unit.

The main drawback of the unit concerns its acoystidormance. Except for low flow rates (level 1
and 2), the unit does not meet the Belgian requerem A deeper passive casing fill in with acoustic
materials does not improve significantly the acieys¢rformance. Thus, the only ways to improve the
acoustic performance of the unit is to choose aensilent fan or to increase (if it is possible) the
length of the heat exchanger (and thus the lenfgtheoactive part). This increase will greatly imapa
on the hydraulic performance as seen in Sectio2.3.2

However, despite these defaults, the specific famgp shows good performance especially for level 2
and 3 (SFP1). Moreover, the comparison betweemeperformance measured on the whole unit
and the heat exchanger alone allows for the coafion that the flows are well distributed along the
heat exchanger.

A method based on Heating Degree Day (HDD) has heed to determine the interest of use of the
device given a specific climate. It has been shtvat the device seems suitable for European and
Belgian climate. Thanks to this method, it is apsussible to compare the developed system with
others ventilation systems. The system shows bgieformance than system A, B and C for
European and Belgian climate. Performance of tlséegy has also been compared to performance of
systems D tested in situ. The system shows bettéormance than for 82% of the n=28 investigated
houses.
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Chapter VI: Conclusions and perspectives

The aim of the thesis was to contribute to thergifie and technical knowledge about single room
ventilation with heat recovery (SRVHR) units, andrm specifically their model-based design and
their experimental characterization.

Most part of the thesis focuses on the model dgveémt of air-to-air heat exchanger dedicated to
SRVHR units. This involves a numerical and expentakanalysis in order to assess its performance
under various operating conditions. Three speocifierating conditions have been particularly

investigated: dry, partially wet and frosting cdrahs. Several heat exchangers have been
experimentally tested in order to perform analysdblose different conditions.

The thesis also investigated a new SRVHR unit @alerly suitable in the frame of a house
retrofitting. The main characteristic of the invgated device is its possible integration into vawg
ledge. The studied device responds to an actualiggoneed, given the current energy context. Single
room ventilation units with heat recovery presefdarge range of advantages compared to centralized
heat recovery ventilation systems. However, devatpg of such units implies a trade-off between
hydraulic (and thus, noise generated by the fanghef unit) and thermal performances. An
optimization procedure to determine the best coatlin of heat exchanger geometry parameters is
proposed (design steps of the unit). The overatl pgrformance has also been determined by means
of experimental investigations. The perfect knowkdf the map performance of the unit allows to
assess the interest of use of this specific dayiien a specific climate by means of the heatingee

day (HDD) method. An energy performance comparisih other ventilation systems has also been
realized.

In the frame of this thesis, many technologicaleasp roughly related to SRVHR (which is a quite
restricted scope) are described but all of the outhmodels and approaches proposed in the frame of
the thesis comes from (i.e. use of a method ityt@dicated to cooling coil to predict sensibless|

as latent heat recovery energy, experimental metihoetermine flow delivered by fan coil unit, gtc.

or can be applied to other fields (i.e. applicatidrvariable boundary method, frost modeling, uke o
rapid prototyping method during the developmentsphat the device, etc.).

Experimental investigations

Test bench dedicated to air-to-air heat exchangers

An experimental apparatus has been developed iar daod determine the thermal and hydraulic
performance of air-to-air heat exchangers undeersgwperating conditions. The initial idea was to
construct a test bench able to test heat exchapgesenting different geometry characteristics @and/
different overall volumes. The only modificatiorvalves a change of the insulated box containing the
tested heat exchanger. The developed apparatussaftor testing the heat exchanger in various
operating conditions and to evaluate the performancseveral regimes. The test bench has been
designed in order to perform long-term tests wittb#ized supply conditions. The developed test
bench can also be used in order to test other ¢fgdeeat exchanger, e.g. air-PCM heat exchanger
(Dechesne (2014)).

“Rapid prototyped” plates method

In the frame of the design of heat exchanger dégticeo SRVHR, it is important to experimentally
check the hydraulic performance of the so-calletidped geometry. This check has to be realized
before launching the expensive manufacturing psoadsthe thermoforming mold. In reality, the
hydraulic performance highly influences the ovepaitformance as well as the acoustic performance
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of the device. A method involving two rapid protegd plates realized by means of the Selective
Laser Sintering method has been imagined. A corepresas used to pulse the air through the rapid
prototyped plates and a set of rotameters have bsed to measure the flow rate. Thanks to this
method, it was also possible to check some potassiaes about flow maldistribution along the heigh
of the heat exchanger (determination of a presgtoe map). This method can be used to test a large
range of geometries in the frame of the developmért SRVHR heat exchanger. The method can
also be applied to test a large range of heat exghaapplications and not only air-to-air heat
exchangers (use of a pump instead of compressavdiar application, as an example).

Hydraulic performance of constituting components

Single room ventilation with heat recovery is comgmd of components influencing the hydraulic
performance of the device, such as fans, filteeaf lexchanger, etc... In the frame of the developme
steps of such device, it is important to charap¢eseparately each of these components (to chbese t
best combination of components for a specific unit) test bench has been constructed to
experimentally determine the hydraulic performaofca large range of components: fan, filter, oJeral
unit, etc. It is based on a method initially detichto fan coil unit, so called “pressure compestsat
box”. It has been shown that those investigatidlasvao optimize the position of each element.

Single room ventilation with heat recovery

As explained before, it is possible to determingasately the performance of each component of the
unit. By combining all the information/data chaeatzing each component, it is possible to determine
the overall performance of the whole device. Howgevhe performance of each component is
determined in specific conditions. As an examphermal and hydraulic performances of the heat
exchanger are determined with well distributed flostes (use of a damper upstream the heat
exchanger). The only way to determine the overatfggmance of the whole device is to test it in a
climatic chamber. The device is inserted in a wafarating two chambers (supposed to respectively
represent indoor and outdoor conditions). Pressomgpensated box method has also been used in this
specific case. The construction of this test baackally time-consuming. Thus, this method is diea
not suitable in the frame of the design steps efdhbvice but is essential to determine its overall
performance, after the design process. Howeversigificant differences have to be deplored in
terms of thermal performance, between single compbperformance combination and experimental
results carried out on the unit in this specifiseca

Numerical investigations

Dry conditions

Three heat exchangers presenting different gecesatrithe central part have been investigateddn th
frame of this thesis. Each of them has been expattiaily tested in order to determine their hydiauli
and thermal performances. Thanks to those expetah@mvestigations, it has been possible to
compare results predicted by the model developeath wimpirical correlation (available in the
literature) with experimental results. A sensitnvitnalysis showed that the heat transfer coeffidgen
the most influential parameters compared to flowe ranaldistribution and geometry dimensions
(Chapter 2). New correlations have been developegtad for all the heat exchangers tested. For the
newly designed heat exchanger based on the COmipgtion, a new model based on a discretization
of the central part has been developed in ord&ki® into account the manufacturing defaults.
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As already specified in the introduction sectionlyca few experimental results on polymer based
ventilation heat exchangers have been reportedeirstientific literature. In the frame of this tises
several air-to-air heat exchangers in polystyremechbeen tested. These investigations allow for a
better understanding of the practical issues aatEmti with such heat exchangers. The main
disadvantage of polystyrene heat exchangers camndkeir low thermal conductivity. However, this
disadvantage is counter-balanced by the high esviaegt factor that can be reached with polystyrene
compared to traditional plate heat exchanger irame€ither benefits include their lightness and the
low cost related to raw materials.

Partially wet conditions

A two zones heat exchanger model has been develomder to predict the total, sensible and latent
load under condensing operations. This model isbas a variable boundary in order to determine
each part (dry and wet) of the heat exchanger esults in a combination of several models initially
dedicated to cooling cails.

The model has been first validated on an experiah@ata set of cooling coil. It has been shown that
the developed model better predicts the total b&ahanger for sensible heat ratio (SHR) close to
unity compared to others model based on the Bralgmthesis, which considers simultaneously

fully dry and fully wet regimes and considers ttied regime to be selected (totally wet or totally)d

is the one leading to the maximal cooling capaditya second step, it was shown that the model can
be used to predict the performance of the airtdiaiat exchangers. The model was successfully
validated on two air-to-air heat exchangers présgmtifferent geometries.

Frosting conditions

A model able to predict the dynamic behavior oftatair heat exchangers under frosting conditions
has been developed. This latter consists in andwgpnent of the two zones heat exchanger model by
adding a “frosting” zone. First, a frost growth mbdhas been developed and validated by means of
experimental data coming from literature. Each fduny, wet and frosting part) of the heat exchanger
is delimited by means of the variable boundary we&tihe model predicts pretty well the dynamic
evolution of heat transfer rates (for both sensdohel latent parts) as well as the pressure drop
evolution. Some discrepancies between model aneregmental results have to be deplored for supply
conditions presenting high relative humidity fordaor air, especially in terms of pressure drop
evolution. When the wet part is too important, cemghtion appearing in the wet part could perturb
the theoretical frost formation. However, the depeld model seems to yield conservative predictions
whatever the conditions and allows to compare tfferdnt strategies under frosting conditions. All
strategies have been compared by comparing twoedtkfiriteria:

- a so-called energy performance criterion (ratioveen energy recovered by the unit and
electrical power supplied to fans over a frostimdrdsting cycle). In order to assess the
energy performance criteria, the three zones dymanadel is used to determine the heat
transfer rate as well as the pressure drop evolutith a time step of one second,

- a mechanical flow rate unbalancing criteria. Thighie ratio between flow rate mechanically
supplied and removed from the building. This unbeilag can result from the presence of
frost or can result from the application of a &gyt (balance adjustment method),

Advantages and drawbacks of each method, espeitiabyms of implementation are also presented.

Heat exchanger design and COP optimization
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An integrating methodology is proposed in orderofatimize the geometry of a heat exchanger
dedicated to single room ventilation with heat kexg. In this case, two parameters have been dakfine
to characterize the geometry of the heat exchafder.procedure is based on an optimization of the
coefficient of performance (COP), which allows fadf the best trade-off between hydraulic and
thermal performance of the unit. In order to perfdhis heat exchanger optimization, fan curves of
the unit have to be known as well as the “out @tlexchanger” (also called “rest of the installat)o
hydraulic characteristics. The optimization procak® takes into account some technical, acoustic
and economic constraints. Some parametric studies Hemonstrated that the geometry parameters
values deduced from the optimization procedureiradependent on the chosen supply conditions in
this specific case (such as flow rate, the hydcapdirformance of the “rest of the installation”,tbe
available volume dedicated to heat exchangere proposed methodology can obviously be applied
to other types of ventilation system with heat k&ry, such as centralized ventilation. It only itves
modification of supply conditions and constraints.

A heat exchanger presenting an enlargement faété0@o has been developed, resulting from the
COP optimization. To the author's best knowledgehemt exchanger presenting such a large
enlargement factor has never been studied befoleasl been demonstrated that the geometry was
uncontrolled which leads to asymmetry in terms afss section area as well as systematic and
random defaults.

Evaluation of the interest of use of the device emmhparison with different ventilation systems

The interest of use of single room ventilation withat recovery is dependent on the climate, he., t
outdoor/indoor temperature difference highly influes the COP of the device. The Heating Degree
Day method is widely used in the literature to aaéd the interest of heat recovery ventilation
systems. Based on the knowledge of the overallopednce of the device (experimentally
determined), it is possible to determine the irgerd use of the device (ratio between the energy
recovered and the energy delivered to the fandefunit for a year) for a specific climate (only
defined by the HDD). This method also allows to pane the developed device with other ventilation
systems (A, C and D) by normalizing (per ms3/h) tmenual performance of the device. It is
demonstrated that the developed device shows gomagye performance in comparison with
performances of systems D measured in situ.

Recommendations concer ning the new investigated SRVHR system

Conclusions about investigated features

The aim of this section is to list the potentialgiorations that could be realized on the developed
device, regarding experimental and numerical ingagons.

Current transformer losses are not negligible caagbao the electrical power delivered to the fans,
(especially for the low rotational speeds). Thosesés are entirely dependent on the used current
transformers. Many efforts have been deployed timipe the heat exchanger geometry but it has
been demonstrated that the impact of the curremtazter has a huge impact on the overall energy
performance of the unit (for some flow rate, theRC&uld be almost doubled if neglecting the current
converter losses).

Experimental investigations carried out on thelfimsat exchanger, shows an uncontrolled geometry
in the central part. This involves discrepanciesvben theoretical model and experimental results.
Two kinds of defaults can be defined: random arelesyatic defaults. Systematic defaults involve a
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different cross section area for indoor and freshsale. Thus, hydraulic performances are not
symmetric. However, it has been shown that an fidestangular controlled geometry could only

raise the effectiveness of the heat exchanger {amsl the COP) of 20%. However, this potential
improvement is less important compared to the impédhe current converter losses on the COP.
Those losses could divide the COP by two depenaimiie delivered flow rates (i.e.15 m3/h).

It has been showed that the fresh air side faroismell positioned. This induces a rough air change
direction at the exhaust of the fan. It generatiess efficient energy conversion than for the oroair
side fan. A new mold for the active part of thetwduld correct that dispositioning. The rest of th
installation (supply/exhaust and filters hydray&rformance) account for a large part of the pressu
drop (more than half of the total pressure dropyfost of the investigated flow rates (ChaptefMbie
main weakness of the unit is the generated noidevame particularly for flow rate upon 25m3/h. For
this reason, the first effort which has to be dgptb concerns the improvement of the hydraulic
performance of each component of the unit.

Conclusions about uninvestigated features

Some features of the device have not been invéstiga the frame of the thesis but some effects
could be particularly interesting to investigate.

In the specific case of this unit, indoor air ex$ting from the unit is rejected along the windoivise

air rejected from the unit is warmer than the algsair, since the effectiveness of the devicevsfo
than unity. From this fact, the rejected air terndsincrease the windows and frame surface
temperature and hence, the thermal effectivenesiseofvindows. This effect has been qualitatively
observed but not studied in details for now but sdnvestigations on a typical frame window could
guantify this effect. Condensation and frost forioraton the window could also be interesting to
investigate.

It could also be relevant to adjust the dimensiointhe heat recovery exchanger and thus the active
parts to the windows dimensions. Thermal, hydraaliecd hence acoustic performances of the device
would vary with the volume dedicated to the unit.

The Belgian standard about the ventilation (NBN (0®1) makes mention of the ideal ventilation
flow rates for each room of the house by specifyirag these flow rates can only be met by usingtinl
and exhaust mechanical ventilation for each roohe Jtandard also indicates that the presence of an
inlet and exhaust mechanical ventilation for eawdnr is the most complete case and is rarely met in
practice. Given the rarity and the low commonndssuch system at the time when the standard was
written, the standard proposes for the system Dpglg or an exhaust flow rate for life room and
bedroom at least equal as the “ideal” ventilatiowfrate (exhaust and supply mechanical ventilation
for each room). Scenarii proposed by the standaalaarly in favor of a “traditional” system D:eh
total (supply plus exhaust) ventilation flow ratedugh the whole house can be two times more
important for single room ventilation system tham fraditional centralized system D ventilation
system. In this case, the standard disadvantagegldicement of single room ventilation (whose the
main weakness is the generated noise) compareshtratized heat recovery ventilation.

Per spectives

The investigated device can also be adapted foiarerbuilding applications. It was decided to
develop SRVHR unit for tertiary applications in tframe of the Bricker project (2014) aiming at
retrofitting a building in Lieége, Belgium. The sameethodology has been used to experimentally
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determine the performance map of the new unit (duthe development steps and for the final
characterization of the unit). Those new unitscaneently still under development.

The device seems particularly suitable for demandtrol ventilation (DCV). DCV could be
practically realized by using different sensoregance, C¢ humidity). An investigation concerning
control strategies could be realized by coupling deterministic model of the device (performance
map) with a whole building simulation model.

Coupling building and SRVHR unit model could alse bsed for the assessment of the saving
potential resulting from the use of the device gigespecific building defined by a set of paranseter
(defined by external wall area, U value, air tighgs, etc.). Theoretical investigations about indwor
guality could also be carried out by means of tiéthod.
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