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Nomenclature

Symbol Definition Units
Ac Heat exchanger cross area m?2
Ain Heat exchanger fins area m?2
Auwbe Heat exchanger tubes area m2
a Filter packing -
4 Compression rate -
Cc Cunningham slip factor -
Co Draught coefficient -
D Diameter m
Dc Collar diameter of tubes m
4p Pressure drop Pa
Dt ext Outside diameter of tubes m
Ea Annual electricity consumption kWh
Ec Annual cooling energy kwWh
EER Energy efficiency ratio -
f friction factor kg-nt-st

G Air mass flow per unit of cross heat exchangeaa kg-ri#-st

g Acceleration due to gravity (9.81) f-s
Hexch Heat exchanger height m
hy Fin pitch m
ks Boltzmann constant (1.38:4Y) J-K?
Ku Kuwabara number -
Lexch Heat exchanger depth m
LMTD Logarithmic mean temperature difference K
m Mass kg
m Mass flow rate kg's

U Dynamic viscosity kg-s?

v Kinematic viscosity fre’
Nr Number of rows of tubes -
S Number of fins -
Nt Number of tubes of the heat exchanger

Ntr Number of tubes per row of the heat exchanger

Pa Absorbed power kwW
Pc Cooling capacity kW
Pe Peclet number -
P Longitudinal tube pitch m
Py Transversal tube pitch m
0 Density kg-f
Re Reynolds number -
SR Sensible to total heat transfer ratio -
Stk Stokes number -
T Temperature °C
t Fin thickness m
r Relaxation time S
U Bulk air speed m-s

Z Filter thickness m
Wexch Heat exchanger width m
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1 Reasons and methods for auditing the air condititng
systems

1.1 The air conditioning market and some aspectstaf stock

The research in Energy for buildings in Franceyatt@rized by the intense activity of the last gear
in the development of new technologies for buildiveating and air-conditioning, is nhowadays also
oriented to the field of existing buildings. Thimpulse is motivated by objectives of energy and
emissions savings translated in the building séotbwo major political constraints:

» The implementation of the European Directive on ¢hergy performance of the buildings
[EPBD 2002] including the energy certification dfet building performance and the
inspection of the equipment of the heating and@nditioning plant

» The respect of the next French regulation for ‘texgsbuildings™

In the last twenty years many efforts have beenenigdmanufacturers, installers, operators andrall a
conditioning professionals to improve the enerdgjciefncy of air-conditioning systems through the
technology, the operation scheduling and contrategies development.

Air conditioning (AC) systems constitute a staketfte next years as an opportunity for countries to
reduce the C@emissions in order to respect the Kyoto protoeohs.

Since global warming leads to an increased avermgperature of the earth and comfort expectations
are rising with the welfare, air conditioning beasmmore and more necessary in order to protect
fragile people in the hot season, to ensure thdyatovity for specific industrial processes all rdp

the year and to ensure comfort condition for waslduring the hottest months of the year. Moreover,
in the housing sector, the AC is more and moreagpthanks to the reduction of the costs of the
products, the increased purchasing power and théada mode effect.

As shown in the EECCAC study [ECCAC 2003], in tlmming years the European stock of air
conditioning equipment will partly become obsoléfmst systems will be renovated for the first time
(after 10-15 years of operation) and an opportuaitigts to introduce higher efficiency systems. Out
of the 2.200 Mrhof air-conditioned building area in use in 201CEmrope (Figure 1), 800 Mhwill
date by more than 15 years and will need urgentwah The study showed an energy saving
opportunity of about 50 %.
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The large market of the AC shows an important iasireg trend, it grew strongly in the year 80s and
90s, when it became a consumer product accessildelarge public and being included in most
tertiary buildings. The saturation of the marketsidl far from now and the stock still increases
although big efforts have been made in order tagedhe cooling demand in modern construction.
New buildings represent just a small part of thkecahe new buildings represents only 1 % of the
stock in France while 60 % of the commercial araddential stocks is built before 1975. For the new
buildings, the renewables are still uncommon, “p&Ssbuildings are still at the state of
demonstration with costs not yet affordable ondasgale. Large part of the AC market demand is
represented by existing buildings at the time tofé or replacement.

The AC market is influenced by several factors imdpe, often contrasting one with another. On one
side, in order to reach a better energy efficiencC, many efforts have been made to improve the
technologies of the EU products with several med@mong them we can mention components
standard for components tightness [PrEN 1736], ggnéabelling and performance certifications

(Eurovent Certification programmes), professionastreditation programmes (for installers and
maintainers etc). Moreover, for the first time, ti@w energy certification of building stated in the

EPDB takes into account all the buildings’ pointgoergy consumption including air conditioning.

On the other hand, the opening of the market teidor products allows the arrival in the EU of a
large number of low cost products coming from AJiae price seems to be the crucial aspect of the
product more than the supplied comfort and the ggnespects, the owner paying attention to the
initial investment more than to energy efficientife cycle cost approaches are recently introduced
and are more and more integrated starting frondéisggn of the building.

Last but not least, marketing strategies do ngetaonly the main aspect of the product (coolitgl,
secondary aspects are more highlighted by sellefs @&s design, noise and filters capabilities EBte.
energy efficiency begins to be a feature of intef@slabelled products.

Efforts at EU level for air conditioning efficiency

The EU put in place a global policy in order toisfgtthe Kyoto objectives strongly oriented to the
reduction of the consumption of the building seatgpresenting more than 40 % of the energy
consumption in the EU. The objectives deal withtladl aspects of the building including all energy
consumption points. The European Community pudmedftember States to energy savings, with the
Energy Performance of Buildings Directive, stremgiing the regulation for the residential and
commercial building sectors. The air-conditionirspect is considered in the article 9 of the Dikexti
through the compulsoryispection of air-conditioning systems.

The article 9 of the EPBD states:

“With regard to reducing energy consumption anditing carbon dioxide emissions, Member States
shall lay down the necessary measures to estadliglyular inspection of air conditioning systems of
an effective rated output of more than 12 kW.
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This inspection shall include an assessment oditheonditioning efficiency and the sizing compared
to the cooling requirements of the building. Appiafe advice shall be provided to the users on
possible improvement or replacement of the air-@¢@ming system and on alternative solutions.”

The EPBD considers air conditioning as an importstatke about which large opportunity of
consumption reductions can be obtained with afggtafitable cost/benefit actions.

The energy savings expected from the inspectiondvoel effective if the inspection is followed by a
real energy consumption improvement of the faesiti

The inspection is a quick audit of the installati@nd, following the text of the Directive, willquide
some advice on the possible improvements. To gpatethis advice should be studied and detailed
through a detailed audit of the equipment, whidtludes an economic analysis of the actions or for
equipment replacement. Inspection is a way to ratgithe air conditioning owners and operators to
take a step forward the improvement of the eneffigiency.

Looking at scientific literature we can notice akdaf methods effective or rather complete, capable
to satisfy the requirements of the regulation tkatery demanding for air-conditioning especiafly i
compared to the heating one, the knowledge of d&lse theing better and simplified by the small
number of system types.

The systems of air-conditioning are more recenaiy€70) and present a large variety regarding bot

the cooling plant production and the distributiovd derminals. Currently different methods exist and
especially for the calculation of the referenceueal of consumption, often these methods are
developed and used by consultancies, they are afteitrary and result into the application of a

number of “generally accepted” measures for ensaping. Few field experiments are referred in

scientific literature and rigorous analysis of gyyeimpact remains to be done.

There is a real need for developing methods oftaudiable for air-conditioning by supporting the
most effective solutions and validated on the fialdrder to achieve the expected energy savirggs th
will contribute to respect the Kyoto protocol tetrdsh essential asset orienting the research is to
propose processes applicable in short time makiagteconomically feasible and accessible to the
owners.

1.2 Principle of operation of an air conditioningystem

The main function of an air conditioning systentoi€ool a medium, in order to finally cool a room o
a limited space.

Although the air conditioning technologies are numne and based on different energies, we will
focus our attention on the most widely spread amditioners based on the vapour compression
technology and with electric input.

In this category all the systems are based ondfrgeration thermodynamic cycle of Figure 2 and
uses specific refrigerant fluid which propertiekal performing the cycle efficiently using as cold
and hot source air or water.



Temperature
N\
\
\
\
\
\
\

Entropy

Saturation Frigorific cycle
= =Cold source Hot source

Figure 2: Thermodynamic cycle used on vapour cosgloa systems for air conditioning

The transformations of the cycle are performedhgyfollowing components:

» An electrically driven compressor is responsiblett compression (1-2) that increase the
refrigerant temperature and pressure, absorbingnaunt of electricity that depends on the
efficiency of the compressor

» A heat exchanger (condenser) cools the refrigdiz3), heating a cold source (red dashed
line temperature), the fluid exits as a saturatpdd characterised by a subcooling

» An expansion device expands the fluid reducingpisssure and its temperature (3-4), the
expansion is an isenthalpic transformation withwaok and no heat transfer

» An heat exchanger (evaporator) cools (4-1) a hoirceo (blue dashed line temperature)
heating the refrigerant, the refrigerant exits aatarated gas characterised by a superheat

The actual components present several irrevetsiilin the cycle: the real compression is a non-
isentropic transformation (entropy of the point @her than 1) and the refrigerant flow in the

condenser and evaporator is accompanied by a peedsap due to the friction with the exchanger
walls (pressure of 3 lower than 2 and 1 lower #han

The subcooling and the superheat are needed fgoregot reasons. The subcooled refrigerant at the
condenser exit allows increasing and regulatingcdb@ling capacity of the system. The superheat
guarantees only gas entering into the compresasuriag a longer life of the equipment that can be
damaged by the compression of unsaturated vapour.

The system is characterised by its cooling capaepyesented by the difference of the enthalpies of
the points 3 and 4, and its efficiency is measungdhe energy efficiency ratiEcER between the
cooling capacity and the compressor absorbed poWee. system includes ancillary equipments
(pumps, fans, regulators etc.) that also contributée global energy consumption.

The systems can operate with different fluids @&shbt and cold source: air or water. We can then
have four main system typologies.



Table 1: Air conditioners condensing and evapor@gsiource possibilities

Condenser source Evaporator source
Air Air
Water Air
Water Water
Air Water

The fluid choice can depend on the local sourcdability and temperatures, on building constraints
and designers’ choice.

1.3 General definitions and references about aimelitioning audit

To understand the different concepts of audit,queit, inspection etc... we have to refer to the rare
publications that try to put order in a domain whitas been existing for many years but remains
confuse and on which the terminology is still adoy and of specific use of firms or countries.

Energy audit refers to the methods used to expie@renergy consumption of an existing building and
discover what can be improved. This information rfagn be used to prescribe the introduction of
appropriate energy saving technology for a pamicbluilding. Such technological installations are
referred to as "retrofits".

During recent years much attention has been givethe development of the methods, training and
instruments needed for successful energy audits.

The “Guide technique d’audit énergétique des battsigKrarti 2001] is our reference for the global
definition of energy audit for buildings. Four difent audit procedures are defined:

1. Energy costs analysis
2. Quick audit with visit
3. Standard energy audit
4. Detailed energy audit

The audits methods are presented in increasing ofdsomplexity and depth of analysis. An entire
chapter is dedicated to the air-conditioning awdh the most common improvement solutions.

Moreover this only existing reference can be impand we have refined the definitions hereunder.

Preliminary definitions

In the following pages one can meet different tefdefect, fault and failure) for which the diffeen

in meaning can be ambiguous and has to be defWed.organised the language used with the
following definitions:

» A fault is a signal of malfunctioning, either coming frayperational error or from some
defect

» A defectis a hardware imperfection coming either from pdesign or poor installation or
lack of maintenance

» Failure is a state of the system in which the main fumcti® missing, as opposed to a
degradated mode of operation of the main function.

Definition of pre Audit

Pre Audit (or Walk-through Audit) leads to the determinatiointhe existence or not of faults or
possible improvements within the following limit§:2 days, visual verifications, analysis of “as
built” records, of system manuals, possible conmpéaind operating costs (in the sense of the French
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audit scheme operates by the ADEME called “prefuiias”). Potentially, short tests of functional
performance can be included, but without, or wighyMimited, additional instrumentation.

Within pre audit, various steps can be definedorPio considering possible improvements of the
energy system of industrial, commercial or residgrsites, it is necessary to realize an inventafry
equipment in place and collect information abauSdme building owners or facility managers have a
well-documented description of their plants. Inaestibases, a detailed tour of the building allows to
obtain the necessary information about the indtailan order to determine the type of equipment in
place.

Definition of audit

Audit (also“General Audit” or “Detailed Audit” ) is the quantitative determination of what can be
done to correct the defects or improve the exisplagt. Reaching this objective can take some days
and be spread out over 1-6 months (in the seneedfrench audit scheme operated by the ADEME
called “diagnosis”). It is possible to use of camtbus monitoring over weeks. This continuous
monitoring may include “passive” and/or “active’ste (according to the way of analysing the
component behaviour with or without artificial petiation) of functional performance applied to the
whole system or to some selected subsystems angormmts. Among detailed audits, we can
consider therivestment grade auditwhich is alevel of audit allowing making the engineering stud
and the orders for works without turning over oa ginound.

AC audit (based on the cooling function) is noepaate action for buildings owners and managers;
it is often associated with something else:

» Inspection

» Auditing of AC alone arises sometimes as a spedéimand (namely for comfort) without
energy consideration;

Auditing of total building energy use may take gadthout separating AC;
Benchmarking of total energy use in comparison witier buildings as well;

Managing energy use and continuous improvemeninesjgome audit;

vV V V V

Operating or maintaining AC facility and continuousnprovement (continuous
commissioning) as well;

» Performance certification requires an audit apgndtieal consumption is used

The compulsory inspection can be intended as a gmat”. It can lead to important savings if
followed by more detailed audit and investment-gradidit that lead to a real improvement of the
energy efficiency of the systems integrating adl #ispects of the air-conditioning system.

Link between inspection and energy audits

The regular inspection is only the first step todgaenergy efficiency and then energy savings.
Indeed, possible actions following the inspectiepart depend only on the motivation of the building
owners. In the best case, they will renovate timsitallations and will decide voluntarily to haveet
building audited. Nevertheless, if they decide twtmprove their equipment, they will be at least
warned about current trouble that occurs on thepf@t. Therefore, they will be able to contract an
AC operator (or improve the existing contract with) maintainer or to simply establish a better
internal follow-up. The audit methods have to botad to the motivation of the building owners in
terms of technical content and cost.

Several factors can lead a building owner to haighér building audited, especially for AC
equipment. First of all, there is the will to demse the building expenses by trying to reduce the
energy bill. Moreover, the building owner can takdvantage of financial incentives (ADEME
subsidies, 5.5 % VAT on works in France) to invafsér an energy audit. However, these subsidies
depend directly on the Member State economic camtjuwe. Last of all, maybe the building owner
needs to improve the image of the firm or localhauty. The “political image” is an important
parameter as well at the State level but alsotfosubdivisions (regions, departments or towns for



France) before or during a political mandate. Theohomic image” can be improved by actions
towards “sustainable development” including Enegfficiency.

Finally, the most rational incentive is the ond #racourages the building owner to reduce thenafer
costs and so energy consumption. The others ageaniditional arguments to support the will to
reduce internal costs. Nevertheless, the notidiemérgy costs” is really relative and depends an th
baseline. Indeed, any performance degradationrigath an increase of either the energy bill
(efficiency decrease) or O&M costs (breakdown iase is easily observable by the building owner
and then can be corrected without regulatory measBy opposition, the building owner can hardly
detect an installation that operates correctly With a lower efficiency than present standards of
performance. The regular inspection is meant agcov towards detailed energy audit and more
energy efficiency. At the same time, the requeat the inspection is independent from installers,
operators, etc. in the Directive is not an operiinthe direction of “energy services” and will rect
owners that have already optimised their AC to g@ggin for something already done.

Energy efficiency in air conditioning

The performances of air conditioning systems shbal@dnalysed from several points of view in order
to correctly estimate the performance level. A gladpproach developed in audit procedure will take
into account all the aspects related to the systeenbuilding requirement in term of comfort, the
thermal aspects related to the air conditioningt{sas insulation, solar gains etc.), the systemisgpi
compared to the cooling demand, the operation efsystems and its maintenance etc. All these
aspects can be improved and can lead to betteansystrformances and require different skills to be
analysed.

We will focus only on the equipment audit, moral@atail on the system components problems that we
will call defectsthat are not related with the manufacturing ort@drof the system but are strictly
related with theoperation, due to poor maintenance or naturally ageing efsystem.

The information needed

For the AC systems and their auxiliaries differantlit tools exist. The main functions of the system
have to be evaluated and, depending on the levalitmimation of the systems, different possibilities
exist. The first approach is the quantitative eatbn of the performance of the system. This
evaluation of the results (Energy Efficiency) iseof difficult, based on interview with the occupant
and staff. Other methods may be used to checkopadine means used to reach Energy Efficiency. In
the modern system when the level of automationigh,hautomatic systems for the detection and
diagnosis of faults exist and can be embeddedeirtdimtrol or Building Energy Management System.
In this case the auditor can access to complexrirdtion and his task is one of the task is also to
verify the reliability of the monitoring system. \&ih no information is available, the auditor has to
build his own system assessment through the olsmmvaf the systems and through the
measurements he could quickly obtain with a mininmimmeasurements with portable sensors.

The first information that should be retrieved he design plans of the system including the further
modifications and retrofits. This will inform abotlte system components, position and installation
details and it allows defining the measurementatpoi

Then the maintenance records should be verifiedyrder to check the past interventions, their
frequencies and to estimate the general statusedafytstem.

When there is a lack of available documents, thiit@ushould draw the plans by going through the
air-conditioned area and technical rooms.

The main information comes from the system plates teport in general: the manufacturer and the
name or series number of the machine, the useideednt, the nominal performances and the input
characteristics. Other information can then coneenfthe manufacturer catalogue although for very
old systems it becomes more and more difficult Itvaim the catalogue and the reliability of the
reported performance should be regarded criticeling into account the reference test standard. |
this sense, Eurovent Certification helps the auwslitgiving the free access of the certified dirdetor
since 1995, directly through the Eurovent Certtfmawebsite. This will allow auditors to retrietkee



rated performance of old systems, to compare i Wit recent performances of air-conditioners of
the same manufacturer or with other market products

In-situ determination of performances of AC systems

Real conditions of operation may be different frtast conditions in laboratory used to establish the
performances of a system and published on thesptatd on the manufacturer documentation Thus
difference may be important even if we use seaswefficients (i.eESEER) So for the auditor it is
very important to be able to assess the real padoce of the system.

For the evaluation of the real performance, measents in situ are requested and different methods
should be developed for each type of system.

For chillers, J. Phelan et al. [Phelan 1997] haewetbped a performance testing method for
evaluation of annual energy consumption with actafnpartial load operations. A relationship
between energy rate and one or more variablesvislaleed for the equipment and system using a
combination of direct measurements, statisticaleggjon analysis and manufacturer’s data. They use
a model of the chiller where theCOP (COP=EER and 10Q.s(QevaiS the load at the evaporator) are
linearly dependent and four methods of testingmfrthe simplest to a more complex model
Temperature dependent model.

The test methods by Phelan have been validatedvorcase studies on chillers used in two high
schools. For the chillers tested, the results atdithat accurate results can be obtained witkivela
small data sets. The results showed that the clpidetial load ratio was the most significant facto
affecting the chiller efficiency, with evaporatorcacondenser temperatures having a secondary.effect

For other types of systems (such as air systeramall split systems) there is no study or methad fo
measurements in the bibliography.

Often, the difficulty to perform the measurementstioe field (if there is no place to put the sesgor
leads to the impossibility of performances assessmoe in some cases, the weak accuracy of the
performances determination (i.e. for measurementiorsystems) make the results useless. The
determination of the efficiency of the system hmbd evaluated in another way.

This kind of assessment is a part of a completé and can be performed over some weeks, months
or an entire cooling season.

1.4Methodology of research for air conditioners perfmance degradation

In this research we want to observe the defectddatoccur in an ageing air conditioning system and
to take on the auditor point of view in order tooltnwhich are the defects that are dangerous, in
which conditions, which are the energy performacoasequences. We restrained our field of
investigation to the “equipment” defects in order determine the problems that can be easily
corrected (through periodic maintenance interventay energy efficiency) and that can be observed
directly by measurements on the site. Design problénat require complete retrofit of the instadiati
(such as incorrect sizing) are out of our scope.

Our objectives can be summarised as follows:

» To apply different methodology of research basedumlitative and quantitative estimation in
order to analyse the defects that arise durindjfétame of an air conditioning system

» To define the detection parameters for each defedttcould be used on the field with the
minimum of tools and information

» To validate experimentally the methodology of reskeawhich uses simulation based on
existing models, by comparing the results withdkailable literature experimental works

» To quantify the defects consequences on the peafocas on some typical buildings in order
to have a seasonal quantitative estimation

» To define some time-related model in order to ceupk performance degradation with an
optimised frequency of the action for correctiokirtg into account the economic aspect.



The methodology is summarised in the graph belowrder to define the main steps that will be
developed in the next chapters.

Defect literature review
Qualitative analysis

v

Static simulation: energy effect at
Fixed indoor and outdoor conditions
Analysis of Parameters sensitive to defec

—

Comparison with literature experimental data
Detection hints

v

Seasonal simulations: system in real situatign,
coupled with typical building and weather file

v

Time related scenarios with economic elements
for best intervention

72

Figure 3: Steps of our methodology of researchafoconditioning defect analysis

In order to reach the objectives, the use of a ‘eliodtas chosen. Modelling allowed us to perform a
research on several defects in very different dond and to isolate for each defect the
consequences. The experimental way would have tmercomplex and it would have certainly

required a lot of time. However, a set of experitaeworks has been inventoried that we will use all
along this work to validate and support the resofithe simulations.

The research is applied to two air conditioningtexys types: the small split air systems and the
chillers. The chosen systems are meant to be mmedive of the most widely spread systems
technologies in order not to study a unique casetdunderstand if our results are compatible with
the largest part of the stock.

All the results of this work have to be considereith the limit of the chosen methodology: the
analysis and the results are strictly related ¢octiosen system. This means that our analysisugltho
applied to systems that are very largely spreadhenmarket would not be applicable for all the
systems in the stock. And even more, not only apmmants similarity is necessary but also a
similarity of operation criteria, which would be pwssible to verify unless through the perfect
knowledge of the components operation characteri§the manufacturers’ choices in terms of
components type and sizes and rating operatiorntgaire very different from one manufacturer to
another.

This analysis allowed us to discover the complewitythe problem and have been useful to give
trends and magnitude for the studied systems timat iuniversal, can be used as example by auditors
and inspectors to promote the correction actiomstajustify them in front of a doubtful customer.

Focused aspects of the air conditioning



In the following pages the defect analysis will dentred on the energy aspects mainly the energy
consumption and the efficiency of the simulatedesys

All along the results presentation, the capacityhef system and its sensitivity to the defect wél
observed in order to define if the system can spi#trate for its primary function: to keep the corhf
conditions. Although the comfort conditions areywdebated and discussed, we will adopt an easy to
use comfort assessment criterion linked to the &atpre setpoint. We will consider discomfort
conditions in the seasonal simulations as the wuratf time during which the difference between the
temperature setpoint and the room temperaturegeddhan 1°C. This condition does not take into
account strictly the “comfort” concept, this diféerce would not be perceived by most of the
occupants but allowed us to quantify when the systapacity is degradated more than normal
fluctuations due to the temperature range of cgnth® seasonal simulation considering average
hourly temperatures.

Other aspects are analysed in order to define timtemeasurements that an auditor or inspector
could perform directly on the field with a minimurhportable measurement equipment. Actually, the
auditor should be capable to measure parameter ulensystem is operating in steady state
conditions. The auditor should ensure the operatiode of the system; in some case he/she can force
the system to be “on” acting on the set point tempees and waiting for the steadiness of the
operation. Ideally the parameters of “normal” opierashould be established from the first operation
period of the system with no defects, in the realditions, at different indoor and outdoor condiso
that can differ from the catalogue value becaush@fonditions of installations (liquid lines lehg
effective airflow at fans etc.).
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2 Analysis of defects occurring during the operatio of
split systems

2.1 Energy stakes for split systems

Although small systems as room air conditioners QiRAre not all in the frame of the air conditioning
inspection (the inspection is limited to 12 kW afpacity meant as sum of the capacities of the
systems present in a building), their importancetantotal energy consumption in Europe is large
because of their large use in residential and cawialesector. This is true especially for
Mediterranean countries that represent the largest of the split system stock (Spain and Italy
representing the 70 % of the total stock) that anted for more than 7 millions of units in 1996,
shared as in the figure below [EERAC 1999].

Others
8%
Germany
6%

France
9%

UK
9%

Greece
Spain 12%
23%

Figure 4: Split stock by country in 1996 (numbeubits).

The French stock was already important at that,tinoe its increase has been boosted up after the
extremely hot climate in 2003 that led to a quickrket increase: +80 % units sold in 2004 [ClimInfo
2005]. Energy savings are important not so muchheir single quantity, but for the scale effecedu
to the large number of units present in the bugditock and as result of their ageing state.

The inspector/auditor needs then to be able tcetatge most important opportunities for energy
savings and comfort improvement for this systenejyi® be able to quickly find out the major

problems and estimate the possible improvementsesuient to the correction. For the time being, the
audit methods are very scarce and the inspectigomires more tools and support to become
reproducible. One case of split systems has beslest in order to define the equipment problems
that should be investigated by a professional &eit effects on comfort and consumption issues.
Stress is put on energy consumption and discongfmmsequences in relation with the equipment
defects arisen during the operation.
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2.2 The representative split system chosen

The chosen split has to be representative of theermisystem in the existing stock. It uses as
refrigerant the R22. Although R22 is destined topbased out by the Montreal protocol and is
replaced by new fluids for new systems (mainly R0t is still very common and it represents
more than 90 % of the fluid demand for the mainteeafor air-cooled air conditioners in France in
2005 [Barrault 2007]. The European regulation omage fluorinated greenhouse gases [F-gas 2006]
led to the stop of production of new products udR®p since 2002, but R22 will be still used in
maintenance until 2010 as fresh fluid and until2@% recycled fluid. After that it will be collecte
and eventually destroyed. In such systems, R2pisaced by R407C.

The capacity of the representative split is enotegbool a room of a house or, with several units, a
small office building. The system displays the maharacteristics of Table 2.

Table 2: Characteristics of the simulated split

Rated Cooling Capacity. (kW) 8.69
Rated Compressor and Fans Pofrefk\W) 3.38
RatedEER 2.57

Compressor type Reciprocating
Refrigerant R22

Expansion device Capillary tube

A more detailed description of the system is shawthe annex under the form of the input data of
Mark V [Annex 1].

The expansion device is a capillary tube as itlmaencountered in most split systems [ECODESIGN
2007]. The system uses a reciprocating compredtwugh the more spread technology for new

products nowadays is the scroll technology. Samthpressors quickly took large market shares since
their appearance in 80’s for the low capacity systehowever reciprocating are still spread and

manufactured thanks to the long experience ofdblerology.

2.3 The ORNL Heat Pump Model Mark V capabilities
As a first simulation step, we introduced the defée a thermodynamic model of the system in order
to define the effects in the standard conditiorfsxatl temperatures and full load operation.

The thermodynamic simulation software used is tlad Ridge National Laboratory (ORNL) heat
pump design model - MARK V - version 95d [Fisch&83, Rice 1991 and 1996]. We validated its
using by examining one by one the features thatvarged to represent in our model.

We simulated the base case (new system with nactedad degradated operation (introduction of
defects one by one) for the room air conditiondre Thodel is capable of defining all the thermal
characteristics of the fluids for an air-air heatmp or air conditioner (refrigerant, air statustra
condenser and evaporator) based on:

> The air temperature and humidity entering in that lexchangers
Blowers characteristics at the rated point

The geometry parameters of the heat exchangers

The expansion device characteristics

The lengths of the links between the componenthegystem

vV V V V V

The compressor volumetric and isentropic efficiea@xpressed in a bi-quadratic law
as a function of compressor suction and dischaageaion temperature with six coefficients.
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The model allows obtaining all the systems charesties and all components operation parameters
with different convergence criteria: on the subowpl on the superheat or on the total refrigerant
mass. We chose to set the system refrigerant chtlige the condenser exit subcooling and the
compressor inlet superheating are computed. Theehfloavchart is represented in Figure 5.

GLUESS: SPECIFY:
High- and Low-5lie o Inlet Alr Temps,
Prasauras Aelfrigerant Charge
and and
Condenser
Evaporator
Superheat (AT, Gubcooling (ATee] or
2 Flow Contral Devies
---------------------- or I i ine ikl i i it
i Condenaor “ H Evaporator 1
H — .:
i Subcodling (4Tac) o Pt (T

Bt just
High-Side
P rmmaiirg

v
"'-"'gu., Comprossor
to) e

e
- “a
E. T, [T i-"‘ At “h’l
ATeH W ATae
L T M P

Figure 5: Solution Logic of ORNL Modulating HPDMtWCharge-Balancing Option Selected
[Rice 1991]

The compressor mass flow and power are representiedix coefficients equations as a function of
the condensing and evaporating temperatures. Th#igents could be obtained from a map fit
programme that is provided in the stand alone varsi the programme introducing the power and
refrigerant flow obtained from manufacturer's catple tables at different condensing and
evaporating temperatures.

In order to simulate a defect, the model allowsoiditicing simply the modifications in the input

parameters translating the equipment degradatibns. each defect several level of defect are
investigated. For each defect, we have observedntbdifications of the thermodynamic cycle

(condensation pressure, evaporation pressure, sgndicant temperatures), the variations of the
cooling capacity, the power to compressor motor tedenergy efficiency ratio in relation with the

base case characteristics.

We did not simulate the occurrence of several defet the same time, our objective was to
characterise a single defect and to isolate thectieffects.
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2.4 Defects definition and characterisation

The equipment defects that can occur in the lifetoha packaged air conditioner have been analysed
in the work of Chen and Braun at experimental I¢@#len 2001]. The main objective of the analysis
was to define the impact on measurable parametiessder to develop an automated fault diagnosis
and detection system. The detection and diagnsgiscés were developed but their analysis was not
focused on the energy aspects. This estimatiorug@at in order to quantify the energy savings thue

a proper maintenance that corrects the defects,itaocan further allow developing an economic
assessment of the corrective actions. That is wiyhave developed thereafter quantification of the
energy impact of the defects and provide indicatbed can be useful for auditors, inspectors, and
energy advisors to promote a better managemewbaof air conditioners.

The defects were identified through analysis o¥iserrecords by Breuker and Braun [Breuker 1998]
for packaged systems and they can be translatedon air conditioner equipment because of the
similar structure of the two systems (air to asteyns). The following defects were considered:

1. Refrigerant undercharge

2. Condenser fouling

3. Evaporator filter fouling

4, Restriction in the liquid-line
5. Worn compressor

Hereunder a description of each defect followsintludes a qualitative representation as a tree
showing on one side the main effect on energy peten®m and on the other side measurable
parameters that could be used for detection.

2.4.1 Refrigerant leaks in unitary air conditioners

The refrigerant leaks can be due to leakage thatreauring operation in correspondence of worn or
damaged components (as the joints between diffaremponents of the system) for system that
operates at pressure higher of the atmosphereupeeda some cases, the system charge level has
been low since the initial operation because titaircharge introduced in the system at the moment
of its installation was less than the one recomradnidy the manufacturer due to a human error.
Maintenance operation can also introduce sourckeaks. Commonly split system are previously
filled in the factory; when liquid lines are long#rtan previewed, manufacturers suggest for the
additional mass to be added to the system for iaddit liquid line length (asefrigerant mass per
liquid line length kg/m). In the first case, a rmmim refrigerant mass is the guaranteed. In somer oth
case, the system is fully filled of refrigerantdyrofessional once installed.

Refrigerant leaks have to be considered carefullgplit systems. Generally this kind of system is
very sensitive to refrigerant leaks due to the tleraf the refrigerant lines between the indoor and
outdoor unit often exposed to danger and partiyufar mobile split systems, for which the periodic
displacement of the system induces a more sevéoentiion on the connecting lines and joints and
consequently a greater leakage risk. Refrigeraiisiare dangerous for the system operation but also
because the fluids used as refrigerant are vergedans for the environment since they have high
coefficients of ozone depletion and global warmpogential.

The European Community took measures about thealiom of refrigerant leaks through the
“Regulation on certain fluorinated greenhouse dgasegas 2006] that decided the periodic control of
the plants for leaks detection. In France the Divechas been translated in a by-law [Arrété dual m
2007] and includes annual inspection for all syst&rith a charge higher than 2 kg, more severe than
the EU regulation that puts the limit at 3 kg.

The average annual rate of leakage for small spitem (capacity lower than 17.5 kW) has been
estimated at 5 % per year for life duration of Eang [Barrault 2007]. The value takes into account
leakage that appears all along the life of theesyghcluding a regular maintenance.

The expected effects of the refrigerant leaks aosva in Figure 6.
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Possible observation——— Defect/ Effect——— Energy effect

Leakage ¢ Refrigerant
measurementments leakage

Evaporating and Ly HP
condensing temperatures<
and/or pressures L LP

L Compressor
power

Compressor power

< .
measurementments ‘ &P

t Time of operation/

discomfort

Legend
HP: condensation (high) pressure LP: evaporation@w) pressure
AP: pressure drop HP-LP EER:Energy efficiency ratio
| : decreased parameter t :incresed parameter

Figure 6: Tree representation of refrigerant leaknsequences and possible monitoring parameters

The refrigerant leaks reduce the amount of thegefant in the system that cannot consequently keep
the same cooling capacity. At the same time thepcessor has to compress less mass consuming
lower energy. The global effect is anyway a lowi@iciency, if the initial charge was optimised.

ORNL model limits for leakage simulation

The ORNL model allows defining the total chargetaf system. The tool allows to compute the mass
in the different components of the system and twosk different void fraction model for two phase

zones in the heat exchangers: the Zivi method vgasl to calculate the mass [Zivi 1964]. We can
easily simulate refrigerant leakage by simulatimg system with reduced charges.

The limit of our model occurs for very low valuek aharge: the expansion model does not allow
taking into account unsaturated refrigerant coadgithat occur when the higher pressure is lowered
(no subcooling at the valve entrance) in case ajeldeakage. So we could not go over 22 %
undercharged system because the model cannot genagymore in most conditions.

2.4.2 Condenser fouling

The split condenser is a finned heat exchanger.cbmelenser is part of the outdoor unit and it is

exposed to the weather. It is exposed to the emviemtal conditions and dust. Several authors have
studied the mechanisms of the particle depositiorsioch heat exchanger. A literature review is

presented hereunder.

Mechanism of deposition of particles on finned fee@hangers

Deposition mechanisms on finned heat exchangerasgeciated with the particle inertia (such as
impaction and interception on fin edges and refagetubes), gravitational settling of large pdetic
and Brownian diffusion of small particles in theahexchanger core.

Additional deposition can be caused by turbophergése motion of large particles down a turbulence
intensity gradient, in the entry region of the fiifsthe heat exchanger is in heating or coolinglemo
there can be a change in deposition due to themifigcts (thermophoresis) and humidity
concentration gradients (diffusiophoresis), althotlgese effects are typically small compared teoth
deposition mechanisms.

Condensers heat exchangers are almost alwaysledstalth vertical fins to limit gravitational
settling, provide for condensation drainage foersible systems, and to facilitate cleaning.
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The most widespread general model for heat exchdbging is described by Bott [Bott 1995]. A
summary of the predictions of this model appeafSgure 7.

Induction or ! Steady ! Asymptotic Limit
Initiation | Growth ! '

Deposit Thickness

Time
Figure 7: Asymptotic fouling modelled by Bott [Bb895]

The amount of deposited material initially remasngall during the induction period because adhesive
forces are small until sufficient material deposdscondition the surface for future depositioneTh
length of the induction period can vary greatly flifferent systems. The steady growth of the layer
occurs as surface conditions permit a constanease in fouling. Finally the deposit layer reaches
maximum and asymptotes. This asymptotic behavalthipugh not universal, is caused by a balance
between deposition and removal of the fouling agent

A modelling and experimental work about heat exgearfouling was developed by Siegel [Siegel
2002]. The author focused on the fouling of indbeat exchanger for AC systems and determined a
deposition model taking into account the differeamchanisms. An experimental work was done in
order to determine the particle deposition fractonl verify the proposed model. The work focused
on ducted indoor units, evaporator heat exchangatk filter efficiencies; the experimental part
concerns typical indoor characteristics (i. e.dost composition). We can observe the values fioe ti

of fouling estimated: these are defined as thetaurdor the fouling to double the initial pressure
drop at the heat exchanger for a fixed airflow. Vakie obtained by the author for the base caet is
the magnitude of 4 years.

Pak et al. [Pak 2005] experimentally studied tHeatfof the fouling and cleaning operation on the
performance of several condenser types for fin steaml number of rows. They studied at the same
time the additional pressure drop brought by théifig and the reduction of heat transfer. However
the result on the last point do not take into aotalie reduction of the airflow due to the fouliagd

the measurements are taken for constant air fdoeitye Moreover, the errors on the heat transfer
measurement are too large to consider them reliabbmut the pressure drop for which the
measurement errors were lower (2-4 %), the auttmmsidered the fouling for an equivalent one-year
operation of the systems using standard dust. Winlfp the configuration they estimated that the

pressure drop increases by 28 to 31 % for one-mat é&xchangers and 24 to 38 % for two rows heat
exchangers.

More recently, Haghighi et al. [Haghighi 2007] esipeentally demonstrated that airside fouling
depends on geometrical considerations almost exelys They observed that no heat transfer effects
have been measured at constant air speed, maialyodie fact that the fouling remains a “surface”
phenomenon and it is caused by the deposit ofah&les on the edge of the fins or by the nuotenati
of smaller particle that enter in the heat exchamge remain at very low depth and left most of the
heat exchanger fin surface available for heat fesinAt constant air speed the heat transfer fastor
not affected by the fouling but when the authomsusate a loss of airflow (by a controlled opening i
the wind tunnel) the heat transfer is reduced. Tieynot measure it directly but just observe the
reduction of the temperature difference of the witethe coil. The airflow reduction makes the
temperature difference decrease: initially it vaufitom 20 to 25 °C with the air speed and decrefases
10 to 18 °C in the most fouled conditions. The atdghdetermined the critical diameter of particlatth
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lead to maximum fouling effects on the pressurepdrbhe particle critical diameter has been
estimated asl,;=0.6D,,, whereD, is the diameter of the largest sphere that camseribed in the
inter-fin spacing.

Pressure drop and fan operation characteristicddiouled condenser

Condenser fouling is due to an accumulation ofiglag and dust on the face of the condenser coil: 0
one side it leads to a reduction of heat trangfiereiasing the overall thermal resistance of the
exchanger and on the other side increases theupeed=op reducing the total airflow rate across the
circuits of the condenser. The condenser foulirtg an the airflow rate and on the thermal resistanc
of the coil.

Possible observation Defect/ Effect— Energy effect
Air flow or power L l

measurements at
Y
condenser fan

1 Air flow | HX coefficient:

(neglected)

A
| heat exchange

at condenser
Condensing temperature t1HP ( | EER )
and/or pressure at < T
condenser t LP (weak)
v
+ AP . t Compressor

power
Legend
HP: condensation (high) pressure LP: evaporation@w) pressure
AP: pressure drop HP-LP EER:Energy efficiency ratio
| :decreased parameter 1t :increased parameter

Figure 8: Tree representation of condenser fouliegsequences and possible measurement parameters

Following the observations of the previous studves,considered a fouling effect only on pressure.
We kept the Siegel definition, the fouling limitshaeen considered as the fouling rate that increase
the initial pressure drop by 100 % at the initiaflew. The heat transfer reduction is then subsedu

to reduction of the airflow and no additional thatmesistance due to the fouling has been considere

The ORNL computation for pressure drop at the cnadecalculation

The pressure drop on the condenser airside estirbgtthe ORNL model is very low (of the order of
10 Pa). We decided then to estimate separatelgréssure drop in order to correct it by the usthef
multiplier that the designers added to the progb&tause they were aware of the uncertainty in the
correlation used for the pressure drop calculatidviereover the ORNL model does not allow
modelling the fan through its characteristic. Fondating points we had to introduce manually the
parameters of the fan: the airflow, the pressuop dorrected through the use of a multiplier, e f
efficiency and the efficiency of the motor. The tlast are both considered constant in the range
investigated: the efficiency varies slowly and wavén no data to introduce it in the model
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(manufacturers rarely give it in catalogues) and thn works at constant speed, determining a
constant motor efficiency.

Once we determined the rated characteristic ofcthedenser fan, we introduced the fan model
allowing representing the fouling through the puessdrop increase and the new points for fouled
operation.

The pressure drop at the condenser for the referease on the airside can be estimated from the
literature correlations with the geometrical pargereof the heat exchangers represented in theefigu
below.

o O O O O O O O O
o O O O O O O O

: Wexch
1
<€

A\ A

Figure 9: Geometric parameters of the heat exchesge

Based on the cross ardaand the total ared, the pressure drop can be evaluated as:

_ Aot 32
Ap= 1. A 20 [1]

With G the air mass flow per unit of cross heat exchaagea, p the air densityf the friction factor.

The cross area and the total area are calculated as

Atot= Afin+Atube [2]
Asin=2Nr KLexchM/exch'ﬂi:’%_I%xg[NT) [3]
A(ube: ﬂDt_ext- NT' (Hexch' k- N:) [4]
Ac=(Pi-Do) - (h-1t) Ne- -Ng [5]
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With Nr the number of find\; the tubes number of the heat exchangerNyadhe tubes number per
row.

D., the collar diameter is calculated as:
Dc= Dt_ext+ 2 tf [6]
Two different experimental correlation of the lature have been compared.

The friction factoff following the correlation proposed by Kim et &ih 1999] can be calculated:

—f. Alin _Aﬁn _t_f
f=ffin A0t+ftube(l A )2 h ) [7]
- -0.656 R\ -0347 IS -0.134, R 1.23
fim =1.450Re ( R ) ( Dt_ext) ( Dt_ext) (8]
fuve =2 (0.25+— 0118 R, ) R__y) [9]
Vg ( R —~1)08 Dt_ext
Dt_ext
Wheresis the distance between the fins:
S= hf'tf [10]
Re, the Reynolds number based on the outside tube thandefined as:
Dt exdlG
Re =———
% [11]

Wherev is the kinematic viscosity of the air.

For the correlation proposed by Wang [Wang 199&aftiction factor f is:

f=1.039ReD'°'“8(|t3—f) 0104\ 'O'OQSS(%) 0197 [12]

Rey, the Reynolds number based on the collar diamet@nat! as:
Re. =G [13]
Vv
The table summarize the pressure drops and thefrifactor calculated at the rating point:

Table 3: Pressure drop calculations from literatwarelations

Mark V Kim et al. Wang et al.
AP (Pa) 10 42.9 58.6
f X 0.73 0.10

The Wang’s correlation seems to be more suitabbause Kim’s correlation was obtained for small
tube diameters or large tube pitch respecting tinelition:

0.135<! <0.300

(9

While in our case% =0.012, well under the validity field.

The real case is probably worst than in the calmriadue to the presence of security grille to dvoi
any contact with the fins and the losses due torélceculation in the case of the condenser. We
estimated this initial pressure drop as 60 Pa.

Once we know the pressure drop at rating condifyessure drop and airflow) we can draw the
curve of the pressure drop as a quadratic funaifaine airflow, passing through the origin with an
equation of type:
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y=Kk-x? [14]
With k= 93.7.
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Figure 10: Pressure drop at the condenser fan amahinal operation point (red dot)
Then, we can consider that the increased pressoedle to fouling leads to a new curve of the
circuit:

y=K’-x2 [15]

200 V4
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S / —— Reference case
=]
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5 / —— Additional pressure drop
) 50%
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0.0 0.2 04 0.6 0.8 1.0

Flow (ni/s)

Figure 11: Pressure drop at the condenser fan &rence operation (pink) and for fouled operatibiug)

In this case we have considered an increase of 6Dthe pressure drop akt- 140.6.

We can find the new point of operation considethngintersection point of the load curve and the fa

characteristic. The fan characteristic has beetutakd from the known rating point (red dot in the
Figure 10) and creating a fan curve similar to ra d¢arve retrieved form a manufacturer catalogue.
However because of the uncertainty about the famesuwe will consider the fan consumption

constant.

This assumption introduces an under-estimatiorhefgower for the considered airflow range. The
power being a decreasing function of the airflowdgial fans, we considered this variation negligib

on the global performance of the system. Considetfie variation observed in the manufacturers’
catalogue and in order to respect the overall aopsion of the system, the fan power for an airflow
decrease of 20 % is between +10 and +15 %. In ptsvers, the fan overconsumption would be
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between 10 and 30 W for an overall (compressor falns) electric consumption of 3.3 kW at rating
conditions. In the worst case the consumption wbeldinderestimated by less than 1 %.

The motor characteristic is assumed constant.

The fan characteristic is fitted by a quadratioseusf equation of the type:

y=a-x2+h-x+c [16]
a=-28.2
b= -28.7
c=101.0

Both the equations representing the load and theacteristic allowed us to calculate the new awflo
corresponding to each increased pressure drogasdhs point of the two curves represented as:

b+ e—4ca—k')
2(aK)

Wherek’ is the coefficient of the pressure drop curve ffa5i.

[17]

For example, for an increased pressure drop of%aC rating poink'=187.5 (Figure 12). The real
pressure drop met by the fan is only 20 % largatenthe airflow is reduced by 32 %.

100 %
90 | /
80

70
60 | —— Clean condenser

—— Fouled condenser
Fan characteristic

50 A

Pressure drop (Pa

40
301

20 7 T T T
04 05 06 07 08 09 1.0

Airfow (m®/s)

Figure 12: Fan characteristic (cyan) and pressuregfor rating operation (pink) and increased pressdrop
by 100 % (blue)

We obtained the values in the table and the midtgplrequired by the model to obtain the effective
pressure drop for the base case and several fdelets.

Table 4: Condenser parameters for fouled conditimndark V input

Increased | Pressure drop atOperating Airflow| Operating Pressure| Pressure Drop
pressure drop| rating point (m’/s) Drop (Pa) Multiplier

0% 60 0.80 60 6.2

10 % 66 0.77 62 6.5

20 % 72 0.75 64 7.2

30 % 78 0.73 65 7.6

40 % 84 0.71 66 8.2

50 % 90 0.69 68 8.6
100 % 120 0.62 72 11.0
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We can observe that the pressure drop increasedhanairflow decreased by the quantities in the
following table below.

Table 5: Condenser fan airflow and pressure vaoiasi for fouled conditions

Increased pressure  Airflow (%) Pressure drof?b)

drop Rating Airflow Rating pressure drop
0% 0% 0%

10 % 3% -3%

20 % 6 % -6 %

30 % 9% -8 %

40 % 11 % -11 %

50 % 13% -13 %

100 % 22 % 21 %

2.4.3 Air filtration for room air conditioners
Filtration in air conditioning is needed to holathir particles in order to guarantee a betteranehir
quality and a protection from dust of the air cdioging components for a longer duration of the

systems.

The air contains a large number of particles ofwhfferent size. Particles can have different ioiig
(biological, pollution etc.) with diameters thatrydrom submicron to hundreds of micrometers. The
total amount of particles in a cubic meter of @nawary depending on the location: in high density
cities this value can be estimated between 0.10ak& mg/m, it increases in industrial zones where
the pollution sources are higher, and decreasesuntryside zones.

The main filter function is to remove the particfesm the air and this performance is measured by
standardised procedures [EN 779:2002] and tramkslate filtration classes. Two filter charactersti
can be defined: the efficiency and the arrestafbe. efficiency describes how well an air filter
removes microscopic particles such as dust, dustsmpollen, mold, bacteria, and smoke. The
arrestance describes how well an air filter remdaeger particles such as dirt, lint, hair, andtdus
The efficiency and arrestance are measured in atdntbnditions in correspondence of an airflow
rate specified by the manufacturer 00844m%s (3 400m*h) if the manufacturer does not specify
it, using a standard contaminant dust composition

Nine filter classes exist following the efficienayr arrestance and the method used for the
determination is different for the two parametéitse class characteristics are summarized in Table 6
Classification of F” filters is based on performance with respect,tb|m particles. Filters found to
have an average efficiency value of less then 40ilMbe allocated to groupG” and the efficiency
reported as “<40 %". The classification oB™filters is based on their average arrestance with
loading dust.

! The standard synthetic arrestance dust used iexieriment meets specifications set forth in ASHFS®EL. The

compounded dust consists by weight of:
» 72 % of standardized air cleaner test dust. Itéslpminantly silica and has a mass-mean diameter of

approximately 7.7 pum.
» 23 % of powdered carbon

> 5% of cotton linter
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Table 6: Filter class characteristics

- Average efficiency
; Final Pressure | Average arrestancéy) of
Filter class . o (Er) of 0,4um
Drop (Pa) synthetic dust % particies
Gl 250 A, <65 -
G2 250 65<A,< 80 -
G3 250 80<A,<90 -
G4 250 90<A, -
F5 450 - 40<E, < 60
F6 450 - 60<E, < 80
F7 450 - 80<E, < 90
F8 450 - 90<E, <95
F9 450 - 95<E,

Usually, filters used in room air conditioners apdit-systems are coarse filters of low efficierafy
classes fron2 to G4. In our case we considered the split systems pegdigvith aG2 class filter.

Initial resistance of these filters varies follogithe air speed, the media used and the thickrid¢hs 0
filters. Media such as fibreglass, polyester omfcae most used. The average values obtained from
manufacturers catalogues attest that initial rescs# could be considered asP®at 1.5 m/s air speed
for such filters.

More recent room air conditioners can contain savigpes of filters with different functions (dust
removing, deodorizing, anti mould etc.) since thieation aspect become more and more an issue
important for marketing. In all the systems howewer air-filter is present, with the primary furasti

to catch coarse dust. The air filters used fortype of air conditioners are plate filter of ateaxe of
G2-G4class according to the standard

The evaporator filter fouling leads as first consaace to the increase of the pressure drop at the
evaporator that leads to a reduction of the aiwv flollowing the fan characteristic curve (Figure).13
The lower airflow reduces the heat exchange atetlaporator while reducing the capacity of the
system. Because of the pressure difference is Idveecompression power is lower. The global effect
is a decrease of thHeER The split unit capacity being reduced, the syshkas to work longer to
supply the cooling energy demanded.
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Possible observation— Defect/ Effect— Energy effect

Evaporator filter
fouling

Air flow or t Time of operation of
power 1 Air flow compressor

measurements at<€<——

evaporator fan

at evaporator
Evaporation v
temperature and/or 1—] LLLP
pressure /
{ HP (weak) R 1 Compressor
power
Y
Compressor power <——’—|I'7
measurementments .
( | EER )
Legend
HP: condensation (high) pressure LP: evaporation ) pressure
AP: pressure drop HP-LP EER:Energy efficiency ratio
| : decreased parameter t :incresed parameter

Figure 13: Tree representation of evaporator filfeuling consequences and possible measuremeninedeas

Calculation of pressure drop at the evaporator iRMIL model

The reference pressure drop at the evaporatodaiestimated by the ORNL model is very low (of
the order of 40 Pa). We decided then to estimgiaragly the pressure drop in order to correcyit b
the use of multiplier available in the program thia¢ designers added to take into account the
uncertainty about the correlation used for the saress drop calculations. Moreover the ORNL model
does not allow modelling the fan through its chasdstic. For non-rating points we had to introduce
manually the parameters of the fan: the airflowe, phessure drop corrected through the multiplier, t
fan efficiency and the efficiency of the motor. Tiam efficiency varies but we could not find data
about its evolution, we built the fan charactetistom manufacturer's catalogue curve. The power
decreases generally with the airflow for centrifluigas; from some manufacturers catalogue values,
the global power decreases for an airflow decrégs€0 % between -5 and -25 %. We considered
this variation negligibleompared with the overall consumption of the systel@ to -25W for an
overall (compressor plus fans) electric consumptib8.3 kW at rating conditions. This leads to an
overestimation of the absorbed power by -1 %.

The fan works at constant speed, determining ataohmotor efficiency.

Once we have determined the rated characteristibeofevaporator fan operation, we introduce a
model allowing us to represent filter fouling thgbuthe pressure drop increase and compute the new
points of fouled operation.

The pressure drop at the evaporator airside fob#ise case can be estimated by the correlatiohs wit
the geometrical parameters of the heat exchangere(parameter of Figure 9). It can be considered
as the sum of the filter resistance and the presinap across the evaporator heat exchanger.

The last pressure drop, based on the crossfaraad the total are@,;, can be evaluated as:

_ Aot 2
ap= 122 % [18]

Where the parameters are the same defined in timeifa [1].

The cross area and the total area are:
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A(ot: Afin+Atube [19]

Affin: 2NF' ( LexchWexch'ﬂDt_extzNT/4) [20]
A{ubez ﬂDt_ext'NT (Hech - tf N:) [21]
Ac=(Pi-Dc) - (h-t) N -Nrg [22]

With N: the number of find\; the tubes number of the heat exchangerNdhe tubes number per
row.

D., collar diameter, is calculated aB¢= D exi+ 2 t;

The friction factorf, following the correlation proposed by Wang et[s#ang 1996b] for louvered
fins, can be calculated:

f :2486 Re)é46](&)—0.06(h_f)—0.0798 [23]
Aot Dc
Rey. the Reynolds number based on the collar diamefanet as:
Re. =G [24]
vV
The table summarizes the pressure drops calcudatheé rating point.

Table 7: Pressure drop at condenser comparison é@tvMark V and Wang correlation
Mark V Wang et al.

4P (Pa) 40 67.3

The Wang correlation describes cases respectingptiditions:
1.27<h<2.54
2<N<4

Our exchanger has the following valubs:1.8 and\N=2.

We have to add to the heat exchanger calculatessyore drop the initial pressure drop for the filter
The considered filter is @2 class filter so that following the value obser¥edthis type of filters on
the manufacturers catalogues, we have estimataditia pressure drop as Ha.

Like in the case of condenser fouling we can detfireecurve of operation of the fan and the modified
points of operations due to the filter fouling.

The fan characteristic has been calculated fronkftievn rating point (red dot in the figure below)
and applying a similarity with catalogues curvesdimilar fans. The motor characteristic is assumed
constant.
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Figure 14: Fan characteristic and pressure drop fating and fouled conditions at the evaporator

The level of evaporator filter fouling is simulatbg reducing the airflow rate across the evaporator
initially set at 1 269 rith. The limit for fouling could be the limit pressuieop stated at 25Pa in the
manufacturers recommendations, but these are rfagdoiv efficiency filter used as pre-filters ingh
air handling units where the fans have a largeeasfairflows and the pressure drop of the preffilt
is low compared to the global pressure drop ofribigvork. In small air conditioners, the filter is a
important part of the pressure drop of the fan, thiedrange of operation of the fans used in theond
units is smaller. As we will see later, the limiflye decided by the simulation convergence limit.

As an initial value for the limit the 250 Pa is kefeveral tests of the model gave the valuesén th
table and the multiplier required by the ORNL modeht allows correcting the pressure drop
calculation to obtain the actual pressure droséseral fouling level.

Table 8: Evaporator fan operating points for fadileonditions

Pressure drop acrogsPressure drop Operatin Operating PressurgPressure Drg
thgi];}lfg\;v%,gted at ra(tFe)zg)pomt Airflgw (m3?3) P Dropg(Pa) Multiplier

20 87 0.36 90 5

66 133 0.32 101 8.0
112 179 0.29 108 11.5
158 224 0.26 113 14.2
204 270 0.25 117 17.2
250 315 0.23 119 20.3

We can observe that the pressure drop increasetharairflow decreases of the quantities in table
below.

Table 9: Evaporator fan airflow and pressure drapes for fouled conditions

Pressure drop across Airflow (%) Pressure drofo)
thgi?i!ltgvrveg:lgted Rated Airflow Rated pressure drop

20 0% 0%

66 -11% 13%
112 -20% 21%
158 -26% 26%
204 -32% 30%
250 -36% 33%
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The fan consumption has been considered constém iklark V fan model.

2.4.4  Additional pressure drop in the liquid line

A liquid-line restriction can be caused by the awualation of debris in the expansion device. Debris
can come for example as result of a poor weldirige lTquid line restriction leads the refrigerant to

expand before the valve (also named pre-expansaoa) to enter in the evaporator at lower

temperature and higher quality, the circulatingigerant flow being reduced and the cooling cagacit

subsequently. The pressure difference betweenotheahd high side of the cycle is increased thus
increasing the absorbed power.

Possible observation—— Defect/ Effect— Energy effect
Restriction
liquid line
A
Compressor power < Larger g t Compressor power
measurementments AP
v
i L HP (weak)
Evaporation temperature | Capacity
and/or pressure LILP
( 1EER )
Legend
HP: condensation (high) pressure LP: evaporation ¢w) pressure
AP: pressure drop HP-LP EER:Energy efficiency ratio
| :decreased parameter t :incresed parameter

Figure 15: Tree representation of restriction iretliquid line consequences and possible measurement
parameters

The ORNL calculation for additional pressure droghe liquid line

This fault is simulated by an additional pressumgpdn the liquid line through the ORNL coefficient
added for this purpose in the input file. The puesgirop is represented as a % of the total pressu
difference between the high and low pressure atgatonditions for the base case. We varied the
value from zero to 30 %.

2.4.5 Compressor efficiency reduction

The compressor is very sensitive to maintenancelaodcation and can be very sensitive to the
operation conditions. The most sensitive partshef ieciprocating compressors are the valves that
wear quickly.

The presence of other defects of operation carcmtlue compressor to work at higher pressures and
temperatures and to stop before the detectioneofahl problem. The compressor is then one of the
most sensitive components of the system and iteéaiis often a symptom for other defects.

From the discussion with manufacturers, the congorefailure can be due mainly to bad lubrication
or when extreme operation conditions change theasiposition: the oil is burnt in correspondence
of the higher temperature zones (especially owtddve) and separates in smaller molecules that
deposit on the components, reducing the lubricagiod the sealing and then reduce the volumetric
efficiency of the compressor until a quick failuiuring this damaged operation the valves do not
guarantee anymore the compressor sealing: thegnggsure refrigerant in the compressor cylinder
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leaks back into the suction line across the suct@ne, or the discharged gas leaks back into the
cylinder across the discharge valve. This leakagesa the compressor valves generates the reduction
of the compressor volumetric efficiency.

The reduction of the recirculation of the refrigardlow in the compressor reduces in turn the
circulating refrigerant in the system and its cdtyad he absorbed power is constant and the global
efficiency reduced.

Possible observation—— Defect/ Effect— Energy effect
Worn
compressor
Leakage between HP / | Volumetric efficiency
& LP valves ’\ of compressor
Evaporating and
. Reduced
condensing temperatures<«— I HP refrigerant N | Capacity
and/or pressures tLP flow

t Compressor
Power

Compressor power L AP

<
measurementments ’\

Legend

HP: condensation (high) pressure LP: evaporation ¢w) pressure
AP: pressure drop HP-LP EER:Energy efficiency ratio

| : decreased parameter t :incresed parameter

Figure 16: Tree representation of compressor weadonsequences and possible measurement parameters

Compressor characterisation by ORNL

The ORNL model allows introducing the compressafgrenances based on a map fitting. Once the
compressor performance data are available in tabuda, a short computer program is provided that
uses a least squares algorithm to compute a sixfpetynomial equation similar for both mass flow
rate and power consumption. The defect has bessdinted by lowering the mass flow rate data and
obtaining a new degradated volumetric efficiencgveu

The compressor valve leakage has been simulateedoging the compressor volumetric efficiency,
more precisely by lowering the curve of the volumeegfficiency from 0.0 % to 34.4 %.

2.5 Degradated behaviour at maximum load and fixezhditions

The simulation campaign with Mark V is developeahdiating several fixed temperature conditions.
The behaviour of the degradated split has beenekkfior different indoor and outdoor air conditions
T1: 35 °C condenser inlet, and 27 °C evaporator inlet

T2: 27 °C condenser inlet, and 21 °C evaporator inlet

T12 35 °C condenser inlet, and 21 °C evaporator inlet

T21 27 °C condenser inlet, and 27 °C evaporator inlet
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TheT1 andT2 correspond to the standard test conditions [ENL1JT 1 tested values are displayed
by manufacturersf12andT21are a combination of tHEL andT2 conditions.

2.5.1 Mark V results for refrigerant leaks

The undercharged system begins to show large degradation of pedao®as only for values higher
than 10 %, this can be due to an intentional ovagdhof the system by the manufacturer in prevision
of the unavoidable leaks that occurs during opamnatilhis is confirmed by the charge calculation
performed by the programme for which the optimdtwated charge is 2.4 kg versus the 2.8 kg from
the manufacturer, 15 % less.

In Figure 17, we represent the refrigerant thermadyic cycle in a pressure-enthalpy plan for the
reference case (1-2-3-4) and undercharged systé&@'-8:4’) in order to highlight the cycle
modifications: the condensing pressure is lowettdd, subcooling reduced (tends to zero), the
superheating increased.

Undercharge cycle transformations

Condensation
2 / s 1
2250 /
2 / 1'
5-5 1750 . —— 0%
< Expansion
2 1250 -20%
g
D- . .
4 Compression —— saturation
750
3 :
Evaporation 4
250 T T T T 7T T T
150 200 250 300 350 400 450 500 550

Enthalpy (kJ/Kg)
Figure 17: Thermodynamic R22 cycle modificationdfodercharged system

The lack of refrigerant brings a reduction of tlystem capacity but at the same time a reduction of
the power absorbed at the compressor: the glofedtés anyway a reduction of tisER (Figure 18).

(EER-EERre) (%)
EERref
Charge reduction

0% ¢ L 1 T T
2% Om =15% -20% -25%
-2% \\\
-4% \
-6% |
=T1 *T2 \
-8% |

*
T12 T21

-10%

Figure 18: Effect of the lack of refrigerant on th&R.
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Moreover, the reduced evaporation temperature &se® the latent removal, reducing the amount of
cooling energy dedicated for the air temperatuneehing.

The sensible to total heat transfer rag®)(indicates the amount of the cooling power thatesoted
to lower the air temperatur®{ g on the total cooling poweP( ,):

Rs_ Rs
S Pc_t Pc_s+ Pc_l

P. 1 is the amount of the power that is used to coreléms humidity of the air.

[25]

The SRis decreasing with increasing refrigerant losdeigufe 19) with a lowered evaporating
temperature.

0.85
0.80 s
&
x 0.75 e
n [
| .
0.70 =
0.65
0.60
T1 T2 T12 T21
¢ Base case m Refrigerant loss 10% Refrigerant loss 20%

Figure 19: Sensible to total heat transfer ratio foe base case and for refrigerant leaks

This means that not only cooling capacity is desedabut it is also degradated in the sense tlist it
used more and more to dehumidify the air and lessless to cool the air: the system will have to
operate longer than before in order to reach timpégature setpoint.

Hitherto we did not approach the diagnosis aspkttieodefect. If we look at the figure below we can
observe the effect of the reduced charge on then npairameters of the systems (pressures,
temperatures, energy). The blue values show tleati¢fiect increases the parameter shown, the pink
value that it decreases it. Refrigerant leak ireesasignificantly superheat that is more than dsibl
for 20 % of refrigerant loss. Also the air temparatat the evaporator exit is a good indicator,
showing important increase. The last can be moremg®urce of discomfort because of the feeling of
cold air by occupants close to the evaporator.
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EER=2.61
0%
-2%
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Figure 20: Effect of the lack of refrigerant on thglit main parameters at 35 °C outdoor and 27 fi@aor

Measurement techniques for refrigerant leaks ameenous and well developed due to the regulations

about refrigerant leaks control and include amotiers the use of halide torch, soap solutions or

electronic detectors. Moreover, the charge losaesbe detected by a superheat measurement jointly
with a high and low pressures measurement.

Superheat can be easier measured than subcoolagptit system measuring by measuring the low
pressure (and obtaining the evaporating tempesafuoen fluid tables) and the surface temperature at
the outdoor unit inlet.

2.5.2 Mark V results for fouled condenser

Condenser foulingshows an important effect on efficiency: capadityeduced while the absorbed
power is increased in a stronger manner than tphaody reduction. The high pressure is increased,
while the low pressure remains constant.
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Cycle transformations for condenser fouling
Pressure (kPa)

2 /l Condensation

[ 1
2250 2 L Zs T
——0%
1750 Expansion
—=—-100%
1250 -
Compression
3 V —R22
750 pu m— saturatiol
3 Evaporation 4 ; 4
250 T T T T T T T
150 200 250 300 350 400 450 500 550

Enthalpy (kJ/kg)

Figure 21: Thermodynamic R22 cycle modificationifmreased pressure drop at condenser

It should be noted that actually decreasing the &ezhange coefficient at the condenser incredmses t
condensing pressure and the temperature at thet aftithe compressor until a point where the
compressor stops due to the thermal protectiomvietgion. The indoor and outdoor conditions do not
influence the loss of performance. TEER is penalised in the same amount for i T21, T12
conditions, but more seriously féd conditions.

(EER-EERref)/EERref (%)

0% - Additional pressure drop

0 40% 60% 80% 100%
-204

-4% -

-6% -

-8%

Figure 22: Effect of the condenser fouling on theRE

On the detection side, the main parameters inflegnioy the condenser fouling are superheat
(strongly reduced), increased compressor powerlamsing pressure and the air temperature at the
condenser outlet.
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Figure 23: Effect of the condenser fouling on thkt snain parameters at 35 °C outdoor and 27 °Caad

One parameter that can be also used as a meastreitie airflow at the condenser fan. We
developed a short measurement technique in ordetaev the evolution of condenser fouling.

Initially we intended to use the power measuremehthe fan, but the in situ measurements of the
fan power are difficult because the fan input cableot easily accessible, all the input cable dpein
linked in a single set with the others. At the famflow and pressure vary by the same amount, the
fan characteristic being quite linear for axial§aBut while pressure measurements are quite dliffic
we were able to perform airflow speed measuremeiitsa hot wire gauge in order to measure the
airflow. We measured the velocities profile of fa@ on several points on the x-y axis of the faa, w
obtained two different profiles that fit by a biaglratic law.

T (B2 )=al J b e prd( 2 ye [26]

The global profile results from the fit of the tWa” and ‘y” profiles by the shape of Figure 24. The
axes have been referred to the fan radius.

Because of the symmetry of the measured curveggthdition:

V, DV, D
Vmax\ Dmax/ Vmax\ Dmax) [27]

Leads to consider the coefficiefitgndc zero.

Ve oo Rl el g e [28]
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VIV max

Figure 24: Normalised condenser fan airflow velpgtofile

It is important to underline that the simple hotevgjauge measures the intensity of the velocity and
not its direction, then the profile does not caosd to the real shape of the airflow (in that case
could observe an expansion of the airflow). Thdifgrds not the same on the two axes because of the
rectangular shape of the inlet that allows higheloegities on the horizontal axis<*than on the
vertical. From the velocity profile we were able dalculate the total airflow, integrating on the
surface of the outlet.

In an audit procedure, we simplified the numbemefasurements that an auditor can do in order to
quantify the airflow modifications. We decide thaa specify three points of measurement
corresponding to the maximum velocity on the twesaand to the velocity in the centre of the fan.
The speed at the centre is different from zero b&edhe point corresponds to a certain distanee fro
the fan (velocities measured after the protectiol) gvhere the profile is developed enough to be
different from zero.

Rm

0.7Ry,

<vy.

< R Yy

Figure 25: Points of measurements for airflow meaments at the condenser
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We approximated the velocity at the extreme ofgtadile as the velocity at centre. The three points
are enough to define the bi-quadratic laws of tiofilp and to calculate the crossing airflow wittet
conditions:

vV 07=
v 07=1

VN —o7=
y(-07)=1

Vo=V
m(O) Vmax(l)

2.5.3 Mark V results for fouled filter

Thefilter fouling reduces the airflow that crosses the evaporaicansequently the heat exchange,
reducing thus the capacity of the system and reduitie evaporation pressure. The condensing and
evaporating pressure differences remain constansibae compression from a lower pressure the
work demanded to the compressor is lowered andhealbsorbed power. The subcooling remains
quite constant while the superheat strongly deeseéSigure 26).

Cycle transformations for filter fouling
Pressure (kPa)

/
5=h / Condensation .1
225 == —
1
—— 0%
175 Expansion 0
- o)
125 11%
/ " / Compressio —R22
750 — Y saturation
3=3' . 4
Evaporation /
250 w ‘ ‘ ‘ ‘ : :
150 200 250 300 350 400 450 500 550
Enthalpy (kJ/Kg)

Figure 26: Thermodynamic R22 cycle modificationrduced airflow at evaporator

The global effect is a global reduction of efficdgrthat remains in most cases small: in all sinedat
conditions the worst efficiency reduction was -BJor T1 conditions (Figure 27).
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Figure 27: Effect of the filter fouling on the EER.

Filter fouling, although not having strong impactthe efficiency, leads to a decrease of the seaerh
that can be very dangerous for the compressorstiperheat becomes smaller and for the lowest
airflow it becomes zero in most of the simulatedditions. Some liquid enters then in the compressor
that can fail early.

Moreover the reduced airflow leads to a reductibthe evaporator temperatures increasing the latent
part of the heat transfer used to condensate dstane. The evaporation temperature decreases until
the condensed water forms an ice layer on the draditanger: this reduces strongly the efficiency of
the split. In conditions studied refrigerant evagiimn temperature became of 1.5 °C in the worst cas
(27 °C-21 °C).

The sensible to total heat transfer re&8iRdefined in equation [25] decreases with the redadtbw
in the evaporator (Figure 30).

0.85
L 2
0.80- R A
L 075 x
? 0.70 - 4
| |
0.65-
0.60
T1 T2 T12 T21

& Base case Evaporator airfiow -10% = Evaporator airflow -20%

Figure 28: Sensible to total heat transfer ratio foe base case and for fouled filter conditions

The reduction of the airflow at the evaporator tludilter fouling leads to a decrease in the swgapli
air temperature that can be source of discomfonvan occupant is in the proximity of the unit
(feeling of too cold airflow).
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Figure 29: Air temperature at the evaporator exithaclean and fouled filter.

As already noted in the case of the refrigeraritdebere cooling capacity is also lowered but degot

more to dehumidifying the air than to lower its faTature: the system will work longer than in the
base case.

For filter fouling all the parameter are decreagbd: superheat is a good indicator plus the pressur
measurements.

Filter pressure drop
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Figure 30: Effect of the filter fouling on the gptain parameters at 35 °C outdoor and 27 °C indoor

-37-



The filter can be inspected visually in order te@etve its level of fouling.

2.5.4 Mark V results for worn compressor

The reduction of the compressor volumetric efficieleads to a decrease of both high and low
pressures and to a lower superheat.

R22 cycle transformations for reduced compresslamedric efficiency

2=2' / Condensation 1
2250 L 2
1
= 1 —— 0%
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g 1250
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750 O
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Figure 31: Thermodynamic R22 cycle modificationrduced compressor volumetric efficiency.

The reduction of the compressor volumetric efficieshows a linear reduction in efficiency (Figure

32), mainly due to a strong reduction of the systayacity, the absorbed power being quite constant.
The indoor and outdoor conditions have a smaluarice on performance.

(EER-EERTref)/EERref (%) Compressor Volumetr

efficiency reduction

40% 6.0% 8.0% 10.0% 12.0% 14.0%

209

8% T21 < T12

-10% \

Figure 32: Effect of reduction of the compressduwetric efficiency on the EER
The split parameters changes are shown in Figure 33
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Figure 33: Effect of the compressor efficiency i@hn on the split main parameters at 35 °C outdand 27
°C indoor.

2.5.5 Mark V results for additional pressure drop n the liquid line

Adding more pressure drop in the liquid line infiges the operation of the system for all conditions
except for ther'21 condition (35 °C-21 °C).

Cycle transformations for additional pressure dablmuid line

2=2 / Condensation 1
2250 o »
! 0%
= n —— ()
% 1750 Expansion
2 —=— 30%
o 1250+
& .
3 Compression —— saturation
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3 .
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150 200 250 300 350 400 450 500 550

Enthalpy (kJ/Kg)

Figure 34: Thermodynamic R22 cycle modificationlfguid line restriction..
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The refrigerant is throttled more than necesséugy réfrigerant flow is decreased and then the Byste
capacity. The compressor also has less mass toreempith less work. Both the capacity and the
absorbed power are decreased but the global sygtmmency is reduced (Figure 35).

(EER-EERTref)/EERref (%) Additional pressure drop at liquid line

0% - T T T T T T
O.M0.0% 15.0% 20.0% 25.0% 30.0% |35.0%
2 \
e \
'6% \

8% +T1 =T2
T21 = T12

-10%
Figure 35: Effect of additional pressure drop iretliquid line on the EER.

The defect is more sensitive at lower compressaing; lower is the pressure difference, largehés
impact on efficiency.

Similarly to what was found with the previous degethat also lower the low pressure, while reducing
the evaporating temperature, also in this casedheible to total heat transfer ra&is lowered with
consequences on the comfort and on the operatiendf the system.

A lack of refrigerant charge would produce exatly same symptoms as the additional pressure drop
in the liquid line except for one aspect; if theye lack of refrigerant in the system, there waiio be

a shortage of refrigerant in the condenser, andgtibeooling will be smaller. On the contrary, i€th
capillary is blocked, the refrigerant missing ire tvaporator will be in the condenser, and the sub-
cooling will be normal or increased in some casguife 36).
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Figure 36: Effect of the additional pressure drogthe liquid line on the split main parameters &t°€
outdoor and 27 °C indoor.

There is another extremely valuable index that lbanused to diagnose a blocked capillary with
certainty. If the compressor stops, the pressutggjuickly equalise. If the capillary is compleyel
blocked, this equalisation of the pressures will accur. If there is a partial obstruction then the
worse the blockage, the longer this equalisatikagdo occur.

2.6 Comparison with literature experimental data

Table 10 summarizes the effects on cooling capagitythe power of compressor and fans and on the
global energy efficiency ratioEER and on the cycle parameters (condensation anpoestion
pressures, superheat and subcooling) for all tfiectieconsidered. In the same table in the brackets
are shown the trends obtained from Breuker and lBfeam experimental test on a rooftop [Breuker
1998]. The tested machine is a 10 kW packaged opoiinit equipped with a constant speed,
hermetically-sealed, reciprocating compressor wativoff control and used fixed-orifice type
expansion devices for refrigerant flow control.
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Table 10: Impact on system parameters of the readedefects and comparison with the Breuker
experimental data

Symbol legend: _
1 Increase Cooling | Compressor EER | HP LP

| Decrease | Capacity Power SubcoolingSuperheat

~ Stable
Refrigerant | 1) ool ow |
Roimser | 1w A EROREYORIEONEETO N RO
A RO N RO R RO R RO RO N A
Gompressor | 1) I~ Wi to] 1o |
HauidLine 1y 4 Lo to | o | ot

There is a general agreement between the expeairamd the modelled defects. The magnitudes of
variation of the parameters are the same. Unfottiynthe condenser fouling was translated in tise te
experiment by a partial block of the condenser afrea prevented us to make quantitative comparison
between the results.

If we consider just as an example, a case wereedicts occur at the same time at the lowest
simulated level we have the result of the Tablevith the comparison with the base case values.

Table 11: Impact on system parameters when allkctiefeccur simultaneously

Refrigerant Subcoolingl Superhe
BP ©a)| fioy (kg9 | EER

=

. | P HP
(kw)

(KW) | (bay (°0) (°C)

Fully degradate| 7.6 3.2 21.7 6.2 0.046 2.4 10.3 18.3

It should be noticed that the global effect is walan the single defects but not simply their sthm:
defect effects can compensate or prevail, in suchsa detection is too difficult if it is only basen
the observation of the parameters. Other critdridetection and diagnosis should be considered.

The defects will be studied more in detail usingatyic simulations that allow observing the effects
of the partial load behaviour of the degradatedesysand the seasonal defect performance.

2.7 Model for seasonal simulations

The ORNL programme allows us to describe the systefixed outdoor and indoor conditions but
does not allow performing dynamic simulation thamh énclude other aspects such as control, cooling
load and occupants or weather data. The programonsdclim [Consoclim 2002] has been used in
order to couple the defects to a dynamic operatican complex approach: it gathers building model,
cold generation and distribution models and allewsual simulation with defined weather data and
occupation scheduling.

The cooling capacity and power at different indand outdoor conditions are taken into account in
Consoclim using the following relation for coolimgpacity P. ) and absorbed poweP{ ) at non
rating conditions, full load:

R_fl = Rrated. (1+ Da. (Ti_con- i_conated )+ Do. (Ti_eva- i_evaated )) [29]
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= L 2
R = £ (1+C.DT+C2.DT?) [30]
_ R+
EER =5t [31]
Ti_con Ti eva
DT= = - = 32
(Ti_co”rated) Ti_e"@ated [ ]

Where:

Ti co=inlet temperature at the condenser (K)

Ti evainlet temperature at the evaporator (K)

C., C,, D; andD, constants

_rated= index for parameters defined or calculated t@draonditions

The partial load behaviour of the air conditioreetdaken into account and is characterized by a mode
load (shown in Figure 37) of the type:

EERI_ Load
EER  Load+k [33]

With k=0.1 and 0koad<100 % [Dougherty 2002].

EER,
EER

1.0

0.8 //
o

i/
0.2 /
0.0 ‘ ‘ ‘ ‘
0%  20%  40%  60%  80%  100%

Load

Figure 37: Partial load efficiency in function dfe load

The previous Mark V simulation campaign has beadus define the parametdds, D,, C; andC,
which are different for each defect and these hmeen determined for the reference and degradated
system using the least square method. Nine poaits been obtained with the program in the range
of temperature$1-T2 (Table 12).

-43-



Table 12: Indoor and outdoor temperature combinadio

Indoor temperature (°

Outdoor terﬁperature( (("%I) 21 25 21
21 21-21 25-21 21-27
27 27-21 T2 27-25 27-27 12
35 35-21T12 35-25 35-27 1))

The use of nine points seems to be accurate enoudéfine the equipment characteristics. Adding
more points seems not to improve significantly thedel: one more point improves slightly the
capacity model and does not improve significantlg power model, increasing on the other hand

significantly the number of simulations.

The capacity and absorbed power are thus define@d disnction of the indoor and outdoor
temperature. The models obtained with the coeffisiéor two different cases (base, filter fouled a

shown on Figure 38.

Fixed Indoor Temperature 25°C

9.8
+ Reference case

g 93 \\Tﬁed n
S
2 8.8 — —
g \(\)\
@
O 83 —

78 T T T T

24 28 30 32 34 36
Outdoor temperature (°C)
Fixed Indoor Temperature 25°C
- 34
g 32 /_//_/_/,/
o
2 31
5 /
3 / = Reference case
a 29 s ) —
< v g o Fiter fouled
24 28 32 36

Outdoor temperature (°C)

Figure 38: Capacity and absorbed power versus ootdemperature for reference and filter fouled case

The table below shows the main results of the timegression model for capacity for the reference
case with the coefficienD; and D, that have been determined, all other cases witbctie being

treated in the same way.

-44-



Table 13: Regression parameters for capacity ferrésference case

Outdoor Indoor P.. from| P.,fromthe | Residuals| Quadratic Error
Temperaturel Temperature Mark V | equation [29]| Pc-Pc (Pc1-Pe)?

(°C) (°C) (kw) (kw) (kw) (kw2)

35 27 8.697 8.70 0.0000 0.0000
27 21 8.188 8.09 0.0976 0.0001
35 21 7.345 7.66 -0.3181 0.0102
27 27 9.159 9.12 0.0360 0.0000
21 27 9.268 9.44 -0.1752 0.0009
35 25 8.697 8.36 0.3332 0.0123
27 25 8.894 8.79 0.1036 0.0001
21 25 9.047 9.11 -0.0594 0.0000
21 21 8.509 8.41 0.0991 0.0001

The coefficient of determinatioR?for the capacity is 90 %; the model is considexddpted. For the
absorbed power the error is slightly higher becadisbe sum of the errors on the absorbed power and
on the capacity (as shown in the formula [30]). Tesiduals of the power and of the capacity are
shown in Figure 39: the error is never higher thdew percent and no systematic tendency appears.
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4% 3% -

3% | 295 |

2% | 1% _’>

1% + 0% , , , , : : :
1% | 274 275 275 2. : 15 3.
_2% a
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N
N
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N
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¢
[¢§]
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«©
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Absorbed Power (kW)

Capacity (kW)

Figure 39: Residuals of the regression for the @fyeand the absorbed power of the modelled theresice
case.

2.8 Reference buildings characteristics

The characterizations of the degradated operatfothe split unit are used for further dynamic
simulations linking degradated systems with theraf@nal conditions in typical French office and
residential buildings. Office buildings are chaeaidted by internal load very similar in general aod
specific use that can strongly differentiate thddmgs in the stock. For each building, two French
climates are considered representative of two mdiffe French weather conditions: Trappes as the
typical North continental climate and Nice as tlgpidal temperate Mediterranean climate. The
weather files those of the French thermal regutatacd 2000. The buildings are made to be
representative of existing building with an enveldpermal resistance respecting the French thermal
regulation of 1988. An extended description ofghmulated buildings is given in annex 2.
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Table 14: Installed split unit cooling capacity fibre simulated buildings

Office Building
Unitary rateq Installed o -
Number of - - Sizing ratio
. capacity capacity | Area (m?)
Splits (kW) (kW) (W/m2)
Trappes 18 8.7 157 762 205
Nice 24 8.7 209 762 274
House
Unitary rateq . -
Number of ; Installed Sizing ratio
Splits C?lf\?v(;'ty capacity Area (m?) (W/m?2)
Trappes 1 3.3 3.3 51 65
Nice 2 8.7 17 85 205

The reference consumption for the two building s/pakes into account the different zone
consumptions and a small oversizing factor is &gpéis it can be easily encountered in the reatity:
the office building this capacity considered is abthe 30 % higher of the needs calculated with the
sizing method suggested by the AICVF [AIC 1996]r fee house this value reaches 50 %.

The use of air conditioning in the living roomstire case of the less hot weather is not justitiee,
demand being too small.

The annual consumption due to the air conditiofionghe base case for the two buildings in the two
separate climates is shown in the Table 15 asarsdated to the air-conditioned area.

Table 15: Annual Consumptions ratios for an ofacel a house for two climates.

House: annual electrical consumption for AC
(kwWh/m?2)
Trappes Nice
Bedrooms 5.2 195
Living rooms X 3.3
Total 5.2 9.1
Office: annual electrical consumption for AC
(kwWh/m?2)
Trappes Nice
Office A 13.6 35.9
Office B 16.4 37.6
Meeting rooms 2.6 12.0
Total 125 31.1

2.9 Buildings seasonal performance with degradatgdit

The following analysis allows estimating the effeof the defects for different defect intensity anyd
to find laws that could be easily applied in an iaymtocedure to quantify first savings due to
correction of the defects, improvement of mainteeanithout major intervention on the system.

In the following figuresE, s andE. rindicate the annual energy consumption and thé ¢otaling
energy for the reference case whHigandE; indicate the annual energy consumption and tha tot
cooling energy for the case of the defect in caersition.

All the simulated defects and building results gaithered in the annex 3, in this part we will stow
each defect only some results in order to makexipéanation lighter.
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2.9.1 Building with refrigerant leaks

As it has been seen in the case of previous staddtel, the loss of efficiency due to refrigeramtide

are significant for leaks over 10 % of the initedarge. This defect does not increase the overall
consumption; it can decrease or increase follovliegcase.

In the hotter simulated climate, the overconsunmpti® decreased but there are large period of
discomfort that can reach 16 % and 20 % of thd mtaupation period respectively for the office
building and for the house.

In Trappes, the consequences are less importantreduction of efficiency leads to a light over-
consumption that decreases with a small coolingggnesduction (99 % and 97 % for the office
building and for the house for a charge reductibr2@%) with very low impact on the comfort
(discomfort less than 2 %).

Office building
104%
102% x : — ]
100% C
98% r
96% r
94% r
92% r
90% ‘ ‘ ‘ i
0% -5% -10% -15% -20%
Charge reduction
+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
= Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 40: Effect on the annual cooling energy démel energy consumption for an office building icéNand
Trappes for reduced refrigerant charges.

In this case, it is more an issue at comfort letled capacity being reduced, discomfort periods
(considered for indoor temperatures higher of thiep®int of more than 1 °C) become significant
reaching 15 % of the occupation cooling time inéNiior the offices oriented to South (Figure 41).
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Figure 41: Subsequent discomfort for reduced refiggnt charges for an office building in Nice

We have to highlight that the seasonal performarazesoverestimated by the model in all the
simulated cases because they do not include tbeetaffie to the increased latent part of the cooling
capacity that would reduce further the cooling ggiarsed to lower the air temperature, increase the
operation time of the system and probably incréatkermore the discomfort rates.

2.9.2 Building with condenser fouling

The fouling of the condenser, since it has no irhpache cooling capacity of the system but only on
the electrical consumption, allows always respectine temperature setpoints but increases the
annual energy consumption. The relation betweenotre-consumption and the reduction due to
fouling is linear R20.95 for all the simulated buildings) and quitedépendent from the climate. It
has very similar impact for Trappes and Nice irhbeses of house and office (Figure 42).

105%

104%

103%

102%

EdEaref (0/0) .

loo% Iw T T T T T
0% 20% 40% 60% 80% 100% 120%

Additional condenser pressure drop (%)

Office Trappes Office Nice = House Nice e House Trappe#

Figure 42: Effect on the annua energy consumgionhe office and house buildings with fouled cemskr.
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2.9.3 Building with fouled evaporator filter

The fouling of the evaporator filter has an effeiatilar to the refrigerant leaks: the cooling capeis
reduced and the sensitive to total cooling capa@tio is lowered. This time, the model allows
partially taking into account this effect in thdazdations through the reduced evaporator airflow.

As a consequence, in all simulated buildings, atligver-consumption has been observed, while
higher cooling energy is produced to compensatditjieer latent heat removal (Figure 43).

Office building

104%
103%

102% -

101% _——

99% T T T T T
0% -5% -10% -15% -20% -25% -30%
Evaporator airflow reduction (%)
+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
Trap Ea/Ea_ref (%) » Trap Ec/Ec_ref (%)
Figure 43: Effect on the annual cooling energy démel energy consumption for an office building ftberf
fouling.

When the filter is fouled, the systems work witlgtrer load rates (Figure 44) and for a longer time
(increased operation times on average by 10 %)awipg slightly the efficiency following the part
load behaviour defined in Figure 37 and in somesasproving seasonal efficiency.
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Figure 44: Yearly cooling load curves for office tbfferent filter fouled conditions

2.9.4 Building with worn compressor

The leaks between the valves of the compressor tieamer consumption but influence also the
cooling capacity of the system, leading to somefoonproblems in the hottest climate. The effect is
quite the same for Trappes as for Nice, as we hatieed in the paragraph 2.5.4, since the defect is
not dependent on the outdoor temperatures.

Office building

108%
106%
100%
98% ‘ ‘ ‘
0% -4% -8% -12% -16%
Compressor efficiency reduction
+» Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
Trap Ea/Ea_ref(%) = Trap Ec/Ec_ref(%)

Figure 45: Effect on the annual cooling energy &nel energy for an office building with a systemhwéduced
volumetric efficiency of the compressor.

The consumption increases while the discomfort figuow on average by only 3 % for the office in
Nice and there is no discomfort in Trappes, asavethat the capacity remains quite the same.

2.9.5 Building with additional pressure drop in theliquid line
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The restriction of the liquid line can have a difflet impact on the system seasonal performance
depending on the climate and the building type.dHothe simulated cases, the lower system capacity
leads to an increased loss of comfort and to are&sed annual time of operation. The system can
work up to 20 % longer for an additional pressuapdf 30 % for the office building in Trappes.

Office building

102%
1OO%J~ R
98% | \ .
96% -
94%
92% -
90% ‘ ‘ ‘ ‘ ‘ ‘
0% 5% 10% 15% 20% 25% 30% 35%

Additional pressure drop in the liquid line (%)

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%b

Figure 46: Effect on the annual cooling energy &nel energy for an office building with a systerrhwit
additional pressure drop in the liquid line.

The seasonal performances are over-estimated bydbel in all the simulated cases because they do
not include the effect due to the increased Igtant of the cooling capacity that would reducetart

the cooling energy used to lower the air tempeeatuncrease the operation time of the system and
probably increase furthermore the discomfort rates.

2.10 Conclusions of analysis of the split units defs

Once we identified a set of frequent defects tleaup during the normal operation for split systems,
their impact on the performance has been defined)usthermodynamic model. The degradation of
the system has been introduced in dynamic simul@ti@rder to investigate the effect on the sedsona
energy consumption and on the comfort of occupiante/o typical French buildings (a small office
building and a house) for two different climates.

The following defects have been considered: fouleddenser, refrigerant charge leaks, reduced
compressor volumetric performances, filter foulargl additional pressure drop in liquid line. Aleth
defects have shown important impacts on the co@amacity and/or on the system consumption.

The defects kept can be sorted into two types tdatle defects that can be mainly source of over-

consumption as condenser fouling and defects #nat their main effects on the cooling capacity and

comfort aspect (while the annual consumption cafobad reduced or not depending on the case) as
filter fouling, compressor leaks, refrigerant leaksl liquid line restriction.

Several observations have been possible on theuladd annual energy consumption and
temperatures. The oversizing factors applied in ¢bexmon sizing process allows guaranteeing
comfort in many cases of defects, and discomforiodebecomes very long only for extreme
conditions.

General trends can be found in many cases to ntee@iscomfort and the over consumption effects.
Starting from the nominal operation characterisfithe system (from design and manufacturer data)
the inspector should be able to estimate the iitfent the defect and from the curves presented to
estimate the consequences in terms of consumptidndescomfort. He/she can also forecast the
future behaviour of the system.
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Refrigerant leaks check should be a priority fa& &uditor: for the energy and comfort consideration
but also in order to limit the atmosphere contatigmawith the refrigerant with high global warming
potential.

The condenser should then be inspected with cataule it has the most important impact at the
consumption level: the inspector can estimate Vligtiae fouling (amount of debris and dust on the
fins) or measures the airflow with the techniquggasted.

The filter fouling leads the system to operate Em@nd in dangerous conditions (with lower
superheat). The status of the filter can be viguatiecked or estimated by asking to the owner the
summary of maintenance operations.

Compressor problems are more difficult to detedt @guire the catalogue values (often supplied by
manufacturers for several outdoor and indoor cai) as reference consumption, the absorbed
power being easily measured. However the compredsfact degradated quickly to compressor
failure and if detected should be immediately regghiin order to avoid the failure and the

replacement of the compressor that is the moslycoasit of the system.

Additional pressure drop in the liquid line leack trefrigerant to pre-expand and lower the system
performance and the cooling capacity. It can bédyesepaired at low cost (replacement of the line).

For the defect detection and diagnosis the charsitteeffects are showed in the figure below oa th
thermodynamic cycle of the R22: the parameters eosidg pressure, evaporating pressure
subcooling and superheat are useful to detectdfexdand distinguish each defect from the others.
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Figure 47: R22 cycle modifications for the analysiefects
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The thermodynamic cycle does not allow represeritigeffects on the performance, on the capacity
and on the absorbed energy. We summarise thegaseiifiethe Table 16 with further detection hints
that can be used for the defect detection.

Table 16: Defects characterisation with parametggasitivity and detection hints

Symbol legend:

nts

1=

1 Increase . ;
| Decrease P P, EER Other detection hints
~ Stable
Refrigerant Leaks l ! l Oil marks, leaks techniques
Condenser Fouling e 1 l Condenser airflow measuremet
; ; Evaporator airflow and supplie
Evaporator Filter Fouling ! l ! airFt)emperature measure?npent
Compressor Valve Leaks l ~ l
Large temperature difference i
Liquid-Line Restriction l -1 l the liquid line, when the system

put off slow equalisation of

— 0
(%]

pressures

Refrigerant leaks can be distinguished by evapofatding and additional pressure drop in the Idjui
line that if all lower the operation pressures, gubcooling effect are different: it is lowered for
refrigerant leaks, it is unchanged for the filteuling and increased in the case of liquid line
restriction. The condenser fouling result to be ahty defect that raises the high pressure, white t
compressor loss of efficiency is the only one thateases the lower pressure.

At building level, on the seasonal performance te&f simulated buildings, the observation of the
parameters for each defect are summarised in Tabl€he effects are shown for unitary defect level,
with the assumption of linear dependence althoughis true only for condenser fouling. The table
put in evidence the defects that lead to discomforibverconsumption and those that increase the

operation time of the systems.
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Table 17: Defect effect on the seasonal performémictne simulated buildings.

Effect for 1% Efifr(?g[efg;elg/o ErfefSSE:{ioornlg/fo Eff(lag;;o(;fl% Effect for 1%
refrigerant charge condenser evaporator volumetric pre"SqSuL;(rje”?]léOp n
pressure drop airflow efficiency
Discomfort 0.10% 0.03%
Trappes Consumption 0.04% 0.21% 0.07%
Operation duration 1.20% -0.02% 0.38% 0.12% 0.60%
Office Loss of Seasonal EER -0.10% -0.04% -0.18% -0.10%
Discomfort 0.65% 0.09% 0.33%
Nice Consumption 0.04% 0.06% 0.15%
Operation duration 0.65% -0.02% 0.38% 0.12% 0.60%
Loss of Seasonal EER -0.20% -0.04% -0.18% -0.17%
Discomfort 0.10% 0.06% 0.33%
Trappes Consumption -0.25% 0.04% 0.13% -0.07%
Operation duration 0.20% -0.02% 0.12% 0.09% 0.43%
House Loss of Seasonal EER -0.10% -0.04% -0.15% -0.23%
Discomfort -1.00% -0.09% 0.53%
Nice Consumption 0.05% 0.13% -0.10%
Operation duration 0.95% -0.02% 0.27% -0.18% 0.60%
Loss of Seasonal EER -0.30% -0.04% -0.21% -0.07%
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3 Analysis of defects occurring during the operatio of
chiller systems

3.1 Stock of chillers and determination of relatetergy stakes

Chillers represent one of the wide spread air dardhg technologies in Europe for centralised air
conditioning systems. They are used in air congiitig coupled with different types of terminal units
such as air handling units, fancoils, chilled beatts Moreover they can differ by refrigerant fluid

compressor technology and condensing fluid (aiwater). Capacities can go from some kW to
several hundreds.

In 2003 chillers represented the largest sharbeofir conditioning stock as reported in the EECCAC
study [EECCAC 2003]: 62 % of the units as in tlgfe below.

VRF
1%

Rooftops

Split>12KW
32%

Chillers
62%

Figure 48: Air conditioning stock (number of unite} system type in 2003 for France [EECCAC]

In France the chiller air conditioned area (alhte@logies mixed) amounted to Kim2zin 2003, and
its growth forecasted in EECCAC has been confirtnethe recent market data.

Thus the chiller stock is important but it is diffit to know its status and age: no extensive study
exists about the service life of a chiller and teplacement rate. The value of 15 years as chiller
lifetime is globally accepted, confirmed by the ASME project about operating cost [ASHRAE
2005] that reported for all technologies an averafg@5 years on a sample of 270 chillers, but the
variation of that the sample goes from 0 (chilldast failed in less than one year) to 35 years.t\bs
the chillers reported are still in operation. Moeztain data are on rotary chillers were on a sarapl

37 replaced chillers, the mean life was 27 yeath wilow value of 7 years and a maximum value of
52.
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Chillers are used in different building sectors ifthain commercial sector) and can be also used for
refrigeration (with cold temperatures below 0 °QYlost of them are regularly maintained
(maintenance for availability).

They enter in the frame of the inspection forigerant leaks stated by the European Community for
systems with refrigerant charge higher than 3 KgeyTwould be probably one of the most frequent
systems subject to the inspection stated by theggrieerformance Building Directive. For all these
reasons, the inspector or auditor can meet maifsrelift scenarios.

In this work we imagine the most common scenarat #m inspector could meet and we tried to
understand which are the problems he/she shoulkdftwsoWe analyse then the more common defects
for a common chiller machine in a common context.

Particularly, we developed two main aspects of grat#ated operation of a chiller due to equipment
defects:

» The impact on the energy aspect namely on theeffiy and capacity
» The definition of detectable parameters that charese it

The first aspect will allow us to develop quantitatenergy indicators for the consequences of a
defect in typical situations.

The second aspect will allow us to define “on fieitdeasurements for defect detection with the
minimum measurement tools possible or to interpghet logged measurements of an Energy
Management System, when available, that can gieenration on the past operation of the system.

These results could be used to enhance audit apédtion procedures for defect detection and the
energy parameters would allow economical analysi feasibility for repair or renovation. To do
this, we followed the methodology explained in thiest chapter. A high level view of the
methodology is shown in the Figure 49.

Defect literature review
Qualitative analysis

v

Static simulation: energy effect at
Fixed indoor and outdoor conditions
Analysis of Parameters sensitive to defec

——

Comparison with literature experimental data
Detection hints

v

Seasonal simulations: system in real situatign,
coupled with typical building and weather filels

Figure 49: Steps of the methodology developedimdefects analysis
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3.2 The representative chiller chosen

The study needs to target a chiller spread onttheksBeing the most present in the 2005 stock, an
air-cooled chiller was chosen as reference as sliwwme Figure 50.

Water

cooled
18%

Condenserless
5%

Air-cooled
77%

Figure 50: Chillers condensing technology for 2@0&rket in terms of number of units [Eurovent 2005]

The representative chiller ratéER has to be of Class “D” following the Eurovent difigation
(2.5<€EER<2.7) product, in order to avoid targeting a tommer chiller and neither a too poor
performance chiller technology. Scroll compressiechnology is the most widely used [EECCAC
2001] for middle chiller capacity (<750 kW).

The chiller with the targeted characteristic wasilable from the work of Riviére [Riviere 2004]: we
could retrieve for the chiller all the system cluaegistics and the performance obtained for several
experimental points. The representative chilléf58 kW of rated capacity and rate&Rof 2.63. The
chiller presents four capacity stages with two wcoempressors tandem that can be used for four
different load conditions: 100 %, 75 %, 50 % and2%Figure 51).

-58-



@ 4~ O O D

OO &0 C::oO o0 T T

5

Compressors
Finned condenser
Expansion valve

Plate evaporator

a0 Dn e

Water network

Figure 51: Scheme of components of the origindleshi

The two parallel compressors in a tandem are orsdinge refrigerant network. We consider in our
model just half of the system (Figure 52): two coaggors working on the same refrigerant network.
The behaviour of the global machine is the restiltwm identical machines. In this way we can
consider the several capacities of system: the dbwlearge level has a capacity of 40 kWkh one
operating compressor, the tandem has a capacity k¥V, while the global system reaches a cooling

capacity of 150 kW.
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Figure 52: Air-cooled chiller components
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The condensers, two finned tubes condensers, aippegl with six fans with a nominal airflow of
48 000 nYhour (8 000 rithour per fan).

The evaporator is a brazed plate heat exchangeratad water flow is 7.4 .

The system uses as refrigerant R407C. Although iRZ2ill the most widely spread fluid both for
chillers and for splits (from the maintenance fldata of the “Inventory of refrigerant fluid” [Bault
2007] we preferred examine a chiller using R407Qvi@ main reasons.

Firstly, R407C is the most commonly used refrigefamew equipment and it is used for R22 drop
in: it represents 56 % for new equipment and ritvdiile other fluids are R410A (17 %) and R134A
(25 %).

R407C gave us the opportunity to observe the efbéaiefects of operation for refrigerant with
temperature glide in unsaturated vapour region.

Moreover, as a difference with the first part otivork, we can believe that while for small split

system, the phase out of R22 would be slower becatithe low maintenance level of this system
type, for chillers the drop in would be faster dahd situation presented in the maintenance data wil
be dominated in some year by R407C.

3.3 Review of the literature about chillers defects

The chiller problems in operation have been stubiedeveral authors, mainly through experimental
work and most for automated FDD (Fault detectiod diagnosis) development. Some reference
works are detailed hereunder.

The first reference of performance monitoring aaultfdetection can be found in 1996 in the work of
Stylianou et al. [Stylianou 1996] for four faults water-water reciprocating chillers: refrigeragdak,
refrigerant line flow restriction, condenser wasate flow resistance and evaporator water side flow
resistance were tested.

Several authors studied purposely the effect ofréfggerant charge on the chiller performance:
Grace et al [Grace 2004] observed experimentaysensitivity of the performance to charge level
for a small (4 kW) water-to-water reciprocatingl@riequipped with a thermostatic expansion valve.

Choi et al. [Choi 2004] investigated the effectsief expansion device on the performance of a water
to-water heat pump using R407C and compared R2ZRd40dC performance for several conditions
of charge using capillary tube and electronic expanvalve.

Bailey [Bailey 1998] presents a study involving theration of a 250 kW helical rotary, dual-cirguit
air-cooled chiller while three independent variabkre experimentally altered: refrigerant charge
level within the chiller plant, outdoor air temptna, and percentage nominal chiller load. Theehil
consists of one direct expansion evaporator wittual-circuit configuration and two independent
refrigerant circuits, each including a screw corspog with an electronic expansion valve.

Mcintosh et al. [McIntosh 1998] developed a dethiteodel based on a centrifugal chiller for FDD, it
studied the detection of: condenser water flow cédn, evaporator tube fouling, condenser tube
fouling, compressor internal faults, motor/transsiga faults.

With a particular interest Comstock et al. [Comk@®6001] presented the results of a fault survey tha
was conducted among the major American chiller rfaaturers in order to identify the most common

and expensive faults that occur in chillers. Theltfalata are presented in terms of frequency of
occurrence and relative cost to repair for diffenller types.

Comstock et al. [Comsotck 2002] also presented raxeatal data from laboratory and results that
provide a basis for development of fully automakdaD applied to a centrifugal chiller (316 kW)
based on the previous defect review. They invesihaight defects: reduced condenser water flow,
reduced evaporator water flow, refrigerant leak&rotarge, refrigerant overcharge, excess oil,
condenser fouling, non-condensables in the refiigedefective expansion valve.

From the literature review and considering our raddtogy of research, we could target our analysis
on the following defects:
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Fouling of the condenser on the airside
Refrigerant leaks
Non-condensable presence in the condenser

Clogged expansion device

YV V V V VY

Compressor faults
» Evaporator fouling on the waterside

Some defects are not taken in consideration bedaasauch difficult to include in the model such as
excess of oil because of the neglected oil presentdge model or the refrigerant overcharge due to
the model limitations.

3.3.1 Refrigerant leaks

All refrigeration systems can potentially leak besa the pressures in the system are usually many
times higher than atmospheric. Refrigerant lossegribute to the reduction of the efficiency of the
system, leading to increased power consumption {@dlee lack of capacity and the longer times of
operation of the system) greenhouse gas emisdiigiser maintenance costs and eventual system
failure.

A low refrigerant charge can be caused by leakdgesg the refrigerant recharge activities, a wrong
fill at the start up, leakages in the damaged $oantd bad sealing. Chillers are more subjected to
refrigerant leaks than split system, this becabeg tire more often assembled on place and they can
be more subject to vibrations. Moreover, when nell werformed, the interventions for maintenance
can also be source of leaks.

The leaks bring to a global lower pressure levahefsystem reducing at the same time the capacity
and the absorbed power (Figure 53). If the initiadrge of the system is correct, its reduction will
bring to a lower efficiency.

Possible observation ¢———— Defect/ Effect ——————— Energy Effect

Refrigerant

leaks

| Refrigerant

massflow + Capacity
Refrigerant i
L LP 4 Chiller
Pressure \Hp [l LowerAP consumption
measurements l

| Subcooling

Spy
Legend
HP: condensation (high) pressure LP: evaporation @w) pressure
DP: pressure drop HP-LP EER:Energy efficiency ratio
| : decreased parameter t :incresed parameter

Figure 53: Defect tree for refrigerant leaks
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One of the consequences of the refrigerant leaks @hange the mole fraction composition of the
refrigerant and changing also its properties. Meeedhis composition change is different following
the leak its in correspondence of a vapour or digiate [Johansson 2001]. The change in composition
will be neglected in our analysis.

3.3.2 Condenser fouling on the air side

The condenser is a finned tube heat exchanger.tjiesof fouling is representative of a build-up of
debris on the face of the condenser coll, it caasesdditional heat transfer resistance and redhees

total flow rate of air across the coil. Many stigdaxist on the modelling of the mechanism of faglin

for this type of heat exchangers as already predentthe part about splits [chapter 2.4.2].

The effect of this defect is more relevant for tleuction of the airflow induced by the increased
pressure drop following the characteristic of operaof the condenser fan than the reduction of the
heat transfer due to the additional thermal reststaf the dust deposited [Haghigi 2007].

The heat transfer reduction at the condenser smleesithe high pressure increase with consequent
higher compression power required, the low pressigieeremaining the same (Figure 54).

Possible observatios——— Defect/ Effect— » Energy Effect
~ Condenser
fouling
Fan power, * *
airflow L Airflow at | Heat
measurements condenser exchange
(negligible)

- Larger t Compressor
AP power

HP
measurements

Legend

HP: condensation (high) pressure LP: evaporation @w) pressure
DP: pressure drop HP-LP EER:Energy efficiency ratio

| : decreased parameter t :incresed parameter

Figure 54: Defect tree for condenser fouling

3.3.3 Presence of non-condensable gazes

When first put into operation, most refrigeratigrstems can contain gases other than refrigeratt tha
have different condensing temperatures and canimeimaapour state all along the operation of the
system. These gases may also accumulate in thensyhiring the operation. They are commonly
referred as non-condensable. Non-condensable gasd®e a mixture of nitrogen, hydrogen, oxygen,
chlorine and other gases. The undesirable gases fram outside the system and are drawn into the
compressor along with oil and through leaks intmistuffing boxes and the like when the system is
operated under a vacuum. They can also enter irthiglesystem by improper evacuation before
charging (when the system is temporarily filledhwititrogen), through the lubricant if under thethea
of compression various chemical reactions happehinwthe system and in contamination of the
refrigerant supply.

-62-



When present, non-condensable gases collect ohigheside of the condenser and along the wall
(Figure 55) resulting in a higher condensing presstihese gases form a resistance film over some of
the condensing surface, thus simultaneously logettie heat transfer coefficient. The resistance is
very high compared to the other thermal resistaticaswe can consider it neutralises a portiorhef t
exchange area (Figure 56). Non-condensable gasebecaliminated to a large degree by purging
device$ that should be used properly in order to avoidgefant leaks.

Fins

Refrigerant
Refrigerant inlet

Q—|

. Non-consensables

O Refrigerant (gas)

Refrigerant (unsaturated) L

@ Refrigerant (liquid) < ‘/\

Tubes

Figure 55: Non-condensable gases accumulationencttndenser

2 ASHRAE handbook equipment, ARI Standard 580 "Nom@msable gas purge equipment for use with low
pressure centrifugal liquid chillers”.
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Possible observatiom——— Defect/ Effect

HP

measurements
when chiller off

|

Non-condensables
in condenser

!

| Surface for
exchange

Larger
AP

» Energy Effect

t Compressor
power

Legend

HP: condensation (high) pressure
DP: pressure drop HP-LP
|\ : decreased parameter

LP: evaporation @w) pressure
EER:Energy efficiency ratio
t :incresed parameter

Figure 56: Defect tree for non-condensable gasahérefrigerant loop

3.3.4 Valve defects
Expansion valves may fail in these ways:

» Clogging or blockage

» Sticking either open or closed, or partially opermlosed

» Loss of proper metering ability due to wear, oiirgarnal failure

Any of the above conditions could cause the wromgunt of refrigerant to be introduced into the
evaporator, which could lead to improper systemratpm. Any of these problems will require
replacement of the expansion valve. The most eneceth problem is the clog of the valve by debris

introduced in the refrigerant loop and it will eetonly one taken into account in this study.

Once debris are stuck in the valve, the reductioie cross section of the valve reduces the amount
of circulating refrigerant flow reducing the heatbanges: the capacity is lowered, at the same time
the compressor would compress a lower mass, thetsss power would be lowered too. The global

effect is anyway an efficiency reduction (Figurg.57
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Possible observatios—————— Defect/ Effect » Energy Effect

~ Defect on TXV
(Clogged)
|
v v
Superhea_t and t Superheat | Refrigerant | Capacity
subcooling . fl I
| Subcooling ow
Measurements |
Refrigerant #
Pressure LllHLPP — AP ! Cor:v[\)l;erssor
Measurements P
| EER
Legend
HP: condensation (high) pressure LP: evaporation @w) pressure
DP: pressure drop HP-LP EER:Energy efficiency ratio
| : decreased parameter t :incresed parameter

Figure 57: Defect tree for clogged valve

3.3.5 Compressor faults

Scroll compressors represent nowadays one of tis teehnologies on the market for their
robustness. They display a certain number of adgmst compared with other compression
technologies such as reciprocating compressorgeLanction and discharge ports reduce pressure
losses incurred in the suction and discharge psesesAlso, physical separation of these processes
reduces heat transfer to the suction gas. The ebseinvalves and re-expansion volumes and the
continuous flow process result in high volumetritficeency over a wide range of operating
conditions. Scroll compressors offer a flatter @dyaversus outdoor ambient curve than reciprocgtin
products, which means that they can more closeprageh indoor requirements at high demand
conditions. It includes a minimal number of movipayts compared to other compressor technologies.
Since scroll compression requires no valves, impaiste and vibration are completely eliminated.

Defects can occur at the internal level (for examphen lubrication is not proper) and have direct
impact on the compression and on the isentropicieficy (Figure 58), or at the external level oe th
motor or transmission with an impact on the absdbiimver of the compressor. Only the first type of
defect will be considered. The second is an extdosa of performance and have as effect only the
increase of the absorbed power; it will not belys®l more in detail.
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Possible observatiom—————— Defect/ Effect » Energy Effect

Compressor defect

t Chiller
consumption

Compressor | isentropic
consumption efficiency

Compressor
protection

T compressor

temperature
cut-out P
Legend
HP: condensation (high) pressure LP: evaporation @w) pressure
DP: pressure drop HP-LP EER:Energy efficiency ratio
|\ : decreased parameter t :incresed parameter

Figure 58: Defect tree for compressor problems

3.3.6  Evaporator fouling or corrosion on chilled wer side

The evaporator is a chevron brazed plate heat egehaPlate and frame heat exchangers, more
commonly known simply as plate heat exchangers @laie their higher efficiency in heat transfer
to their plate design that features the presenceoofugations or “chevron” (Figure 59). These
corrugations force the flow in the plate channel®tperience a continuous change in direction and
cross-sectional flow area.

Figure 59: Plate heat exchanger

As a result, turbulence normally expected at hidloev velocities is induced at lower flow velocisie
A higher level of turbulence leads to higher heansfer coefficients and, consequently to a lower
heat transfer area requirement for plate heat exygha. For the same heat load, the heat trandar ar
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required in plate heat exchangers is consideraihel than that required in shell and tube heat
exchangers. Moreover the cost of the heat exchasgeduced thanks to the use of less material.

Despite their obvious potential for cost and enesgyings, plate heat exchangers are not as widely
used in the chemical and process industry as otioge conventional heat exchangers such as the
shell and tube. One of the main reasons behindligssin the uncertainty of the performance and
reliability of plate heat exchangers when foulingpresent. Scarce scientific research works hage be
found on the fouling mechanism for this kind of heechangers. This is due essentially to scalimg, t
chemical deposit layers such as calcium carbormateagnesium carbonate. The main effects are the
reduction of the heat exchanger coefficient aneldaiction of the efficiency of the global heat tfans
[Bansal 2000].

Some reasons of having deposits specific to pled éxchangers are:

» The plate heat exchanger inlet dimension is bigpamed to the inlet between the plates,
which leaves a volume area for sedimentation afigal and other impurities.

» Larger substances like pebbles in the supply wandrfree rust after dissolving of limestone
in the pipelines, which cannot pass between thepknd are deposited in the inlet.

» Impurities of various sizes, which can fasten soheye between the plates, causing turbulent
flow and dead zones, subject to deposits (limee$cal

The global effect of the fouling is contrasted a®pends on the localisation of the fouling parsicle
local deposit formation near the exit would havsignificant effect on the pressure drop, while its
effect on the heat transfer performance of ther@mtiate would be considerably less. At the same
time, partial blockage of the flow width in the hé&@nsfer section increases the local flow velesit
and hence the film heat transfer coefficients, Whpartly compensate for the additional fouling
resistance.

We develop our interest only on the second typlewiing, the first one generally being solved bg th
use of simple filters in the water loop.

The existing literature concentrates on the scadihgalcium carbonates, as it is the most common
scale compound. The main parameters influencingstading are the water temperature, the flow
velocity and the concentration of the particlese Té¢hemical phenomena are complex and their
explanation is out of subject of this dissertatidfe will then focus only on the main results of the
literature.

We can resume the effect of scaling on the follgweffects: it adds a fouling heat transfer resigtan
while the deposition layer reduces the cross secidhe heat exchanger and introduces an additiona
pressure drop. It has been observed that scalinghfvron PHE impacts more on region where the
flow is lower; the share effect due to the highileelocities leads to a lower scale in zones near t
diagonal (Figure 60).

=)
-
=

=

Figure 60: Picture of ﬂ/'pi'c_éd fohlé\dhpl‘atefrom Bsaah [Bansal 2000]
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Although in the literature results the scaling igform on the plates, it is also highlighted thia¢ t
experimental samples use in general a limited narobplates (often four) and for larger numbers of
plates (>20 as in our case) maldistribution is gsvabserved.

Little do we know about the global effect on thafpenances: the plate heat exchangers scaling
contrasting effects are difficult to estimate qiadively and they are greatly influenced by thatige
magnitude of the heat transfer coefficient on the sides of the plate (water and refrigerant) which
are difficult to estimate without enter into quéative evaluations (Figure 61).

Possible observatio#—— Defect/ Effect——> Energy Effect

Evaporator Fouling on
water side
l
v
Measurements 1 The cross
pump section
consumption,
water
temperatures { pump
consumption
t Waterflow P
resistance
[ 1 water At
{ waterflow L 2 \ 4
+ Waterflow Add a fouling
local velocity conductive
resistance
v
? HX coefﬁglent on Lp 2 I Chiller
water side capacity ?

Legend

HP: condensation (high) pressure LP: evaporation ¢w) pressure

DP: pressure drop HP-LP EER:Energy efficiency ratio

|\ : decreased parameter t :incresed parameter

Figure 61: Defect tree for evaporator fouling

3.4 Definition of the chiller model and its validein

3.4.1 Model component and structure
The model used to simulate the chiller in referencaditions has been created by the Ecole des
Mines [Kinab 2007] under the C++ environment.

The global model consists in several sub-modelsthef main components called objects: the
compressor, the condenser, the thermostatic exgawmalve, the accumulator and the evaporator. The
different objects are linked through the refrigeraetwork: the refrigerant characteristics outpué o
component is the input of the following one. A sHt function is capable of calculating the
thermodynamic characteristics of the fluid at epoimt.

3.4.2 Components model details

The heat exchangers have been subdivided in diszogies corresponding to the different phases of
the refrigerant (liquid, unsaturated, vapour). Botkiaporator and condenser are approximated in
counter flow. To calculate the heat exchange (dmacity and the condensing heat), the model uses
the approach based on the logarithmic mean temperdifferencesLMTD):
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Q=UALLMTD [34]

Thi Tho

— > ——>
< Heat exchanger I
Tco Tci

Figure 62: Heat exchanger hot and cold fluids sceem

LMTD= (Th| Tco) (Tho—Tm) [35]

ot )

Whereh s for the hot fluidc for the cold fluid,; ando for inlet and outlet.

UA is the global heat transfer coefficient (W}/Kbtained from the experimental correlations agupli
on both sides of the heat exchange prodeEs{ands for refrigerant). For the condenser:

(UA):ondenam— 1 AAJl-r 1 Anir [36]
b Aer  har

For the evaporator the two exchange areas ardadeand the global coefficient is:

(UA)evaporator—l-'-—l Aplates [37]
h?F h/vater

The compressor operation is translated througisétstropic and volumetric efficiencies as a funttio
of the compression raf@ (Figure 63).

4
4
4

0.9

7 0.8
-
0.7 *W’*‘k o

0.6 w \ \ ‘ ‘
2 2.5 3 3.5 4 4.5 5

Compression rate)

+ Experimental isentropic efficiency + Experimental volumetric efficiency
— Polynomial (Model isentropic efficiency)— Polynomial (Model volumetric efficiency)

Figure 63: Compressor model and experimental chi@méstics as a function of the compression rate

The volumetric efficiency can be represented indgapproximation by a linear relationship:
ol =o+aulf [38]

The isentropic efficiency relationship has beenrespnted in the form developed by Dehausse
[Dehausse 1974] that allows accurately represetiteghape of the curve as:

-69-



Psen=ki+ka[B-1 )2+ ﬂk_srz [39]

The coefficients have been obtained by a set oéxental data:

,=0.983

a,=-0.0116

k;=0.935

k,=-0.00895

ks=-0.188

r;=-0.230

r,=1.41

The expansion is assumed to be a process withaitexehange neither work drawn or produced,
thus it is an isenthalpic expansion. In the chittevdel, a thermostatic valve is used as flow cdntro
device: a bulb is placed at the exit of the evajporavhich feeds back the superheat, and adjusts the
mass flow to the evaporator in order to maintacoastant superheat, it guaranties the steadiness of
the capacity and prevents liquid refrigerant frameeing the compressor. Inputs of the model are the
inlet enthalpy and pressure, the outlet pressutdlasuperheat.

The valve mass flow rate model depends on the yrestifference between the condenser and the
evaporator, and on the superhett)

ekigH [ P-P) [40]
0

Wherek is a coefficient specific to the expansion vahmsidered that has been modelled as a
quadratic function of the SH:

k=alSHe+bISH+c [41]

The coefficients have been obtained by a set oérxental data, and are different depending on the
operation with two or one compressor:

Two operating compressors:
a=2.56-10°
b=-6.25-10"
c=5.40-10°

One operating compressor:
a=4.23.10°
b=-6.91-10"
c=4.12-10"°

An accumulator is also present in the real systethisadded to the model as a neutral element where
the fluid is collected with no transformation cansfer.

3.4.3 Model convergence criteria
The model was initially designed in order to cadtelthe system properties for fixed subcooling
conditions. The model flowchart is shown in FigGre
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Number of compressors,
airflow and air temperature,
waterflow and exit water temperature,
system subcooling

Initial subcooling, superheat,
Condenser pressure (HP)
evaporator pressure (LP)

| Compressor |

v

| Condenser |

v

| Expansion valve|

| Evaporator |

y

alculated subcooli}g\ No->New HP

System subcoolin/g/

Yes

4

Refrigerant flow through the valve No-> New LP

Refrigerant flow through the compresy/

System power, capacity, efficiency
Refrigerant, air and water properties

Figure 64: Model scheme for convergence on subegoli

Nevertheless, the defects have a great impactesuhcooling as we have already seen for the split
system case; we developed a second version of tuelnthat takes into account the charge as a
condition of convergence as in the flowchart below.

The charge is calculated as the sum of the chavgéioed in every components: after the first
simulations we could observe that only the heahargers, the accumulator, and the liquid line
include fluid masses that are significant. The casgor fluid mass can be then neglected. A major
difficulty in charge inventory analysis is propeaegiction of the refrigerant mass in the two-phase
regions of the condenser and the evaporator. SHigcause of two basic uncertainties: the degree of
vapour-to-liquid slip at each cross section in the-phase region, and the variation of refrigerant
quality with length through the two-phase regiantHis case the mass is calculated as:

L L
M=y +m =g [A J' adl+p mcj(l—a)l [42]
0 0
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Whereaq, void fraction, is defined as the ratio between gketion occupied by the gas and the total
cross section:

a=te [43]

Several models exist nowadays that allow estimétiegvoid fraction coefficient. In our model, the
mass inventory for the heat exchangers takes gdoumt the density in the two-phase regions of the
condenser and evaporator using the Zivi void foactorrelation [Zivi 1964]. This correlation has
been chosen for its simplicitg; being

a= 1 [44]
(X)) s

Number of compressors,
airflow and air temperature,
waterflow and exit water temperature,
system charge

Initial subcooling, superheat,
Condenser pressure (HP)
evaporator pressure (LP)

| Compressor |

v

| Condenser |

v

| Expansion valve|

| Evaporator |

y

Calculated char&\ No->New HP

System charge

Yes l

Refrigerant flow through the valve No-> New LP

Refrigerant flow through the compres;a/

Yes

System power, capacity, efficiency
Refrigerant, air and water properties

Figure 65: Model scheme for convergence on refagécharge
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The first model is used in order to estimate tHagerant charge in the system that is introduced i
the second. We obtained it for several points fiiked subcooling of 8C. For fixed subcooling, the
charge varies slowly but is in general in good agrent with the experimental mass &g as shown
in the table below.

Table 18: Model calculated mass for different oatdemperatures at 7 °C outlet
water temperature for a fixed subcooling (5 °C)

Calculated mass (kg) temétierr;%erte cc

2 compressors 1 compressor
20.8 20.5 35
21.3 20.4 30
22.1 21.3 25
22.5 22.3 20

The version with convergence on the mass is mocarate than the first one because it takes into
account the real behaviour of the machine that sheaviable subcooling at different temperatures
conditions. On the other hand the model is morsitea to the initial parameters and appears tehav
more convergence problems.

3.4.4 Model adaptation and comparison with actual @rformance

The model was initially designed to represent & peap with R410A fluid. The properties of the
R407C have been entered in the model starting torrelations from the CBAT software [CBAT
2000].

R407C is a ternary fluid, its components and thgipunts are:
> R 32 (23 %)
> R 125 (25 %)
> R 134A (52 %)

A particular feature is its behaviour during phakange: the temperature does not remain constant
while condensing or evaporating, the temperatudeglaries with the pressure and is quite important
of ~6 °Cat the condensing pressure values normally ustkiohillers.

N |
. ] I

315 f— |

ol |

11 12 13 14 15 16 17 1.8 19
Entropy (kJ/kg.K)

Temperature (°K)

‘ —— Saturation—— Constant pressure (18 b%\r)

Figure 66: Temperature glide during evaporatiorcanstant pressure for R407C [REFPROP7]
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A set of new variables has been entered in the hioaeder to take account of this phenomenon and
of the variation of the properties of the fluid dwethe temperature glide: the saturation tempegatu
has been separated in two variables, the dew &atuvapour) and the bubble (saturated liquid)
temperatures at constant pressure.

3.4.5 Hypotheses, simplifications and uncertainties
The main simplifications that have been applietheomodel are:

» The pressure drops in the heat exchangers arectexgjle

» The refrigerant fluid properties in the two-phasgion are considered as an average of the
properties at vapour and liquid saturation condgi@t the same pressure weighted by the
quality of vapour.

» The oil presence was neglected

The first approximation leads to an overestimatbthe performance of the system: the compressor
meets no network resistance and provides onlyrbegg needed to have enough refrigerant to satisfy
the cooling need.

The second approximation is needed in order toreohite the mass included in the accumulator
where the fluid is in the two phases region andcamsidered the element as a static element in
equilibrium.

The third one is often made in heat pump modeksbihaviour of the refrigerant and oil mix is not
enough well known to be modelled.

The chiller being constituted of two twin circuit®g consider just half of the system, including two
compressors that can be started separately. Weldaim the global performance as a sum of the
performance of the subsystems. The load level d¥7B composed coupling the operation of two
compressors together plus the single compressataiipe the 100 % is the double of the two

compressors operation.

The results of the model for the two and singleratdeg compressors have been compared to several
experimental points. The model for the two operptiompressors has shown to initially fit poorly
with the real chiller with errors magnitudes greatean 10 % with large errors on the cooling
capacity. Fit coefficients have been introducedrtprove it. The coefficients have been appliechi t
valve and compressor refrigerant flow models ineori increase the refrigerant flow and to reduce
the error. The model sensitivities to the corractfactors are shown in the figure below for the
efficiency and the cooling capacity, the errors thes averages on the several available experimental
points.

Figure 67: Model sensitivity to the valve and coegsor flow correction factors
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The correction has a great influence on the supédred the subcooling also. The results obtained fo
the corrected model for a water temperature sét°td and outdoor air to 35 °C are showed in Table
19.

Table 19: Comparisons between model and experirheata for water temperature of 7 °C and air
temperature of 35 °C.

2 compressors Pc (kW) | Pa (kw) |HP (bar)| BP (bar) ﬁgxi%féf‘sg‘t eeR|SubccolinSupehea

g(°’C) | (O

Model data 81.5 29.6 20.6 5.1 0.53 276 1.7 5.4
A(%) 5.8% 2.3% -9.8%| -7.7% 1.9% 3.5% x X
1 compressors

Model data 42.1 125 16.9 5.2 0.3 3.4 14 3.9
A(%) 7.1% 3.8% -9.7%| -11.9% -2.4% 3.49 X X

The model is in quite good agreement with the drpamtal data after the application of the
correction factors except for the pressures thatabways underestimated by the model: this because
of the neglected pressure drops in the heat exensing

If we consider the comparison with other experirakpbints, the efficiency is well modelled with
errors always lower than 10 % (Figure 69).

6.0
5.5
5.0
4.5+
4.0
3.5
3.0
2.5+
2.0 ‘ ‘ ‘ ‘ ‘ ‘ ‘

2.0 25 3.0 35 4.0 45 5.0 55 6.0

Experimental EER

+10

Model EER

e 1 Compressoe 2 Compressoﬂs

Figure 68: Comparison between experimental and mBE® for different air and water
temperatures

The model errors on the efficiency are slightlyh@gfor the single compressor than for the tandem
operation.

The errors on the other parameters are shown ur&i§9. Errors are in general higher for the point
were the compression rate is lower because the In®dere uncertain for the extreme values of the
compression rate.
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2 Compressors
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Figure 69: Errors of the model for one and two aérg compressors comparing to experimental
data

3.5 Results about defects

Preliminary indication about results

Before going deeper in the analysis of the effectghe system of the several defects, we have to
point out that some defects have a negligible ihpacthe operation with one compressor. This is
mainly due to the oversized heat exchanger fossihgle compressor operation. That is why we will
not present in the following section the resultsdoe operating compressor except for cases where
the impact is significant: in that case the reswitsbe displayed. It is important then to obsethat
having several capacity stages allows having ¢kil®t only more efficient at partial load conditso

but also less sensitive to the defect than onedtalillers.

Because of the uncertainty of the fans consumgi@hmodel, th&ERratios shown from now on do
not take into account the fans consumption andsarely considered as the ratio between the
capacity P.) and the absorbed power at the compre$39r (

EER:% [45]

3.5.1 Refrigerant leaks

Although the chiller model allows theoretically sitating different charge levels, in reality the aie
reduction cases that we could simulate were feve fRuduced charge in the condenser, makes the
subcooling decrease until it becomes zero. Whesuihgaooling occurs the equations of the valve are
not valid anymore and the model is not approprite.could then only simulate fully a loss of charge
of 10 % and 15 %.

For refrigerant charge reduced by 20 %, only theukitions at higher outdoor temperatures (35 °C
and 30 °C) did converge. In these cases we cama@bsabcooling values of 0.001 °C (Figure 70).
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For lower outdoor temperatures the subcooling wautibably be negative, the refrigerant exit from
the condenser in two-phase and flow into the valve.

10.00
£ 8.00 /T = 35 °C
£ 6.00 — 1 <30°C
S 4.00 24 .25°C
O / )
0.00 = —— ‘

75% 80% 85% 90% 95% 100%
Refrigerant charge (kg)

Figure 70: Subcooling as a function of the refrigier charge

In reality, the expansion model of equation [40yadid only for saturated refrigerant, for unsatach
condition the refrigerant density changes quickig ¢he model is not appropriate anymore. The valve
position is set in a section that is suitable fquild refrigerant, but the unsaturated refrigeraas a
density lower than liquid, reducing the refrigeriatv.

The effect of the refrigerant leak is a loss ofamfy and a simultaneous reduction of the absorbed
power. If the chiller has an optimised initial cheythe charge reduction leads to a global reductio
the efficiency. The effect is more noticeable fmher temperatures.

Refrigerant charge (%)

80% 85%

(%

5% 100%

capacity

Loss of

e
)
(0]

¢35 x325m= 20

-12%

Figure 71: Capacity losses for different refrigetatarge levels

We could thus only fully develop the 10 % leak foe range of temperatures 20-35 (Figure 72).
For lower temperatures the effect of the chargeigioh is stronger on the capacity but also on the
absorbed power. Globally for this level of defdu impact is small: the efficiency reduction issles
than 3 % and the capacity in the worst conditidiovgered by 4%.
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Figure 72: Performance effect of 10 % refrigeragailt (two compressors)

The consequence on the subcooling of the refrigdeaks forced us to limit our investigation to 10%
leaks. Although the model still converges for saleonditions for refrigerant charge reduction by
15 %, the subcooling being lower than zero in nadshe calculated points, the model mathematically
converges, but loose its physical meaning, the\iehabeing abnormal.

The loss of charge also influences the one compreggeration, but because of the low initial
subcooling for the one compressor operation (~16aly few points at lower charge and high
temperatures were available.

In order to validate our results, we can compaeehbishaviour of the chiller with the results obtdine
for the refrigerant leaks in the case of the splgtem (Figure 73). In the chiller case, the refiagt
leaks are compensated by the operation of the waliereduces by half the impact on the loss of
capacity compared to the split case. At the same,tthis kind of operation allows leaks to pass
unnoticed longer than in the case of a capillaryiae That is why systems equipped with
thermostatic valves should be object of leaks ias@e more frequently than those equipped with a
capillary. It also means that before an inspecboiiccbe able to detect the refrigerant leak throtingh
visual signal of the liquid spy before the expansialve (bubbles due to gas entering the valve), th
system would have probably lost more than 15 %sofharge.

103%

& 2 compressors

100% -+
Split (capilary) /
© 98% /
95%

4

EER (%)
EERuted

93%

90% T T T T T T
70% 75% 80% 85%  90% 95%  100% 105%
Refrigerant charge reduction (%)

Figure 73: Comparison of the losses of rating éfficy between the chiller and split models
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If we look at the literature values [Grace 2000 &adifornia 2005], it seems important to noticettha
both references showed that refrigerant loses etw#d and 25 % determine an elbow in the
performance curve: after this limit, the systenmséssquickly its efficiency and capacity. In oureas
this limit is more likely around the 15 % of theacbe, value where the subcooling becomes zero for a
large range of outdoor temperatures. This valstrangly related to the initial charge level andhe

operation range of valve.

1108
10085 |
Machine WITH
thermostatic
s expansion
0% valve
[/
ﬂ arve —
o A0
@
N
™
S gom |
o
=
803 Machine without
thermostatic expansion
i valve
0% |
4¥%
§0% BO%% 0% A% 0% 100% 0% 120%

Figure 74: Normalized EER (ERHEER o) for split systems for several charge levels [€@atiia 2005]
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Figure 75: Experimental EER evolution with the dmatevels for a water cooled reciprocating chill@race
2000]

3.5.2 Condenser fouling on the air side
The fouling on the air side of the condenser leadthe reduction of the air flow and it has been

simulated through the reduction of the air flowrfréhe nominal flow rate (3 fans, 8 006/mper fan)
following the fan characteristic for several levefdouling.

The condenser fouling increases the resistandeetaitflow: the operation point shifts for incredse
pressure drops decreasing the airflow.

It was not possible to obtain the real fan charatte from the manufacturer. So the fan charastieri
has been obtained from the rated point of operaioom the condenser geometrical data, the Wang
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and Chen correlation for louvered fin (see chaptér2) allowed us to calculate the pressure drop of
the fans: 150 Pa. With the hypothesis of a globaldfficiency of 0.45, the rating power absorbed by
the fan is of 900 W. The calculated value corresjsaio the catalogue value for the motor size. The
rated point is then full defined. In order to butlde characteristic, from several manufacturers
catalogue curves, we defined a characteristic areffeciency curve shape through the application of
similarity criteria in the range of studied airflewpassing across the known rated point. The daddain
fan characteristics are shown in Figure 76 withdperation point for different levels of fouling.

The fouling level is defined (as for the split ®s) as the increment of the pressure drop curvehéor
condenser and it is varied from 0 % to 100 % whh $ubsequent pressure and airflow changes (Table
20).

Table 20: Operation points of the fan for the siatedl fouling levels

Increased ; 3 New Pressure
pressure drop Airflow (m'/s) Drop (Pa)
0% 2.22 150
25 % 2.05 160
50 % 1.93 169
75 % 1.83 177
100 % 1.74 185

300

250 /
200 /

5o M
100 /

Pressure drop (Pa

1.7 1.9 2.1 2.3
Airflow (m¥s)
— 0% — 25% 50%
75% — 100% — Fan characteristic

Figure 76: Fan characteristics and condenser presglrop for different fouling levels

The reduction of the heat transfer at the condesglr due to the airflow reduction implies the
modification of the thermodynamic cycle as in Fgai7. The major effects are on the upper part of
the cycle and mainly on the condensing pressurgeangerature.
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Figure 77: Effect on the thermodynamic R407C cgp€line chiller of the condenser fouling

The increased high pressure increases the compremssumption, the low side remaining quite the
same. The chiller capacity is not influenced exdeptlower temperatures where the capacity is
slowly improved by an augmentation of the refriggerdlow. This is due to the valve range of
operation that is able to compensate the highesspre drop increasing the refrigerant flow for lowe
temperatures. It results in a higher impact onpgsgormances at higher outdoor temperatures (Figure
78).

Two Compressors
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Outdoor temperature (°C
0% K X ¥ ¥ ¥
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s |
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Figure 78: Effect on the efficiency for the tandi@mincreased condenser pressure drop

The reduction of the airflow has a slight effecttbe performance for the one compressor operation
(Figure 79) and in some cases manufacturers cah&#dhns to operate at reduced speed (and reduced
airflow) in order to save energy when balancing tlverconsumption of the compressor with the
savings at the fan motors for low loads.
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Figure 79: Effect on the efficiency for the onermagpiag compressor for increased condenser presduoe

For the investigated chiller different fan charaistécs for different rotation speeds could be teda
from manufacturer catalogues (EBM-PAPST catalogue).

When the fan that initially operates at spegds set at new spead lower thann, it displaces its
operation point from A to B of figure 80 and theeggure drop curve being the same, the airflow is
reduced tay, to qs.
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Figure 80: Operating points of fan at nominap)and lower speed (n

The power absorbed by the fan is lower. If we adersthe power reduction for the fafiPanand the
compressor overconsumptiafRoempr for the new operation point, they can be calcdlais

Apfan(nl ):0' [E)fan(rb ) [46]
AF?:omp(@ )=,[>’D':'Eom;(q0 ) [47]

Where a is the coefficient for fan power reduction, apl the coefficient for compressor
overconsumption. The global energy savings are:

ARyiobal :APfan(nl )[N —ARomdQI ) [48]

WhereN is the number of operating (identical) fans. Wea aasumer=40 %, from the manufacturer
catalogues curves, a4 %, calculated from the previous simulationsdaeduced airflow of 20 %
at lower speed. Multiplied for the three operafiags, the energy savings amount is of 1.1 kW.
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The comparison with the experimental data from Qoois[Comstock 2001], confirm the list of the
chiller parameters more sensitive to this defeainhy the increase of the high pressure, subcooling
and the air temperature difference across the cwede

3.5.3 Non-condensable accumulation in the refrigerd circuit

The presence of non-condensable gases in therdhdfebeen translated in the model by neutralising
a part of the condenser surface available for #a &xchange. This means that the condenser area fo
refrigerant and air have been reduced with resfedhe initial amount. The parameter has been
varied between 0 % and 30 %. The volume occupietthdyon-condensable gases is then considered
constant for each test conditions: it is not phaibjctrue because the gases will expand or compress
following the condenser pressure and the outdauopéegature. It is anyway very difficult to estimate
the non—condensable truly occupied volumes as #neyspread in the tubes length, between the
refrigerant and the tube walls: the heat exchasigery complex.

The volume will be considered constant.

The global effect is very similar to the previowsdenser fouling. It impacts on both operationwit
one and two compressors, increasing the absorbedrpthe capacity remaining undisturbed for the
one operating compressor and slowly decreasebkddmwio operating compressors condition.

Two Compressors
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Figure 81: Efficiency variation with non-condensalih the condenser (two operating compressors)
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Figure 82: Efficiency variation with non-condensaloh the condenser (one operating compressor)

During operation, most sensitive parameters areséime as in the case of the condenser fouling,
except for the air temperature difference acrosstndenser.

The exchanged heat on the airside can be exprassed
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(?air =Mir pair(To_air —li_air ) [49]

While in the case of condenser fouling the reduaefiow (M) leads to an increased temperature

difference (To_ar —Ti_ar ), in the case of non-condensables the air heataegehhas small changes
with a small increased temperature differencentbst important impact is on the refrigerant side.

One simple approach for detecting the presencemfcondensables is to compare the measured high-
side pressure with the saturation pressure atadhdenser coil temperature. If the refrigerant caasg
correct, then saturated conditions exist in thedeoser. By comparing the saturation pressure to the
actual high-side pressure, one can determine ifetla@e any non-condensable gasses present in
significant quantities in the refrigerant. Non-cendable gasses will raise the actual pressure above
the saturation pressure. This method requires aorate measurement of condensing refrigerant
temperature so that the saturation pressure caleteemined from a saturation pressure/temperature
chart, and it requires an actual condenser presseasurement.

3.5.4 Clogged expansion device

The effect of the clogging in the expansion valeeluces the cross section and so lowers the
refrigerant flow. This defect has been introducethwa factor in the valve model that simulates the
cross section restriction. The defect has beenidems at two levels: 0.9 and 0.8 restriction area
factors.

For the operation with only one compressor, thedeis not significant, although some variations
were registered, due more to the convergence radhgago a real change in the performance: in this
case the valve is able to operate properly andettipass the amount of fluid that ensures thenabr
operation of the chiller.

For the operation with the tandem, the performaacgorsened: the refrigerant flow is reduced and
this fact lowers subsequently the capacity of théer (Figure 83).

Valve factor

0%
0. 1.00
-4% -
o 35°C
E -8% - 30 0C
[ | = 25°C
12% ¢ 20 °C
-16%

Figure 83: Normalised chiller capacity versus vatefrigerant flow factor

The reduced mass also leads to a reduction ofaimpiessor power but the efficiency is reduced, the
reduction of the capacity being higher.

The capacity variation due to the defect is linedth the outdoor temperature that is directly

proportional to the refrigerant flow, while the allsed power shows a quadratic evolution (Figure
84). This because the increased pressure differdeads to better performance at low temperatures,
following the compressor isentropic efficiency sbafshown in Figure 63) and to a subsequent
reduction of the input power at temperature lowant20°C.
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Figure 84: Influence of the clogged valve factarddferent outdoor temperature values on the caya®.)
and the absorbed power (P

If we look at the experimental data of Comstocls tthéfect is very difficult to detect: the level was
tested at only one level and the experimental parars trends varied strongly with the conditions.
Moreover the results show an increased consumftiainwe could not identify in our simulation for
any condition. Unfortunately, it was not clear e tpaper how the defective valve was represented
and we can imagine that the “defective valve” cdesd is not defective in the meaning of clog. The
main effects are on the superheat that is increesedder to increase the refrigerant flow untié th
limit of operation of the valve, and the low prassthat decreases.

The clogged valve problem cannot be corrected tamdjuires inexorably replacing the valve.

3.5.5 Defective compressor

Compressor defect is represented by a variatioth@fisentropic efficiency. The main source of
degradation is the lubrication problems. The defext been translated in a shift of the isentropic
efficiency curve of the compressor of -10 %, -2@et —30 %.

The effect of the defect is mainly visible on thesarbed power of the machine and it is quite
independent of the outdoor temperature. It affeqisally the operation with two (Figure 85) and one
compressors.

Two Compressors
Outdoor temperature (°C)

0% T T j?’
10920 25 30 35

-20% —= = ———a— &

-30% —*—

AEER (%)

-40%

-10% —=—-20% ——-30%

Figure 85: EER effect for worn compressor

The most sensitive parameter beside the absorbedrps the compressor discharge temperature that
is increased with the lowering efficiency (Figu®.8
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Figure 86: Discharge temperature for decreasing pogssor efficiency at different outdoor
temperatures
The problem is that this temperature increase edidally very important and can burn the lubricant
oil leading to a worsening of the problem. In gexhénis defect leads very quickly to the failuretioé
system. The higher discharge temperature leadstalao increase of the temperature range of the
condenser and to a higher air difference of tenperaacross the condenser but too small to be
detected.

We could not compare our results with experimedtth because the reviewed literature does not
consider the compressor wearing except for reciginog technology where the wearing is referred to
the loss of volumetric efficiency. However, we abalompare the method used and results obtained
with the model developed by Mcintosh and Mitchélicntosh 2000]: the authors used a chiller
model to identify the characteristic quantities $everal defects based on a centrifugal chillerehod
The worn compressor was simulated as in our caséntbgducing a degradation factor in the
isentropic efficiency model. The authors identifiad the only characteristic parameter for the
compressor defect detection the isentropic effiyeand the overall energy efficiency.

3.5.6  Evaporator fouling on the water side

The scaling on the waterside of the evaporatorroiétes the reduction of the water flow due to the
reduction of the hydraulic diameter and an add#iothermal resistance on the plates due to the
deposit.

The water flow is reduced by 14 % and 30 % of thminal flow rate (7.4 kg/s).

It is also introduced a thermal resistance dudédauling. The literature values showed experimlent
magnitude of fouling resistance after 6 000 mi® 0003 m2K/WBansal 2000] and after 6 000 min
of 0.00002 m?2K/W [Kho 1997]. We kept the first paetionary value. The experimental data re also
supported by the recommended fouling factors foERidmmarised in Panchal and Rabas [Panchal
1999] of 0.000018 m2K/W for soft water.

On the results, we were not able to observe diffege on the chiller performances due to the scaling
as shown in the table for the outdoor temperattiB5SC.

Table 21: Impact on the chiller performance of évaporator fouling

Water flow (kg/s) | Water flow (% EER|/AEER (%
7.4 100% 2.78 0.0%
6.7 90% 2.78 -0.2%
5.2 70% 2.76 -0.9%
3.7 50% 2.80 0.6%
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We can explain the absence of consequences witlhdhe exchange coefficient structure in the
evaporator. The global heat exchanger is governyethd higher heat exchange resistance term as
shown in the formula [36] also shown hereunder Withadditional resistance due to scaling:

— 1 — 1
(UA)evaporator Rer + Ruatort R’scaling .Aplates—i N 1 +R,sca”ng -Aplates [50]
h?F ’ h/vater

R for resistanceh for conductivity, Apaesis the plates area.

In our case the higher resistance was the refmgenrze, the fouling one having a negligible impact
the global resistance (Figure 87). Although it ns@em unlikely, the calculated refrigerant boiling
resistance is in good agreement with the valuesdauo the literature [Longo 2004].
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Figure 87: Evaporatoheat exchange resistances with and without scaling

The reduction of the hydraulic diameter has a pasieffect increasing the water velocity and
increasing the heat exchange.

The only observable consequence for chilled wdtav fate reduction is the increased temperature
difference of the water.

The effect on the pump consumption is negligibld, ahwell sized, the pump consumption would
decrease with the fouling.

The effects would be probably different if the ewagior was sized differently and the heat exchange
coefficient on the refrigerant and water sides waoser than in our case: in that case a penalised
water coefficient would probably have a more imanttimpact on the exchange mechanism and on
the performances.

The problem of the evaporator fouling should anyWwayonsidered also on the rest of the distribution
network. The terminal units are sized to work igp&cific temperature range (in our case PQ 2t

the full load) and for a fixed waterflow. The evagtor scaling would influence the final terminals,
the sensitive and latent capacity ratio and thefodraspects.

The uncertainty about the effects of this defectlso confirmed in the literature by the poor
confidence in the patterns for the fault detect®xperimentally observed by Comstock et al.
[Comstock 2002]: the authors could observe an asmd consumption of the system and a reduced
efficiency, but the sole parameter with a strongficience trend was the water temperature difference
as we have noticed as well.
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3.6 Buildings seasonal performance with degradatdullers

3.6.1 Simulated building description

In order to examine the effect of the defects ireal context, we were able to model the chiller
behaviour in three office building types. The fibstilding is a large office building (15 000 m?2)ttwi
open spaces. The second type is a smaller (530@ith closed offices. The third is a small builgin
(2 000 m?2) with separated offices as can be enecethin suburbs.

The building description is detailed in the annex 4

All the buildings are considered to be equippechvétchilled water network with fancoils and a

primary air system. The Consoclim [Consoclim 200@jdel allowed us to obtain the hourly needs of
cooling independently of the type of terminal usé€tdus we consider only the sensible part of the
cooling needs, the latent being strongly relatethéaterminal system type.

For the three buildings we have different needsve@dized the systems considering several identical
chillers installed. The unitary capacity has beauitiplied by a size factors that allows responding
the cooling demand using a reasonable number 8érshand with capacity magnitude in the range
where four stages are commonly used (until 300 kdhfTrane and Carrier catalogues). The sizing
method used for each building is to simulate thiéimg needs for the weather data suggested by the
AICVF guide [AIC 1998] consisting in simulating foeonsecutive weeks with a hot day repeated.
This method allows considering in the sizing methbd inertia effect of the building during
extremely hot season.

The buildings include several chillers as indicaitedhe table below for the two French locations
Trappes and Nice with final installed single chilbapacity.

Table 22: Simulated office building installed capi@s and sizing ratio (\W/m?)

Building 1
Number of Unitary rated |Installed capacif Cooled | Sizing ratio
Chillers capacity (kW) (kW) area (m?)| (W/m?)
Trappes 4 250 1 000 14111 71
Nice 6 280 1680 14111 119
Building 2
Number of Unitary rated |Installed capacif Cooled | Sizing ratio
Chillers capacity (kW) (kW) area (m?)| (W/m?)
Trappes 2 140 280 3 864 72
Nice 2 230 460 3 864 119
Building 3
Number of Unitary rated |Installed capacif Cooled | Sizing ratio
Chillers capacity (kW) (kW) area (m?)| (W/m?)
Trappes 1 160 160 1542 105
Nice 1 210 210 1542 138

The sizing ratios result to be coherent with th@saused currently in reality for centralised syst
considered for Europe of 120 W/m? [EECCAC 2003].

3.6.2 Degradated chiller characterization in seas@hsimulations

The previous set of simulations was necessary aoackerise each defect behaviour with the changes
in the temperatures of operation in order to iniiain the next simulation campaign a chiller model
that operates as near as possible to the rearpenizes.

A small programme under VBA allowed us to couple tieeds of the buildings with the regulation of
the stages of the chiller.

The cooling capacity and power at different indand outdoor conditions at full load are taken into
account in building simulations using the followirgation for cooling capacityP( ¢) and absorbed
power @, 5) at non rating conditions:
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R:_fl = PGated.(1+ Dl(Ti_con- i_conyated )+ DZ(Ti_eva' i_eva_ratel )) [51]

-_Pc 2
R = £5S—(1+CIDT+C:DT?) [52]
Ti con TI eva
DT= = - » o3
(Ti_con,ated ) (Ti_eV%ated ) [ ]
_ R
EER = P [54]

Where:

Ti coninlet temperature at the condenser (°K)

Ti evainlet temperature at the evaporator (°K)

C., C,, D;andD, coefficients

rated= index for parameters defined or calculated @gaconditions (35 °C-7 °C)

The coefficients are calculated using a fit functfor each defect at each considered level from the
results of the previous model using the root meprae method.

The partial load behavioltER, is modelled by a linear relation betweeBR, and the load rater)
with two coefficientkandq:

EERI=EER:.(k 7+0) [55]

EER,; is the efficiency ratio at full load calculated thye equation [54].
k and g are calculated in order to have a continuous pddgd curve starting from the known
efficiency corresponding to the stage 25 %, 50 S@67and 100 % obtained by the first model.

When a single compressor is operating the behav®wharacterised differently by an efficiency
model:

EER-EER.—L- [56]
7+(q

With g=0.1.

Once the efficiency calculated, the cooling capaisitequal to the demand and the absorbed power is
calculated:

- P
EER

The partial load behaviour can be represented éyctinve of Figure 88 for rating conditions 35
outdoor temperature and°, leaving water temperature.

P [57]
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Figure 88: Chiller partial load behaviour
The shape of the partial load curve comes form mxgatal measured performances and the curve
has been modelled in this way in order to bestdfithe experimental data from Riviére [Riviere
2004].

3.6.3 Control strategies
The chiller is able to satisfy different load demsamhrough an on/off cycling of the compressors.

Actually, the order of compressors start is randeitm the rule of not to switch off a compressor
already in operation, in order to reduce the nundfestarts. The order of start and the capacity of
each level are shown in Table 23.

Table 23: Compressors order of operation

1 2a 2b 3 4

Compressor 1 X X X X X

Circuit 1 Compressor 2 X X X

Compressor 3 X X X

Circuit 2 Compressor 4 X
Po/Ps_rated 25 % 51 % 50 % 75 % 100 %
Po/Parated 21 % 42 % 50 % 71 % 100 %
EER/EERsed | 119 % 119 % 100 % 106 % 100 %

For a load demand near 50 % two possibilities akist are both used in order to have an equal time
of wearing of the compressor on the two circuitejpendently of the efficiency of each level. But in
this case, the system does not benefit of the pedioce enhancement due to the use of a single
compressor on a single network (due to the ovatdimat exchangers) as shown by the experimental
values in the table.

In order to have a simpler model, we will consitlee implemented regulation to use only 2te
configuration for loads between 50 % and 75 % satig) the worst operation conditions.

For each building several chillers can be installEde strategy of the use of the chillers cascade
follows.

If we havex installed systems, the chillers are started onerntgywhen the cooling need increases. For
the hourly cooling demanh, x chillers operate at full loadP{ 1), wherex is the integer part of the
ratio (N/P. s). To satisfy the remaining cooling demand, onell@hioperates at partial load
activating the number of stages needed to satisfy i
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P [58]
The strategy scheme is summarised in Figure 89.
Chillers capacity _
4 xzmtegel(%)
(x+1)Py
XPy <N<(x+1)P;—
XP
=~
2Py
Py
3‘( S
\ »
1 2 x  (x+1) Number of

operating chillers
Figure 89: Scheme of the control of start of th#lefs for the cooling load N

The different chillers are supposed to work onetéht water networks for large buildings justifying
the chosen strategy for regulation. Actually, wimeore than one chiller is on the same network the
strategy of load sharing can be different, chilleas be found working in parallel at a partial |dbhat
can be equally shared on the two systems.

3.7 Office buildings seasonal performance with detffe

The results of the seasonal simulations allowedimgasome initial remarks.

The method used for the chiller sizing allowed gm#ying the cooling demand in all degradated
cases: in many cases the installed chiller nunbargher than the number needed and some chillers
can remain unused during all the cooling seasoe.fidin problems we could observe therefore are
“overconsumption” problems, the comfort being als/gyaranteed.

The initially defect characterisation was basedaamurve fit in a range of outdoor temperatures from
20 to 35°C, but an abnormal behaviour was observed for soafiects. In fact, if we look at the
operating temperature of the chillers we can olesémat operation takes place often for temperatures
below of 20°C: for example for office building 1 in Trappes mdhan 15 % of the time operation of
the chillers is at temperatures below 18 °C (Figd@¢ We had so to add a point at 15 °C to the
previous simulation campaign in order to improve dlecuracy of the model at low temperatures.
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Figure 90: Distribution of the hours of operatiohtbe chillers with the outdoor temperatures and
their cumulative curve

We represent hereunder the results for the thrid@ioys in a single graph for each defect.

The condenser fouling leads to overconsumptionithatore important for Nice than for Trappes for
all the simulated buildings: this because as wets@en before, condenser fouling is more penalizing
at higher temperatures. The impact is more impoftariarge buildings.

8%
7% B Office 1 Nice
6% - @ Office 2 Nice
= 5% — O Office 3 Nice
% 4% - m Office 1 Trappes
I'|<J1 3% —| O Office 2 Trappes
2% - — [ Office 3 Trappes
1% -
0% -

25% 50% 75% 100%

Condenser fouling

Figure 91: Condenser fouling effect on the seasenabumption for the three office buildings and
two analysed weather conditions

For the smaller building, the defect is quite ngigle for Trappes but this is strongly related ite t
sizing method used to size the installed capadtlitgre is just one chiller installed that operates a
partial load all along the cooling season. Becafsthe oversizing, the chiller works mainly at low
stages of capacity as shown in the table belowckhiléer seldom works with four compressors and
most of the time the chiller operates at only diagjes that is less sensitive to the condenser fpam
we saw in the previous chapter.
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Table 24: Time distribution of the operating stafmsOffice 3

Stage 1Stage 2 Stage 3Stage 4
Rate of hours of operation in Nice 54% 35(% 10% %1

Rate of hours of operation in Trappgs 74(% 25% 1% %

The presence of non-condensables has a very sigfiiéant to the condenser fouling but in general for
the three buildings the difference between the ooltlot climate is less important. This because the
overconsumption is more sensitive to outdoor temtpee and is larger for the low temperatures.

9% _
8% B Office 1 Nice
7% @ Office 2 Nice
6% O Office 3 Nice
’\g. 5% | m Office 1 Trappes
< 4%
o O Office 2 Trappes
‘2 3% -
505 @ Office 3 Trappes
1% -
0% -
-1% 10% 20% 30%

Non-condensables

Figure 92: Condenser fouling effect on the seasenabumption for the three office buildings and
two analysed weather conditions

On the contrary, the clogged valve concerns more tperation in cold climates. The
overconsumption and efficiency losses are howegey kmited with a magnitude of some % for the
small office. For the office 1 and 2 the effect the performance is important with seasonal
performance lowered of 9 % in the worst case.
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Figure 93: Clogged valve effect on the seasonasemption for the three office buildings and two
analysed weather conditions

The worn compressor has an equal effect on theosahperformance that does not depend on the
weather or partial load profile: results for akthuildings are very similar.
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Figure 94: Condenser fouling effect on the seasenabumption for the three office buildings and
two analysed weather conditions

All the defects are in general more severe on @ffigilding 1: this is mainly due to the fact thia¢ t
presence of several chillers working at full loadkes them work at the point where the degradation
is more important: four compressors operate wighitlvest efficiency.

For the office building 2 only two chillers are faed: one of them seldom works (<2 % of the total
operation time for Nice and 7 % for Trappes), while second works at partial load, mostly using

three stages.

-94-



Table 25: Time distribution of the operating stafmsOffice 2
Stage 1Stage 2 Stage 3Stage 4

Rate of higul\r”scgf operationsn o0 | 3606| 26% 8 %

Rate of hours of operation
in Trappes 25% | 34%| 27 %| 13 %

The office building 3 has only one installed chillleat operates at very low partial load.

3.8 Conclusions for the chillers defect analysis

The chiller based systems stock is ageing and agithoperation problems can arise that can lower the
performances of the systems. These problems ottlue @quipment level and can have impact on the
cooling capacity and on the system consumptionaéditor or inspector should be able to target and
detect the defects that are more severe and wiernergy savings are larger.

A set of common defects has been simulated in otdemunderstand their mechanism and
consequences. The defects that have been shoventtee bmost frequent have been studied. We can
summarize the consequences on the main chilleatiperparameters in the table below.

Table 26: Trends of the main parameters and detedtints for the chillers defects

P. Py EER LP HP | Subcooling| SuperheatDetection hints
Subcooling and
Refrigerant superheat,
leaks v U U U U v - techniques for
leaks detection|
Fouling of o ) U o ) N o tem;ﬁei{atures
condenser high pressures|
Measurement of
Non- U (" for 0 U 0 :
- - - the condensing
condensabledow Tj;) pressure
Clogged
device v U U U - - l
Compressor
efficiency - ) U - - - - Absorbed power
reduction

In the case of the chosen chiller the defect ofpekator scaling showed small impact on the
performance and we did not analyse it anymore.oAltfin the trends established in the table are in
general agreement with the literature experimetdéd and seem to be applicable to different chiller
for the evaporator scaling more studies are nepgsgatting the accent on the evaporator size and
waterflow in order to understand in which condigdhis defect becomes severe.

Although up to this point we have not considerecesal defect at the same time, just as an example,
we developed one simulation where all the defeeiewpresent at the same time. Just to have an idea
about what can happen when the chiller runs a tiomg without intervention, all the worst conditions
are gathered on one case.
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Table 27: Parameters variations for fully degradhtmnditions

Pc Pa Refrigerant Subcooling|Superheg
2 compressors(kw) (KW) HP (bar | BP (an flow (kg/s) EER °C) °C)
Rating
eaehies 815 | 29.6 | 20.6 5.1 0.53 2.8 0.5 2.8

A(%) -9.5%10.6%| 0.2% -3.5% -4.5% -22.5% - -
1 compressors

Rating

conditions 421 | 125 | 16.9 5.2 0.27 3.4 1.4 3.9

A(%) 1.1%| 9.4% | 1.1% | 0.0% 0.2% | -11.6% - -

In that case it will be impossible to define thecuting problem: several effects are added or
compensated making any interpretation impossitllés unlikely that an auditor can meet such a
situation, but in that case the parameters in t26lare not useful and all the observations passibl

the machine components (liquid spy, fan consumptain.) are necessary to distinguish each defect.

The degradated seasonal simulations allowed ughdight the effects of the defect with the partial
load operations and with the climate zone. All thefects lead to an increase of the energy
consumption; no impact on comfort has been obsemed to the oversized capacity installed that
allows compensating any loss of capacity.

Chillers operating in hot climate are more sensitis condenser fouling than in cold climate, the
opposite happens for clogged valve. Non-condensadnhel worn compressor defects are weather

neutral.

The fact to use a large number of chillers in cdscat full load instead of some chillers of higher
capacity operating at partial load (or to use &edtint regulation strategy that would share thel loa
equally between the chillers) increases the effeictse defect on the operation.
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4 Model of time related defects and economic analgsof
the action of correction

4.1 Find the best correction for energy and for men

The analysis of the defects already developedii@isplit and chiller systems can go further if we a
able to translate the defect evolution into theliuaf operation of the systems.

This is possible to relate the evolution of theedefwith time. Time related defect scenarios alldwe
us to establish, from the owner point of view, thest intervention frequency taking into account
several factors including the economic analysis ii@grates the cost of the correction actions and
the energy cost (with energy prices and cost reé®®). So we add to our methodology of research a
supplementary step as shown in the diagram below.

Defect literature review
Qualitative analysis

v

Static simulation: energy effect at
Fixed indoor and outdoor conditions
Analysis of Parameters sensitive to defec

e ———

Comparison with literature experimental data
Detection hints

v

Seasonal simulations: system in real situatign,
coupled with typical building and weather file

v

Time related scenarios with economic elements
for best intervention

72

Figure 95: Research methodology steps

Not all the studied defects can be modelled withttime, because their appearance can be caused by
human errors or by non-predictable events. Thithéscase for defects such as valve clogging or
compressor wearing: they can appear after an em¢ion for maintenance, or because of local
overheating that leads to burnt oil.

-97-



It is possible to produce time scenarios for tHagerant leak and condenser fouling in both cades
(split and chiller) and to analyse the filter fogidevelopment for the split system.

For refrigerant leaks, it was possible to developdterent scenarios based on average leaks rate
found in the literature although the leaks are pbiy not constant along the life of the systemythe
can occur from manufacturing defect, from bad itetian, after a maintenance intervention (i.e.
gasket replacement) etc.

Filter and condenser fouling are continuous phemanbat can be modelled with some assumptions
and we based our model on existing literature nwdetl experimental results.

4.2 Atime related scenario for refrigerant leaks

A refrigerant leak is a phenomenon that, once edfatvolves gradually and continuously emptying
the system of its charge until repair or failutecdn occur at the time of the system installatloa to

an error of manufacturing or installation, or ithcaccur during the lifetime after maintenance
activities. It should be kept in mind that we userage values of leaks and the perfect sealedmsyste
does not exist: all systems present, even if vany tefrigerant leak rates.

In order to take into account the refrigerant leaolution, constant annual leak rates have been
considered. The ratgg are found in literature and the refrigerant chamgat the yeam is then
considered as:

M=My.1+(1~T) = (1-15)" [59]

The global amount of refrigerant loss is then \@e&aleaks being related to the remaining charge.
This because the leaks induce a reduction of theratlvoperation pressures of the machine and
therefore a reduction of the amount of the leaks #re proportional to the pressure difference
between the system and environment.

In the following paragraphs we present the lealeatff for the building types considered in the
seasonal simulation campaign. It should be takeéa account all along the analysis that the
refrigerant leaks impacts are strongly relatedh®initial sizing method applied to size the instl
system capacity. For system strongly oversized)ghks effect on the cooling capacity and then on
the comfort can be negligible even for a large amaof refrigerant loss.

4.2.1 Case of a split system

We started considering a fixed leak rate of 5 ¥esfait systems as estimated in Barrault and Clodic
[Barrault 2007], the value being defined in thatdst from the discussion with the manufacturers and
includes the leaks due to maintenance operatiopplyg the law of leaks [59] we obtain the
refrigerant charge reduction shown in figure ovenean lifetime of a split considered of 15 years
[EERAC 1999].
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Figure 96: Charge evolution with an annual leakeatf 5 %

We could not develop a performance time scenaré all the lifetime of the system that would have
lost at the end of its life more than 50 % of i#ial charge. The Mark V model did not allow going
further 22 % losses, that is why we consider a aterof the performances on the capacity over 5
years. This limit may correspond to an implicit mahance as well (see description hereunder).

In the Figure 97, the building performances evoluis represented versus time for an office bugdin
in Nice.
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Figure 97: Refrigerant charge, capacity and comfrolution for an office building in Nice
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The pink curve represents the charge level evalutidth time, the blue curve represents the
consumption curve evolution, the green one theosedsefficiency evolution, and the orange the
comfort rate (hours of non respected setpoint lighan 1°C on the total air-conditioned hours

Nh(“'l‘\dl‘;:>Tse“’°”‘+1) . The results for all the simulated buildings arevwen in the annex 6.
ccupation

In some cases (office building in Nice and housdath Trappes and Nice) the refrigerant charge
reduction brings comfort problems accompanied bysamption reduction. In one case (case of
office building in Trappes) the leaks lead to oemsumption with temperature setpoints always
respected. The first case happens when the systeat strongly oversized and the capacity reduction
due to the leaks brings the system to work atinétd. In the second case, even if the capacity is
reduced, the oversized system is still able to pceccnough cooling energy but with lower efficiency

The impact on the operation is strong: the discommfite can be important especially for the hotter
weather. The comfort problems are important botiNice and Trappes with discomfort rates that
reach 30 % in Nice and 12 % in Trappes.

The system operates longer for all the studiedscasth time of operation increased by 20 % that
would lead to a quicker wearing of the system.

4.2.2 Case of a chiller

As for the split system, we started from a lealke rat 10 % as proposed by Barrault and Clodic
[Barrault 2007], value that was defined in the gtirdm the discussion with the manufacturers and
that includes the leaks due to maintenance opesatiiso there, the amount of refrigerant leakas n
considered constant, 10 % leaks being relatedetodimaining charge. Applying the leaks law [59] we
obtain the refrigerant charge reduction shown gukeé 98 on a mean lifetime of a chiller considered
of 15 years [EECCAC 2001].
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Figure 98: Refrigerant charge evolution with a ylgdeak rate of 10 %

The curve of Figure 98 shows a mathematical modehbtually the chiller would probably be out of
service before reaching the 20 % charge left.

Because of the limits of the chiller model used tfog simulations campaign at fixed temperatures
conditions, we could not characterize charge logs®sr than -15 %. In this range, thanks to the
thermostatic expansion valve operation, the refaigeleaks did not show major effects on the caplin
capacity and efficiency. The following figure shotte evolution on the rated performances due to
leaks until 20 % over two years operation. Thedgteint at 35 °C outdoor was the only condition we
could model extensively [chapter 3.5.1].
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Figure 99: Refrigerant charge evolution with a ylgdeak rate of 10 % for rating conditions over two
years

With the considered leaks rate, only two years wdadl enough to lose 20 % of the initial charge and
reach the critical condition after which the vabannot ensure proper operation and the performances
stronger decrease.

The performance effects are mitigated by the valperation with capacity reduction of 7 % and
consumption reduction of 2 % (for a global effiagreffect of —4.6 %) for 19 % leaks after two years
of operation.

4.2.3 The refrigerant refill

The refrigerant refill cannot be completely anatyses a cost effective action because although it
reduces in general the energy costs, on the otret, hit leads to discomfort that cannot be traadlat
as an economic term. Only part of the benefit sntified.

The refrigerant recharge operation is a complegragpn that requires qualified staff and, if
performed following the best procedure, can takesg# hours even for the smaller systems.

The main steps are:
1) Empty the system and weigh the recovered chaitfpea precision balance
2) Fill the system with nitrogen
3) Search for leaks with the more suitable techaiigliowing the refrigerant used

4) Repair the leaks (if it can be repaired immexhjatif not the system is stopped and some
days can occur between the repair and the newnmatrivice)

5) Refill the system with the charge recovered phescharge compensation for the leaks, or
with a complete new charge

The recovered charge cannot be always re-enterttk inystem, especially for refrigerant that result
of the combination of two or several pure fluidsthis case, the leaks lead to a more importastdbs
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one of the components changing the global compositind changing therefore the refrigerant
properties; only a refill with a new fluid ensuresuse a correct fluid composition and to guarantee
the system performance.

Depending on the required refrigerant, the pricas vary and fluctuate each year. Just for example,
we could obtain for the refrigerant analysed its thibrk the following reference prices:

» R22:9 €/kg
» RA407C: 16 €/kg

The cost of the procedure will include the refragdr cost, the labour cost, the equipment and
displacement of the technician. The labour coststimated as 50 €/hour for a qualified technician.
All the prices are considered excluding taxes. @lobal procedure costs for the procedure after 5
years of operation for the office and residentidlding are in annex*.

The results of the calculations suggest that toudeeof a central system allows saving some money
for the maintenance of the system, the refrigebairig confined in the centralised system while for
several split system, the multiple refrigerant simtake the maintenance cost higher, although the
total refrigerant mass is lower. This is also du¢he sizing criteria for the systems: the spliateyns

are in general more oversized than chillers, legadin a larger amount of refrigerant and a large
number of installed units. Different sizing crigervould choose a lower number of units with higher
capacity. In this case, the seasonal efficiencylvbe penalised by the operation at lower loadsrate
in the case of the split system (cf. Figure 37).

It should be highlighted also that, in the casehef chiller, the maintenance cost is shifted frow t
system to the terminal units, that do not containigerant, and to the water network for which the
maintenance is easier and cheaper. The globakaosbe strongly reduced if the refrigerant refill i
included in a periodic maintenance contract wheeecbsts are negotiated and lowered because they
cover several maintenance actions at the same time.

4.3 Atime related scenario for condenser fouling

The condenser fouling evolution also can be modede a function of operation years because it can
be considered as a continuous phenomenon that gviaglvshe operation time of the system. Actually
the following model is intended for continuous ai@m. We have to mention that it does not take
into account the effect on the fouling of the contius start and stop of the condenser fans. Thodfon/
operation can decrease the fouling of the condepseause an amount of particles is held by the
draught effect of the airflow, this particles falh the floor when the fans stop, reducing the fali
rate. This aspect is very difficult to take intawaant and the model can be considered slightly @ors
than in reality. On the other hand, the chosenirigybarticles do not take into account macro plgic
such as leaves, feathers or other debris that ek en the condenser surface and increase the
fouling.

4.3.1 Dynamic condenser fouling: Siegel’'s model
In order to represent dynamically the evolutiontleé fouling with time, we developed a fouling
model for heat exchangers starting from the modeétbped by Siegel [Siegel 2002] and it has been
adapted to our study in order to create a fan diparavolution during fouling.

In Siegel's dissertation we can find two models: ithermal conditions and for non-isothermal
conditions. Moreover the non-isothermal case igstigated in cooling mode without condensation
and with condensation, the Siegel model being buitudy the evaporator fouling.

In our case, we are interested in the condenser;, sid with no water condensation and higher
temperatures than in the evaporator. We use tlibeisnal model because the terms added to non-
isothermal model are thermophoresis, for which sasare pushed away from hot objects, and
diffusiophoresis, which is due to the gradient tadaby dehumidification. The Siegel model already
showed negligible difference between the isotheramadl the non-isothermal condition without
condensation. In our case, we decided to neglectigrmal effects and consider only the isothermal
collection model.
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For the isothermal model the mechanisms of partioleection considered are: the impaction on the
fin edges and on the tubes, the gravitational gadisettling on the fins corrugation, the particle
deposition due to turbulence, the Brownian depmsiti

The single mechanism models are described hereurither geometrical data refer to the heat
exchanger geometry as shown in the figure belova f@avy fin exchanger.
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Figure 100: Geometric parameters of the heat exgean

Deposition of leading edge of fins

For the deposition on leading edge of fiffs,| Siegel assumes that the fin edge is a blunt (ol
use Hinds analysis [Hinds 1999] for rectangulédrcsiscade impactors with a modification to account
for the fraction of face area of the coil that &xiopied by fin edges. This analysis assumes tlagith
approaching the fin edge makes a 90° bend (Figte 1
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Figure 101: Particle deposition due to impactionfonedges

All particles that impact on the surface are assltoestick. The penetration fraction accountingyonl
for losses because of impaction on fin ed§gs,is estimated as follows:

Prin =1—(Stkr fing ) 'th_ffo [60]

Where Stk fin :% is the particle Stokes number based on the ducteddcity and the fin
D irlf

thickness, corrected for particles having partkR&ynolds numbers > 0.%,is the fin thicknesdy is

fin pitch, andc; is the corrugation factor. The corrugation fadtakes into account the fact that a
corrugated fin is longer than a straight fin andstthas more area for particle impaction. The
corrugation factor is defined for wavy fins géw?+yw?)/h? whereh,, is the average height of the fin
corrugations ang, is the peak-to-trough corrugation width.

The term in brackets in equation [60] is limitedatonaximum value of one to consider the deposition
only for the fraction of particles that are dirgath front of each fin.

Impaction on refrigerant tubes
Particles may also impact on the refrigerant tubas run perpendicular to the airflow direction and
the fins (Figure 102).
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Figure 102: Particle deposition due impaction obég

There are several theoretical and experimentaleguaf particle impaction on tubes. An extension of
the analysis of Israel and Rosner [Israel 1983]geats the following formula for estimating
penetration for flow past a network of tubes:

NR

—(1— 1_ 1 41\ Dt _ext o
Rue=(1-(1+ 1251-0,0141 4050810 * 1 )1 Doty [61]
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Wherea = (Stk wne— 1/8)Where Stk fube :Lppd” is the particle Stokes number based on the
3Co ,Oair Dt_ext

air velocity in the heat exchanger and the tubendtar,Nr is the number of tube sets in the direction

of flow, D ex is the external refrigerant tube diametris the longitudinal tube spacing, anglseis

the number of offset tube rows in each tube set. f€hm in the innermost parenthesis is limited to a

value of less than or equal to one and ERe,{P, Nuse: factor is added to limit the deposition to

particles in the volume of air directly in front tife tubes. The assumption that a given particle wi

not deposit if its Stokes number is less than 18 first proposed by Taylor and has been verified b

other researchers. Israel and Rosner report thgtestube impaction deposition calculated with this

formulation is good to 10 % root mean square (RBI®)r for isolated horizontal tubes.

Gravitational settling on fin corrugations

In order to reduce the particle deposition on ths, fthe heat exchangers are positioned with \artic
fins. However, to increase heat transfer, manufacsuoften corrugate fins. Large particles can
deposit by gravitational settling on the corrugatiidges. The penetration fraction accounting for
losses only from gravitational settlingg, is estimated as follows:

—1— Vslexch Yw
=1 hJ )hvﬂm [62]

WhereV; is the particle settling velocity,e.h iS the heat exchanger depth in the direction dk bu

airflow, h is the average height of the fin corrugatiddss the bulk air velocity in the heat exchanger,

andy is the peak-to-trough corrugation width. The ratidghe parentheses is limited to a value of one.

Particles are not assumed to be Stokesian foralcelation ofV, for which this equation is used:

4Cc — Lair d .
Vs= I (?f.)g:D.[;lair) pg [63]

WhereC; is the Cunningham slip correction factor [Hind99P p, is the particle density is the

air density d, is the particle diameteg,is acceleration due to gravity, a@g is the coefficient of drag
on the particle calculated assuming the particla &phere and using the formulation presented in
Seinfeld and Pandis [Seinfeld 1998]. Becalsés a function of particle Reynolds humber, whishai
function ofV;, an iterative scheme was used to deteridine

Deposition by air turbulence in fin channels

Air turbulence in the duct leading up to a heathexger can also induce deposition on heat-
exchanger surfaces. The fluctuating components ebbcity can impart an angled trajectory to
particles as they enter the heat exchanger. Ipéngcle has a sufficiently large relaxation timedaa
sufficient deviation in velocity direction from thmulk flow, it will impact on a fin and not penetea
the coil (Figure 103).
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Figure 103: Particle deposition due to Browniantutence
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Mathematically, Siegel estimates the penetratigoeated with losses owing to turbulent deposition
as:

H:Prob(%ﬂ) [64]
p

Whereriy, is the characteristic time for a particle to impai the wall and, is the particle relaxation
time. The evaluation of the time of impacts and pinebability distribution have been calculated
through the Monte Carlo method on a large numbsiroélations.

Deposition by Brownian diffusion

Small particles are most likely to deposit by meah8rownian diffusion. The penetration fraction
accounting for deposition only by Brownian diffusis calculated assuming laminar flow in the heat
exchanger core and follows the work of DeMarcus Hmoimas [DeMarcus 1952] for channel flow:

P=0,915e7%+0,0592e%29+0,0259.6*29 [65]
Where:
_ lef [Lexch
R o

Diff is the particle diffusion coefficient equal J;E;T), ks is the Boltzmann constant,is the air

temperature, angt is the dynamic viscosity of the air. The penetratiraction only considering
particle loss by Brownian diffusiorBp, is limited to lie between zero and one. Brownidffudion
was included in the model because it is the onlgsjbe significant deposition mechanism for
submicron particles in this system (at least ferigothermal case). Nevertheless, due to thevelgati
short residence time in the system at typical \igés; particles of interest do not deposit sigmifitly
by Brownian diffusion.

Global particles deposition fraction
The model of Siegel is based on the overall dejpostactor 77 of the heat exchanger that takes into
account the previous deposition mechanisms, sugpodependent:

=1~ PsinPupPePPo [67]
Psn = deposition of leading edge of fins
Puwbe = impaction on refrigerant tubes
Ps = gravitational settling on fin corrugations
P = deposition by air turbulence in fin channels
Pp = deposition by Brownian diffusion

In our case, the last two mechanisms have beeectegt the turbulence deposition is important only
for higher velocitiesly>2 m/9 or fin spacing smaller than our case, the Browidifiusion concerns
only submicron particlesd{<l pm) that do not have significant impact in otudy because of the
poor mass amount in the considered air mass disiih This was also confirmed by the values of
the penetration factors by Siegel.

The Siegel's model has shown a good shape of figeety curve but generally underpredicts the
mass deposition compared with the experimentaltsedwwever, the best fits are obtained for low
velocities as in our case.

4.3.2 The hourly model of fouling
The overall deposition model has been used to simuhe fouling time for the heat exchanger,
coupling the deposition mass with the fan curvepider to obtain a dynamic simulation of the
deposition mechanism coupled with the operatiorragtaristic. The model uses a discrete mass
distribution.
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An hourly simulation has been developed. The scheihtbe hourly steps of our model is shown in
the figure and the main four steps explained ievavords.

1) Once entered the discrete mass distributiohefir, the deposition fraction relative to the
different diameters is calculated as a functiothefairflow

2) From the product of the deposition fraction ahd mass distribution we obtain the
distribution of the deposited mass and, addinghtaes cumulated in the step before, the total amount
of mass deposited on the heat exchanger

3) From the Siegel’s curve of pressure incremerdugdeposited mass, we can obtain a new
pressure drop at the initial airflow

4) From the fan characteristic, with the new pressirop at the initial airflow, we obtain a
new operation point and a new airflow

In the next loop, the airflow is changed, influengcithe deposit fraction mechanism that is a
function of the bulk air velocity.
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Figure 104: Detail of hourly calculations for thedét exchanger fouling model.

The more dust deposits on the heat exchanger, ¢ine pressure drop is encountered by the fan that
shifts its operation point following its operatiocarve. In order to couple these two mechanisms, the
Siegel’'s curve of pressure drop relative to théahpressure drop versus the deposited mass fder co
surface has been used (in step 3).
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The experimental curve by Siegel has been fittatl @wiquadratic law (Figure 105) as a function of
the deposited masM() per coil areak,):

Apz -5 Mc 2 c
o 4710 (—! ) +0.0023Vc +0.9575 [68]
With aR2z = 0.993.

25

2.2

1.3
M
1 g5
0.7 \ \ T
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Figure 105: Normalized mass deposited versus rmadgiressure drop for 2.0 m/s air velocity (Siegel)

Although the curve by Siegel was obtained in spetti€onditions, we consider that the increment of
pressure drop does not depend on the dust typefotllang bringing the same pressure drop
independently of the diameter of the particlesodticed (that are supposed to have the same density)
but just of their mass (Figure 106).

Figure 106: Fouling on the fins: we considered theling due to small particles
equivalent to fouling due to larger particles

The condenser can be considered as a filter with peor arrestance, where the main mechanisms of
arrestance are due to fin and tubes impaction (€iQ7).
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Figure 107: Deposition fraction of the heat exchangs a function of the aerodynamic particle
diameter

Several types of dust were considered: the Amel8&B (Society of Automotive Engineers) Coarse
Dust, as used by Siegel in the experimental patti®fwork, an air particle mass distribution as
described by Whitby [Whitby 1980], an air particteass distribution as measured by Lestari et al.
[Lestari 2003]. The details of the mass distribagi@re reported in annex 5. The dust was considered
has having total atmospheric concentration of Qyinmhas encountered typically in urban zones.

The shape of the mass distribution strongly infoemnthe results and corresponds to different
environments. The SAE Coarse Dust is considere8ibgel as the dust that typically corresponds to
the one that can be encountered on the evapohatour case we are interested in condenser side. Th
indoor and outdoor dusts in the air have similatigas but the indoor air is more contaminated by
macro particles that come from furniture and testil

The Whitby distribution was largely used to repregbe efficiency of filters and takes into account
only fine particles with maximum diameter of 10 um.

Finally, the Lestari distribution is based on mmFeent measurements in urban context: it revealed t
presence of coarse particles with diameter arouhdudx that were already highlighted in other
studies. The measurements were taken in urban(@imeago).

The Lestari values are also closer to the valdemefparticles measured by the organisms in chafge
the control of the air quality (in our case Airgear Paris). If we look at the Airparifdata for fine
particles, the average measured value of partigids diameters lower than 10 u(®M10 and 2.5
um(PM2.5 and the value for the three distributions are pared in the table below.

Table 28: Comparison between measured and liteegparticle mass concentration at 80 pg{a)
and 100 pg/fh(b) total mass per frof air
Average measurements in SAE Whitby Lestari
2007 in Paris for
Urban and Traffic zones| (@ | (®) | (@ (b)| (&) (b

PM2.5(ug/m) 20/33 3 4 | 55 70| 31| 40
PM10 (ug/nt) 30/50 16 | 20| 79 10058 | 70

The Lestari’s distribution seems to us the distidoumore similar to the urban measured quantities,
but we will simulate anyway the three distributian®rder to highlight some facts.

*http:/lwww.airparif.asso.fr/

-110-



4.3.3 Application to a split system with fouled cotlenser
The split condenser is a smooth finned heat exarafidne fouling limit is defined, by Siegel, as the
time for the condenser to foul enough to doublénitsal pressure drop at the initial airflow: frothe
fan characteristic (see chapter 2.4.2) the condefmsging leads to a final fan operation point
corresponding to an airflow of 0.62%ts and a final pressure drop of 73 Pa, with a tdéegdosited
mass of 109 g.

In the model, the term due to gravitational segtlof the deposition factor is not taken into acd¢oun
because the fins are plane. The three dust disititsilead to the fouling times represented in &abl
29.

Table 29: Fouling times obtained for the differdnst types

Fouling time (hours)

Lestari distribution 1717
SAE Coarse Dust 841
Whitby distribution 8071

The model shows a lower fouling time for coarsestgluas expected.

If we look at the deposited mass distribution (aisthe SAE distribution in Figure 108) we can
observe that quite all coarse particles are het#t bg the heat exchanger.
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Figure 108: Mass distributions of air particles addposited particles for SAE dust.

Including in maintenance actions the cleaning efabndenser, allows reducing the overconsumption
of systems as indicated in the figure below (FigL0®), starting from a clean system.
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Figure 109: Overconsumption comparison with no oleg and regular cleaning for an office buildingiice

The cost of condenser cleaning has been obtaired & service company specialised in heat
exchanger maintenance with a patent of cleaninignique. The procedure consists in disassembling
the upper part of the outdoor unit to access tla brchanger, to brush it and then to clean it with
under pressure spray (patented technique), finallyacuum the residuals and reassemble the unit.
The procedure takes about twenty minutes for alesingtdoor unit treatment and it requires a low
level trained staff. Most of the problems are emtered in the accessibility to the unit that aremof
put in higher locations difficult to reach. The eage estimated cost for the procedure is 20 €
(including taxes).

The benefit of the maintenance action for condefmging is given by the difference between the
energy savingsHS and the maintenance cost$Q) overN years:

GS(N)= ES(N)-MC(N)

The global cost of the action has been analysddniction of the frequency of the maintenance over
several years of operation. The maintenance chbKI3 ére an increasing function of the frequency of
intervention f):

MC(€)=NU-MC_unit(€/unit) -NI
Where the number of interventionlll] is the integer part of the ratio between the yeard the
frequency:

NI :integel(¥)

More frequent the intervention will be, higher teergy savings will be that are represented by the
difference between the areas in the Figure 10%hefdverconsumption without maintenance (blu
curve) and the overconsumption with maintenance €f@ample the red curve with yearly cleaning
f=1, with N=6 in the figure):

N N/ f
ES(%)= jo AEadt(f —1)]0 AE-dt

We pass from the relative overconsumption (%) ® tthital energy overconsumption by using the
averagehourly consumption for the reference cése

ES(kWh)=E-ES(%)

We obtain the energy savings in term of money blitipiying for the electricity price:
ES(€)=Energy_cost(€/kWh)-ES(kWh)
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An example of the evolution of the energy savingsl aaintenance cost with the frequency of

condenser cleaning is shown in Figure 110. Thetpdimtersection between the curves of the energy
savings and maintenance cost indicates the freguanahich the global savings are zero; starting

from the point of intersection the intervention be®s more and more interesting from the economic
point of view.
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Figure 110: Maintenance cost, energy savings ant@l savings evolution with the frequency of maiatee
for the house equipped with split in Nice

The fouling time chosen for economic estimation tasone for the Lestari distribution, 17&@urs
Over this period several intervention frequenciesenapplied. Depending on the building type and
location, the times required for condenser fouling given in Table 30.

Table 30: Condenser fouling times for the simuldteidings equipped with split systems
Operation

hours/year Years
, Nice 300 6
Office Trappes 150 12
House Nice 130 13
Trappes 114 14

Economically, the interest in condenser cleaningtriengly related to the electricity price. Sensyi

to electricity prices is illustrated comparing twountries with very different electricity marketdan
price, Italy and France. Table 31 gives the prigesluding taxes) from main electricity suppliers’
prices lists (EDF and ENEL).

Table 31: Electricity prices including taxes foallf and France

Residential Business
(Ecents/kWh) (Ecents/kWh)
France 10.9 3.7
Italy 16.8 14.5

The calculations with Italy prices concern only tiiee case, the Trappes climate not corresponding
to the Italian weather.

There is a difference in the price offer to restd@nand business customers from both energy
suppliers. The global savings due to the diffemmaintenance scheduling are shown in following
tables.
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The following tables display the result for the ation obtained in Table 30, which are different for
each building and climate type.

Table 32: Savings for condenser cleaning schedatielifferent interval, for office building in Italy

and France
Office Nice
Calculation ovepb years France Italy
Energy saving|Global Saving| Energy saving|Global Saving
(€) (€) (€) (€)
Once per year 166 -2 234 660 -1740
Once every two years 134 -826 534 -426
Once every three yearg 99 -381 393 -87
Office Trappes

Calculation oved 2 years

Energy saving|Global Saving

(€) (€)
Once per year 126 -3 834
Once every two years 117 -1 683
Once every three yearg 107 -973
Once every four years 95 -625
Once every six years 70 -290

The condenser cleaning seems not to be an intagestiion at economic level for the office building
both for Italy and France (global saving alwaysai®gs). The large number of installed condensers
(24 for Nice and 18 for Trappes) makes the maimte@aost prevailing on the energy savings. In this
case, to use when possible multi-split units wduddan advantage, reducing the number of outdoor
units to be cleaned. The very low electricity prioethe French office building makes it difficdtr

the action to be cost effective.

For the residential case, a 20 € maintenance clgarist makes the cleaning operation cost effective
at least once in the system life for hot climatdgre the energy savings are larger both for Itaty a
France. In Italy this action can be scheduled eBeygars to be cost effective.
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Table 33: Savings for condenser cleaning schedat@ifferent interval, for a house in Italy and

France
House Nice France Italy
Calculation oved 3years
Energy saving|Global Saving| Energy saving|Global Saving

(€) (€) (€) (€)
Once every two years 74 -166 114 -126
Once every three yearg 69 -91 106 -54
Once every four years 63 -57 98 -22

Once every five years 58 -22 89 9
Once every seven year 44 4 67 27

House Trappes
Calculation oved 4 years

Energy saving|Global Saving

(€) (€)
Once every two years 7 -133

Once every three yearg 7 -73
Once every four years 6 -54

Once every five years 5 -35

Once every seven year 4 -16

4.3.4 Application to a chiller system with fouled ondenser
The chiller condenser is a louvered finned heahamger. Although the louvers can represent a
gravitational settling area for particles, it iswemall and it has been neglected. The foulingt lim
defined, by Siegel, as the time for the condensdoul enough to double its initial pressure drop a
the initial airflow: that leads to a finale opematipoint of the fan corresponding to an airflow of
1.71 nils and a final pressure drop of 180 Pa, with d tposited mass of 590 g.

Table 34: Fouling times obtained for the differdnst types for the chiller condenser

Fouling time (hours
Lestari distribution 1025
SAE Coarse Dust 487
Whitby distribution 4501

Our assumption is that all the installed systemthesimulated buildings are used and the order of
start is periodically changed in order to equattze operation time of all chillers. So for a buildi
with N installed systems, even if onl (M<N) systems would be used because of the oversizing of
the installed capacity, all th¢ systems will be considered to operate.

The chiller cost maintenance is less certain: walyae the sensitivity of the savings with the
maintenance cost. The cost could be higher thasidered in the previous case considering that the
chiller condensers are bigger than the split oAeshe same time, the global time spent for clegnin
is in a small part devoted to the cleaning opemnadind mainly for the preparation of the equipmént.
general for the chiller case, the air cooled systean be located on the roof or in other locathat t
are easy to access, it can be needed to disasseambé covering part, while in some case they are
directly accessible. When linked to other regulaintenance activities the cost of the cleaninglman
negotiated. All these reasons made us varying dsefor one chiller condenser cleaning between 20
and 50 € (excluding taxes) for chiller.

The general results are shown as graphs in anrnée global savings are represented as a function o
the intervention frequency for different unitaryimanance costs for the three simulated buildiimgs,
the case of Nice and Trappes. Moreover two casesamsidered:
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» The cleaning is implemented since the installatidnthe system (starting from a clean
condenser)

» The cleaning is scheduled for an existing systemppassed to be fully fouled

In the second case, the maintenance costs takagntunt the initial intervention; the energy sgein
are larger because the consumption without intéimens considered constant as the maximum
overconsumption corresponding to the considerelihigplimit.

Because of the high yearly operation times of thibers, the condensers foul very quickly (abougon
year) except for building 1 for which the operattones are lower.

The calculations are performed for all simulateddings over four years of operation, average pkrio
of duration of a maintenance contract. For theggkdfter the fouling limit the overconsumption is
considered constant.

Office building type 1

The total hours of chillers operation for a yeaP%30h for Nice, each of the 6 chillers are used for
422 h. For Trappes, the total operation time is9160for 4 chillers that makes 402 h/chillers.

Actually, designers tend to use less chillers witbher capacity than we chose; the number of

installed chillers would be in reality lower withhégh rate of operation, in order also to lower the
chiller maintenance costs.

With these low rates of annual operation, the etsllwill foul slowly: about two years and a half
would be necessary to foul for both simulated liocet (Figure 111).
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Figure 111: Overconsumption evolution with foulsmgd with maintenance for office 1 in Trappes

At the same time, the large number of installedsumakes the maintenance cost very high.
The condenser cleaning allows saving energy amairnéble below.

Table 35: Energy savings (kWh) due to condensanaig over 4 years for office 1

New Existing
Mamteng/r;%er)frequency Trappes Nice |Trappes Nice
0.5 2241 41521 4313 7 705
1 460 842 | 3913 6 923
2 302 545 | 3279 5734
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The condenser cleaning has shown not to be a ¢festiee action for most French climate and
electricity prices. At least one cleaning everethiears is recommended for existing systems (cost
effective since every three years cleaning for tmser than 30 €/unit). For new systems it is difft

to make the action cost effective, the maintenaost being more important than the savings in most
French cases (Figure 152 annex 9). For the Italiergy price, the condenser cleaning appears to be
cost effective in most cases with money savingl @00 € over the four years in the best case (Eigur
154, annex 9).

Office building type 2

The office building 2 has two chillers installedtbdor the Nice and Trappes location. It corresond
to what is common in practice: using two chillefsneedium capacity instead of one large chiller
allows guarantying the cooling when one of the thdlers is put off for maintenance or if out of

service. The chillers work 1 850itn Nice that means 925 h/chiller and 1 23 frappes that means

614 h/chiller.

The condensers foul in about a year for Nice afdyé&ars for Trappes. Behind the fouling limit, we
made the hypothesis that the overconsumption istanh(red curve of Figure 112).
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Figure 112: Overconsumption evolution with foulengd with maintenance for office 2 in Nice

The energy savings provided by condenser cleaningigen in the table below.

Table 36: Energy savings (kWh) due to condenseanaig over 4 years for office 2

New Existing
Maintenance frequency
(year) Trappes Nice Trappes Nice
0.5 1748 4 320 2 307 5241
1 1347 2748 1906 3670
2 563 942 1122 13864
3 483 919 1042 1840

The condenser cleaning has shown not to be a ffestiee action for French climate and electricity

prices except for the lower maintenance cost ferldiver maintenance frequency where the benefits
are zero.

For the Italy electricity prices the cleaning opiena shows benefits in quite all the conditions and
maintenance cost (Figure 155 and Figure 156, af@jieke curves have a wavy shape because of the
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multiple crossing points of the maintenance andrggnesavings curves having different slopes
(example in Figure 113).
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Energy Savings— Maintenance Costs— Global Benefiﬂ

Figure 113: Costs balance for unitary maintenanost®f 20 € for Italy

Office building type 3

The building office 3 has only one chiller installéhat covers the cooling demand. It operates wiost
time at partial load. Operation time per year i 84n Trappes and 1 421 h in Nice. It needs less t
a year to reach the defined fouling limit in Nieed 1.2 years for Trappes.

The condenser cleaning allows saving energy amairnéble below.

Table 37: Energy savings (kWh) due to condensanaig over 4 years for office 3

New Existing
Maintenarg;er)frequency Trappes Nice Trappes Nice
0.5 966 2 457 1191 2 846
1 650 1173 875 1562
2 225 392 450 781
3 218 389 443 778

Also in this case, the condenser cleaning has smmivto be a cost effective action for French ctina
and electricity prices (Figure 158 and Figure 188ex 9)

For the Italian case (Figure 160 and annex 9)mfaintenance cost of 40 € per unit and less, qilite a
the cases lead to money savings. More frequenicls@ning is, larger are the savings, with a
maximum of the global benefit curve correspondimgntice per year cleaning (corresponding to 0.5).

4.4 A time related scenario for filter fouling

For the split systems, the filter fouling represarmiroblem as already highlighted in chapter %as
possible to simulate the filter fouling evolutiontivthe operation time thanks to existing literatur
models.

4.4.1 Dynamic filter fouling: Thomas model
In order to simulate a time scenario, we creatptbgram capable of simulating the hourly fouling of
a filter under VBA. The model is based on the filt®llection model developed by Thomas et al.
[Thomas 2001] with some modifications.
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The model has been created originally to simulatdirig mechanism for HEPA filters. The main
collection mechanisms considered are the intermeptjz ) and diffusion(7;p). In our model we
introduced the impaction collection mechanigm) through model described by Landhal et al.
[Landhal 1949] that is prevalent for low efficieniilyer as in our case32 filtration class).

The model takes into account the different fibredlection mechanisms as the sum of single
mechanisms, considering them independent:

= M+ R o [69]

The two main parameters of the filter model arefitiee diameted; and the filter packing density; ,
that represents the ratio between the volume oedupy fibres and the volume occupied by the filter.
The efficiency depends on the size of the crosgartjcled,.

If a particle crosses the gas streamlines, duts iaértia and is collected on a fibre then itdgldo be
collected by impaction (Figure 114).

Gas streamlines\ / Impaction

—o=5-0y
particte 7 / / ST

trajectory
Cross section
of fiber

Figure 114: Impaction mechanism of particle coliest(figure from
http://www.unc.edu/courses/2007spring/envr/754/p01/

The impaction efficiency model from Landhal is:

) Stié
1=ste+077stke+ 022 [70]

Where the Stokes numbeS(k:Ch"szCCU
18/Jairdf

stream in presence of an obstacle.

) represents the capacity of the particle to follthe

The patrticles are collected by interception if tleejlect on the fibre without deviating from thesga
streamlines (Figure 115).
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Gas streamlines \ [ln[erception

—
‘°g/

Cross section
of fiber

Figure 115: Interception mechanism of particle eotion (figure from
http://www.unc.edu/courses/2007spring/envr/754/p01/

Always according Lee and Liu, interception effiagns given by:

_aprlar) R
=0 R R [71]
WhereR is the interception factonR%

Brownian motion causes small particles to dart abvewy quickly due to particle impact with gas
molecules. As a result, the particle may touchfire if it happens to move in that direction as th
gas streamline on which it is riding passes neafitbte surface (Figure 116).

Gas streamlines \
: L/\

RS e g
- sl .
Initial panicie) kAclual particle ‘ Cenitine
streamline path due 10 /

{nonintercepting}  Brownian mation

Cross section
of fiber

Figure 116: Diffusion (or Brownian) mechanism offpzle collection (figure from
http://www.unc.edu/courses/2007spring/envr/754/p01/

The diffusion term is from Lee and Liu [Lee 1982glecting minor terms and simplifying the
equation is:

/7D:2.6(—1lef J3pPe2/s [72]
With thePeclethumber:
Pe U[;‘i?ff [73]

WhereDiff is the diffusion:
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Diff —_—3%% [74]

And Ku theKuwabaranumber:

Ku:—%ln(m )—%+af +%af2 [75]

For a low efficiency filter (highd; and low a;), the prevalent mechanism of fibre particle cdltetis

the impaction as shown in the figure below.

1.000 /H—'A—'Z‘—D;ﬂ;‘&o"
0.800 ;-

[ |
0.600 y
r
0.400 /'
4
- M/
0 . OOO L R R RN / T

0.1 1 o 10 100
Aerodynamic diameter (um)

—e— interception—=— impaction diffusion Global fibre efficienc%

Figure 117: Efficiencies for different mechanisniropaction for a low efficiency filter

The pressure drop for the clean filter is:
4,UairanZ

Ap=F. 76
p .2 [76]
With F Davies'’s factor [Davies 1973]:
F=167mr:*(1+560+°) [77]
For the fouled filter, the pressure drop is caladaas:
= ai L Ap yydt  dp 3
Ap=BYNZ( o+ B A G+ ) (156(ar +an)) [78]

Wherea, is the packing density of the collected particld dgthe average diameter:

g,=239 [79]

We can observe that the additional pressure drop ite sensitive to the particle diameter and shows

that fine particles having a more fouling effe@ntcoarse particles.

The particles deposited on the filter form dendritieat participate to the particles collection aad
be considered as new fibres. We consider then énmst for the collection mechanism: the fibre

collection efficiency and the particle collectioffi@ency.

The global filter efficiencies for fibr&; and particleE, following the Thomas model, finally take into

account of the packing density through the formula:
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-dainiZ

: — /

Er =1-exp( =ar-a»)ds [80]
_ —4apel
—1— (

Ep=1 eXp\Ml—af —ap )dp) [81]

The collected masey by the filter is the sum of the collected massthg fibresm and by the
dendrites formed by the particles:

My= Me+m,, [82]
mr =(1— 1575” )iz Er [M(ds) [83]
M= 157;“ )Y Eolth(ds) [84]

The program follows the diagram of Figure 118, vathinput the filter characteristi and ¢, the
initial airflow and the air mass distribution aguaction of the aerodynamic diameter of the pasticl
The air mass distributions simulated are discretkaae the same we used in the case of the condense
fouling [annex 5].

The fouling limit has been set for an airflow retioc of —36 %, as we could simulate in the Mark V
simulation campaign.
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Particle mass distributi

distribution
Aerodynamic diameter (um)
New fibre and particle ;o0 S
efficiencies - 7 1) Fibre efficiency and
0400 { particle efficiencies
. o ;
> /
0.200 7
0.000 M—*’*/"“’/ )
0.1 10 100

1
Aerodynamic diameter (um)

[—s—nterception—=—impaction —+—difusion —— Gobal fibre efficiency

]

10E-04

8.0E-05

2) Deposited mass a
s080s Wﬁ calculation
40E-05

2‘0505-4_‘-[ Gpi(t)= api(t'1)+ api(t)

01 05 09 45 8 30 70
Aerodynamic diameter (um)

Ap=64,uUZ( Zap(t) W 2( Zap(t) )(1+56(a +ZNl:0' p())®)  3)New pressure drop

]

o particle

Ap (Pa)
160.007
140 .00
120.00 . .
10000 &N From the fan characteristic
soco — we obtain the new fan
60.00 — .
20 — airflow
—
20.00-
000
050 060 070 080 090
Airflow (m3/s)
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Figure 118: Scheme of the program for filter foglin

The formula has been originally created to model gingle particle diameter fouling effects. Because
of the large diameters range for the air massikigtons considered, the formula [78] is not really
suitable to our case because the little averagaetiex of the collected particles make the timeifaul
too short to be physically representative. We mediés it follows in order to consider separatbly t
contribution of each particle diameter:

Ap=4MZ( Zap' FAG +zap' )(1+56(art +zap.)3 [85]

Before commenting the model results we have to nsakee observations about the model limits and
hypothesis. The model does not take into accounbtiioff cycle of the unit that can influence the
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particle collection, an amount of the particle defmul on the filter surface falling down when the
draught air force is off. On the other side, in sotase, split systems can ensure simple ventilation
using the indoor unit fan without cooling functidhg occupant accepting the simple cooling effect
due to the airflow. In this case the use of thé& §gicomes longer and the occupant can choosesto us
it in the mid season, increasing the fouling offilier.

One last element should be considered that redheeliability of our model versus the realityeth
presence of bypass. The filter casing, althougtiallyi conceived to force the total airflow to pass
through the filter, presents in general some ghasallow the air to bypass the filter. The amoaint
the bypass airflow is variable with the bypass shafimensions and it increases with the filter
fouling, and has an important effect on the filedficiency [Ward 2005]. This makes the filter
efficiency decrease with the fouling that contrasith the increasing collection efficiency due bet
additional particle collection efficiency and inase the filter fouling time.

4.4.2 Fouling time for different air mass distribuion and cleaning strategies
For the three air mass distributions, the modeégae fouling times shown in the table below.

Table 38: Fouling time, deposited masses and fitBciencies from the filter fouling model

distlﬁltj)lsﬁion Finala, | Hours| Crossing mass (¢g)Deposited mass (d) lczelf?iiliglrlfg
Whitby 6.94E-05 18 2.28 0.94 41 %
Lestari 1.15E-04 21 2.66 1.57 59 %

SAE Coarseg 3.95E-04 50 6.35 5.38 85 %

We can observe that the filter fouls very quicklithafouling times between 18 and 50 hours. More
the mass distribution is fine, more the filter wuickly with a lower efficiency, this because the
more fouling particles are the finest although tlaeg less arrested as shown by the total deposited
mass.

Filter fouling has a minor impact on the energyicdhcy as we saw in chapter 2.9.3 but its
replacement or cleaning becomes important becalusther consequences on the system operation
such as the reduction of the superheat that allowil to enter into the compressor, or the de@eas
of the evaporating temperature, the increased tldteat removal and the ice formation on the
evaporator for extreme fouling rate and low evatiogaemperatures.

Actually, the filter replacement is scheduled diffetly following the manufacturers’ indicationsr fo
some manufacturer it should be performed everyweks, for some other monthly, or more if the
space is dusty.

Following our seasonal simulations, for the offieelding, the splits units work at an average oééh
hours per day in Nice: the filters should be changeveral times in a year, the best intervention
frequency is shown by the yellow dots in the figbedow for Nice and Trappes. Each filter cleaning
is after twenty hours of operation from the Lestaaiss distribution results (Table 38).

The operation time of the split is calculated as $am of the hourly load rates calculated by the
Consoclim model. As an example, an hourly load 0&t&0 % is considered as the system worked half
of an hour. The sum of the load rates of a daysgilie daily operation time of the split.
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Figure 119: Operation hours per day of split andaring intervention (yellow dots) after 20 operattours
for a office building

The filter replacement or cleaning should be sclesitegularly in the hot season. The best method
would be to install single counters for operatimgits (at least on one split, the one supposed tk wo
longer, that would be considered representativbetet) and to perform filter maintenance at ragul
interval such as it is done with car maintenanc@tan run kilometres.

However, we can estimate that the manufacturers'vieks cleaning interval agrees with our results
for office buildings: the intervention frequencytasished every twenty operating hours gives us an
average interval between two interventions of feemtdays both for Nice and Trappes locations.

For the residential buildings things change: therafing hours per day are lower. The monthly
cleaning interval seems more appropriate: the vetdgion frequency established every twenty
operating hours give an average period betweeniriteoventions of twenty four days both for Nice
and Trappes locations Figure 120.
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Figure 120: Operation hours per day of split andaming intervention (yellow dots) after 20 operattours
for a house building

4.4.3 Economic elements for filter replacement
The cost of the filter replacement is related te fitter type and in the case of the house; theeswn
would rather do it himself instead of paying someolVe could not perform energy savings
calculations because we did not consider accuratatygh the fan consumptions and, on the system
side, we could not observe significant overconsionptor the fouled rate considered (see chapter
2.9.3).

We can however summarize some elements: the dited in the split is a low efficiency air filtet,i$
often sold in rolls and afterwards cut to the dasidimensions, the filter does not need to be cepla
but in most cases can be simply cleaned by vacuuim same case washed; this cleaning does not
restore back the filter performance as a new bptdanes it significantly. The unitary filter pricgom
some suppliers’ catalogue, can be considered ar6éhd he operation of cleaning can take a quarter
to half an hour if performed by a non-trained parand consists in disassembling the indoor unit,
cleaning the other parts of the indoor unit (grillster basket, etc.) and the filter (or replageTihe
operation does not require expensive qualified.staf
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45 Conclusions of the time scenarios of defects

The physics of the defects allowed us to createestime related model in order to observe the
evolution of the defect with the operation of tlrecanditioning system.

The refrigerant leaks represent a danger bothniadlsair conditioners and chillers. The chiller®sh
generally higher leaks rate. The simulation allowsdto determine a critical value for the system
where the subcooling becomes zero and the perfaenanstrongly degradated. For split systems
with an average annual leaks rate of 5 %, the spliit endure 5 years, before reaching this limit.
Anyway the system can probably continue to workaldhg its lifetime without refill, the remaining
charge after 15 years being about 50 %.

For chillers, the average leak rate is estimatelDt®o: it would be impossible to consider a lifetiof
15 years with such leak rate and periodic refilégessary to ensure the chiller operation.

Condenser fouling can be avoided with periodic rileg of the heat exchanger. Several techniques
are available (with compressed air, water, spegifaduct etc.). The cleaning can be a cost effectiv
action when the maintenance cost is negotiated wawnds, but in most French cases, the high
maintenance cost and the low electricity cost maket cost effective. The electricity cost is very
decisive for the global cost and the higher eleitjriprice of Italy makes the cleaning cost effeetin
most conditions.

Finally, filter cleaning is a key action for ther gjuality, the indoor comfort and the efficiencydan
lifetime duration of the system. Recommendationsmainufacturers are to clean it regularly with
intervals that depend on the manufacturer. The inéstvention frequency should be related to the
operation of the system: for a system that operateger during the day, such as in the simulated
offices, cleaning of the filter should be schedubegry fifteen days. For building with lower loads,
such as residential, the monthly interval can écsent to ensure the cooling capacity and a lange
life of the system.
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General conclusions

Air conditioning is a key aspect in the energy scen for energy savings and performance

improvement. Several possibilities exist in orderréach better efficiency in existing systems by

undertaking a set of actions aimed at keeping yistem performance constant all along the system
life. The maintenance activities are not anymorly dased on availability and become a useful way
to reach energy savings and to maintain the cortd@ee for the occupants.

For split and chiller systems the contexts arehlijdifferent: the ranges of capacity are of dedint
order of magnitude, but in some contexts a chaareexist between the two systems.

The problem that such systems can meet all aloeig tiperation can be common to both systems
(refrigerant leak, condenser fouling) or specifi¢hile, for split systems, we can consider problems
such as filter fouling, compressor sealing problemd additional pressure drop in the liquid lira, f
the chiller we will rather consider compressor igation problems, evaporator fouling, clogged valve
and the presence of non-condensables in the cagrdens

The use of models allowed us to analyse the systenaegradated conditions for several defect
seriousness and various conditions of operation.

The first simulation campaign allowed us to defithe impact on the system performance (cooling
capacity, absorbed power end energy efficiencpyati each defect and to define the most sensitive
system parameters that could allow detecting tbblem.

The methodology of research for the defects impastsl simplified models in order to highlight the
characteristics specific to each defect and to Isitawa large range of defects. For the split syste
an existing model (ORNL heat Pump Model Mark V) hagn used after tuning. For the chiller, an
existing model developed by the Ecole des MinesPdds has been tailored to respond to our
objectives.

The preliminary results gave us the possibility define specific parameters for each defect
characterisation and to analyse performance evwoltditir several temperatures of operation.

The second simulation campaign showed the impattteotlefect coupled with building types for two
different climates taking into account partial Idaehaviour. In some cases, the trends shown in the
first campaign are emphasised by the seasonal taperan some other cases the partial load
behaviour can hide or modify the effect on glolaisumption and on comfort inside the building.

On one side, the methodology chosen gave us éseldm to simulate a large range of values of
defect level, on the other hand it required sonsei@aptions: translation into the model cannot always
represent all the physical consequences and thethggs that has been made leads in some case to
overestimate, in some other to underestimate syptmformance. Generally speaking, the model is
estimated suitable for simulating degradated candit except for refrigerant leaks. For the used
model, uncertainty exists about the calculation #iedcorrelations for refrigerant charge calculatio
Moreover it cannot simulate large ranges of chargeditions, because of the loss of validity of
expansion device models when no subcooling occurs.

The consequences of a given defect are speciftbamsystem and building chosen and cannot be
generalised to all the air conditioning systemsetggisting in the stock, because of the specifiafty
the machine (component size, refrigerant fluid)etd. the sizing method, of the control and of som
building aspects in terms of setpoints and thehatacteristics.
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Time-related models showed the evolution of thecksfwith the operation of the systems. A further

step of validation of the theoretical model withperimental tests would be necessary: although the
used models came from experimental works, the neadibns made into the model for our purpose

require further experimental data.

The economic aspects have been taken into accodrtha action of correction has been estimated in
terms of cost effectiveness. Scenarios of refrigiecharge evolution have been calculated and this
showed that, with the current average leak raté) bplits and chillers need regular inspection and
refill in order to operate correctly and to guaegntomfort.

The model of condenser fouling made it possibleegstimate the fouling time for the analysed
systems. The fouling time is equivalent to six geiarthe worst case for the buildings equipped with
split and less than a year in the worst chillefding case. In both cases, the regular cleaniogvsetd
benefit with a high electricity price (i.e. Italijprwith low price it depends on the building andtba
climate. The best frequency should be identifiedefach case.

For the split system, the model of filter foulingug best cleaning frequencies consistent with the
shortest manufacturers recommendations with twoksvewerage interval for office buildings. For
residential building, the operation rate is lowed @ monthly intervention is sufficient to guarantd

the evaporator a sufficient airflow and a good apeg condition.

Globally, the results obtained can be useful foditaus and inspectors to give indicative energy
savings values for the proposed correction actiSosne easy to use tools have been made available
to calculate the fouling times for the condensed #me fouling times for the filters. Sensitive
parameters and measurements trends have beerfigdeas help for defect detection; they could be
included in simple models the auditor can use tloiothe performance of the installation without
complex measurement instrumentation.

In future perspective, the same methodology ofam$ecould be applied to other air conditioning
systems types based on other technologies, codaitd) heating source and refrigerant fluids.
Moreover, evaporator fouling can be analysed athansystem defect in the same way we did for the
condenser. Putting in sequence the filter and @& kxchanger fouling models would allow then
identifying evaporator fouling times in the sameediion of research explored by Siegel [Siegel
2002].
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Annexes

Annex 1 - Characteristic of the simulated split MarkV

Compressor data

which map data apply - induction motors only -

Type of refrigerant R22
Refrigerant superheat at the compressor shell (tHt 6,9
Refrigerant subcooling at the condenser exit (°C) 5
Estimate of refrigerant saturation temperaturéd@tcompressor 5
shell input (°C)
Estimate of refrigerant saturation temperaturé@tompressor 50
shell outlet (°C)
Total piston displacement of compressor)(m 60,510°
Compressor shell heat loss rate:
Absolute value (W)
or
As a fraction of compressor input power 0,05
Compressor model that will be used Map based
Selected compressor operating drive frequency (Hz) 50
Type of drive of base compressor SWDIM
Type of drive of selected compressor SWDIM
Nominal motor size for selected compressor (W) 2400
Nominal frequency for selected motor rating (Hz) 50
Nominal voltage for selected motor rating (Voltshduction 400
motors only -
Number of frequencies for which base compressar datve fits 1
are available
Base compressor displacement)m 60,510°
Base superheat at the compressor shell inlet (°C) 0 2
Motor size for base compressor (W) 2400
Nominal frequency for base motor rating (Hz) 50
Nominal voltage for base motor rating (Volts) -umtion motors 400
only -
Base compressor frequency value for which map fddtav (Hz) 50
Nominal base compressor speed at given frequepay) (r 2920
Base compressor motor voltage at given frequenojtgyfor 400

Performance curve data for specified base comprésspency

see Compressor Map fit mode

Evaporator data

Air temperature entering the indoor unit (°C) 27
Relative humidity of the air entering the indooiitufo) 48
Operating frequency for indoor blower (Hz) 50
Nominal indoor blower frequency (Hz) 50
Nominal air flow rate (nih) 1296
Only for ECM drives - nominal blower motor size (W) -
Efficiency of fan only 0,45
Type of blower drive SWDIM
External pressure drop of duct system - indepenafespiecified 0
air flow rate or fan speed (N
Frontal area of the coil (h 0,5448
Number of refrigerant tube rows in the directioraofflow 2
Number of equivalent parallel refrigerant circuitsheat 3
exchanger
Spacing of the refrigerant tubes in the directibaipoflow (m) 0,0226
Spacing of the refrigerant tube passes perpenditutae 0.025
direction of air flow (m) :
Total number of return bends in heat exchangecialits) 9
Type of fin surface Louvered
Fin pitch (fins/m) 556
0,00012

Fin thickness (m)
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Outside diameter of the refrigerant tubes (m) 05009
Inside diameter of the refrigerant tubes (m) 0,0089
Thermal conductivity of the fins (W/m.°C) 204
Thermal conductivity of the tubes (W/m.°C) 384
Condenser data
Air temperature entering the outdoor unit (°C) 35
Relative humidity of the air entering the outdoait{%) 50
Operating frequency for outdoor fan (Hz) 50
Nominal outdoor fan frequency (Hz) 50
Nominal air flow rate (nih) 2880
Only for ECM drives - nominal blower motor size (W) -
Efficiency of fan only 0,45
Type of blower drive SWDIM
Frontal area of the coil (h 0,76
Number of refrigerant tube rows in the directioraofflow 2
Number of equivalent parallel refrigerant circuitsheat 4
exchanger
Spacing of the refrigerant tubes in the directibaipflow (m) 0, 02165
Spacing of the refrigerant tube passes perpenditutae 0.025
direction of air flow (m) :
Total number of return bends in heat exchangecialits) 28
Type of fin surface Smooth
Fin pitch (fins/m) 556
Fin thickness (m) 0,00012
Outside diameter of the refrigerant tubes (m) 05009
Inside diameter of the refrigerant tubes (m) 0,0089
Thermal conductivity of the fins (W/m.°C) 204
Thermal conductivity of the tubes (W/m.°C) 384
Refrigerant lines data
Rate of heat gain in the compressor suction ling (W 0
Rate of heat loss in the compressor dischargg\ifje 0
Rate of heat loss in the liquid line (W) 0
Inside diameter of liquid line (m) 0,0085
Length of liquid line (m) 7
Inside diameter of vapor Iine_lb(et\sveen reversingevaind indoor 0.0146
coil (m ’
Length of vapor line between reversing valve ambor coil (m) 7,5
Inside diameter of vapor line _kl)?tvx)/een reversinge/aind outdoo, 0.0085
coil (m '
Length of vapor line between reversing valve andi@or coil (m) 1
Inside diameter of line between reversing valvedmpressor 0.0117
inlet (m) '
Length of line between reversing valve to compressget (m) 0,75
Inside diameter of vapor line between compresstebio 0.0116
reversing valve (m) '
Length of line between compressor outlet to remgrsalve (m) 0,75
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Compressor data forMap-based Modeto enter in the Mapfit programme

Base superheat at the compressor shell inlet (°C) 2
Base subcooling at the condenser exit (°C) 0
Power (kW) Evaporating Temperature (°€}
Condensing Temperature (°C) -15 -10 - 0 5 10
35 1,73 1,91 2,07 2,20 2,29 2,34
40 1,75 1,97 2,18 2,35 2,49 2,59
45 1,76 2,02 2,26 2,48 2,67 2,88
50 1,75 2,05 2,33 2,59 2,84 3,05
55 1,72 2,06 2,38 2,69 2,98 3,25
60 1,68 2,05 2,41 2,77 3,11 3,43
Mass Flow (g/s) Evaporating Temperature (°Gp
Condensing Temperature (°Q) -15 -10 -5 0 5 10
35 24,7 31,92 40,14, 49,42 59,87 71,57
40 22,85 29,97 38,08 47,24 57,56 69,11
45 20,93 27,94 35,92 44,95 55,12 66,51
50 18,97 25,85 33,69 42,57 52,57 63,78
55 16,99 23,72 31,41 40,12 49,93 60,94
60 15,02 21,59 29,10 37,62 47,23 58,01
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Annex 2 - Details of simulated buildings equippedthvsplits

House
Kitcher
Basement
Living
Corridors
Toilets
First floor
) Bedroon
Corridors
Toilets

Figure 121: Plan of the floors of the simulated seu

Table 39: Simulated house areas

Total area (m?) 127
Bathroom 9,5
Living room 34
(air conditioned)
Kitchen 17
Bedrooms 51
(air conditioned)
Corridors 25

Occupation scheduling
Living room occupation: 1 person / 9 m?

Bedrooms occupation: 1 person/ 12 m?2
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Daily occupation scheduling of living roo

Daily occupation scheduling of living room:

(Monday to Friday) week-end
100% w 100%
£ 80% S 80%-
c 50%- S 60%-
T > o IR
> o] A 3 oo ]
S 20% © oo t——L— 1L
0% ‘ " ‘ ‘\ ‘ ‘ ‘ 1 4 7 10 13 16 19 22
1 4 7 10 13 16 19 22 Hour of day
Hour of day — Saturday— Sunda*
Occupation scheduling of bedrooms
o 100%
€ 80%- \\
S 60%
E o | ]
| I
O 0% T T 1 T T T T
1 4 7 10 13 16 19 22
Hour of day
—— Monday to Friday Saturday Sunda)*
Figure 122: Daily occupation scheduling for the glated house
Temperature setpoints
Bedrooms temperature setpoints (°C) Living room temperature setpoints (°C)
30 30 /
. [\ [ = | |
15 \ /
15 -
10 T T T T T T T
1 4 7 10 13 16 19 22 10 w w w w w w w

Hour of the day 1 4 7 10 13 16 19 22

Hour of the day

— Cooling=— Heating

= Co0ling =— Heatind

Figure 123: Daily temperature setpoints for the fwems and living room
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Table 40: House thermal characteristics and coolwagds

Cooling loads

Bedrooms Living room
Lighting 4 W/mz 15 W/mz
Electrical appliances 7 W/mz2 10 W/m2

Thermal characteristic of the building

Rooftop transmittance 0.6 W/m?/K
Wall thermal transmittance 0.6 W/m2/K
Windows transmittance 2.3 W/m2/K
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Office

The office building includes two storeys and fivBedent thermal zones shown in the table below.

Offices (North Toilets

Corridors

Offices (South Meeting rooms

Figure 124: Office building typical storey plan

Table 41: Simulated office areas

Total area (m?) 1008
Toilets/service rooms 30
e entedy | 180
o rented) 402
Meetng iooms | 1m0

Corridors 216

Occupation scheduling
Offices occupation: 1 person / 12 m?

Meeting rooms occupation: 1 person / 3.5 mz2

Daily occupation scheduling of offices Daily occupation scheduling of meeting rooms
(Monday to Friday) (Monday to Friday)
100% 100%
& 80% w 80%
< <
S 60%- S 60%
© =
o 0/ | ©
§ 40% g 20% | , \ ’ \
20%
0 // \\ © 200 —1
0% T T T T T / \
0,
0 4 8 12 16 20 24 0% ‘ ‘ ‘ ‘ ‘
0 4 8 12 16 20 24
Hour
Hour

Figure 125: Daily occupation scheduling for officasd meeting rooms
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Temperature setpoints

Offices temperature setpoints (°C) Meeting room temperature setpoints (°C)
30 30
5] | | | |
25
20 T
20 1
15 / \ e / \
10 T T T T T
1 4 7 10 13 16 19 22 10 ——

Hour of the day 1 4 7 10 13 16 19 Z

: : Hour of the day
‘—Coollng —Heatmg‘ ‘—Cooling—Heating‘

Figure 126: Daily temperature setpoints for thecgfé and meeting rooms

Table 42: Building thermal characteristics and doglloads
Cooling loads

Lighting 30 W/m2

Electrical appliances 15 W/mz

Thermal characteristic of the building

Rooftop transmittance 0.5 W/im?/K
Wall thermal transmittance 1.3 W/m2/K
Windows transmittance 3.9 W/m2/K
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Annex 3 - Seasonal results for house and buildingguipped with degradated
splits

Office building

104%
102% x

100% = $ e
98% r \
96%

94%
92% |-
90% T T T T T T T T T 1

0% -2% 4% 6% -8% -10% -12% -14% -16% -18% -20%
Charge reduction (%)

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)= Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 127: Effect on the cooling energy and thawal energy consumption for an office building
in Nice and Trappes for reduced refrigerant charges

Discomfort hourg%) Office (Nice)
Occupation hours

16.0%
12.0%
8.0% - @ Office A
| Office B
4.0% ]:I: - O Meeting rooms
0.0% Lﬂ_m

0% -5% -10% 20%

Charge reduction
Figure 128: Subsequent discomfort for reduced gefiant charges for an office building in Nice

Discomfort hour (%) Office (Trappes)

Occupation hour

2.0%

O Office A
1.0% Il Office B

[0 Meeting rooms
0.0% ' O

0% -5% -10% -20%

Charge reduction

Figure 129: Subsequent discomfort for reduced gefiant charges for an office building in
Trappes
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House

102%
100% L e,
98% |- - \
96%
94% r \
92%
90% ‘ ‘ ‘
0% -5% -10% -15% -20%
Charge reduction
+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
= Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 130: Effect on the cooling energy and thawal energy consumption for a house in Nice
and Trappes for reduced refrigerant charges.

House (Nice)

" 25%
2 3 20%-
E é 15% - ] @ Bedrooms
o 8 O Livi
2 2 10%- Living room
8 3
.é’ O 59 r L
O% T T T
0% -5% -10% -20%
Charge reduction
House (Trappes)
3%
o 2
S 5 —
S
_8 c 2% |
© '% O Bedrooms
S a
gl 3 1% —
3 O
° []
0% ‘

0% -5% -10% -20%
Charge reduction

Figure 131: Subsequent discomfort for reduced geftant charges for a house in Nice and
Trappes
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105%

Office building

104%

_—

103%
102%
101%-

100% -
0%

*

20% 40% 60% 80% 100% 120%

Condenser increased pressure drop (%)

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)

+ Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 132: Effect on the cooling energy and thawai energy consumption for an office building

105%

in Nice and Trappes for condenser fouling.

House

=

104%

103%

102% -

101%

100% -
0%

20% 40% 60% 80%

100% 120%

Condenser increased pressure drop (%)

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
= Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 133: Effect on the cooling energy and thawal energy consumption for a house in Nice

and Trappes for condenser fouling.
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Office building

104%

103% I

102% |

101%

100% / N

99% T T T T T
0% 5% 10%  -15%  -20%  -25%  -30%

Evaporator airflow reduction (%)

 Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
= Trap Ea/Ea_ref (%) Trap Ec/Ec_ref (%)

Figure 134: Effect on the cooling energy and thawal energy consumption for an office building
in Nice and Trappes for filter fouling

House
108%
106%
102%
100% x : .
98% T T T T T
0% -5% -10% -15% -20% -25% -30%
Evaporator airflow reduction (%)
+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
+ Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 135: Effect on the cooling energy and thawal energy consumption for a house in Nice
and Trappes for filter fouling
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Office building

104%
102% /
98% - - = s
96% | '
94%
92% |
90% ‘ ‘ ‘ ‘ ‘ ‘

0% 5% 10% 15% 20% 25% 30% 35%

Additional pressure drop in the liquid line (%)

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
= Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 136: Effect on the cooling energy and thawal energy consumption for an office building
in Nice and Trappes for additional pressure dropha liquid line

Office (Nice)

16%

12%

O Office A
| Office B
4% O Meeting rooms

0% ,ﬂ

0% 10% 20% 30%

8%

Discomfort hour§%o)
Occupation hours

Additional pressure drop at liquid line (%)

Figure 137: Subsequent discomfort for liquid limstriction for an office in Nice

Office (Trappes)

2%

1% _‘ O Office A

B Office B

H H O Meeting rooms
0% ‘ ‘

0% 10% 20% 30%

Discomfort hou(86)
Occupation hours

Additional pressure drop at liquid line (%)

Figure 138: Subsequent discomfort for liquid limstriction for an office in Trappes
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House

102%
100% -
98% -
96% - ¢
94% -
92%
90% ‘ ‘ ‘ ‘ ‘ ‘
0% 5% 10% 15% 20% 25% 30% 35%
Additional pressure drop in the liquid line (%)

o

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
= Trappes Ea/Ea_ref (%) Trappes Ec/Ec_ref (%)

Figure 139: Effect on the cooling energy and thawai energy consumption for a house in Nice and
Trappes for additional pressure drop in the liglirte

House (Nice)

20%

15%

O Bedrooms
10%

5%
0% ‘ ‘ ‘

0% 10% 20% 30%

O Living room

Discomfort hou(%o)
Occupation hours

Additional pressure drop at liquid line (%)

Figure 140: Subsequent discomfort for liquid limstriction for an house in Nice

House (Trappes)

12%
g 3
3l< 8%
cC
|2
2|8
2k
3|8 4%
[a)
0%

0% 10% 20% 30%
Additional pressure drop at liquid line (%)

Figure 141: Subsequent discomfort for liquid limstriction for an house in Trappes
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Office building

108%
106% //
104% ——
102% =
100%
98% T T T
0% 4% -8% -12% -16%

Compressor efficiency reduction (%)

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)
+ Trap Ea/Ea_ref(%) Trap Ec/Ec_ref(%)

Figure 142: Effect on the cooling energy and thauwai energy consumption for an office building in

Nice and Trappes for compressor wearing

Office (Nice)

Discomfort hourg%)
Occupation hours

4%
1 .
3% @ Office A
. B Office B

2% — .

I_ HMeeting rooms
1% —
0%

0% -4% 7% -14%

Compressor efficiency reduction

Figure 143: Subsequent discomfort for compressa@ring for an office in Nice

House

106%
104% A_—}——::::::::::====,,-—z——“
102%

1005 /

98%

96%

0% -2% -4% -6% -8% -10% -12% -14% -16%
Compressor efficiency reduction

+ Nice Ea/Ea_ref (%) Nice Ec/Ec_ref (%)

+ Trap Ea/Ea_ref(%) Trap Ec/Ec_ref(%)

Figure 144: Effect on the cooling energy and thawal energy consumption for an office building in
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Nice and Trappes for compressor wearing

House (Nice)

O Bedrooms

BRE
S XX
1

O Living room

1% —

(=Y
X
1

Discomfort hou(86)
Occupation hours

0%

0% -4% -7% -14%

Compressor efficiency reduction (%)

House (Trappes)

4%
3% -
3%
2%
2%
1% +—
1% ~
0%

O Bedrooms

Discomfort hou(86)
Occupation hours

0% -4% -71% -14%

Compressor efficiency reduction (%)

Figure 145: Subsequent discomfort for compressaring for a house in Nice
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Annex 4 - Details of simulated building equippedtivichillers

The occupation scheduling and the temperature isgspare the same of the building described in the
Annex 2.

Table 43: Simulated office areas

Office 1 Office 2 Office 3
Corridors (m2) 1111 148 432
Office A (m?)
North oriented 5928 1389 360
Office B (m?)
South oriented 5870 1389 804
Meeting rooms (m2) 2371 1086 360
Toilets/Service rooms
(m?) 1111 988 60
Total area (m?) 16391 5000 1584

Occupation scheduling
Offices occupation: 1 person / 12 m?

Meeting rooms occupation: 1 person / 3.5 m?

Daily occupation scheduling of offices Daily occupation scheduling of meeting rooms
(Monday to Friday) (Monday to Friday)
100%
’ 1
0/
. 80% 0.8
< ®
c  60% - c
S 506
8 ©
> 40% o
3 3 0.4 -
© S
0,
20% / \ 02
0% ‘ ‘ ‘ ‘ ‘ O I I I T
0 4 8 12 16 20 24
0 4 8 12 16 20 24
Hour

Hour

Figure 146: Daily occupation scheduling for officasd meeting rooms

Temperature setpoints
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Offices temperature setpoints (°C)

Meeting room temperature setpoints (°C)

30 30
25 1 25
20

15 *J

10

1 4 7 10 13 16 19 22

N Y A N

10

Hour of the day

‘ — Cooling — Heating‘

Figure 147: Daily temperature setpoints for thecgfé and meeting rooms

4 7 10 13 16
Hour of the day

‘— Cooling— Heating‘

Table 44: Building thermal characteristics and doglloads

Cooling loads

Lighting

30 W/mz

Electrical appliances

15 W/m2

Thermal characteristic of the building

Rooftop transmittance 0.5 W/im?/K
Wall thermal transmittance 1.3 W/m2/K
Windows transmittance 3.9 W/m2/K
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Annex 5 - Air mass distributions

SAE Coarse Dust size distribution

Diameter (um)Diff Volume % 10.86 2.04
0.849 0.177 12.08 2.18
0.944 0.203 13.44 2.36
1.05 0.234 14.94 2.58
1.167 0.266 16.62 2.82
1.298 0.307 18.48 3.1
1.444 0.35 20.55 3.36
1.606 0.393 22.85 3.63
1.785 0.44 25.42 3.92
1.986 0.497 28.26 4.25
2.208 0.55 31.43 4.5
2.456 0.63 34.95 4.63
2.731 0.688 38.87 4.73
3.037 0.741 43.23 4.91
3.377 0.817 48.07 4.83
3.756 0.909 53.46 4.48
4.177 0.997 59.45 4.16
4.645 1.09 66.11 3.74
5.165 1.19 73.52 3.27
5.744 1.27 81.76 2.83
6.388 1.38 90.93 2.3
7.104 1.49 101.1 1.93

7.9 1.63 112.5 1.68
8.785 1.72 125.1 0.951
9.77 1.89 139.1 0.461

Volume
(L 3 : 525%c#01] 12
D_a:l |4| ||IiI |:| ||‘ ||I‘ e 5253C#01 ;DD
= bey i

h '\h, "\l i ‘| il h e

2 = i | I'| ‘ ". .‘p || ||| ||I ﬂ 1 —:z
0 |.--::_-..T-;I:_-':"'i'il' éﬂi"i:i"|iﬁ-'-ii.i I_i I | AL III II| IlI il i | || I l | IIII ‘l l | || || I ’;Q

T | - 1
1 2 4 6 & 10 20 4 60 100 200
Particle Diameter (um)
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Air mass distribution, from Whitby diagram

Diameter (um

Diff Mass %

0.1 2.6
0.2 6.5
0.3 8
0.4 1
0.5 1
0.6 1
0.7 3
0.8 2
0.9 1
1 15
2 17
3 11
4 9
5 3
6 7
7 2
8 4
9 2
10 2
11 0

Pourcentage de particules de diamétre inférieur ad

99.99
9959
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Average air mass distribution, from Lestari [Le$t2003]

Diameter (um)

Diff Mass %

0.1 2.85
0.2 2.85
0.3 2.85
0.4 5.23
0.5 5.23
0.6 5.23
0.7 1.90
0.8 1.90
0.9 1.90
1 1.90
2 2.38
3 4.75
4.5 4.75
5 4.75
6 5.32
7 5.13
8 5.13
9 5.13
10 3.04
20 3.04
30 6.08
40 6.08
50 2.09
60 2.09
70 2.09
80 2.09
90 2.09
100 2.09

dMAALOGIODp Aero) [_Lly,.'m"l
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Annex 6 - Refrigerant leak evolution in buildingsgeipped with split
systems

100% 100%

95945
90% @

T 90‘%8
-

\w 85%%
©

S

80%
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Figure 148: Refrigerant charge, capacity and corh&olution for an office in Nice

-154-



100% — 100%
S
o 1 95% %
S 90% - @
g = g
S +90%
= S
o) 80% 2
2 T 85% 3
& )
70% ‘ ‘ 80%
0 1 2 Year 3 4 5
100% 100%
> — T 98%
2 90% h \s W
crs 0 o)
= T 96% 8_
o =
Y I\' m
T 94% m
S 80% ] TR
(@] —~
£ T 920 E
(O]
0
70% 90%
0 1 2 vear 3 4 5
< 100% 30%
S ///) 9
E wn
£ g0 < / 20% %
£ N 2
g 3
2 80%- 0%
Dq:) //4> 4 g
70% ‘ ‘ 0%
0 1 2 ear 3 4 5

Figure 149: Refrigerant charge, capacity and corh&wolution for a house in Nice
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Figure 150: Refrigerant charge, capacity and corh®&rolution for an office building in
Trappes
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Figure 151: Refrigerant charge, capacity and corh&rolution for a house in Trappes
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Annex 7 - Maintenance costs for charge refill foubding equipped with
split systems

Office building with splits Nice Trappes
Area (m?) 762 762
Number of units 24 18
Unitary capacity (kW) 8.7 8.7
Initial charge (kg) 67.2 50.4
Final charge (kg) 52.4 39.3
Refrigerant losses (kg) 14.8 11.1
Refrigerant cost (€) 133 100
Labour Hours (per unit) 2 2
Labour cost (€) 2400 1800
Displacement and material (€) 50 50
Total cost (€) 2583 1950
Cost per cooling capacity (€/k\V) 12 12
Cost per cooled area (€/m2) 3.4 2.6
House Nice Trappes
Area (m?) 81 51
Number of units 2 1
Unitary capacity (kW) 8.7 3.3
Initial charge (kg) 5.6 2.8
Final charge (kg) 4.4 2.2
Refrigerant losses (kg) 1.2 0.6
Refrigerant cost (€) 11 6
Labour Hours (per unit) 2 2
Labour cost (€) 200 100
Deplacement and material (€) 50 50
Total cost (€) 261 156
Cost per cooling capacity (€/k\V) 15 47
Cost per cooled area (€/m2) 3.2 3.0
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Annex 8 - Maintenance costs for charge refill foubding equipped with
chiller systems

Office n°1 Nice Trappes
Area (m2) 14111 14111
Number of units 10 6
Unitary capacity (kW) 170 160
Initial charge (kg) 498.7 281.6
Final charge (kg) 299.2 169.0
Refrigerant losses (kg) 199.5 112.6
Refrigerant cost (€) 3191 1802
Labour Hours (per unit) 5 5
Labour cost (€) 2500 1500
Deplacement and material (€) 50 50
Total cost (€) 5741 3352
Cost per cooling capacity (€/kW 3.4 3.5
Cost per cooled area (€/m?) 0.4 0.2
Office n°2 Nice Trappes
Area (m2) 3864 3864
Number of units 2 2
Unitary capacity (kW) 210 160
Initial charge (kg) 123.2 93.9
Final charge (kg) 73.9 56.3
Refrigerant losses (kg) 49.3 37.5
Refrigerant cost (€) 788 601
Labour Hours (per unit) 5 5
Labour cost (€) 500 500
Deplacement and material (€) 50 50
Total cost (€) 1338 1151
Cost per cooling capacity (€/kW 3.2 3.6
Cost per cooled area (€/m2) 0.3 0.3
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Office n°3

Nice Trappes
Area (m?) 1524 1524
Number of units 1 1
Unitary capacity (kW) 160 210
Initial charge (kg) 46.9 61.6
Final charge (kg) 28.2 37.0
Refrigerant losses (kg) 18.8 24.6
Refrigerant cost (€) 300 394
Labour Hours (per unit) 5 5
Labour cost (€) 250 250
Displacement and material (€) 50 50
Total cost (€) 600 694
Cost per cooling capacity (€/kW 3.8 3.3
Cost per cooled area (€/m?) 0.4 0.5
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Annex 9 - Chiller savings for regular condenser aleing
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Figure 152: Global savings for regular condenseazaniing for office building 1 for a new (clean)
system
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Office 1 Trappes (existing) Frequence of cleaning (Year)
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Figure 153: Global savings for regular condensazaniing for office building 1 for an existing
(fouled) system
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Office 1 Italy (new)
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Figure 154: Global savings for regular condenseazaniing for office building 1 for a new (clean)
and an existing (fouled) system with Italian eledly prices
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Office 2 Trappes (new)
Frequence of cleaning (Year)
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Figure 155: Global savings for regular condenseazaniing for office building 2 for a new (clean)
system
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Office 2 Trappes (existing)
Frequence of cleaning (Year)
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Figure 156: Global savings for regular condensegasling for office building 2 for an existing (fod)e
system
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Office 2 Italy (new)
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Figure 157: Global savings for regular condenserasling for office building 2 for a new (clean) aaal

existing (fouled) system with Italian electricityges
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Office 3 Trappes (new)
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Figure 158: Global savings for regular condenseazaniing for office building 3 for a new (clean) syst
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Office 3 Trappes (existing)
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Figure 159: Global savings for regular condensazaniing for office building 3 for an existing

(fouled) system
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Office 3 Italy (new)
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Figure 160: Global savings for regular condenserasiing for office building 3 for a new
(clean) and an existing (fouled) system with Ital@ectricity prices
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ANALYSE ET SIMULATIONS DE DEFAUTS DES EQUIPEMENTS D E CLIMATISATION EN
VUE D’'UN AUDIT ENERGETIQUE

Résumé

La consommation due a climatisation est aujourdtimi enjeu énergétique important. La Directive
portant sur la Performance Energétique des Batsnelimtéresse aux systémes de climatisation en
prévoyant une inspection périodique afin d'évalieefonctionnement du systéme et ensuite a proposer
des actions d’amélioration. Les méthodes pouritaatisation sont rares, parfois dérivées de celtas

le chauffage et pas optimisées. La thése cherchétérminer et quantifier les problémes que les
principaux systémes de climatisation rencontrentpat leur vie du point de vue technique. Il s’agt
savoir comment les détecter, quels sont les imganetsgétiques et les effets sur le confort.

Les technologies de climatisation sont nombreusdg/ersifiées on a donc retenu deux types de gysté

a analyser, les plus courants sur le marché eunaplés climatiseurs split et les groupes de pradaoc
d’'eau glacée. Les défauts de fonctionnement les foiguents pour ces deux types de systéme ont été
pris comme base.

Une préliminaire méthode d’'analyse qualitative défauts par représentation schématique en arbre de
défaillance nous a permis de mieux comprendre ksigbe de chaque défaut. Ensuite une méthode
guantitative de modélisation en conditions fixestel®pérature nous a permis de définir les paramétre
mesurables et les effets sur les performances. Raws rapprocher de la réalité une modélisation en
conditions variables a été développée afin de dfieries effets en terme de consommation et d’'ictpa
sur le confort dans des cas deux types de batin@ates dans des climats de référence. Enfin, une
méthode temporelle a consistée a relier le nivaawd&faut au temps afin d'observer la dégradation
progressive et de pouvoir déterminer la fréquemptamale des actions de correction en termes d'émerg
et de codt. On a pu ainsi obtenir une courbe dipeance pluriannuelle avec ou sans action corecti

ou préventive.

Mots clés : climatisation, audit, défaut de fonnfiement, split, groupe de production d’eau glacée

ANALYSIS AND SIMULATION OF DEFECTS OF OPERATION FOR AIR CONDITIONING
AUDIT

Abstract

Nowadays the energy consumption due to air comditgp (AC) is a significant energy stake. The
Directive on Energy Performance of Buildings waltsimprove the air conditioning performance
through the regular inspection of the system ireotd assess how the system operates and to propose
measures for improvement. Audit methods for airdittoning are rare, sometimes derived from those
for heating and not optimised. The research waaotsdéentify and quantify the problems that air
conditioning systems meet all along their lifetifnem a technical standpoint. The question is how to
detect the operation problems and what are theirggnimpacts and effects on comfort.

The air conditioning technologies are many and tymes of systems have been analysed, the widely
present in the European market: the split air diowers and chillers. The characteristics of thesem
systems are representative of system widely présahe stock. The most common defects for these tw
types of system have been taken as a base.

Firstly, a method of qualitative analysis of degeby a schematic representation of tree defectslesha
us to better understand the physics of each defémn a quantitative method of modelling at fixed
temperature conditions allowed us to define thesitigr parameters and measurable effects on
performance. In order to be closer to reality, $fistems have been modelled in variable conditidhs.
model takes into account part-load operation of dhstem and can quantify the effects in terms of
seasonal consumption and impact on comfort in ca&sench typical buildings located in climates of
reference. Finally, a temporal method links theeleof the defect to the operation time in order to
observe the gradual deterioration and to deterithieeoptimal frequency of corrective action in terofis
energy and cost. We could thus obtain a multi-peaformance curve with or without corrective action

Key words: air conditioning, audit, defect of optoa, split system, chiller
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