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Abstract

Nowadays traditional (direct expansion) supermarketgefation systems are mostly employed in
supermarket establishments for refrigerating food productsbamerages in the store. However,
the installations of long piping system, fittings amidnis in traditional systems are causing
substantial refrigerant losses. The refrigerant lossegn bring about cost and high environmental
damage in terms of ozone layer depletion and global imgrpotential. Additionally, defrosting of
air-coils is one of the most energy consuming proceisssupermarket refrigeration systems due to
susceptibility of the air-coils to moisture. Hence, fhest forming on air-coils as a result of
moisture transfer should be removed to keep display cahindes the required temperature.

Various studies, though limited in scope, have been cordlboté numerically and experimentally
by several researchers in order to provide efficient andramaentally friendly supermarket
refrigeration technologies. Empirical and mathemateogiressions have also been continuously
developed to quantify frost characteristics on flatgsdadnd round tubes thereby determining the
appropriate defrost periods. Cascade and secondary cosgflagénation systems are the potential
candidates to replace traditional ones due to the faat the former can work on natural
refrigerants and the latter essentially eliminatesgl@monnecting lines and environmentally
damaging refrigerants. Development of empirical cotiaia for frost characteristics on real heat
exchangers could also provide accurate prediction of defpesiods thereby eliminating
unnecessary waste of energy and deterioration of food geduc

The current study, therefore, presents (a) mathematiqakssions for carbon dioxide-ammonia
(R744-R717) cascade refrigeration system; (b) mathemabipaéssions for frost property and air
pressure drop; and (c) a numerical model for medium-tempre secondary coolant system
incorporating the new frost property correlations. Thendoelynamic analysis of the cascade
refrigeration system is useful for the supermarketgefation industry to optimize the design and
operating parameters of the system. The developmenheoffrost property correlations from

experiments on a lab-scale flat-finned-tube heat exchaisgaiso useful for the supermarket
refrigeration industry for better prediction and controtefrost periods and duration for medium-
temperature air-coils. The medium-temperature secondapjant model adopted the most
appropriate heat transfer, mass transfer and pressupecdreelations obtained from the open
literature. The system components such as air-coik plat exchangers, distribution lines, coolant
pump and compressor were modeled independently. Each componeel was validated and

linked to form a complete overall medium-temperature rsg@xy coolant refrigeration system

model.
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The experimental results showed that COP of the Mamybene glycol/water based medium-
temperature secondary coolant refrigeration systenddmaill.33, whereas the simulated results on
a typical supermarket showed that COP of the systeid beuas high as 1.75.

The fundamental difference between the existing skagncoolant models and the current one is
that frost characteristics have been incorporatedaraithcoil model. In addition to this, complete

independent models have been developed for plate heat grchamased on their respective
applications. Hence, the main advantage of the curredium-temperature secondary coolant
refrigeration system model is that defrost periods and 8pan required to defrost frosted air-coils
can be accurately determined to achieve energy savings evenpmproduct deterioration in the

display cabinets. The plate heat exchanger models saneahble one to reasonably determine
pressure drops thereby leading to an appropriate coolant puecpcel

Finally, a step-by-step exercise of the applicatiorhefdecondary coolant model, which has been
included in this project, can be used to completely desidgitsevaluate and install such systems
or retrofit the existing traditional direct expansiofrigeration systems in supermarkets.
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Nomenclature
A area [m?]
Cpma specific heat of moist air [kJ ke
Cpse specific heat of secondary coolant [kJ'KG']
COP coefficient of performance [dimensionless]
D diameter [m]
Dn hydraulic diameter [m]
f friction factor [dimensionless]
Fo Fourier number [dimensionless]
Fo fin pitch [m]
Gma air mass flux [kg i sY]
Gmn.sc secondary coolant mass flux [kgPre’]
h heat transfer coefficient or enthalpy l1[1\1I\2/ K™ or [kJ
kg~]

hiow Flow length [m]
Pk Heat exchanger length [m]
hs specific enthalpy calculated at suction entropy K]
k thermal conductivity [W MK
L length [m]
m mass flow rate [kg§
Mst frost mass accumulation [kg’mM
m,\m ratio of high-temperature circuit mass flowrate to

o [dimensionless]

low-temperature circuit mass flowrate

Nup Nusselt number [dimensionless]
Nt number of tubes in horizontal direction [dimensionless]
Ny number of tubes in vertical direction [dimensass]
P pressure [kPa]
Pro Prandtl number [dimensionless]
q heat flux [W m?
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Nomenclature

Q
R1$
R2$
Rep
Réva
Repn

r

r

rowl

row2

(7))

—+

s = < < C dH

SC$

rate of heat transfer [kW]

carbon dioxide (R744)
ammonia (R717)
Reynolds number for circular diameter [dimensionless]

Reynolds number for air-coil

[dimensionless]

Reynolds number at hydraulic diameter [dimensiohless

tube outer radius

fin tip radius

first row of air-coll
second row of air-coll

specific entropy
fin spacing

vertical distance between tubes
thickness

temperature

overall heat transfer coefficient
velocity

volumetric flow rate

effective width

power

horizontal distance between tubes

Secondary coolant

x-axis/quality

Greek letters
thickness

change

heat exchanger effectiveness
efficiency

dynamic viscosity
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act
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channel
circuit
CO
com
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coolant

D
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E
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free
flow
fluid
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fst
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density

[0 7kghl
[kg m?]

ratio of free-flow to frontal area/standl@eviation [dimensionless]

time

Subscripts
air
actual

average

condenser

cascade heat exchanger
channel
coolant/refrigerant circuit

carbon dioxide
compressor

concentration
secondary coolant

diameter
desuperheating
element

evaporator

electric

expansion valve

fin

free flow

fluid flow

fluid/secondary coolant

frontal
frost

high-temperature circuit
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hx

ice

ihx

in
interface

isen
L
line
MAX

meas
min
MPG
NH3

OPT
0

out

p

pc
plate
PUMP
R

r,com,in
r,com,out
r,exv,in
r,exv,out
r,ihx,in
r,ihx,out

r,con,in
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monopropylene glycol
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optimum
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outlet

pitch/port
precooler
plate
pump
refrigerant

refrigerant compressor inlet

refrigerant compressor outlet

refrigerant expansion valve inlet
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CHAPTER 1.

Introduction

1.1.Background

Refrigeration is a technology which regulates andintains temperatures lower than the
surrounding. Among its applications, food storagd air condition systems are the two typical
examples. Vapor compression refrigeration datek bacl834 when Jacob Perkins received a
patent for closed cycle ice machine [1]. Sincedbeelopment of the vapor compression cycle,
refrigeration obtained a very fast growth. Fromlleig and chilled storage to freezing and
frozen storage, from refrigerated transport toilriatribution, accompanied by the development
of air conditioning technology, refrigeration plays vital role in the commercial sectors,
especially in supermarkets. However, supermarketdstiae most energy-intensive types of
commercial buildings, which contain heating, coglirand ventilation (HVAC) as well as
refrigeration systems as single integrated facililectricity consumption in large supermarket
represents about 4% of the national electric enasgyin both the United States and France [2].

Supermarket refrigeration systems, mainly refritggtalisplay cases, consume about 50% of the
total store energy [3]. According to the study asctéd by Getu [4], the average power
consumption of the compressors/rack systems foh lWbé low- and medium-temperature
refrigeration systems of the supermarket amountsughly 20% of the total energy use of the
supermarket. The field (defrosting, anti-sweatstasice heaters, display cabinet lights and fans)
energy consumption contributes to an additional 14%e energy consumption due to the air-
conditioning system of the building is as much &®6lof the entire energy use of the
supermarket. The rest of the supermarket energywisieh is around 49% attributes to water
heating and lighting systems of the establishment.
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Defrosting of air-coils is also one of the most rglyeconsuming processes in supermarket
refrigeration systems. When the surface temperatfioeils falls below 8C, water vapor in the
air condenses and freezes forming frost on thes.cdihe water vapor mainly attributes to
exchange of moisture between the display casesrengtore environment. Open display cases
are seriously affected by the extent of moisturehe supermarket whereas the glass-door
display cases are rarely susceptible by moistuester. Large amount of frost accumulation
decreases the performance of the coils by redubmdlow of air. This consequently reduces the
refrigerating capacity of the coils. Hence, frogtshould be removed from air-coils when the

frost grows to a certain thickness to maintainesysperformance and temperature control.

Nowadays, there are different types of refrigerasgstems, which provide cooling to various
kinds of display cabinets such as meat, dairy,cddssen, produce and frozen food in the
supermarket industry. These are direct expansidtifilex, cascade, secondary coolant and
distributed refrigeration systems. Additionally, wneefrigeration technologies are emerging
which could potentially reduce the environmentapacis of the conventional refrigeration
systems in the food industry [5]. These are (aptemm refrigeration technologies (e.g. absorption
and adsorption) where the compressor of a vapopiession cycle is replaced by a ‘thermal
compressor’ and a sorbent; (b) ejector refrigerasgstems (thermally driven technologies)
where two refrigerants (primary and secondary) mmiged in the ejector eliminating the
necessity of moving parts; (c) air cycle refrigematwhich produces low temperatures for
refrigeration by using air in compression, consfamn@ssure cooling and expansion to achieve a
final temperature lower than the temperature atsthet of compression; (d) tri-generation or
CCHP (Combined Cooling, Heating and Power) whica ikermally driven refrigeration system
providing cooling, electrical power, heating ener@®) Stirling cycle refrigeration system which
is a closed-cycle regenerative thermal machine ingrkn the principle that a piston alternately
compresses and expands a working gas, whereassfilacer shuttles the gas back and forth
between the cold end (where heat is absorbed) lEdvarm end (where heat is rejected); ()
thermoelectric refrigeration (Peltier effect) whishattributable to the junction of two dissimilar
metals to either cool down or warm up when a disdettric current passes through the junction
depending on the direction of applied current; tfgdrmo-acoustic refrigeration systems which

operate by using sound waves and a non-flammabdeiraiof inert gas (e.g. helium, argon, air

2
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etc) or a mixture of gases in a resonator to predanling; and (h) magnetic refrigeration which
is based on the magneto-caloric effect (MCE), acha®perty of magnetic solids characterized
by a reversible temperature rise when a magnetid & applied adiabatically.

However, direct expansion refrigeration systenhésrhost commonly employed configuration in
modern supermarkets for providing refrigerationdtsplay cabinets located in the store. The
other new refrigeration systems including the enmgrgefrigeration technologies need a lot of
work to make them commercially attractive. Amongsth works, thermodynamic analysis and
develop numerical models and empirical frost catrehs for cascade and secondary coolant
refrigeration systems, respectively, could be \itaévaluate the performance of two of the new
refrigeration technologies. This is because cautioride is, for example, being widely used in
cascade refrigeration systems in Europe by attgcsupermarket owners [5]. It was also
reported by Wang et al [6] that secondary coolafrigeration systems, especially, for medium-
temperature applications are being tried in Eurdff®,and Canada by supermarket owners due
to their minimized environmental impact and pipmgtworks as compared to traditional ones.
The following sections, in general, present briedciptions of the direct expansion, cascade and
secondary coolant supermarket refrigeration systemisthe overview of the project. Interested
readers can refer to reference [5] for further nnfation on the emerging refrigeration
technologies.

1.2.Supermarket refrigeration systems

Supermarkets have three different types of coodiysiems. The first one is air-conditioning
system, which has a typical refrigerated water &nafpire of roughly (+) £C that regulates the
relative humidity and temperature in an occupiedrest The second one is the medium-
temperature refrigeration system. It has air disghaemperature of around (-§& which
provides refrigeration for fresh food such as meatgetables and dairy products. The last
system has air discharge temperature of nearly 24%C and is called low-temperature

refrigeration system.

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 1 Introduction

1.3.Direct expansion/multiplex refrigeration system

The operation of a direct expansion refrigeratigatesm contains four processes comprising
evaporation, compression, condensation and thrgitifwo or more compressors operate in
parallel, usually known asck or pack at the same saturated suction temperature, anpi@ed
with common suction and discharge refrigeration ifodds. The advantage of having multiple
compressors is that it is possible to control thengressors selectively and cycle as needed to
meet the refrigeration load. These systems areccalultiplex refrigeration systemand the
configuration is shown in Figure 1.1. Heat rejectic usually carried out by air-cooled

condensers.
Rooftopcondenser
Discharge manifold

""" A

E Multiple

<4— parallel

| | compressors
:
]
)
---------------------------- -
?S Suction

Evaporator - 2 manifold

Display case line-ups

Refrigerant
piping

Figure 1.1 Direct expansion/Multiplex refrigeratisystem.

1.4.Cascade refrigeration systems

In cascade systems, propane or ammonia can beasspdmary refrigerant, whereas carbon
dioxide and glycol are used as secondary thernuslfor low- and medium-temperature

refrigeration systems, respectively. Figure 1.2cdbss the working principle of the cascade
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refrigeration system presented by Christensen amtli€n [7]. Propane is compressed by one or
more compressors (Ghrough G) and condenses in an air-cooled condenser orotifeof the
supermarket. Carbon dioxide is also compressed bgnal compressor (& Heat exchange
between propane and carbon dioxide takes plackeircascade heat exchanger (HX2) where
propane evaporates and carbon dioxide condensegrdpane also exchanges heat with glycol
heat exchanger (HX1). Glycol is pumped (by brinenpg) in a secondary loop to supply the
medium-temperature cabinets and cold stores. Sdrtieealisadvantages of this system are; 1)
propane is highly flammable and 2) carbon dioxigaches a higher pressure (7.4MPa) €31
leading to redesign of pipes and fittings.
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Figure 1.2 Cascade refrigeration system [7].

1.5.Secondary coolant system

In the case of secondary coolant refrigeratiomebfdoops are run between the display cases and
central chiller systems. The refrigerated brinerfithe chiller is then circulated through the coils
in the display cases where it is used to chillaivein the case. The system scheme is shown in

5
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Figure 1.3. Central chillers are constructed adiptek parallel racks for capacity control. High-
efficiency compressors (such as reciprocating oolisanits) and coolant pumps should always
be used to avoid unnecessary added energy consumptditionally, in the primary refrigerant
loop of the secondary coolant systems, the presdure at the compressor inlet needs to be
compensated by the compressor. This refrigeratigstem, however, needs certain
improvements such as increasing the effectivenedssplay case aircoils (heat exchangers) for
the use of brine, proper brine selection in ordeavioid higher energy consumption for pumping,
and reducing the brine lines to minimize frictiorlakses. Secondary coolant systems are
normally suitable for medium-temperature applicagio
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Figure 1.3 Secondary coolant refrigeration syst8jn [
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1.6.Distributed refrigeration system

Unlike the direct expansion refrigeration system, the distributed refrigeration, multiple
compressors are situated in cabinets, which atbarsales area of the store. The cabinets are
closely connected to the display cases and airedocdndenser or a glycol loop is used to reject
heat from the cabinets. The condensers are locatatie roof above the cabinets, whereas the
glycol loop connects the cabinets to a fluid coolerthis type of refrigeration system, scroll
compressors are used since they have lower nodseilaration levels. The layout of the system
is shown in Figure 1.3. The advantage of this gefiation system over direct expansion systems
is the close connection between the display casdstlae compressors, which considerably
reduces the suction lines, thereby decreasing ribespre drop between the evaporators and the
suction manifold of the compressors.
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Figure 1.4 Distributed refrigeration system [8].
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1.7.Scope of research

In spite of the fact that new refrigeration teclugis are introduced to the supermarket industry,
the direct expansion refrigeration system is at¢hoice of many supermarket Owners. The main
reason for this is that the new technologies arteyab as competitive as the traditional ones.
There is limited research work available on theedigyment of numerical models, which will be
discussed later in Chapter 2, to evaluate the pednce of the new technologies adequately.
The development of numerical models requires Seleaf appropriate existing heat and mass
transfer correlations. Additionally it requires eééapment of new frost characteristic correlations
for different temperature applications (e.g. medi@mperature display cabinets). It is well
known that the frost characteristics are highlyluahced by heat exchanger surface
temperatures. Generally, the development of frdsaracteristic correlations for specific
applications is vital for determining defrost perihereby avoiding unnecessary waste of energy
and deterioration of food products due to the imsoh effect of frost layers which form on the

surfaces of display case air-coils.

For the benefit of the supermarket industry, it tieerefore important to analyze the
thermodynamic parameters of a cascade refrigeratystem in order to theoretically evaluate
the impact of variation of these parameters onpgbdormance of the system as a whole.
Furthermore, development of fresh frost correlatisanch as frost thickness, density and thermal
conductivity for medium-temperature secondary aaokir-coils is essential to make defrost
controls more efficient. These fresh frost corielad can then be incorporated in the newly
developed robust secondary coolant model for medemperature applications to fill the gap
existing in the supermarket industry.

In general, the main purpose of this research prageto develop 1) a thermodynamic numerical
model for cascade refrigeration systems; 2) frostetations on a real flat-finned-tube exchanger
for secondary coolant air-coil; and 3) a computexdel for secondary coolant refrigeration

systems for medium-temperature applications. Alihef above frost correlations and numerical

models can then be effectively used to evaluatep®rmance of refrigeration systems with

8
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respect to energy consuming operating and systerables for supermarket applications. For
instance, the medium-temperature secondary coofamigeration system model has been
employed for design; selection and evaluation ehssystems for supermarkets (see Chapter 7).

The thermodynamic model of the cascade refriganatystem includes four empirical
correlations by which for any given design and apeg parameters such as refrigeration
capacity, isentropic efficiency and various tempaes, the new correlations enable a design
engineer to determine the ideal maximum COP and ift@s requirements of a carbon dioxide-
ammonia (R744-R717) cascade refrigeration systeesidBs, the usefulness of the freshly
developed frost correlations is that a refrigeratengineer can also easily estimate the time
interval between defrost cycles given fin pitche timlet variables of the air and surface
conditions of the heat exchangers since the duragiofrost build up is implicit in the frost
thickness calculation. The heat and time span reddor defrosting frosted heat exchangers can
be estimated using frost correlations as well.

Furthermore, the secondary coolant model inclutiesutilization of the most appropriate heat
transfer, mass transfer and pressure drop cooefatiThe system components such air-coil,
plate heat exchangers, distribution lines, coolgnimp and compressor are modeled
independently so that a refrigeration engineer egaluate the design parameters of each
component for better component design and seletigmed on various secondary coolant and
refrigerant for medium-temperature applicationsadigition, the air-coil model incorporates the
newly developed frost correlations for medium-terapgre applications. Each component model
in turn can be linked to form a complete overafias®lary coolant refrigeration system model to
enable a refrigeration engineer to evaluate théficemt of performance (COP) of the system in
total for additional improvements. The model resulvere finally validated against the
measurements taken from a lab-scale secondaryntdelst rig located in the Thermodynamic
Laboratory, the University of Auckland, New Zealand
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1.8.Refrigeration system model

All of the numerical models were written in a sodihe package called (EES) Engineering
Equation Solver [9]. It has built-in propertiesroéiny refrigerants. The package has the ability to
solve systems of non-linear equations and alscahstsuctured programming environment. The
computer models can be used as convenient toalsalyze the performance of the cascade and
secondary coolant refrigeration systems for variopsration conditions such as temperatures,

humidity ratios, pressures, mass flowrates, seayr@zolants and primary refrigerants.

1.9.0utline of the thesis

The thesis introduces three major original works the refrigeration industry — 1) a
thermodynamic model for a carbon dioxide-ammoniscade refrigeration system, which has
four new empirical correlations; 2) new frost prdgecorrelations such as frost thickness, frost
density, frost thermal conductivity including pressd drops across frosted air-coils; and 3) a
secondary coolant computer model for medium-tentpegaapplications, which incorporates the
newly developed frost property correlations. Imgml, the thesis comprises the following eight

chapters.

Background

Literature review

Thermodynamic analyses of an R744-R717 cascadgeaeidtion systems
New frost property correlations

Development of numerical models for secondary qudgstems
Validation of secondary coolant refrigeration systeumerical model

Application of secondary coolant model for supetmaarefrigeration systems

© N o o bk~ wDdRE

Conclusions/Recommendations

Chapter 2deals with an intensive literature survey relatednedium-temperature refrigeration
systems in general, thermodynamic analyses of dasedrigeration systems in particular, frost

property correlations and secondary coolant systEmssupermarket applications including

10
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modeling of refrigeration systems and experimernt&kestigation carried out by different

researchers.

Chapter 3 deals with thermodynamic analyses of a carbon idgammonia cascade
refrigeration systems and introduces four brand eewpirical correlations by which the best

performance points of such systems can be obtained.

Chapter 4 demonstrates the experimental techniques empldgedtudy frost formation
processes on a lab-scale flat-finned tube heatagwggr and introduces four brand new empirical
frost property correlations derived from the expemtal results.

Chapter 5illustrates the development of numerical modelssiecondary coolant refrigeration

systems for medium-temperature applications.

Chapter 6this chapter describes the experimental techniggesl to measure various system
variables including the instrumentation mountechomodified lab-scale test rig. The validation

of component and overall secondary coolant systeihets is presented in detail as well.

Chapter 7illustrates the application of the numerical modémedium-temperature secondary

coolant refrigeration system for supermarket agphbns.

Chapter 8summaries the conclusions and presents recommemslddr future work.

11
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CHAPTER 2.

Literature Review

2.1.Introduction

Some research has been carried out in the areasaswfade refrigeration systems and
development of frost characteristics on flat plase®l round tubes. There also exists some
literature related to secondary coolant refrigeraystems for medium-temperature applications
in the supermarket stores. Hence, this chapteuskes classification of refrigeration systems
based on discharge air or evaporating/air-coil @oioiemperature and extensive literature review
on 1) cascade refrigeration systems; 2) correlatafrrost properties and; 3) secondary coolant
systems. In general, this chapter identifies aare$e gap in the supermarket refrigeration
systems and discusses the motivation behind thggbréor the benefit of the supermarket

industry.

2.2.Medium-temperature refrigeration systems

As described in Section 1.2, a medium-temperatefrggeration system operates at a discharge
air temperature of around (-f@ which provides refrigeration for fresh food suah meats,
vegetables and dairy products. Medium-temperatatginets have approximately (-) °@0
evaporating or lower coolant temperatures which wmeally served by separate refrigeration
systems from the low-temperature cabinets havingpenating or coolant temperatures of
approximately (-) 4. Traditional direct expansion and secondary auokefrigeration
systems are the most suitable systems for mediompeeature applications due to the fact that a
traditional direct expansion system for low-tempar@ applications (Getu and Bansal [10])
involves a large pressure lift between evaporaéind condensing temperatures resulting in an
increase in the compression ratio and reductiotheolumetric efficiency of the compressors.

Whereas, low-temperature secondary coolant systeqsre high pumping power for a small

12
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air-coil capacity due to lower coolant heat transfeefficient and higher coolant pressure at low

coolant temperatures.

Hence, because of high leakage rates and envirdaityeidamaging primary refrigerants,
secondary coolant systems are more suitable foriumetémperature applications than
traditional direct expansion systems. Additionallge secondary coolant systems effectively
eliminate the long lengths of interconnection pipthrough which the primary refrigerant flows.
However, two-stage cascade refrigeration systerasmare suitable than both traditional and
secondary coolant refrigeration systems for lowgerature applications where the evaporating
temperature of frozen-food cabinets ranges from3@°C to (-) 56C (Getu and Bansal [11]).
Consequently, the following sections discuss whadvailable in the open literature regarding
cascade and secondary coolant refrigeration systEmslow- and medium-temperature
applications, respectively, including frost propertorrelations since these are the major
components of the thesis.

2.3.Cascade refrigeration systems

Two-stage cascade refrigeration systems (see FRjdjeare suitable for industrial applications,
especially in the supermarket refrigeration indyswhere the evaporating temperature of
frozen-food cabinets ranges from (-f8@o (-) 56C (Getu and Bansal [11]). In these systems,
two single-stage units are thermally coupled thibogscade condensers. The high-temperature
circuit of a cascade refrigeration system could,eample, be charged with ammonia (R717),
propane (R290), propylene (R1270), or R404A, whezabon dioxide (R744) may be used in
the low-temperature circuit of the refrigeratiorst®m to take advantage of some these natural
refrigerants. Ammonia is a naturally available igdrant, but it has application constraints such
as toxicity and flammability (Chaichana et al [12[he disadvantage of propylene and propane
is their high flammability. However, the risk assted with toxic and flammable refrigerants
can be highly minimized by confining the high-temgiare circuit to the plant room area or the

rooftop of a supermarket. Carbon dioxide has addeatage of reaching a higher pressure
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(7.4MPa) at 3%C, leading to redesign of pipes and fittings (Glrisen and Bertilsen [7]).

Therefore, it is economical to use R744 for lowpenature applications.

High-temperature circuit
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Figure2.1 Schematic of a tw-stage cascade refrigeration syst

A traditional direct expansion low-temperature igegration system (Getu and Bansal [10])
involves a large pressure lift between evaporasing condensing temperatures resulting in an
increase in the compression ratio and reductiotheiolumetric efficiency of the compressors.
Furthermore, environmental issues of global warmang forcing the supermarket owners to
adopt alternative technologies offering lower gdrant charge and reduced environmental
impact. Therefore, natural refrigerants are indrgdg receiving attention for their use in

supermarket refrigeration systems. Especially,u$e of R744 in the low-temperature circuit of
cascade systems is recently becoming commercialise nattractive alternative. For instance,
carbon dioxide-propylene (R744-R1270) cascadegefation system is serving frozen-food
display cabinets in a newly developed store in Aarot, New Zealand [13]. A concern with

cascade refrigeration systems is the initial ifetiah cost being 10% higher than the traditional

direct expansion systems (Wilson and Maier [14]ut Bhis cost can be negated with less
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refrigerant charge requirements and the environatemtvantage of the cascade system due to
less direct emissions as compared to single stdgdARsystem. High pressure ratios and hot gas
temperatures should also be avoided at high temperdifferences.

An improvement, which can also be observed in aescystems (with the same fluid in both

circuits) is the reduced amount of superheat irdikeharge temperature of the high-temperature
circuit that results in a reduced capacity of tighhemperature condenser and an increased
refrigeration effect (Ratts and Brown [15]). Higémtperature circuit condenser, cascade
condenser and evaporator losses can also be rediuttesl sizes of the heat exchangers are
properly optimized. Several types of cascade cosetensuch as plate, shell-and-plate or shell-
and-tube heat exchangers can be employed for casymtems to couple the low-and high-

temperature circuits (Sawalha [16]).

Several researchers have evaluated the thermodynperformance of two-stage cascade
refrigeration systems. Lee et al [17] analyzed dbara dioxide-ammonia (R744-R717) cascade
system thermodynamically to determine the optimwndensing temperature of R744 in the
low-temperature circuit. A carbon dioxide-propaR¥44-R290) cascade system was studied by
Bhattacharyya et al [18], where an optimum cascad®porating temperature of R744 in the
high-temperature circuit was determined for heasipglications. Bansal and Jain [19] evaluated
the optimum cascade condensing temperatures of Rr4different refrigerants such as R717,
R290, R1270 and R404A, which are in the high-teadpee circuits of a cascade system. There
have also been several studies on R744 for low eeattyire refrigeration systems presented by
Bansal [20-22]. However, the aforementioned stutiek the main design parameters such as
degree of subcooling and superheat in order tonigpithe evaporating temperature of R744 and
mass flow ratio for maximum COP of a two-stage carldioxide-ammonia (R744-R717)
cascade refrigeration system. Therefore, one ofrtam aims of the current research, which is
discussed in Chapter 3, is to conduct a thermodiynamalysis on a carbon dioxide-ammonia
(R744-R717xascade refrigeration system to optimize the exapay temperature of R717 and
mass flow ratio, which can give the maximum COPtloé system. A novel multilinear

regression analysis was employed to develop matieahaxpressions for maximum COP,
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optimum evaporating and condensing temperaturegheR717-cycle, and an optimum mass
flow ratio in terms of sub-cooling, superheatingyvagorating temperature, condensing
temperature and temperature difference in casaaodeaser of the system.

2.4.Frost characteristics and frosted air-coils

Whenever a refrigerated display cabinet is opayatim store/supermarket environment, there is
always an exchange of heat and moisture of thegeefited display cabinets with the store
environment.. Open-type display cabinets are ssiyaaffected by the amount of moisture in the
supermarket whereas the susceptibility of glass-ddieplay cases to moisture is highly
dependent on the frequency of usage, i.e. higheushglass-door display cabinets can result in
substantial amount of moisture transfer to thecaiis. Thus, in developing mathematical models
for supermarket refrigeration systems, it is impottto understand the interactions of the store

environment, which has varying relative humidityldamperature, with the display cabinets.

Whenever a moist air passes continuously over tie surface of a heat exchanger having a
temperature below the dew-point temperature ofntloést air, the water vapor in the air will
condense on the heat exchanger surface. If thacgutemperature is greater than the water
freezing temperature but less than the dew-pomipézature of the moist air, the condensed
water vapor continuously drains along the heat amghr surface. However, if the surface
temperature is below both the water freezing teatpee and the dew-point temperature of the
moist air, the transferred water vapor may eithendense and then freeze, or desublimate
(vapor-to-ice) on the cold surface. As a resutbstiforms on the surfaces of air coils, thereby
resulting in the reduction of heat transfer rate lalockage of the air passage.

Frost formation phenomenon consists of three stagesrding to Iragorry et al [23] and Tao et
al [24]. The first stage is called drop-wise corgion, during which the condensing droplets in
a sub-cooling state form on the cold surfaces dhdfahe coalescent droplets turn into ice

particles after a critical timedtis reached. The second stage is the solidifinaaind tip-growth
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of frost. This process continues until a transaiotime (t) is reached. The last stage is the
densification and bulk-growth of frost. During thssage, the frost shows homogeneous and
porous characteristics. A literature review on salvdrost experiments conducted on flat
surfaces with temperature ranging from (-} %0 (=) 48C showed that frost density and frost
thermal conductivity decreased with a decreasenmperature as reported by Getu and Bansal,
[25]. Frost growth on air coils decreases the ciéypad the air coils that are rated at either
normal or dry air conditions. Therefore, in order ¢perate, for instance, a supermarket
refrigeration system under a required conditiorffedent defrosting mechanisms must be
devised. Precise prediction and control of defrgsteriods and duration requires an in-depth
understanding of the frost formation process, therating conditions of the refrigeration system

and its interaction with ambient conditions.

Many researchers have used different experimesetahiques to develop correlations, especially
empirical ones, for calculating properties of asfrlayer growing on a cold flat surface. The frost
properties such as frost density, frost thickness faost thermal conductivity are expressed in
terms of the surface type, position, surface teatpee, frost/air interface temperature, air
temperature, air velocity, and air humidity rafidao et al [26] determined the frost local density
by collecting frost over a period of time, measgrithe frost thickness, and removing and
weighing the frosted aluminum disks (32 mm diamditer0.5 mm thick). The frost thickness
was measured following Besant et al [27], wher@gparatus was used consisting of a helium-
neon laser beam light source, a light attenuailtey,fand a precision light meter. Mao et al [28]
then developed a correlation for frost density garetion of time, distance from the leading
edge, cold plate temperature ratio, humidity ratiogd Reynolds number. Lee and Ro [29] used
CCD camera mounted with stepper motors to measast thickness. The frost mass per unit
area was calculated by dividing the frost masddwiea and the frost density was determined by
dividing the frost mass by its volume. The finalgsaf the frost layer was also measured by
scraping the frost off the surfaces of the plafEsey also developed a correlation for frost

density based on the same independent variablewéna used by Mao et al [28].
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A correlation for frost thermal conductivity can fmemulated based on Fourier equation, which
includes measurements of heat flux, frost thickrsegka temperature difference across the frost.
The heat flux may be measured using a heat fluxenat determined based on energy balance.
The surface temperature of the frost can be medsuith an infrared thermometer or
thermocouples by direct contact or extrapolatiotheftemperature distribution in the frost layer
according to the methods proposed by Lee and Rp3J@P Thomas et al [31] employed a
technique where a set of aluminum fins were inseinea cold base plate (-35 to -40C) so
that the fins could be removed at the end of aaedtthe height and the mass of the frost could
be measured. They used a method similar to Besah{Z/] to measure the frost thickness even
if the test set-up was different. They measuredftbgt mass in such a way that each fin was

pulled out and wrapped with a plastic wrap and \wea

Researchers have also evaluated the performancéeaf exchangers, having different
geometrical configurations, under frosted condgid@gawa et al [32] conducted a series of tests
on finned-tube heat exchangers and found out thging (wide fin spacing) and partial cut of
fins were effective in decreasing air pressure d@afributable to frosting) and increasing the
rate of heat transfer. Kondepudi et al [33] repbrtiee effects of different fin configurations,
namely flat fin, wavy fin and louver fin, on the rf@mance of finned-tube heat exchangers.
They concluded that for the same frontal area andrid tube spacing, the louvered fin type had
the greatest frost accumulation, followed by theryvand flat fin types. Similarly, Yan et al [34]
compared the performance of finned-tube heat exgdranwith three different fin types (flat
plate fins, one-sided louver fins and redirectiouver fins) under frosted conditions. They found
that the amount of frost formation was the lardesthe heat exchanger with redirection louver
fins as compared to the heat exchangers with dipers of fins under the same operating

conditions.

An attempt was also made by Liu et al [35] to mizenthe deposition of frost on a cold copper
flat plate surface using anti-frosting paint. Thedgimed that if coating were applied on metal
surfaces, the frost layer thickness could be rediune about 40% as compared to uncoated
surfaces. Though the thickness of the coating densd during their investigation was 0.3 mm,
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the main material (powder-like substance) which wased with varnish at an unknown ratio

was not included in their paper, nor was the efté¢he paint on the rate of heat transfer.

There are also some studies which considered eitegd differential equations for modeling of
frost thickness and density on flat plates and Bgahangers. Yang [36] presented a frost growth
model based on the diffusion equation from LeeldB3 and Sahin [38]. However, initial
values for frost thickness and density must berasdufor such equations. In Yang's [36] model,
2x10° m and 30 kg/thwere taken for frost thickness and density asainialues, respectively.
Tso et al [39] also modeled the frost charactedstiased on the same philosophy. Some
researchers such as Tao and Besant [40], IsmailSatidas [41] and Chen et al [42] have
developed one-dimensional transient frost formatroadels based upon the local volume
averaging technique. Chen et al [42] have estimateihitial frost thickness of 1x10m and an

ice volume fraction of 30%. Therefore, these fimstels (which are not empirical frost property

correlations) are highly dependent on the initaiditions of the frost characteristics.

Most of the aforementioned researchers considerete-donensional frost growth

characterization using simple geometries such agdmal and vertical cold flat surfaces for
developing frost correlations. This is because eogliformulation of two- or three-dimensional
frost properties such as frost density and theromiductivity is time consuming, very

expensive, and complex in nature, and involves tftserrors if performed on real heat
exchangers. For instance, Chen et al [42, 43] tegoa three-dimensional (x-, y- and z-
positions) representation of frost distribution ancold flat surface by using a special frost
thickness measuring instrument with frost thicknesgertainty as high as 95%. A three-
dimensional representation of frost distribution aincoils is difficult to achieve due to the
limitation of instrumentation. Hence, it is impavat to simplify frost characteristics by

averaging frost thickness formed on a heat exchaageé assuming uniform frost density and

thermal conductivity on cold air-coil surfaces.
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In general, a lot of effort has been devoted toeustéind and develop fundamental correlations
for frost properties based either on flat platesooind tubes rather than on a real heat exchanger.
The current research, therefore, introduces unfigqpst property correlations in Chapter 4, which
were developed based on a lab-scale flat-finned-hdat exchanger (combination of flat plates
and round tubes). A multi-linear regression analysas employed on air inlet temperature and
humidity ratio, frost-coil interface temperaturesfrigerant inlet temperature, Reynolds and
Fourier numbers, in order to develop mathematicglressions for frost thickness, density,
thermal conductivity and air pressure drop acrosoated air-coil. The newly developed
correlations will hopefully be useful to reasonalpsedict and control defrost periods and
duration for medium-temperature (discharge air &matre -2C) applications. They could also
be incorporated in generic supermarket numericalets) such as developed by Getu and Bansal
[10, 11] and the newly developed robust numericatleh for medium-temperature secondary
coolant refrigeration systems under the currengepto

2.5.Secondary coolant systems

The demand for secondary coolant (see Figure &f8yeration technology has grown in the last
decade to tackle several problems encountered fgrsarket owners, which are small profit
margin, high energy cost, high refrigerant chargad aenvironmental issues [44].
Direct/Multiplex refrigeration system (see Figurel)lis the most commonly employed
configuration in supermarkets for providing refriggon to display cabinets [10]. It consists of a
rack (multiple compressors), air-cooled rooftop demser and evaporators in the display
cabinets [8]. The installation of long piping systdittings and joints also cause huge refrigerant
losses. Around 30% to 50% of the charge may bedash year [45], resulting in higher costs.
The refrigerant loss in turn results in high TEWtél equivalent warming impact) necessitating
the need for a secondary coolant system to fil gaip.

In addition to the reduction of leakage rates & grimary refrigerant, secondary coolant
refrigeration systems effectively eliminate the dolengths of interconnecting piping through

which the primary refrigerant flows. It also elimies the need to use environmentally damaging
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refrigerants. A secondary coolant refrigerationtsiys can potentially reduce the refrigerant
charge by up to 80% as compared with direct expansefrigeration systems [46]. The
circulation of refrigerated secondary coolant fram intermediate heat exchanger through the
air- coils in the display cabinets has an advantigee the primary refrigerant will not be in
contact with customers or employees of the store wuleakage. This refrigeration system,
however, needs certain improvements such as higffiectiveness of the intermediate heat

exchangers and display cabinet air coils for bétéat transfer and minimized frictional losses.

2.5.1. Selection of primary refrigerants

A primary refrigerant is a phase changing fluiditgsasses through different components of the
primary loop which thermally couples the secondeoplant through the intermediate heat
exchanger. Primary refrigerants could be CFCs, HCHFgdrocarbons (HCs), HFCs, ammonia
(R717) and carbon dioxide (R744). However, CFCs ld@dCs are environmentally damaging
refrigerants which have ozone depletion and glokalming potentials, respectively. The
promising refrigerants to be used in the primargplof a secondary coolant system are the
natural refrigerants such as HCs, R717 and R744.pfbblems of these refrigerants, especially,
HCs and R717 are their - 1) flammability; 2) totyci3) compatibility with materials of
construction and oil [6]. Hence, primary refrigeiacould be selected based on environmental,
compatibility including thermophysical and trangpdssues. This thesis, however, has
considered the use of R22 as a primary refrigesalatly for the purpose of validating the newly
developed secondary coolant system model so thataldated model can be used to simulate

any primary refrigerant.

2.5.2. Selection of secondary coolants

A secondary coolant is a liquid which is used terthally couple the primary refrigerant through
the intermediate heat exchanger without changsghise. The coolant can be divided into two
categories, agueous and non-aqueous solution3 gl aqueous solutions include ethylene and

propylene glycol/water, ethyl alcohol/water, methidohol/water, ammonia/watechloride and
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potassium salt solutions. The non-aqueous coolantdude diethylbenzene mixtures,
hydrocarbon mixtures, hydrofluoroether and polydmsiloxan. An appropriate selection of a
secondary coolant includes several factors such Bstoxicity; 2) thermophysical and transport

properties; 3) compatibility with materials of ctmtion and primary refrigerant; and 4) cost.

15 T T T T T T T 350

13, 1340
AP (MPG)

11+ \\ s

~ h (MEG)

AP [kPa]
hwim2 <]

Freezing temperature MPG =-20.€°C; MEG =-23.€°C; MA = -38 £°C; EA=-29.2°C.
Concentration by mass:40% for all secondary refrigerants.
Heat exchanger geometry and fluid velocityVawe = 0.95 m/s; Aanner1.813x10" n?; L=0.524 m

Figure2.2 Variation of pressure drop and heat transfeffimeent against inlet temperatures of
various types osecondary coolants.

This section compares four types of secondary ot®lauch as monopropylene glycol/water
(MPG), monoethylene glycol/water (MEG), methyl dloiwater (MA) and ethylene
alcohol/water (EA) mixtures based on their heahdfer coefficient and pressure drop in the
intermediate heat exchanger. Figure 2-2 shows ti@miaof the heat transfer coefficient and
pressure drop as a function of the inlet tempeeadfithe secondary coolant, whereas Figure 2.3
shows variation of secondary coolant pump powerseomption as a function of the inlet
temperature of the coolant. The freezing tempeeatorf the coolants were calculated following

the library routines of EES [9].
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The heat transfer coefficients, pressure dropspamaping power requirements of the secondary
coolants in Figures 2.2 and 2.3 were calculatedraaag to the following general equations so
that the flow regimes could be selected based gmdtés number.

The heat transfer coefficient was calculated by:

h= N Kiuia
=Ny, Q—D 2-1

h

whereas the Nusselt numb@iup) and the friction facto(f) were determined following the
correlations obtained from [47].

For Rey < 3000:

D Pr
Nu, = 3.66+ 0.0668 " |0 D ]
o * Bﬁ L j Rﬁ[ﬁu 0.410((D, / LYJRe 0 Py 2)’3j 2-3

However, the flow conditions, as give in Figure,2cBrrespond to turbulent flow where the

corresponding correlations are used as given iratans 2-4 and 2-5 below.

For 3000 < Rg <10°%
f =0.1840Rg™"° 2-4

Nup, = 0.0230Rg%® 0 Py*'3 2-5
The pressure drop was calculated by:

L V.51vg2
AP =f E‘D_h E'T LP fuia

The pump power was calculated from:
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The maximum freezing temperature considered forfohe secondary coolants was -AT8
whereas the minimum was -38%5 at the same concentration (40% by mass). However,
comparison of coolants could also be made by aisgjgtifferent concentration for each coolant
while fixing the same freezing temperature forddlithem (e.g. -20%). The cross-sectional
area (Ananng and the length of a single channel (L) in thesintediate heat exchanger were
1.813*10* nfand 0.524 m, respectively. The average veloaify)(in the heat exchanger was
0.95 m/s.
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Freezing temperature:MPG = -20.8C; EG = -23.8C; MA = -38.5C; EA= -29.3C.
Concentration by mass40% for all secondary refrigerants.
Heat exchanger geometry and fluid velocityVa,e = 0.95 m/s; Aname= 1.813*10* m?; L = 0.524 m

Figure 2.3 Variation of pump power consumption againlet temperatures of various

secondary coolants.

Generally, it can be observed from Figure 2.2 thatheat transfer coefficient increases, whereas
the pressure drop decreases with an increase id ihlet temperature of the coolants.
Monothylene glycol/water mixture (MEG) has the hagh heat transfer coefficient while

monopropylene glycol/water (MPG) and methyl alcolater mixtures (MA) have the highest
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and the lowest pressure drops, respectively. HonwéiBPG has better heat transfer coefficient
than EA and MA. All in all, the above analysis icalies that there is always a tradeoff between
heat transfer coefficient and pressure drop forciipeoperating conditions of a secondary
coolant refrigeration system, i.e. higher heatgfancoefficient results in higher heat transfer,
whereas higher pressure drop results in higher jmgnpower. Hence, monopropylene
glycol/water (MPG) and monoethylene glycol/waterxtmies (MEG) were selected for the
current research based on safety, heat transfdficoe@ts, pumping power requirements and

cost of the coolants.

Even though secondary coolant refrigeration systeme been in use in Sweden for around ten
years, which is encouraging for the supermarketstry, there is limited research available in
the open literature related to experimental andemigal studies of such systems. Kazachki [44]
compared, experimentally, a traditional direct exgp@n refrigeration system with a secondary
coolant refrigeration system and estimated thaatimial energy consumption of the secondary
coolant refrigeration system was lower than tradai direct expansion refrigeration system by
6.6 to 8.2% for lower condensing temperatures aedree of subcooling of the primary
refrigerants. Inlow and Groll [48] presented a catep model for a secondary coolant
refrigeration system employing ammonia as a primafyigerant and carbon dioxide as a
volatile secondary coolant in the secondary cootanouit of the system. They reported that a
trade-off between increased heat gains and pressaps in the vapor and liquid lines existed.
McDowell et al ([49] also presented a computer nh@feammonia with a secondary coolant
refrigeration system. They evaluated secondaryactslsuch as propylene glycol, ethylene
glycol, mineral oil, ethanol, propane and a siliedrased heat transfer fluids revealing that the
use of ammonia with propylene glycol as a secondaojant would have a performance 4% at
(-) 6°C to 10% at (-) 2 lower than the performance of R22 with propylgheol secondary
coolant systems. Additionally, they revealed tha highest performance occurred when the
exponent of the ratio of condensing pressure tpaneding pressure was between 0.5 and 0.6.
They also predicted that the highest overall sygtenformance occurred when the ratio of pump
power to compressor power was between 0.01 and. H6&on [46] presented complete

secondary coolant system numerical models for betlium- and low-temperature applications
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which included all component models except platat lexchangers. The author also reported a
higher coefficient of performance (COP) of secogdaoolant systems, around 15% over

traditional direct expansion refrigeration systems.

However, all of the aforementioned experimental anderical studies on secondary coolant
systems available in the open literature did nokleafrosting issues on the air-coils. Secondary
coolant air-coils both for medium- and low-temparat application tend to be susceptible to
frost formation due to fluid characteristics thtea leads to deterioration of air-coil capacities.
Hence, the effectiveness of the air-coils has heelermined. The other major issue lacking in
the existing secondary coolant numerical modethesplate heat exchanger models. Plate heat
exchangers are very suitable to thermally coupdeptimary and the secondary coolant. These
plate heat exchangers are also suitable for comitgasd subcooling of the primary refrigerant,

which are vital to enhance the performance of dmsdary coolant systems.

Therefore, notwithstanding several researchersrregppdhat the secondary coolant refrigeration
systems could perform better than traditional diregpansion refrigeration systems, the
conclusion could not be convincing in the absenfcanoappropriate secondary coolant system
model. A secondary coolant system model shouldudel not only distribution lines,
compressors, and coolant pumps but also indivithadpendent models for frosted coils and
plate heat exchangers since these componentseanegtin contributors of the overall coefficient
of performance (COP) of the system. This was tha metivation behind the current study on
the secondary coolant refrigeration systems. Tthes,current medium-temperature secondary
coolant model, which is extensively described iraftler 5, adopted the most appropriate heat
transfer, mass transfer and pressure drop cooefatbtained from the open literature. The
system components such as air-coil, plate heataggghs, distribution lines, coolant pump and
compressor were modeled independently so that rgeedtion engineer could evaluate the
design parameters of each component for better epemp design and selection based on
various secondary coolant and refrigerant for maeliemperature applications. In addition, the
air-coil model incorporated the newly developedstreorrelations for medium-temperature

applications. Each component model in turn couldabsembled to form a complete overall
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secondary coolant refrigeration system model tdlkena refrigeration engineer to evaluate the
coefficient of performance (COP) of the systenoiakfor additional improvements.

Additionally, the fundamentals of the test setuptfte secondary coolant system including the
instrumentation for data collection have been pregkin Chapter 6. The collected experimental
results have been used to validate the numericdetador system components leading to the
validation of the overall system model. Finallye tipplication of the developed models has been
discussed in Chapter 7.
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CHAPTER 3.

Thermodynamic Analyses of an R744-
R717 Cascade Refrigeration Systems

3.1.Introduction

The following sections discuss the thermodynamiglymes of cascade refrigeration systems in
general and a carbon dioxide-ammonia (R744-R¢a3g¢ade refrigeration system in particular
(as an example) to optimize the evaporating tentipexyaf R717 and mass flow ratio, which can
give the maximum COP of the system. A multilineaegression analysis was employed to
develop mathematical expressions for maximum CQfimom evaporating and condensing
temperatures of the R717-cycle, and an optimum nflags ratio in terms of sub-cooling,

superheating, evaporating temperature, condensimgpdrature and temperature difference in

cascade condenser of the system.

3.2. Thermodynamic analysis of a cascade system

The thermodynamic analysis of the two-stage casoesitigeration system (see Figure 2.1) was

performed based on the following general assumgption

i. Adiabatic compression with an isentropic efficienoy 0.78 for both high- and low-
temperature compressors.
il. The change in isentropic efficiency as a functibthe change in the pressure ratios (for the
temperature range considered in the analysis)gkgilele.
iii. Negligible pressure and heat losses/gains in {he petworks or system components.
iv. Isenthalpic expansion of refrigerants in expansalues.

v. Negligible changes in kinetic and potential energy.
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Table 3.1 Calculation of thermodynamic state paifitR744-R717 cascade system using EES [9].

LOW -TEMPERATURE CIRCUIT

Evaporator outle Compressooutlet Condenser outl Expansion valvi
outlet

R =fRIST=Tg,x=1) P, =f(R1$,T = Tcpgc, X =1) =P R=R

'|'1 - TE +ATsup T, =f(R1$,P = P,,h = h,) T3 - TCASC _ATsub T4 = TE

h, =f(R1$T=T,,P=R) hs, = f(R1$,P=P, ,s=s)) hy, =f(R1$P=PR,, T =T;) h, =h,

s =f(R1$,T=T,P=P) h, = (hs; = hy)Migen + hy

HIGH-TEMPERATURE CIRCUIT

P« =f(R2$, T =Tcase. X =1) Py =f(R2$,T = T¢,x =1) Py = P, P. =R
T =Teasg +ATgyp Tz =1R2S,P =Py h =hy) T = Tc - aTsu Ty = Tease
h,. =f(R2$,T =T, ,P=R.) h%* =f(R2$,P= P ,5:31*) hy =f(R2$, P=P5, T =Ty) h4* = hS*

s =f(R2$T =T, P=R.) hpe = (NS = Ny )Mige + hys

The thermophysical properties of the refrigerapicgied in this paper were calculated using a
software package called an Engineering EquatiomeBdEES) [9], which has built-in property
functions of many refrigerants. In EES Software, finst argument of all built-in thermophysical
property functions is the name of the substancéiis &rgument is a string which may be
provided as a string constant (e.g. R1$ and R2$)aostring variable. Many of the
thermodynamic functions can take alternate setargtiments. For example, the enthalpy
function for steam can be accessed with temperatiodepressure as arguments. In general, any
valid set of arguments can be supplied for thermadyic functions. If the values of enthalpy or
entropy are known, but temperature or pressur@ksiawn, temperature or pressure functions
can be used to calculate their respective values.réference specific enthalpy and entropy were
200 kJ/kg and 1 kJ/kg K (according to IIR), respedy for all refrigerants. In view of the
schematic and state points of Figure 2.1, theviollg sequence of equations was applied for the
analysis.
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Figure 3.1 Carbon dioxide and Ammonia cycles onpFegperty plots.

The capacity of the evaporator is defined by:

QEszx(h_h) 31

Compressor power consumption for high-temperatuecaitis given by:
WH=rT]_|X(Q*-|’11) 3-2

Where h,. is calculated as a function &f,. (enthalpy calculated as a function of the compiresso
inlet entropy) and isentropic efficiencyi&,), as explicitly described in Table 3.1.

Whereas for low-temperature circuit it is given by:

W, =m h-h 3-3

Whereh; is calculated as a function b (enthalpy calculated as a function of the compmresso
inlet entropy) and isentropic efficiencyi&,), as explicitly described in Table 3.1.

The rate of heat transfer in the cascade heat egehas determined from:

QCAs=mLEU}—Q)=m4Eﬂ h- Q) 3-4
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The mass flow ratio can be derived from Equaticd X3

. _h-h 35
M/ m=p

The rate of heat rejection by the air-cooled cosdeis given by:
QH =y, h. - h) 3-6
The overall COP of the system is determined by:

O 3-7

W +W

COP=

The COP can also be defined solely as a functi@pedific enthalpies by substituting Equations
3-1 through 3-5 in Equation 3-7.

(h-—h.)((h—h) 3-8

COP= h—h)h=B) h-h)TF- B
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Figure 3.2Carbon dioxide and Ammonia cycles on P-h propdudtsp
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The calculation of the thermodynamic state pointsd goroperties such as pressures,

temperatures, specific enthalpies and entropieth@fcarbon dioxide-ammonia (R744-R717)

cascade system are given in Table 3-1, where RARRa# stand for the low-temperature (R744)

and high-temperature (R717) refrigerants, respelgtiBesides, the equations in Table 3-1 are
generic and can be used for any other high- ordtage refrigerants. The corresponding states
points in saturated, superheated and subcoolethesgof the system are plotted in T-s and P-h
diagrams in Figures 3.1 and 3.2, respectively,cfomstant operating conditions. Based on the
above calculation scheme, the optimum evaporagngperature of R744 €ks e opp, Optimum

mass flow ratio(m,, \m, )..r and the associated maximum overall COP (GQF of the carbon

dioxide-ammonia (R744-R717) cascade system weranprically analysed as a function of
subcooling, superheating, evaporating temperatcoedensing temperature and temperature
difference in the cascade condenser of the system.

3.3.High-temperature circuit refrigerant selection

Comparison of system performance and mass flowinegents was investigated for the high-
temperature circuit of a two-stage cascade systmmah appropriate refrigerant selection.
Figures 3.3 and 3.4 depict variation of system G@PR717, R1270, R290 and R404A in the
high-temperature circuit with R744 in the low-temggere circuit. The only difference between
the two figures is the amount of degree of subogoland superheat in the system. The
evaporating temperature ddsg) in the cascade heat exchanger was varied whépikg the
other operating parameters such as, condensingetatope (), evaporating temperatureg)]
temperature difference in cascade condenser, dedgregbcooling and superheat constant. As
can be seen from both figures, the maximum COP QPof the system for the same given
conditions is highest for ethanol and lowest foO&4. Zero degree of superheat (see Figure 3.5)
has little effect on R1270 and R290, whereas ittiglser effect on R717 and R404A. But, zero
degree of subcooling has great impact on all ofhigh-temperature refrigerants. In general,
degree of superheat alone reduces the overallrpsafece of cascade systems, while degree of
subcooling enhances the system performance. Thalbperformance of R717 is higher than
R404A but lower than the other high-temperatureudirefrigerants.
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The ratio of mass flow of the refrigerants in thghatemperature circuit to that of R744 in the
low-temperature circuit was also compared in Fig8ré. The use of R404A in the high-

temperature circuit requires the highest mass flatio ranging from 2.7 to 3.1, whereas using
R717 requires the lowest mass flow ratio (from 0t830.34) due to its high latent heat of
vaporization. R1270 and R290 have very small céffiees both in terms of overall system COP
and mass flow ratios. The performance of R290 ahA7R is higher than R717. This is purely
because R290 and R1270 need lower vapor compressidnthan R717 for higher degree of

subcooling and superheat.

1.3

R717

R290

—
1.25F R1270

1.2

/R404A
1.15f e

Tc = 40°C; Tg = -50°C; ATcas = 5 K; ATsyp = 0 K; ATgyp = 20K

/

l.l L L L L
-25 -20 -15 -10 -5

Tease [Tl

o

Figure 3.3 Variation of system performance for bcawling of O K and superheat of 20 K in
both circuits.

All in all, R717 still becomes the best choice ® Wised in the high-temperature circuit of a
cascade refrigeration system. Hence, the remaipogion of this paper deals with the

thermodynamic analysis of carbon dioxide-ammonigdRR717) cascade refrigeration systems.
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Figure 3.4 Variation of system performance for eudting of 10 K and superheat of O K in both
circuits.

3.4.Results and discussion of the analysis

3.4.1. Effect of degree of subcooling and superheat

The effect of having different and the same degfeibcooling and superheat in both cycles of
the carbon dioxide-ammonia (R744-R717) cascadesysiere separately and jointly analyzed
keeping the other operating parameters constaneselhparameters include condensing
temperature of R717 ¢T= 40C), evaporating temperature of R744 & -50)C), temperature
difference in cascade condens&T ¢as = 5 K), evaporating temperature of R71243g = -5°C)

in the cascade condenser and isentropic efficiehcpmpressors (assuming the same isentropic
efficiency in both cycles, i.gsen= 0.78).

3.4.1.1. Effect of degree of subcooling
i.  Subcooling in R744 cycle: Degree of subcooling in this cycle was variedrfro K to 10 K
(see Figure 3.8) while keeping degree of subcodimd) superheat in R717 cycle at 0 K. It
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was observed that the COP of the system increagdugher amount (from 1.28 to 1.37)
than in the case of R717 cycle (i.e. 1.28 to 1.31).

1.4

1.35f R717

1.3f
R290

COP

105 R1270

1.2f Tc=40°C; Tg =-50°C; ATcas = 5 K; ATsub = 0K ATsyp =0K

115 /mmmm
11

-25 -20 -15 -10 -5 0
Tease [T]

Figure 3.5 Variation of system performance for lacewling of O K and superheat of 0 K in both
circuits.

ii.  Degree of subcooling in R717: Degree of subcooling in the R717 was varied frok 1@

10 K (see Figure 3.8) while holding the degreeutice®oling and superheat in R744 at O K.
The COP of the system increased but at much smafterunt (i.e. 1.28 to 1.31) than
recorded for subcooling in both cycles (1.28 tg 4 in R744 cycle (1.28 to 1.37).

iii.  Effect of the same degree of subcooling in R744 and R717 cycles. Degree of subcooling
in both cycles was varied simultaneously from 00KL0 K (see Figure 3.8) while holding
the superheat at 0 K. This resulted in an increéadegher system COP, higher than the
reference COP (1.28) by up to 9% for the specibipdrating conditions. Subsequently, the
maximum COP of the system (CQE) for carbon dioxide-ammonia (R717-R744)
cascade system with variation in R717 evaporatngperature (Jas.e = -25'C to §C) and
degree of subcooling in both cycles is illustrate&igure 3.9. The general trend is that the
CORuax of each graph increases as the degree of subcoalingases, i.e. the CQR
rises from a value of 1.34 Aflsup= 0 K by 3.4% and 6.9% &fTs.p=5 K andATsww= 10

K, respectively. At the same time, the ratio of R#tass flow to that of R744 increases
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with a decrease in R717 evaporating temperatukas@, as shown in Figure 3.10.

However, an increase in subcooling shifts the matss graph upwards proportionally.

1.4 ;
| —R2%0
| —R1270

1.38

1.36 /—R717

1.341

1.32 /

Tc = 40°C; Te = -50°C; ATcas = 5 K; ATsup = 10 K; ATsup = 20K

COP

R404A

13 ‘
-25 -20 -15 -10 -5 0

Tease [Tl

Figure 3.6 Variation of system performance for bcawling of 10 K and superheat of 20 K in
both circuits.

3.4.1.2. Effect of degree of superheat

i.  Degree of superheat in R744 cycle: Degree of superheat in R744 cycle was varied from O
K to 20 K (see Figure 3.8) by keeping the degresutifcooling and superheat in R717
cycle at 0 K. This resulted in a decrease in COthefsystem at lower amount than in the
case of superheating in both cycles.

ii. Degree of superheat in R717 cycle: Degree of superheat in R717 cycle was varied fiom
K to 20 K (see Figure 3.8) by keeping the degresutifcooling and superheat in R744
cycle at 0 K. It decreased COP of the system batwvel negligible difference with the
effect of degree of superheat in R744 cycle.

ili.  Effect of the same degree of superheat in R744 and R717 cycles. Degree of superheat in
both cycles was varied from 0 K to 20 K (see Figdu&) fixing the degree of subcooling in
both cycles at 0 K. Hence, it was evident from FégB.8 that superheat in both cycles
reduced the overall COP of the cycle more domigatiithn superheat in the individual
cycles, i.e. it reduced the reference COP (1.28almyut 4.7%. On the other hand, Figure
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3.11 depicts the change in the maximum COP of yeem (CORax) at different values
of superheat as the evaporating temperature ircéseade condenserdpskg is varied
between (-)2% to @C. Superheat has the opposite effect of subco@m@ORax, i.e
CORuax shifts downward proportionally with an increasesuperheat. It decreased from a
value of 1.34 atATsyp = 0 K by 2.6% and 4.9% aTsyp = 10 K andATsyp = 20 K,
respectively. Nevertheless, superheat has simffacteon mass flow ratio as degree of

subcooling (see Figure 3.12). The mass flow ratitraases with increasing degree of

superheat.
3.5
— |
3 RAGA—
2.5+ |
£ 2*TC:4OOC; Te = -50°C; ATcas = 5 K; ATsub = 10 K; ATsyp = 20K
T
E 1.5
' R1270
1+ R290 ]
0.5+ |
3 R717
)
-25 -20 -15 10 5 0
Tease [T]

Figure 3.7 The ratio of high-temperature to low-{pemature mass flow rates.

Generally, for specific operating conditions and same isentropic efficiency of compressors in
both cycles, Figure 3.8 shows that the G@Pof cascade systems lies in the region confined by
the graphs of subcooling (in both cycles) in th@arpbounds and superheating (in both cycles)
in the lower bounds for any of such systems. Tleegfthe same degree of subcooling and

superheating in both cycles gives an average CQIReafascade refrigeration systems.
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3.4.2. Effect of condensing, evaporating and differential temperatures

Figure 3.13 depicts the variation of COP for chaimgeondensing (d), evaporating in the low-
temperature circuit (@), cascade evaporating da&kg and difference in cascade condenser
(ATcas) temperatures. Condensing temperature was firséd/drom 20C to 50C, while the
other temperatures such as evaporating temper@tgre -50C), temperature differenc&{cas

= 5K) in cascade condenser, cascade evaporating tatoper(tase = -5C) in cascade
condenser, subcoolingd Tsun= 10 K) and superheaiTsup= 20 K) were held constant. Then, the
evaporating temperature was varied from (-fC2%0 (-) 58C by keeping condensing
temperature (& = 40C), temperature difference in cascade condensEsaé = 5 K), cascade
evaporating temperature {ds e = -5°C) in cascade condenser, subcooling <, = 10 K) and

superheatATsup = 20 K) constant.

1.48 ‘ ‘ : : : :
1.46]  Tg=40°CiTg = -50°C; ATcag = 5 K; Teagg = -5°C @ﬂu ]
1.44} ?j\j ]
I @
1.42} oo\m 4
I o N
_ 1.4} o -G -
X F 0\'\(\(3\
o L, 1.38 oo i
I o I S\
g O 1.36 i
|_U) L
< 1.34 .
1 +
' R7L1 i
e 1.32 qubcooing "
5 1.3 1
§ - [ -
8 i Superheat in R717
@ 1.26} S S
= I Uperhegt | SUperheat in R7
o - In R7 44
£ 1.247 17 & R744
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@ 0 4 8 12 16 20
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Figure 3.8 Effect of superheating and subcoolingystem and individual cycles.

Next, the temperature difference in cascade comiemas varied fromC to 10C by holding
condensing (& = 40C), evaporating (@ = -5F°C), cascade evaporating temperature.{E = -
5°C) in cascade condenser, subcoolinds(, = 10 K) and superheatTsup = 20 K) constant.

Lastly, the cascade evaporating temperaturgs@ was varied between -25 and 6C by
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fixing condensing (€ = 4FC), evaporating (& = -50C), temperature difference in cascade
condenserATcas = 5 K), degree of subcooling\Tsun = 10 K) and superheatTsup = 20 K)
constant. As expected a rise in condensing temyrerand temperature difference in cascade
condenser resulted in a decrease in COP, whereasnthease in evaporating temperature
resulted in much higher performance of the systétowever, the cascade evaporating
temperature (das,e) graph showed that there was an optimum temperatuwhich the COP of

the system was maximum.

145F AT, =10K | L

1.35 ATsup=0K

COP

1.3

1.25}

Tc = 40°C; Tg = -50°C; ATcas = 5 K; Toyp = 0 K

-25 -20 -15 -10 -5 0
Tcas,e [TC]

Figure 3.9 System performance curve for R744-R71th wariation in R717 evaporating

temperature and degree of subcooling on both cycles

The same temperature values were also used tozendlg variation of the mass flow ratio of
R717 to that of R744 (see Figure 3.14). The matie macreased with rise in condensing
temperature. However, it decreased with an incréagsvaporating temperature of R744g),T
cascade evaporating temperatureaglp) and temperature difference in cascade condenser
(ATcas) of the system. It is worth mentioning here thatircrease in temperature difference in
cascade condenser does not always decrease massfiio, since it generally depends on the

operating conditions of the cascade system.
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Figure 3.10 Variation of R744-R717 mass ratios witlange in R717 evaporating temperature
and degree of subcooling in both R744 and R717sycl
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Figure 3.11 Variation of R744-R717 system COP whhnge in R717 evaporating temperature
and degree of superheat in both R744 and R717sycle

3.4.3. Effect of isentropic efficiencies of compressors

The variation isentropic efficiencies in both cylésee Figure 3.15 and 3.16) on a carbon
dioxide-ammonia (R744-R717) cascade system wasiestukdeeping the other operating
parameters constant. However, different degreesiloéooling and superheat for individual and

overall system cycles were considered for the vahg three conditions.

40

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 3 Thermodynamic Analyses of an R744-R717 Cascade Refrigeration Systems

0.33¢
0.33
ATgp=20K
0.325
£ AT = 10K
T 0.32
£
Tep = 0K
0.315 Alap
0.31F
0.305
Tc = 40°C; Tg = -50°C; ATcas=5K; Tey = 0K
0.’2 L L L
-25 -20 -15 -10 -5 0

Tease [°Cl

Figure 3.12Vvariation of R744-R717 mass ratios with respeathitange in superheat.

i. Varying isentropic efficiency in R744: To study the effect of various isentropic effiagnn
R744 cycle the constant parameters were the casuawddensing temperature of R717
(Teasc = -10C), evaporating temperature R744 (F -50°C), subcooling £Tsu, = 10 K),
superheatATsyp= 20 K) and isentropic efficiency of R71ijnGs = 0.8). This scenario shows
that for the given operating parameters, an ineréadsentropic efficiency of R744{o>
=0.5to 1.0) results in an increase in system QO fL..05 to 1.57, which is about 50%.

o 6l—(Te) Te = 40°C; ATeas =5 K; ATy, = 10K; AT, = 20K
—(Te)Te = -50°C; ATeag =5 K; ATgp = 10K; ATop = 20K
24— (ATcag) Te = 40°C; Tg = -50°C; ATqy, = 10K; ATy, = 20K

2 2| (Tcasg) Te = 40°C; T = -50°C; ATcas = 5 K; ATsup = 10 K; ATgyp = 20 K

COP
N

1.8

TE
1.6
1.4 Te
' TCAS'E\wAS \
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1.2 :
-50 -40 -30 -20

0

Temperature [°C]

Figure 3.13 Effect of condensing, evaporating aifféréntial temperatures on system

performance.
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Varying isentropic efficiency in R717: Similarly, the effect of isentropic efficiency R717
cycle was also studied by taking condensing tenmipereof R717 (t = 40C), cascade
evaporating temperature of R717c£%e = -15C), subcooling £Tsw, = 5 K), superheat
(ATsyp = 15 K) and isentropic efficiency of R744c6. = 0.8). An increase in isentropic
efficiency of R717 {nns =0.5 to 1.0) also results in an increase in sySt€»® from 1.0 to
1.57 (about 50%). However, its difference with tlase in (i) is very negligible. This leads to
a conclusion that considering the same isentrofficiency for both cycle compressors is

reasonable and simplifies the calculation of systDir.
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Figure3.14 Effect of condensing, evaporating and differerteahperatures on mass ra

The sameisentropic efficiency in R717 and R744: The evaporating temperature of R744 (T
= -50°C), condensing temperature of R71% & 40°C), temperature difference in cascade
condenserATcas = 5 K), and degree of subcoolingTsu, = 10 K) and superheaA sy = 20

K) in both circuits were held constant while thesede evaporating temperatureAJg)
was varied between®0 and (-)28C in order to investigate the effect of isentropic
efficiencies of the compressors. Figure 3.16 shoted there was a linear relationship
between isentropic efficiencynif) of carbon dioxide-ammonia (R744-R717) cascade
compressors and the overall COP of the system. mbhgimum COP from 1.2 at an

isentropic efficiency of 70% increased to 1.4 arfl fbr isentropic efficiencies of 80% and
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90%, respectively. The optimum cascade evapordtngperature also increased almost
linearly from (=) 18.8C at an isentropic efficiency of 70% to (-) 1&0and () 17.%C for
isentropic efficiencies of 80% and 90%, respecyivel

3.4.4. Multilinear regression analysis

So far the effects of various temperatures on #rdopmance of the carbon dioxide-ammonia
(R744-R717) cascade system have been observeds therefore imperative to develop
mathematical equations as a guide for setting aptinthermodynamic design parameters at
which maximum COP at a given capacity are achieWith multilinear regression method, the
optimum evaporating temperature of R71¢Adle opp, the optimum mass flow ratio of R717 to

that of R744 (m,\m ),s,) and the maximum coefficient of performance (G5 of the cascade

system were regressed as a function of the inptat slach as subcooling\Tsup, superheating
(ATsup, evaporating (g), condensing (d), difference in cascade heat exchanger tempegature
(ATcas) and a fixed value of 0.78 for isentropic effiatgnof compressors in both circuits. The
development of the regressed equations includecddlweilation of 2673 data sets, which were
later reduced to 243 since one optimum value foP@& was calculated based on 11 cascade
evaporating temperature data points.

The resulted optimum cascade evaporating temperatioe maximum COP and the optimum

mass ratio (n, /m ;) Of R717 to R744 are respectively given by:

Teaseopr= 8 T QAT+ &I+ al T+ alA gt dA T 39

CORux = @+ alAT,+ alT+ alf+ g g+ dA 3-10

(M, /M)opr = 3+ alA Iup+ gUT+ alll+ gA I+ ad ] 3-11
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By adding the cascade temperature differenCE:{s) to Equation 3-9, the optimum cascade
condensing temperature can be given by Equatio?. 3ie values of all the coefficientso(g)
in Equation 3-12 are the same as in Equation 3-9.

Teascopr= 8+ AT+ [T+ aSDTE+( gt ;Iﬂl Tast dA T, 3-12

16 ]
15} /

COP
\
\

1.3F o ]

12} s ]

05 0.6 0.7 0.8 0.9 1
Ns
-@-R717 (Tc =40C; T cps g =-15C; ATgyp =5 K ATgyp = 15 K; gy = 0.8)

~B-R744 (Teps,c = -10C; T g = -50C; ATqyp = 10; AT, = 20C; Npps =0.8)

3.15 Effect of having diferent isentropic efficiencies in the compressdnsath cycles

The linear regression coefficientso(g)) of Equation 3-9 through 3-12 are given in Tabig 3
along with other statistical indicators such as@gsad error, root mean square error (rms), and
correlation coefficient (B. The coefficients have been given in four siguaifit decimal digits
since having less number of decimal digits affeztpecially the values of CQR and the

optimum mass flow ratign,, \m, )op; -
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Nisen = 90%
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15 Tc =40°C; Te = -50°C; ATcas = 5 K; ATsup = 10 K; ATsyp =20 K
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3.16 Effect of isentropic efficiency with changeR@17 evaporating temperature assuming the

same isentropic efficiency in the compressors oif logcles.

Equations 3-9 through 3-12 could be modified tooact for any change in isentropic efficiency
of both compressors (ammonia and carbon dioxidepoessors). This can be done based on the
explanation given in Section 3.4.3 (ii) and thepipsadepicted in Figure 3.16. In other words, for
any change in isentropic efficiency between 70% &@86, and for any change in the
thermodynamic variables, the change in G@P will be linear and can be obtained by
interpolation between these graphs. Similarly, dptimum cascade evaporating temperature
(Teaseop) also increases linearly with an incremental &°0. for every 10% increase in
isentropic efficiency of both compressors. The s&rteue for the optimum cascade condensing
temperature (dascopy Since it is calculated by adding the cascade ¢eatpre difference
(ATcas) to the optimum cascade evaporating temperatuggs €lopy). The optimum mass flow
ratio (following any change in the isentropic efiecy and the thermodynamic variables) will
then be calculated using Equation 3-5 based omnttdified optimum cascade evaporating and

condensing temperatures.
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The statistical terms employed for the regressimalyses are defined in the following sequence
of equations. The standard error (a_stelejris the standard error of the curve fit parameters
defined as the square root of the estimated variafiche parameter. The smaller the standard

error the more precise is the estimator. The raeedmsquare error is defined as:

F(y-y) 3-13

where n is the number of data points (243), ands the " estimated value of; yi.e., Teas.e.ops
CORuax, (m,\m)opr @Nd Tcascory) from Equation 3-9 through 3-122Ran be interpreted as

the proportion of the total variation iy that is accounted for by the predictor varialplenx
(i.e.,ATsup Tc, T, ATcas, andATsus) and it is given by:

I moox 3-14

Table 3.2 Statistical information for Equations 8fough 3-12.

Linear regression coefficients Linear regression Linear regression
for Tcasgopr coefficients for CORuax coefficients for (m /m| )opr
standarc standarc

Value standard error Value error Value error
Qo -7.099: 0.1832¢ 3.920° 0.0377: 0.1€1C 0.0006.
a 0.021¢ 0.0050¢ -0.003¢ 0.0010! 0.000¢ 0.0000:
a 0.266: 0.0025: -0.023¢ 0.0005: 0.001: 0.0000(
a3 0.460: 0.0025: 0.029¢ 0.0005: -0.002: 0.0000(
ay -0.426¢ 0.0126! -0.029¢ 0.0026: 0.000: 0.0000:
as 0.294¢ 0.0084t 0.010¢ 0.0017: 0.000¢ 0.0000:
Number of points (n) = 2« Number of points (n) =2« Number of points (n) = 2«
rms = 0.3229 rms = 0.0665 rms = 0.0011C
R°= 99.48Y R® = 95.76Y R® = 99.929
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The usefulness of the above unique equations (Equa9 through 3-12) is that for any given
design and operating parameters such as refrigaratipacity, isentropic efficiency and various
temperatures, these equations enable a designeengm determine the ideal maximum COP
and mass flow requirements of carbon dioxide-ammdM744-R717) cascade refrigeration
system.

3.5.Economic benefits of the new thermodynamic correlations

There are lots of economic benefits in using cascadrigeration systems for supermarket
applications apart from the negative aspect ofitii@l installation cost being higher than the
traditional direct expansion systems [14]. The ecoie benefits of cascade systems are the use
of natural refrigerants, less refrigerant chargduced environmental impact and life cycle costs.
In addition to the above well understood benefitse newly developed thermodynamic
correlations could potentially lead to energy sgsify a significant amount due to increased

efficiency.

In order to understand the economic benefits ofrign correlations, for example, consider a
supermarket display cabinet line-up having a load@® kW, charged with R717 and R744,
operating at = 40C, Te = -50°C, ATcas = 5 K, Tease = -5°C, ATsu= 10°C, ATgp = 20C, and
isentropic efficiency of compressors in both cyddesng 0.78. Hence, the power consumption of
the system using the above inputs from using ndamropn values will be 75 kW. However,
using the thermodynamic correlations developed his tesearch (e.g. Equation 3-9), the
optimum evaporating temperature of R717 can beutzted to be -18% (by taking the same
inputs such asd= 40C, Tz = -50°C, ATcas = 5 K, ATqui= 10°C, ATsp= 20C and assuming the
isentropic efficiency of the compressors in bothleg to be 0.78). Just by operating the system
at this optimum temperature (-183 rather than atdas,e = -5°C, a reduced power consumption
of 73 kW will be achieved, leading to energy sawiri@ kW (i.e. 75-73 = 2 kW). In other words,
the energy saving from a single supermarket wilabmund 17520kWh/year. This illustrates the
economic benefit of the new thermodynamic correteti
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In conclusion, the thermodynamic analysis of thecade refrigeration system, operating at (-)
50°C (evaporating) and 4G (condensing) temperatures resulted in the intbaiu of four new
empirical correlations which could be vital for thptimization of thermodynamic parameters of
carbon dioxide-ammonia (R744-R717) cascade refiger system before implementing any
test setup or prototype systems. The new thermadignaorrelations are expected bring about
energy savings if used to calculate the optimunraipe points of the system. However, a
separate study is warranted to conceptualize aatliae all the related matters such as social,
environmental and economic benefits of the cascadpermarket refrigeration systems.
Additionally, the calculation steps developed asenegic in nature and can also be used to
conduct thermodynamic analyses for other refrigsraThe analyses were carried out
independent of the development of frost charadiesiscorrelations and a second secondary

coolant studies discussed in the chapters thatoll
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CHAPTER 4.

New Frost Property Correlations

4.1 .Introduction

This chapter presents unique frost property caiogla which were developed based on a lab-
scale flat-finned-tube heat exchanger (combinatibftat plates and round tubes). A multi-linear
regression analysis was employed on air inlet teatpee and humidity ratio, frost-coil interface
temperature, refrigerant inlet temperature, Rey®i@dd Fourier numbers, in order to develop
mathematical expressions for frost thickness, dgnsiermal conductivity and air pressure drop
across a frosted air-coil. The newly developededations will hopefully be useful to reasonably
predict and control defrost periods and durationrfedium-temperature (-10) applications.
They could also be incorporated in generic supetetartumerical models, such as developed by
Getu and Bansal [10, 11].
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Figure4.1 Experimental test ri
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Figure4.2 Layout of secondary coolant system model and ingtniation
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4.2 . Testrig setup and measurements

Lab-scale experiments on frost characteristics veareied out using a modified existing air-
conditioning test rig shown in Figure 4.1. The @mditioning unit was coupled with an existing
heat pump constructed by Purkayastha and BanshhjiD Bansal and Purkayastha [51]. The
heat pump was converted into a secondary coolatesy(see Figure 4.2) to supply a chilled
coolant (Mono-propylene and Mono-ethylene glycotevamixtures with a concentration of 52%
and 42% by weight, respectively) to a newly desigaad built flat-finned-tube heat exchanger
(test coil) whose configuration is shown in Figdr8. The secondary coolant system test rig in
Figure 4.2 has been extensively discussed in Chapté/alidation of Secondary Coolant
Refrigeration System Numerical Model) along witle thetails of the instrumentation since this

section mainly focuses on the test coil.

ITEM DESCRIPTION Quantity s s oo
End plate - 1.2 GALV 2 T e ‘
Fins — 1mm copper plates 23 ! T
Copper tubes — 16mm OD 14 w7 P
180Deg copper bends —50 mm 7 i 4 4+ o
25.4mm Header set 2 392
125 125 [T
. 254 0.
n 88 (FIN WIDTH) *Hw H 19 0.0 335 88 335
2 -8B (N wor)
L o ] _ i L
) = 5 B oo 71T
i Kt I I : w | f i @:@7:’*
g () oo : T @Bl
e i iﬁ\#@:@#a
e —> ! [S21m(<3)
i (a— I T allm o 10,
» > ! e e
") P e} | |
I I I mu% I
s s | | ‘ | s ML" 300 (FINNED LENGTH 52.7 | 2 ‘i—‘u 50 H_ﬁ‘ 2
1.2 1.2

Figure 4.3 Detail A: Test coil design for frost exjpnent.

Air was circulated in a closed loop in the air-cbiothing test rig (see Figure 4.1), which was
insulated with a 25 mm thick Thermobreak insulafijen0.032W/m K). The duct was mounted

with a flow nozzle in order to measure the floweraf the air. The average frost-coil interface
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temperature ranged from (-) 1%8to (-) 2.6C whereas the average dry bulb temperature of the
circulated air at the leading edges of the heahaxger fins ranged from (-) 4Gto 4.9C. The
average air velocity was varied between 1.8 and#s5 The temperature and humidity ratio of
the incoming air were regulated by the air conditig unit which consisted of heaters, a spray, a
cooling coil and a pre-cooler. The dew-point terap@res of the air both at the inlet and exit of
the test coil were measured using a Precision Dewt eter (Optidew Vision 2-Stage Sensor),
whereas the dry bulb temperatures at the inletexitdof the test coil were measured using an
RTD and T-type thermocouple, respectively. Howevbe exit dew-point temperature was
periodically measured; whereas the inlet dew-p@niperature was measured at an interval of 5
seconds. The air pressure drop across the tesivasilmeasured using Betz manometer with an

interval of 30 minutes until the end of the expesinto take the last frost thickness into account.

Upstream of the test coil Downstream of the test coil

vBth LD e
. WA -

oY y ¥ i IgALALL
VIEV VR PRV ERREMS a5 L Ll
"“E'-r:"{:"l | [

O BB B b o g 0 o
J\\ AL L

s Ty n“ﬁ"‘lﬂlrl:'-

.[_"fu |

LF points MF points RF points RF points MF points LF points

| Legend: LF — Left fin; MF — Middle fin; RF = Right fin. |

Figure 4.4 Positions of temperature sensors otestecoil fins and tubes.

The average frost thickness and the average fmlsinterface temperatures were measured with
a Marlin F-145C2 CCD Camera mounted with Schnei@aregon 1.4/12 lens and T-type
thermocouples respectively. The movement of the @alnera was manually controlled and a

bank of fluorescent bulbs was used for illuminati@mce the position of the camera was fixed
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perpendicular to the 76 mm-deep edge of one ofiiseunder consideration, photos of the frost
growth at the third fin from the very left, middie and the third fin from the very right of the
heat exchanger were logged at an interval of 1@rsk (see Figure 4.4). Eighteen T-type
thermocouples were attached securely to three (tefidle and right) of the test coil fins using
annealed aluminum foil (Venture Tape) and a hedt approximately 6 mm away from the
edges. The same number of T-type thermocouplesap@ged on the heat exchanger tubes using
the same method by the vicinity of the instrumented (see Figure 4.5). Finally, the
measurements of all frost-coil interface tempeeguwvere done when the sensors were fully
embedded into the frost except at the very beggoirthe frost growth period:he time interval

for all temperature measurements, except for te#taxr exit dew-point temperature, was 5

seconds.
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Figure 4.5 Layout of temperature sensors on assifigltube arrangement.

The images of the frost, which were taken by th&GTamera mounted on the top of a double-

glazed view window above the test coil (see Figu), were analyzed using a Vision Builder
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Al Software by National Instruments [52] and PCB8R, IEEE 1394 Interface Board with
configurable 1/O. Frost images were calibratedha following way. The arm of the camera
(which holds the camera) was adjusted to be perpalad to the stand (which holds the arm of
the camera). The stand was in turn kept perperati¢althe rails mounted on the air duct (see
Figure 4.6). The camera was adjusted to focus erfithunder interest. The camera was then
adjusted to be perpendicular to the image. Usingpla calibration technique, a pixel coordinate
was transformed to a real-world coordinate throsigdling in the x (horizontal) and y (vertical
directions). All the frost images taken using thasticular calibrated camera configuration were
then processed for frost thickness measuremerstisoasn in Figure 4.7.

R
Gy .

Figure 4.6 Configuration of CCD Camera and thet&dgest coil.

The frost thickness on both sides of a fin was meakby searching the edges of the frost along
the shorter side of the fin in y-direction based pmxel intensities (see arrows pointing in y-

direction in Figure 4.7). Similarly, the frost ¢khess on the test coil tubes was measured by
edge searching technique in the x-direction aldvegydiameter of the tubes perpendicular to the

CCD Camera (see arrows pointing in x-direction igufe 4.7). Finally, the fin thickness and
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diameter of the tubes were deducted from the aatltmmean of frost thicknesses measured

along the fin depth and tube diameter, respectifgde the calculation steps in Table 4.1).

The test conditions of the frost consisted of tveotg namely transient and steady state parts
(see Figure 4.8). The transient part which lastethfabout 20 to 50 minutes comprised of dry,
wet and frosted coil, whereas the steady statecpasisted of purely frosted surface. The test rig
shown on Figure 4.1 was formed by two independigst Namely, the air conditioning test rig
(which regulates the inlet air conditions) and sfseondary coolant loop (which regulates the
surface temperature of the test coil). Becausdwioetest rigs should be run simultaneously to
reach steady state conditions at the same tim&ast not possible to avoid the dry and wet
conditions and directly go to the frost conditiofi®. without passing through dry and wet
conditions). Besides, the test coil geometry ardniounted sensors on the coil surface could not
allow wrapping of the coil to separate the surfaoen dry and wet conditions. These are as such
the challenging issues and constraints of the @xeet. However, the steady state
measurements were nearly constant except for swaaihtions given in Table 4.4. These
variations are common in experiments. Hence, it nesessary to average the measurements
taken under the steady state conditions in ordactount for these variations. Additionally, it is
worth mentioning that the main purpose of the airrgtudy was to develop representative
correlations for real heat exchangers based oerthiee frosted test coil surface and the average
measurements collected from it. The test coil waisas such designed to conduct local frost
characteristics. This is because, the test coinasy surfaces (flat + round) and a single surface
has many local points, which make the study ofllebaracteristics very complicated. Hence, to
simplify the complex nature of the experiment, therent study focused on the average frost

characteristics on the entire test coil.

Furthermore, by taking the resolution of the camalignment of the camera, lens distortion and
roughness of frosting surface into account, thenaséd uncertainty of the frost thickness for the

steady state phase was calculated to be +0.3 margas it was £0.4 mm for the transient state.
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The total frost mass was measured in such a wdyaththe end of each test, the frost from the
entire test coil was melted by passing a warmhawugh the coil and it was collected in a bucket
and weighed using a digital balance (Model: SPI BBB5/A) with an estimated uncertainty of

+5¢g. Frost mass during the steady state period cadsulated using mass balance equation

(> m (awar)) (indirectly measured). However, to check the vajidif the mass balance equation,

the melted frost for the entire test period was gared with the calculated frost mass for the
entire test period so that the mass balance equatiald be used for steady state frost mass
measurement.

The transient and the steady state conditions westénctly separated using the trend of the
entire measurement data. In other words, it wasiplesto separate the two conditions by
identifying where the measurement data exactlyteddato be nearly uniform. Generally

speaking, the two conditions (transient and stesidie) were separated after the experiments;

but not while doing the experiments.

vl y3
= R 3}
> X
1 B . B e B
Y2 WL T — é

Figure4.7 Frost thickness measureme

When the measured frost mass (for transient + gtetade) was compared with the calculated
frost mass (for transient + steady state) usingaBon 4-1 below, it resulted in a discrepancy of
(-) 12% to 39% as shown in Figure 4.9.
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Table 4.1 Equations used during frost measureme e steady state part of the test.

Frost characteristics Test coil Equations
surface
Frost thickness [mn Fin (yr=y2) +(ys— Yo +( ys— ¥ —300,
tfst,tube: 3
Tube . _(X2=x1) +(Xa= X) = 20D, pe
fst, fin 2
Frost mass concentration [K¢’] Fin & Tube > m Ha, - w,,) D1
rnfst,con: A,
Frost density [kg/r] Fin & Tube 20000, .,
tfst, fin +tfst, tube
Heat flux [W/n?] Fin & Tube L LV, o)
fst lA\j
Frost conductivity [W/n°C] Fin & Tube e = G i i * Ui und
ot 2000[AT
-y m{AwAT 4-1
DISCREPANCY: rres - Zm| J100
'st, meas total

There are a couple of reasons for the discrepanbg above zero. The first reason is attributable
to inaccuracies of the instruments used to measuraass flow rate, dry bulb temperature, dew
point temperature and so forth. It is to be noted the estimated uncertainty of the total melted
frost mass was only £5 g (when weighed) as comptréke uncertainty of the calculated frost
mass (£29%). Although all instruments were cargfadlibrated, the inaccuracies could not be
improved beyond the precision. The second reastiraisiuring transient state (due to instability
of water flow rate from the sprayer) of the expermhunmixed water in the air stream could be
carried over and drained along the air coil surfaxte melted frost collection system whose
amount depends on the duration of the transiet¢ stad the stability of water supply to the
sprayer. Besides, the value of discrepancy under may not only come from the inaccuracies

of the instruments but also come from evaporatibsperse, or residual water. In general, the
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uncertainty of frost mass could be reasonably rdgle to limitations of the instruments,

carryover and residual water.

The frost mass measurement errors were consideré iuncertainty analysis presented in the
following Section. However, only the calculateddironass in the steady state phase (which was
obtained by mass balance equation) was used fodekelopment of frost correlations. The
average frost mass concentration in the steadyg ptadse was calculated by dividing the frost
mass in the steady state phase with the totakfastrface area of the heat exchanger.

Time interval [seconds]

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 7000
16.0 + L L ) ) ) L L L ) ) L L

140 Transient state Steady state
12.0
10.0
8.0
6.0 1

4.0 1

2.0 1

0.0 1

-2.0 1

Temperature [c)/Humidity ratio [g/kg]

-4.0

| ® Testcoil inletdew pointtemperature * Testcoil inletdrybulbtemperature ® Testcoil inlethumidityratio

Figure 4.8 Transient and steady state parts dftise test conditions.

The average frost density was calculated by digidiee mass concentration with the measured
frost thickness; and its uncertainty was calculaiseoshg an uncertainty of £29% of frost mass
concentration and 0.3 mm of frost thickness rasmlin an uncertainty of +31% in frost

density. The average heat flux from the surfactheftest coil to the air was computed using the

product of the air mass flow rate and the diffeeeirc thermodynamic state points at both the
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inlet and outlet of the test coil thereby dividitige result by the total surface area of the heat
exchanger @ =M N .= o)/ A). The heat flux had an estimated uncertainty ramdiom
+1.8% to +3%. The thermal conductivity of the fresas computed by dividing the product of

the heat flux and frost thickness by the tempeeatiifference across the frost.

40 )

30
20 o o o %o

10 o o

Discrepancy [%]

.10 o ° o o

-20

Test number #
Figure 4.9 Discrepancy between measured and ctddulatal frost masses.

'st, meas total_ Z miAwm T)
m

DISCREPANCY¥ m (100

fst, meas total

The frost surface temperatures were measured legtdeontact (i.e. manually passing two
thermocouples through specially made holes onithe & the air duct) at the end of each test
run. The two thermocouples, at the inlet and owfahe test coil, were kept inside the duct to
achieve the same temperature with the air streawirfy over the air coil. Additionally, these
thermocouples were placed at multiple points, tation, on the surface of the frost to reduce
errors. It was the average of those multiple mesmants which was considered as the surface
temperature of the frost. This measured average $toface temperature was then approximated

uSiNg (T sutace= (T aint Taod / 2+ Tieraceay! 2) @S this could be easily available for refrigerati

engineers without complicated frost surface tentpeeameasurements. It is to be noted that the
approximated frost surface temperature was usel@vtelop a correlation only for frost thermal

conductivity. It doesn’'t as such affect the resolfshe other frost correlations, such as frost
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density, frost thickness and air pressure drop. d$temated uncertainty for the approximated

frost temperature was also taken to be as highl%3. +The comparison between the measured

and the approximated frost surface temperaturesl t@uobserved from Table 4.2 below.

Table 4.2 Comparison of manually measured and appated frost surface temperatures.

Test{ Runt Manually Approximatec Test{ Runt Manualy Approximater
measured frost  frost surface measured frost frost surface
surface temperature[C] surface temperature[C]
temperature [C] temperature [C]

1 1 -6.C -514 6 1 0.7 0.€

2 -5.€ -514 2 0.€ 0.€
3 -514 -514 3 0.7 0.€
2 1 -4.4 -3.6 7 1 -5.5 -4.8
2 -4.C -3.6 2 -4.9 -4.8
3 -4.5 -3.6 3 -514 -4.8
3 1 -4.5 -3.6 8 1 -6.1 -6.1
2 -4.C -3.6 2 -6.1 -6.1
3 -3.6 -3.6 3 -6.€ -6.1
4 1 -9.¢ -9.C 9 1 -7.C -6.8
2 -9.3 -9.C 2 -7.2 -6.8
3 -9.€ -9.C 3 -7.C -6.8
5 1 -8.3 -7.7 10 1 -5.2 -5.2
2 -7.8 -7.7 2 -5.6 -5.2
3 -8.1 -7.7 3 -5.8 -5.2

The equations for calculating useful frost chanasties are given in Table 4.1. All of the

calibrated T-type thermocouples had uncertainty@1°C resulting in an estimated uncertainty

of £27% in the calculated frost thermal conductivit

4.3. Uncertainty analysis

All uncertainty calculations for this experimentreeerformed following EES [9] and Holman

and Gajda [53]. The approach is based on a casptdification of the uncertainties in various
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primary experimental measurements. The reR(dtalculated quantity) is a given functiohthe

independent variables (measured quantitigsyp, xs...Xn. Therefore,
R: R()g !)5 1%( ’R( 4-2

Let wg be the uncertainty in the result; ang w,, Wws...w, be the uncertainties in the independent

variables, and theng can be given by:

ZI(0R Y L (OR ) L (OR oR
WR'KGXIWJ +(6><z Wj +(6><3 WJ +"'+(6>s WJ ] 4-3

For regression analysis, it is to be expected ttietset of measurements; (y) in the response
variables Y. (i.e., frost thickness, frost density, frost thafnconductivity and test coil
pressure drop) and the set of measurements)(in the predictor variablesg (i.e., air inlet
temperature, frost coil interface temperature, aaoinlet temperature, humidity ratio, Reynolds
number, and Fourier number) may have different emmntal uncertainties. Hence, the
uncertainties in y; and % ., can be estimated by the standard deviations ofngn values of

Yii.np and X..n as follows:

g,= 4-4

g
"oJn
where g, is the standard deviation of the mean value;gf wr Xi.n; ois the standard deviation
of the set of measurements of a response varighleoy a predictor variablejx;; and n is the
number of measurements in the set. Chances foatimvw from mean value of a normal-
distribution curve and better estimates of uncetigs using Chauvenet’s criterion can be found
from reference [53]. All of the uncertainties inetiprimary and calculated quantities for the

current study are given in Table 4.3.
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Table 4.3 Results of uncertainty analysis.

Uncertainty in primary measurements Uncertainty in calculated quantities
Variable Uncertainty Variable Uncertainty
Air inlet dry bulb +0.1°C Frost mass durin +30%
temperature steady state [g]

Air inlet dew-point +0.2°C Frost mas: +30%
temperaturt concentration [kg/F]

Air outlet dry bulb +0.1°C Frost density [kg/]  +31%
temperature

Air inlet humidity +1.7% Heat flux [W/n?] +1. 8% to +39
ratio

Fros-coil interface +0.1°C Frost therma +27%
temperature conductivity [W/nfC]

Test coil coolant inle  +0.1°C Frontal air velocity +0.04 to £0.06 m/:
temperature

Frost thicknes: +0.3mm Reynolds number]  +29%

Air mass flow rate +1. 6% to £39 Fourier number-] +0.¢

[kg/min]

Test coil pressur +2Pe

drop

7
Transient period | Steady state period
6 «——>
E
€ 5
A TEST 8
[}
c 4
L
=
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o —O—Frost growth on left-fin tube
2 .
—=—Frost growth on left fin
1
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Figure 4.10 Test 8: Frost growth on fins and tutreshe left side of the test coil.
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4.4 Test conditions and results

A total of 26 tests were conducted during the engikperiment, out of which only 10 were
selected based on the stability and repeatabilith® steady state conditions of the experiments.
The conditions and results of these selected teste analyzed and discussed in the following

sections.

6

Transient period| Steady state period

5 -

4 TEST 7

Frost thickness [mm]
w

—X—Frost growth on middle fin

—O—Frost growth on middle-fin tube

0

0 20 40 60 80 100 120 140 160 180 200 220

Time interval [min]

Figure4.11 Test 7: Frost growth on fins and tubes in the naddflthe test co

4.4.1. Test conditions

The test coil was constructed in such a way thatfitis were soldered to the tubes in order to
minimize the surface temperature difference betwberfins and the tubes of the test coil. It is
to be noted that refrigeration heat exchangersdiferent from the test coil. Traditionally,

cooling coils with aluminum fins on expanded coppéres are used in display cabinets [54].
The energy use and cost for a system are norm@llyenced by the selection of cooling coll

design. However, the newly developed frost cori@ist consider the average surface
temperature of the test coil. The average surfarepérature is a representative surface
temperature of the top frost surface exposed toathesteam, whereas the frost-coil interface
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temperature (to be discussed later) is the temyerdetween the coil surface and the bottom of
the frost surface measured by embedding the sémtsothe frostHence, if the average surface
temperature of a refrigeration air-caiith the same geometry is within the operating eaofjthe
current study, the new correlations can be appkcabhe variations of the experimental
parameters, during the steady state condition ggerisuch as air dry bulb and dew point
temperatures, air inlet humidity ratio, frost-cimiterface temperature, coolant inlet temperature,
air mass flowrates and Reynolds number were céyedbkerved and entered in Table 4.4 along

with the range of measurements.

Table 4.4 Steady state experimental conditions.

Experimental parameters Measurement range Maximum variations
Air inlet dry bulb temperature’C] -4.5 10 4. +0.8°C

Air inlet dew-point temperture ['C] -4.7 10 4.0 +0.6°C

Air outlet dry bulb temperatur®C] -5.810 3. +0.7°C

Air inlet humidity ratio [g/ka] 25t05.: +0.18 g/kpa
Fros-coil interface temperatur’C] -12.8 t0-2.€ +1.1°C

Test coil coolant inlet temperatur’C] -19.0 to-10. +1.1°C

Air mass flow rate [kg/mir 12.5810 17.0 +0.23
Reynolds number [dimensionle 1781 to 238 +53C
Fourier number [dimensionle: 213 to 154 n/a

Test span [minute 34 to 23 n/a

4.4.2. Test results

The measured and calculated parameters of theimgrerduring the steady state conditions of
the tests are given in Table 4.5, 4.6 and 4.7,ecsely. The frost thickness growth on the
surface of the test coil with time for the entisstt periods of three tests of measurements are
depicted in Figures 4.10 through 4.12. All of theghs in these figures have a couple of
common features. Firstly, the graphs are not lin@&®sides, the frost thickness does not
sometimes change with time between two consecutigasurement points. These conditions
might be due to the densification of the frostother words, the sublimation of the water vapor
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in the incoming air contributes to an increasehm frost density rather than an increase in the
frost thickness. Secondly, for the first 10 or 2@hutes during the transient state, the frost

thickness could not be measured due to the caibbsither dry or wet.

Frost thickness and distribution on the surface dieat exchanger depends on several factors,
such as the geometry of the heat exchanger suidacimlet and frost-coil interface conditions.
Figure 4.10 depicts graphs of frost thickness os &ind tubes on the left side of the test coil for
Test number 8. The difference between the frosafid the frost-tube interface temperatures was
about 0.8C. During the transient state, which lasted fonBfutes, the frost thickness on the fin
was much less than that on the tubes. The differéetween the two frost thicknesses (between
tube and fin frost thicknesses) ranged from O &rm. In the steady state part, beyond the 50
minutes duration of the test, the frost thicknesgle fin was even much less than that on the
tube, the difference between the two ranging frotm 0 mm.

Transient period «——— Steady state period

TEST 10

N

—X—Frost growth on right fin

Frost thickness [mm]

—O—Frost growth on right-fin tubes 1

[

0 E—T—TrxX " " " " " " " "
0 10 20 30 40 50 60 70 80 90 100 110 120
Time interval [min]

Figure 4.12 Test 10: Frost growth on fins and tulieshe right side of the test coil.

Figure 4.11 shows graphs of frost thickness on dind tubes in the middle of the test colil for

Test number 7. The difference between the frosafid the frost-tube interface temperatures was
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about 0.8C. During the transient state, which lasted fonfifiutes, the frost thickness on the fin
was higher than the frost thickness on the tulbesdifference between the two ranging from 0.2
to 0.75 mm. In the steady state part (beyond thenfitute duration of the test), the frost
thickness on the fin with respect to that of thieetinad a mixed trend. In other words, it was a
little bit higher or equal or lower than that o tlubes.

Table 4.5 Measured air conditions during the stesidte parts of the tests.

Duration  Average Average Average Average Average Average
under air inlet dry air inlet air outlet air inlet frost-coil air mass
steady bulb temp dew point  dry bulb humidity interface flow rate
state temp temp ratio temp
Test# g [C] [C] [C] [g/kg] [C] [kg/min]
1 1 1091( -0.8 -0.¢ -1.8 3.5 -9.4 12.5¢
2 809(C -0.8 -0.¢ -1.8 3.5 -9.4 12.5¢
3 629( -0.8 -0.¢ -1.8 3.5 -9.4 12.5¢
2 1 718C -0.2 -0.3 -1.1 3.7 -7.1 16.73
2 538C -0.2 -0.3 -1.1 3.7 -7.1 16.7:
3 358(C -0.2 -0.3 -1.1 3.7 -7.1 16.7:
3 1 749t 0.1 -0.1 -0.€ 3.7 -7.5 15.6:
2 389t 0.1 -0.1 -0.€ 3.7 -7.5 15.6:
3 209t 0.1 -0.1 -0.€ 3.7 -7.5 15.62
4 1 636 -4.5 -4.7 -5.8 2.t -12.¢ 15.4¢
2 456t -4.5 -4.7 -5.8 2.5 -12.¢ 15.4¢
3 276t -4.5 -4.7 -5.8 2.k -12.¢ 15.4¢
5 1 1137( -2.5 -2.€ -4.C 3.C -12.2 13.67
2 777C -2.5 -2.€ -4.C 3.C -12.2 13.67
3 417« -2.5 -2.€ -4.C 3.C -12.2 13.67
6 1 1420¢ 4. 4.€ 3.7 .3 -2.€ 17.0¢
2 880t 4. 4.€ 3.7 .3 -2.€ 17.0¢
3 520t 4. 4.€ 3.7 K -2.€ 17.0¢
7 1 968t -0.4 -1.5 -1.€ K -8.€ 16.61
2 608t -04 -1.5 -1.€ .3 -8.€ 16.61
3 248t -04 -1.5 -1.€ .3 -8.€ 16.61
8 1 783C -1.7 -2.1 -2.8 3.2 -9.¢ 16.5¢
2 423( -1.7 -2.1 -2.8 3.2 -9.¢ 16.5¢
3 243( -1.7 -2.1 -2.8 3.2 -9.¢ 16.5¢
9 1 403t -2.8 -3.7 -4.3 2.E -9.¢ 13.7i
2 313t -2.8 -3.7 -4.3 2.E -9.¢ 13.7i
3 223t -2.9 -3.7 -4.3 2.€ -9.¢ 13.7i
10 1 384C -1.C -1.3 -2.2 3.4 -8.8 14.1C
2 294(C -1.C -1.3 -2.2 3.4 -8.8 14.1(
3 204C -1.C -1.3 -2.2 3.4 -8.8 14.1C
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Figure 4.12 shows graphs of frost thickness ondimd tubes on the right side of the test coil for
Test number 10. The difference between the frostfid the frost-tube interface temperatures
was about 0%. During the transient state, which lasted fomfiflutes, the frost thickness on
the fin was less than that on the tubes; the diffee between the two ranging from 0 to 0.25
mm. In the steady state part (beyond the 50 midutation of the test) the frost thickness on the
fin became higher than that on the tubes by as msach5 mm.

The test results shown in Figure 4.10 and 4.12thadsame interface temperature difference
between frost-fin and the frost-tube interfacesicihivas about 0%. But, the fins had different
locations on the test coil (left and right). Asesult, the fin frost thicknesses were higher than
that on the tube in the transient state of the pesiod in both figures (Figure 4.10 & 4.12).
However, the fin frost thicknesses in the steadyesparts of the same figures showed opposite
trends. In other words, the fin frost thicknessFigure 4.10 was lower than that of the tubes,
whereas in Figure 12 it was higher than that oésub

When Figure 4.10 and 4.12 were compared with Figuid, the difference between frost-fin
and the frost-tube interface temperatures in Figutd was higher that of Figure 4.10 and 4.12
by about 0.2C. However, the frost thickness on the fin was gmethan or equal to or less than
that on the tubes where the location of the fin wathe middle of the test coil. Therefore, the
frost thickness on the fin could be either gredtan or equal or lower than the frost thickness on
the tubes depending on the fin position for frast-nd frost-tube interface temperature
difference ranging from 0% to 0.9C. The possible reasons for these scenarios ceuld b)
geometry of the surfaces (i.e. flat and round}h2)position of the fins and tubes; and 3) air flow
pattern on the test coil, which have likely playedjor roles in the distribution of frost on the
entire heat transfer surface area of the test toilother words, the aforementioned three
scenarios were much more influential than the dbfiee between frost-fin and frost-tube
interface temperatures (6G to 0.9C), which as such require further study. It is wort
mentioning here that the maximum difference betwidenfrost thickness of the tubes and the
fins was about 1 mm for the above interface tempeealifferences (0% to 0.9C).
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Table 4.6 Measured frost and inlet coolant condgiduring the steady state parts of the tests.

Duration Average Frost Frost mas Frost mas: Average tes
under Test call thickness at during the during the coil pressure
steady state coolant the end of steady state entire test drop at the
inlet eachtest  period period end of each
temperature (transient test
+steady state)
Test?  [s] [C] [mm] 9] 9] [Pa]
1 1 1091( -16.¢ 7.4 632.( 858.( 204.C
2 809C -16.¢ 5.4 452.( 576.( 65.0
3 629( -16.¢ 4.5 348.( 465.( 39.(
2 1 718C -14.¢ 5.€ 411.( 720.( 176.(
2 538( -14.¢ 5.2 338.( 612.( 111.C
3 358( -14.¢ 4.2 229.( 502.( 51.C
3 1 749t -13.¢ 5.€ 301.( 772.( 188.(
2 389t -13.¢ 4.2 154.( 404.( 120.(
3 209% -13.¢ 3.2 81.( 301.C 59.C
4 1 636°F -19.( 4. 370.( 942.( 88.(
2 456E -19.( 4.2 265.( 659.( 64.(
3 276f -19.( 3.1 161.( 538.( 47.C
5 1 1137(C -17.¢ 8.4 831.( 1006.( 299.(
2 777( -17.¢ 6.4 568.( 811.( 206.(
3 417C -17.¢ 4.¢ 305.( 479.( 116.C
6 1 1420¢ -10.4 8.5 1348.( 2070.( 141.(
2 880t -10.4 7.1 916.( 1210.( 86.(
3 520% -10.4 5.4 542.( 1012.( 69.(
7 1 968t -16.1 5.€ 649.( 938.( 174.(
2 608t -16.1 4.5 408.( 713.( 141.(
3 248t -16.1 3.1 167.( 470.( 84.(
8 1 783( -16.2 7.1 565.( 826.( 180.(
2  423( -16.2 5.2 308.C 611.( 133.(
3  243( -16.2 4.5 179.( 423.( 67.(
9 1 403t -16.€ 3.1 189.( 404.( 27.C
2 313t -16.€ 2.E 147.( 312.( 26.(
3 223t -16.€ 2.4 105.( 307.( 24.C
10 1 384C -15.1 4.€ 205.( 454.( 57.C
2 294( -15.1 4.C 157.( 359.( 39.C
3 204C -15.1 3.5 109.C 251.( 18.C

In the current study, it is to be emphasized thataverage frost-coil interface temperature (the
arithmetic mean of frost-fin and frost-tube intedatemperatures) was used to formulate frost
property correlations for the entire coil surface the sake of simplicity and reducing the frost
thickness difference between the frosted tubes fam&l of the air-coil. Thus, the frost

characteristics such as frost thickness, frostitjgrfsost thermal conductivity and air pressure
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drop across the frosted coils were formulated pragent just the average values on the entire

air-coil surface, irrespective of specific position the coil.

4.5.Multilinear regression analysis for frost correlations

A multilinear regression method was employed follmyvGetu and Bansal [55] in order to
regress the frost thickness, frost density, theroaaiductivity and air pressure drop across a
frosted test coil as a function of the input datehsas test coil air inlet temperature &J, frost-

coil interface temperature i(ferracgd, inlet air humidity ratio ¢i,), test coil coolant inlet
temperature (Loantin, Reynolds number (Rg), and Fourier number (Fo), which were given in
Table 4.5 through 4.7. The hydraulic diameter wasutated following the philosophy presented
by Wich et al [56]. The calculation steps are giverHoyations 4.5 through 4.13.

The total number of tubes in the heat exchanggiven by;

Ny = Ny DN, 4-5

total

Effective flow length of the air along the heat leanger parallel to air flow direction is given by;

Lflow = NT N\lr 4-6

Fin heat transfer area is given by;

2
A =2, TN, S WY a7
whereas, the total exposed tube surface area tietiteexchanger is given by;

Aube = Ntotal IjTl:Dol:th - I:pl:é fin) 4-8

Minimum frontal air flow area of the heat exchangedetermined by;
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A, = LN, S~ D)1~ F3,) 49

whereas, the heat exchanger frontal area is detedy;

A =L, BN 4-10

The ratio of minimum flow area to the heat excharigmtal area is given by;

=P 411
A

Total heat transfer area could be obtained by adequations 4-7 and 4-8;

AB = Ain + Athbe 4-12

Finally, the hydraulic diameter of the heat excherng obtained by;

D, =41L,,, 5 413

The Reynolds and Fourier numbers were determindgégoytions 4-14 and 4-15 respectively. It
is worth mentioning that the Reynolds number takesfin depth of the test coil (76 mm) into

account, i.e. Equations 4-16 through 4-19 implicitbnsider the spatial distribution of frost

along the air flow direction. Furthermore, it mportant to note that Fourier number contains
the time parameter) which is useful to calculate the time span betwaefrosting processes.

R% — Va |ba,in |:IDh 4-14
" ua,in
K, 4-15
F — in
O pa,in |Epa,in |:th
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Table 4.7 Calculated parameters during the steiatly parts of the tests (for the same duration
as in Tables 4.4 and 4.5).

Frontal Average Average Frost mass Frost Heat Frost therma
air Reynolds Fourier concentration density  flux conductivity
velocity number  number

Test # [m/s] [-] [-] [kg/m?] kg/m’] [W/m7 [W/m°C]
1 1 1.€ 1781 112¢ 0.488¢ 66 36¢ 0.635¢
2 1.€ 1781 837 0.349: 65 36¢ 0.464(
3 1.€ 1781 651 0.269( 60 36¢ 0.386"
2 1 2.4 236t 74¢ 0.317: 57 274 0.445:
2 2.4 236t 561 0.261: 50 274 0.413¢
3 2.4 236t 3732 0.177( 42 274 0.334:
3 1 2.8 220¢ 7832 0.232° 40 26¢ 0.410¢
2 2.8 220¢ 407 0.119( 28 26¢ 0.297:
3 2.8 220¢ 21¢ 0.062¢ 20 26¢ 0.226¢
4 1 2.2 221( 64t 0.286( 58 38¢€ 0.458:
2 2.2 221( 462 0.204¢ 49 38¢ 0.392°
3 2.2 221( 28C 0.124: 40 38¢ 0.289¢
5 1 2.C 1944 1171 0.642: 76 40¢ 0.708:
2 2.C 1944 80C 0.439( 69 40¢ 0.539¢
3 2.C 1944 42¢ 0.235¢ 49 40¢ 0.404"°
6 1 2.5 238( 1547 1.041¢ 123 557 1.261¢
2 2.t 238( 95¢ 0.708( 10C 557 1.053"
3 2.5 238( 567 0.418¢ 78 557 0.801:
7 1 2.4 234¢ 101¢ 0.501¢ 86 492 0.696¢
2 2.4 234¢ 637 0.315¢ 70 492 0.540:
3 2.4 234¢ 26C 0.129: 42 492 0.372:
8 1 2.4 234¢ 81¢€ 0.436° 62 492 0.854(
2 2.4 234¢ 441 0.238: 46 492 0.625¢
3 2.4 234¢ 253 0.138: 31 492 0.541:
9 1 2.C 1961 414 0.146: 47 34C 0.301:
2 2.C 1961 322 0.113¢ 41 34C 0.272:
3 2.C 1961 23C 0.081: 34 34C 0.233:
10 1 2.C 1997 402 0.158¢ 34 31t 0.372(
2 2.C 1997 307 0.121: 30 31t 0.323¢
3 2.C 1997 2132 0.084: 24 31t 0.283(

The development of the regressed equations (Easadidl6 to 4-19) included the calculation of

tens of thousands of data points, which were leduced to thirty data sets. These polynomial
forms of frost characteristic correlations were eleged based on universally acceptable
methods following design of experiments (DOE) [&Ap regression analysis [58]. The changes

of the independent variables were carefully obseiwechanging the dependent variables in the
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designed experiment. The statistically sound patyiab forms of frost correlations were
formulated by integrating simple and powerful statal methods into the experimental design
methodology. Hence, the resulted frost propertigshsfrost thickness, density and thermal

conductivity including the pressure drop acrossftbsted test coil are respectively given by:

t=ao+a, o, +a,l,’+a,d +a,T’+a[Rey,+a,0Re,} +aJFo+aflFG [mm 4-16
P=aota, [, +a,l,’+a,d +a,T*+a[Re,,+a,JRe,? +aJFo+aflFG [kg nt 4-17
Kiw = 8o +a, b, +a,lb, +a, 0 +a T +a Re,, +g [Re,; +allFo+aflFé [W nt K' 4-18

AP, =a,+a,[b,+a,lw,’+a,T +a,0*+a,[Re,, +a,Re,? +aJFo+aIFG [Pa] 4-19

Ratio of the temperature difference representdehjmations 4-16 through 4-19 is given by:

-|: _ Tcoolant,in - Tinterface
a,in interface

The linear regression coefficientso(a;) of Equations 4-16 through 4-19 are given in Talle3
and 4.9 along with other statistical indicatorstsas standard error, bias error, root mean square
error (rms), and correlation coefficientJJREach term is defined in the following sequenée o

eguations.

The standard errors (a_stdes) are the standard errors of the curve fit pararsefay.. )
defined as the square root of the estimated variafiche parameter. The smaller the standard

error the more precise is the estimator.

Bias error is defined as:
. 1 o "
blas=—><§l;(yi -%) 4-21

n
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The root mean square error is defined as:

X

rms= 1'
n

(v-%) 4-22

n
i=1

where n is the number of data points (30), gni$ the 1" value of the response variablg Y

(i.e., tsy, pist, Kist andAPcoy) and g is the fitted value.

Table 4.8 Statistical information for frost thickness anaisitg.

Regression coefficients for frost thickn Regressio coefficients for frost densi

[thU mm] [Pfst’ kg/nﬂ
Value std erro Value std erro

a 2.0799E+0 1.5376E+0 9.2315E+0 2.3824E+0
a 1.9985E+0 8.7347E-01 -8.4801E+0 1.3534E+0
& -1.9233E-01 1.0969E-01 1.1187E+0 1.6996E+0
& 1.7929E+0 4.9892E+0 9.0734E+0: 7.7305E+0
a 8.2178E+0 2.8823E+0 5.2563E+0 4 .4660E+0
as -1.4254F-02 1.3622E-02 -6.8862E-01 2.1107t-01
3 3.6405E-0€ 3.2482E-06 1.6558E-04 5.0329t-05
& 4.6575E-03 9.3764E-04 5.5788E-02 1.4528E-02
3 -5.8322E-07 5.8600E-07 -6.2902E-06 9.07¢<7E-06

Number of points (n) = & Number of points (n) = &

bias =-8.0231F-18 bias = 1. 2554-1¢€

rms = 3.9064-01 rms = 6.0527E+C

R*= 94.24Y R” = 93.35%
Operating range of the independent variables irctineelation
25<win <5.8 -1.1< 7 <-0.6 1780< Repp <2380 213< F0<1547

R? in Equation 4-23 can be interpreted as the proportiometdtal variation in the response
variable Y. that is accounted for by the set of predictor vaeiab4; . (i.e., T, win, R&n, and

Fo,) and it is given by:

-
Re=|1-E " |x100 4-23

Here, y represents the mean qgf y value of the response variablg ¥.
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The usefulness of the above unique equations (Equétl6 through 4-19) is that a refrigeration
engineer can easily estimate the time interval betwdefrost cycles based on the Fourier
number (since it contains the time for frost buifg) and the frost thickness between the fins of
an air-coil. Refrigeration engineers can also estinair pressure drop across frost air-coils based
on the heat exchanger geometry, the inlet variadiiéke air, coolant and surface conditions of
the heat exchangers. Besides, the heat and time rgopired for defrosting frosted heat

exchangers can be estimated using Equations 4e€24-a@6, respectively;

Table 4.9 Statistical information for frost thernsainductivity and air coil pressure drop.

Regression coefficients for frost therr Regression coefficients for test coil pressure

conductivity [ks, W/mK] [APcou, Pa]
Value std erro Value std erro

ag 9.8829E+0 2.6442E+0 -1.4972E+0 9.9669E+0
ay -5.3277E-01 1.5021F-01 2.6245E+0 5.6620E+0
ap 8.2130F-02 1.8864E-02 -3.5387E+0 7.1105E+0
as -8.4582F-02 8.5802E-01 1.0690E+0 3.2341E+0
ay -3.7020E-01 4.9569E-01 5.3007E+0 1.8684E+0
as -8.5823E-03 2.3427E-03 1.3485E+0 8.8302[-01
3 2.1275-06 5.5860E-07 -2.9527E-04 2.1055-04
ay 1.8370E-04 1.6125E-04 2.5887E-01 6.0780-02
ag 1.3039¢t-07 1.0078E-07 -5.4207E-05 3.7986[-05

Number of points (n= 3C Number of points (n) = &

bias = 2.4828-1¢ bias =-5.4482F-16€

rms = 6.7179-02 rms = 2.5322E+C

R?=02.74Y R?=86.86Y

Operating range of the independent variables ircteelation

25<wp <5.2 -1.1< 7 <£-0.6 1780< Rep <2380 213< Fo<1547

Q=04 [ﬂtstmb[@( h)_ hoe) + h]f:| 4-24
;= Q 4-25
defrost \M|ec

Where; h, = Enthalpy of melted frost (water) leaving the hestchanger at °€ (from

measurement)yc. = Enthalpy of ice a{t(Ta,in +T, o)/ 2+ Timem] /2, hyt = Enthalpy of fusion of
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the frost andWeec = the electric power input to the defrosting elatesemounted on the heat
exchangers.

4.6.Comparison of measured and correlation predicted frost characteristics

The measured frost density, thermal conductivibyckiness and air pressured drop across the
frost test coil were compared with those correfapoedicted as shown in Figure 4.13 and 4.14.
The predicted frost density deviated by £25% (sgpie 4.13 (a)) from the measured frost
density. Similarly, the predicted frost thermal doativity deviated by +26% (see Figure 4.13
(b)) from the measured frost thermal conductivity.

[N
N
o

1.4

+25% 1.2

[N
N
o

+26%

Ideal prediction line

[N
o
o

-25%
0.8

®
o

-26%

0.6

o
o

0.4

N
o

Predicted frost density [kg/m®]

0.2

N
o
Predicted frost thermal conductivity [W/m-K]
X

o

0 0.2 0.4 0.6 0.8 1 1.2 14

o

20 40 60 80 100 120 140

3 Measured frost thermal conductivity [W/m-K]
Measured frost density [kg/m”]

(@) (b)

Figure 4.13 Comparison of measured and correlgtiedicted a) frost density; and b) frost
thermal conductivity.

The predicted frost thickness shows a good agreeméh the measured frost thickness as
shown in Figure 4.14 (a), having a deviation of %lfrom the measured frost thickness.
However, the predicted air pressure drop acrosfoise test coil deviated by as much as £60%

from the measured pressure drop as shown in Figarke(b).
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L)

Measured frost thickness [mm] Measured air pressure drop across frosted air-coil [Pa]

(a) (b)
Figure 4.14 Comparison of measured and correlgtiedicted a) frost thickness; and b) frosted
coil air pressure dro

Deviations of correlation predicted frost charasters from measured ones depend on several
factors, such as the type of functions (e.g. patyiady exponential or power function), the
number of data sets and the number of sensorsfieiient measurement uncertainties used for
frost experiment. However, the new frost correlai@ould also be applied on air-coils having
different geometry taking these deviations into sideration. It is also suggested that the
correlations need to be used for the same geormethe current form until such time that they

are fully validated on other geometries.

To conclude, four new empirical frost property etations were developed on a lab-scale flat-
finned-tube heat exchanger. These new correlatansreasonably predict frost properties on
actual heat exchangers. The experimental redwtsed that the frost thickness on the fin could
be either greater than or equal or lower than st thickness on the tubes depending on the fin
position for frost-fin and frost-tube interface emnature difference ranging from 85to 0.9C.

The possible reasons for this were the geometsudtces, the position of fins and tubes, and
air flow pattern on the test coil. These factoraldohave played significant role in the
distribution of frost on the entire heat transfarface area of the test coil than the difference
between the frost-fin and the frost-tube interféemperature. In general, the newly developed

frost property correlations, which were formulatealsed on the average frost-coil interface
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temperature (the arithmetic mean of frost-fin armstftube interface temperatures), could be
useful for refrigeration engineers to easily esterthe time interval between defrost cycles, the
heat input and time span required for defrostirasted heat exchangers. Energy savings can
potentially be achieved in the refrigeration indyst the frost correlations are gainfully applied
within the experimental operation regimes during tlesign phase and the operation of the
refrigeration systems.

Additionally, the fundamentals of the experimentthniques have been developed for frost
property studies by which any interested reseasct@mn conduct further frost experiments in the
future. These new frost property correlations hals® been applied on the air-coil numerical
model developed for a secondary coolant refrig@nasystem, discussed in Chapter 5, for
medium-temperature applications.
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CHAPTER 5.

Development of Numerical Model for
Secondary Coolant Systems

5.1.Introduction

In-situ experimental investigation of secondary lanb refrigeration systems in a supermarket
store is normally a good way of identifying enerpynsuming parameters of such systems in
order to improve system performance and achieveggrgavings. However, conducting actual
experiments in supermarket stores is very expensimee consuming and has inconvenient
interference with customers and operation persoinrték establishments. Besides, placement of
measurement sensors in display cabinets may restdital errors in the bulk data collection
process due to the fact that the sensors are ngrmalved or damaged by customers and
supermarket personnel. Thus, a validated complateerical model of a secondary coolant
system is an important tool to predict system penémce with a reasonable degree of accuracy
for supermarket applications thereby eliminatinghesessary waste of time and resources in

supermarket stores.

The numerical model for medium-temperature secgndaolant systems in the current project
incorporates air-coil frost property correlationsveloped for this purpose. Hence, this tool is
very useful for the supermarket industry to identifhich fluid-component interaction of the
system needs improvement. This chapter, in genamedents methodology and approach applied
on the development of numerical models for varioasiponents of the system. All component
models such as air-coil, plate heat exchangers;difon lines, pumps and compressors and
expansion device of the medium-temperature secgradarlant systems will then be linked, as
shown in the form of flowchart in Figure 5.1, tarfoa complete system model. The component
models are however discussed in the order diffefremb the one shown in Figure 5.1 for the

sake of convenience. After the completion of therall numerical system model, validation will
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be carried out using

reliable data collected fromlad-scale test-rig located

thermodynamics laboratory, the University of AucidaNew Zealand.

Primary/refrigerant circuit

Inputs to overall model

l

Condenser model

l

Compressor model

Sub-cooler model (optional)

!

A

Expansion valve model

A 4

Intermediate heat exchanger model

v

Distribution line model for supply line

v

Air-coil model

Coolant pump model

v

Distribution line model for return line

4

l

Secondary coolant circuit

Outputs of overall model

in the

Figure 5.1 Flowchart of medium-temperature secondaolant refrigeration system model.

5.2.Air-coil model

In this project air-coil is the term used to ddsera heat exchanger for cooling an incoming air

stream using chilled secondary coolants, whereasvaporator is defined as a heat exchanger

used to cool an incoming air stream using an ewdpgy refrigerant.
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terms in mind, the following Sub-sections sequédigt@escribe the modeling techniques applied
on air-coils (flat-finned-tube heat exchangerspitedict their performance.

5.2.1.General assumptions

The following assumptions were used in the caltamaprocedures of the numerical model to
predict the performance of air-coils for medium-pemature secondary coolant refrigeration
systems.

» Steady state operation.

* Negligible kinetic and potential energy changes.

» Constant heat transfer coefficients over a hedtanger element.

* Negligible fouling resistances.

* Negligible heat loss/gain from the surrounding.

» Same number of tubes in each circuit, each witrstrae fraction of the total mass flow
rate. Also constant mass flux of airp£zacross the air-coil.

* The air-coil is completely frosted.

» Frosting and condensation cannot simultaneouslyrome the air-coil surface.

5.2.2. Sequence of calculation

The air-coil model divides the average row of tled cto n-number of equal elements (see
Figure 5.2) depending on the size of the air-c@iulation time required and accuracy of the
model outputs. The model was written in a softwaekage called Engineering Equation Solver
[9], which has built-in properties of many refrigats and readily available library routines.

5.2.3.Inputs

Different types of air-coil inputs (independent iabtes) are required in order to predict the
outputs (dependent variables) of the air-coil nucaér model. For instance, geometric
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parameters (e.g. tube diameter, fin pitch, tubgtlgnetc); heat exchanger construction material
and circuiting information such as number of tubemsys and so forth should be given as
described in the following Sub-Sections. Besidasside and coolant-side inlet conditions

including mass flowrates should be given for bdtids.

Air-coil fin

Duct wall

Row 1

Duct wall

» Coolant out

Row 2 <

Air-coil tube

Coolant in

Air-coil
element

Figure 5.2 Air-coil divided into n-number of elenten

5.2.3.1. Air-coil geometrical inputs

Fin thickness
Coolant tube wall thickness
Coolant tube inner diameter

Coolant tube outer diameter

Ofin

Otube

Di = Dy-2X dtupe
Do

Fin pitch Fn
Length of the heat exchanger Lhx
Total length of a coolant tube in a circuit L total
Ratio of total coolant tube length to inner diamete LoverD
Number of circuit in the heat exchanger Neircuit
Number of tubes in the air flow direction Nt
Number of tubes counted vertically Ny
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Number of elements in a circuit n
Number of tube passes in a circuit pass
Coolant tube inner radius ri
Coolant tube outer radius lo
Coolant tube roughness relRough

Vertical distance between tubes (centre-to-centre) Sr

Horizontal distance between tubes (centre-to-centreWr

Construction material of fin and tube Copper
5.2.3.2. Air- and coolant-side inputs

Air inlet dry bulb temperature Ta,in

Air inlet dew point temperature DPain

Air humidity ratio ®a,in

Air mass flowrate m,

Air inlet pressure Pain

Air-coil-frost interface temperature Tinterface

Secondary coolant type SCY

Coolant concentration by weight (%) Concentration

Coolant inlet temperature for the first element Tsciin

Coolant mass flowrate Mg,

Time span required before defrosting starts T

Electric power input to defrosting elements Welec

5.2.4.0utputs

The outputs (dependent variables) of the air-comherical model such as air outlet conditions,

frost thermal conductivity, frost density, frostidkness, air-side pressure drop, secondary
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coolant outlet conditions, coolant-side total puessdrop, overall heat transfer coefficient, heat
exchanger effectiveness and rate of heat transdelesscribed in detail below.

5.2.4.1. Air- and coolant-side outputs

 Air outlet temperature from an air-coil element Taoull]

* Average air exit temperature from the entire ait-co Taoutavg

« Air outlet dew point temperature from an air-cdéraent DPa oull]

* Average air outlet dew point temperature from thire air-coil DPa outavg

« Air outlet relative humidity from an air-coil elemie RHa ou{i]

* Average air outlet relative humidity from the eatair-coil RHa,out,avg
« Air outlet humidity ratio from an air-coil element ®a,oufl]

* Average air outlet humidity ratio from the whole-aoil ®a,out,avg

» Air-side heat transfer coefficient over an air-cdément hy[i]

« Air-side latent convective heat transfer coeffitiemer an air-coil element haa{i]

» Average frost thermal conductivity over the whalecail Kist,avg
* Average frost thickness over the whole air-coil tst,avg
» Average frost density over the whole air-coil Pfst,avg
* Average air pressure drop over the whole air-coil AP coil avg
» Secondary coolant exit temperature from an air-eeinent Tsc,outi
» Secondary coolant exit temperature from the wholeall Tec,out
» Coolant-side heat transfer coefficient over arcait-element hsd]
 Fin efficiency in an air-coil element Ntin[1]

» Overall heat transfer coefficient in an air-coémlent U[i]

» Average overall heat transfer coefficient overithele air-coil Uavg

» Effectiveness of an air-coil element g[i]

» Average effectiveness of the whole air-coil €avg

» Total secondary coolant pressure drop in the alrpgmes and manifolds APsc
» Defrosting heat input the air-coil [J] Q

« Time span for defrosting the air coil [s] Tdefrost
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* Heat exchanger capacity Qa o

5.2.5.Air-side heat transfer coefficient and pressure drop

The convective heat transfer coefficient on thesale of the air-coil element is evaluated in

terms of a 'j-factor' from Kim et al [59] followingquations 5-4 and5-6.

Mass flux, as a function of free-flow frontal aimad air mass flowrate in a frontal air-coll

element per circuit, can be determined by;

i -1
G = M, for i=1to n °
Afree,ﬂowl:q Ncircuit D] / pas#

Reynolds number for air-side heat transfer coeffitis determined based on tube outside

diameter by;

Re,; = Qﬂa’iED—" for i=1tor 52
Prandtl number for the air-side heat transfer ¢oiefit is given by;
ML jnj 5-3

Pr=Cpmag x—= fori=1tor

Colburn-j factor for a heat exchanger with 3 or entwrbes in the air flow direction is determined
by;
jou; =0.24xRe, 1S /WD s 1P fori=lto 5>-4

The air-side heat transfer coefficient for an ail-element based on 3 or more tubes in the air

flow direction is obtained from;
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Cpm 5-5
h,; = Jani Gra QET% for i=1to n

Colburn-j factor for a heat exchanger with lessitBdubes in the air flow direction is given by;

for i=1 to n

Jni = Janj |D.931I:E R%a,i_O'mZ[q S /\N)_O'BQZEG S D—o 152E( S /pl,4gj(3‘NT) 5-6

The air-side heat transfer coefficient for an ail-element based on less than 3 tubes in the air

flow direction is obtained from;

- 5-7
h, = Jy G BCT for i=1to n

The latent convective heat transfer coefficientrareair-coil element is determined by;

E-Ici' fori=1tor 58

=h [H_.
ha,lat,l ha,| sg,i Le[Cpma

Latent heat of sublimation is estimated from ae&lation proposed by Ismail and Salinas [41].

Hy;=[-0.04667 1.8xT,

a,ave,

+3) +1220] x2322  for i=10 n 59

The average temperature in an air-coil elementrdestin Equation 5-9 is given by;

T +T.. . , 5-10
T, e = for i=1to n

aavei 2

Variable Gin an air-coil element described in Equation 5-8iien by;

W, —W . .
C:I - a,in,i a,out,i fOI‘ |:1 tO n
AT,

5-11
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The temperature difference in an air-coil elemesscdibed in Equation 5-11is given by;

AT =(T fori=1tor 5-12

i a,in,i

-7

a,out,i )

whereas the Lewis number (Le) described in Equdi8ns approximated to unity. The air-side
heat transfer coefficient for an air-coil elemealkcalated either from Equation 5-5 or 5-7 should

be inserted in Equation 5-8 in order to calculaeelatent convective heat transfer coefficient.

Air pressure drop across the frosted air-coil Iswlated by Equation 4-19.

5.2.6.Coolant-side heat transfer coefficient and pressure drop

The average Nusselt numbers and friction factora iircular pipe for developing or fully-
developed flow in the laminar, transitional or twidnt flow regimes are calculated from Nellis
and Klein [60] using EES [9] routine.

For a laminar flow in the air-coil circular pipeeetent (i.e. for Re= < 2300), the average

Nusselt number can be calculated, assuming a acanséd heat flux, by;

I'sc,i

0.6
Re . xPr_.
14011585 — e e
th,e/ Di

(0.1156 +0F')08569J x[ Re., P, ij

0.4 L / D
Nusself,, =4.36+ hxe | 5-13

for i=1to n

whereas, the friction factor is obtained from;
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I 125 .. 344
4X[th,e/ D|J [th,e/ DIJ
feei = RZ x L3.4/4D + R 1 /DR%C’i fori=lton 54,
T et 1+0.00021x o= =
S e

The dimensionless parameters such as Reynolds ramditPnumbers in the circular pipe are

calculated by Equations 5-16 and 5-17, respectively

5-15

G. . [D
Reg,  =—>— fori=1tor

- 5-16
Pr.. =Cpx m,ﬂ;“ﬁ for i=1 to n

'SC, in,i

For a turbulent and transitional flow in the aitta@rcular pipe element (i.e. for Re 2300), the
friction factor and the average Nusselt number @eulated by the following sequence of

eguations.

The friction factor is calculated based on Petukj&dy, which accounts for developing flow.

for i=1to n

| 2[Relrough 13
Iog{ 24 ngR@J

0.7 5_17
t = |-20ng| 20RO 5 o 141
74 Re., e /D

-2

SG i

The Nusselt number is calculated based on Gnieljgk which accounts for developing flow.
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for i=1to n

Nusself,, =

((O?Qxln (Re.,)) 16z) %{ Re, -1000 x SCIX[H{;JOJJ s

1+12.7><\/(0.79><In( Re, ) -1.6)1' /8% RE® -1 Lixe/ D

The average heat transfer coefficient of the seagndoolant (for laminar or turbulent flow) in

an air-coil pipe element is calculated by;

kc,in,i

h,.; = Nusselt D for i=1 to | 5-19

The coolant pressure drop in an air-coil pipe elgnsegiven by;

L. V.2
APSCI_ scimsc,in,igﬁg% for |:1 tO n 5-20

The total coolant pressure drop in an air-coil thua contraction loss at entry, expansion loss at
exit, plus a 180turn-around if there is more than one tube-sidespawill be given following

reference [63] by;

Vsc i2
AR, =K, I:Epsc,in,i E'Tj [pass 5-21

Where K, = 0.9 for one tube-side pass; ang=1.6 for two or more passes including U-tubes.

The total pressure drop in the air-coil circuittioe entire air-colil is given by;

sc coil, total (ZAP for I = 1 tO nJ + A Ft)1 5-22

The index i represents th®8 element, whereas represents the total number of elements in an

air-coil circuit.
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5.2.7.Effectiveness-NTU method for air-coil analysis

Whenever only the inlet conditions of both air as&tondary coolant fluids in the air-coil are
known, we need to use effectiveness-NTU methodgtod out the exit conditions of the fluids.
Nevertheless, the exit conditions are computedatitexly and are very time consuming,
especially, if the air-coil is subdivided into aga number of elements. Thus, the number of
elements in the heat exchanger should be reasodatdymined based on the degree of accuracy
and variable change required in the calculatedegal®therwise, a lot of time will be wasted

unnecessarily during simulation process.

The first step in the effectiveness-NTU methodigalculate overall heat exchanger efficiency,

if the air-coil is a finned-tube heat exchangeretyplence, the overall efficiency is determined
by;

_ A
Aotal

5-23

N, =1-—=(1-@)

whereas the fin efficienc((pf)described in Equation 5-23 for circular fins witisulated tips

may be calculated analytically by;

_|oxey | Kex(mxrykx (oxr o) 1 er K gxr ) 5-24
@= m><(r22-rf) Kox (mxr XIx xr 31 iexr XK oixr )

If the fin of the heat exchanger is not of circulgre its outside radius can be approximated by;

p= S W 5-25
2 4

whereasr; is equal to the air-colil pipe outer radilX,/Q).
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For dry coil, the parameten described in Equation 5-2dxcludes the latent heat transfer

coefficient(hat) whereas for frosted coil it takes the form;

k. xt

~ {Zx (h, + h,at):l(llz)

fin % Ltin 5-26

lo andKy are the modified zero-order Bessel functions offitse and second kinds, respectively

whereasl; and K; are the modified first-order Bessel functions lod ffirst and second kinds,

respectively.

5.2.7.1. Heat exchanger effectiveness

Heat exchanger effectiveness is defined as the ddtithe actual rate of heat transfer to the
maximum possible rate of heat transfer in a heah@&xger. Hence, the effectiveness of a given

heat exchanger element can be given by;

€, = Qe for i=1to n 5.27

i
Qm ax, i

The maximum possible rate of heat transfer in theal element is determined by;

Qmax.‘Cm,mEQ wini ™ Sc,n,) fori=1tor 5-28

The actual rate of heat transfer in the air-cahatnt is obtained from;

Qu =6 MM~ Ten)  fori=ltor 5-29

The actual rate of heat transfer on the air-sidén@fir-coil element is calculated by;

Q. =y CCpmalf T = Towei ) for i=1 to 5-30
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The actual rate of heat transfer on the air-sidgjisated to the rate of heat transfer on the

secondary coolant-side as;

ri"lsc,i |:(-:r‘)sc,il:q Tsc,out,i_ Tsc,in,i) = ma DCpmiq I,in,i_ I,out,i) for I = 1 to 5-31

The air-coil effectiveness-NTU relationship is cartgd based on the correlations for cross flow,
which considers the secondary coolant and thesainanixed fluids. Hence, the effectiveness of

a given air-coil element is given by;

e =1- exp{[ NTgio'zzj[Q exf- O NTP™)- )1J for i=1 to 532

The number of heat transfer unit$TU), which is dimensionless, for an air-coil elemesngiven
by;

UA 5-33

NTU, = fori=1tor

min,i

The product of the overall heat transfer coeffitimmd area of an air-coil element can be

obtained from;

for i=1 to n

5-34

UA = 1 In(r,/r,) Lot 1

[¢]

+ + +
(hy N ) fAD ) 2000, Ky K oLOOW A ; ( i A)

The fouling resistances of the fluids and the ccintasistance between the fins and the tubes of
the air-coil have been neglected in Equation 5s#dce the overall heat transfer coefficient is
predominantly influenced by the heat transfer goieffits of the fluids and the thermal
conductivities of the tube and frost of the airkctli is also worth mentioning that the overall

elemental efficiency 1p;) described in Equations 5-34 should be calculdteded on the
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operating conditions of the air-coil element, sitioe parametem described Equations 5-24 and

5-26 may be different for each element, whereadinh@dii (. and g) remain the same.

The frost thicknessti§) and thermal conductivitykg) described in Equation 5-34 are obtained
from Equations 4-16 and 4-18, respectively.

The overall heat transfer coefficient in an airted@ément is determined by;

5-35
U =% foriz1ton

|
,e

The heat capacity rates for both air and secontiaoiant as a function of the inlet conditions are

given respectively by the following equations.
C,; =Cpmalm, for i=1to | 5-36
Cyi =Cp,; for i=1to 1 5-37

The minimum heat capacity rate over an air-coifreat will be;

Cpin =Min( G, Q) for i=1 to 1 5-38

min,i

The elemental air mass flowrate over a given airedement is given by;

M, for i=1to n 5-39
Ncircuit X (n / paSQ

m,; =
whereas, secondary coolant mass flowrate in angirecoil element is given by;

i 5-40
:Nmsc for i=1to n

rilc,i

circuit
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The calculations of geometrical parameters of theal element are given in the following

sequence of equations.
The air-coil element length perpendicular to amfldirection is given by;

: 5-41
the=# for i=1to n
® (n/ pasy

The bare tube outside surface area of the airetehent is given by;

Ave 5-42

= for i=1to n
Aube,e N

circuit

Tube internal surface area of the air-coil eleniegtiven by;

5-43
A for i=1to n

A=

circuit

Fin surface area of the air-coil element is givgn b

. 5-44
Ao - w for i=1 to n

circuit

Total outside surface area of the air-coil elemeigiven by;

. 5-45
A for i=1to n

A=

circuit

Geometrical parameters of the entire air-coil (aith being divided into elements) can be

calculated in the following sequence of equations.

The total number of tubes in the air-coil is gin®n
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Ntotal = NT |:I\l\/

Effective flow length of the air-coil along the dliow direction is given by;

The frontal area of the air-coil is;
Afr = th |:SI' Dl\l/
The fin heat transfer area is;

Afin = 2 [th [Fp [Ntotal EE ST [er_ T[E%zj

The bare tube surface area is;

Aube = Ntotallj.[EDOD‘hx[ql_ Fpl:6 fir)

The minimum flow area is;

Auin = thENv[GSr_ Do)[ﬁ r FpEas fir)

The free-flow frontal area is;

Afree,ﬂow: Afr - Nv |:Dol:l‘hxl:ﬁ 1- I:pl:é fir) - th[O N\DSJ O FFLE fi

The total outside air-coil area;

A\) = Afin + Aube

94

5-46

5-47

5-48

5-49

5-50

5-51

5-52

5-53

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 5 Development of Numerical Model for Secondary Coolant Systems

The total tube internal surface area is;
A = Ny (D, (L, >>4

The fin spacing is;

S.=1/F 5-55

The ratio of minimum air-coil face area to the fralrarea is;

0= Anin / Afr 5-56

Air outlet temperature from an air-coil element tenreadily available from;
T, T

TaoutizTaini_si[Cmini%M for |=1 tO r 5-57
T e i, (Cpma)

whereas, the secondary coolant outlet temper&tmean air-coil element is obtained from;

Toni ~ Tacini
TSCOUtizsimminigw-'_Tscmi fori=1tor 5-58
o ’ r‘gc,i o

The other air outlet properties such as humiditip @) and dew point temperature (DP) from
an air-coil element are calculated as a functiothefoutlet air temperature, relative humidity
(RH = 1) and air inlet pressure using built-in pedy functions from EES [9]. Hence, the air

outlet humidity ratio is given by;

wa,out,i =f ( T :Ta,out,i’ R=RH P=P for i=1to 1 5-59

a,out,i ain )

whereas, the air outlet dew point temperature tainéd from;
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D a,out,i = f( T:T

R=RH,,, P=R,) fori=lto 5-60
The average air inlet temperature, which is antinfou all air-coil elements (see Figure 5.1) in
the first row of an air-coil circuit will have treame value; whereas the average air temperature
leaving the first row of the air-colil circuit, whias considered to be the inlet temperature of all

elements in the second row of the air-coil circsiitalculated by;

n

> (Taow)

. _EZy -
UGNy ([ 2+1)

Therefore, the air inlet temperature for each efgrmrethe second row of an air-coil circuit is

given by;

T

a,in,i

=Tavom,‘mmWl for i=1ton/2 5-62

The average outlet temperature from the secondfdhe air-coil circuit (the entire air-coil) is

given by;

> (Toous) 5-63

T, ==

a,out,avg,row2
vheve n/2

n/2
=

The average dew point temperature leaving the fiost of the air-coil circuit, which is
considered to be the inlet dew point temperaturalladlements in the second row of an air-coil
circuit, is calculated by;

Z (DPsl,out,i) >-64

DP - i=(n/2+1)
a,out,avg,rowl n- (n / 2+1)

The inlet dew point temperature for each elemetiénsecond row of an air-coil circuit is given

by;

DP for i=1to n/2 5-65

a,in,i

=DP

a,out,avg,rowl
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The average outlet dew point temperature from ¢leersd row of the air-coil circuit (the entire

air-coil) is given by;

/2

' (DP, o) 5-66
DP e

a,out,avg,row2
Hhave n/2

=}

The average humidity ratio leaving the first rowtlod air-coil circuit, which is considered to be

the inlet humidity ratio of all elements in the gad row of an air-coil circuit, is calculated by;

> (o)

o —Fp/zv) -
aoutavgrowl (n/2+1)

The inlet humidity ratio for each element in the@sd row of an air-coil circuit is given by;

wa,in,i = wa,out,avg,rowl fOI" i= lton / 2 5'68

The average outlet dew point temperature from ¢leersd row of the air-coil circuit (the entire

air-coil) is given by;

N

n/
“ (wa,out,i) 5-69

a,out,av ,r0w2=
¢ n/2

I
58

Given the inlet temperature of the secondary caaéthe air coil circuit, the inlet temperature

of the consecutive neighboring elements of an @iirie computed in the following manner;

T, =T for i=1 to n-1 5-7C

sc,inji+l — c,out,i

Finally, the average overall heat transfer coedfiti effectiveness and the total rate of heat
transfer of the air-coil are respectively calculatesing Equations 5-71 through 5-73.

Additionally, the general air-coil simulation flowart has been given in Figure 5.3
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Calculation starts

Inputs:-

. Air-coil geometry

. Air- and coolant-side inlet
conditions

A

Main outputs:-

. Average overall heat transfer coefficient

. Average Heat exchanger effectiveness New guess values for the

. Air-coil air outlet temperature inputs & outputs

. Air-coil air pressure drop New upper and lower limits for
. Air-coil coolant outlet temperature output values

. Air-coil coolant pressure drop Y

. Air-coil capacity

NO

Convergence on air-side and
coolant-side rate of heat transfers

YES

Calculation ends

Figure 5.3 Air-coil simulation flowchart to pretlitosted air-coil performance for medium-
temperature secondary coolant applications.

Zui 5-71
U - i=1
avg n
Zgi 5-72
g =l
avg n
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Qtotal = Z z Qact, i 573
=1

Py

Where the indices (i) and (j) represent tffeelement and the™jcircuit of the air-coil,
respectively. The variable (n) represents the tatahber of elements in a single air-coil circuit,

whereas (m) represents the total number of cirguitse air-coil.

5.3.Plate heat exchanger models

Conventional plate heat exchangers consist of ekstd thin corrugated plates assembled
together using metal frames, bolts and gasketsdaling. These types of plate heat exchangers
were mostly used for single-phase flow applicatidiewever, they were later in use for two-
phase heat transfer in evaporators and condernserciflers and heat pump applications [64,
65]. However, the requirements of high-pressurghfémperature, compactness and efficiency
led to the development of brazed plate heat exavandJnlike the conventional plate heat
exchangers, the brazed plate heat exchangers mmedaoby vacuum brazing (i.e. without the
involvement of gaskets, tightening bolts and franks stainless steel (AISI 316) plates, which
are in contact the fluids, with pure copper materia

Flow length

Y

<
“

‘ @ @N A-A

%
i

NS ‘ Q)

Figure 5.4 A typical brazed plate heat exchandggep

All of the plate heat exchangers such as sub-cooterdenser and intermediate heat exchanger

for the present secondary coolant system (see é&ig@), which are numerically modeled under
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this Section, have herringbone pattern (see Fi§utg i.e. the corrugations are pressed to the
same depth as the plate spacing. The chevron angdeersed on adjacent plates in such a way
that when the plates are clamped together the gations cross one another to provide
numerous contact points. The herringbone type, énemas greater strength than the washboard
type, which is capable of withstanding higher puess with smaller plate thickness [66].

5.3.1.General assumptions

The following assumptions were used in the caltmaprocedures of the numerical model to
predict the performance of plate heat exchangernfedium-temperature secondary coolant

refrigeration systems.

* Negligible heat loss to the surroundings.

* Negligible kinetic and potential energy changes.

» Constant fluid properties and heat transfer coetffits over a heat exchanger element.
* Negligible fouling resistance.

* Fully developed conditions for the fluids.

5.3.2.Sub-cooler model

The sub-cooler is treated as a single-phase pé&sde éxchanger and its model divides the plate
heat exchanger into n-number of equal elementsepdipular to flow direction (see Figure 5.5)
depending on the size of the heat exchanger, siimalame required and accuracy of the model
outputs. The model was written in a software paekaled Engineering Equation Solver [9].

5.3.2.1. Inputs

Different types of plate heat exchanger inputsgpehdent variables) are required in order to
predict the outputs (dependent variables) of thée-cawoler numerical model. Geometric
parameters, such as number of channels, gap bethe@mels, and so forth should be given as
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described in the following Sub-Sections. Besides,donstruction material of the heat exchanger
plates, water-side and refrigerant-side inlet comds including mass flowrates should be given
for both fluids.

= n
1
| .
Water in

|
|

: ; ; ‘ Corrugated
L e

| | |

|

|

e \[\/ater in

Heat exchanger \

element Fluid passage/channels Insulated wall

(@)

Refrigerant in

T

Refrigerant
Tr,out
Tw,in

L (sub-cooler length)

(b)

Figure 5.5 Sub-cooler (a) divided into n-numbeeleiments with equal size; and (b) temperature
distribution for a counterflow arrangement.

Tr,in

Tw,out

5.3.2.1.1. Sub-cooler geometrical inputs
« Plate thickness dsub,plate
» Effective flow length of the fluid in the heat exaiger in flow  Lsub fiow
direction

» Diagonal flow length between two ports of the heathanger  Lsub,fiowd

» Effective width of the heat exchanger w

* Mean plate gap or amplitude a

* Number of plates of the sub-cooler Nsub,plates

* Number of refrigerant ports Nrp

* Number of water ports Nuw,p

* Number of channels on the water-side Nchannel,w
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* Number of channels on the refrigerant-side Nchannel,r
* Number of elements the heat exchanger is dividied in n

« Port inner diameter Dport,i

» Heat transfer area of a single plate on both sides Aplate

» Port cross-sectional area Aport

* Channel cross-sectional area As

» Total heat transfer area of the heat exchanger Avotal

* Number of flow pass in the sub-cooler pass

* Hydraulic diameter De

5.3.2.1.2. Refrigerant- and water-side inputs

« Water inlet temperature Tw,in
e Ambient pressure Patm
* Mass flowrate of water m,,
* Refrigerant inlet temperature Trin
e Refrigerant inlet pressure Pain
* Mass flowrate of refrigerant m,

* Refrigerant type R$

5.3.2.2. Outputs

The outputs (dependent variables) of the sub-caulenerical model, such as outlet conditions
of the two fluids (water and refrigerant), pressdreps of both water and refrigerant, overall
heat transfer coefficient, heat exchanger effenggs and rate of heat transfer are described in
detail below.

5.3.2.2.1 Water- and refrigerant-side outputs

» Water outlet temperature from a heat exchangerexiem Tw,out;
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* Water exit temperature from the whole heat exchange Tw,out

» Water-side heat transfer coefficient over a heaharger element hy,i

» Total water pressure drop in the heat exchanger APy total
* Refrigerant exit temperature from a heat exchaegment Trout,

* Refrigerant exit temperature from the whole heaherger Trout

» Refrigerant-side heat transfer coefficient oveeattexchanger element  h;;

» Overall heat transfer coefficient in a heat excleairgle ment Usub,i
* Average overall heat transfer coefficient overhlat exchanger Usub,avg
» Effectiveness of a heat exchanger element Esubi
* Average effectiveness of the whole heat exchanger €sub,avg
» Total refrigerant pressure drop in the heat excbang AP fotal
* Heat exchanger capacity 'qub

5.3.2.2.2 Water- and refrigerant-side heat transfer coefficients

The convective heat transfer coefficients on theewaand refrigerant-side of the heat exchanger
element are calculated using general Nusselt nudreelations for both laminar and turbulent
flow regimes presented by Bounapane and TroupedBd|Marriott [68], respectively.

A general Nusselt numb@lussels) correlation for turbulent flow was calculated fr¢@8].

for i=1to n

Nusse'&turbulent,i = OSE R[%O-GGBD Ii:przssl:qpb,i uw,i)o.15 5-74
The heat transfer coefficient for turbulent floncalculated by;

kquidi .
hlurbulem;i = Nusselg,turbulent,iGT for i=1to | 5-75

e

whereas the friction factoff) for a typical plate was determined following therrelations
obtained from [66].
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25 5-76

turbulent i :F for i=1to n

Buonopane and Troupe [67] presented generalizatiae$hips for a number of geometries for
laminar flow using the following equation from [68]

for i=1to n

0.333 0.14 5'77
Nusself jminar,i = 315@ RelU PO D /dy nowg i) EQH bi M wi)
The heat transfer coefficient for laminar flow &aaulated by;
_ kquid,i -
Naminars = NUsSeIS; [—lD— for i=1 to | 5-78

e

Depending on the geometry of the plate heat exarangplaceDn by De and Lsub fiowaiS the
effective plate length (diagonal length between pods).

For a typical plate, the friction fact@f) for laminar flowis given by [66];

2.5 5-79

flaminar :W fOI‘ i=1 ton

Where the Reynolds numb@Re) used in the above set of equations is based owadent
diameter(D¢), which is given by;

AWla 5-80
D=———" =2
° 20w+ =

Where a is the mean plate gap/amplitude and Weigtfiective plate width (gasket to gasket). As
can be seen from Equation 5-80, a is very smallpaoed to W.

104

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 5 Development of Numerical Model for Secondary Coolant Systems

5.3.2.2.3 Water- and refrigerant-side pressure drops

The pressure drop in a plate heat exchanger censiktseveral pressure components.
Empirically, pressure drop associated with thetialed outlet manifolds and portsP,) of the
heat exchanger is approximately 1.5 times the wdé&icity head per pass as given below [66].

2
AI:)p = 15 p fluid,in d%j [Nsub,p 5-81

Where(Nsub,g is the number of fluid ports ar{dm) is the mean velocity through the ports given
by;

u. = r'hfluid

=l 5-82
pﬂuid Dobort

Pressure drop associated within the plate passagggen by the sum of the friction effect and
momentum effect by;

for i=1to n
AP = 4Dfe,i M fow aiLG ﬂuid2 1 +G. 2 1 3 1 5.83
e,i fluid
2 |:De pe fluid, i m pe fluid,in i p g fluid,out i
friction effect momentum effect

Where,

[ ! J =—1EE t ! J for i=1ton 5-84

pe, fluid,i m 2 pe, fluid,in, i pe, fluid,out i

And where(Gauig) is the elemental mass velocity afid,s fow,d) iS the elemental flow passage
length, which is equal to the distance (diagonatiheen the centre of the inlet and outlet ports
divided by the number of elements. For liquidsriim@nmentum effect is assumed to be negligible.
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The mass velocity is given by;

m, . 5-85
Gy = .

A% |:Nchannel

Where NnannellS the number of channels andig channel cross sectional area of any one of the

fluids flowing in the heat exchanger. The chanmeks sectional area can be calculated by;

A =WI[h 5-86
The sub-cooler diagonal element length is given by;

L 5-87
= _subflowd for i=1 to n

L =
sub, flow d i (n/ paS$

The pressure drop due to the elevation differemte/den the inlet and outlet ports is given by;

AP, =(pyq) O 5-88

Where plus (+) sign in Equation 5-88 shows vertigalvard flow, the minus (-) sign indicates

vertical downward flow, whereas g is gravitatioaateleration.

The total pressure drop on one side of the subecdplate exchanger) is the sum of all of the
above pressure drops and is given by;

AP = Zn:( P,)+ 4P+ 4P, 5-89

sub total —
i=1

The pump power requirement of the sub-cooler (Hat exchanger) can be calculated from;
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VVPUMP,SUB = Vsub WateJ]:l P syb tot 5-90

5.3.2.2.4 Effectiveness-NTU method for sub-cooler

Whenever only the inlet conditions of two fluidstime sub-cooler are known, we need to use
effectiveness-NTU method to figure out the exit ditions of the fluids. Nevertheless, the exit

conditions are computed iteratively and are vemyeticonsuming, especially, if the plate heat
exchangers are subdivided into a large numbereshehts. Thus, the number of elements in a
sub-cooler should be reasonably determined bas¢lecttegree of accuracy and variable change
required in the calculated values. Besides, eleaheamalysis in compact heat exchangers,
especially with liquids, may not be necessary stheechange in the output values are negligible

to affect the local heat transfer coefficientshef fluids.

5.3.2.2.5 Heatexchanger effectiveness

The effectiveness of a given sub-cooler elementbeagiven by;

g =2 foriz1ton 5-91

i
Qm ax, i

The maximum possible rate of heat transfer in thiecooler element is determined by;

Qmaxl = Cmmi Tr,in,i - Tw,in,i ) for I = 1 tO r 5-92

The actual rate of heat transfer in the sub-coslEment is obtained from;

_8 [(:mln[q Tlnl_ |n|) for i:1 to r 5-93

act i

The actual rate of heat transfer on the refrigesaa® of the sub-cooler element is calculated by;

Qact,i = m [Cpl [q-ll;n,i - r,out,i ) for i: l tO I 5-94
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The actual rate of heat transfer on the water-si@guated to the rate of heat transfer on the

water-side as;

m, LCR,; [q-l;v,out,i_ Tuini ) = mDCPi[Q Joi = b ) for i=1 to 5-95

The sub-cooler effectiveness-NTU relationship ismpated based on the correlations for

counterflow arrangement. Hence, the effectivenéssgiven sub-cooler element is given by;

Eupi = 1—exp(—( r Q)DNTLJ) for i=1to n >9
' 1-¢ Cexp(-( £ §)ONTY)

The number of heat transfer unit$TU), which is dimensionless, for a sub-cooler elemgnt

given by;

UA. 5-97

NTU, = for i=1to n

min,i

The product of the overall heat transfer coeffitiemd area of a sub-cooler element can be

obtained from;

UA = ?“m n for i=1to n 5.98
i plate +_
hr,i l%Iate I’]/v,i

Where A iis a sub-cooler elemental heat transfer area whigiven by;

2)( (W+ a) D‘suh flow 5_99
n

Awpi=
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The variable n in Equation 5-99 is the number efrents the sub-cooler is divided into.

The overall heat transfer coefficient in a sub-eo@lement is determined by;

U - 5-100
Aun, for i=1 to n

The heat capacity rates for both refrigerant antemas a function of the inlet conditions are
given respectively by the following equations.

C, =Cp, Unp fori=1tor 5-101
C,; =Cp,, m, for i=1tor 5-102

The minimum heat capacity rate over a sub-coo&neht will be;

Crini = min( G Qu) for i=1to 1 5-103

The elemental refrigerant and water mass flowrates a given sub-cooler element are the same
as the total mass flowrates for each fluid, sitn@esub-cooler is divided along its width as shown

in Figure 5.5.

Refrigerant outlet temperature from a sub-coolemelnt can be readily available from;

T fori=1tor 5-104

routi Tr,in,i —&

sub, i

whereas, the water outlet temperature from a swolec element is obtained from;

T T,

TW,out,i = Tw,in,i tE sub ilj::min,iE r,'iﬂ,i _ Al for I = 1 tO n 5-105
m, [CR,,
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Calculation starts

Inputs:-

. Sub-cooler geometry

. Refrigerant- and water-
side inlet conditions

A

Main outputs:-

. Average overall heat transfer coefficient

. Average Heat exchanger effectiveness New guess values for the

. Sub-cooler refrigerant outlet temperature inputs & outputs

. Sub-cooler refrigerant pressure drop New upper and lower limits for
. Sub-cooler water outlet temperature output values

. Sub-cooler water pressure drop Y

. Sub-cooler capacity

Convergence on refrigerant-side and NO

water-side rate of heat transfers

Calculation ends

Figure 5.6 Sub-cooler simulation flowchart to poediub-cooler performance for medium-
temperature secondary coolant applications.

The average overall heat transfer coefficient,otffeness and the total rate of heat transfer of
the sub-cooler are respectively calculated usingagns 5-106 through 5-108.

ZUi 5-106
U sub, avg = IZln
ngub | 5-107
— =1
gsub avg T
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- _NO ¢ 5-108
qub,total - Z Qact i
i=1

Where the index (i) represents tffeelement of the sub-cooler and variable (n) reprssthe

total number of elements in a sub-cooler.

The general sub-cooler simulation flowchart in Feg6.6 could be used as a guide for applying
the sub-cooler model.

5.3.3.Intermediate heat exchanger model

The intermediate heat exchanger is treated as -gltase heat exchanger on the refrigerant-side,
whereas it is treated as single-phase plate heatager on the coolant-side. The model divides
the plate heat exchanger into two-phase and sugtedheegimes as can be seen from Figure 5.7.
The model was written in a software package cdfledineering Equation Solver [9].

5.3.3.1. Inputs

Different types of plate heat exchanger inputsgpehdent variables) are required in order to
predict the outputs (dependent variables) of therinediate heat exchanger model. Geometric
parameters, such as number of channels, gap betha@mels, and so forth should be given as
described in the following Sub-Sections. Besides,donstruction material of the heat exchanger
plates, water-side and refrigerant-side inlet comas including mass flowrates should be given
for both fluids.

111

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 5 Development of Numerical Model for Secondary Coolant Systems

Superheated regime
of the refrigerant

L Coolantin

Tsc,out

Tr,out

|
|
Refri . ‘ /’ Corrugated
efrigerant in s
g ‘ - 2 plates
} H Coolant in
| | |
,,,,,,,,,,,,,,,,,,,,,, Lo
N\
Two-phase regime |
of the refrigerant Fluid passage/channels : Insulated wall
(a) :
T l
: Tsc,in
Tsc,mf
|
|
|
|
|
|
|

Tr,in

L (Intermediate heat exchanger length)

(b)

Figure 5.7 Intermediate heat exchanger a) dividealtiwvo-phase and superheated regimes; b)
temperature distribution for a counterflow arrangaim

5.3.3.1.1. Intermediate heat exchanger geometrical inputs

» Effective flow length of the fluid in the heat exaiger Linx,flow

» Effective width of the heat exchanger w

* Mean plate gap or amplitude a

* Number of plates of the heat exchanger Ninx,plates

* Number of refrigerant ports Nrp

* Number of secondary coolant ports Nsc,p

* Number of channels on the coolant-side Nchannel,sc

* Number of channels on the refrigerant-side Nchannel,r

* Number of elements the heat exchanger is dividied in n

« Port inner diameter Dport,i

* Heat transfer area of a single plate on both sides Aplate
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Port cross-sectional area Aport
Channel cross-sectional area As
Total heat transfer area of the heat exchanger Avotal
Number of flow pass in the heat exchanger pass
Plate thickness toiate
Plate construction material

5.3.3.1.2. Refrigerant- and coolant-side inputs
Coolant inlet temperature Tsc,in
Ambient pressure Patm
Mass flowrate of coolant m,,
Refrigerant saturation temperature T sat
Refrigerant degree of superheat AT sup
Refrigerant inlet pressure Pain
Mass flowrate of refrigerant m,
Coolant type SC$
Refrigerant type R$

5.3.3.2. Outputs

The outputs (dependent variables) of the interntedieat exchanger model, such as outlet
conditions of the two fluids (coolant and refrigetja pressure drops of both coolant and
refrigerant, overall heat transfer coefficient, theechanger effectiveness and rate of heat transfer
are described in detail below.

5.3.3.2.1. Coolant- and refrigerant-side outputs

» Coolant outlet temperature from a heat exchanggme Tsem
» Coolant exit temperature from the whole heat exghan Tsc,out
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» Total coolant pressure drop in the heat exchanger APs total
» Refrigerant exit temperature from a heat exchanger Trout

* Average overall heat transfer coefficient overhlbat exchanger Uihx,avg
» Average refrigerant heat transfer coefficient aer heat exchanger Pinxr

* Average coolant heat transfer coefficient overttbat exchanger Pinx sc

* Average effectiveness of the whole heat exchanger Eihx,avg

» Total refrigerant pressure drop in the heat excbang AP fotal
* Heat exchanger capacity Qihx

5.3.3.3. Coolant- and refrigerant-side heat transfer coefficients in the heat exchanger

There is limited research in the calculation of\enive heat transfer coefficients in the two-
phase regime of refrigerant in brazed plate heahaxgers. Hence, the average heat transfer
coefficient of the refrigerant (for both single-datwo-phase flow) will be derived from the
average overall heat transfer coefficient of th@thexchanger to be calculated following
Equation 5-109.

The overall heat transfer coefficient in the intethate heat exchanger is not a known parameter
but a calculated parameter obtained based on Bgsat-109 through 5-118 according to
references [65, 69, 70].

Q
U ) - total _
ihx,avg AOtal me 5 109

The total rate of heat transfer in the heat excbaigycalculated by;

Qtotal = Qp + qup 5'110

Whereas, the rate of heat transfers in the twoela®l single-phase regimes of the heat
exchanger are respectively calculated by;
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Qtp = m |:@h,tp,out - I"rl,in) 5-111

qup =m [@ h,out - h,tp out) 5-112
The overall logarithmic temperature differencelef heat exchanger is calculated by;

In Qtp .\ qup 5-113

Whereas, the logarithmic temperature differencethéentwo-phase and single-phase regimes of
the heat exchanger are respectively calculated by;

— Tsc,m - TSC,OUt
AT, 5-114

M (T T
In {MJ
Tsc,out - Tr,sat
_ (Tsc,in - Tr,out) - (Tsc,m_ Tr,sa)

e Tscin B Tr out
In| Sen_row
Tsc,m - T

r,sat

AT, 5-115

The secondary coolant temperature at the boundahedwo-phase and single-phase refrigerant
regimes is calculated by;

Q
Tscm:Ts in ¢ 5-116
' ¢ rrEC |:CpSC
The total heat transfer area of the intermediast &echanger is determined by;
Aotal = I‘ihx, flow M[@ th plates_ 3 5117
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Finally, the refrigerant-side heat transfer co&fft of the intermediate heat exchanger is derived

from;

-1
Y Uihx,avg k plate hihx sc

Whereas, the coolant-side heat transfer coeffiglnis) is calculated using Equations 5-75 and

5-78 for turbulent and laminar flow, respectively.

5.3.3.4. Coolant- and refrigerant-side pressure drops

Coolant-side and single-phase refrigerant presduoo@s in the intermediate heat exchanger
including the pump power requirements are calcdl&#owing Equations 5-81 through 5-90.

However, the total pressure drop of the two-phagggerant in the heat exchanger is determined

using the following sequence of equations.

The pressure drop in inlet and outlet of refrigé@ort per pass is obtained from;
prm mlr m2
AR ;=15 T [N 5-119

The friction pressure drop associated within tlegpassages for two-phase flow is given based
on [65] by;

GZ
AP, =1.425EE2 f j 5-120

r,m

Where, the mean density of the refrigerant is dated from;
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-1
Prm= ﬁ+1__xm 5-121
' pg pf

Where the calculation of the mass velocity of te&igerant(G,) and the heat exchanger port
mean velocityun) follows Equations 5-82 and 5-85, respectively.

The momentum refrigerant pressure drop within thaéep is calculated by;
AR, =Gy, - v ) CabgA X 5-122

The mean refrigerant quality described in Equali€i?l is given by;

_X + X, 5-123

Where(4x) described in Equation 5-122 is the change in qualitthe refrigerant between the
inlet and outlet of the heat exchanger. The presdup due to the elevation difference between
the inlet and outlet ports is given as describegnation 5-88.

The total pressure drop on the refrigerant-sidéhefplate exchanger is the sum of all of the
above pressure drops and is given by;

AP,

ihx,total

=P, ,+4P  + P +4PR 5-124

r,m r,g

5.3.3.5. Effectiveness-NTU method for the intermediate heat exchanger

Whenever only the inlet conditions of two fluidsarheat exchanger are known, we need to use
effectiveness-NTU method to figure out the exitaitians of the fluids. However, in the case of
the intermediate heat exchanger the inlet andaexitlitions are known thereby eliminating the
necessity of effectiveness-NTU method. Therefohne, ¢ffectiveness of the heat exchanger is
calculated to only evaluate the performance ofritermediate heat exchanger.
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5.3.3.5.1. Heat exchanger effectiveness

The effectiveness of the intermediate heat exchrangas assumed to be equal to the
effectiveness of the two-phase area of the heahagwger as given by 5-125, since the
superheated area of the heat exchanger was négligib

sih>< = stp

5-125

However, the effectiveness both in the superheetgine €,,,) and two-phase regimegy)

could be respectively given by;

Equp = QTS”" = 5-126
Csup,min [q sc,m_ r ou)
Q
. 5-127

stp ) Ctp,min |:quc,out_ T[ in)

The minimum heat capacity rates for both sindlg () and two-phase(,, .;,) regimes in the

intermediate heat exchanger can be calculated Erguations 5-128 and 5-129, respectively.

Coupemin = Min( Cp,,0M,  Cp, 1) 5-128
Qp,min = mln( Cp,tp in Dm’ CpcmDrL]c) 5-129

The secondary coolant heat capacity rag ([, ) will be taken as the minimum value in the

two-phase regime, since the specific heat capacitthefrefrigerant in two-phase regime is

infinity.

Secondary coolant outlet temperature from an intermediateetiehanger can simply be

calculated from;
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Q,+Q,
= Togin™ W 5-130

T

sc,out

The general simulation flowchart of the intermeeibéat exchanger is shown in Figure 5.8.

Calculation starts

Inputs:-

. Heat exchanger geometry

. Refrigerant inlet and
superheat conditions

e  Coolantinlet conditions

A

Main outputs:-

Individual fluid heat transfer coefficients
Average overall heat transfer coefficient
Average Heat exchanger effectiveness
Refrigerant outlet temperature
Refrigerant pressure drop

Coolant outlet temperature

Coolant pressure drop

Capacity

Calculation ends

Figure 5.8 Intermediate heat exchanger simulatmmdhart to predict its performance for
medium-temperature secondary coolant applications.

5.3.4.Condenser model
The condenser is treated as a two-phase flow orethigerant-side, whereas it is a single-phase
flow plate heat exchanger on the water-side. Thelahdoes not take any sub-cooling into

account. However, it considers desuperheating sinieassumed that the temperature of the
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refrigerant and the superheated vapor does nofctiyirecondense on entry due to a
desuperheating area at the inlet of the condebisdike desuperheating, it is assumed that there
iSs no sub-cooling area at the outlet of the coneelesading to only saturated liquid on exit. The
condenser model can be seen from Figure 5.9. Traelwas written in a software package

called Engineering Equation Solver [9].

Two-phase regime
of the refrigerant

\ ‘ Corrugated
//‘ > plates
—‘ Water in
|

Desuperheating regime of \

the refrigerant Fluid passage/channels Insulated wall

@

Refrigerant in

T

TrYin \
Tw,out d

\

Tw,m

Refrigerant — p Ty o

Water

Tw,in

L (Condeser length)
(b)

Figure 5.9 Condenser model a) divided into two-phe&®d superheated regimes; b) temperature
distribution for a counterflow arrangement.

5.3.4.1. Inputs

Different types of plate heat exchanger inputsgpehdent variables) are required in order to
predict the outputs (dependent variables) of theleaser model. Geometric parameters, such as
number of channels, gap between channels, andrtdo gbould be given as described in the
following Sub-Sections. Besides, the constructicatenal of the heat exchanger plates, water-
and refrigerant-side inlet conditions including siflswrates should be given for both fluids.

5.3.4.1.1. Condenser geometrical inputs

» Effective flow length of the fluid in the heat exaiger L con, flow
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» Effective width of the heat exchanger w

* Mean plate gap or amplitude a

* Number of plates of the heat exchanger Ncon,plates
* Number of refrigerant ports Nrp

« Number of water ports Nuwater,p

* Number of channels on the water-side Nchannel,w
* Number of channels on the refrigerant-side Nchannel,r
* Number of elements the heat exchanger is dividid in n

« Port inner diameter Dport,i

* Heat transfer area of a single plate on both sides Aplate

« Port cross-sectional area Aport

* Channel cross-sectional area As

» Total heat transfer area of the heat exchanger Avotal

* Number of flow pass in the heat exchanger pass

+ Plate thickness

« Plate construction material

5.3.4.1.2. Refrigerant- and water-side inputs

« Water inlet temperature Tw,in
« Ambient pressure Patm
* Mass flowrate of water m,,
* Refrigerant inlet temperature Trin
» Refrigerant saturation temperature Trsat
e Refrigerant inlet pressure Pa,in
* Mass flowrate of refrigerant m,
» Refrigerant type R$
121

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 5 Development of Numerical Model for Secondary Coolant Systems

5.3.4.2. Outputs

The outputs (dependent variables) of the condemselel, such as outlet conditions of the two
fluids (water and refrigerant), pressure dropsahhwater and refrigerant, overall heat transfer
coefficient, heat exchanger effectiveness andafbeat transfer are described in detail below.

5.3.4.2.1 Water- and refrigerant-side outputs

* Water exit temperature from the heat exchanger Tw,out

» Total water pressure drop in the heat exchanger APy total
» Refrigerant exit temperature from the heat exchange Trout

* Average overall heat transfer coefficient overhlat exchanger Ucon,avg
» Average water heat transfer coefficient over that lexchanger Neonw

» Average refrigerant heat transfer coefficient cher heat exchanger Neonr

* Average effectiveness of the heat exchanger €con,avg
» Total refrigerant pressure drop in the heat excbang AP fotal
* Heat exchanger capacity Qcon

5.3.4.3. Water- and refrigerant-side heat transfer coefficients in the condenser

The condenser is assumed to have a desuperheasimisCussed in Section 5.3.4) but not sub-
cooling regime. Hence, the refrigerant-side heatdfer coefficient is calculated from the overall
heat transfer coefficient of the heat exchanger similar fashion to that of the intermediate heat

exchanger.

The overall heat transfer coefficient in the corsderis calculated by;

Q
Ucon av = o 5-131
B Aotal mTln

The total rate of heat transfer in the heat excbargg
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Qtotal = Qp + Qdesup 5'132

Whereas, the rate of heat transfers in the twoela®l single-phase regimes of the heat
exchanger are respectively given by;

Qtp =m [@ h,out - h,tp,in) 5-133

(.?desup= mrl:ﬂ hr,in_ h,tp in) 5-134

The overall logarithmic temperature differencete heat exchanger is calculated by;

Qt tal
ATn = : ot 5-135
| Qtp + Qdesup
AT, AT,

Intp In,desup

Whereas the logarithmic temperature differencethéntwo-phase and single-phase regimes of
the heat exchanger are respectively calculated by;

— Tw,out - Tw,in
Alow == 7 5-136
In r,sat w,out
Tr,sat - Tw,in
Trin _Twou - Trsa - Tw
ATIn,desup:( ’ Tt) _(T = ””) 5'137
In rin w,out
Tr,sat - Tw,m

The water temperature at the boundary of the tvas@tand single-phase refrigerant regimes is
calculated by;
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Q
Twm = Tw in-'-.—p 5-138
’ - m,[Cp,

The total heat transfer area of the condensentéméed by;

Aotal = Ltor] flowljy\/[@ Ncond plates_ a 5-139
The heat transfer coefficient of the refrigerarthisn determined from;

-1
hc - 1 _L tplate + 1 J 5-140
Y U con, avg k plate h con w,

Whereas, the water-side heat transfer coeffidiegt ) is calculated using Equations 5-75 and

5-78 for turbulent and laminar flow, respectively.

5.3.4.4. Water- and refrigerant-side pressure drops

Water-side drop in the condenser including the pupopver requirements are calculated
following Equations 5-81 through 5-90. The totaégsure drop of the two-phase refrigerant in
the heat exchanger is determined using the follgviaquations 5-119 through 5-124. However
the friction pressure drop associated within theteplpassages for two-phase flow is slightly
different from that of the intermediate heat exden which is given by Equation 5-140

following [64].

GZ
Iy =1.835EE2 : J 5-141

r,m

Similarly, the total pressure drop on the refrigeerside of condenser is given by;

124

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 5 Development of Numerical Model for Secondary Coolant Systems

AP _Pr,p+APr,f+Pr,m+APr,g

con,total —

Calculation starts

Inputs:-

. Heat exchanger geometry

. Refrigerant saturation
temperature

e  Water inlet conditions

A

Main outputs:-

Individual fluid heat transfer coefficient
Average overall heat transfer coefficient
Average Heat exchanger effectiveness
Refrigerant pressure drop

Water outlet temperature

Water pressure drop

Capacity

Calculation ends

5-142

Figure 5.10 Condenser simulation flowchart to pretis performance for medium-temperature

secondary coolant applications.

5.3.4.5. Effectiveness-NTU method for the condenser

Whenever only the inlet conditions of two fluidsarheat exchanger are known, we need to use
effectiveness-NTU method to figure out the exitditians of the fluids. However, the saturation
temperature of the refrigerant in the condenséngwn (i.e. inlet and exit temperatures of the

refrigerant are known) thereby eliminating the sty of effectiveness-NTU method.

Therefore, the effectiveness is calculated to emnBluate the performance of the condenser.
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5.3.4.5.1. Heat exchanger effectiveness

The effectiveness of the condenser was assumegleéqumal to the effectiveness of the two-phase

area of the heat exchanger as given by 5-143, asguragligible desuperheated area.

€ 5-143

€ i

cond —

However, the effectiveness both in the desuperde@gime €,.,,) and two-phase regime()
of the condenser are respectively given by;

o Qsenns 5-144
fesep Cdesup,min[q-r rin_ Twn)

&, = Q‘P
® Ctp,min EQTMPJ“ - TW*in)

5-145

The minimum heat capacity rates for both sindB.(,.;) and two-phase@, .;,) regimes in
the condenser can be calculated from Equations5ahd 5-147, respectively.

Cdesup,min: mln( Cpnan CQ\, ernJ) 5'146

Coprin=Min CRnOM, C, Ty 5-147

The water heat capacity rate will be taken as timnmum value in the two-phase regime, since
the specific heat capacity of the refrigerant in{phase regime is infinity.

Water outlet temperature from the condenser casbbsned from;

Q esu + Q
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The general simulation flowchart of the condensas been shown in Figure 5.10 for more

clarity.

5.4 .Distribution line model

In a secondary coolant system, a coolant circutiesmally coupled with a refrigerant circuit in
an intermediate heat exchanger. These fluids (ob@ad refrigerant) are in turn circulated to
various components of the secondary coolant refitge system via connecting pipe networks.
Secondary coolant circuit consists of longer disiion lines as compared to refrigerant lines,
especially, in supermarket establishments. Thibeisause, the secondary coolant distribution
lines stretch from plant room to display cabinetsereas the refrigerant lines are confined to the
plant room. Thus, the pressure drop and heat tran$fthe secondary coolants need to be taken
into account, whereas the values of the same Vesiadre assumed to be negligible in the
refrigerant distribution lines in the plant roomheT distribution line model could be depicted

schematically as shown in Figure 5.11.

Air

Qair

Coolant in

Pipe Pipe insulation

Figure 5.11 Secondary coolant distribution line elod
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5.4.1.General assumptions

The following assumptions were used in the calemaprocedures of the distribution line model

for medium-temperature secondary coolant refrigemagystems.

» Steady state condition.

* Negligible kinetic and potential energy changes.

» Constant fluid properties and heat transfer caeffiis over an element.
« For free convection, the heat transfer coefficifrthe air is 10 W i K™,

* Negligible fouling resistance.

5.4.2. Inputs

Geometric parameters of the coolant pipe and itisalauch as diameter, length, thickness and
so forth should be given as described in the fahgwSub-Sections. Besides, the construction
materials of the pipe and insulation, the surrongdiir conditions and coolant mass flowrate

should be given.

5.4.2.1. Distribution line geometrical inputs

* Flow length of the secondary coolant pipe L sc line

* Outer diameter of coolant pipe Dpipe,o

» OQOuter diameter of pipe insulation Dinsul,o

e Coolant pipe thickness tpipe

» Coolant pipe insulation thickness tinsul

» Coolant pipe roughness relRougt
* Number of distribution line elements n

5.4.2.2. Coolant- and air-side inputs

e Coolant inlet temperature Tsc,in
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« Ambient temperature Tatm
« Ambient pressure Patm
* Mass flowrate of coolant m,,
e Coolant type SC$

5.4.3. Outputs

The outputs of the distribution line model suctsasondary coolant outlet temperature, pressure

drop and rate of heat transfer are described below.

5.4.3.1. Coolant- and air-side outputs

« Secondary coolant exit temperature Tsc,line,out
« Pressure drop in the distribution line APsc jine
* Rate of heat transfer from/to distribution line Qline

5.4.4. Coolant-side heat transfer coefficient and pressure drop

The friction factors in a circular pipe for deveiog or fully-developed flow in the laminar,
transitional or turbulent flow regimes are calcathtfrom Nellis and Klein [60] using EES [9]
routine. The Reynolds and Prandtl numbers for thiiloution line are calculated by Equations
5-15 and 5-16, respectively. For a laminar flowthe distribution pipe element (i.e. for Re<
2300), the friction factor is calculated by Equatie®-14, whereas for turbulent and transitional
flow in the circular pipe element (i.e. for Re2300) the friction factor is calculated by Equation
5-17. The average heat transfer coefficient of sbeondary coolant (for laminar or turbulent

flow) in the distribution pipe element is calculdtey Equation 5-19.

The coolant pressure drop in a distribution pigarant is given by;
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L. v 2
AP'sc,line,i = fsc Iineim scline in,i [;Q“ne G% for i: 1 to n 5'149

line,i

The total pressure drop in valve and fittings @f tlistribution line is obtained from;

Vsc ine2
AF2/211Ives fittings: K valves fittingl:Ep sc,lin%j 5'150

where  Kawes fitings (I0Ss coefficient) is obtained from Tables 1 thgbu5, Chapter 35 of
ASHRAE Handbook [71].

The total pressure drop in the secondary coolattilgition line is given by;

Apsc, ling, total = (ZAP’SC,HHG i for I = 1 tO nJ + A I?/alves fittings 5-151
i=1

The indexi represents thé" element, whereas represents the total number of elements in a

distribution line of a secondary coolant system.

5.4.5. Heat transfer and coolant outlet temperature of distribution line

The essential design parameters of the distributimnof a secondary coolant system are heat
and pressure losses. The pressure loss deterrhmeglection of the coolant pump, whereas the
heat loss determines the selection of distributina insulation. The following sequence of
eguations is used to determine the aforementioeeijd parameters.

Heat loss or gain of the coolant in a distributioe element is determined by;

for1=1ton
Qline,e,l = msc [Cpsc,in,l[q Tsc,line,in,|+l_ Tsc,line in,) 5-152

The temperature of coolant leaving a distributior Element is given by;
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forl=1ton
Taoo _Tsc ine in
Tsc,line,in,l+1 = UAine e ¢ + Tsc,line in, 5-153
rnsc |]:psc,in,l

Calculation starts

Inputs:-

. Distribution line geometry
. Construction material

. Coolant inlet conditions

. Ambient conditions

Main outputs:-

. Coolant heat transfer coefficient
Average overall heat transfer coefficient
Coolant pressure drop

Coolant outlet temperature

Heat loss or gain of the distribution line

l

Calculation ends

Figure 5.12 Distribution line simulation flow chaet predict its outlet conditions for medium-
temperature secondary coolant applications.

Whereas the UA value of the distribution line elaeims obtained from;
forl=1ton

1 + In (rpip,o/ r.pipe,i) + In (rinsul,ol r.insul,i) + 1 5-154
hsc, line,l DA\ine ie 2 |j‘-[l:kpipe,l |:Lline e 2|j‘-“:kinqu:"‘ ling e (ha,line Da\ine, [} e)

UAine,e =
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The total heat loss or gain of the coolant in tingpdy or return distribution line of the secondary
coolant refrigeration system is given by;

Qair = Qine,total = Z Qine,e | 5-155
=1

The general simulation steps of the distributioe icould be simplified using the flowchart

shown in Figure 5.12.

5.5.Secondary coolant pump model

Secondary coolant pump model has been schematagtiicted in Figure 5.13'he secondary
coolant pump power requirement is an important elgnm the design and selection process of
secondary coolant refrigeration systems. This i® da the fact that the coefficient of
performance (COP) of the system mainly dependserpbwer consumptions of the pump and
the compressors of the refrigeration systems. Tlius, total system pressure drop of the

secondary coolants should be taken into accounrtdier to predict pump power requirements.

P, o= AP

scsuc ™ T sgdis

\ — nngc
qu pump [ j [A Psc system tot

Sc system to

P
M,

P sc,dis

rhsc >

Psc,suc

Figure 5.13 Secondary coolant pump model.
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Assuming incompressible fluid and steady state itmmd, the theoretical power to circulate
coolant in a secondary coolant refrigeration systambe calculated by;

mSC

WSC, pump = [ j m PSC system tot: 5-156

Sc

where the total system pressure drop is the sual pfessure drops in the secondary coolant

circuit, which is given by;

APS +AP ihx tote;,-A P sc lingab 5-157

G, system total— AP sc cail total

The pump efficiency is calculated by the ratiolef butput power to the input power as;

WSC ump total
Moump = v (100 5-158

sc, pump elec

The pump power inputV(/S ) required to operate the pump can be determinediregt

C, pump elec
measurement or from the manufacturers’ Pump Pediocen Curve. The curve is obtained
through test of an actual pump running under stahdanditions to produce the required flow

and pressure.

5.6.Compressor model

Semi-hermetic reciprocating compressors may be ddsmsed on a philosophy presented by
Popovic and Shapiro [72], if the performance datdahe compressors is known. This model
normally requires inputs such as refrigerant irdigdte, outlet refrigerant pressure, clearance
volume, polytropic exponent for specific refrigeisrand motor speed to calculate refrigerant
mass flow rate, refrigerant outlet state and cosgwe power consumption based on volumetric
efficiency as extensively described in [73]. Howevi the aforementioned information is

lacking, the compressor power consumption may k@mated from the manufacturers’

compressor performance data based on refrigerpat tapacity and refrigerant mass flowrate.
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The outlet temperature of the compressor could thencalculated using the first law of
thermodynamics by balancing the heat transfer acties compressor. The compressor model

could be depicted using Figure 5.14.

ry

hcom out

Qcom shel

hcom, in
m

Figure 5.14 Compressor model for secondary cookingeration system.

5.6.1. General assumptions

The following assumptions have been incorporatsmltile compressor model.
* The modeled compressor cycle is an approximatidhefeal compressor cycle.
» Steady state operation.

* The compressor shell heat transfer rate is a confstction of the electrical power input

to the compressor.

5.6.2. Compressor model inputs and outputs

The following input parameters are needed for tiesgnt compressor model:
» Refrigerant inlet temperature and pressure.

« Compressor outlet pressure.
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* Refrigerant type.
* Refrigerant mass flowrate.

» Compressor power from manufacturers’ performancta ldased on refrigerant type, heat

exchanger capacity, evaporating and condensingeiampes.

The output values of the compressor model will he tompressor outlet enthalpy and
temperature as shown in Figure 5.14.

Thus, the compressor under the current study (ZR#62-230 Copeland Scroll type) is
modeled based on heat balance across the comprébsavutlet enthalpy is given by;

W= G 5-159
hcom out — MI+ hcom ir
m
where the compressor shell heat transfer(r@ggn She”) is calculated from;
Qcom shell =a |Ivh\lcon 5'160

The fraction of the compressor pOV\(er) was assumed to be 3% as per Ge and Tassou [74].

Finally, the outlet temperature of the compressatatermined as a function of refrigerant type,
compressor outlet pressure and enthalpy using EEShermodynamic function given by
Equation 5-161.

TCOmdiS= f(%’ Pcom out hcom 0)( 5-161
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5.7.Expansion valve model

Throttling of liquid refrigerant is accomplished am expansion device as shown in Figure 5.15.
This device can be either thermostatic or electrenpansion valve. Modeling of the expansion
valve (Flica TMVX) under the current study is acled by assuming the throttling process as
isenthalpic (i.e. the pressure drop across thereswpa valve is isenthalpic). The inputs of the
model are pressure and enthalpy of the refrigeatite inlet of the device, whereas the outputs

are enthalpy, pressure and quality of the refrigeaathe outlet of the device.

hEXV, out! Xexv ou

M,

exy, in? exy in

Figure 5.15 Thermostatic expansion valve model.

The expansion valve refrigerant outlet enthalpgssumed to be equal to the inlet enthalpy.

hexv, out = hexv in 5'162

The quality of the refrigerant at the outlet of thgansion valve can be calculated from;

h

exv, out h f

Xexv,ou S —— -
" hy-h, 5-163

Whereh, andh,are respectively the enthalpy of saturated liquid @apor of refrigerant in the

evaporator or intermediate heat exchanger at angatiration temperatL(r at).
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Primary/refrigerant circuit

Calculation starts

Y

Inputs:-

. Geometrical parameters of
heat exchangers and
connecting pipe lines

. Fluid flow and properties at
the inlet of system
components

!

Condenser model: predicts fluids’ pressure
drops, outlet temperatures & heat rejection

Sub-cooler model: predicts fluids’ pressure
drops and outlet temperatures

Compressor model: predicts
power consumption

4

Convergence on water- and
refrigerant-side rate of heat
transfers

New guess values, upper and
lower limits for inputs and
output values of sub-cooler

Expansion valve model: predicts refrigerant
outlet enthalpy

l

Intermediate heat exchanger model: predicts
fluids’ pressure drops and outlet temperatures

I

Distribution line model for supply line: predicts
coolant pressure drop and outlet temperature

N|

"

Air-coil model: predicts fluids’ pressure drop
and outlet temperatures

New guess values, upper and
lower limits for inputs and
output values of air-coil

4
NO

Convergence on air- and coolant-

side rate of heat transfers

Coolant pump model: predicts
power consumption

Distribution line model for return line: predicts
coolant pressure drop and outlet temperature

A

Secondary coolant circuit

Calculation ends

Figure5.16 Secondary coolant systenodel simulation flowchar
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5.8.0verall secondary coolant refrigeration system model

The overall secondary coolant refrigeration sysiemothing but linking all the component

models which have been extensively discussed pishlioln other words, some of the outputs of

one component are taken as inputs to the otheririgrthe coolant and the refrigerant loops of

the overall secondary coolant system as discussled/b

Coolant loop

The test coil coolant outlet temperature was ted®the inlet temperature of the coolant

return line.

The return line coolant outlet temperature was riake the inlet temperature of the

intermediate heat exchanger.

The return line coolant outlet temperature was &gen as the inlet/outlet temperature

of the coolant pump.

The coolant outlet temperature, which is the itdetperature of the supply line, from the
intermediate heat exchanger was then calculatecomaplete the coolant loop of the

overall system model.

Refrigerant loop

The evaporating temperature and degree of supeofitla¢ refrigerant, which are inputs
to the intermediate heat exchanger, were takemltulate the outlet temperature of the

refrigerant.

The outlet temperature of the refrigerant fromititermediate heat exchanger was taken
as inlet temperature of the compressor.

The outlet temperature of the compressor was talsernhe inlet temperature of the

condenser.

The condensing temperature, which is input to tbedenser, and the water inlet
temperature of the condenser were taken to deterthaoutlet temperature of the water

from the condenser.
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 The outlet temperature of the refrigerant from ttendenser was taken as inlet

temperature of the sub-cooler.

* The outlet temperature of the sub-cooler (sub-coaks considered as integral part of
the condenser since it was not validated) was taerthe inlet temperature of the

expansion valve to complete the refrigerant looghefoverall system model.

The overall simulation model is as shown in therfaf a flowchart in Figure 5.16. There are
two iteration loops in the overall secondary cobkystem model. The first iteration loop is that
of the refrigerant circuit which determines the-swioler outlet temperature and pressure thereby
calculating the enthalpy of the refrigerant entgrexpansion valve (or the enthalpy of the
refrigerant entering the intermediate heat exchgngghe first iteration loop should converge on
the rate heat transfers both on the refrigerantt \mater-side of the sub-cooler. The second
iteration loop is attributable to the secondarylanbcircuit. This iteration loop determines the
outlet temperatures of both the secondary cooladtthe air stream across the air-coil. The
second iteration loop should converge on the rat¢ transfers both on the secondary coolant-
and air-side of the air coil. However, the inclusiof the sub-cooler model is optional (i.e. it

could be omitted if required) leading to havingyoohe iteration loop.

Once the convergence is achieved in the sub-cawidr air-coil, all other calculations are
conducted in an orderly manner for the remaining@anents of the system such as thermostatic
expansion valve, intermediate heat exchanger, casspr, condenser, secondary coolant pump,
and connecting pipe lines of the secondary codgstiem. The outputs of all system component
models could then be linked in series via coolamd the refrigerant connecting lines of the
secondary coolant refrigeration system, in an dydeanner, resulting in the calculation of the

coefficient of performance (COP) of the systemiasrgby Equation 5-164 below.

Qaircoil total
COP=— ol i
W, W 5-164

com sG pump elect
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Table 5.1 Calculation of thermodynamic state poarfitsecondary coolant system using EES [9].

REFRIGERANT/WATER

Inlet

Outlet

Two-phase regim
enthalpy

Fluid$, T =T,

sat ’

x=0)

hy = h(

Tsat !

o = h( Fluids, T =

ou

x=1)

Single-phaseenthalp?

h, =h(Fluid$,T=T, ,P=PR))

howe = h(FlUid$,T =T,,.,P=P,,)

Singlephase specific hei  cp = cp(Fluids$,T =T, ,P=P,) Chye = Cp( FlLIdST = T, P=R,,)
capacity
Single-phasethermal k, = k(FIuid$,T =T, .P= pin) Koyt = k(FIuid$,T =Tow P= F{M)
conductivity
Singlephas dynamic W, = Visc( Fluid$,T =T, ,P=P,) Moue = Visc( FILid$T = T,,, P=P,,)
viscosity
Single-phasedensity P, = p(FIuid$,T =T,,P= pin) Pout = p(FIuid$,T =T, . P= pom)
SECONDARY COOLANT
Inlet Outlet
Specific heat capaci cn, =Cp( scs,con,) Chyy = Cp( SC$,Con J,)
Thermal conductivit k, =k(SC$,Con T) koue = k (SC$,Con T,,)
Dynamic viscosit W :Visc(SC$,Con i;[) Moy :Visc(SC$,Con T l)
Density P = p(SC$,Cor,l ] ) Pout = p(SC$,Cor,1 'gm)
AIR
Inlet Outlet
Enthalpy h, :h(AirH 20,T=T ,P=P, D= DFi’n) hout:h(AirH 20,T=T,,,P=P,,D=DP,,
Specific heat Cp, =Cp( AIrH20,T =T, ,P=R,, D=DP,,)  Cp,, =Cp( ArH20T =T, P=P,, D=DP,)
capacity
Thermal - k, =k (AIrH20,T =T, ,P=P,, D=DP,)) Ky = k(AIH20T =T, P=P,, D=DP,,)
conductivity
Dynamic viscosit W, :Visc( AIrH20,T=T_,P=PR_, D= Dpin) Moyt :Visc( AIrH20T =T, P=P,, D= DPou)
Humidity ratic W, = oo(AirH D,T=T,,P=P, D= DPin) Wy = oo(AirH 0,T=T,,.,P=P,,R= RHOUD
DenSIt) pin = p(AirH D,T= Tin P= Pin' D= DPin) p0ut = p(AirH 0,7 :Tout’ P= Pour D= Dpou

The thermophysical properties of the fluids spedififor the secondary coolant system were

calculated using a software package called an Ergimg Equation Solver (EES) [9], which has

built-in property functions of many refrigeranterfirst argument of all built-in thermophysical
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property functions is the name of the substancéiis &rgument is a string which may be
provided as a string constant (e.g. Fluid$ and S@$)a string variable. Many of the
thermodynamic functions can take alternate setargtiments. For example, the enthalpy
function for refrigerant can be accessed with terpee and pressure as arguments. All in all,
any valid set of arguments can be supplied forntoelynamic functions. If the values of
enthalpy or entropy are known, but temperatureresgure is unknown, temperature or pressure
functions can be used to calculate their respectiaéues. Table 5.1 summarizes the

thermodynamic functions used for the secondaryactdystems.

To summarize, numerical models for secondary cookystem components have been
developed thereby forming a complete numerical hodlea secondary coolant refrigeration
system. These models have been validated usingcdb¢ated from a lab-scale test rig which is
extensively discussed in Chapter 6. The validatedeis could be used for sizing, rating and
selection of components for a medium-temperatucerstary coolant supermarket refrigeration

system.
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CHAPTER 6.

Validation of Secondary Coolant
Refrigeration System Numerical Model

6.1.Introduction

Measurements were collected using a lab-scale dacprtoolant system test rig, which was
modified by coupling the existing air-conditionisgstem (see Figure 4.1) with an existing heat
pump (see Figure 4.2) constructed by PurkayasttiaBansal [50] and Bansal and Purkayastha
[51]. The heat pump was converted into a secondaojant system to supply a chilled coolant
(e.g. Mono-ethylene and Mono-propylene glycol/wabettures with different concentrations by
weight) to a newly designed and built flat-finnedsé¢ heat exchanger (test coil). The main aim
of the measurements was to obtain all the necestatey from different components of the
system, i.e. air-coil, secondary coolant pipe ling=condary coolant pump, intermediate heat
exchanger, compressor, water-cooled condenseicaubr and an expansion device. These data
were then used to validate the numerical modelldped to investigate the performance of the

secondary coolant refrigeration systems.

6.2.Test rig details

The schematic of the general test setup for thergkzy coolant system is shown in Figure 4.2.
It consists of three loops such as the water-ldbp, primary-loop and the secondary-loop
(secondary coolant loop). The water-loop is congarief air-cooled water cooler (NQAC400,
finned-tube-type), drain sump (for regulating watpressure), water circulating pump
(PEDROLLO PKM70/1), sub-cooler (B8 SWEP Plate-typmat exchanger) and water-cooled
condenser (B25 SWEP Plate-type heat exchangernighravhich the water-loop is thermally
coupled with the primary-loop. The primary loopc@nstructed of accumulator (Virginia VA54-
7SRD), compressor (ZR462TFD Copeland Scroll typegeiver, filter (Castel 4016/3),
expansion valve (Flica TMVX), and an intermediagathexchanger (B25 SWEP Plate-type) to
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thermally couple the secondary-loop of the syst€he secondary-loop consists of a secondary
coolant circulating pump (DAB KPS 30/16 M), draim$p (to regulate pressure) an air-coil.

The primary refrigerant carries the heat absorbvednfsecondary coolant via the thermally
coupled intermediate heat exchanger and rejedtsthe water-cooled condenser. Finally, the
heat load absorbed by the water is removed throingh air-cooled water cooler to the

surrounding. By controlling the air and water floates in the water cooler, the condensing
temperature of the primary refrigerant (R22) camdgrilated. The mass flow rate of the primary
refrigerant (R22) can also be controlled througitaadby manually operated expansion valve in
order to determine the evaporating and the owlaperature of the secondary coolant. Detailed
schedule of components of the secondary coolariersysan be obtained from Tables A.1

through A.4 in Appendix A.

6.3.Instrumentation

The positions of the measurement sensors for thendary coolant system are depicted in
Figure 4.2. All the temperature sensors but threeRI Ds (Resistance Temperature Detectors).
The three temperature sensors are K-type and T-igpemocouples which were used for
measuring sub-cooler refrigerant outlet temperatangl test-coil inlet and outlet temperatures
respectively. Five pressure transmitters were liestaat different locations along the primary
loop pipeline. Four of the pressure transmittersewi2anfoss type AKS 33. But, one transmitter
(for measuring the outlet pressure of the comprgssas from WIKA (Model no. 891.13.500).
Schedules of temperature and pressure sensore gétondary coolant system can be obtained
from Tables B.1 through B.3 in Appendix B.

The primary loop refrigerant mass flowrate was roeas using a microprocessor-based mass
flow rate transmitter combined with a micro-motiflaw sensor. The mass flowrate of the

secondary loop coolant was measured using a flamstiucer (RS stock No. 257-133), whereas
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the mass flowrate of water for cooling the refraggrwas measured using a Fischer and Porter
rotameter (Model No. 10A3567XA).

The power consumption of the compressor was meadsuseng Fluke 434 (3-Phase Power
Quality Analyzer) which records all measurementugal in a 3-Phase system. The power
consumptions of the water pump and the secondaslacbpump were measured using LEM
HEME-Analyst 2000P, which is a clip-on measuringtinment. A detailed schedule of flow and
power measuring instruments for the secondary abalgstem can be obtained from Table B.4

in Appendix B.
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Figure 6.1 Layout of temperature, pressure and fl@ssate data logging system.

144

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 6 Validation of Secondary Coolant Refrigeration System Numerical Model

6.3.1.Data logging

Measurement data collection of the secondary coofastem test rig consisted of two
independent data logging systems. The first dajgity system (see Figure 6.1) comprised of a
PC connected to CR5000 data logger and NI 4350dsatyre and voltmeter. The CR5000 data
logger was connected to refrigerant and coolansrflae/meters; 14 RTDs and 1 thermocouple;
AM25 and Relay multiplexers. AM25 multiplexer wasnoected to 22 thermocouples mounted
on the test coil to measure fin surface, coolalet iand outlet temperatures. The Relay multiplex
was connected to 18 thermocouples mounted on bes tof the test coil to measure tube surface
temperatures at various locations. The NI 4350 cdewas connected to a 68-pin DIN-rail
mountable terminal block with screw terminals, whizas in turn connected to five pressure
transmitters to measure pressure from the prinmerigerant of the secondary coolant system. A
computer program called Labview was used to log@nligct pressure measurement data at an

interval of 2.5 seconds.

Marlin F-145C2 ¢——

Frost images

and collection

e

PC for data logging

Chilled mirror |
Optidew 2-stage

Dew point
temperature

Figure 6.2 Layout of frost image and dew point mieasient data logging system.

The second data logging system (see Figure 6.2pised of a separate PC connected to an
Optidew 2-stage chilled mirror and Marlin F-145CZ@ camera mounted with Schneider
1.4/12 lens. This data logging system was usethdasure dew point temperatures of the air

stream across the test coil and frost thicknessifay on the surface of the test coil using the
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chilled mirror and the CCD Camera, respectivelye Tlew point temperatures and frost images
(for frost thickness calculation) were logged vathinterval of 5 and 10 seconds respectively.

The bulk data collected using the above two daggilg systems were then transferred to a
laptop every day for analysis. The average of teasurement values was used to represent the

average value for a single test run.

6.3.2. Calibration of measurement sensors

The calibration of measurement sensors is an eakel@ment in the experimental procedure. In
this procedure, the sensors were checked agaiastlastl instruments having well known
accuracy. Calibration normally minimizes errors angroves accuracy of measurement sensors
since the standard instruments are more accuratetiie sensors to be calibrated. The following
Sections discuss the methods of calibration apptedtemperature, pressure and flowmeter

Sensors.

6.3.2.1. Calibration of temperature sensors

The thermocouples for the current research werectssl based on accuracy, application and
cost. K-type (chromel-alumel) thermocouples coudd dpplied satisfactorily for temperatures
ranging from (-) 18C to (+) 1376C. These thermocouples have an accuracy of aro0miG;
whereas T-type (copper-constantan) thermocoupéeseaommended for operating temperatures
ranging from (-) 188C to (+) 268C with an accuracy of +0°6 [53]. RTDs were chosen mainly
based on their accuracy. RTD consists of a resiglement, which is exposed a medium to be
measured.

The thermocouples were calibrated in two stagesw-lemperature thermocouples

(measurement temperatures ranging from’G4@ @C) were calibrated using dry-ice and
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ethanol mixture in a small bath whereas high-teafpee ones (measurement temperatures
ranging from 8C to 100C) were calibrated using ice and water mixture ivaer-tank under
controlled heat input. Similarly, RTDs were calita@ in two stages. The first stage consisted of
calibration of low-temperature RTDs, whereas theord one consisted of calibration of high-
temperature RTDs. The dry-ice/ethanol and ice aatemmixtures were continuously stirred in
the bath/tank to have uniform temperature distrdruthroughout the calibration period of all

temperature sensors.

All temperature sensors were calibrated againsarsdard thermometer (Ebro TFX 430 digital
with type TPX 230 Pt 100 probe) having a resolutiéi9.02C and an estimated uncertainty of
+0.08C. The polynomial expressions of the true tempeesatwas a function of the indicated
temperatures of the calibrated temperature sers@sgiven in Tables B.1 through B.3 in
Appendix B.

6.3.2.2. Calibration of pressure transmitters

The pressure transmitters were calibrated usin@tidenberg Dead Weigh Tester for the range
of pressures the sensors were intended to medsweperating pressure of two of the Danfoss
pressure transmitters ranged from -1 to 12 bar gautpereas the operating pressure for the
other two Danfoss pressure transmitters ranged @oon20 bar gauge. The operating pressure of
the WIKA pressure transmitter ranged from O to %0 lauge. The Dead Weigh Tester

comprises of oil-filled cylinders and calibratedigi@s. The device works on the principle that

oil under pressure in the cylindrical column suppaveights applied according to the pressure
value required. The calibration equations of thespure transmitters are described in Table B.3,

Appendix B.

6.3.2.3. Calibration of mass flowmeters

The Micro Motion mass flowmeter, which was usednteasure refrigerant mass flowrate,

consisted of flow rate transmitter (Model No. RFIQy and a micro-motion flow sensor (Model
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No. DS025S119SS). It was calibrated by directlygh&ig the amount of water in a bucket and
recording the time elapsed for the quantity of wateflow through the flowmeter. The same
calibration method was applied in order to calibridite secondary coolant flow sensor (RS stock
No. 257-133) and the Fischer and Porter rotameéfierdél No. 10A3567XA). However, the
secondary coolant flow sensor was calibrated usmgno-propylene and mono-ethylene
glycoliwater mixtures at (-) @ for better accuracy since these fluids were tamieasured
approximately at the specified temperature. Theymmhial expressions of the true mass
flowrates as a function of the indicated mass faes of the calibrated flowmeters can be
obtained from Table B.4 in Appendix B.

6.4.Uncertainty analysis and test results of the secondary coolant system

The uncertainty analyses for the measurements tfakem the secondary coolant system were
conducted following Equations 4-2 through 4-4, vhhizere applied on frost measurements.
Regarding the test results, a total of 26 test®wenducted during the entire experiment, out of
which only 10 were selected based on the stalaifity repeatability of the steady state conditions
of the experiments. The experimental results arcbmainties of the measured and calculated

guantities of these selected tests were analyzédiaoussed in the following sections.

6.4.1. Uncertainty analysis

All of the uncertainties in the primary and cal¢athquantities for the secondary coolant system
are given in Table 6.1. The highest uncertair(tt442%) were observed in the measurements of
refrigerant pressure drops in the intermediate bgahanger due to low pressure drop values
combined with high inaccuracies of the pressurestratters. Hence, the refrigerant pressure
drop measurements in the intermediate heat exchduage been discarded. The pressure drops
in the sub-cooler were low, but higher than thespuee drops in the intermediate heat

exchanger, resulting in uncertainty of +24%. Thisasurement uncertainty of pressure drops in
the sub-cooler was not within acceptable limitcsithe calculated pressure drops could be much
lower than the uncertainty (x24%). Refrigerant pues drops in the water-cooled condenser

could not be measured, since the discharge temperaft the compressor for all of the tests
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conducted was out of the operating range of thespre sensor (i.e. the operating temperature of

the sensor is between “2Dand 86C according to the manufacturer’s data sheet).

Table 6.1 Results of uncertainty analysis.

Uncertainty in primary measurements Uncertainty in calculated quantities

Variable Uncertainty Variable Uncertainty

All thermocouple +0.1°C Mono-propyleneside rate o

temperatures heat transfer in intermediate  +9%
exchanger [W]

All RTD temperature +0.06°C Monc-ethyleneside rate o

heat transfer in intermediate +6%
exchanger [W]

All pressure +1% Refrigeran-side rate of hee

measurements transfer in plate heat +5%
exchangers [W]

Mona-propylene mas +9% Waterside rate of heat transf +3%

flowrate [kg/min] in condenser [W]

Mong-ethylene mas +6% Waterside rate of heat transt +30%to

flowrate [kg/min] in subcooler [W] +120%

Refrigerant mass flowrs  +4.8% Air-side rate of heat transfer +11%

[kg/min] test coil [W]

Water mass flowrat +0.6% Mono-propyleneside rate 0 +15%

[kg/min] heat transfer in test coil [W]

Air mass flowrate +1.6% to 3% Monc-ethyleneside rate o +19%

[kg/min] heat transfer in test coil [W]

Air inlet pressure [kP: +0.9% Mono-propyleneside rate 0 +7%
heat transfer in precooler [W]

Test coil air pressure dr  +2P¢ Monc-ethyleneside rate o +8%

heat transfer in precooler [W]

Intermediate hee

exchanger refrigerant +112% COP +8%
pressure drop

Subcooler refrigerar

pressure drop +24%

It is also important to notice uncertainties in tadculated quantities. The uncertainty in the air-
side rate of heat transfer (+x11%) across the tabtvas less than the uncertainties in the coolant-
side rate of heat transfers (£15% to +19%), sifee dir mass flowrate uncertainty (+1.6% to
+3%) was less than the coolant mass flowrate uaceigs (6% to £9%). Furthermore, the
uncertainty in the refrigerant-side rate of heahsfer (x5%) within the plate heat exchangers

was less than the uncertainties in the coolantsitke of heat transfers (6% to +9%), since the
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refrigerant mass flowrate uncertainty (+4.8%) wassl than the coolant mass flowrate

uncertainties. It is also important to note that timcertainty in coolant-side rate of heat transfer
(£15% to £19%) across the test coil was higher tt@nuncertainties in the coolant-side rate of
heat transfers (6% to +9%) within the plate heathangers due to the fact that the

temperatures in the test coil were measured witdemainty of +0.2C, whereas the temperatures

in the plate heat exchangers were measured witériaity of +0.06C.

It is worth observing the uncertainties in the watide rate of heat transfers both in the
condenser and subcooler. The difference betweenniéieand outlet water temperatures (e.g.
3°C to 5C) in the condenser is much higher than the memmnt uncertainties of the
temperatures (+0.06) leading to +3% uncertainty in the calculated ewatide rate of heat
transfer. However, the difference between the iafet outlet water temperatures (e.g. 800®
0.28C) in the subcooler was virtually identical to tiheeasurement uncertainties of the
temperatures (+0.086) resulting in +30% to +120% uncertainty of thdcatated water-side rate
of heat transfer in the subcooler. Hence, watex-sale of heat transfer in the subcooler was

assumed invalid under the current study.

Finally, the combination of uncertainties in theingary measurements and the calculated
guantities has given rise to an uncertainty of +Bf4he overall coefficient of performance

(COP) of the secondary coolant system.

6.5.Test results of the secondary coolant system

The test results for the secondary coolant systeimgumono-propylene glycol/water (MPG)
mixture have been presented in Tables C.1 throughit€ Appendix C. The test results for
mono-ethylene glycol/water (MEG) mixture have begwen in Tables D.1 through D.6 in
Appendix D. Test numbers 1 to 3 and 9 to 10 reptesgperimental results of the system with
MPG, whereas test numbers ranging from 4 to 8 segmteexperimental results of the secondary

coolant system with MEG. Furthermore, the variaiari the experimental parameters under
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steady state condition such temperature, pressnass flowrate, heat transfer and energy
consumption of the secondary coolant system werefudly analyzed, reduced and entered in
the tables along with the range of measurementaieder, refrigerant pressure measurements at
the outlet of the compressor (the inlet of condgnfse both MPG and MEG tests could not be
achieved due to the fact that discharge temperatutifee compressor for all of the tests was out
of the operating range of the pressure sensor dtipgrtemperature -2G to 80C). Hence, the
compressor discharge pressure was assumed to la tequhe saturation pressure at the
condensing temperature. Additionally, the last éhpeessure measurements (TEST# 6 to 8) at
the outlet of the intermediate heat exchanger wangted because of high error in the readings.

6.5.1. Variation of rate of heat transfers in heat exchanger between two fluids

Variations in rate of heat transfers between twalf (e.g. refrigerant-coolant, refrigerant-water,

and air-coolant) across the test coil and withiatelheat exchangers were calculated and
presented in Figures 6.3 through 6.5. These vanstarose as a result of inaccuracies in the
measurement sensors, fluid characteristics, heatogdoss of the heat exchangers from or to the

surrounding and the combination of the above.

The variations in rates of heat transfer betweenftwds in the heat exchangers were calculated

using the following sequence of equations.

Variation (discrepancy) between refrigerant- andlaat-side rates of heat transfers is given by;

Discrepancy= % 6.1

Discrepancy between refrigerant- and water-sidesrat heat transfers is given by;
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Discrepancy=s ———aer Q Q”"’“er
A 6-2
Discrepancy between coolant- and air-side ratéeaf transfers is given by;
Discrepancy= ——=ar QSC Qa"
s 6-3
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O Refrigerant-side rate of heat transfer in intermediate heat exchanger
O Coolant-side rate of heat transfer in intermediate heat exchanger

-7x-Discrepancy in rate of heat transfers in intermediate heat exchanger

Figure 6.3 Variation of rate of heat transfer om tfefrigerant- and coolant-sides in the
intermediate heat exchanger.

Rate of heat transfer variations in the sub-coe¥ere not calculated due to unacceptable

uncertainty in the calculated water-side rate @t ieansfer as explained in Section 6.4.1.
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Rate of heat transfer variation between refrigesmat coolant in the intermediate heat exchange
was shown in Figure 6.3 for all tests. The highgistrepancy was observed for MPG tests,
which ranged from (-) 29% to (+) 29%, whereas fdE®tests the discrepancy ranged from (-)

23% to (+) 14%.
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TEST NUMBER

X Refrigerant-side rate of heat transfer in condenser
m \Water-side rate of heat transfer in condenser
-4 -Discrepancy in rate of heat transfer in condenser

Figure 6.4 Variation of rate of heat transfer oa téfrigerant- and water-sides in the condenser.

Rate of heat transfer variation between refrigesamat cooling water in the condenser was shown
in Figure 6.4 for all tests. The highest discreyan@s also observed for MPG tests which

ranged from (-) 10% to (+) 24%, whereas for MEG4¢éke discrepancy ranged from (-) 16% to
(+) 17%.

Similarly, the rate of heat transfer variation beéw air and coolant in the test coil was shown in

Figure 6.5 for all tests. Here again, the highestrdpancy was observed for MPG tests which
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ranged from (-) 5% to (+) 45%, whereas for MEG4gedke discrepancy ranged from (-) 37% to
(+) 33%.

All in all, the aforementioned variations in rateheat transfers depend upon inaccuracies in the
measurement sensors, heat gain/loss of the helaamyers from/to the surrounding, especially,
fluid characteristics, and the combination of thesaditions. Furthermore, the discrepancies
were very useful to demonstrate the limitationghaf experiment conducted on the secondary
coolant system. Hence, the measurements of theotiftest coil) and plate heat exchangers,
except for the sub-cooler, can be used to valitteenumerical models of the secondary coolant

system. Besides, the pressure drops in all plaiedxehangers could not be validated because of
the reasons explicitly described in Sections éHrdugh 6.5.1.
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Figure 6.5 Variation of rate of heat transfer om élir- and coolant-sides in the test coil.
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6.5.2. Coefficient of performance of the secondary coolant system

Coefficient of performance (COP) of the secondaglant system under the current study was
evaluated using the most influential measured giesof the system such as condensing and
evaporating temperatures, coolant type, coolansri@asrate, coolant test coil inlet temperature,
refrigerant mass flowrate, frontal air velocity aaid inlet temperature. System COP against the
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TEST# 1to 3and 9 & 10 represent MPG Tests\ TEST# 4 to 8 represent MEG Tests

Figure 6.6 Coefficient of performance (COP) of sleeondary coolant system for various tests.

aforementioned parameters is depicted in Figurefd.@ll of the tests (i.e. TEST# 1 to 10)
whose data have been given in Tables C.1 throughi.Appendix C and D. COP was
calculated using compressor power consumption,acbgbump power consumption, test coil
capacity and the rate of heat transfer in the pder. The reason for considering the rate of
heat transfer in the pre-cooler was due to thetfadtthe same coolant passed through both the
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test coil and pre-cooler in a closed loop systershasvn in Figure 4.2. In fact, the pre-cooler
was not part of the experiment, but it was useddol the air before entering the test coil to
achieve the required air temperatures for thedeit Hence, system COP was computed using

Equation 6-4 below.

COP - Qairc.oil,total + Qprecooler
W, W,

com SG pump

Where Q is coolant-side rate of

aircoil total

is the air-side rate of heat transfer in the tedf €

precooler

heat transfer in the pre-cooler; aWQomandW are compressor and coolant pump power

'SC, pumg

consumptions, respectively.

Table 6.2 COP in descending order as a functiolop#frating parameters of the secondary
coolant system.
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Chapter — 6 Validation of Secondary Coolant Refrigeration System Numerical Model

The energy consumptions of the water-loop compangsee Figure 4.2) such as water pump and
air fan of the water cooler were not consideredha calculation of system COP, since it was
assumed that the heat absorbed by the water ceuldséd for heating applications thereby
offsetting these energy consumptions. Furthermie,test coil fan energy consumption was
assumed to be negligible since in actual conditibosuld be a small amount as compared to the
energy consumptions of the compressor and the mioplanp. The energy consumptions of the
compressor and the secondary coolant pump are giveables C.6 and D.6 in Appendix C and
D, respectively. As can be seen from these talbles, secondary coolant pump power
consumption varied between 310W and 351W for all tdsts. In other words, it was nearly
constant. However, the compressor power consumptoied between 2000W and 2450W.
Additionally, the other operating parameters giirefable 6.2 were not held constant in order to
vary and study the effect of individual parametsisce this exercise is very time consuming and
requires a lot of resources. Thus, the maximumramdmum system COPs of the tests were
compared solely as guidelines to refrigeration eegjis as to which system operating parameters
seriously influence system performance. Besideshould be understood that the main purpose
of conducting the experiments on secondary coadgstem is only to validate the numerical
model developed for the secondary coolant systegmshich system performance is evaluated
by varying individual operating parameters whilddmag the other ones constant.

In addition to Figure 6.6, Table 6.2 has been preseto show system COP (in descending
order) to clearly understand the influence of tperating parameters of the secondary coolant
system. The highest and the lowest COPs (see tigeanld red clouds in Table 6.2) among the
tests were observed in Test# 6 and 5, respectivEhe main reasons for achieving the highest
COP could be attributed to a number of factors|lugiog of 1) evaporating temperature (-
13.9C) and lower condensing temperature (32)7 leading to lower compressor power
consumption (2225W); and 2) the coolant (MEG) hgviretter thermophysical and transport
property for high coolant temperature (-1T} leading to higher heat transfer coefficiente(se
Figure 2.2).
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Figure 6.7Air-coil model prediction of (a) air; and (b) coataoutlet temperatures.

The main reasons for obtaining the lowest COP ist #® among the tests conducted could be

the combination of 1) Lower evaporating temperat@20.°C) and highest condensing
temperature (39°€), which led to the highest compressor power copsion (2450W); and 2)
The frontal air velocity (2.3m/s) being lower atetfair inlet temperature (0@) thereby

decreasing the capacity of the system (3165W).
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It is to be noted that the influence of coolant pupower consumption in the evaluation of
system COP described in Figure 6.6 and Table 622negligible, since the power consumption
was roughly held constant. However, coolant typelant inlet temperature and mass flowrate
have significant impact on pump power consumptiendapicted in Figures 2.2 and 2.3.
Therefore, validation of the numerical models o #econdary coolant system components is
imperative in order to individually investigate tledfect of the aforementioned operating

parameters on the performance of the system.

6.6.Validation of secondary coolant system numerical model

The main purpose of validating the numerical moadlshe overall secondary coolant system
and its components is to make sure that the dewmtof the predicted variables from the
measured quantities are within acceptable limitesndé, the comparison between the model-

predicted and the measured values will be presentiéne following the subsequent sections.

6.6.1. Air coil model validation

The air coll model validation has been presentedrigures 6.7 and 6.8. The air outlet
temperature has been predicted by the air coil inedkin £ 25% for 70% of the data. The
coolant outlet temperature has been predicted m#l8% for 100% of the data with the highest
degree of accuracy, whereas the predicted effewsse of the air coil deviated from the actual
effectiveness by + 6% for 70% of the data. The meason for larger deviation of the predicted
air outlet temperature by as much as + 25% fronattteal ones is that the heat capacity of the

air is much smaller than the heat capacity of tt@ant. In other words, a small change in rate of
heat transfer results in larger temperature diffeeebetween the inlet and the outlet of the air
temperatures, which in turn brings about largerorein the prediction of the air outlet

temperature. However, when the coolant-side ratieeaf transfer is equated to the air-side rate

of heat transfer, the temperature difference betwtbe inlet and the outlet of the coolant will
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not be as high as that of the temperature differandhe inlet and the outlet of the air due to
higher coolant heat capacity. Hence, the errohéngrediction of the coolant outlet temperature
was much less than that of the error in the priedhiadf the air outlet temperature. Additionally,
deviation of the predicted air coil effectivenesg b 6% from the actual one is mainly
attributable to UA-value of the air coil. The UAla is highly influenced by the new frost
thermal conductivity as can be seen from Equati@®4 5it is to be noted that the frost thermal
conductivity has uncertainty as high as + 27%.

30
27

24| +6%
21 ’
r—Ideal prediction line
18
15 |
12

O w o ©
\\
X
\
\

Model predicted effectiveness of air coil [%]

0 3 6 9 12 15 18 21 24 27 30
Actual effectiveness of air coil from measurements [%]

Figure 6.8 Air-coil model prediction of air coilfettiveness.

As discussed in Section 6.5.1, there were als@tirans (based on measurements) in rate of heat
transfers between the coolant- and the air-sidestalunaccuracies in the measurement sensors,
heat gain/loss of the heat exchangers from/to tinesnding, especially, fluid characteristics.

Hence, the deviation of the model predicted vafum® the measured ones were anticipated and

within acceptable limits considering the limitatsoim measurements of the air coil (test coil).
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6.6.2. Intermediate heat exchanger model validation

The predicted coolant outlet temperatures of thermediate heat exchanger of the secondary
coolant system have agreements with the measu@ant@utlet temperatures within + 10% for
90% of the data as shown in Figure 6.9. It is tonbted that, as shown in Figure 6.3, high
discrepancy ranging from (-) 29% to (+) 29% in ratéeat transfers between the refrigerant and
coolant was observed based on measurements. Howieneto the coolant higher heat capacity,
the predicted outlet temperature could not dewaty much from the measured coolant outlet
temperature resulting in acceptable errors inntermediate heat exchanger model.

10| - |
_11' —Ideal prediction line e e
-12 | //// ///

-13 - e -

-14 I /—10%/ ol
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16/ 0 -/|-10°//(/)

17 -0 o.””
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-19 | -
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20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9

Predicted coolant outlet temperature [C]

Measured coolant outlet temperature [C]

Figure6.9 Intermediate heat exchanger model prediction dfaomlant outlet temperatu
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Figure 6.10 Condenser model prediction of cooliragewr outlet temperature.

6.6.3. Condenser model validation

The predicted water outlet temperatures of the eoser in the secondary coolant system have
agreements with the measured water outlet tempesatuithin + 3% for 100% of the data as
shown in Figure 6.10. Here again, as describedguar€ 6.4, high discrepancy ranging from (-)
16% to (+) 24% in rate of heat transfers between rifrigerant and the cooling water was
recorded based on measurements, which were a#ibleuto inaccuracy of sensors and heat
loss/gain to the surrounding. However, due to théewhigher heat capacity, the predicted outlet
temperature could not deviate very much from thasueed coolant outlet temperature resulting
in reduced errors in the condenser model.
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Figure 6.11 Prediction of coolant outlet temperatvom supply line of the secondary

coolant circuit.

6.6.4. Distribution line model validation

The predicted coolant outlet temperatures of timplsuine of the secondary coolant circuit have
agreements with the measured coolant outlet terpesawithin + 6% for 90% of the data as
shown in Figure 6.11. The main reasons for achgettiese good agreements are due to 1) short
length of the supply line; and 2) higher coolanatheapacity. The coolant higher heat capacity
has resulted in limiting the deviation of the prtdd outlet temperatures from the measured
coolant outlet temperatures.

The supply line of the secondary coolant circut iepresentative for any part of the pipeline of
the circuit. Hence, the validation of the retummeliapplies for the entire distribution line of the

secondary coolant refrigeration system.
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Figure 6.12 Pump model prediction of secondaryagbump power consumption.

6.6.5. Secondary coolant pump model validation

The predicted coolant pump power consumption degtiftom the measured coolant pump
power consumption by as much as = 30% for 70% efdata as shown in Figure 6.12. The
reasons for such deviations were mainly due to latkl) proper friction coefficients for
secondary coolants in plate heat exchangers; anprdper secondary coolant pressure loss
coefficients for fittings and manifolds in the numcal coolant pump model. It is important to
note that there are significant uncertainties enftiction and fittings loss coefficients since ke
design variables are highly dependent on pipe diamesurface roughness, the Reynolds
number, and the configuration of the coolant lo@mponents as a whole. Additionally, the
pump efficiency was assumed to have a represeatatiue of 19% for all tests which could
considerably affect the predicted pump power comdiom. This pump efficiency was chosen or
calculated until the predicted pump power consuonmptimatched the actual one within a
reasonable degree of accuracy. It could also bessacy to observe that the contribution of the
pump power consumption was about 11% to 15% ofttha@l power (pump +compressor)

consumption of the experimental test rig. Thus, de®iation of the predicted pump power
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consumption from the actual one does not as sutiencte the COP of the secondary coolant
system considerably.

Hence, future development of proper empirical ibictcoefficients for plate heat exchangers,
fittings and manifolds for various secondary cotdams vital for accurate pressure loss
calculations in the secondary coolant refrigerasgatems which in turn will enable accurate

predictions of coolant pump power consumptions.
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Figure 6.13 Compressor model prediction of comnesstlet temperature.

6.6.6. Compressor model validation

Suppliers normally provide information on compresgower consumption based on heat
exchanger (e.g. intermediate heat exchanger) dgpacfrigerant type, evaporating and
condensing temperatures. In the current study, plosver consumption was directly
measured.Compressor measurement data for alluedes the current project can be observed

from Tables C.6 and D.6 in Appendix C and D, reipely. However, these measurements were
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approximated to the closest Supplier’'s compresgovger consumption data. The approximated
power consumptions were then taken as inputs tacomepressor model to predict the outlet
temperature of the compressor. This is as suchgbasécondary coolant component selection

process.

Based on the aforementioned input data, the pestlimompressor outlet temperature had a good
agreement with the measured compressor outlet tetope within + 6% for 100% of the data as
shown in Figure 6.13. The reasons for such goocemgents were mainly due to good

compressor power consumption measurement data.

6.6.7. Validation of sub-cooler and expansion valve models

Because of high uncertainties in rate of heat fear(120%) and pressure drops (£24%) in the
sub-cooler, validation of sub-cooler could not hlenducted. For instance, the error in the
measured refrigerant-side pressure drop (x24%) wash higher than the calculated pressure
drops. Hence, the sub-cooler was considered tnlbategral part of the condenser. However,
the sub-cooler model presented under Section &R be very useful to design a secondary
coolant refrigeration system to achieve sub-cooforgenhancing intermediate heat exchanger
capacity. Validation of the sub-cooler model cob&l carried out only when measurements of
inlet and outlet refrigerant pressures could béectdd via highly precise pressure transmitters.
Furthermore, temperature differential of the waflawing in the sub-cooler should be

reasonably high (above the resolution of tempeeatsensor) to enable energy balance

calculations.

Regarding validation of expansion valve, the irdathalpy was exactly equated to the outlet
enthalpy eliminating the necessity of all calcidats but the quality of the refrigerant. Quality

was not measured, hence could not be validated.ekenythe exit enthalpy and quality were

166

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Chapter — 6 Validation of Secondary Coolant Refrigeration System Numerical Model

taken as inputs to the intermediate heat exchamgelel, which was already validated under

Section 6.6.2.

Predicted system COP from Overall model

28—
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- ——Ideal prediction line

1 1.2 14 16 1.8

2

System COP from measurements

22 24 26

2.8

Figure 6.14 Overall system model prediction of selewy coolant system COP.

6.6.8. Validation of overall secondary coolant system model

Validation of the overall secondary coolant refrg@n system was carried out by combining

the outputs of the air coil, compressor and seagnd@aolant pump and computing the

coefficient of performance (COP) of the system i@ergby Equation 5-164. However, it is to be

noted that the rate of heat transfer in the prdecamas considered in COP calculation since the

same coolant passed through both the test coil pmaecooler in a closed loop system as
described in Section 6.5.2.

Generally, the model predicted COP of the systewatil from the system COP obtained using

measurements as much as = 21% for 100% of theadashown in Figure 6.14. The reasons for

such deviations were mainly due to deviations irthi) prediction of secondary coolant pump
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power consumption; and 2) air-coil air outlet tempere and effectiveness. However, these
deviations can be greatly improved if deviationgha prediction of, especially, coolant pump
power consumption can be reduced through developaigroper pressure loss coefficients for

plate heat exchangers, fittings and manifolds.

In conclusion, the numerical models of secondaglard refrigeration system components and
the overall refrigeration system have been valdiangthin acceptable accuracy taking all
measurement constraints and the challenging tas&eleicting appropriate heat transfer and
pressure loss coefficients into account. Hencesetimodels are very useful and could be used to
design, select and evaluate secondary coolangeeftion systems. Furthermore, the application
of the aforementioned numerical models has beeanpacated in Chapter 7 in detail.
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CHAPTER 7.

Application of Secondary Coolant Model
for Supermarket Refrigeration Systems

7.1.Introduction

The main purpose of this chapter is to discussutee of the current numerical model of the
secondary coolant refrigeration systems for mediemperature applications in supermarkets.
However, the chapter does not attempt to make cosgpes with any other supermarket
refrigeration systems in terms of performance, oognvironmental impact. In other words, the
purpose of the chapter is solely to point out thatnumerical model could be used as guidelines
to design, select system components and evaluatsdtondary coolant systems as a whole
before making decisions to install them in supek®abstores.

Comparison of different types of supermarket refragion systems requires identifying
supermarkets with identical display cabinet lin@amfiguration and loads, which is difficult to
achieve. Consequently, the following sections iktsent simulation of a secondary coolant
refrigeration system based on the arrangementsa@withg duty or loads of display cabinets of
an in-situ direct expansion supermarket refrigerasystem operating in Auckland [73]. This
approach could be considered as replacing the coemp® of medium-temperature direct
expansion refrigeration system with that of mediiegmperature secondary coolant refrigeration
system by keeping the configuration of the cabiaetsthe associated distribution lines intact.

7.2.Details of supermarket selected for simulation

Low-temperature cabinets have not been considenegirhulation since the numerical model

developed in the current study is only for mediwemperature applications. However, they have
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been included in the general layout of the selestgokrmarket, as shown in Figure 7.1, for

information purpose only.

Meat cool Produce cool Fish cool Raw cool
room room room room
(BR44) (BR45) (BR46) (BR47)

/{/ﬁ/ﬁ/ %

/ medium temperature display cabinet line-ups
Dairy cool | | L J
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Cool room
(BR42)

meat/fish case low-temperature display cabinet

Bakery

C
cool room @
BR41 @
<)
<)

Check
Area

7

Glass-door and coffin-type low-temperature display cabinet line-up

LEGEND

Low-temperature cabinet I:l Medium-temperature cabinet

[
Q Cool room @ Freezer room

Figure 7.1 Layout of supermarket selected for satiouh.
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The selected supermarket has 344Gsales area, and comprises two parallel rack systdomg
with two air-cooled condensers. These racks proxédiegeration for all display cabinets, cool
rooms, freezer rooms, and refrigerated preparaemtions of the supermarket. Both the low-
and medium-temperature display cabinets use eded#frost mechanism. The simulation of the
secondary coolant system, in general, deals wiilaceng the medium-temperature direct
expansion refrigeration system. Thus, the desonptf the supermarket is confined to this
system only.

The medium-temperature refrigeration system congisix major circuits, namely Circuit A,
Circuit B, Circuit C, Circuit D, Circuit E and CooRoom Circuit charged with
hydrofluorocarbon refrigerant (R404A). Circuit Aefds refrigerant to produce, lunch/drinks,
beer and wine cabinets, whereas Circuit B feedigesnt to home meal, deli, dairy, salads,
beer, milk and pet food cabinets. Circuit C feedlfsigerant to hang-sell, pizza, sushi, cheese,
deli and diary cabinets. Circuit D feeds refrigerimcheese and diary cabinets. Circuit E feeds
refrigerant to shell fish, meat and cake cabinBt& Cool Room Circuit feeds refrigerant to fish,
raw, produce, meat dairy, deli and bakery cool mofchedule of the medium-temperature
cabinets can be obtained from Table E.1 throughrEAppendix E.

The aforementioned refrigerant circuits could beeraped independently or collectively
depending on the requirements of the supermarlsgilayi cabinet load conditions. Hence,
simulation of the secondary coolant refrigeratigatsm has been conducted based on one of
these circuits since the procedure of the simulasoexactly identical for the other circuits as
well. Circuit A has been selected for this purpsesee all the display cabinets have the same

evaporating temperature (°G.

Similarly, the corresponding secondary coolant usisc could be operated independently or
collectively using isolating valves mounted bothtbe coolant pumps and the display cabinet

air-coils as shown in Figure 7.2. The schematithia figure shows the arrangement of five of
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the secondary coolant system circuits and the &sdoccabinets and cool rooms, which have the
same load conditions as the direct expansion exfiigon system chosen for simulation purpose.

N — |
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Water cooler for heating application

WATER LOOP
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Water pumps

Water cooled condenser

A
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(? Expansion valve gl Pressure regulating valve @ Pump
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Figure 7.2 Layout of simulated secondary coolafnigeration system for supermarkets.
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The piping layout of Circuit A for direct expansioefrigeration system in the supermarket is
shown in Figure 7.3. This circuit feeds refrigerémtthree groups of display cabinets. Groupl
consists of Produce Cabinets (BR29 and BR30), valseroup2 consists of Produce Cabinets
(BR31 and BR32). Group3 consists of Lunch/DrinksGo (BR33), Wine (BR35) and Beer
(BR36) Cabinets. Each cabinet in each group isaliest in parallel. The arrangement of the
secondary coolant system in Circuit A was chosebet@xactly identical to that of the direct
expansion refrigeration system except for the siaésthe display cabinet air-coils and
distribution pipelines. Each cabinet in the secoydaolant system, as previously explained, can

be isolated using isolating valves mounted at tiet iand the outlet of the display cabinet air-
coil.

PrOd
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(BRgg)ab’”et

ProdUCe Cap,

Circuit A 7
ircui (B RS’O) inet

from Plant Room

(@)
X
&
&
S0
&

Figure 7.3 Piping layout of Circuit A in the seledtsupermarket for simulation.

To simplify the simulation procedure of the secagdapolant refrigeration system, selection of
systems and components has been carried out irwdys Firstly, among six major circuits,

Circuit A has been selected from the model showRigure 7.2. Secondly, among three groups
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of display cabinets whose piping layout has beenvsehin Figure 7.3; Group3 has been selected
since the cooling loads, air-coil sizes and therajpeg temperature of the cabinets in Group3 are
similar. Finally, the sizing of the display cabirat-coils has been carried out (as discussed in
Section 7.3.1 below) based on the model presentEdjure 7.4. Once the appropriate size of the
air-coil has been determined, the right amounthef $econdary coolant mass flowrate will be
estimated based on the given load of the spedgaly cabinet in Group3. Additionally, the air-
coil size and the mass flowrate for each displdyrezt in Group3 have been assumed to remain
the same. It is important to note that the prooedirsimulating display cabinets in the other
groups is exactly identical. In other words, thengasimulation procedure can be followed for
other circuits, groups of display cabinets andcaits of the supermarket medium-temperature
secondary coolant refrigeration systems.

7.3.Simulation of secondary coolant refrigeration system components

The following sections present step by step sinauatof secondary coolant refrigeration system
components and the overall system performance fedium-temperature applications in

supermarket stores.

7.3.1. Simulation of air-coil for display cabinets

Simulation of the display cabinet air-coil folloviee general assumptions and sequence of
calculations described under Section 5.2. Anotingoortant assumption here is that the
orientation of the air-coil has negligible effect the performance of the display cabinet as long
as the air flow direction is also rotated alonghwhe air-coil. For example, if the air-coil layout
in Figure 7.4 is rotated by 9@o the left or right together with the air flowrection, the rotation

of the air-coil will have negligible impact on igserformance. Additionally, the general
configuration of the display cabinet air-coils im#ar to the test coil design presented in Figure
4.3. However, the length, width and number of atscmay be modified depending on the size

and load conditions of the display cabinet. The ifiteadion of display cabinet air-coil geometry
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is done in the way shown in Figure 7.4. In otherdgo the length of a display cabinet air-coll
can be increased in x-direction by increasing émgth of the test coil tubes, whereas the width
and number of circuits of a display cabinet air-cdn be increased in the y-direction by
increasing the number of test coils. In this teghbai it is assumed that display cabinet air-coils
consist of two or more test coils connected in [eréor a given length. However, these test
coils are considered as integral part of a singsplaly cabinet air-coil. For example, if the
display cabinet width is increased by two testscwilthe y-direction, then the number of circuits
and rows of tubes of the display cabinet air-call lae double of that of the test coil for a given

length.

In the display cabinet air-coil assembly illustchte Figure 7.4, the average air temperature
leaving the first test coil @lout) Will be considered as the inlet air temperaturthe second test
coil and the average air temperature leaving tlerse test coil (Tour) Will be the inlet air
temperature of the third test coil (&3 and so forth. Besides, the secondary coolast inl
temperature to each circuit is assumed to be exjne¢ the coolant is fed to each circuit by a
common supply manifold. Similarly, the coolant etitemperatures from all display cabinet air-
coil circuits are averaged to represent the otgleperature of the coolant from the air-coil since

the circuits are connected to a common return rm&hif

Unlike other numerical models (in the literatureyveloped for secondary coolant refrigeration
systems, the current model incorporates the coratida of frost characteristics on the air-coils.
Hence, during the development of the frost propeoryrelations (see Chapter 4), the secondary
coolants used in the test coil were only mono-ethglglycol (MEG) and mono-propylene glycol
(MPG) water mixtures. Type of secondary coolantbeatieved to influence the property and
distribution of frost on air coil surfaces. Thenmefpthe choice of the secondary coolants for the
display cabinet air-coils is between these two aoidl (i.e. MEG and MPG), since use of other
secondary coolants require extensive experimentvafidation of the newly developed frost

properly correlations on such fluids.
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Figure7.4 Layout of display cabinet «coil.

Mono-ethylene glycol (MEG) has lower pressure daogd higher heat transfer coefficient (see
Figure 2.2) as discussed in Section 2.4.1. Addilignit has been experimentally demonstrated
in Figure 6.6 that medium-temperature secondarjacbaefrigeration with MEG has better
performance than that with MPG. The only setbadk WEG is its toxicity. It may be harmful

if swallowed. Consequently, MPG has been seleatesimulation as a secondary coolant for
display cabinet air-coils since it does not hagem@ous health risk.

Additionally, MPG has the potential to be combingith Ammonia/CQ cascade refrigeration
system [75]. This concept (GO Glycol cascade system) involves an open casgaiens with
CO; as a refrigerant in direct expansion duty for Zieg refrigeration loads, and ammonia as the
primary refrigerant for high stage duty chillingsacondary coolant which is circulated to the

cool rooms and also used as a medium to condenseT®@® first cost of the Ammonia/Glycol
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systems also proves to be in line with the firgt@d Ammonia/CO2 brine systems [76], while it
has higher life time cost.

7.3.2.Inputs and outputs of the simulated display cabinet air-coils

The inputs of a display cabinet air-coil such asrgetric parameters and air-side and coolant-
side inlet conditions including velocity for bothuils are given in Table 7.1 and 7.2,
respectively. The coolant inlet temperature wassehoto be (=) 15°C, whereas the air inlet
temperature was chosen to be (-)°C.®ased on the best coefficient of performance (C&@P
the MPG tests as reported in both Figure 6.6 anbleT&.2. Furthermore, the operating
conditions of medium-temperature display cabinete similar to the reported test coll
temperatures. Thus, Test # 10 was assumed to esptde operating conditions of the simulated
display cabinets since it had the best COP of gw®rxary coolant system among the MPG
Tests which were extensively discussed in Chaptd@hé length and width of the air-coils were
estimated using the display cabinet models givehable E.1 under Appendix E. However, as
explained earlier, the other geometric parametegs {ube diameter, fin pitch, fin thickness, heat

exchanger construction material, etc.) remain #mesas that of the test coil.

The first estimation of the secondary coolant nféssrate for the display cabinet air-colil is

made by limiting the velocity of the coolant to nyn(vsc=1ms‘1)using Equation 7-1. For

energy saving, a simple rule of thumb is to useg balf of this velocity [77], since the results in
the same reference shows that system performameescare relatively flat around the optimum
value. However, the optimum secondary coolant yglachich should match the display cabinet
air-coil loads is normally less than half of unity.

: nD’
rnsc = psc in [ETJ |:vsc 7-1

Using the first estimation of the coolant velocitye given display cabinet load is equated to the

rate of heat transfer of the secondary coolanhéndisplay cabinet air-coil as shown in Equation
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7-2. The velocity is then parametrically adjustettieased or decreased) until the condition in
Equation 7-2 is satisfactorily met.

Qdisplay, load = mscECpsp in[q Tsc out Tsc )w 7-2

Table 7.1Air-coil geometrical inputs for selected displayoceets (BR33, BR35 and BR36).

Fin thickness [mm] 1 # Circuit in the heat exchanger 14

Tube wall thicknes [mm] 1.24¢ # Tube:in the air flow directio 4

Tube inner diameter [mm] 13.51 # Tubes counted vertically 4

Tube outer diamete [mm] 16 # Tube passes in a circt 2

Fin pitch [m’] 77 Tube roughness 0

Heat exchang length [mm 37%0 Vertical distance between tuk 5C
(centreto-centre [mm]

Total tube length in a circuit 7500 Horizontal distance between tubes 38

[mm] (centreto-centre [mm]

Ratio of total tube length to 555 # Air-coils 5

inner diamete

Construction material of fin and tube Copper

Table 7.2Air- and coolant-side inputs of the display cabiaietcoils.

Display cabinet load [W] 5900
Air inlet dry bulb temperatur€€] -1.0
Air inlet dew point temperaturé] -1.3
Air inlet humidity ratio [g/kg 3.4
Frontal air velocity [ mS] 2.0
Air inlet pressure [kPa] 101
Air-coil-frost interface temperaturé(] -8.8
Secondary coolant type MPG
Coolant concentration by weight ( 52
Coolant inlet temperatur8q] -15.1
Coolant velocity [m 3] 0.31
Defrost period (time required before defrostingtshds] 3840
Electric power input to defrosting elements [W] 040

Finally, the heat input and time span requireddefrosting the frosted display cabinet air-coils

are respectively estimated following Equation 4a24l 4-25 once the correct rate of secondary
coolant mass flowrate is determined. All the regdioutputs of the display cabinet air-coils are

entered in Table 7.3 below.
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Table 7.3 Outputs of display cabinet air-coils.

Average air exit temperature from the entire ait{€] -3.0
Average air outlet dew point temperature from thire air-coil[’C] -3.0
Average air outlet relative humidity from the eatair-coil [%0] 100
Average air outlet humidity ratio from the whole-coil [g/kg] 3.C
Average frost thermal conductivity over the whaitecail [W m™ k] 0.32
Average frost thickness over the whole air-coil [Jnm 4.7
Average frost density over the wle ail-coil [kg m”] 36.5
Average air pressure drop over the whole air-dsl] [ 197
Coolant mass flowratof adisplay cabine air-coil [ kg 7] 0.659:
Secondary coolant exit temperature from the whinleail [°C] -12.5
Total coolant pressure drop in the air-coil tubed manifolds [kPa] 25.0
Average overall heat transfer coefficient of the-coil [W m™ k] 16.C
Average effectiveness of the display cabinet ail{6)] 4.1
Defrosting heat input [kJ] 1907
Time span for defrosting an -coil [s] 1362

7.3.3. Simulation of plate heat exchangers

The calculation procedure of the plate heat exclienguch as the intermediate heat exchanger
and condenser follows the general assumptions emaesice of heat transfer and pressure drop
calculations described under Section 5.3.1and 5t8dtigh 5.3.4, respectively. However, sub-
cooler was not included in the simulation of plagat exchangers since it was not validated for
the reasons given in Section 6.6.7. Before proogssith the detailed calculation, the plate heat
exchangers are first to be selected from Supptlata sheet using types of fluid, flow pattern,
heat load, and inlet temperatures of single phlasdsf condensing or evaporating temperatures
of two phase fluids, mass flowrates, maximum pnessiiop and number of passes of the fluids
for both sides of the heat exchanger. Based o tihgsits, the selected plate heat exchangers are
SWEP B400T and SWEP B500T for intermediate heahaxger and condenser, respectively.
The geometrical parameters of the selected inteateeHeat exchanger and condenser have been
entered in Table 7.4. The fluid-side inputs andréguired outputs of these heat exchangers are
also given in Table 7.5 and 7.6, respectively.
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| Table 7.4 Geometrical inputs of intermediate heahanger and condenser.

Geometrical parameters Intermediate Heat Condenser
Exchanger
(SWEP B400T) (SWEP B500T)
Effective flow length of fluid in the he: 694 97¢
exchanger [mm]
Effective width of the heat exchanger [ir 304 304
Mean plate gap or amplitude [mm] 2 2
Number of plates of the heat exchanger 28 28
Number of refrigerant ports 2 2
Number of secondary coolant/water ports 2 2
Number of channels on the coolant-/water-side 14 14
Number of channels on the refriger-side 13 13
Port inner diameter [mm] 73 100
Number of flow pass in the heat exchanger 1 1
Plate thickness [mm] 0.933 0.719
Plate construction material AIS| 316 AlISI 316

The primary refrigerant selected for the simulatidrihe secondary coolant system is ammonia,

since it is a naturally available refrigerant wgthod thermophysical properties. The performance

of ammonia for high-temperature circuits has bemplg discussed in Chapter 3. Besides, the

risk associated with toxicity and flammability ahenonia could be reduced since it is confined

to the machine room as explained in Section 2.3.

The mass flowrate of the primary refrigerant can dstimated based on the evaporating

temperature, the total loads of the display cabipéis total distribution line heat gain as shown

in Equation 7-3 below.

n
ZQdispIay, load + Qline,supply,total+ Q line return tal
i=1

=" (h,—hy)

Where fg) and () are the enthalpies for saturated vapor and liqdithe refrigerant at the

specified evaporating and condensing temperatuespgectively. The indes)(represents thé"i
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display cabinet load, whereas the variabie represents the total number of similar display

cabinets in a group.

The supply Qline,supply,total) and return line Q"neyremm'm) total rate of heat losses are determined

following Equation 5-155, which has been explicilplained in Section 5.5.1.

Table 7.5 Inputs of fluid conditions for the intexdiate heat exchanger and condenser.

Intermediate Heat Exchange

Heat loal [W] 33000
Ambient pressure [kPa] 101
Refrigerant saturatidevaporatin temperatur [°C] -20.C
Refrigerant degree of superh [K] 5.0
Refrigerant inlet pressure [kPa] 190.1
Refrigerant typ R717
Coolant inlet temperaturéQ] -12.4
Mass flowrate of coola [kg <] 3.29¢
Coolant typ: MPG (52%
Condenser
Heat load [W] 38000
Water inlet temperaturé(] 30
Water exit temperature from the heat exchand@ | 34
Refrigerant inlet temperaturéq] 80
Refrigerant saturation/condensing temperat@ | 35
Refrigerant inlet presst [kPa] 1351.(

The mass flowrate of water in the condenser isradeted by first setting the velocity of the

water to unity(vW=1ms‘1)using Equation 7-4 in order to reduce water presslrop in the

condenser. The next thing to do would be paranalyianalyzing the pressure drop of the water
by decreasing the velocity (below unity) and insieg the number of water-side channels and
applying Equation 5-81 through 5-89 until the poessdrop falls below 15 kPa in order to

minimize the water pump power consumption.
m/v = pw,in [qvw D& |:|Nchannel v) 7_4
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Where @, ;,) is the density of water at the inlet temperature ofewg A, ) is channel cross-

w,in

sectional area and N ) represents the number of channels on the water-sf the

channe| w

condenser.

Table 7.6 Outputs of intermediate heat exchanggicandenser.

Intermediate Heat Exchanger

Mass flowrate of refrigerant [kg'b 0.03005
Refrigerant exit temperatu[°C] -15.0
Total refrigerant pressure drop in the heat excéafida] 0.16
Coolant exit temperatu[°C] -15.2
Total coolant pressure drop in the heat exchi [kPa] 50.C
Average effectiveness of the heat exchanger [%] 61
Condense
Mass flowrate of water [kg'$ 2.271
Refrigerant exit temperature from the heat exche [°C] 35
Total water pressure drop in the heat exchangex][kP 13.0
Average effectiveness of the heat exchanger [%] 90

7.3.4. Simulation of secondary coolant distribution line

The calculation procedure of the main and bransfridution lines of the secondary coolant
refrigeration system follows the general assumgtiamd sequence of heat transfer and pressure
drop calculations described under Section 5.4.1 @B respectively. The diameters of the
distribution lines can be estimated by using mimssrates of the coolant and velocity limitations
in the pipelines. If the coolant velocity is vengl, the pumping power requirement will be very
high, since the pressure drop is directly propogioto the square of velocity as given in
Equation 5-20. Thus, the diameters of the mairridigtion line and each branch connected to

each display cabinet can be calculated by Equatbrand 7-6, respectively.

7-5
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Where(r’nsc) is the coolant mass flowrate in each display calairecoil, (pscyin)is the density of

the coolant at the inlet of the distribution lirend (v,;) is the coolant velocity in the main

distribution line. The indexi) represents the"icoolant mass flowrate in a display cabinet,

whereas the variabl@) represents the total number of similar displayimats in a group.

Table 7.7 Geometrical inputs and outputs of distidn line.

Geometrical Parameter Main Distribution Branch Distribution
Line Line

Geometrical Inputs

Flow length of the coolant pipe [mm] 2x64700 2x12000

(return + supply lines)

Construction material of pipe Copper Copper

Insulation type Indaflex Indaflex
Geometrical Outputs

Internal diameter of coolant pipe [mm] 99.2 50.42

Outer diameter of coolant pipe [m 104.¢ 53.9i

Coolant pipe thickness [mm] 2.794 1.778

Coolant pipe roughness 0 0

Outer diameter of pipe insulation [mm]  155.6 104.8

Coolant pipe insulation thickness [mm] 25 25

Similarly, the diameter of each branch connectimgrhain distribution line and each air-coil of

the display cabinet is given by;

_ m,,
Dorancni = 24 .. 7-6

Insulation is then selected based on the outer etiens) of the main distribution line and the
branch pipes. However, the thickness of the ingria25 mm) has been determined based on
the thickness of the insulation used for the expenial test rig (see Table A.3 in Appendix A).
The geometrical inputs and outputs of the distidsutine and pipe insulation have been given in
Table 7.7. The fluid-side inputs and all the neagssutputs have also been given Table 7.8.
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Table 7.8 Fluid-side inputs and outputs of distiidiu line.

Fluid conditions Main Distribution Branch Distribution
Line Line
Fluid Inputs
Ambient temperaturéC] 20 20
Ambient pressuli [kPa] 101 101
Coolant exit temperatu [°C] -15.1 -15.1
Mass flowrate of coolant [kg'$ 3.295 0.6592
Coolant typ: MPG (52% MPG (52%
Fluid Outputs
Coolant inlet temperatul[°C] -15.2 -15.1
Pressure drop in the distribution line [kPa] 14.0 4.4
(Supply + Return Lines)
Rate of heat gain/loss of distribution line [W]3100 Negligible

(Supply + Return Lines)

7.3.5. Simulation of secondary coolant pump

Simulation of the secondary coolant pump is caroeed using the calculation methods and
assumptions discussed in Section 5.6. The seleofidhe coolant pump is then conducted by
using Spaix Pump Selection Software [78] based sar inputs such as fluid type, minimum

inlet pressure, viscosity, operating temperatue\ariumetric flowrate of the coolant. Using the

Pump Selection Software the most suitable pumpheisecondary coolant (MPG) was found to
be Biral EBZ 45 V/4-108. It is to be reminded thiag¢ provision of correct pump inputs will be

vital for the pump to operate efficiently and act@idong component life.

The volumetric flowrate of the pump can be deteedirby Equation 7-7, whereas the total
pressure of the system is obtained from Equatia6A-
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Applying the pump calculation procedure and thedé&n criteria, the inputs and the outputs of
the selected secondary coolant pump were theneehiteTable 7.9 below.

Table 7.9 Inputs and outputs of secondary coolantp

Pump Inputs
Operating temperatur&Q] -15.1
Minimum inlet pressure [kPa] 10.4
Volumetric flowrate of coolant [fs] 0.00311
Total pump pressure (including inlet pressure) [kPa 104212
Coolantkinematicviscosity [nm’ s] 59
Coolant type MPG (52%)
Pump Outputs
Pump efficiency [%] 31
Theoretical pump power consumption [W] 324
Actual pump power consumption | 110C

Table 7.10 Inputs and outputs of compressor.

Compressor Inputs

Cooling (evaporating) capacity [W] 33000
Refrigerant inlet temperatt [°C] -15.C
Refrigerant inlet pressure [kPa] 190
Refrigeran outlet pressuv/condensing pressure [ki 1351
Refrigerant masflowrate [kg '] 0.0300!
Refrigerant type R717
CompressorOutputs
Refrigerant outlet temperaturé&d] 80
Compressor power consumption | 1574«
Oil cooler load [W] 10630

7.3.6. Simulation of compressor

The general assumptions and calculation procedutigeaefrigerant compressor are carried out
following Section 5.7.1 and 5.7.2, respectivelyeTdelection of the compressor is conducted
using Bitzer Software [79] based on user inputhsag refrigerant type, cooling (evaporating)
capacity of the intermediate heat exchanger, niassdte, degree of superheat, evaporating and
condensing temperatures of the refrigerant. Oneeafipropriate compressor (in this case it was
found to be Model OSNA5351-K) is selected using tflerementioned parameters, the
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discharge temperature of the compressor is catulifallowing Equation 5-161. The inputs and
outputs of the compressor are given in Table 7.10.

7.3.7.Simulation of expansion valve

The general assumptions and calculation procedutleeothermostatic expansion valve follow
Section 5.8. The selection of the expansion vadveoinducted based on refrigerant type, rated
capacity, evaporating temperature range and peesswop across the valve. Following the
selection of an appropriate thermostatic valve. (Banfoss TEA 20-12 has been selected in this
exercise), the outlet enthalpy and quality of te&igerant are calculated using Equation 5-162
and 5-163, respectively. The inputs and outputhefexpansion valve are given in Table 7.11
below.

Table 7.11 Inputs and outputs of thermostatic esjparvalve.

Thermostatic Expansion Valve | nputs

Rated capacity [W] 33000
Refrigerant mass flowra [kg '] 0.0300!
Refrigerant inlet temperaturé(] 35
Refrigerant outlet temperature/evaporating tempeediC] -20
Refrigerant inlet pressure/condensing pressure] [kPa 1351
Refrigerant outlet pressure/evaporating pressura]k 190
Refrigerant inlet enthalpy [kJ 7]
Refrigeranttype R717
Thermostatic Expansion Valve Outputs
Pressure drop across the valve [kPa] 1161
Refrigerant outlet enthalpy [kJ Rjy 366
Refrigerant outle quality 0.1¢

7.3.8.Simulation of overall secondary coolant refrigeration system

As previously discussed in Section 5.9, the ovesglitem model comprises a collection of
system components. Hence, some of the outputse@ftomponent are considered as inputs to
the next component which is connected to it ineserThe coefficient of performance (COP) of
the overall system is evaluated using Equation &-hich combines all system components.
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However, this equation is modified to account fdlr casplay cabinet loads and the actual
secondary coolant pump power consumption as shoviigquation 7-8 below. The inputs and
outputs of this equation can be obtained from T&ul2.

Z Qdisplay, load 7-8
CoP=—
W

+
com SG pump elec

It is worth mentioning once again that the energgstimptions of the water-loop components
(see Figure 7.2) were not considered in the caionlaf system COP, since it was assumed that
the heat absorbed by the water could be used fatingeapplications thereby offsetting these
energy consumptions. This assumption as such lesexglained under Section 6.5.2 during the
discussion of the experimental results. Some fogslifrom literature [80] also confirm that
supermarket medium-temperature secondary cooléigemtion systems in Canada, which use
MPG/water mixtures as a secondary coolant, havereeavery systems in order to utilize the
heat rejection from condensers for heating appdinat

Table 7.12 Inputs and outputs of the overall seaondoolant refrigeration system.

Inputs
Total load of display cabine [W] 2950(
Compressor power consumption [W] 15744
Secondary coolarpump power consumption [\ 110C
Outputs
System CO 1.7¢

7.4.Summary of the application of secondary coolant model for supermarkets

The application of the medium-temperature secondapjant refrigeration system model has
been summarized to be used as a guideline to dasigsystem, select system components and
evaluate the secondary coolant refrigeration systersupermarkets as listed below.

» Select refrigerant type for the refrigerant circuit
» Set evaporating and condensing temperatures fointeemediate heat exchanger and

condenser, respectively.
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» Estimate intermediate heat exchanger capacity bas@d coil load.

» Select compressor type based on intermediate kehtaieger capacity, refrigerant type,
degree of superheat, evaporating and condensingetatares of the refrigerant.

» Select expansion valve based on intermediate hehtager capacity, refrigerant type,
evaporating and condensing temperatures of thigeednt.

» Select coolant type (e.g. Monopropylene glycol andethylene glycol/water mixture)
and its concentration based on the required apjplicale.g. medium-temperature
refrigeration).

» Estimate air-coil load, air and coolant inlet temgtares and flowrates.

» Specify air-coil size and geometry (similar in agafation with the test coil) based on
the required air outlet temperature, capacity &oldiced coolant pressure drop.

» Calculate sizes and types of connecting lines hteae reduced heat and pressure losses.

* Select coolant pump based on coolant type, coolads flowrate and pressure loss of
the coolant in heat exchangers and pipe lines.

* Use secondary coolant component models to calc@ateoil outlet conditions and
capacity, secondary coolant pressure drops anorgo f

» Combine air-coil capacity, compressor and secondagjant pump power consumptions
to evaluate system performance (COP).

« Repeat the procedure to design another medium-t@atoype secondary coolant
refrigeration system for a supermarket based derdifiit secondary coolant, refrigerant

or operating conditions of the store.

In conclusion, the application of the numerical miscdf secondary coolant refrigeration system
components and the overall refrigeration systenetmen explicitly demonstrated to retrofit an
existing medium-temperature direct expansion refagon system or completely design a new
medium-temperature secondary coolant refrigeradgistem. A step-by-step system design and
component selection was also carried out in thegptdr. Particularly, defrost period, defrosting
heat input and the time span required to compledelyost the display cabinet air-coils have
been accurately determined which can potentialad 160 energy savings and prevention of

product deterioration. However, only Monopropylearel Monoethylene glycol/water mixtures
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should be employed as secondary coolants in theseéelm since the new frost property
correlations were developed based on the aforeamadti secondary coolants. If other types of
secondary coolants are used, the air-coil modeltemay not be reliable.

7.5.Economic benefits of the new secondary coolant system model

The current computer model of medium-temperaturgpesuarket secondary coolant
refrigeration systems can serve to select and ai@mwystem components based on primary
refrigerant types, secondary coolant types, simglipiping network and construction material.
Appropriate material selection and simplified setamy coolant system design can in turn bring
about economic benefits in the supermarket refaigen industry. For instance, the primary
refrigerant loop in Figure 7.2 can be confined tsnaall plant room resulting in a reduced
refrigerant charge due to a reduced length of thegpy refrigerant piping network. Oil return
pipes to the compressors are also automaticalyimdited. Hence, the reduction of refrigerant
charge, interconnecting pipes and installatiorhan primary loop results in cost savings for the
industry. Unlike the primary refrigerant loop, thiping material for the secondary coolant loop
can be selected to be plastic thereby eliminatiegnecessity of having copper pipes resulting in

additional cost savings.

According to the study carried out by Van [81], testimated added cost estimates of the
supermarket secondary coolant refrigeration systeere up to 40%. However, if the current
model is used to design, select components andatgpsecondary coolant systems properly,
there may not be added costs to the systems. Addity, energy savings can potentially be
achieved by determining the right amount of heatessary to defrost medium-temperature
display cabinet air-coils in supermarkets. For gxdamconsider a medium-temperature display
cabinet air-coil with a 5.9 kW load operating at @in discharge temperature of (-JC3and
having defrosting heating elements of 0.6 kW cagadihe other inputs and outputs of the
display cabinet considered for this example aresrgiin Tables 7.1 through 7.3. The frost
thickness calculated using the new frost thickrnemselation (see Equation 4-16) will be 4.7
mm. Assume this frost thickness (4.7 mm), basediroispacing of the air-coil, is the right
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amount to initiate defrosting the air-coil. Thelme tright amount of heat input required to defrost
the air-coil will be 1948 kJ, which is calculatesing Equation 4-24. Hence, the time required to
defrost the air-coil (see Equation 4-25) will be rathutes leading to an energy consumption of
0.54 kWh for defrosting. However, if the heat inpautdefrost the air-coil is set to be 4000 kJ for
the same operating conditions, due to lack of @@ranechanism to determine the right amount
of heat, then the energy consumption will be 1.M/hkresulting in an added energy

consumption of 0.57 kWh. The duration of defrostimguld also be increased to 111 minutes

from 54 minutes, which is a significant increase.

To have a bigger picture of the potential energyngps, consider a supermarket which has 100
display cabinets similar to the one discussed ab®kie total amount of the additional energy
consumed for defrosting the air-coils with 4000 defrost heat input (instead of the correct
amount of heat input, 1948 kJ) will be 57 kWh pefrdst period. If the number of defrost
periods per day is 8, then the total amount ofatheitional energy consumed will be 456 kWh
per day. This is the contribution of the newly deped frost property correlations, which has a
significant economic benefit for medium-temperatuseipermarket secondary coolant

refrigeration systems in addition to proper sizamgl selection of system components.

Nevertheless, additional research is required plyajhe frost correlations to real supermarkets
and use the model for component sizing, selectimhta make cost estimates based on actual
prices of the selected components. This can be dgrabtaining quotes of system components
and installation work from various suppliers andtallation contractors (once the selection of
components is completed based on the present sagoodolant model). The recommended
research should, of course, eliminate the unnegesa&conception that secondary coolant
supermarket refrigeration systems are more expensisan traditional ones, and thereby
encourage supermarket owners to adopt secondatgntosupermarket refrigeration systems

around the world.

Additionally, many areas of improvements which reguurther study in secondary coolant
refrigeration systems including cost estimates lmen extensively discussed in Chapter 8.
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CHAPTER 8.

Conclusions and Recommendations

8.1.Conclusions

The following sections discuss about the conclusmithis project on a thermodynamic analysis
of a cascade refrigeration system, newly develofpest property correlations, the medium-
temperature secondary coolant refrigeration systeodel and the use of this model for
supermarket applications.

8.1.1. Thermodynamic analysis of a cascade refrigeration system

A thermodynamic analysis of a cascade refrigeragigstem, operating at (—) %D (evaporating)
and 40C (condensing) temperatures was presented in thigqd. The results of the analysis
demonstrated that CQR was highest for ethanol followed by R717 and lavies R404A for
the same conditions. The project also revealed higttest mass flow rate of R404A was
required as compared to R717 in the high-tempezattircuit of the cascade system.
Furthermore, the parametric analyses of the optinuascade evaporating ddseopp) and
condensing (&asc.opp) temperatures, the associated maximum overall COBRyax) and

optimum mass flow ratigm, \m, ),.; Of the carbon dioxide-ammonia (R744-R717) cascade

refrigeration system led to the following concluso

* Anincrease of superheat increased mass flow batioeduced COP of the system.

* Anincrease in sub-cooling increased both COP amskrflow ratio.

* An increase in condensing temperature resulted de@ease in COP and an increase in
refrigerant mass flow ratios. An increase in evafing temperature increased COP of the
system and decreased mass flow ratios. An increasemperature difference in cascade

condenser reduced both COP and mass flow ratios.

* An increase in isentropic efficiency of compressacseased COP linearly.
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» Four new empirical correlations have been develdpat could be useful to refrigeration
engineers for setting optimum thermodynamic paramsebf a carbon dioxide-ammonia
(R744-R717) cascade system.

8.1.2. New frost property correlations for flat-finned tube air coils

This project introduced four new empirical frosbperty correlations that were developed on a
lab-scale flat-finned-tube heat exchanger. These cwrelations could reasonably predict frost
properties on actual heat exchangers. The expetaiheesults showed that the frost thickness
on the fin could be either greater than or equabwer than the frost thickness on the tubes
depending on the fin position for frost-fin anddtdube interface temperature difference ranging
from 0.5C to 0.9C. The possible reasons for this were the geonadtsyrfaces, the position of
fins and tubes, and air flow pattern on the tedt @hese factors could have played significant
role in the distribution of frost on the entire héiansfer surface area of the test coil than the
difference between the frost-fin and the frost-titderface temperature. In general, the newly
developed frost property correlations, which wesemulated based on the average frost-coil
interface temperature (the arithmetic mean of ffimstand frost-tube interface temperatures),
could be useful for refrigeration engineers to lgasstimate the time interval between defrost
cycles, the heat input and time span required &frodting frosted heat exchangers. Energy
savings can potentially be achieved in the refdagen industry if the frost correlations are
gainfully applied within the experimental operaticggimes during the design phase and the
operation of the refrigeration systems.

8.1.3. New numerical model for medium-temperature secondary coolant
refrigeration system

A medium-temperature secondary coolant refrigemasgstem model has been developed to
include the most appropriate heat transfer, massfer and pressure drop correlations obtained
from the open literature. The system componentd @ag air-coil, plate heat exchangers,

distribution lines, coolant pump, compressor artieamostatic expansion valve were modeled
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independently so that a refrigeration engineer esgaluate the design parameters of each
component for better design and selection of coraptmbased on various secondary coolants
and refrigerants. It is worth emphasizing here tiet fundamental differences between the
existing models and the current one are the airrcodel incorporated the newly developed frost
correlations for medium-temperature applicationsldifionally, complete individual models
were developed for plate heat exchangers suchtasnediate heat exchanger, condenser and
sub-cooler based on their applications. Each compiomodel was in turn linked to form a
complete overall secondary coolant refrigeratiostesyn model to enable a refrigeration engineer
to evaluate the coefficient of performance (COPhefsystem in total for further improvements.
The model results were validated against the measemts taken from a lab-scale secondary
coolant test rig located in the Thermodynamic Labmy, the University of Auckland, New

Zealand.

The predicted results of the component and overatium-temperature numerical models
showed the following agreements with the measuré&mesults: -

» The air outlet temperature has been predicted éwithcoil model within = 25% for 70%
of the data. The coolant outlet temperature has peedicted within £ 3% for 100% of
the data with the highest degree of accuracy, vasetiee predicted effectiveness of the
air-coil deviated from the actual effectivenesstifyo for 70% of the data.

* The predicted coolant outlet temperatures of therinediate heat exchanger of the
secondary coolant system have agreements with¢hsured coolant outlet temperatures
within £ 10% for 90% of the data.

* The predicted water outlet temperatures of the enser in the secondary coolant system
have agreements with the measured water outletaimpes within + 3% for 100% of
the data.

» The predicted coolant outlet temperatures of thgplsuline of the secondary coolant
circuit have agreements with the measured coolatiétotemperatures within + 6% for
90% of the data.
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* The predicted coolant pump power consumption haseagent with the measured
coolant pump power consumption within + 30% for 76fthe data.

» The predicted compressor outlet temperature hadod ggreement with the measured
compressor outlet temperature within + 6% for 108f%he data.

* The predicted COP of the system has agreement thattsystem COP obtained using

measurements within + 21% for 100% of the data.

Additionally, the experimental results on the meditemperature secondary coolant system
revealed that the highest discrepancy in rate at b@ansfer was observed between R22 and
Mono-propylene glycol (MPG), which ranged from 29% to (+) 29%, whereas discrepancy in
rate of heat transfer between R22 and Mono-ethyigyem| (MEG) ranged from (-) 23% to (+)
14%. In the condenser, the highest discrepancytm of heat transfer between the refrigerant
and cooling water was also observed for MPG tedtglwranged from (-) 10% to (+) 24%,
whereas for MEG tests the discrepancy ranged frprh6% to (+) 17%. Similarly, the highest
discrepancy in the rate of heat transfer betweenaih and coolant in the test coil was again
observed for MPG tests which ranged from (-) 5%(+tp 45%, whereas for MEG tests the
discrepancy ranged from (-) 37% to (+) 33%. In gahdhe aforementioned discrepancies in
rate of heat transfers depend upon inaccuracidgimeasurement sensors, heat gain/loss of the
heat exchangers from/to the surrounding, especiligl characteristics, and the combination of

these conditions.

The tests result also showed that the highestrayS®P was observed for MEG tests. The main
reasons for achieving the highest COP could bébattible to the combination of 1) highest

evaporating temperature and lower condensing teatyrer, which led to lower compressor

power consumption; 2) coolant type (MEG) havingdrethermophysical and transport property
for higher coolant temperature, which led to higiheat transfer coefficient; and 3) the frontal air
velocity being higher at higher air inlet temperatuhereby increasing the capacity of the
system. Besides, the lowest system COP was obtaineéPG tests, the main reasons being the
combination of 1) lower evaporating temperature higthest condensing temperature, which led

to the highest compressor power consumption; 2)lacbotype (MPG) having poor
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thermophysical and transport property at the speti€oolant temperature, which led to lower
heat transfer coefficient; and 3) the frontal a&loeity being lower at the given air inlet
temperature thereby decreasing the capacity cdytsiem.

To conclude, the agreements between the modelgpeddand the measurement results were
within acceptable limits considering all measuretmeonstraints, as amply demonstrated, and
the selection process of appropriate heat trarsfel pressure loss coefficients. Hence, the
numerical models are very useful and could be usatesign, select components and evaluate
medium-temperature secondary coolant refrigerasystems for supermarkets as further
explained in Section 8.1.4 below.

8.1.4. Application of secondary coolant model for supermarket refrigeration systems

The application of the newly developed numericaldels of medium-temperature secondary
coolant refrigeration system components and theadlveefrigeration system could be used to
retrofit an existing medium-temperature direct exga@n refrigeration system or completely
design a new medium-temperature secondary cocddnigearation system. An exercise of step-
by-step system design and component selectionhaasughly carried out in this project. It was
also demonstrated that defrost period, defroste®t Imput and the time span required to fully
defrost the display cabinet air-coils have beenumately determined which could lead to
potential energy savings and prevention of prodietérioration. However, presently the author
suggests the use of only Monopropylene and Mondtetbyglycol/water mixtures as secondary
coolants in these models since the new frost ptpperrelations were developed based on these
secondary coolants. It is believed that frost attarsstics and distribution may be affected by
the types of secondary coolants used in the als-cbinlike the experimental results which
showed that COP of the Monopropylene glycol/wataselll medium-temperature secondary
coolant refrigeration system was 1.33, the simdlagsults on a typical supermarket showed that
COP of the system could be as high as 1.75.
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8.2.Recommendations for future research works

The following sections discuss the author’'s recomaagions for future extensive investigation

in relation to cascade refrigeration systems, in@neent in frost correlations and medium-

temperature secondary coolant refrigeration systems

8.2.1. Cascade refrigeration system

The following additional works are recommended &ascade refrigeration systems having

evaporating temperatures as low as (-JC5(and condensing temperatures as high &€ 40

temperatures.

Experimental investigation on the performance ghkiemperature circuit of a cascade
refrigeration system using ammonia (R717), prog&#90), propylene (R1270), ethanol
and R404A in combination with carbon dioxide (R7#4#}he low-temperature circuit of

the refrigeration system.

Experimental investigation on the performance stede condensers using several types
of heat exchangers such as plate, shell-and-plaghall-and-tube heat exchangers to
couple the low-and high-temperature circuits. Thisrdimited research work on heat
transfer coefficients of refrigerants in cascadedemsers. It is hence imperative to
develop a representative correlation for heat feansoefficient of various natural

refrigerants.

There is no research work to date on frost propediyelations developed on actual
evaporators for two-phase flow conditions. Henceyetbpment of frost property
correlations is of vital importance to make casciadegeration systems energy-efficient.

Development of a robust numerical model which canves a refrigeration engineer as a
guide to evaluate the performance of cascade esétigpn systems for better design and
selection of components. These models should bmlatatl against measurements

collected from lab-scale test rigs or supermarkedt@ishments.
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* Application of the new thermodynamic correlations teal supermarket cascade
refrigeration systems to realize the energy savipgtential of the optimum

thermodynamic parameters to be calculated usingdghelations.

* Conducting a separate study to warrant conceptogliand evaluate all the related
matters such as social, environmental and econbermefits of the cascade supermarket

refrigeration systems.

8.2.2. Improvement in frost property correlations for flat-finned tube air coils

The present frost property correlations for medigmperature secondary coolant air-coils can
be highly improved if the following gaps in resdasre further investigated.

» Distribution of frost on fins relative to tubes asfunction of frost-surface interface
temperatures.

» The effect of air-coil geometry such as fin spacifig thickness, tube diameter, air coil
dimensions (height, width and depth) including tbenstruction material on frost
property characteristics and distribution.

* The effect of air flow pattern on frost propertyachcteristics and distribution on the air
coil surfaces.

 The effect of secondary coolant characteristicsfrost property characteristics and
distribution on the air coil surfaces.

* Thermal boundary layers and the three-dimensioraisport phenomena (radial) as
compared to the two-dimensional effects (thickrnesd parallel follow) in the flat fin
geometry.

» The effect of thermal radiation on frost properharacteristics and distribution on the
air coil surfaces.

* The effect of frost minimizing coatings of air-ci(which possibly slow down frost

formation) on frost property characteristics angtribution on the air coil surfaces.
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8.2.3. Improvements in medium-temperature secondary coolant refrigeration

systems

The performance of the medium-temperature secondaoiant refrigeration systems may be

further improved if the following areas are thorblyginvestigated.

* Pressure drops of different circulating secondaglants in distribution lines. This could
be achieved by measuring pressures using highsmadiransmitters at various points of
the system at the prevailing temperature. It iseaoted that, under the current project,
the total pressure drop in the secondary coolastesy was calculated based on loss
coefficients in fittings and manifolds developedhgswvater but not secondary coolants.

* Refrigerant pressure drops in sub-cooler, condeardrintermediate heat exchangers
(brazed plate heat exchangers). The pressure ttéasnunder the current project were
unable to precisely measure the pressure dropssatiiese plate heat exchangers. Hence,
high precision transmitters will be mandatory ifyaature investigation on refrigerant

pressure drops is to be carried out.

* There is limited research work on heat transfefffmoents of refrigerant in intermediate
heat exchangers, especially, in brazed plate hedtaagers. It is required to develop a

representative correlation for heat transfer comdfits of various refrigerants.

* The performance of natural refrigerants both in phienary and secondary circuits of

secondary coolant systems should be experimermaistigated.

* A lot of work to needs be done on the reconfigoratair coil geometry such as fin
spacing, fin thickness, tube diameter, air-coil elisions (height, width and depth)
including the construction material in order to @nte the effectiveness of the heat
exchanger. It is worth noting that the averageo#ifeness of the test coil under the
current project was only 6%, whereas it was onlydfor the simulated display cabinet
air-coll.

» Additional research is needed to apply the frostretations on real supermarket
secondary coolant display cabinets operating atumetemperature in order to analyse

the energy saving potential of the newly develofpest property correlations.
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» Finally, extensive research work is necessary st estimates of a typical supermarket
secondary coolant refrigeration system based ortegusom various suppliers and

installation contractors through applying the pn¢smodel for design and selection of

system components.
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Appendix A

Appendix A

Table A.1 Schedule of secondary coolant system coemts.

. WATER-LOOP
COMPONENT MODEL SPECIFICATION
Water pum PEDROLLO PKM70/: Flow = £-50 I/min; Head = 6-18 m; Power = 0.6 k\

Water coole NQAC40C Flow = 1510 I/sec; Power (two fans) = 2*1.3*23698W\
Watercooled B25 SWEFCompact braze | Number of plates (NP) =

condenser heat exchanger d*w*h = 51 mm*117 mm*479 mm

Suk-coolel B8 SWEPCompact braze | Number of plates (NP) =

heat exchanger

d*w*h = 31 mm*72 mm*278 mm

Brine drain sum

Custom mad

Volume = Fw*h = 059 m*0.42 m*0.3 m

II. PRIMARY-LOOP

COMPONENT

MODEL

SPECIFICATION

Intermediate hee

B25 SWEP Compact braz

Number of plates (stainless steel)6

exchanger heat exchanger d*w*h = 42 mm*117 mm*479 mm

Accumulato Virginia VA54-7SRC

Compress( ZR46Z-TFD-23C Copelanc | Displacement volume= 63 ¢/rev; power = 2.66 k\
Scroll type

Receive N/A Capacity = 7 k

Filter Castel 4016/

Sight glas Danfoss SGI 1

Thermostatic Flica TMVX R22 (+15-45°C)

expansion valve

Manual needl Y" BSPT connectior

valve

1. SECONDARY-LOOP

COMPONENT MODEL SPECIFICATION

Brine pumy DAB KPS 30/16 Flowrate =0.-2.1 n“/h; Head = 32.5 5 m; Power = 0.
kw

Test coi Custom mad Size = d*w*h = 0.076 m*0.4027 m*0.274

Pre-coolel Custom mad Size = d*w*h = 0.260 m*0.740 m*0.2{m

Water drain surr Custom mad Volume = IFw*h = 0.4 m*0.1 m*0.4 r
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Appendix A

Table A.2 Schedule of pipes and bends for secormarlant system test rig.

. WATER-LOOP
TYPE SPECIFICATION REMARK
Copper pip OD =19mm; Length =1.3r | Between cooler and drain su
Rubber hos ID = 25.4mm; Length =0.4 | Between sump and pun
Rubber hos OD =25.4mm; Length =1.8 | Between pump and s-coolel
Rubber hos OD =25.4mm; Length =0.3 | Between su-cooler and condens
Il. PRIMARY-LOOP
Liquid line
Copper pip OD =10mm; Length = 1.5 | Between condenser and -coolel
Stainless steel pij | OD = 6.6mm; Length = 0.4 | Between su-cooler and expansion va
Bends (9°) OD =10mn Ten bend
Suction line
Copper pip OD =19mm; Length = 1.0 | Between Itermediate heat exchanger and comprt
Copper pip OD =19mm; Length =0.45 | Between expansion valve and intermediate heat ageh
Bends (9°) OD =19mn Six bend
[ll. SECONDARY-LOOP
Copper pip OD =19mm; Length = 2.0 | Between intermediate heat excger and test cc
Copper pip OD =19mm; Length = 1.2 | Between test coil and f-coolel
Copper pip OD =19mm; Length = 2.0 | Between pr-cooler and drain sun
Copper pip OD =16mm; Length = 1.3 | Between drain sump and intermediate heat exchi
Bends (9C) OD =19 mn Six bend

Table A.3 Schedule of pipe and duct insulationsfecondary coolant system test rig.

. PRIMARY -LOOP

TYPE | SPECIFICATION | REMARK

Liquid line

No insulatior |

Suction line

Indaflex 3/4"x1"; Length=1.0 n Between Intermediate heat exchanger and comp

(k=0.036W/mK)

Indaflex 3/4"x1"; Length =0.45r Between expansion valve and intermediate heat ageh
II. SECONDARY-LOOP

Indaflex 3/4"x1"; Length=2.0r Between intermediate heat exchanged test coi

Indaflex 3/4"x1"; Length = 1.2r Between test coil and f-coolel

Indaflex 3/4"x1"; Length=2.0r Between pr-cooler and drain sun

Indaflex 3/4"x5/8"; Length = 1.3 r Between drain sump and intermediate heat exch:
. DUCT INSULATION

Thermobrea Thickness = 1" (25mn

(k=0.032W/mK)
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Appendix A

Table A.4 Detailed geometrical parameters andtoocton materials of plate heat exchangers.

Geometrical parameters Condense Intermediate heat exchange Sub-cooler
(B25 SWEP) (B25 SWEP) (B8 SWEP)
Flow length [mm 47¢ 47¢ 27¢
Width [mm] 117 117 72
Channel size, a [mr 2 2 2
Channel pitch, p [mn 8 8 2
Plate thickness [mr 0.€ 1 1.3
Total number of platt 20 16 12
Port diameter [mn 24 24 16
Number of ports per flu 2 2 2
Refrigeran-side number of channe 9 7 5
counted along the depth of the PHX
Water/coolar-side number of channe 1C 8 6
counted along the depth of the PHX
Plate construction material
Parts in contact with flui AlISI 316 AlIS| 31€ AISI 31€
Parts not in contact with flu AlS| 304 AlS| 304 AlS| 304
Connection materi AlISI 31€ AIS| 31€ AIS| 31€
Brazing materie Pure coppe Pure coppe Pure coppe
C
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Appendix B

Table B.1 Schedule of temperature sensors forddost coil fins and air stream.

Test coll fin surface temperature

Sensor label | Sensortype Position of sensor on frosted test co | Polynomial expression for true
on test caoil fin surface temperature of the sensor
FinTemp[1 T-type Left fin trailing edge at the bottom T, e = 0.9760T, 4 areg— 0-018-
thermocouple | the air flow direction rue ndicate
FinTemp[2 T-type Middle fin trailing edge at the botto Tpe = 0.99990T 4 aeq* 0.151
' . . . . true ' ndicated ' '
thermocouple | in the air flow direction
FinTemp[3 T-type Right fin trailing edge at the bottom | 1 -1 101471
' . . . true indicated .
thermocouple | the air flow direction
FinTemp[4 T-type Right fin leading edge at the bottom | 1 -1 000807, jicareq+ 0-168
' . . . true ' ndicated '
thermocouple | the air flow direction
FinTemp[5 T-type Middle fin leading edgat the botton | T = 1.00090T, g+ 0.168
thermocouple | in the air flow direction e ndicate
FinTemp[6 T-type Left fin leading edge at the bottom T, = 1.00070T, + 0.150°
' . . . true ' ndicated '
thermocouple | the air flow direction
FinTemp[7 T-type Left fin trailing edge at the mide in T,ye = 1.00040T, 4 aeq* 0.146
' . ; : true ' ndicated '
thermocouple | the air flow direction
FinTemp[8 T-type Middle fin trailing edge at the middle | 1 = 1.00140T, oo+ 0.162
thermocouple | the air flow direction e ndicate
FinTemp[9 T-type Right fin trailing edge atthe middle | 1 -1 001607, ycareq + 0-160
' . . . true ' ndicated '
thermocouple | the air flow direction
FinTemp[10 | T-type Right fin leading edge at the middle | 1 = 1.001 70T, yicnieq*+ 0.167
thermocouple | the air flow direction e ndicate
FinTemp[11l | T-type Middle fin leading edge atthe midc | 1 = 1.00207, yioneq+ 0-165°
thermocoupl in the air flowdirectior rue nieate
FinTemp[12 | T-type Left fin leading edge at the middle T ye = 0.99850T, ycaieq+ 0-150
thermocouple | the air flow direction e neleate
FinTemp[13 | T-type Left fin trailing edge at the top in tt Tyue = 1.00040T, yicareq + 0-134
thermocouple | air flow direction e neleate
FinTemp[14 | T-type Middle fin trailing edge atthetopintt| T+ - 0.99930T gicateq + 0-135
thermocouple | air flow direction e ndicate
FinTemp[15] | T-type Right fin trailing edge at the top in the T ye = 0.99960T, yionioq+ 0.140
thermocouple | air flow direction e neleate
FinTemp[16 | T-type Right fin leading edge atthe top int | 1 = 0.99920T i nieq* 0-15¢
thermocouple | air flow direction rue ndicate
FinTemp[1l7 | T-type Middle fin leading edge at the top Tyue = 0.99880T, yicatea ™ 0-128
thermocouple | the air flow direction e ndicate
FinTemp[18 | T-type Left fin leading edge at the top in t e = 0.99990T, 4 aieq ™ 0.132
thermocouple | air flow direction e neleate
Air temperature sensors
FinTemp[21 | T-type Test coil air inlet temperat. T =1.0058T. .. _,— 0.068
thermocouple true ];dlcated
FinTemp[22 | T-type Test coil air outlet temperatt Tye = 1.00530T, i areg~ 0-082!

thermocouple
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Appendix B

Table B.2 Schedule of temperature sensors forddotst coil tubes.

TubeTemp[l] | T-type Left of bottom tube, row-2, in the air Tyue = 1.02400T i cuteq— 0.164
thermocouple | flow direction

TubeTemp[2] | T-type Middle of bottom tube, row-2, in the al T e = 1.0070T, yiaeg~ 0.132
thermocouple | flow direction

TubeTemp[3] | T-type Right of bottom tube, row-2, in the air Tye = 1.00530T yareg = 0-150°
thermocouple | flow direction

TubeTemp[4] | T-type Right of bottom tube, row-1, in the air T, ye = 0.99860T, jicuioq— 0.028
thermocouple | flow direction

TubeTemp[5] | T-type Middle of bottom tube, row-1, in the al T e = 1.00770T yareq~ 0-101
thermocouple | flow direction

TubeTemp[6] | T-type Left of bottom tube, row-1, in the air Tye = 1.00540T, i orog— 0-147!
thermocouple | flow direction

TubeTemp[7] | T-type Left of middle tube, row-2, in the air T, = 1.00490T, i oq— 0.14¢
thermocouple | flow direction

TubeTemp[8] | T-type Middle of middle tube, row-2, in the air T, e = 1.00440T 4 oq— 0.140
thermocouple | flow direction

TubeTemp[9] | T-type Right of middle tube, row-2, in the air Tye = 1.00530T i aieg~ 0-133!
thermocouple | flow direction

TubeTemp[10]| T-type Right of middle tube, row-1, in the air T, ye = 0.99860T, jicuioq— 0.028
thermocouple | flow direction

TubeTemp[11 | T-type Middle of middle tube, ro-1, in the ai T, e = 1.00600T, ycreq— 0-119:
thermocouple | flow direction

TubeTemp[12]| T-type Left of middle tube, row-1, in the air T ye = 1.00650T, g~ 0.095°
thermocouple | flow direction

TubeTemp[1Z | T-type Left of top tube, ro\-2, in the air flow T, e = 1.00460T ineq~ 0-160¢
thermocouple | direction

TubeTemp[14]| T-type Middle of top tube, row-2, in the air T,ue = 1.00420T, g~ 0.156!
thermocouple | flow direction

TubeTemp[15 | T-type Right of top tube, ro-2, in the air flow Tue = 1.0040T, yicaieq— 0.145
thermocouple | direction

TubeTemp[16]| T-type Right of top tube, row-1, in the air flow Tue = 0.9986007, jicaeq— 0.028
thermocouple | direction

TubeTemp[17]| T-type Middle of top tube, row-1, in the air T,ue = 1.00390T g~ 0.125:
thermocouple | flow direction

TubeTemp[18]| T-type Left of top tube, row-1, in the air flow T, = 1.00440T, jiaieq— 0-113

thermocouple

direction
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Table B.3 Schedule of secondary coolant systemeeatyre and pressure sensors.

Temperature sensors

Sensor label | Sensor type Position of sensor in the secondary Polynomial expression for true

on test rig coolant system temperature of the sensor

RTD[1] RTD Coolant temperature at intermediate heat T,ue = 0.99860T icaieq— 0.028
exchanger inlet

RTD[2] RTD Coolant temperature at intermediate heat T, e = 0.99900T yinieg— 0.019¢
exchanger outlet

RTD[3] RTD Condenser water inlet temperature T,pe = 1.00107, yoioqt 0.046:

RTD[4] RTD Condenser water outlet temperature Tyue = 0.99720T yiareqt 0.012:

RTD[5] RTD Sub-cooler water inlet temperature Tyue = 0.99710T i uieqt 0.065.

RTD[6] RTD Sub-cooler water outlet temperature T, pe = 0.99650T yaieqt 0.082°

T[7] K-type Sub-cooler refrigerant outlet temperature Tyue = 1.01620T g~ 0.297

us " 1 b
thermocouple
RTD[8] RTD Expansion valve refrigerant inlet T, e = 0.995407T, 4 ioqt 0.066:
y . i .066:

temperature

RTD[9] RTD Refrlgerant.temperature at intermed aeat T = 0.99830T yicareg™ 0.0:
exchanger inlet

RTD[10] RTD Refrigerant temperature at intermed et Tue = 0.99810T aioqt 0.018
exchanger outlet

RTD[11] RTD Refrigerant temperature at compressiati Type = 0.99920T 4 aieg— 0.025°

RTD[12] RTD Refrigerant temperature at compressiied Tue = 0.99870T, yicaeq™ 0.014

RTD[13] RTD Refrigerant temperature at condenslet in Tue = 0.99750T yiareqt 0-051:

RTD[14] RTD Refrigerant temperature at condenséebu e = 0.991 70T, yicareg — 00121

RTDI[15] RTD Refrigerant temperature at sub-coadeti T = 0.99170T, yioareg — 0-012¢

FinTemp[19] | T-type Coolant temperature at test coil inlet Type = 1.00770T yicateq — 0.019:

thermocouple
FinTemp[20] | T-type Coolant temperature at test coil outlet T, ye = 1.0080T yoareg — 0.014

thermocouple

Pressure sensors

Sensor label | Sensor type Position of sensor in the secondary Polynomial expression for true

on test rig coolant system pressure of the sensor

P[16] Pressure Refrigerant pressure at compressor outle P =0.9863IP ...+ 0.057
Transducer

P[17] Pressure Refrigerant pressure at condenser outlet P = 1.0093IP, . .— 0.037
Transducer

P[18] Pressure Refrigerant pressure at expansion valve P, =1.01181P, . .~ 0.007
Transducer | outlet

P[19] Pressure Refrigerant pressure at intermediate heat Pye = 1.01960P ...~ 0.08 .
Transducer | exchanger outlet

P[20] Pressure Refrigerant pressure at sub-cooler outlet P =0.994801P . — 0.014
Transducer
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Table B.4 Schedule of secondary coolant systenmfiet®rs and wattmeters.

WATER-LOOP

Instrument Model Specificatior Polynomial expression fortrue
value of the instrument

Flowmete Fischer and Porte Rotamete

Precision Bore
Flowrator Tube

No. FP 1-35-G-10/83
Model No. 10A3567XA

rhlrue = 0'2613:|m'1dicated+ 0.08¢

PRIMARY-LOOP

Polynomial expression for true
value of the instrument

Flowmete

Remote flow transmitt
Model No. RFT9712 ang
Flow sensor
Model No.
DS0255119SS

Microprocessc-based mas
| flow transmitter used in
conjunction with a Micro
Motion flow sensor

rh&rue = 0'976Dhi}1dicated_ 0.018

SECONDARY-LOOP

Polynomial expression for true
value of the instrument

Flowmete

Flow transduce
RS stock No. 257-133

Flow range: 1.-30 litres/mir
Pulse per litre : 1200
pulses/litre

Mono-propylene glycol/water
mixture

rﬁkrue = 0'8993].%dicated+ 0.15¢

Monc-ethylen«glycol/waser
mixture

rﬁkrue = 1'0442].%dicated+ 0.20¢

PRIMARY- & SECONDARY-LOOP

Wattmete LEM HEME-Analyst Clip-on measuring Factory calibrate
2000P instrument
Wattmete Fluke 43: Records all values in a thr | Factorycalibratec

3-Phase Power Quality
Analyzel

phase system
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Appendix C

Table C.1 Intermediate heat exchanger measurerent®no-propylene glycol/water mixture
(52%/48% by weight).

Test number
Description 1 2 3 9 10

Intermediate heat exchanger refrigerant i [°C] 238 217 201 224 -21C
temperature

Maximum variation inntermediate heat exchang [°C] +13 +0.8 +1.1 +0.8 +0.¢
refrigerant inlet temperature

Intermediate heat exchanger refrigerant ot [°C] 245 227 -20.€ -23.c  -21¢
temperature

Maximum variation in ntermediate heat exchang [°C] +0.8 +0.6 +1.2 +0.9 +1.C

refrigerant outlet temperature
Intermediate heat exchanger refrigerant inlet ez [bai] abs  2.1€ 2.51 2.4¢ 2.24 2.3€

Maximum variation inntermediate heat exchang [kPg] +30.0 +23.C +10.C +10.C #10.C
refrigerant inlet pressure
Intermediate heat exchanger refrigerant outletqure  [bail abs 2.04 2.3z 2.34 2.11 2.27

Maximum variation in intermediate heat exchar [kPa] +20.C +21.C +8.C +7.0 +11.0
refrigerant outlet pressure

Intermediate heat exchanger coolant inlet tempa  [°C] -11.7 -9.¢ -9.C -12.z  -10E
Maximum variation inntermediate heat exchang [°C] +0.7 +0.9 +1.1 +0.7 +0.7
coolant inlet temperature

Intermediate heat exchanger coolant outlet tempe  [°C] -17.7  -16.€ -141 -16.6 -15F
Maximum variation inntermediate heat exchang [°C] +12 +0.5 +1.2 +06 +0.3

coolant outlet temperature
Intermediate heat exchanger refrigerant mass fig ~ [kg/min]  1.17 1.31 1.34 1.77 1.7¢

Maximum variation inntermediate heat exchang [kg/min] 0.8 +0.3 +0.4 +0.0¢  +0.0¢

refrigerant mass flowrate

Intermediate heat exchanger coolant mass flo) [kg/min] 10.8¢ 11.7 11.9¢ 1262 12.9¢

Maximum variation inntermediate heat exchang [kg/min] 0.3 +0.3: +0.31 +0.1& +0.17

coolant mass flowrate

Refrigeran-side rate of heat trans [W] 315€ 349z 341. 470€ 4737

Coolant-side rate of heat transfer [W] 3763 4520 135 3342 3741
H
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Table C.2 Thermostatic expansion valve measurenfientsono-propylene glycol/water

mixture (52%/48% by weight).

Test numbet

Description 1 > 3 9 10
Thermostatic Expansion Valrefrigerant inle! [°C] 27t 29¢€ 357 297 30.7
temperature
Maximum variation in Thermostatic Expansion Vi [°C] +0.z 04 05 +02 0.3
refrigerant inlet temperature
Thermostatic Expansion Valrefrigerant outle [°C] -23.5 217 -201 -224 -21C
temperature
Maximum variation in Thermostatic Expansion Vi [°C] +0.¢ 05 08 0.7 09
refrigerant outlet temperature
Thermcstatic Expansion Vah refrigerant inle! [bal] abs 12.4¢ 13.3¢ 152 13.2¢ 13.5¢
pressure
Maximum variation in Thermostatic Expansion Vi  [kPa] +9C +9C +12C  +10C +13C
refrigerant inlet pressure
Thermostatic Expansion Valrefrigerant outle [bal] abs 21¢ 251 248 224 2.3€
pressure
Maximum variation in Thermostatic Expansion Vi  [kPa] +30.C +23.C +10.C +10.Cc #10.C
refrigerant outlet pressure
Thermostatic Expansion Valrefrigerant mas [kg/min]  1.17 1.31 1.34 1.77 1.7¢
flowrate
Maximum veriation in thermostatic Expansion Va [kg/min] 0.8 +0.3 +0.4 +0.0  +0.0¢

refrigerant mass flowrate

PDF Created with deskPDF PDF Writer - Trial :: http://www.docudesk.com



Appendix C

Table C.3 Condenser measurements for mono-propglgnel/water mixture (52%/48% by
weight).

Test number

Description 1 2 3 9 1C
Condenser refrigerant inlet tempera  [°C] 120.1 118.2 133.1 116.2 114.¢
Maximum variation in ondense [°C] +1.7 +6.1 +85 +73 +4.3
refrigerant inlet temperature
Condenser refrigerant outlet tempera  [°C] 30.¢ 33.2 39.¢ 33t 34.1
Maximum variation in ondense [°C] +0.4 +04 +0.5 +04 +1.C
refrigerant outlet temperatt
Condenser refrigerant inlet press [barlabs nle n/a n/e n/a n/a
Maximum variation in ondense [kPa] n/e n/a n/e n/a n/a
refrigerant inlet pressure
Candenser refrigerant outlet press [ba abs 12.€ 13.4¢ 14.6: 13.4: 13.6¢
Maximum variation in ondense [kPa] +10 +3C +20 +1C +50
refrigerant outlet pressure
Condenser water inlet temperat [°C] 27.¢ 29.¢ 36.4 30.E 30.¢
Maximum variation in onderser water  [°C] +0.3 +0.5 +0.6 +0.2 +0.8
inlet temperature
Condenser water outlet tempera [°C] 313 33.€ 40.3 33.7 34.1
Maximum variation in ondenser wate  [°C] +0.4 +04 +0.5 +0.2 +0.8
outlet temperature
Condenser refrigerant mass flow [kg/min]  1.17 1.31 1.34 1.77 1.7¢
Maximum variation in ondense [kg/min] +0.8 +0.3 +0.4 +0.0: +0.0¢
refrigerant mass flowrate
Condenser water mass flowr [kg/min] 22.Z 22.5¢ 22.5¢ 24 6t 25.2%
Maximum variation in ondenser wate  [kg/min] 0.0 +0.C +0.C +0.C +0.C
mass flowrate
Refrigeran-side rate of heat trans (W] 4871 534: 5527 716¢ 717¢
Water-side rate of heat trans (W] 5252 578: 609¢ 544: 577¢
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Table C.4 Subcooler measurements for mono-propyéme l/water mixture (52%/48% by

weight).
Test number
Description 1 2 3 9 10
Subcoole refrigerant inlet temperat [°C] 30.€3 32.22 3887 3267 33.%4
Maximum variation in subcool refrigerant [°C] +0.2 +0.3 +04 +03 +08
inlet temperature
Subcoole refrigeran outlet temperatu [°C] 28.0 3008 36.7€ 30.55 30.¢
Maximum variation in subcool refrigerant [°C] +0.2 +0.5 +0.5 +0.2 +0.8
outlet temperature
Subcoole refrigerant inlet pressul [bal] abs 12.€ 13.4¢ 15.6: 13.4: 13.6¢
Maximum variation in subcool refrigerant [kPa] +10 +30 +20 +1C +5C
inlet pressure
Subcoole refrigerant outlet presst [bal] abs 12.4¢ 13.3¢ 15.2¢ 13.2¢ 13.5¢
Maximum variation in subcool refrigerant [kPa] +90 +90 +12C +10C +13C
outlet pressure
Subcoole water inlet temperare [°C] 2789 2976 36.4€ 30.22 3075
Maximum variation in subcool water inlet [°C] +0.3 +04 +04 +0.2 +0.7
temperature
Subcoole water outlet temperatu [°C] 2795 30.¢4 3657 30.€ 3086
Maximum variation in subcool water [°C] +0.3 +04 +04 +0.3 +0.7
outlet temperature
Subcoole refrigerant mass flowra [kg/min] 1.17 1.31 1.34 1.77 1.7¢
Maximum variation in subcool refrigerant  [kg/min] +0.8 +0.3 +04 +0.0z +0.0¢
mass flowrate
Subcoole water mass flowra [kg/min] 22.¢ 22.5¢€ 22.5¢ 24 6t 2527
Maximum variation in subcool water [kg/min] +0.0 +0.C +0.C +0.C +0.C
mass flowrate
Refrigeran-side rate of heat trans [W] 66 80 63 81 98
Water-side rate of heat trans [W] 93 43¢ 172 13¢ 19z
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Appendix C

Table C.5 Test coil and pre-cooler measurements@ro-propylene glycol/water mixture

(52%/48% by weight).

TEST COIL MEASUREMENTS

Test number
Description 1 2 3 9 10
Test coil ai inlet dry bulbtemperatur [°C] -0.8 -0.2 0.1 -2.€ -1.C
Maximum variation in tet coil airinletdry — [°C] +0.8 +0.8 +0.8 +0.8 +0.8
bulb temperature
Test coil ai outletdry bulbtemperatur [°C] -1.8 -1.1 -0.6 4.3 2.2
Maximum variation in test coil ¢ outlet
dry bulb temperature [°cj +0.8 +0.8 +0.8 +0.8 +0.8
Test coil ai inlet dew pointtemperatur [°C] -09 -0.3 -0.1 -3.7 -1.3
Maximum variation in test coil einlet dew
point temperature [°C] +0.6 +0.6 +0.6 +0.6 +0.6
Test coil ai outletdew pointtemperatur [°C] -1.8 -1.1 -0.6 47 2.2
Maximum variation in tst coil ailoutlet
dew point temperature [°C] +0.6 +0.6 +0.6 +0.6 +0.6
Test coil air inlet pressu [kPa] ab 101.8 101.4 101.4 101.1 101.6
Maximum variation in test coil einlet
pressure [kPa] +0.0 +0.0 +0.0 +0.0 +0.0
Test coil air presure drog [kPa] ab 0.204 0.176 0.188 0.027 0.057
Maximum variation in test coil e pressure
drop [kPa] +0.0 +0.0 +0.0 +0.0 +0.0
Test coil coolant inlet temperat [°C] -16.€ -14.¢ -13.€ -16.€ -15.1
Maximum variation in test coil coolant inl
temperature [°C] +0.6 +0.5 +1.1 +1.1 +1.1
Test coil coolar outlet temperatu [°cl -15.¢ -14.1 -13.1 -160 -14.5
Maximum variation in test coil coole [°C] +0.5 +0.7 +0.7 +0.6 +0.5
outlet temperature
Test coil ai mass flowrat [kg/min] 12.5¢ 1673 15.62 13.77 14.1C
Maximum variation in test coil ¢ mass [kg/min] +0.3 +0.3 +0.3 +0.3 +0.3
flowrate
Test coil coolar mass flowrat [kg/min] 10.8¢ 11.7 11.9¢ 12.62 12.9¢
Maximum variation in test coil coola [kg/min] +0.3 +0.3: +0.31 +0.1¢ +0.17
mass flowrate
Air-side rate of heat trans (W] 37¢ 417 28C 45¢€ 43C
Coolan-side rate of heat trans (W] 68¢ 471 481 43t 44¢
PRE-COOLER MEASUREMENTS
Test numbert
Description 1 2 3 9 1C
Pre-coolel coolant inlet temperatu [°c] -15.€ -14.1 -13.1 -16.C -14.5
Maximum variation irpre-coolel coolant
inlet temperature [°C] +0.5 +0.7 +0.7 +0.6 +0.5
Pre-cooler coolant outlet temperature °Cll -11.7 -9.9 -9.0 -12.2 -10.5
Maximum variation irpre-coolel coolant
outlet temperature [°C] +0.7 +0.9 +1.1 +0.7 +0.7
Pre-coolel coolant mass flowra [kg/min] 10.8¢ 11.7 11.9¢ 12.62 12.9¢
Maximum variation in pr-coolel coolant [kg/min] +0.3 +0.32 +0.31 +0.1¢ +0.17
mass flowrate
Air-side rate of heat trans [W] n/a n/e n/a n/s n/e
Coolan-side rati of heat transfe [W] 256¢ 282t 2817 275¢ 298¢
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Appendix C

Table C.6 Compressor and coolant pump measurerfzentsno-propylene glycol/water

mixture (52%/48% by weight).

Test number

Description 1 2 3 9 1C
Compressor refrigerant in temperatur ~ [°C] -18.C -15.7 -15.3 -17.5 -16.5
Maximum variation in ompresso [°C] +0.5 +0.3 +0.7 +0.5 +0.7
refrigerant inlet temperature
Compressor refrigerant outlet tempera [°C] 124.: 121.¢ 136.2 119.2 117.F
Maximum variation in ompresso [°C] +2.0 +6.5 +9.C +7.7 +4.5
refrigerant outlet temperature
Compressor refrigerant inlet press [bal] abs 2.04 2.3z 2.34 2.11 2.27
Maximum variation in ompressor [kPa] +20.C +21.C +8.C +7.0 +11.0
refrigerant inlet pressure
Compressor refrigeranutlet pressur [bar]ab:  n/s n/a n/s n/s n/s
Maximum variation in ompressor [kPa] n/a n/a n/s n/a n/s
refrigerant outlet pressure
Compressor refrigerant mass flow [kg/min]  1.17 1.31 1.34 1.77 1.7¢
Maximum variation in ompresso [kg/min]  +0.8 *0.3 *0.4 +0.0Z +0.0€
refrigerant mass flowrate
Coolant pump coolant mass flowr [kg/min]  10.8¢ 11.7 11.9¢ 12 .62 12.9¢
Maximum variation in oolant pumg [kg/min] 0.3 +0.35 +0.31 *0.1¢ +0.17
coolant mass flowrate
Compressor power consumpt [W] 207t 225C 245( 220 225(
Maximum variation in ompressor powe [W] +75 +50 +5C +0.C +50
consumption
Coolant pump power consumpt [W] 32¢ 334 32¢ 327 327
Maximum variatiorin coolant pumg (W] *3.5 *7 *2 *+0.C +0.C
power consumption

M
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Appendix D

Table D.1 Intermediate heat exchanger measurerfgnisono-ethylene glycol/water mixture

(42%/58% by weight).

Test number

Description 4 5 6 7 8
Intermediate heat exchanger refrigerant i [°C] -22.z 211 -13¢ 197  -192Z
temperature
Maximum variation inntermediate heat exchang [°C] +0.9 +0.5 +0.9 +0.7 +1.C
refrigerant inlet temperature
Intermediate heat exchanger refrigerant ot [°C] 221 224  -14¢&  -20.€ -19F
temperature
Maximum variation inntermediate heat exanger [°c] +1.8 +0.6 +0.5 +0.8 +1.€
refrigerant outlet temperature
Intermediate heat exchanger refrigerant inlet pme=  [bar] abs  2.2¢ 24 2.9t 2.3¢ 2.41
Maximum variation in intermediate heat exchar [kPa] +10 +0.0 +0.C +10 +1C
refrigerant inlet pressure
Intermediate heat exchanger refrigerant outletqure  [baij] abs  2.1F 2.2¢ n/e n/a n/a
Maximum variation inntermediate heat exchang [kPa] +1C +0.C n/e n/a n/a
refrigerant outlet pressure
Intermediate heat exchanger coolant inlet tenture ~ [°C] -15.7 -15z -53 -12.2 124
Maximum variation inntermediate heat exchang [°C] +0.7 +0.9 +0.4 +0.8 +1.C
coolant inlet temperature
Intermediate heat exchanger coolant outlet tempe  [°C] -19.6  -19.C -10&t -16.€ -16F
Maximum variation n intermediate heat exchang [°C] +0.6 +0.7 +0.3 +0.7 +0.¢
coolant outlet temperature
Intermediate heat exchanger refrigerant mass fig ~ [kg/min] 1.25¢ 1.32¢ 1.67- 1.471 1.90¢
Maximum variation inntermediate heat exchang [kg/min] +0.23 +0.C2 +0.04 0.5 004
refrigerant mass flowrate
Intermediate heat exchanger coolant mass flo) [kg/min] 16.0¢ 16.07 1951 19.1¢ 19.11
Maximum variation inntermediate heat exchang [kg/min] 0.1 +0.1 +0.1 +0.2 +0.2
coolant mass flowrate
Refrigeran-side rie of heat transfi [W] 340z 3507 461<¢ 4101  503¢
Coolan-side rate of heat trans [W] 345¢ 337¢ 567¢ 467¢ 434F
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Appendix D

Table D.2 Thermostatic expansion valve measurenfentasono-ethylene glycol/water mixture

(42%/58% by weight).

Test numbet

Description 2 5 6 7 8
Thermostatic Expansion Valrefrigerant inle! [°C]
temperature 27.6 30.8 27.8 24.5 315
Maximum variation in Thermostatic Expansion Vi [°C]
refrigerant inlet temperature +0.2 0.1 +03 +03 0.3
Thermostac Expansion Valv refrigerant outle [°C]
temperature -22.2 -21.1 -139 -19.7 -19.2
Maximum variation in Thermostatic Expansion Vi [°C]
refrigerant outlet temperature +09 05 +03 0.7 1.0
Thermostatic Expansion Valrefrigerant inle!
pressure [bar] abs 11.76 13.49 13.09 11.66 14.16
Maximum variation in Thermostatic Expansion Vi
refrigerant inlet pressure [kPa] +50 +10 +20 +20 +10
Thermostatic Expansion Valrefrigerant outle
pressure [bar] abs 2.15 221 2.95 2.35 2.38
Maximum variaton in Thermostatic Expansion Va
refrigerant outlet pressure [kPa] +10 +0.0 0.0 10 +10
Thermostatic Expansion Valrefrigerant mas [kg/min] 1.25¢ 1.32¢ 1.67: 1.471 1.90¢
flowrate
Maximum variation in thermostatic Expansion Vi [kg/min] +0.2: +0.0z +0.04 0.0t +0.04

refrigerant mass flowrate
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Appendix D

Table D.3 Condenser measurements for mono-ethglgmel/water mixture (42%/58% by
weight).

Test numbet
Description 4 5 6 7 8
; ; 0
Condenser refrigerainlet temperatut [C] 115.4 119.0 96.5 99 2 117.9
Maximum variation in ondense
refrigerant inlet temperature [°c] +2.0 +3.7 +0.8 2.4 +4.7
. [0)
Condenser refrigerant outlet tempera  [C] 30.9 34 3 327 28 5 357
Maximum variation in ondense
refrigerant outlet temperatu [°C] +0.4 +0.1 0.3 +0.5 +0.3
Condenser refrigerant inlet press [bar] ab: n/a n/a n/a n/a n/a
Maximum variation in ondense
refrigerant inlet pressure [kPa] n/a n/a n/a n/a n/a
Condenser refrigerant outlet pres: [bar] abs 12 .68 13.76 13.32 11.94 14.21
Maximum variation in ondense
refrigerant outlet pressure [kPa] +20 +0.0 +9.2 +10 +10
R [0)
Condenser water inlet temperat [C] 280 311 282 25 0 323
Maximum variation in ondenser wate  [°C]
inlet temperature +0.3 0.2 +0.3 04 +0.3
0,
Condenser water outlet tempera [C] 315 348 325 28.6 36.0
Maximum variation in ondenser wate
outlet temperature [°C] +0.2 +0.1 +0.3 +0.3 +0.2
Condenser refrigerant mass flow [kg/min]  1.25¢ 1.32¢ 1.672 1.47] 1.90¢
Maximum variation in ondense
refrigerant mass flowrate [kg/min]  +0.23 +0.02 +0.04 +0.05 +0.04
Condenser water mass flowr [kg/min] 5534 23 60 24 65 24 65 24 65
Maximum variation in ondenser wate  [kg/min]
mass flowrate +0.0 +0.0 +0.0 +0.0 +0.0
Refrigeran-side rate of heat trans (W] 516( 5387 6347 580: 764(
Water-side rate of heat trans (W] 565¢ 605( 7345 614¢ 632(
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Appendix D

Table D.4 Subcooler measurements for mono-ethyémsl/water mixture (42%/58% by

weight).
Test number
Description 4 5 6 7 8
Subcoole refrigerant inlet temperat [°C] 30.95 34.13 32.89 28.48 35.15
Maximum variation in subcool refrigerant
inlet temperature [°C] +0.3 +0.1 +0.3 +0.5 +0.3
Subcoole refrigerant outlet temperatt [°C] 28.12 31.36 28.17 24 .96 32.44
Maximum variation in subcool refrigerant
outlet temperature [°C] +0.2 +0.1 +0.3 +0.3 +0.2
Subcoole refrigerant inlet pressul [bar] abs 12.68 13.76 13.32 11.94 14.24
Maximum variation in subcool refrigerant
inlet pressure [kPa] +20 +0.0 9.2 +10 +10
Subcoole refrigerant outlet presst [bar] abs 11.76 13.49 13.09 11.66 14.16
Maximum variation in subcool refrigerant
outlet pressure [kPa] +50 +10 +20 +20 +10
Subcoole water inlet temperatu ['C] 2785 3100 2810 2496  32.33
Maximum variation in subcool water inlet
temperature [°C] +0.2 +0.1 +0.2 +0.3 +0.3
Subcoole water outlet temperatu [°C] 28.10 31.28 28.28 25.08 32.44
Maximum variation in subcool water [°C]
outlet temperature +0.2 +0.1 +0.2 +0.3 +0.3
Subcoole refrigerant mass flowra [kg/min] 1.25¢ 1.32¢ 1.672 1.471 1.905
Maximum variation in subcool refrigerant
mass flowrate [kg/min] +0.23 +0.02 +0.04 +0.05 +0.04
Subcoole water mass flowra [kg/min] 23.34 23.60 24.65 24.65 24.65
Maximum variation in subcool water
mass flowrate [kg/min] +0.0 +0.0 +0.0 +0.0 +0.0
Refrigeran-side rate of heat trans [W] 76 79 16¢ 10¢ 112
Water-side rate of heat trans [W] 404 45¢ 307 20t 18¢
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Appendix D

Table D.5 Test coil and pre-cooler measurementmtmno-ethylene glycol/water mixture

(42%/58% by weight).

TEST COIL MEASUREMENTS

Test number
Description 4 5 6 7 8
Test coil ai inlet dry bulbtemperatur [°C] -45 25 4.9 -04 -1.7
Maximum variation in test coair inletdry
bulb temperature [°C] +0.8 +0.8 +0.8 +0.8 +0.8
Test coil ai outletdry bulbtemperatur [°C] 5.8 4.0 3.7 1.6 28
Maximum variation in test coil € outlet
dry bulb temperature [°C] +0.8 +0.8 +0.8 +0.8 +0.8
Test coil ai inlet dew pointtemperatur [°C] 47 26 4.6 -15 21
Maximum variation in test coil ¢ inlet dew
point temperature [°c] +0.6 +0.6 +0.6 +0.6 +0.6
Test coil ai outletdew pointtemperatur [°C] -5.8 40 37 2.4 -3.2
Maximum variation in test cl air outlet
dew point temperature [°c] +0.6 +0.6 +0.6 +0.6 +0.6
Test coil air inlet pressu [kPa] ab 101.4 101.1 100.5 100.9 100.5
Maximum variation in test coil einlet
pressure [kPa] +0.0 +0.0 +0.0 +0.0 +0.0
Test coil air pressure op [kPa] ab 0.088  0.299 0.141 0.174  0.180
Maximum variation in test coil e pressure
drop [kPa] +0.0 +0.0 +0.0 +0.0 +0.0
Test coil coolar inlet temperatur [°C] -19.0 -17.9 -10.4 -16.1 -16.2
Maximum variation in test coil coole inlet
temperature [OC] +0.6 +0.7 +1.1 +1.1 +1.1
Test coil coolar outlet temperatu [°C] -18.€ -17.1 -9.6 -15.€ -15.7
Maximum variation in test coil coole
outlet temperature [°C] +0.6 +0.7 +0.3 0.7 +0.8
Test coil ai mass flowrat [kg/min] 15.4¢ 13.€7 17.0¢ 16.61 16.5¢
Maximum variation in test coil ¢ mass
flowrate [kg/min] +0.3 +0.3 +0.3 +0.3 +0.3
Test coil coolar mass flowrat [kg/min] 16.0¢ 16.07 19.51 19.1¢ 19.11
Maximum variation in test coil coola [kg/min] +0.1 +0.1 +0.1 +0.2 +0.2
mass flowrate
Air-side rate of heat trans [W] 48t 53€ 57¢ 502 50C
Coolan-side rate of heat trans [W] 32¢ 70¢ 86¢ 52¢ 527
PRE-COOLER MEASUREMENTS
Test number
Description 4 5 6 7 8
Pre-coolel coolant inlet temperatu [°c] -18.€ -17.1 -9.6 -15.€ -15.7
Maximum variation irpre-coolel coolant
inlet temperature [°C] +0.6 +0.7 +0.3 +0.7 +0.8
Pre-cooler coolant outlet temperature °Cll -15.7 -14.2 -53 -12.2 -124
Maximum variation in pr-coolel coolant
outlet temperature [°C] +0.7 +0.9 +0.4 0.8 +1.0
Pre-coolel coolant mass flowra [kg/min] 16.0¢ 16.07 19.51 19.1¢ 19.11
Maximum variation in pr-coolel coolant
mass flowrate [kg/min] +0.1 +0.1 +0.1 +0.2 +0.2
Air-side rate of heat trans [W] n/a n/e n/a n/s n/e
Coolan-side rate of heat trans [W] 284¢ 284¢ 513¢ 398¢ 385¢
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Appendix D

Table D.6 Compressor and coolant pump measurerf@gmsono-ethylene glycol/water mixture

(42%/58% by weight).

Test number
Description 4 5 6 7 8
Compressor refrigent inlet temperatui  [°C] -18.2 21.0 104 158 156
Maximum variation in ompresso
refrigerant inlet temperature [°C] +1.0 +2.8 +0.5 +0.7 +0.9
Compressor refrigerant outlet tempera [°C] 119.2 1225 98.6 102.1 1205
Maximum variation in ompre:sor
refrigerant outlet temperature [°C] +2.2 +3.8 +0.9 +2.6 +5.0
Compressor refrigerant inlet press [bar] abs  2.1F 2.2¢ n/s n/a n/s
Maximum variation in ompressor
refrigerant inlet pressure [kPa] +10 0.0 n/a n/a n/a
Compressor refrigant outlet pressut [bar] abs /4 n/a n/a n/a n/a
Maximum variation in ompressor
refrigerant outlet pressure [kPa] n/a n/a n/a n/a n/a
Compressor refrigerant mass flow [kg/min]  1.25¢ 1.32¢ 1.672 1.471 1.90¢
Maximum variation in ompresso
refrigerant mass flowrate [kg/min] +0.23 +0.02 +0.04 +0.05 +0.04
Coolant pump coolant mass flowr [kg/min]  16.0t 16.07 19.51 19.1¢ 19.11
Maximum variation in oolant pumg. [kg/min] 0.1 +0.1 +0.1 +0.2 +0.2
coolant mass flowrate
Compressor power consurion [W] 223: 232( 222¢ 200c 226(
Maximum variation in ompressor powe
consumption [W] +133 +120 +25 +100 +140
Coolant pump power consumpt [W] 351 31C 327 327 327
Maximum variation n oolant pumg
power consumption [W] +24 +11 +0.0 +0.0 +0.0
S
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Appendix E

Table E.1 List of cabinets fed by Circuit A.
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BR2¢ 1 Produce 1x3.87n HUSSMAN D5-LE -8.C 5.01
Multideck
Cabinet
BR3C 1 Produce 1x2.45n HUSSMAN D5-LE -8.C 3.34
Multideck
Cabinet
BR3C 1 Produce 1x2.45n HUSSMAN D5-LE -8.C 3.34
Multideck
Cabinet
BR3C 2 Produe 1x2.45n HUSSMAN D5-LE -8.C 3.34
Multideck
Cabinet
BR31 1 Produce 1x2.45n HUSSMAN C2.5 NXLE -8.C 4.3t
Multideck
Cabinet
BR31 2 Produce 1x2.45n HUSSMAN C2NX-LE -8.C 4.3t
Multideck
Cabinet
BR3Z 1 Produce 1x2.45n HUSSMAN D5-LE -8.C 3.34
Multideck
Cabinet
BR3Z 2 Produce 1x2.45n HUSSMAN D5-LE -8.C 3.34
Multideck
Cabinet
BR32Z 3 Produce 1x45" IS HUSSMAN D5-LE -8.C 1.9¢
Multideck MITRE
Cabinet
BR3Z 4 Produce 1x2.45n HUSSMAN D5-LE -8.C 3.34
Multideck
Cabinet
BR33 1 Lunch to Ga 1x3.75n ARNEG BERLINO2SL -8.C 5.9C
Cabinet 100/216 2C
BR33 2 Drinks to Go 1x3.75n ARNEG BERLINO2SL -8.C 5.9C
Cabinet 100/216 2C
BR3E 1 Wine Cabine  1x3.75n ARNEG BERLINO2SL -8.C 5.9C
100/216 2C
BR3E 2 Wine Cabine  1x3.75n ARNEG BERLINO2SL -8.C 5.9C
100/216 2C
BR3¢ 1 Beer Cabine 1x3.75n ARNEG BERLINO2SL -8.C 5.9C
100/216 2C
T
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Table E.2 List of cabinets fed by Circuit B.
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BR7 1 Dairy Cabine  1x2.50n ARNEG BERLINO 2SL -8.C 3.9¢
100/218 2C
BRS8 1 Delicatesse 1x2.45n TYLER NLM -10.C 0.6C
BR2€& 1 Home Meal 1x3.87n HUSSMAN RGSSFI -8.C 5.2C
Replacement
Cabinet
BR34 1 Salads to Gt 1x3.75n ARNEG BERLINO 2SL -8.C 5.9C
Cabinet 100/218 2C
BR34 2 Salads to Gt 1x2.50n ARNEG BERLINO 2SL -8.C 3.9¢
Cabinet 100/218 2C
BR34 3 Salads to Gt 1x2.50n ARNEG BERLINO 2SL -8.C 3.9¢
Cabinet 100/218 2C
BR37 1 Wine Cabine  1x2.50n ARNEG BERLINO 2SL -8.C 3.9¢
100/218 2C
BR37 2 Wine Cabine  1x2.50n ARNEG BERLINO2SL -8.C 3.9¢
100/218 2C
BR3E& 3 Pet Fooc 1x2.50n ARNEG RIO M1 -10.C 4.8C
Cabinet
BR3¢ 1 Milk Cabinet 1x3.75n ARNEG BERLINO 2 FC -10.C 8.6(
110/205
BRA4C 1 Milk Cabinet 1x3.75n ARNEG BERLINO 2 FC -10.C 8.6(
110/205
U
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Table E.3 List of cabinets fed by Circuit C.
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BR2 1 Dairy cabine  1x3.76n ARNEG BERLINO 2SL -8.C 5.9C
100/218 2C
BR2 2 Dairy cabine  1x3.76n ARNEG BERLINO 2SL -8.C 5.9C
100/218 2C
BR3 1 Dairy Cabine  1x3.76n ARNEG BERLINO 2SL -8.C 5.9C
100/218 2C
BR3 2 Dairy Cabine  1x3.76n ARNEG BERLINO 2SL -8.C 5.9C
100/218 2C
BRA4 1 Dairy Cabine  1x1.875n ARNEG BERLINO2SL -8.C 2.9t
100/216 2C
BR5S 1 Dairy Cabine  1x2.50n ARNEG BERLINO 2SL -8.C 3.9
100/218 2C
BR5S 2 Dairy Cabine  1x3.75n ARNEG BERLINO 2SL -8.C 5.9C
100/216 2C
BR6 1 Dairy Cabine  1x3.75n ARNEG BERLINO 2SL -8.C 5.9C
100/216 2C
BR6 2 Dairy Cabine  1x3.75n ARNEG BERLINO 2SL -8.C 5.9C
100/216 2C
BRY 1 Delicatesse 1x3.87n TYLER NLM -10.C 0.6&
BR1C 1 Delicatesse 1x2.45n TYLER NLM -10.C 0.6C
BR11 1 Delicatesse 1x2.45n TYLER NLM -10.C 0.6C
BR14 1 Cheese 1x1.90n AFINOX MURALE -10.C 2.0¢
Cabinet
BR2E 1 HANG SELL  1x3.67n HUSSMAN  D5NLE -6.C 5.5C
Cabinet
BR2€ 1 Pizza Servict  1x2.45n HUSSMAN  RGSSFF -8.C 3.5C
Cabinet
BR27 1 Sushi Service  1x1.80n HUSSMAN  MES -10.C 1.5C
Cabinet
\
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Appendix E

Table E.4 List of cabinets fed by Circuit D.
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BR1 1 Dairy Cabine  1x1.875n ARNEG BERLINO 2SL -8.C 2.9t
100/216 2C
BR1Z 1 Delicatesse 1x2.45n TYLER NLM -10.C 0.6C
BR13 1 Cheese 1x2.45n TYLER NNG -7.C 1.31
Cabinet
BR1E 1 Cheese 1x2.50n ARNEG BERLINO 2SL -8.C 3.9¢
Cabinet 100/216 2C
BR1 1 Dairy Cabine  1x1.875n ARNEG BERLINO 2SL -8.C 2.9t
100/216 2C
BR1Z 1 Delicatesse 1x2.45n TYLER NLM -10.C 0.6C
BR12 1 Cheese 1x2.45n TYLER NNG -7.C 1.31
Cabinet
BR1E 1 Cheese 1x2.50n ARNEG BERLINO 2SL -8.C 3.9¢
Cabinet 100/216 2C
W
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Appendix E

Table E.5 List of cabinets fed by Circuit E.
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BR16A 1 Cake Cabine 1x1.20n COSSIGA GT1Z NA INTIGR
AL
BR16E 1 Cake Cabine 1x1.20n COSSIGA GT1Z NA INTIGR
AL
BR17 1 Meat Cabine 1x3.67n HUSSMAN IMPACT D5-LE -85 5.77
MEAT
BR1E€ 1 Meat Cabine 1x3.67n HUSSMAN IMPACT D5-LE -85 5.77
MEAT
BR1E€ 2 Meat Cabine 1x3.67n HUSSMAN IMPACT D5-LE -85 5.77
MEAT
BR1¢ 1 Meat Cabine 1x2.45n HUSSMAN IMPACT D5-LE -85 3.85
MEAT
BR1¢ 2 Meat Cabine 1x45" IS HUSSMAN IMPACT D5-LE -85 0.8C
MITRE MEAT
BR1¢ 3 Meat Cabine 1x2.45n HUSSMAN IMPACT D5-LE -85 3.8
MEAT
BR1¢ 4 Meat Cabine 1x45” OS HUSSMAN IMPACT D5-LE -85 2.2C
MITRE MEAT
BR2C 1 Meat Cabine 1x3.57n HUSSMAN IMPACT D5-LE -85 5.77
MEAT
BR21 1 Meat Service 1x3.57n TYLER NLM -8.C 0.8t
Cabinet
BR2Z 1 Meat Service 1x3.87n TYLER NLM -8.C 0.8t
Cabinet
BR4¢€ Shelf Fish 1x1.20n HUSSMAN NEGCH 0.C 1.0C
Cabinet
X
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Appendix E

Table E.6 List of cool rooms fed by separate Refiagt Circuit.
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BR41 Bakery Cool 1x PATTON BM28 -4.C 2.0¢
Room
BR4z Cool Room 1x PATTON BM28 -4.C 1.9€
BRA4:Z Dairy Cool 1x PATTON BM66 -4.C 5.71
Room
BR44 Meat Cool 1x PATTON PM95K -6.C 7.8¢
Room
BRA4E Produce Coc  1x PATTON PM16C 0.C 11.97
Room
BRA4¢€ Fish Cool 1x PATTON BM37K -6.C 2.9¢
Room
BR47 Delicatessel 1x PATTON BM37 -4.0 2.8C
Raw Cool
Room
Y
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