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Background

World population is predicted to increase from 7.3 billion in 2015 to 9.7 billion in
2050 (United Nations, 2017yhis population growth would drive up food demand
by approximatelyp9% to 98% (Valin et al., 2014). Global food production therefore
needs to increase to keep up with a rising demand (Hunter, 2017).

A cold chain is an essential part of production chains where several refrigeration
facilities are used to keep food prodydtem production to consumption, at their
good quality and low risk to consumer (Badilzlis et al., 2018). Temperature is a
main determining factor of the food quality deterioration (Mercier et al., 2018). A
failure in temperature control at any cold ichstage can markedly compromise the
quality and safety of food products (Ndraha et al., 2018). High temperature
accelerates the physiological changes of food, the growth of spoilage/pathogenic
microorganisms, and eventually shortens the product she{Nifees et al., 2009;
Rediers et al., 2009). Therefore, effective temperature control along the cold chain

is of paramount importance.

Governments and/or public authorities in various countries have established
legislation and regulations regarding temp@m control in the cold chain (Carson

and East, 2018; Mercier et al., 2018). In practice, product temperature is well
controlled at the early stages e.g. production, storage, distribution and transport
(Baldera Zubeldia et al., 2016). However, with theception of household
practices, the temperature control at retail display appears to be problematic (Evans,
2010; DerendBertheau et al., 2015; Derens et al., 2006). In addition, food waste at
supermarkets can be as high as 55% due to poor temperatuiteoosn@Nunes et

al., 2009).

Open refrigerated display cabinets are widely usgdetailersand account for
almost half ottherefrigeratingequipmenusein a typical supermarkéASHRAE,
2010). The open display cabinets prove to be popular anretgjles as they
provide customers with almost unrestricted access to pradiwass, 2014 )whilst
maintaining good produetttractivenesgAlzuwaid et al., 2015)Nevertheless, their

major limitations concern the thermal performance.
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In open display cabinetan air curtain creates a nphysical barrier between the

cold air inside and the warm air outside. However, the air curtain cannot completely
prevent the warm and humid ambient air infiltration (Foster et al., 2005), which
leads to the increase of tematerre and energy consumption (Amin et al., 2008;
Evans, 2014; Laguerre et al, 2012b). Several studies indicated that the ambient air
infiltration has contributed approximately to-88% of total heat load of the open
refrigerated display cabinets (Faramafi®f99; Gaspar et al., 2011; Tassou et al.,
2011). It also causes internal temperature heterogeneity (Laguerre et al, 2012b).
Temperature differences of more than°G was observed on cabinet shelves
(Willocx et al., 1994), with the higher temperature coomly located at the front

of the cabinets, and the lower temperature at the back (Evans et al., 2007).

Due to an increasing concern for energy efficiency and food safety, the issues of
ambient air infiltration in open display cabinets have been subjéatention.
Numerous experimental investigations and numerical simulations have been carried
out with the attempt to maximize the air curtain efficiency, thereby improving the
overall performance of open display cabinets (Chen, 2009; Chen and Yuan, 2005;
Cortella et al., 2001; D'Agaro et al., 2006; Foster et al., 2005; Gaspar et al., 2012;
Hadawey et al., 2012; Jouhara et al., 2017; Laguerre et al., 2012; Marinetti et al.,
2012; Moureh and Yataghene, 2016; Navaz et al., 2005; Wu et al., 2015; Yu et al.,
2008). Hammond et al. (2016) proposed a novel short air curtain design, instead of
a conventional single long air curtain, to improve temperature homogeneity and
energy efficiencyln this study, despite multiple short air curtains were created to
provide emlosure at the front of every shelf, they cannot eliminate the air

infiltration.

Installation of doors on opefnont display cabinets has become an alternative
design to address the air infiltration issue. It has been proven that the closed display
cabines show several favorable outcomes including potential energy savings
(Faramarzi, 1999; Fricke and Becker, 2010; Kauffeld, 2015; Navigant Consulting
Inc., 2009), reductions in internal temperature heterogeneity (Evans and Swain,
2010; Lindberg et al.,, 2010and improved food quality (Atilio de Frias et al.,
2015). Additionally, doors can also provide better thermal comfort in retail stores
due to less cold air spillage from the display cabinet (Lindberg et al., 2017). In view

of these benefits, some majetailers in Europe have made closed display cabinets
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a default specification for their new and renovated stores (EIA, 2017). This trend is
especially notable in France where the authorities and the supermarket stakeholders
have signed an agreement to repl@pen display cabinets with closed ones. The
country aims to increase the installation of closed display cabinets to 75% by 2020
(RPF, 2016).

Energy savings of closed display cabinets demonstmateariousstudies{Figure

1.1) could be explained by a reduction in the entrainment of warm and moist

ambient air into the cabinets. However, a wide variation of energy saving
percentages among studies, ranging from72% could be attributable to the
difference of cabinet configurations and test conditions used in each $hidy
difference can bdpr example, door integrity (retrofitted/factebyilt), door type
(hinged/sliding), door material (single/doublef/triple ghagivindows with/without

low emissivity coating), use of argiveat heaters, LED lightings, night covers,
frequency and duration of door openings (Evans, 2014)lashene frequency of

door openingsis pointed out as one of the main factors contributtiren increased
energy consumptiomue tothe air entrainment (Li et al.,, 2007). The energy
consumption of closed display cabinet during stable night condition was
approximately 10% lower than that operating under periodical door openings
(Vallée, 2015)Lindberg et al. (2010) showed that the heat extraction rate of the
evaporatoincreased by 16% when the opening frequency increased from 10 to 30
openings per hour. Door openings appeared to be the largest contributor to the total
heat load of closed dispf cabinet when the frequency reached 60 openings per
hour (Orlandi et al., 2013).

Unlike energy consumption, the temperature performance of closed refrigerated
display cabinetss less studied, only the internal temperature and its heterogeneity
were repdaed. Lindberg et al. (2010) observed tlaat overall air temperature
reduction of at least ZC was achieved in the cabinet retrofitted with doors. Atilio

de Frias et al. (2015) reported that the temperature difference within the closed
cabinet was 8C lower than that within the open one.
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Figure 1.1 Comparison of energy consumption between open and clos
refrigerated display cabinefsource: Laguerre and Chaomuang, 2019)

Research interests

The growing trend of closed refrigerated display cahiisehas contributed tthe
necessity toH[SDQG UHVHDUFK LQ WKLV ILHOG +RZHYHU
current literature only addresses the benefits of closed display cabinets over open
ones. Sidies on thenechanism of heat transfendairflow within closed display
cabinets are still limitedn fact, the airflow pattern influences the heat exchange
between air and product, thus, product temperature. Faraetalz{2002) found

that installingdoors caused a reversal variation in product temperattpesduct
temperature at the front upper shelf became warmer tladattthe bottom shelf.

To accommodate door openings, doors fitted to display cabinets often have gaps at
the edgeshowever,these gapsllow ambient air infiltration (Evans, 2014)he
advancedtechniquesof air velocity measurements, such as Particle Image
Velocimetry (PIV) Laser Doppler Velocimetry (LDV), together with
Computational Fluid Dynamic€CFD) simulationswould provice an insight into

the transport phenomena in closed refrigerated display cabinets.

Complex phenomena take plasaendooris openduringwhich the disruptedair
curtain causs the entrainment of warm and humid ambient air. A further
investigation into the effects of frequency and duration of door openm@sod

temperature increase aadergyconsumptioris therefore important
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A simplified heat transfer model based on a zongra@gch should also be
developed t@btain complementary knowledgéthe mechanisms of heat transfer
in a closed display cabinet. This model would lin&ked with theother welt
established modegfor processing plant (Lecoq et al., 2016), refrigeratedckehi
(Hoang et al., 2012), cold room (Laguerre et al., 20@pgnrefrigerated display
cabinets(Laguerre et al., 2@®h) and household refrigerator (Laguerre & Flick,
2004).These models allothe prediction of product temperature in each equipment
in shot calculation timecompared to CFBimulation The closed display cabinets
will soon be a additionakcomponent of the series of refrigeration equipment in the
food cold chainin conjunction with other equipment modetise closed display
cabinet modelvould enable the prediction of timfemperature history of food
products of the entire cold chaiccordingly, the evaluation toolf consumer risk
expositioncan be constituted by integrating the proposed models with predictive
microbial and/or quality maals (Duret et al., 2015).

Aim and scope

Following thepreviousreasoningthe present thesiwas conductedvith the two

mainobjectives.

Firstly, it aims to develop an experimental methodology to identify the thermal
transport phenomena in a closed refrajed display cabinet. Evolutions of spatial
and temporal air/product temperatures and air velocity are the paeameters
taken intoinvestigations The influence of different operating conditions onsthe
parameters wathen studied These conditiongnclude ambient air temperature,
productoccupied volume, doespening frequency and duratidmternal airflow
pattern was characterized by bathotwire anemometeandPIV technique. The
results obtained from these experiments were further used fastimeation of

model input parameters and for the model validation purposes.

Secondly, it aims to develop numerical tools by oD simulation and simplified

heat transfemodel base on a zonal approach.

The CFD simulationallows thebetter understandingf airflow and heat transfer
phenomena in the closed display cabinet, whichngtirbe observed by the

experimers. However, tlie main objective is not t@presenprecisely all the flow
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and transfers detaillhsteadtheaimis to examine the capabiligf a 2D-CFD k- O
model to reproduce the main phenomenatamadedict the product temperatures in
the cabinet with acceptable accuragithough it is not in the scope of the thesis,
after its validation with the experimental data, the model could be astady the

influence of unexplored operating conditions and design parameters.

The simplified model in both static and dynamic regimpesnits, respectively, the
predictions of bothime-averaged air angroducttemperatureand theemperature
fluctuations according to the on/off working cycles of the compressgulation

The model in the dynamic regime was solved with a spectral approachhé¢hus
influence of different parameters on the damping of the temperature fluctuations

canbeidentifiedwith quick calculation.
Structure of the thesis

Thestructure of manuscripresented iEigure 1.2|includes8 chapters, which are

described briefly below:

Chapter | General introduction describes the background, research interests,
aim/scope andtructureof the thesis as well as list of publications.

Chapter Il Literature review provides the state of the art of the investigations
involving experimental (carried out iields and inlaboratores) and numerical
research studies on open and clastdil refrigerated displagabinetsThecurrent
usage situation alisplaycabinets anthe problenof temperature contrdt retail
displaybased on &ld investigations were present Studiesaimingto improve the
performance of the display cabinets wexploredand the influencing factors were
thenanalyzedin terms of temperature distribution and energy consumplibe
growing trend of clos# refrigerated display cabinet use Europewas also
highlighted.More detail is presented #rticle 1 (published)
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Figure 1.2 Structure of the thesis

Chapter Ill Heat transfer analysis and airflow characterization usinga hot-
wire anemometer In spite ofthe potential of energgavingsof closed display
cabinetsthe literature reviewWChapter Il) shows thdack of knowledgeon heat
transfer and airflow compared to the open ones. This chapesents the
experimental investigationsf heat transfer and airflow in a closed refrigerated
display cabinefan integral typeequipped with a single band air curtain and two
doubleglazing doorsunder closedloor conditionin a controllegtemperature test
room. First, theoverall thermal transmissioooefficient of the studied closed
display cabinetwas determinedby measuing heat lossthrough all cabinet
doorsivalls. The leat lossontribution of different components (walls, doors, door
gaps and thermal bridges) wteen estimated Second the air temperature was
measured in the unloaded closed display cabimghg calibrated Type
thermocouple$40 thermocouples)lhe resultmade it possible to gaian insight
into thetemperature fluctuation and theeantemperature adifferent positions in
the cabinet, thus, the warm and cold positions were identified. Effect of room
temperature (15, 19 and 2@) on the internahir temperaturdistribution was also

examined The result revealethat the room temperature had an alimasear
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influence on the internal atemperatureand it hada significant effect on the
compressor working cycte Third, theinfluenceof loading was studied by putting
test packages made of methylcellulose on the shelves (60% occupied volume)
Additional thermocoupleg(40 thermocouples) were inserted/attachied the
core/surface of theéest packagedt was observed that the trend teimperature
distribution in the unloaded and loaded cabinveds the samegthe highest
temperature position at the fretap shelf andhe lowest temperature position at
the reatbottom shdi). Finally, the benefit of door installation was studied by doing
experimentusing the unloadedabinetwith doors completely removedVithout
doors,the mean air temperatures in the storagmpartmentvere higherat all
positions(minimum increase 0.4C and maximum increase 3 C) compared to
the case without doardgn addition to the temperature measurements, the a
velocitywas measured #te front ofthe closeedoorandunloaded display cabinet
for different heightsfrom the discharge to return air gr8leising a hotwire
anemometerThe shape of thair velocity in thecurtain was presentehe air
curtainwasdeviated towards the doors dwea Coanda effeavith maximum air
velocity of about0.6 m-s* near thedischargegrille). In the storage compartment,
the air velocity was low, varying from 0.01 t®.2 m-s’. The air velocity
measuremerih the rear duct waalsocarried outand the aftow distribution over
the perforated back panel of different shelves was then quantified. More detail is
presentedin Article 2 (published) Becausethe precision of the velocity
measurementising the hotwire anemometewas limited, particularly for low
velocity application(< 0.5 ms?), Particle Image Velocimetry (PIMechniquewas

usedand presented iGhapter

Chapter IV Influence of operating conditions on the thermal performanceThe
thermal performancef the closed refrigerated display cabinet was presented under
permanently closedoor condition inChapter 1l (heat transfer analysis and
airflow characterization using hotwire anemomet@r This chaptercontinues to
present the temperature performanoeler periodic door openings. An automatic
door opening system developed and used in experiments enabled the investigation
of effects of different door Openinfyequencies Per Hour (OPH) on the air and
product temperature variation¥he studied frequences wereO (permanently

closed), 10, 20, 40, 60PH and ' (permanently opentdoors completely removéd
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andthestudied opening duration was sand 30s. The frequency of 10 OPH with

15 s duration and 90° opening angle wa®gramedwith respect tothe ame
prescribed in the staadd test (EN 1ISO 23953, 2015) and thisopeningprocedure

was set to a baseline. Based on data available in the literature (Fricke and Becker,
2010) and information provided by a display cabinet manufactureppéeing
frequencyin supermarkets is averagéy3 OPH (12 s durationand 12.10PH (13

s duration), respectivelyEffects of ambient air temperature (14.6, 19.4, 24.3 and
29.2°C) ard productoccupied volume (halbaded and fulloaded) on thair and
product Emperature distribution were experimentally investigdteglas observed

that the product located at the front of rhieight of display cabinet was more
influenced by the door opening frequency. However, the air and product
temperatures ithe cabinet wih doors(whatever the frequency of door openings)
remained lower, compared to the case without doors. More detail is presented
Article 3 (published)

Chapter V Airflow characterization using PIV and CFD techniques Due tothe
precisionlimitation of thehotwire anemometefor low velocity applicationsthe

PIV technique wasisedto characterize the airflow pattern the closed display

cabinet A Computational Fluid Dynamics (CFD) simulatiessalsodevelopedn

paralleldue tothe difficulties to implementthe PIV techniqueexperimentallyat

some areas in the cabin&his chaptepresentsheair velocity measuremenising

a 2DPIV system in a display cabinatith two configurations: closed and open

doors(doors were open with 90° anglé) the closed configuration, experiments

were conducted under two conditiondHIULJHUDWLRQ VRWHPQWXRQHG 3
thatits influence on the airflowpatternis highlighted A zone of air recirculation

was identifiedwhere ambient air infiltrationvas aso observedhrough the door

gaps, leading tan increase ithe air curtaitemperaturg Because of the technical

constrank RQO\ WKH H[SHULPHQW ZLWK WKH UHIULJHUDWL
carried out intheopenconfiguration The air curtaircharacteristics (mean velocity

and velocity fluctuations)of the closed and open configuratiomgere then

compared andhe implications on the internal temperature distribution was

addressedA cabinet with doors yields better thermal performapeeausehe air

curtain is more stableompared to the case withoWithout doos, large unsteady

eddies developed in the mixing layers, thereby promoting greater external air
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infiltration. Finally, a2D-CFD modelwas developed to investigate the airflow and

its influence on the temperature distribution in the closed display cafinhet.
modelshowed the ability to reproduce the main flow phenomena observed in the
experimentand allowed thepredicton of product temperatures with acceptable
accuracy.The experimeral dataof Chapter Il (Heat transfer analysis and airflow
characterization using hotwire anemomet¢mwere used for the model input and

validation More detail is presented frticle 4 (under review, first submissian)

Chapter VI Simplified heat transfer modeling in steady state Because of the
calculation timeconsumingusing the CFD simulation, this chapter presents the
development of a simplified heat transfer modedteady statbased on the zonal
approach. The model allows the prediction oftime-averaged air and load
temperaturest various positiong the closed display cabinddetails of overall
model conceptualization, static model development, determination of model input
parameters as well as model validation by comparing with expetahdata were
described. In addition, the model was further used to estimate the frost formation
on the evaporator surface due to the air infiltration through the door gaps.
Suggestios werealso providedto generalize the model for other closed display
cabinets and to take into accotim air infiltration due to door openings simple

or morerealistic mannerd.ike Chapter V Airflow characterization using PIV and
CFD techniques someexperimenal dataof Chapter Il Heat transfer analysis

and airflow characterization using hotwire anemomet@mere used for the model
input and the model validatiowhich showeda good agreementMore detail is
presented inArticle 5 (under review second submissipnMoreover, # input

parameters determined in this chapter were further usétapter VIl

Chapter VII Simplified heat transfer modeling in unsteady stateThis chapter

presents the development of the simplified heat transfer model in transient state,

which allows he prediction of the air and load temperature fluctuations according

to the on/off working cycles of the compressor operation and the defrosting
RSHUDWLRQ GXULQJ ZKLFK W iKyamiR P&EltayseliRed LV 3RII™ 7
with a spectral method by usingier transform and transfer functiogith this

solving method the modelshowedthe influence of different parameters on the

damping of the temperature fluctuations with quick calculdton. Theestimation

of theequivalentoadthicknessat which the temperature fluctuatiomas the same
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order as at the surfageas also propose@&omeexperimendl dataof Chapter IlI

(Heat transfer analysis and airflow characterization usinigotwire anemomet@gr

were used for the model input and the model validatwich showed a good

agreementMore detail is presented Aurticle 6 (under review, second submissjon

Finally, the conclusions and perspectives are providedCiapter VI

Conclusions and perspecties
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Experimental and numerical investigation of
the performance of retail refrigerated display
cabinets

Nattawut Chaomuang Denis Flick and Onrawee Laguerre
Published inTrends in Food Science & Technolo@017) 70 (Supplement C),
pageL5-104

Abstract

Refrigerated display cabinets are widely used tegmee chilled and frozen food
products in retail food stores. Storage temperatures must be efficiently controlled
to ensure that the product temperature is maintained below the recommended value.
Numerous surveys have demonstrated that refrigerated degilaets, seem to be

a weak link in the food cold chain, and household practices also constitute weak
links. A great deal of effort has been devoted to the investigation and improvement
of the performance of cabinets in terms of both temperature homtygamei

energy efficiency.

In this review article, an investigation of refrigerated display cabinet performance,
from basic experimental field and laboratory studies to advanced numerical
simulation, is presented. Field investigation enables knowledge akuse
conditions to be acquired and identifies problems encountered during food storage.
However, such investigation is usually costly and tcoasuming. The
Computational Fluid Dynamics (CFD) approach is becoming a promising
alternative used to studydahnfluence of various design parameters and operating

conditions on the cabinet performance.

Ambient air infiltration across air curtains is the most significant factor indicating
the performance of open display cabinets. This issue is still problematiany
research and development contexts. The application of closed doors becomes an
alternative solution which has been proven that it can provide several advantages.
As little research involving this type of refrigeration equipment is available, thus

further investigation is required in order to obtain additional data.
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Keywords:Refrigerated display cabinets, retail food stores, storage temperatures,
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Introduction

About a half of food products iretail food stores are presented in refrigerated
display cabinets (Bertrand, 1993). Typically, for chilled products, vertical multi
deck display cabinets are often preferred because the limited space available in the
stores can be utilized effectively. Fbquality and consumer safety strongly depend

on temperature control. Even though a great deal of legislation and regulations are
extensively imposed, several surveys show that food products presented in retail
cabinets encounter temperature abuse: tlublepm has been demonstrated in the

UK (Evanset al, 2007), and in France (Dereesal, 2006). Around 360 million

tons of food are lost annually worldwide because of the insufficient use of
refrigeration (IR, 2009).

Openfront refrigerated displagabinets are the most commonly used equipment,
since they allow customers to access the products without any barriers. Despite
good design of the air curtain, warm and humid air infiltration inevitably leads to
temperature heterogeneity within the cabin&tss heterogeneity can cause food
quality deterioration and high electrical energy consumption. In order to address
these issues, numerous widanging studies have been carried out with a view to
improve the performance of display cabinets, particularlierms of air curtain
design, using both experimentation and numerical simulation. Nevertheless,
infiltration can be limited using display cabinets with doors. Due to a possible
reduction in product sales, customer interviews were carried out in sugetsna
England, and these interviews showed that half of the customers surveyed would
prefer to purchase products from cabinets without doors (Grocery Trader, 2013).
On the contrary, Fricke and Becker (2010) indicated that the utilization of closed
display cabinets had no effects on product sales in the USA. As it is difficult to
reach a clear conclusion regarding the influence of the presence of doors in terms
of sales volume, and given the large amount of energy that can be saved, the use of
closed refigerated display cabinets is becoming more and more widespread, and
closed cabinets will account for 75% of all display cabinets in retail stores by the
end of 2020 in France (RPF, 2016).
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This review article is divided into two main sections based on yphe bf
refrigerated display cabinets: open or closed. Each section aims to present the state
of the art of the investigations involving both field and laboratory studies on the air
temperature evolution in the display cabinets and the food products theide
cabinets. These investigations were carried out by experimental and numerical
approaches in order to study the heat and mass transfer, the airflow and the energy
consumption of the cabinets. The objective of this review is to provide information
on thecurrent usage situation and to examine attempts to improve the performance
of the display cabinets in terms of both temperature distribution and efficient energy
consumption. Future trends in the field of refrigerated display cabinets are also
highlighted

Opendisplay cabinets

Since energy saving has become a major concern worldwide during the past two
decades, the performance of retail refrigeration systems must be optimized. Several
experimental and numerical investigations have been carried outerondet the

factors which have the greatest effects on system performance. These factors can
be design parameters, operating conditions or ambient conditions. The knowledge
acquired makes it possible to control the food temperature, to reduce temperature

fluctuations and to achieve energy savings in refrigerated display cabinets.

2.2.1. Field investigation

A retail display cabinet constitutes the last stage in the food cold chain prior to
purchase of food products by consumers. Effective temperature control égineed
as the quality of the products on the shelves can be adversely affected by
inappropriate control and inadequate temperature levels (Mariquele, 2012). Field
surveys have been carried out in various countries in order to investigate and
identify the ongang situation of cabinet operation. Most surveys produced the same
results: chilled food products available in retail stores are subjected to temperature

abuse as shown|ifable 2.1

A field study was carried out in France. The temperatures of three types of food
products (dairy, prepared and packed meat products, with a total of 307 samples)
throughout the entire food cold chain were monitored (Derens et al., 2006). The

results showed that around 30% of the products were stored at temperatures that
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were at least 2 °C higher than the recommended values. Aimost a decade later, a
similar study within the framework of the European FRISBEE project was
performed using a ham prattDerensBertheatet al, 2015). It was demonstrated

that food preservation in display cabinets tends to take place under better
temperature conditions than in the past due to a decrease in the mean product
temperature and a lower percentage of prodnotghich the temperature is higher

than the specified temperature. However, the authors noted that the results should
be interpreted carefully, given that only a small number of samples (83 samples)

was considered in this study.

The position in which foogroducts are placed inside the cabinet is also important.
Temperature differences of more thafiGwere observed on the cabinet shelves

by Willocx et al. (1994). When examining the effect of operating duration, they
found that the temperature at one posiincreased by 4C towards the end of the

day and by almost 7TC towards the end of the week due to an increase in the store
temperature. They also noticed that the top shelf had the highest temperature and
that the opposite was true for the bottom sHéhtis is quite different from Gill et

al. (2003) who monitored the temperatures of beef products stored in open display
cabinets in ten Canadian retail stores. The packages on the top and bottom shelves
were similar and warmer than the packages on tradlmishelves, while the
packages at the front were warmer than the packages at the back. The results also
showed that the maximum temperature of the selected product packages (5389

samples) from all stores was abovéGQl Further investigation of this isswas

performed in detail in a laboratory by Evans et al. (200Zhle 2.1|summarizes

the field studies conducted in several countries.
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Table 2.1 Field investigations on chilled food products at retail displays in various countries

Country

Temperature (°C)

Min.  Mean | Max.

% of samples

at specified temperature

Reference

Canada Beef -2.0 2.6 10.6 18% > 4 °C Gill etal. (2003)
Freshcut lettuce 4.1 McKellar et al.(2014)
Denmark | Chilled product 14.0 50% > 5°C BaghSorensen (1980)
France Yogurt 2.1 4.2 9.8 18% > 6°C Derens et al. (2006)
Processed meat -1.1 3.3 10.2 36% > 4°C
Ham 0.2 2.8 7.0 12% > 4°C DerensBertheau et af2015)
Bakery, pock and dairy 16.0 70% > 7°C Morelli et al. (2012)
Finland Fish 0.3 3.5 8.6 53% > 5°C Lundén et al. (2014)
Minced meat 0.1 3.1 6.9 10% > 7°C
Germany | Chilled product 110 | 87.9% > 4°C; 39.4% > 7°C | Murmann and Kuhlung (1987)
Greece Pasteurized milk 0 4.9 11.7 35% > 6°C Koutsoumanis et al. (2010)
Smokedslicedturkey 4.0 Gogou et al(2015)
Ireland Cooked sliced ham 15 5.7 12.7 14% > 5°C FSAI (2003)
Slovenia Meat 0 3.8 10.5 /ILNDU DQG -HY&AQLN
Dairy 0 5.6 16.0
Spain Meat -1.8 4.3 9.9 43% > 4°C Baldera Zubeldia et al. (2016)
Fish 2.9 6.2 10.0 75% > 4°C
Dairy 1.2 6.4 15.3 57% > 8°C
Sweden Chilled product -1.0 4.9 16.0 36% >5°C BaghSgrensen and Olsson (199
UK Cooked meat 28% >5 °C Sagoo et al(2007)
Chilled products 55% >5 °C Evans (2010)
USA Leafy green salad 40% > 7.2°C Brown et al. (2016)
Meat,fish and dairy -10.0 54 21.1 47% > 5°C; 22% > 7°C Audits International (1999)
Meat 20.0 38% > 4°C Rogers and Althen (1980)




2.2.2. Experimental study conducted in a laboratory

Evans et al. (2007) and Evans and Swain (2010) performed extensive studies on the
performance of different types of refrigerated display cabinets in terms of both
temperaturgperformance and energy consumption. These cabinets included well
freezers, chest freezers, frozen and chilled door cabinets (solid or glass door) and
openfront (chilled) display cabinets. The performance was analyzed undé4EN

test standard conditiorfer more recentEN ISO 23953). For all cabinet types, the
maximum temperatures of the test packages were generally in the areas the most
exposed to ambient, whereas the minimum temperatures were located in the least
exposed packages. For 135 offemt diglay cabinets, these authors observed that
most of the packages at the maximum temperature (97% of observed display
cabinets) were at the front, and 60% of them were at the cabinet front base or on
the bottom shelf. Meanwhile, most of the packages at themum temperature

(98%) were located at the back of the cabinets. These findings match those obtained
in a study conducted by Bg@wprensen and Olsson (1990).

To gain an insight into the evolution of air and product temperatures in an open
refrigerated diplay cabinet under unsteady conditions, Laguetral. (2012b)
performed an experimental study. The air and product temperature fields in the
cabinet and the temperature and velocity profiles of its air curtain were mapped
using the Particle Image Veloesetry (PIV) technique. The results showed that the
on/off compressor cycle promoted variations in the temperature of the air stream.
The air temperature varied readily, but the product temperature varied only slightly
because of the thermal inertia of f@ducts. The air temperature increased about
2.8°C when the air flowed upwards along the back of the cabinet because of heat
conduction through the wall. A temperature of 3®was observed at the supply

air duct and the air temperature rose to 2C8vhen the air reached the return air
duct. As observed by Evans et al. (2007), the product position in the cabinet is a
determining factor of its temperature. For this reason, the products located at the
front of the cabinet had higher temperatures thasettat the back of the cabinet.

The product with the highest temperature was located at the front base of the cabinet
and had a mean surface temperature of®,5vhereas at the back of this level, the
lowest product temperature (0°€) was observed. Bagdeon the velocity profile

mapped by PIV, the temperature fluctuations in the air curtain were affected by the
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introduction of ambient air via transient vortices which accelerate the infiltration
rate. To determine the influence of operating conditionb®gdbinet performance,
a simplified heat transfer model was developed in a later study (Lagteaie

20129), and these experimental results were used for the model validation.

2.2.3. The effect of ambient conditions

Howell et al.(199%) monitored the relate humidity in eight supermarkets in the
Tampa, Florida, area throughout the year (November 1997 to October 1998). This
study aimed to evaluate the existing levels of relative humidity in a retail store.
Overall, an annual average store relative humidigb8o was observed: the lowest
average relative humidity of 37% occurred in March and the highest average value
of 57% was recorded in September. Howell al. (199%) demonstrated the
influence of store relative humidity on display cabinet performancese authors
indicated that the performance based on energy requirements in the three
components (cabinet refrigeration, defrost system andsesetat heaters) was
strongly affected by the ambient relative humidity. Based on the results, the total
energy denand of display cabinets was reduced by 10% when the store relative
humidity was reduced by 5%, and consequently a 5% reduction in the total energy
consumption of the entire store could be achieved. This can be explained by less
frost formation on evaporat coils and less anrweat heat operation, and thus a
lower latent heat load requirement. This observation is in agreement with that
reported by Tassoet al.(2001).

Axell and Lindberg (2005) conducted field measurement of temperature variations
in refrigerated display cabinets in three supermarkets in Sweden. They found that
the outdoor climatic conditions influenced the indoor conditions of the
supermarkets, given that the total electrical power consumed by chilled display
cabinets increased 55% durisgmmer. This variation was mainly caused by
variations in the ambient humidity. In the supermarkets, the mean air temperature
in the cabinets during daytime operation was’@.lh summer and 1.9Cin winter.

The mean air temperature difference betwéertap and the bottom of the cabinets
was 3.3°Cin winter and 6.7C in summer. A difference of more tharf@ could

be observed between daytime and night operation when a night cover was applied.
Regarding this observation, the authors pointed out tigat covers should be

placed on display cabinets during closing hours because 50% energy savings can
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be achieved. Moreover, the authors concluded that the vicinity of open display
cabinets has provided poor thermal comfort to supermarket customers @l to ¢
air spillage from the cabinet&@ socalled cold leg effect) The recent study
confirmed this finding by comparing the ambient temperature measurement with
supermarket customers/staffs responses to the questionnaires (Liredba&ig
2017).

An experinental study was carried out in a laboratory by Chen and Yuan (2005).
These authors found that room temperature and humidity caused an increase in the
air temperature and heat gain in the cabinet refrigeration system. The temperature
increase in the cabinet mainly due to the increase in the room temperature, but
this increase is also to some extent due to the humidity. However, higher humidity
exerts effects on the latent heat gain, which in turn leads to higher energy demand.
The effect of ReynoldsRg numbers (based on the supplied air velocity and the
width of the air curtain) on the air temperature distribution and total heat gain was
also shown. When thieeincreased from 4100 to 5000, the temperature inside the
cabinet decreased 1105 °C approximaely. When theReincreased from 5000 to
5700, the temperature changed only slightly. The authors proposed the thermal
entrainment factoto characterize the air curtain performance; this factor is
correlated to the Reynolds and RichardsRi) fumbersThis study also showed

the benefits of the application of night covers, which enable more homogeneous
inside air temperatures to be achieved. It should be borne in mind that the Reynolds
number characterizes flow regimes for forced convection (laminaunrbulent

flow) and the Richardson number characterizes the importance of natural

convection relative to forced convection.

In accordance with the results obtained by Gaspal.(2011), the ambient climate
exerts a great impact on the total heat transfier and infiltration rate. The latent

heat transfer rate component increased 42% when the humidity rose from 35% to
60%. The heat transfer rate due to air infiltration was the individual component with
the greatest increase (from 67% to 77%). As humithiy an immediate impact on

the latent heat transfer rate, the authors emphasized that the influence of humidity

should be taken into account when calculating the thermal entrainment factor.

Heidinger et al. (2013) studied the influence of ambient conaisoon the

performance of the evaporators of refrigerated display cabinets. The diasstes
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3 (25°C, 60%RH) and 6 (27C, 70%RH) according to ISO 23953:2005 were
compared in this study. A total heat load increase of 25% was observed when the
climate clanged fromClass 3 toClass 6. This also caused thicker frost formation

on theevaporator antkd to less efficient heat exchange with air due to a reduction

in the air velocity. Thus, the electrical energy demand of the display cabinets
became higher.

By gaining an insight into the effect of ambient conditions, the design of display

cabinets can be optimized, thus promoting energy savings and food safety.

2.2.4. The effect of design parameters and operating conditions

The infiltration between the refrigerated qoantment of an open display cabinet
and the ambient surroundings across its air curtain represents alR7a8o6 the
total refrigeration load (Faramarzi 1999; Gaspar et al., 2011; Tessdy2011).
Many researchers have endeavored to improve daiowtesign in order to enhance

the cabinet performance.

Gray et al. (2008) experimentally studied the effect of the proportion of holes in the
perforated back plate on the performance of refrigerated display cabinets. The
arrangement and the numberhaiies exerted a marked influence on the discharge
airflow rate. These authors reported that a ratio of 70% airflow rate at the supply
air duct and 30% at the perforated plate allows good cabinet performance. This
condition allowed a higher Reynolds numiggom 3740 to 4100) and a lower
Richardson number (from 0.13 to 0.11) compared with the original design. In this
manner, the air temperature at the supply air duct decreaseddf®tn-0.85°C.

This Re number range, however, is lower than that repobiedChen and Yuan
(2005) due to the different desgn

The influence of the width of return air duct of an open display cabinet performance
was studied by Hammond (2011). He studied the influence of the return air duct
width in the range of 35 to 145 mm dre infiltration coefficient+defined as+L

I 6 oF 6.6 1 6yanF 6:gWhere 6 g 6.and 65 5 care the return air, supply air

and ambient temperatures, respectively. It was found that the optimal return air duct
width was 70 mm (for a 36m high curtain with a jet velocity of 0.9-81). The

author concluded that the effect of the width is relatively small on the cabinet

performance; however, excessive width can cause poorer performance.
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The temperature stability in the air curtains of ogeplay cabinets is difficult to
control because many parameters play simultaneous roles. Hanetran@016)
proposed a new air curtain design to replace the conventional one-¢hieso

short air curtain. With this innovation, the front of the oabiis enclosed by
multiple short air curtains provided for each shelf rather than a single long air
curtain. The experimental results showed that the cabinet with the short air curtain
generated higher energy savings and greater temperature distrilbuifanmmity.

The cooling load was reduced from 4.24 kW to 3.04 k&d(ction 0f28.3%), and

this represented a 35.9% reduction in electrical energy consumption. The range of
maximum and minimum product temperatures was also narrower (a difference of
9.5°Cfor the conventional design and 3Cfor the short air curtain). These results

can assist display cabinet manufacturers or engineers when designing and

manufacturing higiperformance display cabinets.

Yu et al. (2009b) proposed an alternative design toximi&e air curtain
performance by supplying cold air from a central unit located outside the display
cabinet. This system was then compared with a conventional display cabinet with
an integrated cold production system. Based on the experimental resaitedbt

by these authors, many benefits were obtained in the case of cold air supplied from
the central unit, i.e. a betteontrolled air curtain, longer intervals between defrost
cycles (extended from once everia ® once every @) due to less frost fomation

and lower maximum product temperature during defrosting periods. Moreover,
these authors found that the optimal velocity of the air curtain for this cabinet type

is 0.7-0.8m-s?, corresponding to Renumber of 435¢000.

Kou et al.(2015) studied the influences of thermostat setting<O(at’C and-2.2

°C with the same defrosting interval of 12 h and duration of 30 min) on the product
temperature and quality of packaged baby spinach products at various locations.
With the-2.2°C thermostat temperature, the products located on the top shelf at the
front of the display cabinet had the highest temperature (a mean temperature of 6.5
°C) and the temperature decreased subsequently towards the back of the cabinet.
The lowest mean tempéuae was below zerc@.6 °C), and the product located in

this zone was thus subjected to freezing damage. To overcome this thermal
problem, the warmer temperature of the thermostat was-6eb&C. However, the

products in the front rows then undergonperature abuse. This represents the
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situation in supermarkets and the controlling of such temperature abuse to ensure
that all products are preserved at suitable temperatures without freezing problems
is becoming a major challenge. These results werérewmd by Laguerre et al.
(2012b): a warmer product temperature at the front and a cooler product

temperature at the rear of the same shelf.

The temperatures of products preserved in display cabinets can rise several degrees
during defrosbperation anavill take an hour to reach the correct temperature once
again. Under such fluctuating temperature conditions, tempeisgusitive food
products can deteriorate at rates that are different from those of products stored
under normal conditions (Wellnd Singh, 1989). The application of a heat pipe

and phasehange materials (PCM) installed in the cabinet shelves was introduced
to deal with this issue by Let al. (2010). Two cabinet prototypes, a shelf retrofitted
with a heat pipe and combined heat pipe B@iM, were experimentally tested in

their study. Based on their results, the authors claimed that the use of a heat pipe
and PCM provides several benefits: a reduction in the core product temperatures
(3.0 to 5.5°C lower with a heat pipe alone), improveshtperature distribution
homogeneity (a small range of mawin. temperatures during normal operation)

and a reduction in the temperature rise occurring during the defrost proce€ss (0.3
rise with the combined structure) with no change in energy consumftiese
findings are in corresponding with Wu et al. (2017) who reported that the
temperature fluctuation ofobd packages is reduced by 53.83.3% during
defrosting of a vertical open display cabiequipped witlrsuch acomposite shelf

(heat pipe ané?CM) and the average temperature @bd packages is reduced by
13.7- 32%.

2.2.5. Development of numerical models

A field investigation and laboratory experimentation are necessary in order to
determine the operating conditions and problems occurring withifrigerated
display cabinet. However, such investigation is both costly anddonsuming.

For this reason, a numerical approach is complementary. Modelling of refrigeration
systems can be applied to practical use in real situations. The model allows the
operator to observe and predict the thermal phenomena under various conditions,
and the knowledge acquired will allow the operator/engineer to find solutions

designed to improve the performance. Thanks to recent advances in computer
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technology, modelling l®abecome more reliable, and increasingly detailed and
complex models can be developed. Computational Fluid Dynamics (CFD) is a tool
that enables simulation of fluid flow problems by solving differential equation
systems (mass, momentum, and energy equgtioh is being successfully
implemented for many applications worldwide, including refrigeration
applications, as highlighted by Smade al. (2006). This review aims to further

expand more recent developments in the area of refrigerated display gatabkts.

2.2|summarizes the numerical studies conducted on open display cabinets using the

CFD approach.

In earlier numerical studies related to the refrigerated displapetapplication,

CFD codes based on the finite element method (Cortella, 2002; Cettall]2001)

and finite difference method (GadTassou, 2001) were developed individually in

WKH DXWKRUVY ODERUDWRULHY 6LQFH FRPSXWHU WHF
more reliable commercial CFD codes have been developed, many researchers tend

to adopt them in their studies. The most common ciohsde FLUENT and CFX

in which discretization is based on the finite volume method. CFD is proving to be

a very useful tool at the design stage of refrigerated display cabinets as it enables

knowledge of airflow and thermal phenomena to be acquired.

Among the typical thermal load contributions in an open display cabinet, the
contribution of infiltration is responsible for the greatest thermal load (Tassou et
al., 2011). Reducing infiltration into the food preservation zone of the display
cabinet is becomgnthe main priority in most studies. With validated CFD models,
the efficiency of cabinet air curtains is quantified on the basis of the heat transfer
rate across the air curtains (Chen 2009; Gaaspal.,2012; GeandTassou, 2001;
Madireddiand Agarwal, 2005), or in terms of thermal entrainment (D'Agatal

2006; MourehandYataghene, 2016; Nava al 2005). Considering this defined
factor as a benchmark, researchers can then numerically modify cabinet design
parameters and vary operating conditists that optimal conditions can be

obtained.

The findings of various studies provide a common principle even though different
types of display cabinets were examined in the studies. The insulating ability of the
air curtain can be maintained by selectingrapriate jet characteristics. To ensure

that less ambient warm air is introduced, the jet must not generate a high turbulence
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intensity but must be able to reach the return air duct with minimum spillage to the
external surroundings so that the open fistivtally sealed, and customer comfort

is ensured. The air curtain can be scientifically described by two dimensionless
variables: the Reynolds numb&¢ and the Richardson numb@&i). Reducing the

Re of the curtain can achieve this characteristicweleer, there is no specific
optimum value as each particular cabinet establishes its own valu&eliehe

range of 3208400 were recommended by Navaz et al. (2005), while Field and
Loth (2006) reported that for conventional display cabinetsRérange of 4200

8000 was typically found.

To represent the most accurate prediction of the real situation, a CFD model has to
take into account many aspects. Some significant parameters to be taken into
account for model development were underlined by sevessarchers. These
parameters include ambient radiative heat transfer (Laguerre et al., 2012a;
Madireddi and Agarwal, 2005) and geometric dimensions (2D or 3D) (D'Agaro et
al., 2006). Moreover, some authors have introduced new modelling techniques to
predct the performance of display cabinets: the integration of refrigeration devices
in calculation domains (Gaspar et al., 2012; Ge et al., 2010), calculation based on
normal or modified twefluid (TF or MTF) models in which the flow regime is
assumed to coist of two fluids (turbulent and neturbulent fluids) (Cao et al.,
2010; Yu et al., 2007, 2008). Most of developed CFD models for display cabinet
considered the flow regime at the exit of heat exchangers as an input model
boundary. However, airflow maldrgbution in the heat exchangers and cooling air
ducts can cause an aggravated evolution of velocity profile at the discharge air grille
of display cabinets. To obtain an insight of the transport phenomena in this region,
numerical studies have been penfied by Marinetti et al. (2014). After validation

with the experimental results (Marinegti al. 2012), the obtained results notified
that there was a maldistribution of mass flow rate in the dingher velocity at

the exit of cooling coils was observed the right part. The study of Rossetti et al.
(2015) showed that this air velocity has a great relationship with its temperature.
Due to the residual time inside the evaporator, higher air outlet temperatures were
in the higher velocity areas whereasvéw air outlet temperatures were in lower
velocity area. With all obtained knowledges, a better model development can be
promoted.
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Several correlation models have been developed in order to assess the performance
of refrigerated display cabinets in a rapmhnner. Based on the results obtained
using CFD models, simplified correlation models for the total heat transfer across
the air curtain and the return air temperature were established and introduced by Ge
and Tassou (2001). Using an approach similah#b of Yuet al. (2009a), these
authors developed correlation formulae describing the thermal entrainment factor
(TEF) for typical open display cabinets with single and double air curtains. By using
these TEF formulae, the return air temperature can bealsulated. By comparing

these data with published experimental data, the authors indicated that the

developed model is sufficiently accurate for engineering applications.

Unlike the previous studies which built models based on simulation results,
Laguerreet al. (2012a) developed anotremplified model based on a zonal or
compartmental approach. The objective of their model is to enable rapid prediction
of air and product temperatures in open display cabinets. The results obtained in
their previous study (Laguerret al., 2012b) were eoioyed for the model
validation. A comparison showed that the calculated values of both temperatures
were slightly below the predicted values due to the simplification hypotheses.
Finally, the authors mentioned that the product ttemaperature evolution
throughout the entire food cold chain can be monitored by integrating this
developed model with similar models that have already been developed for
domestic refrigerators and refrigerated vehicles (Laguerre et al., 2014).
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Table 2.2 Numerical studies on heat transfer and airflow in open display cabinets

CFD codes
SOFIE

Turbulence
models
Standard kO

Display cabinet

schemes
VORDC

Studied parameters

% Load arrangement

Main observations

% Velocity profile

References

Axell et al.(1999)

(2D and 30V) Singlecurtain ¥aHole characteristics of a
5 shelves perforatecplate
Loaded
In-house LES VORDC % Air velocities of both inner ¥, Temperature profile Cortella et al.
(2D) Double curtain and outer jets ¥ Velocity profile (2001)
6 shelves ¥ Flow pattern
Loaded ¥, Air curtain efficiency
In-house n/a VORDC ¥ Ambient enthalpy ¥, Total heat transfer Ge and Tassou
(2D) Single curtain ¥ Temperature difference ¥ Return air temperature (2001)
5 shelves between the jet and the air in
Empty cabinet
Y% Jet initial temperature
¥, Jet initial velocity
¥ Jet thickness
¥ Air curtain height
In-house LES VORDC ¥ Cabinet configurations: Y2 Temperature profile Cortella (2002)
(2D) Double curtain vertical and horizontal ¥ Velocity profile
6 shelves dimensions ¥ Flow pattern
Loaded ¥ Load temperature (separate
HORDC code)
Loaded
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Table 2.2 Numerical studies on heat transfer and airflow in open display cabinets

CFD codes

In-house,

Turbulence
models
CebeciSmith

Display cabinet

schemes
VORDC

Studied parameters

% Discharge air velocity

Main observations

% Infiltration rate

References

Navazet al.(2002)

ROYA (algebraic Single curtain ¥ Discharge air temperature ¥ Velocity profile
(2D) model)
Low-Re k -

CFX Standard kO | VORDC % A number of design ¥, Temperature profile Fosteret al.(2005)
(3D) Single curtain parameters: ¥ Flow pattern

5 shelves ¥, Size and position of the ¥, Product temperature

Loaded cooling coils (evaporator)

¥ The presence of a baffle plat
within a back panel

FLUENT Standard kO | VORDC ¥, Radiation (based on discrete| % Product temperature Madireddi and
(3D) Single curtain ordinates radiation model) ¥, Sensible heat load Agarwal (2005)

5 shelves Y Inlet mass flow rate

Loaded
FLUENT n/a VORDC ¥ Reynolds numbers (based ol % Infiltration rate Navaz et al. (2005
(2D) Single curtain supply duct width) ¥, Temperature profile

4 shelves ¥ Turbulence intensity ¥ Velocity profile

Empty ¥ Presence of a perforated bag

plate

CFX Standard kO | VORDC ¥ 3D effect (cabinet length) ¥ Temperature profile D'Agaro et al.
(2D and 3D) RNG k0 Triple curtain ¥ Warm air curtain temperaturq % Flow pattern (2006)

5 (inclined) (the 3rd curtain exposed to ¥ Induction factor

shelves ambient) ¥ Return air temperature




MBIABI aInyesalnF || Ja1deyd

T€

Table 2.2 Numerical studies on heat transfer and airflow in open display cabinets

CFD codes Turbulence Display cabinet Studied parameters Main observations References
models schemes
Loaded ¥% Longitudinal ambient air ¥ Refrigerating capacity
velocity
In-house, Standard kO | VORDC ¥ Comparison of turbulence an % Temperature profile Yu et al.(2007,
FORTRAN (TF and MTF) | Double curtain two-fluid models 2008)
(2D) No shelf Y Internal and external air
Empty curtain velocities
FLUENT Standard kO | VORDC Y% Lengthwidth ratio ¥, Stability of air curtain (based | Chen (2009)
(2D) Single curtain ¥, Discharge angle of air curtair on temperaturdistribution
6 shelves ¥ Heightdepth of the cabinet and sensible cooling load)
Empty ¥ Dimensions and positions of
internal shelves
In-house, Standard kO | VORDC Y% Velocity and temperature of | % Thermal entrainment factor | Yu et al. (2009a)
FORTRAN (TF) Single curtain supply air (inner and outer in| ¥ Return air temperature
(2D) 6 shelves case of dual curtains)
Double curtain % Air curtain width and height
5 shelves ¥ Central distance between
Empty supply and return air ducts

¥ Ambient temperature and
humidity

Y% Perforated back panel airflow
ratio and its temperature
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Table 2.2 Numerical studies on heat transfer and airflow in open display cabinets

CFD codes
FLUENT

Turbulence
models
Standard kO

Display cabinet

schemes
VORDC

Studied parameters

¥ Ambienttemperature

Main observations

% Temperature profile

References

Ge et al. (2010)

TRNSYS Single curtain ¥ Ambient airhumidity ¥ Flow pattern
(2D) 5 shelves ¥ Cabinet air flow rate ¥ Refrigerant mass flow rate

Loaded ¥, Cooling capacity

¥ Product temperature

FLUENT RNG k0 VORDC ¥ Integration of air flow in the ¥, Temperature profile Gaspar et al.
(2D) Single curtain duct into simulation domain | % Velocity profile (2012)

5 shelves ¥ Relative humidity field

Loaded ¥2Mass flow and heat transfer

rate across air curtain

In-house n/a VORDC ¥ Ambient temperature ¥4 Air temperature Laguerreet al.
(2D) Single curtain ¥ Radiation ¥ Product temperature (2012)

5 shelves Y% Internal infiltration rate

Loaded ¥, External infiltration rate
n/a Standard kO | VORDC ¥ Lighting ¥ Product temperature Zhijuanet al.
(2D) Single curtain ¥ Air velocity at evaporator (2013)

6 shelves outlet

Loaded ¥ Ambient temperature and

relative humidity

CFX Standard kO | Mock-up model of | % One study condition ¥ Velocity profile on different | Marinetti et al.
(3D) coolingair bottom three heights (2014)

duct
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Table 2.2 Numerical studies on heat transfer and airflow in open display cabinets

CFD codes

Turbulence

Display cabinet

Studied parameters

Main observations

References

models schemes
FLUENT n/a VORDC % Percentage of porosity on a | % Temperature profile Wu et al. (2014)
(2D) Single curtain perforated back plate ¥ Flow pattern
6 shelves ¥ Location of perforations on a| ¥ Air curtain velocity
Loaded plate
CFX Two-equation | Mock-up model of | % The presence of cooling coil§ %aVelocity profile in laminar ang Rossettiet al.
(3D) eddy coolingair bottom in the bottom duct turbulent flow regimes in the | (2015)
viscosity duct duct
¥ Velocity profile on a single fin
of cooling coils
CFX Two-equation | Mock-up model of | % One study condition ¥ Velocity profiles in the duct | Rossetti, et al.
(3D) eddy coolingair bottom and on a single fin of cooling | (201%)
viscosity duct coils
¥ Temperature profiles in the
duct and on a single fin of
cooling coils
FLUENT Standard kO | VORDC % The application of a phase ¥, Temperature profile Alzuwaid et al.
(2D) Single curtain change material (PCM) ¥ Defrost cycle (2016)
6 shelves ¥, On/off compressor cycle
Loaded ¥ Compressor working time
¥ Product temperature
In-house n/a VORDC % The application of PCM ¥ Air temperature Hoang et al. (2016
(2D) Single curtain ¥ Product temperature
5 shelves
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Table 2.2 Numerical studies on heat transfer and airflow in open display cabinets

CFD codes

Turbulence
models

Display cabinet
schemes
Loaded

Studied parameters

Main observations

References

FLUENT
(3D)

Standard kO
RSM

Mock-up model
Single curtain

¥, External lateral flow velocity

¥4 Air curtain flow pattern
¥, Jet deflection

¥ Jet characteristics

% Thermal entrainment

Moureh and
Yataghene (2016)

1%

3D modelledfor one shelf only

n/a tnot availableLES +Large Eddy Simulation; RNGReynolds Normalization Group; RSMReynolds Stress Model; TEnormal twofluid
model; MTF-modified twafluid model (turbulent fluid calculated based on Standaf k 9 2 5 '#vertical open refrigerated display cabinet;

HORDC zhorizontal open refrigerated display cabinet




As previously mentioned iBectior|2.2.4 defrosting has a negative impact on the

food shelf life of food products in display cabinets as well as energy consumption.
One notably solution using phaskange materials (PCM) has beenpased by
many researchers. It was experimentally and numerically proven that the positive
responses using PCM can be achieved including higher energy efficiency and more
stabilization of air and product temperatures during defrosting (Alzuetaad,

2016 Hoanget al, 2016). Another technology to improve the performance is to
apply a desiccant to refrigeration system to remove moisture in return air before
entering to an evaporator (Zhaegal, 2017). Through theoretical analysis, the
proposed systent a frostfree (open) refrigerated display cabinet can provide high
coefficient of performance (COP) of 3.2. The authors noticed that the humidity and
the temperature of return air have a significant effect on the COP. They reported
that COP increased by6% when humidity decreased from 80% to 50% and by
115% when return air temperature decreased from 14@o 8

Closed display cabinets

Ambient air infiltration is a major drawback in op&ont display cabinets. In spite

of efforts to provide better desigtwo problems are often observed in practice:
temperature control and energy efficiency. In addition, more tighten regulations are
imposed i.e. the Food Code by the U.S. Food and Drug Administration (FDA). It
requires all refrigerated food products needbé stored at the temperature &C5

or below (FDA, 2013). These technical issues bring more challenges to both
manufactures and retailer to develop new design of display cabinet. An alternative
is the installation of doors. It has been proven that greagings of up to 70% can

be achieved with this solution (Frickand Becker, 2010; Rhiemeieat al, 2009;
Rolfsmanand Borgqvist, 2014) as well as the better temperahomogeneity
(Atilio de Friaset al.2015; Lindberget al.2010). Given these findings, the thermal
performance of closed refrigerated display cabinets is attracting more and more

attention.

Moreover, the use of doors bgtrofitting an open fronted display cabinet can also
provide environmental and econorbiendits as highlighted in the review of Evans
(2014). The thermal comfort of supermarket customers has been improved since

around 2 K of mean temperature of air in front of the cabetstfittedwith doors
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was increased (Lindberg al, 2008). The prediatn of annual financial saving of
supermarkets by fitting doors to cabinets varies due to the store sizes (about 50,000
Yo IRU W B and a pafack period for door retrofitting was
about 16 months. Nevertheless, the author (Evans, B01eq that there were some
limitations of the reported data, ilemitation of cabinet numbers, neglect of some
significantfactors (net demand of cooling capacity in stores, maintenbaimgs

etc.) in cost estimation.

2.3.1. Field and laboratory investigatits
Many comparisons of the performance of refrigerated display cabinets with and
without doors have been performed by a number of researchers. The potential

energy savings are usually taken into consideration in most studies, as shown in

Table 2.3| Such savings are mainly achieved through a reduction in the entrainment

of ambient warm and moist air into the preservation space, which leads to less frost
formation on coolingcoils and less compressor energy demand (Faramagt)

2002). However, findings published by Evans and Swain (2010) demonstrated that
the energy consumption based on the mean total energy consumption per unit
display area was slightly different betwetve two cabinet types: 10.01+0.40
(open) and 10.81+1.41 (closed) kWi? per day. This evidence suggests that
closure with doors on the cabinets may not always consume less energy. Moreover,
the frequency and duration of door openings are the other iampdaictors which

can cause higher demand of energy consumptioat(al, 2007). As indicated by
Vallee (2015), the refrigeration energy consumption was approximately 15% higher

when the display cabinet was operated under periodically opening condition.

Only a few studies on the performance in terms of temperature variation and
homogeneity have been conducted. For instance, a decrease in the overall air
temperature of at least°€ in display cabinets retrofitted with doors was reported

by Lindberg et al(2010). Evans and Swain (2010) conducted a comprehensive
study which demonstrated that the temperature distribution within closed display
cabinets also varied according to product positions. As in-typencabinets, 94%

of the products with the highesthperature were located at the front of the chilled
display cabinet, and nearly half of them (49%) were located on the bottom shelf.
Conversely, most often, the products with the lowest temperatures were located at

the rear of the cabinet and about 70% even the top shelf. In addition, the
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comparative results obtained with open and closed display cabinets revealed that
the temperature variation within closed cabinets is lower than that within open

cabinets.

Similarly, Atilio de Frias et al. (2015) also fiaflned that the temperature
heterogeneity in the closed cabinet was less compared to the open one due to the

decrease of spatial temperature differences almost Wy @able 2.3). As the

quality of chilled/frozen food products is sensitive to storage temperature, the
improvement on temperature homogeneity in display cabinets is expected to
provide better food quality during preservation. In the demonstration by this
research team, it proved that higher visual quality and lower decay rate of minimally
processed vegetables can be achieved by the installation of doors on display

cabinets.

Table 2.3 Comparison of the performance of open and closed display cabinet

Potential Temperature distribution

Study

nature savings Closed Reference
Germany| Review of 40% Rhiemeier et al.
literature (2009)
UK Laboratory Ta=2.722.1°C | T,=3.7+£1.2°C | Evans and Swain
“T=8.6x4.5°C | "T=5.1£1.6°C | (2010)
USA Laboratory| 68% Faramarzi et al.
(2002)
Review of 73% Navigant
literature Consulting Inc.
(2009)
In the field| 23% Fricke and Becke
(2010)
Laboratory| 69% Tp=4.68.1°C | T,=2.04.8°C | Atilio de Friaset
al. (2015)
Sweden | Inthe field| 26% | T.=6.7-7.2°C(D) | Ta=3.64.7°C(D) | Lindberg, et al.
To=456.7C(N) | T=1534°C(N) | (2010)
Laboratory| 66% T+=3.33.5°C T+=6.06.6°C
"T=7.88.3°C "T=2.7-3.1°C
In thefield 50% Rolfsman and
Borgqvist (2014)
New In the field| 42% “T" 80.6-3.0°C | "T" 80.4-0.7°C | Robertson (2015)
Zealand

Ta tmean air temperature, ¥ mean product temperaturé] Hmax-min. temperature
GLIITHUHQFH R #fetuiR @Gnd Bi¥¢hArgé @ir temperature differeBeeidaytime
operation; Nxnight operation
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The advantages of the implementation of refrigerated display cabinets closed with
doors compared with conventional opgpe cabinets in terms of energy

consumption, temperature variation as well as the food quality still constitute an
issue which is generating discussion. Thus, further investigation is required in order

to obtain additional data.

2.3.2. Development of numerical models
In order to understand timeechanism of transport phenomena occurring in a closed
display cabinet, particularly when its doors are open, both experimental and

numerical investigations are required. A review of the literature shows that little

research involving extensive studies baen conducted, as showiTiable 2.4

7R WKH DXWKRUVY NQRZOHGJH WKH RQO\ GHWDLOHG Q
of cabinet is that performed by Orlareti al. (2013). The incoming energy was
numerically quantified duringhe door opening procedure (opening, holding and
closing). In their study, two thregoor cabinets were considered: one was equipped
with sliding doors and the other one was equipped with hinged doors, and only the
central door openings were analyzed. Toenparative results showed that the
internal temperatures were relatively similar for both door types during the holding
step. However, during the opening and closing steps for the cabinet with sliding
doors, the air temperature at the return air ductmaagedly lower than in the case

of the cabinet with hinged doors. For this reason, the display cabinet closed with
sliding doors consumed 17% less energy than the other cabinet.

Moreover, the research team also highlighted the impact of the door opening
frequency on energy consumption. According to ISO 23953 (10 openings, each
with a duration of 15 seconds, per hour per door), the energy contribution due to
door openings was responsible for 12% of the total heat extraction rate on
evaporator coils, while ghcontribution of lights was greater (25%). Nevertheless,
when a higher frequency was applied (60 openings per hour for each door), the
contribution of openings became significant. It accounted for 44% of the total heat
extraction rate. This very high fregncy may not happen in real life situations.
Fricke and Becker (2010) found that the most frequent door opening duration was
only 5 seconds and the daily mean door opening frequency was only 6.3 openings
per hour, which means that one door is opened &Bmninutes. These data would
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indicate that the standard door opening cycle is more demanding than the most

common situation in practicAnother numerical model of a closed display cabinet

ZDV XVHG E\ '1$JDUR HW DO , Qmidtikg.anhdVW X G\ D |
demisting process in the glass doors of a closed frozen product display cabinet was
developed. The main objective of this study was only to gain an insight into the

physical mechanism of the therrfloid phenomena of fogging and defogging

taking place during the door opening, as this is a very important issue for this type

of cabinet. The high fogging level leads to poor transparency of the glass, thus
LQIOXHQFLQJ WKH YLVLELOLW\ RI WKH SURGXFWYV IURI
Defogging with aheater is then required, and this process leads to higher energy

demand and cooling load. However, no case study was shown to demonstrate the

influence of these phenomena on the cabinet performance in terms of both energy

efficiency and temperature didiution.
Conclusiors

Many studies on retail refrigerated display cabinets have been carried othever
past two decades, and awareness of food product quality and energy efficiency is
rising continuously. Many researchers have made an effort to investigate and
identify the key factors which influence the cabinet performance by means of both
experimenth(field-based and laboratehyased) and numerical ¢imouse code and
commercial code) approaches. The knowledge acquired will provide an opportunity
to optimize this equipment in terms of both temperature homogeneity and energy
consumption. The thermal tainment factor of air curtains seems to be the main
performance indicator in the case of open display cabinets as it directly represents
the amount of entrained ambient air. This issue still poses problems in many
research and development contexts. Tg@ieation of closed doors is becoming an
alternative solution and several studies have demonstrated that closed doors can
provide several advantages. Since there is no conclusion on the loss of sales of
products due to the use of doors, many researcrec®aducting investigations on

the influence of doors. Nevertheless, most of these studies focused on the energy
consumption perspective alone. The impact of temperature variations on food
quality, particularly the effect of ambient operating conditiam$ door openings,

requires further elucidation.
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Table 2.4 Numerical studies conducted on closed display cabinets

Display cabinet

CFD code Turbulence model scheme Studied parameters Main observations Reference
Commercial Realizable kO CRDC ¥ Types of doors (hinged % Temperature profile Orlandi et al.
code(3D) 3 doors and sliding doors) ¥ Velocity profile (2013)
Opensource 6 shelves ¥, Operation time (day and ¥ Flow pattern
code(3D) Loaded night) ¥ Return air temperature
¥ The frequency of door ¥ Incoming thermal loads
openings through a door
¥, Heat extraction rate

CFEX n/a CRDC ¥ Fogging (condensation) ¥ Temperature profileona| 'f$JDUR H
In-house 5 shelves and defogging (with glass surface (2006)
(2D and 3D) Empty electric heaters) processe ¥, Water layer height

due to opening doors

CRDC #a closed refrigerated display cabinet
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Experimental analysis of heat transfer and
airflow in a closed refrigerated display cabinet

Nattawut Chaomuang Alain Denis, Denis Flick and Onrawee Laguerre
Published inJournal of Food Engineerin(R019),244,pagesl01-114.

Abstract

This study presents the experimental investigations on heat transfer and airflow in
a closed refrigerated display cabinet. &md product temperatures and air velocity
were measured with thermocouples and awicgd anemometer, respectively.
Temperature variation in the cabinet depends on the positions. The front areas
contributed to higher temperature, whereas the rear areas atem lower
temperature. Benefits of doors were also examined by comparing the results of air
and product temperatures with the case without doors. The cabinet with doors
provided less temperature heterogeneigf( ~ 2.1 °C) compared to the case
without door (¢6 = 4.9°C). The maximum air velocity in the air curtain of 0.6
m-s! was observed at the discharge grille. The horizontal air velocity from the
perforated plate was low (< 0.2 m)dor all shelves. The loading percentage in the

cabinet did ot significantly affect the airflow rate through the perforated plate.

Keywords: Closed refrigerated display cabinet; Heat transfer; Temperature;

Airflow; Velocity; Experimental study
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Nomenclature

A area[m?]
Dn  hydraulic diameterL iE [m]

Q  power supply{W]

P perimeterfm]

Re Reynolds numbdr]

T temperaturg¢°C or K]

& mean temperatuéC or K]

6Y dimensionless temperaturg

07 mean temperature difference between front and back posjfiGrns K]
U  overall heat transfer coefficiefitV-m2-K]

UA overall thermal transmittand&V-K?]

R  velocity[m-s?]

Greek letters
¢  density[kg-m~]
4  dynamic viscosityfkg-m?t-s?]

Subscripts

a air

amb ambient

cf cabinet fan

ext external

h heater

hf  heater fan

E index for a given position
int  internal

th  thermostat

Abbreviations

DAG Discharge Air Grille

PBP Perforated Baclkanel

RAG Return Air Grille

PPA Percentage of Perforated Area

Introduction

A refrigerated display cabinet is typically employed to display food products in
retail stores.tlis the last storage stage in the cold chain prior to purchasing by
consumers. Product temperature control plays a vital role in maintaining food

guality. Various studies have demonstrated that food products at this stage are
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subjected to temperature abuslespite extensively imposed legislation and
regulations. A field investigation conducted in France showed that around 30% of
monitored products were stored at temperatures above their recommended values
(Derens et al., 2006[Even if the situation tends improve, and products have been
maintained under better temperature conditions during the past déra@es
Bertheau et al., 2015nsufficient temperature control remains problematic.

Vertical open refrigerated display cabinets are the most common refrigerated
equipment adopted in many retail stores because they enable customers to have free
access to food products. Regarding this open design, the food products stored inside
the displaycases are isolated from the external ambient environment only by one
or more cold air curtains. Although the air curtain is well designed, warm and humid
air infiltration is unavoidable. It is the greatest drawback of this type of display
cabinet becausécauses very high energy consumption: air infiltration contributes

to approximately 6&7% of heat gaifFaramarzi, 1999; Gaspar et al., 2011; Tassou

et al., 2011)and it results in temperature heterogeneity inside the cabinets. As
reported byillocx et al. (1994) temperature differences of more thatCowere
observed on the cabinet shelvEsans et al. (2007ndicated that the maximum
temperatures in cabinets were generally in the front areas which is the most exposed
to ambient whereas the minimut@mperatures were located in the back. These
authors reported that for 135 investigated display cabinets, 97% of the packages of
the maximum temperature were at the front of the cabinets (60% of them were on
the bottom shelves), and 98% of the packagéseatinimum temperature were at

the back. These findings match those obtained in an experimental study conducted
by Laguerre et al. (2012)'he product with the highest temperature with a mean
surface temperature of 9°® was located at the front and &etbottom of the
cabinet, while the lowest product temperature {@)Qwas observed at the back, on

the same level.

Many studies have been conducted on open and closed display cabinets and were
reviewed byChaomuang et al. (2017Between them, experimeiton (Amin et

al., 2009; Chen and Yuan, 2005; Gaspar et al., 28@d)numerical simulation
(Cortella, 2002; D'Agaro et al., 2006; Moureh and Yataghene, 204:/®) carried

out with a view to improve the performance of display cabinets. In these studies,

the influence of significant factors on the display cabinet performance has been
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pointed out: ambient conditions, design parameters and operating conditions.
Nevertheless, the issue of air infiltration remains unsolved and is still attracting a

lot of atteriion, and therefore a lot of research is being conducted on this issue.

The installation of doors on open display cabinets is becoming an alternative and
has proven to provide many advantages including the achievement of energy
savings(Faramarzi et al.,@2; Fricke and Becker, 2010educed temperature
fluctuations(Evans and Swain, 2010; Lindberg et al., 20406yl improved food
quality (Atilio de Frias et al., 2015)These results encourage many retailers to
replace their conventional opé&mnt displaycabinets with closed cabinets fitted
with doors. Particularly in France, according to a voluntary convention signed
between the government and the main retailer groups, it is expected that both new
and refurbished closed display cabinets will accounufoto 75% of all display
cases in retail stores by 202RPF, 2016) This transition is generating a new
research trend. The energy consumption of the refrigeration system of closed
display cabinets has been widely studied, but few studies focused on the
temperature performance (airflow and its corresponding temperature distribution),
which impacts food quality.

The present study was an attempt to bridge this research gap and was designed to
investigate the air and product temperatures and airflow in aclesrigerated
display cabinet. With the acquired knowledge, 4#al conditions and possible
problems of food preservation in this equipment can be identified, thereby enabling

design improvements and operating practices to be addressed.
Material and methods

3.2.1. Description of the closed refrigerated display cabinet
A closed refrigerated display cabinet (Costan, Offlip 2 Eco 125S) with external and

internal dimensions (width x length x height) of 650 mm x 1310 mm x 1980 mm

and 525 mm x 1250 mm x 1345 mraspectively, was employgé&igure 3.1). It

is equipped with two hinged doors (22 mm doudfilezing window made of 2 panes
of tempered glass, each pane with a thicknédsham, a 14 mm air gap filled with
90% argon gas). The glass panes are coated with-artegsivity coating material
to avoid the transmission of infrared radiation. There isamBgap between doors

and lateral glass walls to facilitate door openindgger€ are five shelves from the
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top (Shelf 1) to bottom (Shelf 5). The space above ShelfiIdonension of a shelf
350 mm x 1250 mm) is 225 mm, while the one above Shelf 5 (475 mm x 1250 mm)
is 345 mm. These spaces between shelves represent the t@tgé stolume of
about 0.60 rfor this display cabinet. The rear edge of the shelves is designed to
have a 16nm gap which allows products to have better cold exchange with the air

from the PBP and reduce the potential of product freezing.

The food temperate inside the display cabinet is preserved by two cold air
streams. The first one is the air flowing downward from a discharge air grille (DAG,
50 mm in width) equipped with a honeycomb at the top of the display cabinet and
forms an air curtain. The seabnold air stream is the air instantly penetrating from
the back through the perforated bganel(PBP) towards the front where the two

air streams are mixed. These air streams descend to a return air grille (RAG) by 2
propeller fans, and they are drivéhrough the cooling coils (a finngdbe
evaporator, heat exchange surface area of abod} ® mecrease the temperature,

and then return to the display cabinet.

The closed display cabinet was instalieda test room inwvhich the ambient
temperature wasiaintained at 19C. The room temperature was homogenized by

2 fans. To avoid the influence of airflow in the room on the measured value inside

the cabinet, the rear of the display cabinet was located against thes€idans |(
3.1

Figure 3.1 Location of the closed display cabinet in ghenate-controlled
roont (a) perspective view (b) side view
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To determine the benefibf the doors on the temperature performance, an
experiment was also carried out with an open configuration of the display cabinet
(doors were completely removed). The results of closed and open display cabinet
configurations were then compared. Experimaitambient temperatures of 15

and 24°C were also carried out in the same manner as that conducted at a
temperature of 19C in order to study the influence of the ambient temperature on

the air temperature in the food storage domain of the closplylisabinet

The air temperature and air velocity can be controlled in thedest, but it is
technically not possible to control the air humidity. The measurement of the air
characteristics (Fand %RH) was undertaken with a hygrometer (Testo 174H,
accuracy +3%RH) and the air humidity ratio (kg of water vapor/kg of dry air) was
then calculated using a psychrometric chart. It was found that the value of air
humidity ratio in the test room wastime range of 0.068.004 kg of water vapor/kg

of dry air for all room temperatures. This level of humidity is two times lower than
that of EN23953 testing condition (0.08B007 kg of water vapor/kg of dry air for

a room temperature of 2TC). As higher & humidity would accelerate frost
formation on the evaporator, on one hand, this could affect the refrigeration load.
On the other hand, a large amount of frost on the evaporator could decrease the air
flow rate due to an increase of pressure drop armbuld also cause higher
temperature of the supply air due to less heat exchange efficiency. So, strictly
speaking, the obtained results correspond to stores in relatively dry climate
conditions. Nevertheless, for a given air flow rate and a given air tatape after

the evaporator, the air and product temperatures should be the same for other air
humidity values since there was no condensation observed in the cabinet during the
experiments. The experimental results reporte@Htgn and Yuan (200%¥firmed

that the variations in air humidity have only a moderate effect on the temperature
rise inside the display cabinet (open type in their study). These authors observed

that the refrigeration load increases when the humidity ratio increases.

3.2.2. Determination 6theoverall thermal transmission
The overall thermal transmissior? § of the closed display cabinet (a low value
indicates high insulating capacity) was evaluated by means of reverse heat loss rate

measurement. The display cabinet, of which the refaigon unit was switched off,
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was installed in a climateontrolled room in which the ambient temperatuég d).

was maintained at 8C. The internal temperature in the cabinef;{), was
maintained at about 3@, by adjusting the power suppliebtwo electric heaters,
placed on the left and right sides of the cabinet. In addition, small fans were installed
at the end of each heater, and the cabinet ventilating fans were turned on to ensure
a homogeneous air temperature inside the display cabliet temperature
difference 6y 4 & 6z dcbetween the inside and the outside of the display cabinet
(25°C) is of the same order of magnitude that under real operating conditions in a
supermarket. Temperatures at various positions inside (7 pamtsputside (5
points) of the cabinet were measured with calibrated thermocoupleg€T
accuracy =0.2C). Temperatures were recorded every minute until the cabinet
temperatures reached a steady state (after 6 h), during which the power supplies of
theheaters B¢, small fans By and cabinet fans3 were also recorded using
digital wattmeters (Digiwatt, accuracy +1% of the reading). The internal and
external air temperatures and total power supplies were then averaged over a period
of 5 h ofsteady state, and the overall thermal transmission of the display cabinet

was calculated using the following equation:

Eo>Ero>Exi

TH#HL (3.1)

ioukinan

According to the equipment accuracies, the relative accura@y#efas estimated

of which the value was about 3%.

3.2.3. Air temperature measurement

Figure 3.2a depicts the experimental setup for air temperature measurement at

various positions in the display cabinet usingtyfpe thermocouples. Each
thermocouple was calibrated in the temperature rahge°C to 30°C with a high
precision thermostatic oil bath (Fluke, model 7340) and the precision of&0.2

was determined. The measurement was divided into three planes: at z = 0 m
(middle), z =-0.525 m (left) and z = +0.525 m (right). On each plahe, air
temperature was measured at three height levels (top, middle and bottom shelves)
and three positions on each shelf (5, 30, and 44 cm from the PBP). The air
temperatures at the DAG, RAG and the middle of the vertical rear duct at the same

levels (3cm behind the PBP) were also measured. The display cabinet was switched
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on, and the air temperatures were recorded every 10 seconds for at least 24 hours
using two data loggers (Agilent 34970A). The mean values were then calculated at
each measurement poiduring quassteady state (temperature fluctuations during
defrost cycles were excluded from the calculation). Replications were also run in

order to check repeatability.

Another experiment was performed in the display cabinet loaded with test product
packages (60% of total storage volume). The package was made of methylcellulose
(dimensions in width x height x length: 100 x 50 x 200 mm; thermophysical
properties at OC: density = 1100 kgn'3, thermal conductivity = 0.49 Wht.K1,
specific heat = 3372 kg'-K™). Thermocouples were positioned at the geometric

center and the surface of some test packages as well as at 2 cm from the package

surface as shown|figure 3.2p.

Figure 3.2 Schematic view of the experimental setup for temperatul
measurement in the closed display cabinet: (a) unloaded and (b) loa
conditions

3.2.4. Air velocity measurement

There are two cold air streams in the display cabinet. One is an air curtain flowing
vertically from the DAG to the RAG and the other stream flows horizontally from
the PBP to the front. A hatire anemometer (Testo 43 fixed on a height

adjustable support devig€igure 3.3p) was used to measure air velocity profiles
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in the display cabinet. This anemometer was previously calibrated in the range of
0-2 m-s? (the air velocity range often observed in display cabinets) of which the
uncertainty was between 0.02-s'and 0.06m-s’. The velocity profiles on the
cabinet midlle plane (z = 0 m) and right plane (z = +0.26 m, aligned with the center
of right fan located under the bottom shelf) were measured. The device used to
support the hetvire anemometer was placed 300 mm away from the measurement
position to minimize pertiyation IWD). The sensor is small compared to

the space between two shelyEgyure 3.3a shows the measurement positions on

each plane. There were 27 air velocity measurement positions from the PBP to the
front, with 1 cm intervals between 2 positions in the air curtain region (Zone 2) and
2 cm in the other regions (Zones 1 &)dThe measurements were performed 16
cm above the top and intermediate shelves and at 21 cm above the bottom shelf. In
Zone 1, the airflow was mostly dominated by the air supply from the PBP, and the
anemometer was oriented against the horizontal flowctdon (xaxis). Both
vertical and horizontal flow directions-{&and yaxes) were measured for Zones 2
and 3. To take into account the air velocity fluctuations with time, the air velocity
at each position was averaged from 300 measurements (every sacéndin).

The measurement began after 1 min since doors were closed to minimize the
influence of door movement on flow perturbation. In fact, some preliminary tests
had been run previously for different durations (3, 5, 7 and 10 min) and it was found
that the measurement duration should be at least 5 min. to ensure the reliability of

the mean air velocity.

3.2.5. Airflow rate in the vertical rear duct
To quantify the distribution of the airflow rate discharged through the PBP at

various heights, measurementtlo¢ air velocity inside the vertical rear duct of the

display cabinet was performgBigure 3.4g). Six height levels, H{y = 0.015 m),
H2 (y = 0.215 m), H3 (y= 0.465 m)H4 (y = 0.715 m), H5 (y= 0.965 m) and H6

(y = 1.335 m) were considered, and at each height three holes were drilled in the

back wall of the cabinet (at z-6.26, 0, and +0.26 m). In each hole, dlvevelocity

at three positions across the rear ductnvaasured using the hatire anemometer.

As mentioned irSection3.2.4 the air velocity was recorded every second for 5

min and its mean value at eggbsition was then calculated. As the cresstion

of rear duct is known, it is possible to calculate the airflow rate at each height. The

Chapter Ill tHeat transfer analysis and airflow characterization using-avinet
anemomete 50



influence of the occupied volume of the load in the display cabinet on the airflow

rate distribution was also studi€® 36% and 52% of total storage volufRgure

3.4b and c show the loading arrangement of test packages for each occupied

volume, with Xcm spaces between each stackhatkages and between the back

stacks and the PBP.

Figure 3.3 Schematic view of the experimental setup for velocity
measurement: (a) measurement positions on middle (z = 0 m) and righ
= +0.26 m) planef) position of a hetvire anemometer and its support on
a shelf
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Figure 3.4 Velocity measurement in the vertical rear duct with thre:
percentages of test packagecupied volumes in the display cabingt)
0% (b) 36% and (c) 52% of total storage volume

Figure 3.5|illustrates the perforation patterns of the back plate at different levels.

The perforation patterns ovre cabinet shelves are different; the percentages of

perforated area (PPA) are showTable 3.1 The back plate over Shelf 1 had no
perforations in the middle pa‘ﬁigure 3.5p), thus providing a minimum percentage
of perforated area of 2.3%, while the maximum of 8.3% was on ShEeifaré

3.5¢) and the same value of 3.8% applied to Shelves 2 to 4. Considering the total

plate area, the percentage of perforated area was about 4.4%.

Table 3.1 Percentage gerforated area (PPA) on different shelves

Plate area Percentage of perforation
Shelves (m?) (%)
Shelf 1 (top) 0.28 2.3
Shelf 24 0.28 3.8
Shelf 5 (bottom) 0.44 8.3
Total plate 1.68% 4.4

@Total plate area includes the area covered by shelf thickness (.03 m
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Figure 3.5 Perforation patternsnthe backpanelat different levels

Results and discussion

3.3.1. Overall thermal transmission of the displegbinet

There were apparently three main heat loss paths in the display cabinet: through
glass walls (doors and side walls), through insulated walls (rear, top and bottom
walls, conductive heat transfer coefficient of about 0.77WK" ), and through

the gaps (about 8 mm) along the door frame where air can flow out and be replaced
by ambient air. The overall thermal transmissibithe closed display cabinet was
IRXQG WR EH This valde corresponds to an overall average heat transfer
coefficienW R 1 DE R XW K, condidering that the mean surface area of the
display cabinetwas 7.85m 7R WKH DXWKRUVY NQRZOHGaH WKH WK}
closed display cabinets is not available in the literature. The value of the overall
average heatdnsfer coefficient of the studied closed display cabinet wagi®

times higher than those of domestic refrigerators of which the value was about 0.28
: AP.K™! (Laguerre, 2010mnd 0.53 + : A'BK (Melo et al., 200Q)The

poor insulating capacitpf the display cabinet compared with that of domestic
refrigerators can be mainly explained by greater heat transfer rate through the doors
and side walls (made of doukigazng glass, with an conductive heat transfer
FRHIILFLHQW HA&%1) which Are less insulated than those of domestic
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UHIULJHUDW RAY (LaguerrefaRd Flick, 2004and by convective losses
through the gaps around the doors and through thermal bridges i.e. the connections
between the internal and external comgats (evaporator, expansion valve and
compressor) of the refrigeration system. Based on our estimation of heat losses
through the walls and the doors (by knowing the thermal conductivity and thickness
of wall and door materials as well as by estimatimgcibnvective resistances), gaps

and thermal bridges were responsible for approximately 70% of the overall thermal
transmission of the display cabinet. According to our estimation of room lighting
with fluorescent tubes (~600 luxjansmission of visibleadiation corresponds to
lessthan 7% of the totalransmission of conduction and convection through the

glass doors and sideslls (about 25W-m).
3.3.2. Temperature profiles

3.3.2.1. Empty closed display cabinet

Figure 3.6|presents the air temperature evolution under ctoeed conditions, at

three different positions (DAG, front of the top shelf, and at the back of the bottom
shelf) with the refrigeration syste turned on, under ambient temperature
conditions of 19°C. The cooling duration of the system varied according to the
positions in the display cabinet. The air temperature at the DAG took about 30 min

to cool down from the onset of the quaseady stateuring which the min./max.

temperature variation was betweeh.0 °C and 1.3°C (Figure 3.68). Two

temperature fluctuation cycles were observed: small and large fluctuations. The
former (during the quasiteady state) was due to the regulation of the on/off
compressor working cycle wth is automatically conducted by the thermostat
sensor. The latter fluctuation was due to a time/temperbaged defrosting cycle,
which occurred every 6 h with duration of about 25.rAIm electric defrost system

is used in this display cabinet. Thexgqaressor is switched off during defrosting and
warm air heated by the electric strip heater is blown over the evaporator by the fans.
This explains a rapid increase of temperature with a peak of@.Mefrost

termination is when either temperature thagt{6.0°C) or maximum duration (30

min.) is reached. As depictedfigure 3.6p and ¢ the air temperature takes about

58 min to cool down at the froof the top shelf (min./max. temperature variation

of -0.3/+2.3°C), while it requires a shorter cooling duration about 26 min at the
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back of the bottom shelf (min./max. temperature variatior2@/+1.3°C). This
obtained information suggests that a ctbsefrigerated display cabinet should be

run at least an hour for temperature stabilization before placing products.

Figure 3.6 Evolution of air tempeaatures (on the middle plane, z = 0 m) at
variouspositions in thelosed display cabinébr a room temperature of 19
°C: (a) discharge air grille, (b) front of top shelhd (c) back ofthebottom
shelf

Figure 3.7|presents the temperature evolution at different positions on the middle

plane (z = 0 m) of the display cabinet together with mean temperatures and standard
deviations during the quasteady state. It can be noticed that the min./max.
temperature variationsavied from one position to another with the same
frequencies due to the regulation of the on/off cycle of the compressor as previously

mentioned. The air temperature variation curve at the bottom of the vertical rear

duct(Figure 3.7h), near the thermostat sensor (003 m, y = +0.05 m, z = +0.25

m), provided information on the compressor working cycle. The compressor was
turned on when the air temperature reached its maximum threshold valué@f 2.0
resulting in a rapid decreasethre air temperature to abot 0 °C at which point

the compressor was then turned off. The on/off cycle for the closed display cabinet
lasted about 380 seconds-8OHFR QG 3 R/MHFRQG 3RII’

Apparently, air temperaturdluctuations in the vertical e duct had greater

amplitudes than in the other positions. At these positions (a, b ajigune 3.7),

an increase in th@inimum temperatureras observed7°C DVD 3 W°R DW 3F°
while the maximum temperature was relatively similar in all positions (abitit 2

The heat loss through the cabinet walls explained a slight increase in the mean
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temperature of 0.3C (-1.3°C DW 3D 1.0°Q®W 3F~ 7 K HevistldanQ GD U G
however, became slightly lower (2286 DW 3D" DQ®GW 3F’ 7KLV FDQ EH
explained by stabilization due to the thermal inertia of the wall of the rear duct. The

VDPH SKHQRPHQD ZHUH REVHUYHG LQ WKH XSSHU KRUL]
3G° DQ LQFUHDVH LQ WXOCPIHD QFV.DWBEHW DB/ X UIFHXH WR
heat losses and a lower standard deviation°@. DW 3F° DQDBW 3G~ GXH WR

exchanges with duct walls and the honeycomb of the DAG.

In the area in which food prodts are stored (positions e, f, g, h, i andfrigure

3.7), the air temperature was below@, which is the recommended temperature

for perishable foods (meat and fisthe lowest air temperature value was observed

DW WKH EDFN RI WKH ERWWRP VKHO-D.68RdntidRQ 3L° PH
deviation of 1.3C. This could cause freezing damage to foods with high moisture

content like fruit and vegetables. A gtedeal of attention should be paid to the

selection of the types of foods to store in such positions inside display cases.

The mean temperatures at the front of the shelves (positions f, h gfidyrie 3.7
1.1°C, 0.6°C and-0.2 °C, respectively) were higher than at the DAG.§ °C at
3G° 7KLV LV EHFDXVH WKH DLU FXUWDLQ H[FKDQJHV KH

is transferred from the &rnal ambient (19C) and because of the infiltration of

external air through the gaps. The mean temperatures at the back of the shelves

(positions e, g and i |Rigure 3.7| 0.5°C, 0.3°C and-0.6 °C, respectively) were

lower than those at the front, especially on the bottom shelf. This is because of the
air flowing through the PBP at an initial temperature of are@@rC, particularly

on the bottom shelf where the pentage of perforated area was the highest (8.3%).
Mixing of air coming from the back and from the air curtain probably occurred on

each shelf as shown schematically-igure 3.7

In the area in which food products are stored, with the exception of the back of the
ERWWRP VKHOI SRVLWLRQ 3L~ WKH VoiDbRiebfUG GHYLDW
the large temperature fluctuations just after the evaporator (standaadiaiewaf

25°C SRVLWLRQ 3D’ 7TKH TOXFWXDWLRQV LQ WKLV JRQI
reduction in the amplitude of the regulatieid {C/ 2 °C) is not necessary for this

display cabinet. In fact, such regulation would increase the number of onlef,cyc

thus reducing the lifespan of the compressor. The ratio oflbwghcompressor
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pressure used for this display cabinet was 5 to 1 and the average evaporating
temperature was aboit.5°C.

The reduction in the standard deviation of the air temperaturéhe shelves in
comparison with that at the DAG is due to heat exchange between air and the wall,
door and shelves for which the thermal inertia damps the fluctuations. At the back
of the bottom shelf, the standard deviation was the highestC).ia the storage

zone because a large amount of air came from the rear duct where the standard
deviation was also high (2%) through the PBP which is perforated to a large
extent (8.3%) at this level.

Figure 3.8a presents the mean air temperature and standard deviation calculated

based on the measurement on the three plane<)(525, 0 and +0.525 m) for the
storage zone of the closed display cabittshows that, from the rear duct upstream
to the DAG, the air temperature after flowing across the cooling coils rose from
1.0 £ 2.2°Ct0-0.3 + 1.5°C. This is very similar to the observation in the middle
plane [Eigure 3.7). In the storage zonm, the mean temperatures were
slightly higher (about 0.8C) than at the middlelane [Figure 3.7) because there

were additional heat losses near the lateral glass walls, but the trends are similar.

7KH WHPSHUDWXUH DW D GLVWDQFH RI  FP IURP WKH H(
was significantly higher than that at the DAG. This is because tkisg@owas

located outside the air curtain as observed by air velocity measurements presented

in the following section (Section 3.8igure 3.8a also shows the temperatuat

the RAG (1.0 £ 1.3C), which is important for compressor energy consumption:
the higher the value (compared to the one at the DAG), the higher the refrigerating
power. For this closed display cabin®@t. , F & sis only 1.3°C.

Table 3.2 Mean temperature and standard deviatit®) (during quasi

steady state at various positions within the food storage zone on the |
middle and right planes for a room temperature o¥9

Positions

h
Left 0.9+0.6 | 1.8+0.5| 0.4+0.5| 0.9+0.6 | -0.6+1.1| 0.1+1.2 | 0.6x1.1
Middle | 0.5+0.7 | 1.1+0.8 | 0.3+0.6 | 0.6+0.6 | -0.6+1.3| -0.2+1.0| 0.3+1.0
Right 0.8+0.5| 2.0+0.4 | 0.6+0.6 | 1.6+0.7 | -0.1+0.9| 1.1+1.1| 1.0+1.0
All 0.7+0.6 | 1.6+0.7 | 0.4+0.6 | 1.0+0.7 | -0.4+1.1| 0.3+1.2 | 0.6x1.1
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To ensure that food products are stored at appropriate temperature in the display

cabinet, a temperature is generally displayed on a monitoring s(Badstera

Zubeldia et al., 2016)The display value corresponds to the instantaneous air
temperature at a given position. In fact, air temperature depends on the positions in

the cabinet. It should be preferable to display the temperature at the warmest and
FROGHVW SRVLWLRQV SRVLWLRQ 31" DQG 3L LQ RXU FD)

3.3.2.2. Benefits of door irtallation

Doors of the studied display cabinet were removed to investigate the influence of
the presence of doors on the temperature perfor@a and bshow the

mean air temperature calculated from the three planes)(525, 0 and +0.525 m)

and the standard deviations in the display cabinet with and without doors,
respectively. Theemperature profile in these two cases has the same trend: the
KLIJKHVW WHPSHUDWXUH DW WKH IURQW RI WKH WRS \
WHPSHUDWXUH DW WKH EDFN RI WKH ERWWRP VKHOI SR
air temperatures in the stomgone increase in all positions with a minimum

increase of 0.4C (from-0.4°Ct0 0.0°C DW SRVLWLRQ 3L DQG D PD[LPXF
of 3.1°C (from 1.0°Cto 4.1°C DW SRVLWLRQ 3K" FRPSDUHG WR WKH
The comparison of the air temperature &8® IURP WKH VKHOI HGJHV SRVL
DQG 3¢ VKRZV D O DO @{Fdmlsq@ FoUdHB.¥°8) at the top and 9.5

°C (from 2.4°Cto 11.9°C) at the midheight.
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Figure 3.7 Evaluation of air temperature during quateady state in various positions (on the middle plane) in the closed disf
cabinet for a room temperature of A®



Figure 3.8 Meanair temperatur@ndstandard deviation (°C) during quasi
steady statéaverage of the measurements onttiree planesz =-0.525,

0 and +0.525 nof the display cabinet (a) with doors and (b) without door
for aroom temperature of 1%

This can be explained by the mixing of the cold air from DAG with the warm air

(from outside) and along the turbulent air curtain. The higher temperature at the

RAG (6.1°C without doors instead of 1. with the doors) leads teigher heat

loads on the evaporato®,. , F & . sincreased from 1.3C (with doors) to 5.9C

(without doors). The on/off compressor working cycle for the open display cabinet

lasted about 350 seconds: 1YOHFRQG 3RQVHRR® G 3R || fractiktH WLPH
GXULQJ WKH FRPSUHVVRU LV 3RQ" LQFUHDVHG IURP
them. The amplitude of the temperature variation just after the evaporator (position

D" DOVR LQFUHDVHG VWDQGDWUCGEIgorel 8$8DA¥IaRQ IURP

consequence, a slight increase of mean air temperature in the vertical rear duct

(position ad,[Figure 3.8p) as well as at the back of the shelves (position e, g and i,

Figure 3.8p) was observed. An increase of the standard deviation of air temperature

was also observed at all positions in the cabinet without doors.
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For empty and same room conditions, the temperatuferpemnce of the closed
display cabinet is better compared to the open one due to lower mean air
temperature and less temperature heterogeneity in the storage zone. The mean
temperature differences between the front and the back positions were less than 1

°C in the case with the doors whereas thereab@itQin the case without.

3.3.2.3. Influence of ambient temperature

Table 3.3|shows the influence of the ambient temperatur€ C13.9°C and 24°C)

on the air temperature in the food storage zone (mean value and standard deviation
over 5 h of quasi steady state periodd)e mean temperature at the thermostat
position (69 was slightly different for these three differemhbient temperatures.

To compare the results obtained under several ambient temperatures, temperature

difference 6 F 6, was shown ifirable 3.3] Averagely for all thepositions 6 F
6pincreases from 1.1 to 2 when & a0F Gorises from 15.2 to 25.2C. In

order to determine if the influence dhe ambient temperature is linear, a

&l ro
Bgi?2ino

is a given position. It appears thaf’is almost independent d& , oF 6 This is

dimensionless temperature was also calculdedihed as6} L where

due to the linearity (betweemy;pand 6) since the forog convection and
conduction are predominant heat transfer modes. In the closed configuration, free
convection is negligible because of the rather high velocities at the DAG and PBP.
Radiation is also limited because the glass doors shield the radiatiorthieom
external walls in opposite to the open configuration. The highest valeEisfat

the position f (the front of the top shelf) wheig F 65is about 12% of 5 5F

6 The lowest value obYs at the position i (the back of the bottom shelfiere

the temperature is slightly higher than to the thermostat one.

An increase in ambient temperature causes also an increase in the frequency of
FRPSUHVVRU ZRUNLQJ F\FOHV VKRUWHUd&sred SHULRG
WKHUPRVWDW WHPSHUDWXUH 7KH QXPEHRURI FRPSUH\
period rose from 36 (for 15C) to 52 (for 24°C). This implies an increase in the

energy consumption of the display cabinets installed in stores without air

conditioning sgtems in summer. It should be borne in mind that these experiments

were carried out under closed conditions, with less ambient air infiltration into the

cabinet than for an open cabinet.
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Table 3.3 Effect of ambient temperatures on the internal air temperature of the closed display cabinet

Ambient Temperature Number of Temperature difference and Al
temperature difference compressor time-averaged dimensionless temperature at a given [oe

Tamst SD[°C] | TamsTn[°C] 3RQ’° F\FO i SOl

T-To[° 1.1 1.7 1. 14 . . 1.1

15£05 152 30 T [j[ = 007 | o011 o.(;)s 0.09 (;3.032 OO.(?G 0.07
TTalC] | 15 2.4 12 18 0.4 11 14

19x04 203 4 T [3[ ] 008 | 012 | 006 | 009 | 002 | 006 0.07
TTa[C]| 23 3.7 16 2.4 0.6 15 2.0

24£03 254 >2 T [ir]][ ] 009 | 014 | 006 | 009 | 002 | 006 | 008
All ambient temperatures | T" [-] 0.08 0.12 0.06 0.09 0.02 0.06 0.07




3.3.2.4. Closed display cabinet under loaded condition

The obtained results of the temperature profiles in the closed display cabinet under
unloaded condition enable an insight into the thermal mechanism occurring in the
equipment. To further investigate the temperature performance of this cabinet under

real wse condition, test product packages were placed in the cabinet with an

occupied volume of about 60% of total storage volume. As repoftadune 3.94,

the averages and standard deviations of product (core and surface) and air
temperatures on the middle plane (20105 m) of the cabinet with doors were
calculated during quasiteady state. As expected, the temperature profiles of the
closed display cahet under loaded and unloaded conditions were consistent. The
products placed at the front of the top shelf had the highest temperature (core 2.4
°C and surface 3.3C) whereas the products placed at the back of the bottom shelf

had the lowest temperatui@re-0.5°C).

The incident of high temperature on the top shelf can be explained by
interdependencies among various influencing factors. The products located at this
position were mainly subject to heat exchanges with the air curtain and heat losses
through the glass doors because less cooled air supplies from the back due to low
percentage of perforation area (2.3%) on this shelf. In the vicinity of cabinet

lighting, there was additional heat generation due to (visible) light absorption in the

products.It can be noticedRigure 3.9a) that productsurface temperature was

higher than that of the surrounding air (maximum difference of@)Gand was
slightly higher than tat of itscoretemperature (maximum difference of 0(@).

At the lower shelves, more cooled air from the back instantly supplies to the storage
space according to higher percentage of perforation areas. As a consequence,
product temperature at the fromagdually decreased from the top (core Z4and

surface 3.3C) to the bottom (core 0.4C and surface 0.8C).

A temperature variation of products between the front and the back was also
observed, of which the highest variation was on the top shelf imiaxidifference
of 2.1°C). This results from a combination of convection between product and cold

air coming from the PBP and conduction within and between the products.
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Figure 3.9 Air velocity profiles in the closed display cabinet measurgd
a hot wire anemometer on the middle (z = 0 m) and right (z = +0.26 1
planesi(a) vertical flow direction and (b) horizontal flow direction

Figure 3.9b presents the average and standard deviations of product (core and

surface) and air temperatures on the middle plane-&195 m) of the cabinet
without doors during quasiteady state. It was found that protwand air
temperatures at the front areas remarkably increased at all positions. Unlike the case
with doors, there was external warm infiltration mixing with the air curtain. As a
result, products at the middle shelf had highest temperature (cS@ah8 surface

6.5 °C). Due to higher percentage of perforation areas at the bottom shelf, the
temperature of products on this shelf remained lowest (cor&Cladd surface 2.4

°C) compared to the other shelf. Indeed, highest product temperature is often foun
on the bottom shelf of most open disptabinets(Evans et al., 2007Allowing

high perforation percentage at this shelf seems to be an effective remedy for this

issue.

Chapter Ill tHeat transfer analysis and airflow characterization using-avinet
anemometer 64



Product temperature at the back of the cabinet without doors was slightly laiver th
of the cabinet with doors (maximum difference@b °C at the back of the bottom

shelf). This is because higher refrigeration capacity is required to compensate

additional heat loads due to warn air infiltration. As showhRigure 3.9a and b,

mean air temperature after the evaporator of the cabinet without eb8r&J) was

lower that than of the one with door.(7 °C). In opposite, the standadeviation

was higher in the case without door (3®@). Like the cabinet with doors, the
product located at the back not only exchange heat with the supplied air from the
PBP through convection but also exchange heat within and between the products
themseles through conduction. As a result, the product temperature at the back

was lower than that at the front of the cabinet.

Globally, higher temperature heterogeneity was observed in the storage space of
the cabinet without doors, of which the temperatuftferdince between the product
at the front and at the back fell within the range of 248°C. In case of the cabinet
with doors, this value was less than 2 The findings confirm that the closed

display cabinet has better temperature performanc@a@u to the open one.

3.3.3. Air velocity profile

Figure 3.10| presents tim@veraged air velocity profiles in the closed display

cabinet measured by a hetre anemometer. As shown|kigure 3.10g, the air

velocity in the vertical flow direction ¢gxis) varied from 0.0in-s? to 0.59m-s’

in the middle plane (z = 0 m) and it was not significantly different from that of the

ULJKW SODQH ] P 7KH HKistKwhY faund RearRHeL W\  §
discharge grille of the air curtain (x = 0.33 m, y = 0.065 m). At the y = 0.315 m

posiion, the thickness of the air curtain increased because of the entrainment of
QHLJKERULQJ DLU E\ WKH DLU MHW $W WKH ORZHU SRVL
was located close to the door due to the adhesion of airflow to the door surface

(Coanda dect). This maximum velocity remained almost constant near the door

(about 0.460.50 m-s?). As can be seen from its corresponding temperature

presented irSection3.3.3 the air is almost stagnant in the area beyond the air

curtain under the DAG (x > 0.40 m, y = 0.065 m), resulting in a high temperature

at thisposition|Figure 3.88).
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Figure 3.10p shows the profile of the horizontal component of air velocity between

shelves. The low air velocity (G@10m-s?) on the top shelf compared with the
others (0.10.20 m-s') can be explaireeby the lowest percentage of perforated
area at this position (2.3%). As depicteItﬂ:igure 3.10p, the velocity changed from

one position to another. Thilenotes that there is no plug flow from the PBP to the
front butthere isa more complex flow because of the interaction between the back
air stream and the air curtain. There was probably air recirculation to a small extent

between shelves as observedairefrigerator(Laguerre et al., 2007)t is to be

emphasized that the results presente¢Figure 3.10p should be interpreted

cautiously because of the limitations of the hot wire anemometer in the
measurement of low air velocity and complex flow. More advanced measurement
techniques, for examglLaser Doppler Velocimetry (LDV) and Particle Image
Velocimetry (PIV), are preferable when dealing with such complex flow, and
generate more accuratlata. These techniques allow the investigation of the air

flow not only in x and y directions but alsoZrdirection (a sign of complex flow).

Figure 3.10 Air velocity profiles in the closed display cabinet measuimgd
a hot wire anemometer on the middle (z = 0 m) and right (z = +0.26 1
planesia) verticalflow direction and (b) horizontal flow direction
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3.3.4. Airflow rate in the vertical rear duct
The air velocity profiles across the width of the vertical rear duct on different planes
(left, middle and right) and for three heights (H1, H4 and H6) are prelsente

Figure 3.11a, b and ¢ The average value for the nine measurement positions at

each height are also presented in these figures. The averagéeity decreased

from 1.16 m-g' (with a standard deviation of 0.40 r)upstream of the duct (H1)

t0 0.58 m-s! (with a standard deviation of 0.12 r)slownstream of the duct (H6).

This is because there is a perforated plate between the upstredowarstream of

the rear duct which allows some air outflow to the food storage zone of the display
cabinet. The standard deviation also decreased according to the height since the

velocity variation among the three planes became smaller.

Because of the 908lbow at the bottom of the duct and the high percentage of
perforated area on the bottom shelf, the velocity profile across the duct width at the
lowest level (H1) was not uniform: a lower velocity was observed near the
perforated plate (x =0.15 m), wheeas a higher velocity was observed near the
back wall of the cabinet (x .45 m). However, it became more uniform at higher
levels (H4 and H6) because of coarser perforated areas on the perforated plate and

because of the wetleveloped flow at theseMels. Indeed, the mean velocity of

about 0.6 m-3 (Reynolds number, L35 Nws Nrobserved at H4 and H6

leads to the conclusion that turbulent flow and almost uniform velocity profile can
be expected inside the duct.

Section3.3.23has shown that the temperature distribution in the display cabinet is

asymmetric. Based on the velocity profile observed in the rear duct, this finding is
confirmed. Thair velocity on the left plane (z-8.26 m) was markedly lower than

those of the other two planes as depictedrigure 3.11p and ¢ This can be

explained by the effect of airflow maldistribution in the cooling duct located at the
bottom of the display cabinet (from the fan discharge to downstream of the
evaporatorpecause of the interaction between two air streams generated by fans
which rotate in the same direction, leading to deviation of airflow on the same side
of the channel and a slight asymmetric placement of the evaporator. In the present
case, the flow steans mostly deviated to the right side of the cooling duct, and this

explains the lower velocity on the left plane. This dissymmetry in flow was also
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observedby Marinetti et al. (2012)and Marinetti et al. (2014)who performed
experimental and numerical awgsis of the flow distribution in a cooling duct
model of a refrigerated display cabinet. They found a higher velocity in the right

part of the duct.

Figure 3.11¢ presems the mean air velocity calculated on the basis of nine

measurement positions on the crgsstion of the rear duct at each height for
different percentages of produmtcupied volume (0%, 36% and 52%). Based on
the results, the presence of packagesarcébinet volume did not have a significant
impact on the air velocity in the vertical rear duct. The velocity at all heights
remained the same, whatever the loading percentage. This infers that the impact of

slot-perforated density is more significant ththe packageccupied volume as

illustrated in[Figure 3.12] The airflow distribution percentage decreased

significantly with height because of a lower percentageediorated area, while it
changed indistinctly (<5% difference) whatever the percentages of product
occupied volume. It should be kept in mind that with respect to the design of the
studied cabinet, a 3dm gap from the PBP is spared so that productsnetlibe
completely placed against it to avoid product freezing.

Figure 3.11 Air velocity profiles on three different planes (a) left, (b)
middle and (c) right at three heights along the vertical rear alutie
unloaded display cabinetnd (d) influence of percentages of product
occupied volume on the air velocitgMerage value of nine measurements
at a given height
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Moreover, the flowdistribution percentage from the DAG (air curtain) at the top
wasclose to that from the PBP (about 50% in each case, i.e. a distribution ratio of
50%50%). This ratio is lower than that recommendeddgy et al. (2008and

Wu et al. (2014¥or an open display cabinet. According to these authors, a 70%
30% distributiorof flow between the air curtain and the rear duct perforations was
appeared to yield a high performance. The open display cabinet requires a higher
airflow rate from the DAG to generate a sufficient and stable air curtain, since it is
the only thermal baier that protects the food storage zone from the environment

compared with a closed display cabinet. Based on the results presefesdiam

3.3.7 this ratio is acceptable.

Figure 3.12 Percentage odirflow distribution through thperforated back
plateat the level okach shelfor different percentages pfoductoccupied
volume (0%, 36%, and 52%)
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Conclusiors

The product and air temperature and velocity profiles in a closed display cabinet
under unloaded and loaded conditions were experimentally investigated. The main
objective wasd analyze phenomena taking place during operation. The unloaded
condition allows the principal understanding of thermal mechanisms in the
equipment. Two periodic temperature fluctuations, small and large, were regularly
observed, corresponding to the oh/fmdmpressor cycle and the defrosting cycle,
respectively. The distribution of the tira¥eraged air temperature and its
amplitude of fluctuation were analyzed at several positions. In the food storage zone
under unloaded condition, the air temperatureenesxceeded 2C and the
amplitude of fluctuation is tolerable (standard deviation of abdG).1At the back

of the bottom shelf, a temperature below@(a mean temperature of abe0t4

°C) could lead to freezing problems. The observed trends caulgublitatively
explained by heat losses and the thermal inertia of the elements of the display
cabinet. Under the same room condition, lower mean air temperature and less
temperature heterogeneity were observed in the storage zone of the closed display
cabinet compared to the open one. Regarding the closed condition, the ambient
temperature has an almost linear influence on the internal air temperature (when
using the thermostat temperature as the reference). It also influences the energy

consumption of ta display cabinet.

A further study on the closed refrigerated display cabinet loaded with test products
was experimentally investigated. The consistent temperature profiles were found
under loaded and unloaded conditions. The front of the top shelf exjmotesl
highest temperature, whereas the back of the bottom shelf exposed to the lowest
temperature. By comparing to the cabinet without doors, the result confirms that

closed display cabinet can achieve better temperature performance.

The air velocitywas measured by a hot wire anemometer; the results show that the
air curtain is deviated toward the door by a Coanda effect. The flow between the
shelves is far from plug flow because of the interaction between the air flowing
through the PBP and the aurtain.

The occupied volume in the cabinet storage domain has no significant impact on

the airflow rate from the PBP when a small gap is spared between the back products
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and the PBP. The air distribution between the DAG and the perforated plate is found
to be split into two equal airflow rates.

In future research, the influence of the operating conditions (door opening
frequency, occupied volume, etc.) on the product and air temperatures as well as on
the air velocity will be studied. Laser DoppMéelocimetry (LDV) and/or Particle
Image Velocimetry (PIV) will be used to map the velocity profiles in the display
cabinet to overcome the limitations of fwire anemometer measurements due to
complex flows These experimental results will then be usedhtmlate a simplified

heat transfer model based on a zonal approach which requires less computer
resources and calculation time compared with Computation Fluid Dynamics (CFD)
simulation. The developed model will be integrated into those already developed
for other equipment such as a food production pl&etoq et al., 2016)a
refrigerated truckHoang et al., 2012)a cold roomLaguerre et al., 2015nd a
domestic refrigeratof(Laguerre and Flick, 2010xand will make it possible to
acquire knowledgef the product timdéemperature history throughout the cold

chain.
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Influences of operating conditionson the
temperature performance of a clsed

refrigerated display cabinet

Nattawut Chaomuang Alain Denis, Denis Flick and Onrawee Laguerre

Published irinternational Journal of Refrigeratio(2019),103, pages 321

Abstract

An experimental study was performed in order to investigate the effects of
operating conditions, including door opening frequency, ambient air temperature
and producbccupied volume, on the air and product temperature distributions
inside a closed refrigated display cabinet. The product position in the cabinet is a
determining factor of its temperature: a high temperature was observed at the front,
particularly at the top of the cabinet, and a low temperature was observed at the
back. Air infiltration de to door openings caused a product temperature increase at
the front and a temperature decrease at the back. At a higher door opening frequency
(more than 60 openings per hour per door), the product temperature at the level of
the front middle shelf washé most affected. Both the ambient temperature and
occupied volume also affected product temperature variations in the closed display
cabinet. In comparison to an open display cabinet, a closed display cabinet achieves
lower product temperature and betiemperature homogeneity, even with a high
dooropening frequency. These findings indicate that the use of closed refrigerated

display cabinets should be advocated in order to achieve better food preservation.

Keywords Closed refrigerated display cabinBipor-opening frequency;

Experimental study; Thermal performance; Temperature
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Nomenclature

#  area[m?

* opening heighfm]

6 temperaturg°C]

©Q mean air velocitfm-s?]

}  characteristic timgs]

a dimensionless temperatuie I,'DZ'_I“‘? [-]
¢  density[kg-m?]

Subscripts

= air

A  external ambient

E J EiRtial

F A Pair curtain

L  product/package

FD thermostat

Abbreviations

DAG Discharge Air Grille

OPH Number of door Openings Per Hour
PBP Perforated Back Panel

RAG Return AirGrille

Introduction

Poor temperature control is often observed in open refrigerated display cabinets
which are widely used in retail stor&sSHRAE, 2010) In open cabinets, a stable

and homogeneous storage temperature is difficult to maintain since amtain

alone is used to protect food products from the ambient surroundings, resulting in
significant infiltration of warm and humid aiGaspar et al., 2011Air infiltration

is frequently cited as one of the major factors causing temperature hegtpgen
(Laguerre et al., 2012and high energy consumptiofTassou et al., 2011)
Temperature variations of up to°& between locations within the cabinet were
observedWillocx et al., 1994)the products in the front areas were usually exposed
to a high émperature, whereas the products at the back were at lower temperatures
(Evans et al., 2007)A great deal of research has been carried out using both
experimental investigation§Chen and Yuan, 2005; Gray et al., 20G8)d
numerical simulationgField andLoth, 2006; Moureh and Yataghene, 201%)

order to maximize the air curtain efficiency, thereby enhancing the overall
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performance of open display cabinets. In addition to efforts designed to improve
the air curtain efficiency, a novel short air curta@sign was proposed (Hammond

et al., 2016). In this study, multiple short air curtains used for each shelf provided
enclosure of the front of the cabinet, rather than a single long air curtain. The
experimental results showed that beyond potential enewyygsaa more uniform
temperature distribution can be achieved. A review of the current usage situation
and attempts to improve the performance of refrigerated display cabinets can be
found inChaomuang et al. (2017pespitemanyimprovements over the last few
decades, higher display cabinet efficiency remains a necessary research topic for
sustainable retail refrigeratiqAl-Sahhaf, 2011)

Installation of doors on opédnont display cabinets has become an alternative
designed tcaddress the air infiltration issue. It has been proven that the closed
display cabinet achieves several favorable outcomes including energy savings of
20-70% (Faramarzi, 1999; Fricke and Becker, 2010; Kauffeld, 2015; Navigant
Consulting Inc., 2009) reducions in internal temperature heterogeneity
(Chaomuang et al., 2019; Evans and Swain, 2010; Lindberg et al., 20tD),
improved food quality(Atilio de Frias et al., 2015)Moreover, doors can also
provide better thermal comfort in retail stores due te tedd air spillage from the
display cabinet(Lindberg et al., 2017)Given these benefits, doors have been
installed to an increasing extent in various countries. An agreement between the
French authorities and the major supermarket stakeholders airagldce open
display cabinets by closed display cabinets, and to ensure that by 2020, 75% of all
display cabinets in use will be closed mod&®F, 2016)

In contrast to the energy consumption aspect, the temperature performance of
closed refrigerated ditgy cabinets is seldom investigated, particularly in terms of
spatial and temporal temperature variations. A comparative investigation conducted
by Evans and Swain (201@3vealed that the temperature variations within closed
cabinets were lower than thoséthin open cabinetsLindberg et al. (2010)
demonstrated that an overall air temperature reduction of at [8@stas achieved

when the display cabinet was retrofitted with dodslio de Frias et al. (2015)
observed a substantial decrease in théagamperature differences of almost 6

°C and underscored the better visual quality and lower decay rate of mirimally

processed vegetables achieved by the installation of doors on display cabinets.
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An experimental analysis of heat transfer and airflonaiclosed refrigerated
display cabinet under closed conditions was performed in our previous study
(Chaomuang et al., 2019y he knowledge acquired provides an insight into the
thermal exchange mechanisms taking place in the equipment. It was found that
convection and conduction were the predominant heat transfer modes, while
radiation was rather weak due to the presence oklowgsivity coating materials

on the glass doors. In addition, the main causes of air and product temperature
variations in closedidplay cabinets are air infiltration through the door gaps and
the proximity to the cabinet lighting. The authors highlighted that closed display
cabinets can achieve better temperature performance in comparison with open

cabinets.

As much greater air iffration occurs during door openings than through the door
gaps when the cabinets are closed, the opening frequency plays an important role
in the performance of closed display cabinétadberg et al. (2010jound that

when the opening frequency increa$em 10 to 30 openings per hour (OPH), the
heat extraction rate of the heat exchanger increased by 16%, while the difference
between the maximum and minimum product temperatuggsl( 6,  F 6.4
increased from 2.7C to 3.0°C. Orlandi et al. (2013humerically highlighted the
influence of this factor on the energy consumption of the closed display cabinet.
Their results showed that this factor becomes the predominant factor determining
the refrigeration load when an opening frequency of 60 OPH is dppliethe best

of our knowledge, the influence of the daxpening frequency on the temperature

distribution (spatial and temporal) had rarely been studied.

The present study aims to investigate the influence of operating conditions, i.e. the
frequency ofdoor openings, ambient temperature and percentage of occupied

volumes, on the thermal performance of a closed refrigerated display cabinet. This
performance was evaluated using air and product data for design improvements and

the practical handling of cled refrigerated display cabinets in supermarkets.
Material and methods

4.2.1. Closed refrigerated display cabinet
The closed refrigerated display cabinet was placed in a test room in which the

ambient temperature was controlled at PZ4with a standard deviatn of 0.5°C)
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and the air humidity varied between 0.007 and 0.009 kg water/kg dry air. As shown

in|Figure 4.1, the test room was equipped with 2 fans to homogenize the room

temperature. To avoid the influence of airflow in the room on the measured value

inside the cabinet, the rear of the display cabinet was located against these fans.

Figure 4.1p depicts the closed refrigerated display cabinet (Offlip 2 Eco 125S,

Costan) used in the study, which had external dimensions (width x length x height)
of 650 mm x 1310 mm x 1980 mm amdernal dimensions of 525 mm x 1250 mm

x 1345 mm. The cabinet & integraitype cabinet which igesigned to meet the
requirements of cabinet class M1 and climate class 3, i.e. product temperature varies
between-1 °C and +5°C for an ambient temperatuid 25 °C and a relative
humidity of 60%(EN I1ISO 23952, 2015) Two hinged doors (620 mm x 1330
mm) and the lateral walls are made of a dowgdeed window with 2Znm
thickness in which a fm air gap filled with 90% argon gas is sandwiched
between twganes of 4nm tempered glass. The glass panes are also coated with a
low-emissivity material to avoid the transmission of infrared radiation. There are 8

mm gaps between the door and the lateral wall of the cabinet to assist door openings.

There are fiveshelves from the top (Shelf 1) to bottom (Shelf 5) in the display
cabinet. The space above Shelves 1 to 4 (350 mm in width x 1250 mm in length) is
225 mm, while that above Shelf 5 (475 mm x 1250 mm) is 345|kigare 4.1).

These spaces between shelves represent a total storage volume of abodiir0.60 m

the display cabinet.

Different perforation patterns and percentages of the perforated back panel (PBP)

are allocated teach shelf as illustratg€igure 4.1| The percentage of perforated

area (PA) over Shelf 1 is the lowest (2.3%) as there is no perforation in the center.
For theintermediate shelves (Shelveglp the same percentage of 3.8% is applied,

while more refined perforation is applied Shelf 5 with the highest percentage, 8.3%.

Air is cooled down and flows upwards along the vertical rear duct after flowing
through a finnd-tube heat exchanger by means of two propeller fans underneath

the bottom shelf as schematically iIIustrateI&iiglure 4.1| Because of the different

percentages of the PBon each shelf, different air flow rates into the shelves
storage space were obsery€thaomuang et al., 201Another part of the air flows
upward until it reaches a discharge air grille (DAG). Here, an air curtain

homogenized using a honeycomb is dgthbd, providing protection of products
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located at the front of the cabinet. Some of the air flowing from the PBP mixes with
the air curtain and flows downward to a return air grille (RAG) to be cooled down

and returned to the display cabinet.

4.2.2. Temperaturaneasurement
Test packages made of methylcellulose (width x length x height: 100 x 50 x 200
mm) were loaded in the display cabinet of which the total storage volume was 60%

occupied [Figure 4.1). Calibrated Hype thermocouples (200 um diameter,

uncertainty of £0.2C) were installed at various positions in the cabinet for the air
temperature measurements. Some of them were inserted into the geometric center
and/or attacheanto the surface of the test packages using aluminum tape for
product temperature measurements. Air and product temperatures were recorded
using a data acquisition system (Agilent 34970A) at an interval of 10 seconds after
the beginning of testing. Tharie-averaged temperature of both air and products
was then calculated over ébur (quasibsteady state period in which the defrosting

period was excluded from the calculation.
4.2.3. Door-opening regime

4.2.3.1. Automaticdoor opening
Two cabinet doors are assigned to an automaticol? dooropening regime by
using a programmable apparatus to control the frequency of door openings. The

baseline of the doewpening experiment consists in opening each door for three

minutes to simulatstocking and replenishing activities as illustratgHBigure 4.2

Eachdoor is then open in sequence with respect to a frequency of 10 openings per
hour (OPH) with a full opening angle of 90° for a duration of 15 seconds (one
second to open the door, 13 seconds holding time and one second to close the door).
According to ths defined frequency, the door opening takes place every 3 minutes,

i.e. at 0 min. the right door is open, at 3 min. the left door is open, at 6 min. the right

door is open, at 12 min. the left door is open and so onHigeree 4.2). It is

important tonote that this doeopening regime is programmed as prescribed in the
standard test (EN ISO 23923 2015).
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Figure 4.1 (a) Location of the closed refrigerated display cabinet in th
climatecontrolled room (b) diagram showing the experimental setup ft
air and product temperature measurements inside the display cabinet

4.2.3.2. Experimentaprocedure

After temperature stabilizatiorthe closed display cabinet operated for three
periods, each of a duration of 12 h. The display cabinet lighting and the room
lighting were switched off for the first period. The lighting was then switched on
and the automatic do@pening system was stadtéor the second period. After the
end of the doeopening experiment, the doors were closed while the lighting

remained on. Air and product temperatures were recorded throughout the three

periods, and the timaveraged values were calculated as descnib®dction4.2.2
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Figure 4.2 Algorithm of automatic door openings

4.2.4. Variations in operating conditions
Air and product temperature measurements were carriedinothe closed
refrigerated display cabinet. The operating conditions of these measurements are

summarized iﬁ able 4.1 The experiment carried out at an ambient tempierati

19.4°C, with a doofopening frequency of 10 OPH, and 60% total occupied volume
(considered as full load) was then assigned to be a baseline for analysis of the
influence of operating conditions on the thermal performance of the closed
refrigerated tplay cabinet. It should be emphasized that when the influence of one
factor was studied (e.g. deopening frequency), the other factors were fixed

(ambient temperature 19°€ and 60% of total occupied volume).

4.2.4.1. Door-openingfrequency

In addition to the permanently closed doors and permanently open doors (door
opening frequency of 0 and respectively), the frequency of 10, 20, 40 and 60
OPH was programmed to study its influence on the air and product temperature
distributions inside th closed refrigerated display cabinet. The duration of 15 s with
the full opening angle of 90° was applied for all dopening frequencies and the

same experimental procedurBeftion|4.2.3.3 was applied to all experiments.

Based on data available in the literature (Fricke and Becker, 2010) and information
provided by a display cabinet manufacturer, the average frequency of door openings
is, respectivel 6.3 and 12.1 OPH. The frequency of 60 OPH was therefore set as
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an extreme condition as it is rarely encountered in reality. Note that the doors were
completely removed from the display cabinet for the permanently open condition.

4.2.4.2. Ambienttemperature

In addition to the room temperature of 19@ considered as a baseline, the test
room was controlled at different temperatures of 1€,&24.3°C and 28.2C (with

a standard deviation of less than OG for all temperatures) to investigate its
influence onthe air and product temperatures in the display cabinet. The water
content of the air in the test room varied from 0.008 to 0.013 kg water/kg dry air,
corresponding to the variation in the relative air humidity of 50% and 75%,
respectively. This small vaiion in water content in the air exerted little influence

on the temperature performance, but it does affect the energy performance because

of frost formation on the evaporator (Chen and Yuan, 2005). The same

experimental procedur&eéctior|4.2.3.4 was applied in all experiments.

4.2.4.3. Occupiedvolume

Two occupied volumes were used in the experiments: 30% (considered as half load)
and 60% (considered as full load). The difference in these occupied volumes
concerns the number of layers of test packages in height only, while the

arrangement remained thanse (6 columns in width and 3 columns in depth, see

Figure 4.1). The same experimental procedusedtion4.2.3.3 was applied to all

experiments.

Table 4.1 Operating conditions in a closed refrigerated display cabinet

Door-opening Ambient Percentage of
Experiment frequency temperature (STD) occupied volume
[OPH®] | °C] [%] |

3 20 19.4

4 40 (0.5) 60

5 60
60 '

7 14.6 (0.5)

8 10 24.3 (0.3) 60

9 29.2 (0.3)

10 10 19.4 (0.5) 30

@ Baseline® Permanently closeé Permanently opeff’ Number of openings per hot
per door
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Results and discussion

4.3.1. Evolution of air and product temperatures

Figure 4.3[ shows the evolution of the air and product (core and surface)

temperatures in the center plane (520 mm from the left wall) of the closed
refrigerated display cabinet over thel3®peration comrising 12 h of closedoor
and lights off conditions, 12 h of door openings with a frequency of 10 OPH and
lights on, and 12 h of closetbor and lights on conditions. During the closkxbr
periods, the air temperature fluctuation was almost identiddiciowed the on/off
regulation of the compressor (with a duration of about 10 min.) and the defrosting
operation (every 6 h with a duration of about 25 min.) as shoy#igure 4.3a.

During the door openings, a larger amplitude of fluctuation in the air temperature
was observed at the front of the cabinet (A1, A3 and A5).

Figure 4.3 Evolution of (a) air, and (b) produdtore and surface)
temperatures on the center plane of a closed refrigerated display cab
over 36hour operation for an ambient temperature of 2@.4
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The product temperature fluctuations during the clakeat periods were also

subject to the on/offompressor and defrost operations; however, their amplitudes

were much lower than that of the ghigure 4.3p). During the door openings, the

product surface temperatuitactuations became more pronounced on the top and
middle shelves (S1 and S3). The surface temperature fluctuations on the bottom
shelf (S5) and those of the core at the front (F1, F3 and F5) were less obvious despite
a slight temperature increase. The dopening frequency (10 OPH) exerted an
insignificant effect on the average temperatures and the temperature fluctuations of
the products at the back (B1, B3 and B5).

To ascertain the thermal phenomena during the door openings, additional air
temperatureat the A1, A3 and A5 positions were recorded with more frequent data
acquisition (a time interval of 1 s). After 24 h of temperature stabilization, recording

of the dooropening cycles with a frequency of 10 OPH was undertaken for 12 h.

Figure 4.4 Air temperature evolution at 2 cm from the front product surfac
on the center plane of the closed display cabinet during 6 door openings
OPH frequency) with (a) 15 s and (b) 30 s opening duraticrgigition
interval of 1 s)
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Figure 4.4a and b show the air temperature evolution during 6 door openings (3

openings for the right and left doors sequentially) with 15 s and 30 s opening
durations, respectively. The effect of doorenmgs can be observed during the
VHFRQG SDUW RI FRPSUHV¥VRA4208 Rrd 788H ¥ 2RRGIV

Figure 4.4) since the air temperature is rather constdrgmthe door is closed. For

both opening durations, the air temperature increased (from its initial Galje.
as soon as the door was opened, and then dropped gradually to the normal state
(variation with the on/off compressor operation) when the door was closed. The

magnitude of temperature incredsg6 ¢ L 6506 F 6yab@nd time to reach the

peak (65 5 g vary with the position. On the top shelf (A®d line inFigure 4.4a

and b), after the door was opened, the air temperature rapidly reached a peak
(¢80 Xa&v(), then decreased to the normal staithin a few secondsven
though the door remained opérhis is becausehe air curtainwas destabilized
during thedoor opening then it tendd rapidly to stabilize while the doowas
completely openThe timerequired fortheair curtainto stabilize again (at the top
shelf) is the same order of magnitude hs tharacteristic timevhich can be

calculated fronof the opening height of the cabinét €1.3 m) andhe air velocity at
the DAG (Q g% PAVe. kL Ta—/f (= 2.2 s forthe studied cabinetyVhen
obR

a perturbation occurs in front of the tebpelf, this perturbation is convected up to

the RAG and the time needed is approximatejy

At further downstreamon the middle shel&fter the left door was opengtheair

temperature (A3green linan|Figure 4.4a and b) increasedo the peak €6, &

xal () over a relatively longer time interval mpared with the air at the level of

the upper shelf (A1, closer to the DAG), then droppézhetheless, after the door

was closed, the air temperature increased again, and iatmmk10 s to reach
equilibrium. The second temperature increase can baiaggdlby the door closure
movementwhich forces warm external air into the cabinet. Smooth door closings
could reduce this temperature increase. A different air temperature evolution at this
position (A3) was observed when the right door was opened. Bagbé opening
procedure of 15 s and 30 s, the air temperature tended to increase gradually and

seemed not to decrease until the door was closed.
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A gradual increase in the air temperature on the bottom shelfb{a&,line in

Figure 4.4p and b) was always observedi6,6s U4 ), regardless of the door

(left or right) which was opened.he air temperature decreased and reached the

normal state only after the door had been closed. The longer the duration of the door

opening (30 $kigure 4.4p), the highethe air temperature at this position.

Time-averaged air and product (core and surface) temperatures were calculated
over 5 h in the quasiteady state (excluding the defrost period) of each operating
period (closed dosdlights off, open door with a frequey of 10 OPHights on, and
closed dootights on) and reported f@ It is noteworthy that the time
averaged temperatures during the door openings were ¢attwdaer 5 hours

between two defrost cycles to respect the gsiesidy state condition (temperature

during defrost cycles was excluded from the calculation).

On the whole, the average air and product temperatures at most positions were not
significantly dfferent between lights on and off conditions when the doors were

closed|Figure 4.5a and c¢). The illumination effect is only significant at the front

of the top shelfiue to the proximity to the cabinet lighting.

During the dooiopening periodKigure 4.5p), the average air temperature was

slightly lower in the rear duct (about ®C) and higher at the front (up to Q).
External warm air infiltration into the cabinet during the door openings explained
an increase in the air temperature at the front. According to the air temperature
increase, the compressor working cycles became mequent, thereby lowering

the air temperature in the rear duct. Compared with the clis@dperiods, the
number of compressor working cycles during the door openings was approximately

18% greater. Each door opening caused an increase in productaemgseat the

front and a decrease in those at the Q&ogufe 4.5p). This resulted in a greater

temperature difference between the front and the back products on the she

Overall, the product temperature distribution in the closed display cabinet was
consistent for every period. The highest temperature position was at the front of the
top shelf and the lowest temperature position was at the back of the bottom shelf.
Thetop shelf was also the position at which the front and the back products had the

maximum temperature difference.
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Figure 4.5 Time-averaged (+ standard deviation @) air and product
temperatures in thelosed refrigerated display cabinet for an ambien
temperature of 19.4C during (a) closed dootlight off, (b) open door
with a frequency ol0 OPH =light on, and (c) closed dootlight on
conditions.Values are the average over 5 hours of gagsy state

Because there were additional heat losses through the lateral glass walls, the product
core temperature at the sides was higher than that at the deatikr 2). It should

be emphasized that the measurement of product core temperatures at the side was
taken at a distance of 100 mm from the lateral wall sinkg test packages were

used in the study. There will be a tendency to observe higher temperatures at the
sides in the EN23953 test because-§0@st packages (width x length x height:

100 x 50 x 100 mm) are usually used and the measurement is performed at a
distance of 50 mm from the wall.

Table 4.2 Effect oflateral glasswall on the product core temperature in the
closed display cabinet

Time-averaged product core temperature[°C
Plane geanp P [*C] ‘

F1 F3 F5 |
Left 3.0 2.3 15
Center 2.0 14 0.8
Right 3.6 3.5 3.3

‘Average (top package on the stack) over 5 qualsisteady state excluding the defrost period
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4.3.2. Effect of dooropening frequency

Different dooropening frequencies were applied to the closed display cabinet to

investigate their effects on the tirageraged temperatures at different locations in

the cabinet. The air and product temperatures at any given position inside the

display cabinet are influenced by the operating conditions. Theoretically, these
temperatures should be high when the ambient temperature and the door opening
frequency are high. Heever, in practice, under such conditions (high ambient

temperature and high door opening frequency), the compressor operates at a greater
IUHTXHQF\ VKRUWHU 3RII" F\FOH WR FRPSHQVDWH IRU |
greater extent. Thus, the tiraseraged air temperature after the heat exchanger

(where the thermostat sensor is Ioca’@gb) is lower, and this leads to lower
air/product temperatures at the back and higher temperatures at the front. To
overcome this complexity and to enable comparisidtemperatures obtained from
different operating conditions, the dimensionless temperatyaés definediq.

4.1) by taking the timeaveraged temperatures of external ambient &y &nd of
supply air just after the heat exchang@rg.j asreferences. In this manner, the
dimensionless temperature at a given position was not influenced by the ambient
temperature and the supply air temperature which decreased when topeloiog

frequency increased.

L (4.1)
Tp?1

Figure 4.6[showsthe dimensionless product core temperatuggsdt the front and

the back of the closed display cabinet for dopening frequencies of 0, 10, 20, 40
DQG 23+ 7KH YDOXH " UHSUHVHQWV WKH SHUPDQHQW:

doors were completely removed. As shov»iﬁiigure 4.6, it was observed thady

at the front of all shelves increased with an increase in theap@ming frequency.
When the doeppening frequency was less than 40 ORglvas the highest at the

level of the top shelf (F1) and it was the lowest at théoboi{F5). Beyond this
frequency, the door opening resulted in a relatively smaller increaggairthe top

shelf (F1), as compared to its effect on the product at the level of the lower shelves
(F2 and F3) for whicheg became the highest. This candxplained by the fact that

the products at these positions (F2 and F3) are the most influenced by the

introduction of external warm air when the door is open as observed in the open
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display cabinefLaguerre et al., 2012WVarm air infiltration during dooopenings
is enhanced by the vortices which form in the mixing layer of the air curtain. At the

level of the lower shelves (F4 and F&),remained relatively Iowe|ngre 4.6h)

because there was more cold air flowing from the back through the PBP into these

shelves.

The small effect of the doapening frequency omy was observeat the back

Figure 4.6p). When the doeopening frequency varied from 0 to 40 OP&jat

the backof all shelves increased slightly and was steady when theap@oing
frequency increased from 40 to 60 OPH. However, when the doors were
permanently opendg; at the baclkf Shelves 13 (B1, B2 and B3) tended to increase,
while it seemed to change ordjightly for the product at the level of the lower
shelves (B4 and B5). This is because the back product mainly exchanges heat with
the air flowing through the PBP, of which the temperature is practically

uninfluenced by the external ambient temperature.

Figure 4.6 Effect of dooropening frequency on the dimensionless produc
core temperature (a) at the front, and (b) at the back of the five shelves

Despite a very high doaspening frequency (60 OPH), tledosed refrigerated

display cabinet achieves somewhat better temperature homogeneity compared with

the cabinet without doong éble 4.3): the average product core temparas both

at the front and the back of the display cabinet where aawaning frequency of

60 OPH was applied remained lower than those under permanently open conditions.
This difference was more pronounced when the surface temperature was
considered, pécularly at the front of Shelf 3 (5.9C for 60 OPH and 8.7C for
permanently open). Regarding the field investigatioirtigke and Becker (2010)
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it was found that the daily mean dempening frequency was only 6.3 OPH with a

mean opening duration @P s (the most frequent duration was 5 s). Based on these
findings, food preserved in closed refrigerated display cabinets would be
maintained under better temperature conditions, thereby prolonging the shelf life

and reducing food loss.

Table 4.3 Time-averaged product temperatuga °C) at the back and front
of the display cabinet with a deoopening frequency of 60 OPH and
permanently open (without doors) condition for an ambient temperature
19.4°C andoccupied volume of 60%.

60 OPH Permanently open

Shelf no. Back Front Back Front
Core Core Surface Core Core Surface
1 (top) 0.0 2.4 3.6 0.2 2.7 4.7
2 -0.2 2.7 - 0.0 3.4 -
3 -0.4 2.6 5.1 -0.3 3.6 8.7
4 -0.4 1.7 - -0.4 2.2 -
5 (bottom) -0.4 0.7 1.6 -0.5 1.1 2.0

‘Average (top and bottom packages on the stack) over 5 h ofsjaady state excluding th
defrost period; the standard deviation was°@ for all positions under both conditions.

In addition to the temperature performance,dlosed refrigerated display cabinet

also shows energy saving potential. Based on the total period of a complete
FRPSUHVVRU ZRUNLQJ F\FOH WKH WLPH IUDFWLRQ GXL
increased from 23% for the closddor condition to 25%, 32%, 37&nd 44% for

the dooropening frequencies of 10, 20, 40 and 60 OPH, respectively. The time

fraction was 63% in the case of the cabinet without doors.

4.3.3. Effect of ambient temperature

Air and product temperature measurements in the closed refrigerated display

cabinet were conducted for four different ambient temperaturesTedae 4.1

while a dooropening frequency of 10 OPH and an occupied volume of 60% were

applied in all @periments. The same dimensionless temperat@geléfined in the

previous section was used, and the results are reporjedyume 4.7 It was

observed thati; was almost independent &, F_6.;Ufor the products at the front

of the cabinefKigure 4.78), while it decreased a little for most products at the back

(Shelf 25) when 64 F_GQUincreased. This result is in agreement with that observed

in our previous studyChaomuang et al., 2019Despie door openings, forced
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convection and catuction, which are linear phenomena, heat transfer modes
remain predominant in the closed display cabinet. Free convection and radiation

from the external walls, which are néinear phenomena, can explain the slight

influence of 64 F_6‘;Uon the dimensio temperatureAs reported inTable 4.4

when 64 F 6rose from 15.0C to 30.4°C, on the averagé; F 6at the front

and the back positions increased from °Cdo 3.1°C and from 0.5°C to 0.9°C,
respectively. Under a door opening frequency of 10 OPH, the highest temperature
position was at the front of the top shelf wheg F_Eiggwas approximately 14%

of 64 F_GQO The lowest temperature occurred acribesback of Shelf-% where

656F 6,9was approximately 3% 06y F 65 These results highlight that the
product temperature in a closed display cabinet is directly influenced by the external

ambient temperature, and the front area is the positiwhiah the products are the

most exposed to a high temperature.

Figure 4.7 Variation of dimensionless product core temperaug with
the difference between the average of ambient air temperégarel of air

temperature after the heat exchan@gllj: (a) front products(b) back
products (opening frequency of 10 OPH and occupied volume of 60%)
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Table 4.4 Effect of external ambient temperaturé) onthe product core
temperature 6) in the closed display cabinet.

i 0 0.0 0.4 Average
Front product (pf)
Shelf 1 2.0 2.6 3.6 4.4 3.1
Shelf 2 1.7 2.3 3.1 3.8 2.7
Shelf 3 650 F_(ngJ [°C] 1.6 2.1 2.7 3.4 2.5
Shelf 4 1.3 1.7 2.1 24 1.9
Shelf 5 1.0 1.3 14 1.7 1.3
Average| 1.5 2.0 2.6 3.1 2.3
Back product (pb)
Shelf 1 0.6 0.9 1.2 14 1.0
Shelf 2 0.6 0.8 0.9 1.1 0.8
Shelf 3 _GéoF_Ggg [°C] 0.5 0.7 0.6 0.8 0.6
Shelf 4 0.5 0.6 0.6 0.6 0.6
Shelf 5 0.5 0.6 0.5 0.6 0.6
Average| 0.5 0.7 0.8 0.9 0.7

The cabinet doors were periodically opened with a frequency of 10 OPH and with 60% oc
volume.

4.3.4. Effect of occupied volume

Two percentages of occupied volume in the closed disgdhinet were studied:

30% and 60%. A doeopening frequency of 10 OPH and an ambient temperature
of 19.4°C were applied to both experiments. The same dimensionless temperature

( 3y defined in Section 3.2 was also used for analysis so that the vaneti@nair

temperature after the heat exchang%ggl due to different thermal loads was

eliminated. As shown |Rigure 4.8[higher percentage of occupied volume leads to

a decrease in product temperature at all positions. When the cabinet volume was
occupied to a greater extent, the space above the product top surface became
smaller, resulting in higher air velocity flowing from the back. Cold exchange
between the air antthe products was therefore enhanced. By knowing the air mass
flow rate (I 4 Chaomuang et al., 2018nd thearea above the produidr each

shelf (#), the mean air velocity flowing from the back}y) was estimated by
QoL (42
(o]

where HEs the number of the shelf ranging from 1 (top) to 5 (bottom) é&sid the

air density (1.28 kg-mat 0°C). As shown ifFigure 4.9| the air velocity above the

products on Shelves4.in the display cabinet with a 60% occupied volume could
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be about 5 times higher than that witBG% occupied volume. It was about -1.7
fold in the case of the bottom shelf. It should be borne in mind that the air velocity

presented jfrigure 4.9\was an average value supposing plug flow which is seldom

obseved in a real cabineChaomuang et al. 2019

Figure 4.8 Effect of occupied volume on the product temperature in th
closed display cabinet (opening frequency of 10 OPH and ambie
temperature of 19.2C)

Figure 4.9 Variation in air velocity above the products on different shelve
in the closed display cabinet (1.25 m in length) for two occupied volume
(a) 30%, (b) 60%.

Conclusions

Closed refrigerated display cabinets are increasingly used in retail stores because

of their numerous advantages, particularly a considerable reduction in warm and
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humid air infiltration, compared with open cabinets. In this study, air and product
temperatire measurements in the closed display cabinet were carried out under
various operating conditions to evaluate the thermal performance of the cabinet
including dooropening frequency, ambient air temperature and prestaipied
volume. The product positoin the cabinet is a determining factor of its
temperature. The product at the front always had a higher temperature than that at
the back, whatever the operating conditions, and that on the top shelf most often
had the highest temperature. Higher dopening frequency and/or higher ambient
temperature result in a substantial increase in the product temperature at the front.
The product temperature on the front middle shelf was the most affected when the
dooropening frequency exceeded 60 OPH. On therdthed, each door opening
causes a slight decrease in product temperature at the back because more
refrigeration capacity was required to withstand higher thermal loads. Product
occupied volume also causes product temperature variations. A lower product
temperature was observed at all positions when the cabinet volume was occupied
to a greater extent. Overall, the closed refrigerated display cabinet fitted with doors
provides better thermal performance, i.e. lower product temperature and more
temperature hoogeneity, as compared to the cabinet without doors despite a very
high door opening frequency. Based on the time fraction of periods during which
the compressor was operating, the closed refrigerated display cabinet also shows

energy saving potential.
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Experimental and numerical characterization
of airflow in a closed refrigerated display

cabinet using PIV and CFD techniques
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Abstract

Air velocity measurements were carried out using the Particle Image Velocimetry

(PIV) technique in a display cabinet under teanfigurations: closed and open

GRRUV 7ZR FRQGLWLRQV UHIULJHUDWLRQ VA\VWHP WXL
studied in the closed configuration. The airflow pattern was almost the same for

both conditions. The air curtain was quite stable. In the upgerof the cabinet,

air recirculation occurred, and this phenomenon induces external air infiltration

through the door gaps. The air curtain in the open configuration (refrigeration
VI\IVWHP WXUQHG 3RII"” ZDV OHVV VWDEOuhssadyp Q WKH FO
eddies developed in the mixing layers, thereby promoting greater external air

infiltration. A two-dimensional computational fluid dynamic (ZLFD) model was

developed and showed the ability to reproduce the main flow phenomena observed

in the exeriment. The trend of predicted product temperature profile was also in

agreement with the experimental values, despite slight wesdenation.

Keywords:Closed display cabinet; Air velocity; Experimental study; PIV; CFD
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Nomenclature

# area [

% specific heat [J-kg-K™Y]

@ particle diameter [m]

A thickness [m]

C gravitational acceleration [m%
G turbulent kinetic energy [f57]
| 6 mass flow rate [kg§

2 N Prandtl number =E’[-]
36 heat generation rate due to light absorpfidtim]
4 AReynolds number =- e@ =.fe=q

4 E Richardson number-'—ue*i[ ]

pl,
source term

temperature [°C or K]

velocity magnitude [m-g]

mean velocity magnitude [n*

QéRair velocity in Tand Udirections, respectively [m'$

ol o o »

Q settling velocity of particles —1‘%"[ =
|

7 heat transfer coefficient [W-HhK ]

S width [m]

Greek symbols
diffusivity coefficient [n?-s]

Y dissipation rate ofdm?-s]

4 thermal condctivity [W-m1.K]
a dynamic viscosity [Pa-s]

¢ density [kg-m’]

€ dimensionless diffusion parametey [
i kinematic viscosity [rfs]

0 generalized variable
Subscripts

= air

= Nargon

? H&abinet light

@ door

A external ambient
A Mequivalent

C=gap
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C Hglass

L particle

N Hr&om light

N | @otmeansquare
6 turbulent

Abbreviations

DAG Discharge Air Grille
RAG Return Air Grille
PBPBack Perforated Panel

Introduction

About 6677% of the total heat load of open refrigerated display cabinets used in
supermarkets were attributed to the entrainment of ambient warm and humid air
into the systen{Gaspar et al., 2011; Tassou et al., 20Tb) address this issue,
numerous studs have been carried out using both experimental and numerical
approaches. Chen and Yuan (2005) conducted experiments to evaluate the effects
of several important parameters on the performance of an open display cabinet and
proposed the thermal entrainméactor to characterize the air curtain efficiency.
This factor was correlated to the Reynol@s) (@nd RichardsorRi) numbers which
indicate the importance of momentum (depending on the discharge air velocity of
the air curtain) and buoyancy effectspectively. It was found that air entrainment

was promoted when the momentum effect increased whereas it became less
pronounced when the buoyancy effect was dominant. Because of tirgnigive

aspect and high spatial resolution accuracy, PIV measurenasnbecome a
technique used to study flow structures in various applicafiddsan, 2005)

Field et al. (2002)implemented the PIV technique together with a hot wire
anemometer to examine the entrainment characteristics of air curtaing witiA

range of 15008500 and a4 EEange of 0.130.58. The entrainment of ambient air

was found to be dominated by eddies that engulfed the ambient air entering the air
curtain and the development of these eddies was relatelAd’he authors
suggested that sedrease in4 Aould reduce the amount of entrained air as long as
the integrity of the air curtain was preserved. €ffectivenes®f the air curtain

can also deteriorate as a result of external disturbances (Heidinger et al., 2015).

Kaffel et al. (201% performed experiments using both PIV and Laser Doppler
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velocimetry (LDV) techniques to demonstrate the effect of external lateral airflow
on the effectiveness of the air curtain in a redeszsde model of a display cabinet.

Because of the difficulties involved in experimental implementation, several
numerical studies on open display cabinets have been carri¢@amtella et al.,
2001; D'Agaro et al., 2006; Laguerre et al., 2012a; Moureh and Yataghene, 2016)
Ge and Tassow2001)numerically studied the influence of design parameters and
operating conditions on the air curtain performance: the width and length of the air
jet, initial jet velocity (and turbulence), the position/dimensions of the return air
grille (RAG). Fosteret al. (2005) used a 3DFD model to study the airflow in an
open refrigerated display cabinet. These authors found that the inclination of the
discharge air grille (DAG) has a significant effect on the air curtain performance to
protect food in storageomne and the optimum angle depends on the width and the
air velocity of the curtain. Navaz et al. (20@®mbined both experimental (PIV
and LDV) and numerical (CFD Fluent) approaches to determine the effect of design
parameters on the air entrainment asith& air curtain of an open display cabinet.
The turbulence intensity, the shape of the velocity profile at the DAGiafkre

found to be the most significant parameters influencing the amount of air
entrainment. Based on these studies, optimal gtacheristics should be attained

in order to maintain the insulating capacity of the air curtain. In addition to efforts
designed to optimize air curtain efficien¢yammond et al. (201@roposed a new
design featuring multiple short air curtains for eahbklf rather than a single long

air curtain and reported a reduction in electricity consumption of 35.9% and a
smaller range of maximum and minimum product temperatures (a difference of 9.5

°C for the conventional design and 3@ for the short air curtia design).

Display cabinets retrofitted with doors constitute an energy saving alternative
because they reduce the infiltration of external warm/humid air. Several studies
have shown that a closed display cabinet generat&g8%3energy saving&vans,

2014; Fricke and Becker, 2010; Lindberg et al., 2010; Navigant Consulting Inc.,
2009) andhe presence of doors was foundchtve no impact orhe sales volume
(Fricke and Becker, 2010%iven these advantages, display cabinets with doors
have become defaigpecification for new stores opened by various major retailers
in Europe (EIA, 2017) and will account for about 75% of total display cases in
French supermarkets by 200RPF, 2016)Faramarzi et al. (2002gported that
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retrofitting a display cabinet #i glass doors reduced the total cooling load by 68%

and the average product temperature by @2 7R WKH EHVW RI WKH
knowledge, the study of airflow in a closed display cabinet is rare even though door
installation can affect the airflow pattein display cabinets, which in turn

influences the heat transfer and product temperatBegarfarzet al, 2002).

A review of the literature on experimental and numerical investigations of the
performance of display cabinets was carried out by the aui@besomuang et al.,
2017) An experimental study of heat transfer in a closed display cabinet was
conducted and the effect of operating conditions on the product temperature was
highlighted: room temperature, deopening frequency and percentage of
occuped volume(Chaomuang et al.,, 2019a, 2019b) order to build on our

previous studies, the objectives of this study were:

d To conduct air velocity measurement in a display cabinet using the PIV
technique. It is to be emphasized that the originality of tudysis the
measurement of unstable and low air velocity (8< 0.7 m-st) in closed
and open cavities. Thus, several difficulties associated with implementation

had to be overcome.

d To analyze the airflow pattern of a closed display cabinet and toarenitp
with the airflow pattern in an open display cabinet. Thermal aspects based on
the results obtained from the previous studi@&saomuang et al., 2019a,
2019b) were discussed

d To develop a 2BCFD model of a closed display cabinet in order to

investigate the phenomena which could not be observed by the experiment.

The experimental and numerical methodologies developed in this study can be
useful to scientists for understanding the phenomena and for the industry in order

to improve the design deer various operating conditions.
Materials and methods

5.2.1. Refrigerated display cabinet
A closed refrigerated display cabinet (Offlip 2 Eco 125S, Costan) equipped with a

singleband air curtain and two doubigazed glass doors was installed in a test

room inwhich the temperature was controlled at®C{Figure 5.1). The storage
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space was composed of five shelves on which test product packages (made of
methylcellulose) occupd about 60% of the total storage volume. Two propeller
fans located under the bottom shelf provided air circulation within the display
cabinet. After passing through an evaporator (situated behind the fans), air was
blown along a vertical rear duct upaadischarge air grille (DAG) at which level

the air curtain was located. This air curtain descends and covers the entire front area
of the display cabinet. A perforated back panel (PBP) allowed horizontal airflow
from the back to join the air curtain hgtfront. At the bottom of the display cabinet,

the air was driven through a RAG, thus completing the airflow circuit. The

characteristics of the cabinet and its components are giyvieabie 5.1

Figure 5.1 Experimental setup for PIV measurement in a close
refrigerated display cabinet: (a) perspective view; (b) front view; and (
side view

Chapter V #Airflow characterization using PIV and CFD techniques 100



Table 5.1 Characteristics of the closed refrigerated display cabinet used

the study

Dimensions of the storage space
(width x height x depth)

1250 mm x 1345 mm x 525 mm

Dimensions of shelves
Shelves 14
Shelf 5

1250 mm x 25 mm x350 mm
1250 mm x 25 mm x 475 mm

Dimensions of a test product package

200 mm x 50 mm x 100 mm

Dimensions of a doublglazed door

620 mm x 1330 mm x 22 mm

Discharge air grille width

50 mm

Return air grille width

30 mm

Dimensions of the perforated back pa
(width x height x thickness)

1250 mm x 1345 mm x 3 mm

Perforation percentage of the back pa
(based on total panel area)

Shelf 1: 2.8%
Shelves 24: 3.8%
Shelf 5: 8.3%

Number of propeller fans

2

To characterizexperimentally the airflow pattern inside a closed display cabinet,

WZR FRQGLWLRQV ZHUH VWXGLHG WKH UHIULJHUDWLRC
while the cabinet fans operated continuously under both conditions. In such a

manner, the influence of fanalone (the first condition) and combined
fans/refrigeration (the second condition) on airflow can be highlighted. In addition,

the experiment was conducted in the display cabinet with the doors open, and the

refrigeration system was turned off.

5.2.2. PIV meastements

The air velocity measurement was performed using adiva@nsional PIV system
(LaVision, FlowMaster 2D). The PIV system is composed of a deulblsed
Nd:YLF laser (527 nm wavelength, 10 mJ pulse energy20.2Hz repetition rate),

a 12bit CMOS amera HighSpeedStar 4G1024 x 1024 pixels in resolution)
equipped with a lens (Sigma, 105 mm, /1:2.8) and a programmable timing unit for
the synchronization of the device. To achieve light scattering, fine droplets of
distilled water generated by a fogg system (Areco, model OD V7, with a median
droplet diameter of 7 um) were injected at the top and the back of the display
PIV

p) along

cabinet. The overall experimental setup is illustratedFigure 5.1

measurement was conducted on a center plane (z = 52Figume 5.1

the air curtain of the display cabinet. Image acquisition andgrosessing were

conducted using a software package, DaVis 10.0.5.
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5.2.2.1. Principle of PIV measurement

The principle of PIV measurement involves the analysis of images of tracer
particles present in a thin light sheet illuminated by a depblsed laser beam.

The light scattered by these patrticles is captured by arbggilution digital camera
positioned perpendicular to the light sheet and synchronized with the two laser
impulsions. For air velocity evaluation, each of recorded images of the first and
secondlluminations is divided into small areas, called interrogation windows. The
local particle displacement between these two successive illuminations is then
evaluated by a crosorrelation statistical method at the level of each interrogation
window. Giventhe time delay between the two illuminations, an instantaneous
velocity vector field can be calculated. This operation epeated iterativelfor

all interrogaion areas to obtain a whole flow field across the recorded image. The
calculation process aflocity vectors is summarized ifeane and Adrian (1992).

A comprehensive and more detailed explanation of the PIV measurement is widely
available in the literatur@Prasad, 2000; Raffel et al., 2018)

5.2.2.2. Measurement procedure

An entire measurement plane £z520 mm|Figure 5.1) was covered with 36

measured windows (112 mm x 112 mm) with a partial overlap between them.
Because of the opaque door frame, the measurement was performed at 30 mm from
the bottom shelf. Theamera and the laser were mounted on a displacement system
allowing the position of the measured windows to be changed (precision of
displacement +1 mm). For each measured window, 1200 pairs of images were
recorded at a frequency of 0.5 kHz. A reliablerespntation of mean velocity and
other statistical information were verified. It is to be emphasized that a preliminary
sensitivity study was conducted in order to determine the optimum number of pairs
of images. A multipass algorithm with decreasing imtegation area was used to
process instantaneous vector calculation. Two passes were used with interrogation
dimensions of 64 x 64 pixels and 32 x 32 pixels, respectively. Both passes were
defined with 50% overlap. Given the interrogation dimensions cdebend pass,

the spacing between two calculated velocity vectors was 16 pixels (about 3.5 mm)
in both the horizontal and vertical directions. Any region near high reflection
surface in the images (e.g. DAG, RAG, shelf edges and test packages) was always

masked out and not included in the vector calculation. Referring to the guideline
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proposed byKeane and Adrian (1992)a time delay between two laser
illuminations of 500 us was the optimum for a good velocity estimation in our case
since it allowed a megparticle displacement of less than 25% of the width of the
interrogation window. After the mean velocity fields of all 36 measured windows
were obtained, the entire measurement plane was established with the DaVis
software by connecting all the windows ébiger.

5.2.2.3. Measurement accuracy

There are various sources of errors in a PIV measurefiéigon and Smith,
2013) Typically, errors are classified into systematic (bias) and random errors
(Coleman and Steele, 2018ased on a recent implementation of a psecey
algorithm in DaVis 10.0.5, it is possible to quantify the measurement uncertainties
of instantaneous velocity components by using a correlation statistics method
(Sciacchitano and Wieneke, 2018jis method accounts for most parameters that
cause radom errors from the vector computatipnocesse.g. particle image
disparity, particle background image noise and-adiyilane particle motion
(Sciacchitano et al., 2015)evertheless, theystematicerror due to the soalled
peaklocking effect is notaken into account since the magnitude of this error is
relatively small, compared with the random erfdfieneke, 2015)To minimize

this systematic error, a particle image diameter of at least two pixels is
recommendedPrasad, 2000)and this diameter & approximately - pixels in

our case. The settling velocityy) of the water droplets used in the experinvesas

also negligible ¢ 0.0015 m-8) compared with the air velocity in the display
cabinet (0 < V < 0.7 m™Y. Thus, the particle velocityan be considered as
representative of the airflow. Overall, the uncertainty of the measurement varied
between 0.1 and 0.3% in most regions of interest and was slightly higher (0.6%) in
the mixing or shear layers and at the level of the bottom shelf,articnear the

RAG because of higher turbulence levels.

Experimental results

5.3.1. Closed display cabinet

Figure 5.2a, b andc showrespectively the mean air velocity profiles, rootan

square (rms) velocity fluctuations and velocity vector figltlthe middle plane (z

= 520 mm) of the display cabinet rungionly with fans (refrigeration system
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W X U Q H GFigurd 15.2d, e and fshow the same parameters for the display
cabinet running with fans and the refrigeration systéhX U Q HERcaRs® of high

spatial resolution, only one of the eight vectors (in both x and y directions) is
depicted in the velocity vector fieIcFEigure 5.2¢ and 1). For better visibility of the

flow pattern, some large arrows were manually superimposed on the fields.

Note that the mean air velocitg(and the rms velocity fluctuatior8g, yare given
by

BLZAF 8QER (5.2)

8niol 83 A§ *QFQ!E:RFR!? (5.2)

where 0 is the total number of measured windows (1200 in our experiment);
Qand Rjare the air velocities infand Udirections meaged at the instant,

respectively [m-g]

KHQ WKH UHIULJHUDWLRQ Vl‘g‘\AM/HZ'F), b YhletwxedrQHG 3R
velocity magnitude of the jet normal to the DAG was approximately 0.5%,m-s

corresponding to a Reynolds number of about 20@8€d on the DAG width of

50 mm). This 4 Avalue was low compared with that of a typical open display
cabinet (4200 and 800Bield and Loth, 2006)}romthe DAG to the top shelfhe

jet slightly accelerated because it was deviated by the test packages at the front.
The jet then spread out and théoegty gradually decelerated due to the diffusion
process ti.e. entrainment of neighboring air by the air jet. According to the
discharge angle of the DAG (about 8° relative to the vertical axis), the air flowed
toward the door. Under the top shelf leygl< 1120 mm), the velocity profile
showed a Coanda effect (jet adhesion to the wall) which caused relatively high
velocity close to the door surface. The air velocity increased progressively when it
flowed downward because of additional air flowing frdra back through the PBP

at each shelf, thereby enhancing the momentum flux along the flow path. Because
of a higher percentage of perforated area on the PBP over the bottom shelf, higher
air velocity can be clearly observed at this positidhen it approahed the RAG,

the airflow was accelerated agdiy the cabinet fans.
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High-velocity fluctuationswvere observed in two regions: the top and bottom parts

of the cabinet{Figure 5.2p). In the top parts near the DAG, highklocity

fluctuations can be explained by the development of eddies on both sides of the jet,
i.e. in the mixing layers where high velocity gradient leads to large turbulent kinetic
energy production. Thiuctuations were further amplified becauselw# edge of

the top shelind the presence of the door which triggered air recirculation once air
approached it. In the bottom part, fluctuations resulted from mixing between the
back flow and the air curtaitdere, the flow was also turbulent in the air space
above the test packages at the level of the bottom shelf and air recirculation also
emerged near the front of the packages. Apart from these regions, small velocity

fluctuations were observed. The vectfmid depicted ir[Figure 5.2¢ shows the

downward flow with recirculation at the front of the top shelf.

A similar airflow pattern was observed in the display cabinet thigtrefrigeration
VA\VWHP W X [F@uieh.2¢¢, R @nd f)compared with the case in which the
UHIULJHUDWLRQ V\VWHRuUrg B.Yh, W ¥ CHIBspRR klight
discrepancies. ffle Coanda effect was less pronounced when refrigeration was

applied becausthe air in the vicinity of the door surface had a relatively higher

temper&ure and thus an upward buoyancy force impeded downward flow for y <

1000 mm. As shown |Rigure 5.2¢d, the velocity was relatively lower at the door

when therefrigeration system of the display cabinet operated and reached its
maximum near the shelf edqﬁgure 5.2e shows the same regions with relatively
high velocity fluctuaVLRQV LQ WKH FDVH RI WKH UHIULJHUDWLRC

and bottom parts), but higher turbulence was generated by interaction between the

air curtain and the shelf edges. The vector field depictgéigare 5.2f shows
VLPLODU IORZ SDWWHUQV DV LQ WKH FDVH RI WKH UHIL

the exception of slightly more pronounced recirculation (upward flow) in the top

part and the local maximum veloc#ituated at a greater distance from the door.
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Figure 5.2 Mean air velocity profiles (a); velocity fluctuations (b); and
velocity vector fields (c); along the air curtain of a closed display cabin
UXQQLQJ ZLWK IDQV RQO\ UHIULJHUDWLR
profiles (d); velocity fluctuations (e); and velocity vector fields (f); along
the air curtain of a closed display cabinet running with fans and tl
UHIULJHUDWLRQ V\VWHP 3RQ”

5.3.2. Comparison between closed and open display cabinets
The doors of the display cabinet were open with an opening angle of 90° and the
PIV measurement was carried out with the same procedure as descBeetion

5.2.4 The performing of measuremeimtsthe open display cabinet was particularly

troublesome because it proved difficult to control the particle density. Particles
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always flowed out to the ambient during theeriment, resulting in insufficient
seeding to disperse the light. Because of this technical constraint, only the
HISHULPHQW ZLWK WKH UHIULJHUDWL REgue\3%3WVHP WXUQH

shows the air velocity profiles, the velocity fluctuations and the corresponding

vector fields of the closed and open display cabinets. Note that the velocity profile,

the velocity fluctuations and the vector field present@figure 5.3, ¢c and dare

the same as those presentgigure 5.2, b and ¢ respectively. They are repeated

here for the purposes of comparison with the open display cabinet.

Figure 5.3 Velocity profiles, vebcity fluctuations and vector fields on the midc
plane of the closed (a, ¢ and e) and open (b, d and f) display cabinets. The
( ) represents aone without signals (absence of particles in the external am
air).

As shown ifFigure 5.3a and b, the inlet mean velocity magnitude of the jet normal

to the DAG under the opestoor condition was almost the same as the closed
value.When the doors were opemlarge amount of external ambient air entered at
the level of the top shelf level (y > 1050 mm) by the entrainment process of the

discharged air jet. Despite an average air outflow in a great deal of the opening

height (100 mm <y < 1050 mgijgure 5.3f), large unsteady structures (eddies)

were always observefFigure 5.4), resulting ina wide region of mixing layers

before approaching the RAG. It can be observed that the velocity fluctuations were

much greater on the outer side of the air curt8ig,> 0.2 m-st for y < 1000 mm,

Figure 5.3d) than for the closed cabine8( ;8§ P [Mgure 5.3f) where the
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air curtain was more stable. Very near to the RAG (y < 10QFmgure 5.3f), there

was also lage air inflow.

Figure 5.4 Example of large unsteady eddy development at three conse
instants (780 mm <y < 892 mm): (a) 0.10 s; (b) 0.18 s; and (c) 0.28 s.

Air inflow and outflow through the gaps along the door edges of the closed display
cabinet were observed in our previous st¢@paomuang et al., 2019a&) PIV
measurement was additionally conducted in the middle of the left door gap to
quantify thevolumetric air infiltration rate through the gaps (8 mm in width). By
integration of the positive horizontal velocity compone@tdver the height of the
door, the volumetric air infiltration rate through the gaps was estimated to be
approximately 0.0028n3s. It was assumed that the amount of outflow air was
replaced by the ambient air infiltration and the rates of the air infiltration through
the door gaps on the left and the right sides were the same. This result suggested
that air infiltration undercloseddoor conditions accounted for about 8% of the
supply air from the DAG, which is much less than the case of open display cabinets
(~30-40%, Amin et al., 2009).

From a thermal point of view for the closed display cabinet, there is a small amount
of convective exchange with the external ambient air through the gaps. The
conduction and radiation exchanges through the doors are limited by the presence
of doubleglazing windowpanes coated with lenfrared emissivity materials. In
addition, the low velaty fluctuations near the door reduce the convective heat
transfer between the inner side of the door and the air curtain. The air entrained by
the air jet at the top shelf level comes mainly from air recirculation near the door
and it is, therefore, failcold. On the contrary, for the open display cabinet, the air
entrained by the air jet is warm ambient air which mixes with the cold air in the

outer mixing layer. While on the average air flows out at the intermediate height

Chapter V #Airflow characterization using PIV and CFD techniques 108



(100 mm <y < 1050 mm), amlmeair is engulfed by the air curtain via the large
unsteady eddies. Moreover, there is no radiation shield between the external walls
and the products located at the front of the shelves. These findings explain the better
thermal performance observed losed display cabinets, compared with open ones

(Chaomuang et al., 2019a)
CFD modeling

A two-dimensional CFD model was developed to investigate the airflow and its

influence on the temperature distribution in the closed display cabinet. The main

objectiveis not to simulate precisely all the flow and transfer details. Instead, the

aim was to examine the capability of a 2Ok PRGHO WR UHSURGXFH WK
phenomena and to predict the product temperatures in the display cabinet with
acceptable accuracy. Anample of more precise models with a thdémensional

largeeddy simulation (LES) can be found in Moureh and Yataghene (2017). The
SUHGLFWLRQ RI YHORFLW\ SURILOHV ZLWK WKH UHIULJF

was compared with the results obtairiein the PIV measurements presented in

Section5.3 The results of temperatureeasurements conducted in our previous

study (Chaomuang et al.,, 2019a) were used to coenpeith the numerical
prediction of temperature distributions in the present stuelyideration system

W X UQHGAcdRr@ing to Chaomuang et al. (2019a), the air and product
temperatures were measured by using calibiseanocouples (x0.2°C accuracy)

in the middle section of a closed refrigerated display cabinet which operated under
closeddoor conditions and at a room temperature of’CYhumidity ratio of
0.0039.004 kg of water vapor/kg of dry air). Timaederaged temperatures were
calculated oveb h of quasisteady state during which the defrosting period was

excluded.

5.4.1. Geometry and mesh details

The dimensions used for the 2D model were those of the real closed display cabinet

Table 5.1) and only the internal storage space of the cabinet was considered in the

computational domairjF{gure 5.5). The domain consisted of fluid and solid

regions, representing airflow and products in the cabinet, respectively. An
incompressible ideal gas was used for the fluid region while the theraperpes

of methylcellulose were specified for the solid region (density = 1071 kg-m
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thermal conductivity = 0.510 W-HK?; heatcapacity = 3372 J-k§K ™2, Icier and
llicali, 2005). Both unstructured and structured meshes were used for the entire
doman. Much finer meshes were npiaularly defined at the areas close to the DAG

and the RAG. Several models with different mesh sizes3MAgure 5.6) were

preliminarily tested for the grid independence study so that numerical accuracy was
ensured. It was found that the mesh M2 with 134,968 nodes and 97,693 elements
was satisfactory since the numerical results did not change when the mesh size was

reduced. As a result, thisesh was used in all calculations.

Figure 5.5 The computational domain of the ZLFD model for a closed
display cabinet and the locations of boundary conditions.
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Figure 5.6 Velocity profiles without (a) and with (b) energy equation anc
temperature profile (c) in front of Shelf 3 for different meshes.

5.4.2. Mathematical description

The CFD model in steady state was developed by using commercial AQSXS

Fluent 17.2 software. The model is based on solvingdlerging equations which

consist of theconservation of mass, momentum and energy equations (Versteeg

and Malalasekera, 2007). Setheflow is turbulentthese governing equations are

time-averaged (Rynoldsaveraged NavieBtokes, RANS) and the standardOk

turbulence model was used together with these equations. Note that turbulence was

firstty modeled with other k0 WXUEXOHQFH PRGHOV L H 5HQRUPL
(RNG) and Realizable) and thesults obtained were found to be almost identical.

The standard 40 WXUEXOHQFH PRGHO zZDV WKHUHIRUH XVH(
compromise between accuracy and reasonable computational time. The model also

used an enhanced wall treatment function in conjanatiith the turbulence model

to take into account viscous effects near the walls. For 2D, sttaidy and

incompressible fluid flow, the general form of the governing equations can be

written as

0 ; o0CR ; o} 00 0 00
oT E oU LFT@ "’?TAEFU@ GO_UA‘ESG (5.3)

where 0 is a generalized transport variable; and 5; are respectively the

diffusion coefficient andhe source term for the correspondingnsport variable
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0 as presented iE able 5.2 Note that the energy equation as a function of
WHPSHUDWXUH ZDV DFWLYDWHG RQO\ IRU WKH FDVH RI1 \

Table 5.2 General form of the governing equatiGhs

0 1 Q R 6 G Y

o P O L

% 0 i Efj i Eij N 2N 5 a

S 0 % % S5i > 5
@The complete description of these equations can be found in Tu et al. (2018).

5.4.3. Boundary conditions

Figure 5.5 shows the locations of boundary conditions imposed in the

computational domain. Values used for boundary conditions were taken from the
experimental data presented in this present study and in our previous work
(Chaomuang et al., 2019a).

5.4.3.1. Inlet boundary coditions
Six velocity inlet boundary conditions were imposed in the computational domain:
one inlet for the flow at the DAG and the other five inlets for the flow from the PBP

at the levels of different shelvgfigure 5.5). Uniform velocity profile and a

direction normal to the inlet were assumed under all inlet boundary conditions. The

velocity inlet at the DAG was the mean velocity magnitude obtained from the PIV
measurerant. The velocities at the PBP inlets were estimated based on the air
distribution percentages (Chaomuang et al., 2019adoh shelf. They represent

the airflow rate averaging through the PBP at a given shelf divided by the total flow

rate in the disph cabinet. Given the velocity magnitude at the DAG, the
corresponding velocities over these shelves were determined. In the case with the
UHIULJHUDWLRQ V\VWHP WXUQHG 3RQ" WKHUPDO ERXQCG

the measured temperatures were a@gblAll the inlet boundary condition values

are summarized jmable 5.3
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Table 5.3 Inlet boundary conditions

PBP
Parameter Unit DAG Shelf Shelf Shelf Shelf Shelf

Air distribution % 50 5 5 3 5 38
percentag@

Velocity m-st | 0.57 | 0.005 | 0.005 | 0.008 | 0.013 | 0.096
Temperaturg °C -0.1 -0.5 -0.5 -0.5 -0.6 -0.7
Turbulent intensit{ % 3 5 5 5 5 5
Lengthscalé’ m 0.002| 0.005 | 0.005 | 0.005 | 0.005 | 0.005

@taken from the experimental data of Chaomuang et al. (2019a)

®lower turbulent intensity at the DAG was assumed due to the effect of the honey
©estimated from the honeycomb characteristics foD#& and the hydraulic diametg
of a slot for the PBP

5.4.3.2. Wall boundary conditions

Wall boundary conditions were used to confine the fluid and solid regions and non
slip boundary conditions were considered to be present at all walls. When the
refrigeration sWWHP ZDV WXUQHG 3RQ" WKH WKHUPDO
definedat the walls considered in the heat transfer calculafiba walls in contact

with fluid and solid regions were defined as coupled thermal interfaces (dotted lines

in|Figure 5.5). Although installation of doors can significantly reduce thermal

radiation from the ambient by up to 94% (Faramarzi et al, 2GRt of heat
generation due to visible radiatigtill occurs. Therefore, in addition to the coupled
thermal interface, heat generation due to the absorption of visible radiation from

the room and cabinet lights were applied directly at the front product surface level

for all shelvegKigure 5.5). The heat dissipated from the room IigB%(Htgesame

for all shelves) was estimated from the lighting power density of 1.03Marhich
is equivalent to a luminous imteity of 650 lux (an average value used in

supermarkets, IESNA, 1991). The heat dige@ddrom the cabinet Iight&@,myas

ERXC

HVWLPDWHG IURP LWV SRZHU . PDQXIDFWXUHUSYV Gl

factor for the different shelves.

For calculatios concerning the door, the heat flux was calculated from the room
temperature of 19C (experimental data) and the heat transfer coefficient of the

door (7@. The latter was determined by a thermal resistance mefftpd5.4)).

Based on the characterisFV Rl WKH GRRU PDQXIDFWXUHUTV GDWD
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of two panes of tempered glassndn thickness each) split by an argon gap (14
mm thickness), we obtained

7ol @C L s& uV-m2K? (5.4)

dcyé=c

Since there was an inflow of warm air through the upper part of the door gaps
(16—, 0.0036 kg-&, experimental data), an equivalent heat transfer coefficient
( 7@ mWwas distinctly definedEq. (5.5)) for this part ofthe door (250 mm in
height).

7@k 7@E'Q‘#:@’3/E L styW-m2K-1 (5)

where #gjs the area of the upper part of the dfFagqre 5.5).

Theother walls were considered as adiabatic.

5.4.3.3. Numerical calculation

The model was solved iteratively with a SIMPLE algorithm for the coupling of
pressurevelocity. The convection terms were estimated based on the second order
upwind scheme. The default valuesrelaxation factors in Fluent software were
applied for all variables. A numerical convergence criterion of 1 %vifs used

for the residuals of components of velocity, turbulence kinetic energy, turbulent
dissipation and energy equations and 2 % i) the continuity equation. The
simulation was driven using a computer server (Dell, Precision 3620jt 64
operating system) with Intel Xeon H240 Quad Core running at 3.50 GHz (8 Mb

internal cache) and 64 Gb RAM. The computational time was four loutbe

mesh used (M#&igure 5.6).

Numerical results

5.5.1. Air velocity profile

The air velocity profiles of the closed display cabinet with the refrigeration system
WXUQH®DERI 3RQ° D @ ZrQ bLréspectively. The air curtain
formed at the DAG was deviated to the door as it descended to the RAG. A large

air recirculatiorregion was observed in the upper part of the cabinet and some small
recirculation regions were also detected around product packages. Near the DAG,

the edge effect of the package on the top shelf caused a slight increase in the jet

Chapter V #Airflow characterization using PIV and CFD techniques 114



velocity. The diffusionprocess at the shear layer between the air curtain and the

adjacent air caused a velocity decrease when flowing downward. Beyond the mid

height between Shelves 1 and 2, the air velocity was maintained because the air

curtain momentum was strengthened kg alir flowing from the PBP. Unlike the

open display cabinet, the thickness of the air curtain in the closed display cabinet

was limited by the presence of the doors. Thus, flow integrity was preserved. In the

case where the refrigeration system was turhBd |Figure 5.7g), the maximum

velocity was close to the door due to the Coanda effect. However, the higher air

temperature near the door deflected the maximum velsiagtytly further from the
GRRU LQ WKH FDVH ZKHUH WKH UHI o LRQ V\VWH

Since the mass flow rate gradually increased along the flow additively high

velocity was observed in the vicinity of the RAG. In comparison with the

experimental resultsSection

5.3

, the developed model is capable of reprodgci

the main phenomena of the flow distributions in the closed display cabinet in both

cases.

Figure 5.7 Air velocity profiles in a closed display cabinet (a) refrigeratior
VA\VWHP WXUQHGQHRULIBDQHBWIERQ V\VWHP W
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5.5.2. Air and product temperature distributions

Figure 5.8a and b depict te resultof air and product temperature distributions

obtained from the experiment aritetnumerical prediction (with the refrigeration
VI\IVWHP WXUQHG 3RQ" UHVSHFWLYHO\

Figure 5.8 Air and product temperature distributions in a closed refrigerate
display @binet: (a) experiment (Chaomuang et al., 2019a); and (b) numeri
prediction.

Overall, the predicted air and product temperature distributions showed relatively
good agreement with the experimental data. For both experimental and numerical
results, theair temperature was lower than 2@ everywhere, except in the upper

part beyond the air curtain where the temperature recorded at a measurement point
was 6.1°C (the simulation undeestimated by 4C). The air recirculation mixed

with the warm air infilration through the door gaps can explain the high air
temperature at this position. Spatial temperature heterogeneity was observed
between products located at the front and the back of the shelves. The higher
product temperature at the front resulted frima heat exchanges with the air

curtain which was warmer than the air coming from the PBP and (visible) radiation
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absorption due to the lights. Due to the proximity to the cabinet lights, the product
at the front of the top shelf was the product withtigdest temperature. The lowest
product temperature was at the back of the bottom shelf because heat exchange was
mainly governed by convection with the cold air from the PBP and conduction
within the products. Since the cold air flowed from the PBP iméobiottom shelf

with a relatively higher mass flow rate (highest perforation percentage), the product
at the back of the bottom shelf had the lowest temperature. In agreement with results
publishedby Faramarzi et al. (2002)hese findings showed that timstallation of

doors could reverse the product temperature distribution in display cabinets since
the highest product temperature was mostly located at the front of the bottom shelf
of the cabinets without doors (Evans et al., 2007). Nevertheless, cdhsgerated
display cabinets still provide a better thermal performance (i.e. lower product
temperature with small temperature variations between positions), compared with

open ones (Chaomuang et al., 2019a).
Conclusiors

Air velocity measurements usinget PIV technique were conducted in a closed
display cabinet. Two configurations were studied: cloaad operdoor with a 90°

opening angle. The measurements were carried out under two conditions

UHIULJHUDWLRQ V\VWHP WXUQ K@figRdtionB@ deRQ~ IRU Wi
RQO\ RQH FRQGLWLRQ UHIULJHUDWLR QAcedigHP WXUQHC

to the studied closed display cabindie 4 Abased on the DAG width) was

approximately 2000In the closed configuration, similar flow phenomemeare

REVHUYHG LQ WKH FDVH Rl WKH UHIULJHUDWLRQ V\VWHI

discrepancies. The air curtain deviated to the door through a Coanda effect

(maximum velocity near the door surface). However, it was less pronounced in the

case of KH UHIULJHUDWLRQ V\VWHP WXUQHG 3RQ" IRU ZKLFI

impeded the downward flow. The air curtain was quite stable in most regions, with
the exception of the top and the bottom of the cabinet where relatively high velocity
fluctuations ocarred. At the top of the cabinet, air recirculatamturred and could

have promoted external ambient air infiltration through the door gaps. In the open
configuration, the air curtain was less stable. In the outer mixing layers of the air

curtain, large nsteady eddies developed, causing the ambient air to be entrained in
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the curtain. Comparison between the flow patterns in the closed and open
configurations leads to the conclusion that products would be better protected in

closed display cabinets.

A steag-state 2BDCFD model with the standard @ WXUEXOHQFH PRGHO ZDV
developed in this study to investigate the airflow and its influence on the thermal
distributions in a closed display cabinet. Qualitatively, good agreement was found

between numerical pdictions and experimental results. Despite its
simplifications, the model has shown the ability to reproduce the main flow
phenomena observed by the experiments. The predicted product temperature

profile trend also agreed with the experimental data.turdistudies, the developed

model will be used to examine the influences of unexplored design parameters and

the operating conditions on the air and product temperature distributions, e.g.

airflow rate, air temperature at the DAG and product occupied &lum

Even though a specific display cabinet was used, the results provide general
information on the phenomena taking place in the display cabinet. The presence of
doors causes air recirculation which could induce the infiltration of external warm
air throudn the gaps along the door frames. Sealing these gaps would certainly
mitigate this issue. Nonetheless, the design of closed display cabinets should
probably be revisited. For example, the air curtain might not be necessary due to
the replacement of the péigal barriers.
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Simplified heat transfer modelling of a closed
refrigerated display cabinet: Part | +

Static model development and validation

Nattawut Chaomuang Onrawee Laguerre and Denis Flick
Submitted toApplied Thermal Engineeringubmitted)

The work of Part | was alspresentedn the 25th IIR International Congress of
Refrigeration(ICR2019), Montreal, Canad

Abstract

Installation of doors on open refrigerated display cabinets is one of the simple and
effective methods to improve the cabinet performance because it can reduce the
warm and humid air infiltration into the cabinets. However, their presence can
change airflow pattern and temperature distribution. It is, thus, necessary to
understand thesedimal phenomena. To describe the evolution of product and air
temperatures at different zones in the closed refrigerated display cabinet, a
simplified heat transfer model was developed based on a zonal approach. Part | of
this study shows how the developaddel allows the prediction of tirreveraged

air and load temperatures at various positions in the cabinet. The predicted values
were compared with measured air and load temperatures for three ambient
temperatures. Good agreement was found between tdetpoe and measured
temperatures with the maximum difference of less tharf©.tor every studied
position and the overall mean absolute error of “@2In Part Il, the dynamic
aspects of model will be presented allowing the prediction of the temperature
IOXFWXDWLRQV DFFRUGLQJ WR WKH 3RQ RIlI" FRPSUHVV

process.

Keywords:Closed refrigerated display cabinet; Simplified model; Heat transfer;

Temperature; Numerical study; Static simulation
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Nomenclature

% s Equivalent thermiaconductance [W-K]

% Heat capacity [J-kg K™

Thickness [m]

Convective heat transfer coefficient [W%K ]
Mass flow rate [kg-g]

Heating power [W]

Cooling load [W]

Relative humidity [%]

Exchange area [fh

Temperaturg°C or K]

Time[9

Overall heat transfer coefficiefitv-m=2-K1]

»

*

~NTUTouh~hwz Q>

Greek letters
UdJ) Exponential dimensionless heat transfer coefficiert 3 'l FalTlﬁ p
Y

UdJ Air distribution coefficient

a Dimensionless average temperature

4  Thermalconductivity[W-m™*-K]

¢  Density[kg-m3]

i Period of one complete compressor working cysle
) Phase shiffrad

6  Mass fraction of water vapor [kg-K{

i Angular frequencyL LA [rad-sY]
¢*u Heat of fusion of water [kJ-k
¢* ¢ Heat of vaporizationf water [kJ-kg]

Subscripts

= air

=C argon

0° aluminum
?  ceiling
door

@ A Helay

A T Lexperimental
A T Pexternal
B  frost

C =Lgap

CH glass

@
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EFGindex numbers
0 latent

H load

H > back load

H B front load

H E lighting

HH load to load

J Q I numerical

KR overall

L H perforated back plate
L Q polyurethane
N @ rear duct

O sensible

O = Psaturated

@ shelf

P total

D thermostat
S wall

Abbreviations
Discharge Air Grille
Mean Absolute Error
Perforated Backanel
Return Air Grille

Introduction

Temperature is a weknown factor in determining food quality and safety across
the logistic cold chain from production to final consumption. Failure in temperature
control at any stage can trigger food qualitiedieration, thus shortening food shelf
OLIHDQG FRQVHTXHQWO\ LQFUHDVLQJ FRQVXPHUVYT KHD
have shown that temperature control in retail display cabinets is often subject to
temperature abuse because food products aredstaut of their recommended
temperature limits (DererBertheau et al., 2015; Lundén et al., 2014). About half
of the total retail display cabinet lingps in a typical supermarket are open
refrigerated display cabinets, of which the chillgzhce storages protected from

the ambient surroundings by cold air curtain (ASHRAE, 2010). Warm and humid
air infiltration is a primary cause of the heterogeneity of temperature distribution in
the equipment (Evans et al., 2007; Gaspar et al., 2011; Laguerre2@fiab). This

draws a lot of attention with the view to minimize the air infiltration particularly
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through the enhancement of air curtain efficiency as highlighted in a recent review
by Chaomuang et al. (2017). Despite the immense efforts in both acadeimic a

industrial research levels, the issue of air infiltration remains problematic.

Installation of doors on the open front of the display cabinets becomes a viable
alternative. It has been proven to be an effective solution to mitigate the air
infiltration problem tachieving potential energy savings (Fricke and Becker, 2010;
Lindberg et al., 2010), improving temperature homogeneity (Chaomuang et al.,
2019; Evans and Swain, 2010) as well as promoting food quality (Atilio de Frias et
al., 2015). In additionthe thermal comfort in the retail stores can be enhanced,
which can be possibly translated into a positive sales impact (Lindberg et al., 2017).
These advantages encourage the implementation of closed refrigerated display
cabinets in many retail stores.rHastance, it will account for about 75% of all
display cabinets in French supermarkets by the end of 2020 (RPF, 2016).

Due to a reduction of cooling load after door installation, some modifications of the
refrigeration system can be made. Lindbetgal. 010 exhibited that the
performance of closed display cabinet was enhanced when refrigerant inlet
temperature was increased. Faramatal. (2002suggested to reduce the size of
thermostatic expansion valves to avoid a hunting effect. Iniaddihe presence

of doors can modify flow pattern and temperature distribution inside the closed
display cabinets. In concordance with our previous st{@lyaomuanget al.,
2019a) the position of the warmest product temperature was different (temperature
at the front of the upper shelf became higher than that of the bottom shelf in closed
cabinets, in opposite to open ones). An understanding of mechanism of heat transfer
and airflow in the equipment becomes necessary since it can demonstrate if these
modifications will compromise the quality and safety of food produéts.
experimental investigation is therefore necessary to determine real conditions
occurring within the display cabinet. However, such investigation is both costly and
laborintensive. Forhis reason, a numerical simulation with Computational Fluid
Dynamics (CFD) model is complementary as one can see it is widely used in
various refrigerated food applications (Norton and Sun, 2006; Smale et al., 2006).
Two main advantages of the CFD numdriepproach were emphasized by
Laguerre et al. (2015). Firstly, it enables the knowledge of local parameters

(temperature, humidity and velocity) that allows the understanding of the
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phenomena. Secondly, it permits the prediction of influence of operatnaifions

and equipment design, which is rather aaosfficient or impractical to perform by
experiments. Extensive studies applied such model to open refrigerated display
cabinets (Cortella, 2002; Gaspar et al., 2012; Ge and Tassou, 2001; Yu et &l., 2009
whereas little research associated with closed display cabinets has been carried out.
Orlandi et al. (2013) developed a thwimmensional CFD transient model to
qguantify incoming energy due to air infiltration during door openings. The model
developed btter understanding of the physical mechanisms of energy transport
with various operating conditions (i.e. frequency of door openings) and equipment
design (i.e. hinged or sliding doors). D'Agaro et al. (2006) developed a CFD model
of the water condensaticand evaporation processes on the glass doors of-a low
temperature (frozen food) closed display cabinet. This study aimed to understand
the fogging and defogging mechanisms taking place during door openings since
this incident is a very important issue this cabinet type.

Although the CFD model is a powerful tool, there are limitations because of the
calculation time and computational resource requirements. Simplified heat transfer
models based on a zonal approach becmemmplementary approadtaguere et

al. (2012a) developed a model based on this approach in an open refrigerated
display cabinet. This model was successful to predict load temperatures at different
zones in the equipment with short calculation time. It also enabled the study of the
influence of operating conditions. Further work by Bddallah et al. (2018)
proposed a similar heat transfer model in transient state under Modelica simulation
environment through which the dynamic behavior of air and product temperatures
in the open dispha cabinet can be investigated. Moreover, demand response
strategies during erand offpeak periods for electricity usage can be devised with
the model. Some authors in our team also proposed simplified heat and/or mass
transfer models for other refrigeirag equipment in the cold chain: production plant
(Lecoq et al., 2016), refrigerated vehicle (Hoang et al., 2012), cold room (Laguerre
et al., 2015) and domestic refrigerator (Laguerre, 2010). Nevertheless, to the best
of our knowledge, such a model forclsed refrigerated display cabinet is not

available.

The objective of the study is to develop a simplified heat transfer model of a closed

refrigerated display cabinet based on a zonal approach. This development is divided
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into two parts: Part | proposessteady state heat transfer model, which allows the
prediction of timeaveraged air and load temperatures in the closed display cabinet.
Details of overall model conceptualization, static model development,
determination of model input parameters as aglinodel validation by comparing

with experimental data were discussed. Part Il presents the model development in
transient state, which allows the prediction of the temperature fluctuations
according to the on/off working cycles of the compressor operaia to the

defrosting operation.

The acquired information of the simulation enables the identification of the critical
zones, i.e. too warm and too cold, which can lead to food quality deterioration and
chilling injury, respectively. The influence of cpmessor operation on the load
temperature fluctuation can also be evaluated with the dynamic model. In fact, the
quality of the food products is affected not only by the average level of temperature
but also by the temperature fluctuation (Cai et al., 20@60 et al., 2007).

Closed refrigerated display cabinets will be soon a new component of the series of
refrigeration equipment in the food cold chain. To take into account this evolution,
this developed simplified heat transfer model will be furtheegrdated with the

other models already developed by our teams for several refrigerating equipment.
By this mean, it allows the prediction of tilemperature history of food products
from a production plant to a household refrigerator. Furthermore, ara@galtool

for consumer risk can be also established when these models are linked with

predictive microbiological and/or quality models (Duret et al., 2015).
Experimental study

Temperature measurement in a closed refrigerated display cabinet was cdyried ou
the obtained result was then used for the model validation. The display cabinet was
installed in a test room in which the ambient temperature was controlled at 14.6+0.4
°C, 19.5£0.6°C, and 24.4+0.4C. The water content of the air in the test room
varied from 0.008 to 0.012 kg water/kg dry air, corresponding to a variation in the
relative air humidity between 60% and 75%. This small variation in water content
in the air showed little influence on the temperature performance, but more impact

on the energ performance because of the condensation and frost formation on the

evaporato(Chen andvuan, 2005) As depicted ifFigure 6.1{ the closed display
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cabinet was loaded th test product packages made of methylcellulose
(dimensions in width x height x length: 100 x 50 x 200 mm). Calibrated
thermocouples (-fype, accuracy +0.2C) were placed at various positions in the
display cabinet for air temperature measurement (FigdLstars): in the vertical
rear duct from the duct upstream to the discharge air grille (DAG) and at 20 mm

from the surface of the test packages. Some thermocouples were also instrumented

at the corgKigure 6.1| blue circles) and the surfageiqure 6.1| green triangles)

of the packages for load temperature measurermeting that each thermocouple
was calibrated in a thermostatic oil bath (Fluke, model 7340, temperature stability
of £0.005°C) with setting temperatures €3, 0, 10, 20 and 3T and the precision

of £0.2°C was determined.

Figure 6.1 Characteristics of a closed display cabinet and schematic vie
of experimental setup for themperature measurement

Air and product temperatures were recorded every 10 s for at least 24 h with a data
acquisition system (Agilent 34970A)The timeaveraged values were then

calculated over 3 h of the quasteady state in which the average over 8eQ RI1”°
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cycle of compressor regulation remained the same. The defrosting period emerging
every 6 h for a duration of 30 min was also excluded from the calcul&herlights

in the test room and in the display cabinet were switched on to represesalthe r
use condition in supermarkets and the cabinet doors were always closed during the
experiment. Perforation pattern of the back panel (PBP) of the studied cabinet is
also depicted in Fig.1. According to the total panel area over each shelf, there are
2.3% of holes at the top shelf, 8.3% at the bottom shelf and 3.8% at all intermediate

shelves.

The airflow pattern in the closed display cabinet is schematically illustrated in

Figure 6.2a. At the discharge air grilleAG), an air curtain is established and

provides cooling capacity for the loads in the cabihdiows downwards to return

air grille (RAG). Due to the fans uatheath the bottom shelf, air from the RAG is
driven through a heat exchanger to be cooled down and then flows vertically along
a rear duct to complete the circulation at the DAG once again. A part of the cold air
also flows horizontally from the back thugh theperforated back panePBP

towards the front of the cabinet and mixes with the air curtain.

The presence of gaps along the doorframes allows the accommodation of door

openings; however, it induces warm ambient air infiltration into the cabinet. As

shown inFigure 6.2p, visualization of air flow at the front of the top shelf of the

studied display cabinet using smoke and a laser beam permits better understanding
of the phenomena. At this position, a part of the air curtain recirculates and then
mixes with the external warm atomingthrough the door gap3his leads to an

increase of temperature in the air curtain.

Figure 6.2a also presents timaveraged air and load temperatures and their

standard deviations in the closed display cabinet for the ambient temperature of
19.5°C. Because of the heat losses through the cabinet wlsmeaveraged air
temperature in the rear duct successively increased {008 °C after the heat
exchanger t60.2 °C at the DAG. On the other hand, the stabilization due to the
thermal inertia of these walls caused a moderate decrease of the sthavikztrdn

(from 2.3°Cto 1.6°C). The highest load temperature was observed at the front of
the top shelf (average 2°8). In fact, the load located at this position was not only
subject to heat exchanges with the air curtain but also to heat genehatidn
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(visible) light absorption because of its proximity to cabinet lighting. As a result,

the load temperature was higher than that of the neighboring air.

Despite the heat loss through the glass doors, the air and load temperatures
decreased from thep (air 1.5°C, load 2.4°C) to the bottom shelves (aid.2 °C,
load 0.4°C). This is because more cold air is flowing from the back at the lower

shelves over which the percentage of perforation area is higher than that over the

top shelf{Figure 6.1).

Figure 6.2 (a) Experimental mean air and product core temperatures a
the standard deviations during (quasi) steady stevarious positions in a
closed display cabinet for room temperatures of 1G.§b) visualization

of air flow at the front of the top shelf.

Forced convection and conduction, main heat transfer modes in the closed display

cabinet, explain the loatmperature difference between the front and the back.

7KLV GLIITHUHQFH LV WKH PRVW VLFQLBedABOWe DW WKH V
glass doors are shielded with lemissivity coating materials, thermal radiation

between the loads and the surroundiisyestricted. Faramarzi et al. (2002) showed
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that glass doors can reduced radiation into the cabinet by 94%. Natural convection
is also limited because the doors of the display cabinet were always closed during
the experiment resulting in insignificadifference between the highest and coldest

internal air temperatures a<5 ().
Model development

6.3.1. Model conceptualization

A simplified heat transfer model in a closed refrigerated display cabinet was
developed in this study with a zonal approach. Thisehaliows the prediction of

both air and load temperatures at various positions in the display cabinet. The model
was developed with static and dynamic aspects. The static aspect of the model is to
predict the timeaveraged air and load temperatures urstieady state condition,

while the dynamic aspect is to predict fluctuations in the temperatures due to the

compressor working cycles (unsteady state condit|éigure 6.3| shows an

example of the temperature fluctuations at 3 positions (DAG, top/front and

bottom/rear) in the display cabinet.

For the sake of simplicityor presentationthe evolution of the temperatures is

firstly assumed to follow a sinusoidal variation:
6P L 64E ¢6y... “iPET 5 L 6yE ¢6... “fi:PF R (6.1)

where 63 P is the temperature evolution at a given positand at timeHn the
display cabinet;6js the time averaged temperature at that positig/;is the
amplitude of temperature fluctuation defined k&g s F 600t ; Ais the
angular frequency defined asewri where i is the period of one complete
compressor cycle antjs thephase shift related to the delay tirRg;4(due to the
effects of inertia) at which the temperature at the posifeaches its maximum
value. The static model presented in this paper (Part ) allows the prediction of the
time-averaged air anabad temperatures. The dynamic model for the prediction of
these temperature fluctuations will be presented in another part of the study (Part
I). It is to be emphasized that the sinusoidal temperature variatieg. i(6.1)is

only to present the concepitthe model development in a simple manner since the
real temperature variation is periodic and not sinus@ . For the model

calculation, the temperaturgrofile of the supply air g, input parameter) is
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decomposed by using Discrete Fourier Transform. The temperature variations at
other positions in the display cabinet are in response to this input temperature

profile. This topic will be further discued in more detail in Part Il of the study.

Figure 6.3 Experimental timgemperature profiles (a) air at the discharge
air grille (DAG) (b) front load (core) at the top shelf and air at 2 cm fror
the load stface and (c) back load (core) at the bottom shelf and air at 1 ¢
above the load surface

6.3.2. Zone definition
Based on the zonal approach, heat exchange zones at different positions in the

display cabinet were schematically presentg&igure 6.4| There are two main

domains each one is decomposed into several zones. The first domain (Domain I)
represents the heat transfer in the vertical rear duct where cold air exchaages
with the external ambient air through the rear wall and the ceiling of the cabinet.
The second domain (Domain Il) represents the heat transfer in the shelf space. In
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every zone in the domains, algebraic and ordinary differential equations describe
the heat transfers (by mean of thermal resistances) and energy balances.

Figure 6.4 Schematic view of the simplified model composed of twc
domains: Domain | heat losses through the vertical rear duct acaktimet
ceiling and Domain Il heat exchange in the shebsce storage.

Chapter VI £Simplified heat transfer modeling in steady state 131



Symbols and indexes are established for the model development. As depicted in

Figure 6.4 heatexchange zone (denoted as EZ) and air mixing zone (denoted as

MZ) are represented by rectangular and square symbols, respectively. Two indexes
are assigned in the Domain |, e.g. EZ [1, 1]. The first index in the brackets indicates
the selected domain (Daim | in this example) and the second index indicates the
position in that domain (Position 1 in this example). Unlike Domain |, there are
three indexes in the Domain 1l, e.g. EZ [2, 1, 1] or MZ [2, 1, 1]. An additional
(third) index is added in this donmetio indicate the shelf number which ranges from

1 (top) to 5 (bottom) of the display cabinet.

6.3.3. Static model development
Static model is first developed to predict the tiaweraged air and load
temperatures under steady state condition, for which thevioljpassumptions are

established:

x All temperatures are constant with respect to time. In practice, the
temperatures vary due to compressor working and defrosting cycles,

night/day period etc.

x Air temperature just after the heat exchanger wherth#renostat sensor is
located (69 and the external ambient aiff J.are also constant and they

are the input parameters.

X There are two loads of the same volume on each shelf (back and front) and

the temperature of each load is considered homogeneo

Dimensionless temperatur@) based on the timaveraged thermostat temperature

(_6§U) and the external ambient air temperatui {)is defined Eq. (6.2)) to

generalize the model, and it will be used throughout the development.

T ~onyg 6.0 L 60

oa?l o _ (6.2
pariio 6®édv|6(;0

agL
In fact, all heat transfer phenomena involved in the display cabinet (i.e. forced
convection and conduction) are linear with respect to temperditfiexence

Therefore, the properties of the dynamic linear system can be used: the time

averaged output®) for a fluctuating input 6.0 is equal to the response for the
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time-averaged input_(ﬁ.;(). Moreover, the defined dimensionless temperage

also independent 06y « J:_Eiggdue to the linearity between the internal and external

temperatures As previously mentioned irSection|6.2] free convection and

radiation from the external walls, which are Homear phenomena, are limited
because the display cabinet was closed with doors coated witenhisgivity

materials.

6.3.3.1. Heatlosses througltherear wall and the cabinet ceiling (Domain I)

In Domain [, the heabalances established into seven zones from the upstream of

WKH YHUWLFDO UHDU GXFW WR WKH '$* =RQHV WR L
heat exchange on the reaall (exchange aredg). It is assumed that a part of

supply air is flowing through the PBP at the mid height of each ¢l air

distribution coefficient,(J. In this way, the exchange areas of Zone 1 and 6

correspond to a half of the shelf Haigvhile the ones of Zone 2 to 5 correspond to

two halves of the shelf heigldone 7, i.e. EZ [1, 7], represents the heat exchange

on the cabinet ceilinexchange ared&y.

Considering EZ [1, 1|Kigure 6.5p), the supply air (total mass flow rateg), after

being cooled down by the heat exchangegsisumed tde at the temperature at
the thermostat sensoggy which is located there-lowing upward in the vertical
rear duct, the supply air exchanges heat with the externaggjhrough the rear
wall by conduction and by convection (overall heat transfer coefficignde,. The

air temperature is then increased frégyto as &5 As by integration along a part

of the rear duclRigure 6.5p), the heat balance equation of EZ [1, 1] is given by

I@%O@OL 7aééié@é§!: é(),@é : _Pa’ ivi- L ¢§1|F|Uéa|a-p

pall /O agYpi
3045 L Uisd0 E:sSF Uisidges (6.3)

s X ) TUéé"ﬁ- N A
where s L 8 IFmp do L randagesd s

A part of air flows into the shelf space while the other part (mass flow Ir&e s
continues flowing upward along the rear duct until it reaches the DAG. The heat
EDODQFH RI (= > « @ ZDV FDUULHG RXW LQ WKH VDPH
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Becaug of the heat transfer from external air through the rear wall and the ceiling

of the cabinet, the supply air temperature increased successivelafdmag g »

Figure 6.5 Heat balance in Domain &t the position after the heat
exchanger in the vertical rear duct denoted as EZ [1, 1]: (a) schematic v
(b) mathematical view

6.3.3.2. Heat transfer orthe shelf space (Domain 1)

Domain Il is composed of five cabinet shelves as shoy#igare 6.4| Each shelf
KDV IRXU KHDW H[FKDQJH JRQHV (= > « « @ DQG RQ
o= > « « @ 7KH KHDW WUDQVIHU PHFKDQLVP RQ W

differentfrom the other shelves (Shelf 2 to 5) because there are additional heat loads

due to the external ambient air infiltration through the door gaps and the cabinet
OLJKWLQJ )RU WKLV UHDVRQ WKH KHDW EDODQFH HT
individually devéoped and there is only one air mixing zone on this shelf (MZ [2,

1, 1]). It is to be emphasized that cold air leakage through the gap is assumed to

occur between Shelf 1 and 2. In reality, this leakage spreads over the height of the

door. Nevertheless, ihsimplification is acceptable because the external warm air

infiltration has more impact on the internal temperature than the leakage of cold air.

6.3.3.2.1. Heat exchange between air and the perforated back panel (interface
between Domain | and I1)

Considering EZ2, 1, 1] |Q:igure 6.6a), a part of the air (mass flow rategy g5 L

Gl Gand temperatureas g ¢ flows horizontallyfrom the back to the frordt the
mid height of Shelf 1At steady state, the air temperatures before and after passing
through the PBP arthe same
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dossL dvas (6.4)

A similar equation applies for all shelves.

Figure 6.6 Examples of heat and mass balances in Domain II: (a) Shell
and (b) Shelf 2

6.3.3.2.2. Heat exchange between the air and the back load

For Shelf 1 (i.e. EZ [2, 2, 1kigure 6.68), the supply air from the back (mass flow

rate, | @ g and temperaturegs g5 9 exchanges heat by convection (heat transfer
coefficient, 73 g with the back load of temperatugg g This results in the air

temperature rise frondg g5 50 80 g6 5

- ~(Cha =N .3 i ? 1pO.- Tyilx
16as%o@o L TredpeFan:@xr: Z@— AL F

xi? ipo- - abpo Yoi
30865 L UgssdoassE:SF Ugssidpe (6.5)

where UgssL $381F—==p

abpo Y91
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In addition to this convective exchange with air, the daakialso exchanges heat
with the front load by conduction (heat transfer coefficiaftg. At steady state,

the heabalance equation for the back load is
Teengkdse F R 60E | s %o a0asF doass L T

0865 L 30855 E Ugsskipg F & 60 (6.6)

7 T xxixx
where Ugs s L —
U s abpo i

An analogous analysis of heat balance at this zone was applied for all shelves, i.e.

(= > « @

6.3.3.2.3. Heat exchange between the mixed air and the front load for Shelf 1

The airabovethe front load at Shelf 1 is a mix of three air streams as depicted in

Figure 6.6a. This mixing zone, MZ [2, 1, 1] includes air from the DAG (mass flow

rate, | § 3gand temperaturegg g ), air from the PBP (mass flow rate, g and
temperature 3 569 and a part of the recirculating air (mass flow raid, 6 g5
and temperatureag g 9. After mixing, the air mass flow rate and temperature

becomesl 6y g and ag &7 5 respectively.

Mass balance:

18a5 L 1840 El Gas E Gl Gas © 1§ g L0200 (6.7)
Energy balance:

1 es20a75L | ©asdoaxEl BasdosssE Ul 6 asdosms (6.8)
Then, this mixed air exchanges heat with the front load, EZ [2, 3, 1], and its

temperature become®, g 5(the integration along the exchange surface is the same
as forEq (6.3) and(6.5)).

085 L UgesdoarsE :SF Ugesidpe (6.9)

where Uggs L 1 81F—2* p

afpo. Y01

In addition to this convective exchange with the air, the front load also exchanges

heat with the back load by conducti@hreat transfer coefficient/zg and receives
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heat from the conversion of supermarket and display cabinet lighting poMe)s

At steady state:

Tngakdp s F 3 g0E My L | 6 4% 6 20885 F 204ars:

a5l doarsE %SkaBéFaBGOEmgsﬁJ (6.10)
I |><x|xx axo n ”‘XO
where Uggs L q? Yai 8M' L |Dafiﬁ’ﬁoand M a%o Yoi

6.3.3.2.4. Heat exchange between the mixed air and the front load for Sheves 2
Unlike Shelf 1, different analysis of heat balance is applied to the other shelves.

The heat transfer mechanism on Shelf 2 was selastacdtcase sample of the model

development and it idlustrated irfFigure 6.6p. Here, there are two air streams

involved at the mixing zone, MZ [2, 1, 2], including the air from the PBP (mass
flow rate, | @ ggand temperaturegy g9 and a part of the air curtain (mass flow

rate, 41 @ 5 sand temperatureds gg 3.
Mass balance:
1 L 16 E Ul ®as (6.11)
Energy balance:
1@ adomol | GacdoascE Ul Gasdouns (6.12)

The mixed air then exchanges heat with the front load, EZ [2, 3, 2], and its

temperature become® gg 6
doape L UgecdoarsE SF Ugse dne (6.13

where Ugge L 81 F—2tx
afoe Yo

The load located at the front of Shelf 2 is subjected to the convection with the mixed
air, the conduction with the adjacent load at the back (heat transfer coeffiGignt,

and the heat conversion of visible radiation from the supermarket lighting power
(Mg. At steady state:

Trenakds e F 3 g0E My L 1 8 4% 6 20886 F 20ar6

dose6 L 30876 E Ugsckdne F 350 E My (6.14)
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. Twxl K 8x & A 4%,
where Uggg L —"< M .L—L_and M" .| ——=L
Lte 6 afpe Yo BT 1553 B& ™ afpe Yol

An analogous analysis of mass balance at MZ [2, 1, 2] and heat transfer at EZ [2,
3, 2] was applied t&helf 3 to 5.

6.3.3.2.5. Heat losses through the door for Shelf 1
The heat exchange through the door in front of Shelf 1, EZ [2, 4, 1], is different

from the other shelveg-igure 6.6a). The heat balance equation was specifically

developed. Based on the experimental study, there was a formation of air

recirculation at the front door of the display cabinet (Begire 6.2p). This air

recirculation involves a part of the air curtain (mass flow raid,® g and
temperature ds gg 3 Which interacts with the air flowing through the door gaps
(mass flow rate] @ ¢); and it is submitted to heat losses through the glass doors
(overall heat transfer coefficien? ¢ ). These exchanges result in an increase of
air temperature to b&ggs To simplify the model, an equivalent thermal
conductance %) was deternmed to take into account the effect of overall heat
transfer coefficient through the glass door and the mass flow rate of the air

infiltration through the gaps defined as

%Wasl 7aexs E1B0 S0 (6.15)
At steady state:
30805 L UrstomssE :SF Ugrsidgec (6.16)

where Ugys L 8 1F—2% p

- é@po Yoi
6.3.3.2.6. Heat losses through the door for Sheb gdevelopment on Shelf 2 as

a casesample)

As mentioned earlier Section|6.3.3.3, it was assumed that there is no air

infiltration/leakage through the gaps located in front of the other shelvesaih
curtain from the top shelf is split into two parts. The first part (mass flow rate,
1 6 5gand temperatureds g6 3 is mixed with the air flowing from the back of
Shelf 2 and exchanges heat with the front load as described in Subseciiba iv.
second part (mass flow rates F ;1 6 agand temperatureds gg9 continues

flowing downwards and exchanges heat with the external ambient air through the
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glass doors (overall heat transfer coefficiemys), and consequently its

temperaturéncreases to b&g g 6
doso6 L UsreoaesE SF Ugredgac (6.17)

where Ugyol $81F—ali.

57 sabyioYei

In the mixing zondi.e. MZ [2, 2, 2],Figure 6.6p), this air mixes with the air which

exchanged heat with the load located at the front of the shelf (mass flow @agg,

and temperatureas gg - The air temperature becomas g 6.
Mass balance:
162z L 164 E:sFU;l6as (6.18)
Energy balance:
| §azd086 L 16 g630a6E SF Ul §asdoae (6.19)

An analogousanalysis of heat and mass balances at these zones, i.e. EZ [2, 4, 2]
and MZ [2, 2, 2], was applied to Shelf 3 to 5.

6.3.3.3. Equations in matrix form
In Domain I, the air temperature in the vertical rear duct is successively calculated

and the equations can be gealieed in the following form:

a0l %@@65@5EKSFU§@;D@@§Q“"EL sé @ & (6.20)
Note thatthe air temperature oEL r refers to the temperature near the thermostat
Sensor: agaxa L ag:;.

Equation in a matrix form is used to summarize the heat balance equations in
Domain Il. Because of the difference of heat transfer phenomena, the equation of

Shelf 1 (top shelfFL 9 is separately formulated:

#@& L $®o s, E B gps E E@y o £ &M (6.21)

where
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The equations of Shelf 2 to(5FL t & w) are generalized as follows:

a0 aa L 80aarv (6.22)

<FLt \ GLvV
L 2 st E *S®a g E @D . J 6.23
( @F L Y@ goans E @ gy 869 £l uavar\ GL x (6.23)

where
(S r r F:s!: Ussa; T o
i S r r Uessr FUgsy i
(LGaw Fl@aw r r r N
por Uges Fs o s F Ugea: i
(I S Fs U FUges O
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Ea%néﬂ\:l T r N TS LAY
&L +B0aiay. &L iFU @ asov5i*&L ¢+ r fand &L ir &
fegq ooor KT TS
and
30 g0 L U430 sawaros E ks F Uy 5035 s ¢ (6.29)
do@ma L K 6 gy sy E ks F G0l 6542730 5040W & & 90v (6.25)
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6.3.4. Estimationof model input parameters

Input parameters used in the developed model were obtained from several sources:
physcal measurement, calculation based on literature and material properties
Table 6.1) and model fitting.

Table 6.1 Thermalproperties of materials

: Density Heat capacity Therm'a!
Materials kg-m-J] kg K conductivity Reference
[W:m 1K1

Air (at 0°C) 1.287 1006 0.024 (Bergman et

Aluminium 2700 910 237 al., 2011)

Polyurethane foam 70 1045 0.026

Glass pane 2500 750 1.4

Methylcellulose 1071 3372 0.510 (Icier and
llicali, 2005)

Argon gas (at 20C) 0.017 (Annaratone
2010)

6.3.4.1. Air flow rate

The air flow rate at the upstream of the vertical rear du€; and the proportion

of the air flowing through the PBP at different shelves (represented by the air
distribution coefficient() are input parameters of the model. The measurement of
the air velocity in the rear duct was thus carried out by using@ih®@anemometer
(Testo 43%4) (Chaomuang et al., 201,9Which waspreviously calibrated in the
range of 62 m-st (uncertainty 0.02 m¥. Three holes were drilled in the rear wall

of the cabinet (at z =260, 0, and +260 mm) at six height levels (at y5+ 215,

465, 715, 965 and 1335 mm) to introduce the instrumdetflow perturbation due

to the intrusive feature of the test probes can be considered negligible because the
sensor is very small (7.5 mm in diameter) compared to the space in the rear duct
(60 mm in width).There were nine measurement positions (three positions for each
hole) across the crosectional area of the duct. At each position, the air velocity
was recorded every second for 5 min. and its taveraged value was then
calculated. Th mass flow rate and the proportion of the air flowing through the

PBP at different heights were then estimated based on the average value obtained

at the nine positions. The results are reportglhinie 6.2| Given the proportion of

the air flowing over the entire PBP, the mass flow rate at the DAG was attributed
to about half of the total mass flow rate. In addition to the temperature

measurements, the air velocity at the front of display cabinet (for diffeegghts)
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from the discharge to return air grille was also measured by a hot wire anemometer

and the shape of the curtain was presented (Chaomuang et al., 2019a).

Table 6.2 Values of input parameters usedlie heat transfer model of a
closed refrigerated display cabinet

Parameters Reference
Mass flow rate
Rear duct upstreaml §; 0.1120 kg-st Measurement
Gapskl § ¢ 9 0.0051 kg-s? Model fitting
Air distribution coefficients
Air supply from PBP: Us; (0.02, 0.02, 0.04, - Measurement
0.05, 0.36)
Air supply at the air curtain | (0.90, 0.70, 0.70, - Model fitting
W 0.70, 0.70)
Heat transfer coefficients
Convection
Back load: 73 ¢ 15 W-m2K-1 | Model fitting
Front load k7 @ 24 W-m2.K?1 | Model fitting
Conductive
Between the two loads7y & ‘ 3.4 W-m2.K1 | Calculation
Overall
Rear wall and ceiling 73 ¢ ¢; 0.77 W-m2.K* | Calculation
Door :75¢ % 1.02 W-m2.K1 | Calculation
Equivalent thermal 176 Wem2K 1 Calculation
conductancé %; ) '
Exchange areas (for a cabinet with 1.25 m in length)
Rear walls: 5 ;
55 0.216 m? Measurement
5% 649 0.313 m? Measurement
5 - 0.156 m? Measurement
Ceiling
5 0.500 m? Measurement
Doors :5;;
5548 0.313 m? Measurement
59 0.431 m? Measurement
Loads : 5;;
5s39 0.438 m? Measurement
Srmao 0.250 m? Measurement
Lightings
Mz 10 w Calculation
Mgz o 0.25 w Calculation
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6.3.4.2. Conductiveheat transfer coefficient between two adjacent loads

The conductive heat transfer coefficient between the back and front loads was
calculated using a thermal resistance concepttamas supposed to have the same
value for every shelin our study, théoad was made of methylcellulose of which

the thermal conductivity is about 0.8¢-m™*.K (Icier and llicali, 2005)andthe
distance between adjacent loads (core to core) is 0.15 m.

733 L 73@ L 7[37; L 7[333 L 7393 L_Q L ué'vW-m'z-K'l

The air spacketween two adjacent loads was considered negligible since the test

packages were fully loaded in the display cabinet.

6.3.4.3. Overall wall heat transfer coefficient

The overall heat transfer coefficients due to the heat loss through the rear wall,
ceiling and dor of the display cabinet were also estimated based on the thermal
resistance concept. Natural convection between the external air and the outer
wall/door (QysdsrW-m?K™, Laguerre et al., 208p, conduction within the
wall/door : 75 *” 7,;andforced convection between the supply air and the inner

wall/door (DQy 43t r W-m2.K™, Laguerre et al., 201 avere taken into account.

The rear wall and the ceiling were composed of an insulation layer made of
polyurethane foam (36hm thickness) and aruaninum sheet (0-m thickness),

manufacturer data.

5 5 - 2 1
Tasel Tagob ———= L B _Pua_ — L Fy W-m=K
OpsrA OouRr Opar sc Ua Opup

The door of the cabinet is a dowgkzing window made of two panes of tempered
glass (4mm thicknes each) split by an argon gap {i4n thickness), manufacturer

data.

5 5

——-—t 550 L satw-m*K™
OpalRA O6UR OGpag ox 10 O5UR

Taexl

6.3.4.4. Exchangearea for the display cabinet in length of 1.25 m
The exchange area of the rear walld door was split with respect to the shelf
height: 0.25 m for Shelf 1 to 4 and 0.345 m for Shelf 5. The values are reported in
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Table 6.2| The exchange area between the loads located at the back and the front

and the surrounding air was estimated as:
5L Sal ol ird ErdwHsawL rauym?

The exchange area between the baokl the front loads by conduction was
estimated as:

Sl rd Hsawl rdawm?

6.3.4.5. Heat absorptiordueto the supermarket and display cabinet lightings

The illuminance level in a supermarket where refrigerated display cabinets are
installed ranges from 300 OO0 lux (IESNA, 1991)depending on pes of
designed activity areas. On average, the value of 650 lux (which is equivalent to
lighting power density of about 1\0-m) was used and dispetsequally to the

front loads at all shelves.

Mared Mgao L isd&  ® °®;irdwe 5 L raww

Light-Emitting Diodes (LED) with input power of 13 W (manufacturer data) are
used in the studied display cabinet. Due to its proximity to the cabinet lighting, the
load at Shelf 1 would receive most of the heat dissipated franighting. The
remainder lighting maye receival by the loads on the other shelves and even
escapes from the cabinet, which is difficult to quantifyafisst approach75% of

the cabinet lightingpower wasonly applied to the front load at Shelf 1.
Mayad rdw:isu ;L {gw

According to both the supermarket and display cabinet lightings, the following

value was used:
Mgl MopeE Maad STW

6.3.4.6. Modelfitting

There are five input parameters whigte difficultto be quantified with pysical
experiment:the parameter of air circulatioat Shelf 1:(;, the air distribution
coefficients at the other shelvet},o), the mass flow rate of the air infiltration

through the door gapkl § s gandthe convective heat transfer coefficientsnmen

the load surface and the surrounding air (back [éggindfront load 7z }; A model
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fitting based on full factorial design was then performed to determine a plausible
combination of these input parameters. The combination providing the minimum
error between the calculated and the measured values of the air and load
temperaturesvasapplied to the developed mod€&he nean absolute error (MAE)

based on 20 temperature measurements in the closed display cabinet for the ambient
temperature of 19.5C was used to evaluate this model fittinbhe twenty
temperature positions were composed of ten positions of air temperature (five
positions in the rear duct and five positions at 2 cm from the front loads at five

shelves, stars |iﬁigure 6.1) and ten positions of load temperature (five positions at

the back and five positions at the front, circIEigure 6.1). The load temperature

is the averaged value of the one at the top and the bottom layers. These positions
were chosen as they allow the prediction of air temperature along the rear duct,
along the air curtain and of load temparat at every shelf. The same twenty

temperature positions were also used for the model validation at other ambient

temperatures.
5 ~
L < Afgs#se anF e (6.26)

The range of 0.1 to 0.9 (interval €&1) was applied for the air distribution
coefficients of the air curtain. As the airflow characteristic at Shelf 1 is different
from the other shelves, the air distribution coefficient of the air circulatignwas
individually estimated while the same value of the coefficidiy o ; was applied

to the other shelves. The mass flow rate of the air infiltration through the door gaps
aiu

a2,

1 § o 3Was estimated based on the airflow ralips sL wheee | 6,. s the

mass flow rate of the air flowing from the DAGhe value wasissumed to be
between 5% and 20% (interval of 1%). The range used to evaluate the values of the
convective heat transfer coefficients is based on the values measuraguaye

et al. (2012h) The convective let transfer coefficient k7 gbetween the loads
located at the front of the open display cabinet and the air were reported in the range
of 1826 W-mi?.K 1, Because the back loads are not exposed to the air curtain, the
heat transfer coefficient7; gwas assumed to be slightly lower than for the front
load: values in the range of -P® W-m?-K! (interval of 1) were tested. Based on

the specified ranges and intervals of the parameter values, 69984 combinations

were studed in total. The values of the top ten combinations of these input
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parameters providing the minimum MAE are reported able 6.3|and the first

combination was selected and applied to the mo#lekensitivity study was

performed by using these values of fitting parameters as a reference. As shown in

Figure 6.7| a 20percent increase/decrease of the air flow ratipg) caused the

warmest load temperature to be increased/decreased up MG @ldle it is less

than 0.1°C for other parameters.

Figure 6.7 Sensibility study showing the variation in load temperature
with respect to the fitting parameters: air flow ratio (a), air distributio
coefficients at Shelf 1 (b), air distribution coefficients at Shelf 2 to 5 (c
heat transfer coefficients ewthe back loads (d) heat transfer coefficient:
over the front loads (e).
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Table 6.3 Values of the first top ten combinations of the input parameters with the mean absolute error (MAE) for the model

Parameter Unit 1 2 3
0.9 0.9

V) - 0.8 0.8 0.9 0.9 0.8 0.9 0.3 0.9
Gog - 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
726 W-m?.K1 15 15 15 15 15 16 15 15 15 15
Tru W-m?.K1 24 25 23 24 26 24 25 27 22 23
Wos - 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.1 0.09

MAE °C 0.1472 0.1476 0.1478 0.1479 0.1481 0.1483 0.1484 0.1484 0.1485 0.1486

‘The combination of parameters used in the developed model in this study



Static modelvalidation

For model validation purposes, measurements of air and load temperatures at
various positions in the closed display cabinet were carried otitriegambient
temperatureg14.6 °C, 19.5°C and 24.4°C). As shown inFigure 6.8 the air

temperature just after the heat exchanger decreased when the external ambient air

temperature increased because the refrigeration system is required to provide more
cooling capacity to compsate the additional heat gain. For this reason, different

time-averaged air temperatures at the thermostat se_Eigtj)rc@rresponding to the

ambient temperature were applied to the model.

Figure 6.8 Temperature variation of the air after the heat exchanger (T_t
for three ambient temperatures.

The results of calculated and measured air and load tempeffatutteee ambient

temperaturesvere illustrated ifFigure 6.9] Temperature of the air in the vertical

rear duct progressively increased due to heat losses through the rear wall. As the
rear duct wall adjacent to the shelf space is perforated, some cold aimitquer

to cool down the load at the back of the cabinet. As a result, the temperature of the
load located at the back tended to decrease from the top to the bottom shelf.
Similarly, the temperature of load located at the front also decreased from the top

to the bottom shelves, but with higher temperature. This is because there were
additional heat loads including heat losses through the glass door, the air infiltration

through the door gap and the heat absorption corresponding to the cabinet lighting.

In addition, the temperature was affected by the different percentages of perforation
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area of the back panel on each shelf: lowest at the top and highest at the bottom.
These findings showed that the highest and lowest temperature positions in this
closed dispy cabinet were respectively at the front of the top shelf and the back of
the bottom shelf. Overall, both air and load temperatures in the closed display

cabinet increased with an increase of external ambient temperature at all positions

in the shelvespace storagéT@able 6.4).

As depicted ifFigure 6.10[ comparative results providegaod agreement between

the calculated and measured air and load temperatures even for the two external
temperatures (14.9C and 24.4C) which were not used for the model fitting. The
overall mean absolute error based on 60 paiagd of three ambientrtgperatures

was about 0.2C (4° L r§ x[Table 6.5). Mostly, the air temperature at the front

of the shelves was slightly ovestimated. The measurement position should be
mentioned as a possible source of uncertainty because a single point measurement
may not be representative of the air at the front. Nevertheless, the model is likely to
well represent the load temperature. The maximum difference of the calculated and
measired load temperatures was less than @5for every studied position.
Besides, the differences between the highest and the coldest load temperatures
obtained from the experimental and the numerical data were less than 14% for all

studied ambient tempetaes.
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Figure 6.9 Comparison between numerical and experimental results of air and load temperatures (in °C) in a closed
cabinet for three ambient temperatures: (a) 2€6(b) 19.5°C and (c) 24.4°C. (Experimenrdl values indicated for load
temperature are the averages of the top and bottom layers)
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Table 6.4 Effect of ambient temperature on load temperature at various positions in a closed refrigerated display cabinet

Ca,e FEAC)

52 il
14.6 -0.5 0.8 0.6 0.2 2.4 1.7 0.9 0.9 04 0.1 2.6 15 0.9
19.5 -0.8 1.0 0.7 0.3 3.1 2.1 1.2 1.1 0.5 0.2 3.1 2.0 1.1
24.4 -1.1 1.3 0.9 04 4.0 2.7 15 1.3 0.6 0.2 3.6 2.4 1.3

@Lowest temperature position
®Highest temperature position

Table 6.5 Error of air and load temperatures calculated from the developed model for different ambient temperatures cor
to the measured values

Mean absolute error [°C] Coefficient of determination, ~l3[-]
| Load | i Both Load
14.6 0.14 0.13 0.15 0.95 0.96 0.95
19.5 0.15 0.14 0.16 0.96 0.97 0.97
24.4 0.24 0.24 0.23 0.96 0.96 0.96
Overall 0.17 0.18 0.17 0.96 0.96 0.95

Ag-Kuyage?l vagK psa? !l paoy

‘The coefficient of determination is defined 4% L —=2 — ———— —
Ag Kuage?luago Ag.Kipaa? pa®



Figure 6.10 Calculated and measured tirageraged temperatures of (a)
air and (b) load in a closed display cabinet for ambient temperatures
14.6, 19.5 and 24.4C.

Discussions

6.5.1. Effect of air infiltration through the door gaps

In this part, the model was used to investigate the effect of the air infiltration
through the door gaps on the load temperature in the closed display cabinet. This
effect on the energgonsumption was also studied and the numerical results are

presented hereafter.

Based on theesultsat the ambient temperature of 19G it was found that load
temperatures could be notably decreased (up t6@).%hen the air infiltration

through thedoor gap reduced by half as showjigure 6.11] This suggested that

the temperature performance of closed refrigerated display cabinets could be

improved by minimizinghe air infiltration through door gaps of the cabinets.

6.5.2. Effect of ambient air humidity

The influence of ambient humidity on the load temperature was considered as
nonsignificant because of low water content in air (about 0.008 to 0.012 kg water/kg
dry air) (Chen and Yuan, 2005However the cooling load of the refrigeration
system of the display cabinet is highly influenced by this humidity. The present
model was further used to estimate the frost formation on the evaporator surface
and the total coolingobd of the refrigeration system by taking both sensible and

latent heat loads into account.
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Figure 6.11 Numerical result showing the variation of load temperature
with air infiltration rate through théoor gaps

The external air infiltrates through the door gap&-() with the mass fraction of
water vapor of external aib, ; L. 4 *a 18, _6a wplhe same quantity of air flows
out with a lowemvater vapor mass fraction and the valu¢hdag fraction is close to
that after the evaporatoi(). Hence, the frost formation on the evaporatbig(

can be approximately estimated by

DL 16 -kOprF 00 (6.27)

The closed display caiet operated at the ambient temperature of 18@.%and
65%RH (6, ;35 0.009 kg-kg') was used to illustrate this model application. The air
after the evaporator can be assumed to be almost saturatég,i.ed, _6m In

our case6gp=-0.8°C, thus 6= 0.003 kg-kg!, and the air infiltration rate through
door gaps wad & - L 0.0051kg-st. For this example, the rate of frost formation

on the evaporatoras approximately 0.033:s* § JLK

The total cooling load 3} is the sum bthe energy used to cool down the air from

64 4)to Bgyvith the total mass flow rate and to convert the water vapor in the air

into frost.
3pL 30E3. L 16%:644)F 6 E1G-kO, 1 F Oyoké* RE ¢* O (6.28)

Given the total mass flow rate% L 0.1120kg-s?, the total cooling load was about
249W (34 169 W and3, = 80 W). When the external air infiltration through the

door gaps decreased by hdlie rate of frost formation on the evaporabgas
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reduced tor &s>g-st § J) ind the total cooling load to 16% (357122
W and 3, = 40 W). Based on this calculation, the total cooling load of the

refrigeration system would be reduced by 35%.

6.5.3. Generalization of the model for other closidplay cabinets

The simplified model proposed in this study was developed based on a closed
refrigerated display cabinet of which the specific geometry is determined. The
model is therefore applicable to closed display cabinets with similar configurations
as described in Section 2 (i.e. the location of the heat exchanger and fans are
underneath the bottom shelf, the lighting is at the top front of the cabinet, etc.).
Among all parameters, the number of shelves equipped in the display cabinet shows
the mainlimitation to the model applicability because the percentage of perforation
area of the back panel over each shelf is different, resulting in different
corresponding air distribution coefficient&}), For different patterns of the PBP

and different snénumbers, additional measurements or CFD simulations have to

be conducted to obtain these coefficients. To apply the developed model to other

closed display cabinets, all required input parameters are presghigdri6.12

Figure 6.12 Input parameters required for application to another close
display cabinet
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6.5.4. Air infiltration during door openings

The developed model does not take into account the air infiltration due to door
openings because the airflow during door openings is too complex to be predicted
by the simplified model. CFD model is more appropriate to cope with this
phenomenon. To keep @éhmodel simplicity,a simple way to include the air
infiltration during door openings could be done by introducing a higher value of

| & - Otherwise, some model modifications are required to be more realistic i.e.
subtraction of air recirculation zoaad introduction of external air infiltration at a
JLYHQ PL[LQJ ]JRQH H J 0= > « @

Conclusiors

In Part | of this study, a simplified heat transfer model in steady state was developed
for a closed refrigerated display cabinet. Based on a zonalagbprthe display
cabinet was decomposed into various heat exchange zones allowing the prediction
of air and load temperatures at different positioriSve parameters
(Qd}Led 6047z @nd 7z pwere adjusted to fit the tirmaveraged temperats for

the external ambient temperature of 19%in the static model. For the other
external ambient temperatures (14dGand 24.4C), good agreement between the
predicted and measured tirageraged temperatures were obtained without any
adjustment.The overall mean absolute error based on 60 pdiatal (air/load
temperatures) for three ambient temperatures was less thatC0.2nd the
maximum difference of the calculated and measured load temperatures never
exceeds 0.5C for every studied positionn the shelvespace storage, time
averagedoad temperatures at 10 positions (front and back of the five shelves) were
predicted and compared with the experimental results. It was observed that the load
temperatures were well represented by the modealeabdhe air temperature in the

air curtain was slightly less well represented. Possible explanation of the
discrepancy between the model and the experiment is that the air temperature at a
given height was measured only at one position, which may n&plbbesentative

of the average air curtain temperature. Nevertheless, the load temperature ranges
and trends in the closed display cabinet are well represented by the proposed model
with a short calculation time (less than 1T¥)e model also showed its digpbility
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to investigate the effect of the air infiltration through the door gaps on the
performance of the closed display cabinet in both thermal and energy aspects.

Air and load temperatures vary according to the compressor working cycle of the
refrigeration system. In Part Il of the study, this dynamic aspect will be integrated
in the developed model. All input parameters determined in Part | will be further
used in the dynamic model. The model will be also used to investigate temperature

increase during defrost operation.

It is worth to remind that the developed model does not take into account the air
infiltration due to door openings because the airflow during door openings is too
complex to be predicted by the simplified model. CFD modelhen tmore
appropriate to cope with the phenomeNavertheless, suggestions were provided

to include this phenomenon by both simple and more realistic manners. Besides
the main objective of the proposed model is to predict load temperatures in the
equipmenin short calculation time so that the model can be further integrated with
others models already developed in the similar manner by the same research team
(production plant, refrigerated truck, cold room, open display cabinet and domestic
refrigerator).By this way, the integrated model will make it possible to acquire
knowledge of the product tirtemperature history across the entire food cold
chain. By linking with quality and microbiological predictive models, the
developed model can also be used@ { YDOXDWLRQ WRRO RI FRQVXPHU
somewhat assist food operators to manage the logistic plan resulting in food loss

reduction.
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Simplified heat transfer modeling of a closed
refrigerated display cabinet: Part Il +

Dynamic model development and application

Nattawut Chaomuang Onrawee Laguerre and Denis Flick
Submitted teApplied Thermal Engineeringubmitted)

Abstract

This studyproposes a simplified heat transfer model of a closed refrigerated display
cabinet using a zonal approaelmd itis divided into two parts. Part | presents the
development of the model in the static regime allowing the prediction of time
averaged air andad temperatures. In Part ll, the model in the dynamic regime was
developed and solved with a spectral approach to predict the temperature
fluctuationsaccordingW R 3R Q RI1I1°~ FRP S U HYathickneddfib @B WL R Q
load surface in which its temperatusignificantly fluctuatesvas estimated in
function ofthe compressor working frequendyhe air temperature fluctuatisare
damped each time when the air exchanges heat with solid surfaces (e.g. walls, load)
and with the ambient air (e.g. through theois). Only the first effect depends on

the frequencyDespite the exposure to large air temperature fluctudtiprto 5

°C), thesurfaceload temperature was not much fluctuatingsf Q r &°C). Good
agreement was found between the predicted and theuredasemperature
fluctuations. The modellsodemonstrates the capabilitygoedict the air and load

temperature increasdsiringthedefrost operation

Keywords:Closed refrigerated display cabinet; Simplified model; Heat transfer;

Temperature fluctuation;gectral approach
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Nomenclature

$ E Biot numberL 12

%4 equivalent thermal conductance [W-K
% heat capacity [J-kg K™

A thickness [m]

(K Fourier numberLE

0 transfer function

D& heat transfer coefficient [W-hK ]
: length [m]

I solid mass [kg]

| 6 mass flow rate [kg-§]

M  heating power [W]

5 exchange area [fh

6  temperature [°C or K]

P time|s]

Q velocity [m-s?]

S width [m]

Greek letters
U4J exponential dimensionless heat transfer coefficient § F;—GI/A p
Y

uaRa) air distribution coefficient
a dimensionless average temperature

a" dimensionless temperature fluctuation

& thermal diffusivity L —— [m?.sY]
Y

4  thermal conductivity [W-rmt-K?

4  dynamic viscosityN-s-m?]
e K0 o

2 characteristic timeL W;flé]

¢  density[kg-m~]

i period of a compressor working cydlg

T phase shiffrad

2 pulsation independent effect

A angula frequencyL L [rad-s?]

#  dimensionless half amplitude of temperature variation

Subscripts

= air

=C argon
0° aluminum
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?  ceiling

@ door

@ ? display cabinet
@ A Helay

@ B defrost

@ U dynamic

A T Lexperimental
A T Pexternal

C =Lgap

CH glass

H load

H > back load

H B front load

H E lighting

HH load to load

J Q I numerical

KR overall

L H perforated back plate
L Q polyurethane
N @ rear duct

@D shelf

O @ khelf (dynamic model)
P total

D thermostat

S wall

Abbreviations
Discharge Air Grille
Perforated Back Panel
Return Air Grille

Introduction

Among all risk factors associated with quality and safety of food products,
temperature is of the utmost importance. All refrigerating equipment shoaltuée

to keep food products at the recommended temperature within a narrow fluctuation

range across the cold chain to assure the food quality and @&dstyet al., 2013;

Jol et al.,, 2006; Platenius, 1939; Tano et al., 200lBvertheless, periodical
tempHUDWXUH IOXFWXDWLRQ LV XQDYRLGDEOH EHFDXVH

compressor operation of refrigeration system. Knowledge of spatial and temporal
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temperature fluctuations inside refrigerating equipment would provide useful

information for appropate temperature control.

Retail display is often pointed out as the hotspot for temperature abuse in the cold
chain(Baldera Zubeldia et al., 2016; DereBertheau et al., 2015; Mercier et al.,
2017) Air infiltration through the frontal opening of refrigged display cabinets

is the main cause of this issue. Dealing with it by closing the front of the display
cabinets with doors become one of the simple and effective solutions because of
better temperature performan¢€haomuang et al., 2019; Evans et &007;
Lindberg et al., 2010)As a result, the use of closed refrigerated display cabinets
increases in retail storgklA, 2014) and approximately 75% of total display
cabinets in French supermarkets will be closed with doors by (BB, 2016).

This work on a closed refrigerated display cabinet atinuity of the previous

study (Part 1) with the objective to present a simplified heat transfer model based
on a zonal approach. Such a model is complementary to Computational Fluid
Dynamics (CFD) moddlecause less computational time and resources are required
(Laguerre et al., 2014The static model presented in Part | allows the prediction of
time-averaged air and load temperatures at different positions in the closed display
cabinet. Part Il presents the development of the dynamic model which predicts the
air and load temperaturée OXFWXDWLRQV DFFRUGLQJ WR WKH
compressor working cycles. Simplified models of open refrigerated display
cabinets were already developed by our te@es-abdallah et al., 2018; Laguerre

et al., 2012) To our best knowledge, the demginent of a simplified model for a
closed refrigerated display cabinet taking into account both the static and dynamic

regimes is new.

Most of dynamic models for refrigerating equipment are usually developed with the
component sumodels of vapor compression systems (i.e. compressor, condenser,
expansion device and evaporator) (Zsembinszki et al., 2017). A comprehensive
review of dynamianodeling for the vapor compression systems is provided in the

two-part article of Rasmussen (2012) in which both phylsased (e.g. lumped

3R C

SDUDPHWHU PRYLQJ ERXQGDU\ IL ®asdiHe.5R@W URO YROX

timeeVHULHV « PR GH@¥WcoRpbneErsRare prasénted. Examples of the
physicsbased models can be found in numerous studies for different refrigerating

equipment including coldtorage plants (Eames et al., 2012; Hasse et al., 1996;
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Lovatt et al., 1998), refrigerated trucks (Rekhet al., 2010) and domestic
refrigerators (Borges et al., 2011; Borges et al., 2015; Chen and Lin, 1991; Hermes
and Melo, 2008). Nevertheless, these studies are dedicated to the dynamic response
of the refrigerating equipment to enhance overall systarggrefficiency (Azzouz

et al., 2008), whilst bulk air/product temperatures in the equipment are often
considered as heat reservoir. Despite very much higher computational time, the
CFD approach is more appropriate choice for the analysis of spatiotemporal
temperature fluctuations in high resolutions (Alt#yala et al.; Ambaw et al.,

2016; Gruyters et al., 2018; Wang et al., 2015). A balance between simplicity and
fidelity to select suitable modeling approach is therefore important.

In the present studg, simplified dynamic model was developed based on the zonal
approach and solved with a spectral method by using Fourier transform and transfer
functions. The model did not include the refrigeration components, but formulated
supply air temperature profifeom the experimental data during a transient cycle
of compressor regulation with Discrete Fourier Transform. The dynamic response
of air/load temperature was readily determined by the transfer functions specified
at different positions. By this way, theogel not only allows the prediction of
temperature fluctuations in the display cabinet but also shows the influence of
different parameters on the damping of the temperature fluctuations with quick
calculation.Moreover, this study proposé¢he estimationof the thickness at the
surface of the load in whicthe temperature fluctuation can be observdus
thickness varies with the compressor working frequevitile the dynamic models
available in the literature often assume uniform load temperature, ughicbt

realistic.
Model development

This section deals with the development of the model in the dynamic aspect. Based
on the zonal approach, two domains of heat exchange zones in the display cabinet
were defined and they are the same as the ones preseRtatl | of the study. The

first domain corresponds to the heat exchange in the vertical rear duct and the

second one corresponds to the heat exchange in the storage space of the display

cabinet|Figure 7.1|presents an example of one position of heat exchange zone in

Domain | and heat exchange zones at Shelf 1 and 2 in Domain Il. The descriptions
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of the symbols and indexes are also the same as those in Part I. Singeathedy
model was solved with the spectral method, transfer functions were defined at all

positions of heat exchange zones.

Figure 7.1 Schematic view of the simplified model: (a) heat exchange i
Domain | at the position after the heat exchanger in the vertical rear d
denoted as EZ [1, 1], (b) heat exchanges in Domain Il on Shelf 1 and

Shelf 2.
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7.2.1. Model description

As described irPart | of the study, the air and load temperatures in the closed
refrigerated display cabinet vary according to the compressor on/off cycle. As an
input to the model hie temperaturevolutionof the air just after the heat exchanger

at which the thermoat sensor is locateds() is first assumed to be sinusoidal:

6.0:P L 60 E c6yp ... “fiR (7.1)

Both air and load temperatures at any position in the cabinet are in response to the
air temperature after theeat exchanger @) as well as the external ambient air
temperature €z ¢ Becauseall associated heat transfer phenomena in the display
cabinet (i.e. forced convection and conduction) satiisfear relationship with
temperaturedifference the preerties ofthe dynamic linear systesncan be
employed for thermal analysis of the display cabifies to be emphasized that

free convection and thermal radiation from the external walls, which arkrean
phenomena, are limited because the doors we@ed with lowemissivity
materials (readers are referred to Part | of this study for more detéefore,

the evolution of the temperatueg a given positionEalso follows asinusoidal

variation:
65 P L 6yE ¢6y... “APET 5 L 6yE ¢6... “fi:PF R gas ; (7.2)

where 6js the timeaveraged temperature at a positiéin the display cabinet and
¢ 6is the amplitude of the temperature fluctuation at thasition. From the

superposition theorenhe temperature evolution at a given posiiggiven by

65 P, L 6 E kbp s F 6,00 @G E ¢6y @) (7.3)

where &g and &] are respectively the dimensionless static and dynamic

temperatures. They are defined as follow:

For the problenwhere 6y L 6y, 655 M6gand MgV r

197w (7.4)

ipakleo
For theproblem wherebg L 6 E (6 ... “fiP, 655 L 6gand M- r

2 LSO (7.5)
<

RO
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The solutions oEq. (7.4) can be obtained from the static aspect of the model of
which the detailvaspresented in Part | of the studyhe dynamic aspect is now

integrated to obtain the solutionsky. (7.5) in the following form:

0L #y...“APET G L :60A Swith #yL

‘I'BZ (7.6)

é
where O¢js the transfer function at a positid#and 1 gare the magnitude and

the phase shift 0B respectively.
#yL Op (7.7)
TogL #N Gy (7.8)

It needs to be emphasized that the sinusoidal temperature variagn (h.1)is
only to present the concept of the model development in a simple manner since the
real temperature variation is periodic and not sinusﬁgﬂ(e 7.2). For the model

calculation, the temperature profile of the supply @g(input parameter) was
decomposed by using Discrete Fourier Transform and the temperature variations at

other podions in the display cabinet were in response to this input temperature

profile. More detail is given iection7.23

7.2.2. Dynamic model development
Based orkEq (7.5) and(7.6), the dimensionless air temperature fluctuation after the

heat exchanger becomes:
ahL..wiRL 1A (7.9)

Since homogeneous boundary conditiki; s . _6900is assumedor the dynamic

problem:
aged T (7.10)

7.2.2.1. Attenuation of temperature fluctuation due to hexathange witlthe rear
wall (Domain I)
In unsteady state condition, the temperature oirther side of theear wall of the

display cabinethanges with time becaugas exposed tdluctuating temperature

of cold air. Considering EZ [1, 1F(gure 7.1), the heat balance equation is given

by
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X

| es%e—; L ThecBesiafed alsi F 1 §%0 88as F & (7.12)

The first term orthe right side corresponds to the heat loss (overall heat transfer
coefficient between inner wall and external ambient &, ). The second term

corresponds to the heat exchange with the supply air.

Because the thermal inertia of thieis very mu& lower than that of thevall, the

heat balance equatidar air alongthe inner side of the wall is given by

| %o@EL Dot Fa8i@ : 2445 hpL F2Ue

agYpi
88 as L Uisdly E ks F U505 (7.12)

s X UOL‘Jirﬁ-
where Uis L S Fmp

FromEg. (7.11) and (7.12), the feat transfer equation BZ [1, 1] becomes:

| es%e—, L ThecSs e &lsi E1 Q%S F Uisoah Fals:  (7.19
Since
abhL ik o

als L 1:0s5AY ¢
adas L F:00asA §
Eq. (7.13)is reduced to
@ .
| éSO/Qé@IISOéSAU ©

L F70¢eBeskdesAY OE 1 6% ks F U5 0kAY SF 8540 D

thus,
= 5
Oes Liss o0 1n (7.14)
Tgé?lié— . aa-Y%a
where 2,5 L—aw@iﬁ? _I_a_;and ®is5 L—a@v@i;s? —

Replacingeq. (7.14)into Eq. (7.12) yields
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k5? i5-0
k5> '|'é_0>U Ta-

E Uis (7.15)

Ooas L
Similar equations were derived for all heat exchange zones in Domain |.

The implication ofEq. (7.15) showsthat a part of the fluctuation (ﬁgo(fraction
U9 is not attenuated whereas the remaining part (fractiénl ;) is damped
with a pulsation independent effeéR,;s0and a pulsation dependent effect
kL.;s0. The attenuated fractions F U ;5; increases with the air/wall heat

exchange intensity and cleases with the air flow rate.

The pulsation independent effek2. ;5 ois related tdhe increasef heat loswith
a constant ambient temperatufée pulsation dependent effect, corresponding to
the characteristic timél, ;5 Q is proportional to the thermal inertia of the wall. This

effect increases if the compressor on/off period decreasesi (hereases).

7.2.2.2. Attenuation of temperature fluctuation in the sheh@sace storage
(Domain 11)

7.2.2.2.1. Heat exchange between the transvessaflow and the PBP (interface

between Domain | and I1)

A part of the air flows into the shelf space throughpédorated back pandPBP)

of which the thermal inertia leads to a pulsation dependent attenuation of the air

temperature fluctuation. Thesat balance equation is developed in a similar manner

to the heat exchange in the vertical rear duct, except that there is no exchange with

the external ambient air; therefore, there is no pulsation independent attenuation.

Considering EZ [2, 1, 1], the Aebalance equations are given by

X Qx ~ A A
| érso/aérsx—i L16&%oa0as F a0 ass: (7.16)
a5k Uexs530 59 E ks F Usys508lg (7.17)
where U xgs L 181 F—2U0=
abpo Y01

Eq. (7.16) and (7.17)yield
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~ ~ 57? 145 - ~
OpassL Ooas ||ﬁ E Uex55P (7.19)

a0xYH0x

where L -
Bx55 " Tor0 %0157 i

Similar equations of the heat exchange at this zone were derived for all shelves.

7.2.2.2.2. Heat exchange between the air and the back load

In fact, temperature fluctuation i solid structure steadily decreases along the
distance from the surface dueit®thermal inertigCarslaw and Jaeger, 1959p
simplify the model, the temperature fluctuatisrassumed to be the safmam the
load surface to a specific depth (equérdlthicknessAy ), while the temperature
fluctuation isneglectedor the rest of the load (corahore details are presented in
Section7.3

Considering EZ [2, 2, 1], the heat balance equations are given by

0.

| B6% s L1 ®as%oBassF Buss (720
wherel lg L €545
8865 L Ugssdbass ESF Ugss als (7.21)

where Uggs L 31 F—<E=p

abpo Yoi

Eq. (7.20) and (7.21)yield

(7.22)

« « 52 o o
Goges L Ooass! g — E Usssp (7.23)

AR Yo«

where & «os L Sgs 6157 o

7.2.2.2.3. Air mixing above the front load

For Shelf 1, there are thre& atreams mixing above the front load including air
from the DAG (mass flow ratd, @, 5 ¢), air from the back (mass flow rate®, g)
and a part of the recirculating air (mass flow rdig| 3 o). Considering MZ [2,

1, 1], the heat balance edquoa is given by
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| 8as00amsL | ©asB0ax E | GuasboussE U | Sapbouns (7.29)
For Shelf 25, there are only two air streams mixing above the front load including

the air from the back (mass flow rateg, gz and a part of the air curtain (mass

flow rate, 41 6 5. Considering MZ [2, 1, 2], the heat balance equation is given

by
| Be600a76L | ®as00856E (1 250085 (7.29
Analogous analysis of heat balance at MZ [2, 1, 2] was applied to Shelf 3 to 5.

7.2.2.2.4. Heat exchange between the mixed air and the front load
The heating due to light is constant and it does not contribute to temperature

fluctuations. The heat balancet [2, 3, 1] is reduced to

| Es"/arsx—x; L16as%cadsmsF s (7.26)
aBapsL Ugesa8arsE SF Uges s (7.27)

where Uggs L 8 1F—*p

afpe Yoi

5

~ ~ 5? .- ~
Gops L Oogrs !l — E Usesp (7.29)
a 25 %o «

where &g x5 L aps Y01:5? 1o, ;

Analogous analysis of the heat balance was applied to all shelves.

7.2.2.2.5. Heatexchange witlthe door

The heatbalance equation in this zone was developed in a similar manner to the

heat exchange in the vertical rear d(#ection7.2.2.3 which takes into accou

the attenuation due to the pulsation independent and dependent effects. For Shelf 1,

i.e. EZ [2, 4, 1], the heat balance equation is given by

LB F i F U1 Bas%oansF Bans (7:30)

a5 85 L Us 6538 go5 E ks F Uy xq 50305 (7.31)

I x50/8x
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where Ug xgs L $81F—2%- nand of,L 70,565 E 1 66 %0

-afbe Yoi

5

Oxs L Opaps |l — 0 o.P (7.32
~ N 52 bia. .
OoaosL Ooassl! ~ E Ue 5P (7.33
k5> piaz 0>U ja0-
Vibdi - ai Yo
where 2 L— and &,55 L —
& x3 -afpe Y01:5? pia-; Fiss -afpe Y91:5? pia-;

For Shelf 2, i.e. EZ [2, 4, 2], the heat balance equation is given by

|6l L 706 B 8o F &t F S F (i1 640% 6 8 F

A (7.34)

8B 06 L Ue 630 a5 E ks F Ue 560805 (7.35)
where L‘%eXGGL s F%p

? abyioYei

5

Oxe L O6am5 ! o0 oo P (7.36)
Boaos L Boges! l— 212" E (U 46p (7.37)
oawe - 0085 oo —— 0o x6 6 :
aj Vi

T
where 2 L . and &ig¢ L
®x6 T 52 [a6vioW1:5? pia. ; Fise -

5? aGvioY®i:5? pia.;
Analogous analysi€Eq. (7.34)- (7.37)) was applied to Shelf 3 to 5.

7.2.2.2.6. Air mixing between the air flowing from the back and the air curtain
This incident emerges all shelves except Shelf 1. Heat balance equation is
therefore developefbr these shelves. Considering MZ [2, 2, 2], the heat balance
equation is given by

1 6 ax00mes L | 84600886 E :SF ;1 6as00s06 (7.39

7.2.3. Temperature variation of the air after the heat excleng
In the study, the temperature of supply air after the heat exchanger is considered to

be equal to the air temperature at the thermostat segpwhich is located there

Figure 7.2|shows the air temperature profiles obtained from the measurements with

calibrated thermocouples during a periotithe compressor operatian ; for three
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ambient temperatures (14.6, 19.5 andi2€). It was observed that the duration of

WKH FRPSUHVVRU EHLQJ 3RII" ZzDV DIIHFWHG E\ WKH DPE

with an increase of the ambient temperatiifes incident shows the implication of

higher demand of cooling load from the refrigiion system (more frequency of

WKH FRPSUHVVRU RSHUDWLRQ 2Q WKH RWKHU KDQG
operation is rather consistenitg(r ~ 90-100 s) due to the cooling capacity of the
refrigeration system used the studied displagabinet.To predict the temperature

fluctuation in the closed display cabinet for different ambient temperatures, an

temperature profile with respect to the external temperature was applied to the

developed modgFigure 7.2).

Figure 7.2 Experimental temperature profiles of air after the hee
exchanger for different ambient temperatures.

Referring to the earliersgsumption, the temperature variation at any position was
supposed to b responseo a sinusoidal temperatuvariationof the air after the

heat exchanger ). However, in realitythis temperature variation is not

sinusoidal but only periodic{Figure 7.2). Discrete Fourier Transform was

thereforeapplied to decompose the temperature profiléhefsupply airin the

following form:

60:P L 60 E A m % Bop+... KG A BT (30 (7.39)
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#6800 8Nd T gparethe magnitude and the phase shift related té-thecomplex
)RXULHU YV cuéffidear.\0liRkthePhumber omeasurediata during a period

of the compressor operatian ;. The coefficientGL srepresents the fundamental
pulsation while the other coefficientGL téjééag represent the harmonic

pulsatiors.

Based orEq. (7.39), the temperature variations at other possion the closed
display cabinet can be estimatay

6P L 6uE Afg #a ®rbop+.. KGAET gp ET w0  (7.40)

where 6js the average temperature at a given posifi@trieved from the static
aspect of the model (presented in Part 1) &gdand 1 (pis the magnitude and the

phase shift of that position obtained from the solution of the dynamic aspect

explained inSection7.2.2

In addition to the identification of influential parameters on the damping of the
temperature fluctuations, the spectral method also permits quick calculadon. 2
harmonics @ are dten enough to describe the supply air temperature préfiie

This method needs only to solve a limited number of algebraic complex equations,
instead of ordinary differential equations. It is worth noting that the same model
developed in this study atd also be solved by temporal discretization (e.g. Runge
Kutta).

Estimation of the equivalent depth in which temperature fluctuations

occur in the product

For the dynamic model development in the present study, temperature gradients within
the load canndie neglected since the internal resistance to conduction within the load

is much higher than external resistance to conve¢Bergman et al., 2011)e. the

Biot number $ELM‘ Lli@ ( 0.1. Given the thermal properties of the

X X

methylcellulose (thicknessA;= 200 mm density = 1071 kg-n¥; thermal
conductivity &+ 0.51 W-m*-K™ and specific hea® 7 3372 J-kg-K?, (Icier and
llicali, 2005) and the estimated convective heat trarsfefficients 7,5 15 W-ni2-K"
tand 7524 W-m2K ™ (Part | of the study)$ E 5.9 and$ E 9.4 are determineor
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WKH EDFN DQG IURQW ORDGYV UHVSHFWLYHO\ %DVHG RC

cycle of compressor regulatiom ¢ OO i O w wOFig. 2), the Fourier number for the

load given by( K L @ varied between 1.2xftnd 1.9x16 ( &4,L é:)jq His the thermal
diffusivity of the load). This very small Kindicates that heat is far to penetrate up to
WKH FRUH RI WKH ORDG GXULQJ WKH 3RQKR0IZ FRPSUHVYV

(Bergman et al., 201,1jhe load of thicknesgxcan be considered as a senfinite

solid hereafter for the analyticalagel development of temperature fluctuation in the

solid.

In real condition, periodic air temperature fluctuation provides temperature

fluctuation in the load where the maximum amplitude is located at the load surface

(TL r,|Figure 7.3p). Considering the load as a seminite solid with constant

thermal conductivity, the temperature fluctuation within the load decays
exponentially with respect to the distance from the surface. Far from the surface,

the amplitude of temperature flucticat becomesull as schematically illustrated

in|Figure 7.3a. Since 1D discretization of the load would require many additional

state variables, two layers of differenetimal conductivities are assumed in our

model for its simplicityFigure 7.3p). A thin layer at the surface characterized by

an equivalent thicknessAg ) is assumedot have a very higkhermal conductivity
(&L »)whereas the rest of the load (core) is assumed to hemey dow thermal
conductivity (& L r, perfect insulation The equivalent thickness chosen so that
the temperature fluctuation at the surfacedicted by the simplified model is the

same as for a sermfinite solid.
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Figure 7.3 lllustration curves of temperature fluctuations in a solid (a) witl
constant conductivity (real condition) and (b) willconstant conductivity
split at the equivalent thickness (simplified condition).

7.3.1. Development of temperature fluctuation model in a solid

Two analytical models were used to determine the equivalent thickness of which
the solutions have to satisfy the satemperature fluctuations at the surface. For
the first model, the heat transfer in the load with perfect conduction in the range of
the equivalent thickness (O T O Ay ) is considered (Model I). The second model
involves the heat transfer in the loadiwtonstant conductivity with respect to the

distance from the surface (Model II).

The solution of the Model | depends on the heat transfer rate between the load and

its surrounding air:

| el L DS F 6 0 b L DiGF 6 (74D

Let O L X(Zé%x, Eqg. (7.41)is reduced to
_'g EL L (7.42)

Considering the temperature fluctuation of the surrounding air as a sinusoidal

variation k6y L A % the solution of Model | can be calculated from
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ey 5 (7.43)

el 5> e

For Model Il, the solution is given by considering the conduction heat transfer rate
in a semiinfinite solid with constanproperties fowhich the heat balance equation

is given by

AENRERIL (7.44)

At the load surface T L r;, the heat transfer by convection between the load and

air is defined as:
Féeg L Db & F 6, (7.45

Taking into accountEq. (7.44) and (7.45) the solution of the tempature
fluctuation at the surface of the loadn be calculateffom (Carslaw and Jaeger,
1959)

aENg a _ (7.46)

§ xx'Ux-

e
X x’LAJx.

fL5 5 3

Let the temperature fluctuations obtairfiemn the solutions of the two modelsd.
(743) and (746)) have the same amplitude, the equivalent thickness can be

estimated by

. 56

Agsl 6—— §=% E—* p (7.47)

xl/ﬁ x xl/ﬁ x xl/@ x

This equatn shows that the equivalent thickned% ¥ depends not only othe

thermal diffusivity (&) andthe angular frequencyfi) but also the convective heat

transfer coefficient between the load surface and the &). (For the sake of
¥ X xj/ﬁx

simplicity, it can be assumed thatT( sor ¥A ( Dywhere L

¥ &:6:% ds thethermal effusivity or heat penetration coefficiedBésed ora period
of compressor working cycleu v OO i O w w® and the thermal properties of the

methylcellulosethe oder of magnitude of %fiis aboutl45-185W-m2-K 1which

is high compared to the estimated convective heat transfer coefficieritg- (5
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2Kt and 24W-m?2K1 for the back and front loads, respectiveljherefore the
equivalent thickness can be simpBblculated from the following equation:

56
Apsl e=—h L ¥& f (7.48)

X/ x

and the ratio of the temperature fluctuatimtweernoad surfacendair is given by

I 9 (7.49)

6'] ¥ x xl/@x

Based on the compressor period and the material thermal properties mentioned
earlier, the temperature fluctuation ratio calculated frém. (7.49) was

approximately0.09 for the back load.

7.3.2. Case study
To verify theaccuracy of the estimation of the equivalent thickness by WEsing
(7.48) temperature measurement was carried out at different depths tdsthe

packageocated at the back of the bottom shelf in the studied display cabinet as

depicted ifFigure 7.4a. The test package of methylcellulose located at this position

was selected because i the most exposed to air temperature fluctuation.
Calibrated thermocouples (0.2 mm in diameter) wereeglacarefully in the test
package at different depths from the surface to the coreQ( 2, 5, 15, 2%nm)

after making an insert hole with a small nee@léhermocouple was also placed at

10 mm above the test package surface for the air temperatusirer@ant.
Because of the small diameter of sensor wires, the real condition in the display

cabinet was not disturbedhe experimental result as illustratedRigure 7.4p

showed the decay of themperature fluctuations in the load from the surface to the
core. It should be emphasized that the amplitude of temperature fluctuation is the
difference between the maximal and minimal temperatures over one cycle of the
compressor operationg& L 6  F 6. It is obvious that the maximum
temperature fluctuation in the load is located at the surfadck ( mm, ¢6;

r & ) and it exponentially decreases toward the cdré ¢t wnm, ¢6; rdu

°C).
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Figure 7.4 (a) Schematic of temperature measurement for the test pa
located at the back row (top layer) on the bottom shelf at different depths
the surface (x=0 mm) to the core (x=25 mm) and for the air at 10 mm ab\
Decay of temperature fluctuations in the load from the surface to the core

Figure 7.5|shows théemperatur@volutions ofthe air and the load at the different

depths during the quasteady state. As shown|Figure 7.5, the temperature

fluctuation in the air above the load surface was around°@ &bd it was 0.55C

at the load surfacevhich corresponds to the temperature fluctuation Fé%ﬁo
¢l

r&u This measuredemperature fluctuain ratio shows the same order of
magnitude with the calculated one. Accordindlye Eq. (7.48) is a satisfactory
approximationfor the equivalent thicknessvhich is then used to calculatee
weight of the load: | ; of which the temperature fluctuatesthe dynamic aspect

of the modelFor the methylcellulose packagé ( s& sH s r’> m?s?) and fori

varying between 340 s and 55{Fgure 7.2), the equivalenthickness @y )} ranges

betweer2.8 mm and3.5mm.

Theweightsof the wall and the doan contact with the air circulating in the display
cabinetwere estimated from their inner layers of aluminum shégt L r &ve e ,
manufacturing data) andglass pane:AjgL vee* , manufacturing data),
respectively. Tie weight of the PBP is estimated from the plate thickne&s:

u e+ , manufacturing dataandthe total plate area subtracted by the perforation

areaAll estimated values of the weights of solid matisraae summarized|ifiable

7.1
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Figure 7.5 Experimental temperature evolutions of the air (10 mm abo\
the load) and of the back load on the bottom shelf at the differetiisdep
from the surface (x=0 mm) to the core (x=25 mm): (a) overall view and (
enlarged scale on the highlighted area

Table 7.1 Weightsand thermal massf the load and the solid components
of the display cabinet used in the model

Weight Thermal mass
Components kg JK: References

Load :1 g;

I AL 1 s \ 1.44 4855.7 | Calculation
Rear walls:| ¢ ;

| &5 0.29 263.9 Calculation
l s L1 a7L 1 agl 0.42 3822 Calculation
l a9

| & 0.21 191.1 Calculation
Ceiling

o 0.68 618.8 Calculation
Doors : 1 ;

l x5 L1 xgL 1 a7L 1 «g 3.13 2347.5 Calculation
| xg 4.31 3232.5 Calculation
Perforated back panddl ;©

| 5m 2.47 2247.7 Calculation
lagL 1 ag L | ag 2.43 2211.3 Calculation
| am 3.20 2912.0 Calculation

Results and discussion

7.4.1. Air and load temperature fluctuations in a closed refrigerated display
cabinet
After the integration of the dynamic regime, the simplified heat transfer model was

employed to simulate the temperature evolutions of the air and the loads inside the
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closed refrigerated display cabinet. The predicted and measured results for the

externalambient temperature of 19°€ are shown ifFigure 7.6| The temperature

fluctuation of the supply air decreased from the position just after the heat

exchanger ¢6 L ya°C,[Figure 7.2 Experimental temperature profiles of pir
after the heat exchanger for different ambient tempera}moahe DAG( ¢,6,,04L

W& °C,|Figure 7.6a) by 1.9°C. While traveling to the DAG, a part of the air also

flows horizontally into the shelve space through the PBRe air temperature
fluctuation at the back of the bottom sl"iéli‘gure 7.6d) was more pronounced than
that of the upper shelvgBigure 7.6p-c). This can be explained by the higher air

flow rate through the PBP at theenter shelf and a higher air temperature fluctuation

of this air (¢,6sdecrease along the rear duétt the front of the shelves, the highest

air temperature fluctuation is at the top siielfure 7.6g). The hightemperature

fluctuation atthis positionresulted fronthe high temperature fluctuation of the air
curtain from the DAG. Despite the exposure to high air temperature fluctuagon, th
load surface temperatures at all positions were not much fluctuggtad) r &°C).

It was found that the ratio of the load to its surrounding air temperature fluctuation

(%) was approximately 0.1. However, both air and load temperaturesfabrihe
ol

of the shelves were fluctuating around higher average temperature, compared to the
ones at the back of the same shelves. This result implies that food quality and safety
would be more influenced by the average temperature than the temperature
fluctuation in the closed display cabintthis case where massive products were
considered (methylcellulose packages). In the case of product packages offering a
high exchange surface and a low thermal inertia (e.g. va@paaked sliced ham)
particularly whenthe product thickness is smaller thdg {Eq. (7.48), higher
product temperature fluctuations are expectddre investigatios should be
carried out to study the influence of such temperature fluctuation on food quality

and safety.
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Figure 7.6 Temperature evolution of the air and the load surface at different positions inside the closed display cabinet for the ¢
temperature of 19.8C. (a) air at the discharge air grille (DAG);dl backand (eg) front loads with the surrounding air on the top, middle
and bottom shelves, respectively (the taveraged load temperature at the front was extrapolated from the core temperatures be
the back and the front loads).



7.4.2. Dynamic model validation

Figure 7.7[shows a comparison between the predicted and measured temperature

fluctuations of the air and the load (surface) at different positions in the closed

refrigerated display cabinetAs shown in[Figure 7.7a, the air temperature

fluctuations were properly represented by the model at most positions (maximum
difference of 0.5 °C). For certain positionise air temperature fluctuations were
slightly over/underestimated. The measurement position is possibly a source of the
discrepancies between the predicted and measured air temperature fluctuations at
that position. On the bottom shelf, a single point sneeament may not be
representative of the air temperature because mixing between the back flow and the
air curtain occurs, thus generating high spatial air velocity fluctuations. The model

clearly represents the load temperature fluctuatjpitgi(e 7.7p). The maximum

difference between the measured and predicted results was around 0.1 °C. Overall,
the simplified heat transfer model developed in this study is acceptabileefor
prediction of temperature distributions in a closed refrigerated display cabinet under

periodic working conditions.

Figure 7.7 Comparison between the simulation and the measurement
temperaturefluctuations of (a) air and (b) loads inside the closel
refrigerated display cabinet. Data based on the external ambit
temperature of 19.5C

7.4.3. Temperature evolution during the defrost operation
Frost formation on the surface of evaporator coils is inftareall refrigeration
systems. An increase of frost thickness causes a reduction of heat transfer and air

flow rates, which ultimately deteriorates the overall display cabinet performance.
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Therefore, periodic defrost operation is always required to mailhe display
cabinet performance. It is well known that the food quality and safety can be
affected by temperature raise during the defrost operatibinch cansometimes
exceed thalesired limit(Lawrence and Evans, 2008)he validated simplified
model was furtheused to simulate the air and load temperaturéugeas during

the defrosting process in the closed display cabinet. For this simulation, the Fourier
transform was applied to the air temperature after theeéhehianger 6 for a

periodof 6.5 h: 3 h before and after the defrost operation which lasts for 30 mins

Figure 7.8). Note that this input air temperature profile vgatected based on the

setting time for the defrost operation which takes place every 6 h (i.e. 4 cycles per
day) for the studied display cabinet.

Figure 7.8 Input temperature profile of the air after theat exchanger

(&0

Based on our assumption, the equivalent thickndgg 6f the load is influenced

by the frequency of the air temperature fluctuatiouring defrosting periodi g L

urmin), Ggincrease approximately like aine functionof pulsationfi’ LF'
I'N

As a resultanequivalent thicknessf 12.8 mmwas estimated frorkq. (7.48)

Figure 7.9]and 7.10 respectively show the air and the load temperature evolutions

during defrosting period at different positidibsick and front of the top, middle and
bottom shelvesin the closed refgerated display cabinet for the external ambient

temperature of 19.8C. Based on the experimental data, the air temperature increase

(¢6 L 6,6sF 6 ) atthese positionsas betwee and6 °C (Figure 7.9) while

the surfaceload temperature increased by only 0.5.0 °C (Figure 7.10). The

highest air and loaigmperaturéncreasesvere observed at the front of the top shelf
Figure 7.9¢ and 7.10d).
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Figure 7.9 Air temperature evolution at various position in a close(
refrigerated display cabinet during the defrost operdtiy L s {av ()

Figure 7.10 Load temperature evolution at various position in a close
refrigerated display cabinet during the defrost operdt®y L s {av ()
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As shown ir{Figure 7.11a and b, the air and load temperature increase obtained

from the simulation was in relatively good agreement with the experimental data

The model well represented the area of large air temyeriicrease at the back of

the cabinet{iigure 7.9a-7.9¢), whereas it was likely to overestimate in the area of

low air temperature increase at the friggFigre 7.9e-7.9f). These findings showed

that the model prediction was more accurate in the zone with less interaction
between the cold air from the back and the heat entering the cabinet at the front.
The overestimation was also observed for the load sutémperature increase.

This discrepancy can be explained by the approximation of the equivalent load

thickness withEq. (48) which assumed ¥4i" ( Dy The precision would be
improved if the more complex equatidaq. (47)) was applied. Nevertheless, the
ove-estimated temperature increase by the model can be considered as the worst
scenario that may happen in real use conditidate that theair and load
temperature increaseas calculated based on the maximum and minimum

temperaturegrom the beginning tahe end of the defrost operation as shown in

Figure 7.8|as an example.

Figure 7.11 Comparison between the simulation @hd measurement of
temperature increages, ¢ « F 6, (3 ) during defrosting period of (a) air and
(b) load inside the closed refrigerated display cabinet for three exter:
ambient temperatures
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Conclusiors

In Part Il of this study, a simplified heainsfer model based on zonal approach
was developed in transient state for a closed refrigerated display cabinet. The
dynamic aspect of the model solved by a spectral approach (using transfer function
and Fourier transform) allows the prediction of the and load temperature
IOXFWXDWLRQV DFFRUGLQJ WR WKH *RQ RII" FRPSUHVVFE
This solving approach also permits the identification of influential parameters on
the damping of the temperature fluctuations with quick calculat®ince 24
harmonics (k) are usually enough to describe the supply air temperature profile, this
approach only needs to solve a limited number of algebraic complex equations,
instead of ordinary differential equations. To take into account the temperature
variation within the load, the load thickness in which the temperature fluctuates
with the same order as at the surface was estimated in function of on/off compressor
working frequencyGiventhe input parameters used in the static mggethout

any adjustment)a relatively good agreement between the experimental and
numerical results for the air and load temperature fluctuatvesms observed
maximum difference of 0.8C and 0.1°C for the air and load, respectively. The
results showlte air temperature fluctuation progressively deciehisen the rear

duct entrance to the DAG. Accordingly, the air temperature fluctuations at the lower
shelf were greater than that of the upper one. Despite the exposure to the high air
temperature fluctation, the load temperature was not much fluctuating in the
closed refrigerated display cabinei@; Q r &°C). This would be the same for all

products so long as the product thickness is smaller than the equivalent thickness.

The model was further used tovestigate the evolution of the air and load
temperatures during defrost operation. It was founditieahcrease in temperature
depend on the position in the display cabinet. The predicted temperature increase
during the defrosting period was in a atlely good agreement with the

experimental datebut with an overestimation at some locations.

Although the proposed model was developed based on a specific closed display
cabinet, it can be generalized to other display cabinetddresseth Part | ofthe
study. It needs to be emphasized that the air infiltration due to door openings is not

considered in the developed model because of its complex airflow. This aspect
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could be integrated in a future work. The model will be further linked with others

models already developed in similar manner by the same research team for different
refrigerating equipment in the cold chain, i.e. production plant, refrigerated truck,

cold room, open display cabinet and domestic refrigerator. By such a way, the

prediction & the evolution of the product tiriemperature across the entire food

cold chain can be established. The developed modelheabe used to evaluate

WKH FRQVXPHUVY ULVN E\ LQWHJUDWLQJ ZLWK TXDOLW!'
models.
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Chapter VIII
General @onclusions

and perspectives




General conclusions

Closed refrigerated display cabinetare becoming increasingly used in
supermarketdecause opotential energy savisgcompared to opeones This
growingtrend has contributed to an expanding researtheiarea of commercial
refrigeration However moststudies focusdonimprovemers of energy efficieny
after door installatiorwhile the influence of the presence of dooasid the
frequency/duration of door openings product temperatusaremuch lesstuded.
Like many refrigerating equipment, forcednvectionis usually aprimary heat
transfer mode in closed display cabinets; thereforthie temperature and its
homogeneityare directlygovernedby the arflow patterrs. A study on this matter
becomesnecessaryto improve understanding othe main mechanism of these
transporphenomena-ollowing this rationale thework presented in this thesigas
an attempt to bridge this researmgapsby implementingboth eperimentaland
numerical approachego characterizethe airflow and heat transfer in a closed

refrigerated display cabinet

8.1.1. Experimenal study

A number ofexperimens were conducteh a closed refrigerated display cabinet
under various operating conditiotwsstudy their influences dimod temperaturen

the equipmentThermocouplesvere distributed throughout the display cabinet to
ascertaintieinternal air and the produtgmperaturerofiles. Theimplementation

of anautomatialoor opening system made it possibleliserve the amndproduct
temperature evolutionsccording to different opening frequencies and durations.
The use of hotwire anemometeandParticlelmage Velocimetry (PIVallowed

to characterie theairflow pattern.lt enables the knowledgs the velocity profile

of the air curtairfrom the discharge air grille (DAG) to theturn air grille (RAG)

the airflow rate in the rear duct and the proportiontieé air flowing from the
perforated back panel (PBR) the storage compartment at diffdarehelvesThe

mainresultsfrom theexperimenal studyaresummarizedsfollows:
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8.1.1.1. Airflow characteristicof a closed refrigerated display cabinet

d

About 50%50% airflow ratio betweethe DAG and the PBP was observed in
the studied display cabinet. The nadion in the occupiedolume percentage

hasinsignificant effect on the airflow ratio.

The presence of doors caused the air recirculation at the upper part of the closed
display cabinet wherthe warmambient air infiltration through the door gaps

was also observddadng to an increase ithe air curtairemperatureBased

on the air velocity measurementthe middle of the door gaps usitige PIV
technique,the air infiltration underthe permanentlycloseddoor condition
accounted for about 8% the supply air from the DAG

At the lower part of the cabingfrom the top shelf level to the RAGHhe
presence of doors caused thecurtain to deviate toward the doors through a
Coanda effect (maximum velociopservechear the door surfacehis effect
depends orthe air temperaturenear the door surfagehigher temperature

enhanceshe upwardflow because of higher buoyancy force.

Overall, the air curtain was quite stable in most regiorthe€losed display
cabinet,except forthe top(neat theDAG) and the bottontnear the RAGPf
the cabinet where relatively high velocity fluctuations occurred.

8.1.1.2. Thermalcharacteristicof a closed refrigerated display cabinet

|. Closeddoor condition

The overall thermal transmissioooefficient of the studiedclosed display
cabinetwas measuredCompared with dmestic refrigeratorsthe insulating
capacityof thecloseddisplay cabinetvasrelativelylower. The gapstthe door
edgesandthethermal bridgesvere found to be the most significant contributor
(~ 70%) of the overall thermal transmission of tsteidieddisplay cabinet.

Two temporalair temperature variationperiodically emergein the closed
display cabinet RQH DFFRUGLQ ydleR ofddtribrédap reguilation
and the otheron®@ FFRUGLQJ WR WKH FRPSUtHevoefeost SRIT™ SHUL

operation.

The ar temperature at the froop shelf take the longest time to reach the

quasisteady statéabout an housince the display cabinet started).uphis
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indicates the mnimum duraton for theair temperaturestabilization before
productloadings. A quaststeady state is confirmed when the tieneraged
WHPSHUDWXUH RYHU RQH 2RQ RII" F\FOH RI FRPSUH\

same.

d Despite largair temperaturductuationsin the reaductup to theDAG during
the quassteady stat¢ 0 2~ 8-9 °C), the air temperaturdluctuationsin the
storagecompartment were relatively lowii(4~ 2-4 °C) because ahe thermal
inertia of solid cabinetcomponents (e.g. rear wall, ceilireqnd PBP). This
resulted in muclower fluctuationsin theproduct temperatus€ G $< 0.6 °C).
The ratio of theproductto its surrounding air temperatuD ULD W LIR)Q (7
was approximately 0.1A reduction in the amplitude of theompressor
regulationfor thestudied cabinet may henecessartherebyprolongingthe

lifespan of the compressor.

d Defrosing processcauss drastt air and productemperaturencreasesThe
ratio of product tsupplyair temperature increase was between 0.05 and 0.10,

depending otthe product position in the closed display cabinet.

d Both air and producemperaturgvary spatiallyin thecloseddisplay cabinet
Based on the temperature profiiethe centeof the cabine(symmetry plane)
the front areas contribute to higftemperature, whereas the rear armasat
lower temperaturelhe frontof thetop shelfand theback of thebottom shelf
arerespectivelythe highestand lowesttemperature positianin the cabinet
The temperature distributicat the side®f the cabinehasthe samdrendas
thatat the centerbut the émperaturet the sidess slightly higher because of

additional heat lossdbrough theateral glass walls

d Forced convection and conduction afee predominant heat transfer modas
thecloseddisplay cabinetThis explainsan almostinear relationshigpetween
the ambient temperatuandthe internal air temperatur@hermal radiation
from the external wallss restrictedby the glass doors shielded with lew
emissivity coating. However, vsible radiationfrom the room and cabinet
lightings still occursand induceseat generatiom the productsparticularly
at the front of the cabing¢bp shelf Whenthe cabinet doorare closed free
convectionis insignificant in the cabindtecause o$mall difference between

the highest and coldest internal air temperat(irds <5 °C).
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Il. Periodic dootopening condition

d Spatial and temporalirmand product tempature distributions under the
periodic dooropeningconditionhasthe samdrendasthat under closedoor
condition.The product at the front alwapssa higher temperata than that at
the back.

d The ar temperatureevolution during the opening, holding and clospegiods
depends on its position in the cabingbe nearerto the DAG, the quicker the
air temperaturestabilization after the dooris opered However the air
temperaturés unstabletacertain distance from the DAGH. from the middle
shelf in this study) Due to this instability the airtemperatureincrease

progressivelyduringdoor openingsnd decreaseafterthe dooris closed

d An additionalheat loaddue to highedooropening frequency and/or higher
ambient temperature resedt in a substantial increase in the product
temperature at the front. The pratitemperature on the front middle shelf was
the most affected when the opening frequesxeeded @ openings per hour
per door(OPH). This additionaheat loadalsocause a slight decrease ihe
product temperature at the bdwkcause ofmorecooling capacitywasneeded
(the average air temperature after the evaporator was ldtnerio be noticed
that the highest temperature positiwasat the fronttop shelf under closed

door condition.

d Underperiodicdooropening (10 OPHgondition, lowerprodict temperature
at all positions when thstorage compartment was more occuped|d be
explained by higher convective heat transfafficient (higher velocity in the

air space over the products).
8.1.1.3. Comparisorbetweertheclosed andpen configuratios

I. Unloadeddisplay cabinef{permanently closed and permanently open doors

Theair temperature profilevas similarduring permanently closed and permanently
opendoor (doorsof the studied cabinet were completely remowaat)ditions As

the case of loadedisplay cabinet,ite front of the top shelf and the back of the
bottom shelf are respectively the highestd alowest temperature positions.

However,
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d Lower air temperature level at all positioms the closedconfigurationwas
observedmaximumdifferenceof 3.1 °C at the middle shelf.

d Lower spatialair temperature variati®@on the sameshef: the ar temperature
difference between the front and the bagks less thad °C in the closed

configuration while it wasabout 23 °C in the open one.

d Lessheatloadon the evaporaton the closed configuratiothe air temperature
differencebetween th&RAG and the DAGwas less than.2 °C, while it was
about5.9 °C in the open oneTherefore thetime fraction during compressor
3 R Qperiod decreased from 49%open configuration)to 24% (closed

configuration),about50%reduction

Il. Loaded display cabinefpermanently closedperiodic door openingsand

permanently open dogrs

Slightly different air and producttemperature profile were observedduring
permanently closednd permanentlyopen doorconditions For the permanently
opendoor condition theair and product temperat@e/ere highestat the front of
themiddleshelf, while thelowesttemperature positiomemained at thbackof the
bottomshelf The sametrend of thetemperature profilesvas observedvhen the
periodic door opening were appliedThe closed refrigerated display cabinet
provides better temperature performandespite a very high doarpening
frequency (i.e. 60 OPH)xomparedto the caseof permanently open doors (or
without door$. The following information was obtained for the closed display

cabinet:

d Lower airand productemperature levslat all positionsThe air and product
temperaturesespectivelydecreased up to 5:C and 2.5°C underpermanently
closeddoor condition in comparison with permanently oeor condition.
Underthe opening frequency &0 OPH the product temperaturesmained

at least 1.0C lower than the ones under permanently cdeor condition

d More uniform temperéure distribution The temperaturelifference between
the highest and the lowegstoduct(core)temperature decreasedrom 4.0°C
(permanently open) t8.0 °C (permanently closgdand 3.0 °C (opened with
the frequency of 60 OPH
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d Energy savingpotential TKH WLPH IUDFWLRQ GXULQJ WKH FRPSU
decreasedfrom 65% (permanently opento 44% for the dooropening

frequencies 060 OPHand t023% forpermanently closed doors

8.1.2. Numericalmodeling
Numerical toolswere developedin the thesis by both Computational Fluid
Dynamics (CFDlimulationanda simplified model based cezonal approach

8.1.2.1. CFD simulation

A steadystate 2DCFD model with the standard-@ WXUEXOHQFH PRGHO Z
developed to investigate the airflow and its infloe on theair and product
temperaturealistributions in a closed display cabin€&tvo corditions(refrigeration

VI\VWHP W XuorQ R QWwére tbnsideredespitethe simplified hypthesis
thedevelopednodel has shown the ability to reproduce the rfiain phenomena

observed by the experimeniche zone of air recirculation (where the ambient air

infiltration through the door gaps casse increase ithe air curtaitemperature

was identifiedat thefront of the top shelf levelThis phenomenonvas more

pronouncedvhen WKH UHIULJHUDWLRQ VTemiademasthenW XUQHG 3R
used to explorehe influence othe aiflow pattern orthetemperature distribution

The trend of predicted product temperature profilevas in a relatively good

agreenentwith the experimental data

8.1.2.2. Smplified heat transfemodel based on the zonal approach

A simplified heat transfer model was developed based on a zonal appooach
describe the evolution of product and air temperatures at different zones in the
closed refigerated display cabineThe simplified modelwas developedh static

and dynamic aspectsvhich permits respectively, the predictions of both time
averaged air and product temperatures and the temperature fluctuations according

to the on/off working cyles of the compressor regulation

According tothe zonal approach, the display cabinet velgided into various
zones the heat transfers in each zone are described by algebraic and ordinary
differential equations, corresponding émergy balances.

Theinput parameters were obtaineygl several mannersneasuremenfpresented

in theexperimental study)calculationfrom correlations reported iiterature and
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model fitting with the experimental timaveraged temperatute§ive input
parametersvere estimaed by model fitting (for the ambient temperature of 19.5

°C) because of the difficulty to measutem air circulationparameteat the top

shelf air distribution coefficients at the other shelves, air infiltratiate through

the door gapandconvectve heat transfer coeffients between the load surfaoed

the surrounding airThe sensitivity study showed that the air infiltration rate
through the door gaps is the most influencing parameter on the load temperatures.
A 20% increase/decrease of this fitted parametaused the warmest load
temperaturat the fronttop shelfto be increased/decreased up to°@2vhile it is

less than 0.2C for other parameters.

|. Static model

Without any adjustmertb the fitting input paameters,te predicted and measured
time-averaged temperaturegere in a good agreementor the other external
ambient temperatures (146 and 24.4C). The overall mean absolute error based
on 60paired datgair/load temperatures) for three ambient penatures was less
than 0.2°C. The maximum difference of the calculated and measured load
temperatures never exceeds OG for every studied positionMoreover, the
differencesbetweenthe highest and the coldest load temperatures obtained from
the experimental and the numerical ddifiered less than 14% for all studied

ambient temperatures.

In the storagecompartmentthe modelrepresentedvell the load temperatures
whereast overestimatedhe air temperature in the air curtaossible explanation

of the discrepancy between the model and the experiment ighéhair curtain
temperature was measured only at one positiangdien height, which may not be
representativeHowever the load temperature ranges and trends in the closed
display cabinet are well represented by the proposed model with a short calculation

time (less than 1 s)

The model showed i@bility to investigate the effect of the air infiltration through

the doorgaps on the performance of the closed display cabinet in both thermal and
energy aspects. Based on tluenericalsimulation a reductiorof the air infiltration
through the door gadsy half ould lead todecreasgin the load temperaturesf

up to 0.7°C andin the total cooling load of the refrigeration systbyi35%.
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Il. Dynamic model

A spectral methoevas used to solve the dynamic model in the study.sTipely

air temperature profilgair after the evaporator where the thermostat sensor
situated) from the experimental data during a transient cycle of compressor
regulation was formulated by using Discrete Fourier Transforn{DFT). The
dynamic response of dwad temperaturevas readily determined by the transfer
functions specified aall positionsof heat exchange zoneBy solving with the
spectral methadhe model allowsiot onlythe prediction ofir/loadtemperature
fluctuations in the display cabinet but alsoithentification ofdifferentinfluendng
parameters on the damping of the temperdtuotuations Moreover this solving
methodalsopermitsa quick calculatiorsince only 2-4 harmonicdor the DFTare
enough to describe the supply air temperature préfi}eThis method needs only

to solve a limited number of algebraic complex equestianstead of ordinary

differential equations.

Theestimation of thequivalentoadthicknessn which the temperature fluctuates
with the same order as at the surfa@sderivedin function of on/off compressor
working frequency.This proposedmethod ¢ estimation allows totake the
temperature variation within the loado accounin a simple manercompared to

onedimensionadiscretization of the load

The numericafesultsof the air and load temperature fluctuatiamsler periodic
working conditionswere in a good agreementith the experimentaldata
maximum difference of 0.5C for air and 0.1°C forload The high discrepancy at
somepositiors in the storageompartmentan be explained bie oversimplifed

assumfions concerning the flow distributign

Based on the simulatioduring the compressof R Q~ D Q GreduRakibn the
amplitudeof thesupplyair temperaturéuctuationsprogressivelydecreasewhen
the air flowedin the rear ducaind in the storage compartmebespite thdarge
surroundingair temperature fluctuatier( “Ta ~ 2-5 °C), theload temperature was
not much fluctuating "T; < 0.5 °C). This would be the same for all product types

so long ashe product thickness largerthan the equivalent thickness.

The air/load temperature fluctuations within the cabinet are very small compared to
the supply air temperature fluctuatioafier the evaporatoG XULQJ WKH 3RQ RII’

Chapter VIII +General conclusits and perspectives 195



cycles of compressobamping oftemperature fluctuain is a result of heat loss
with a constant ambient temperature (pulsation independent effect), and thermal
inertia of the walland productpulsation dependent effegticreasng when the

compressor on/off period decreases).

The modehlsoshowed itsabiity to investigatehetemperaturencreaseof the air
andtheloads duringthe defrost operationComparisorbetween theredictedand
measuredtemperature increaseduring the defrosting periodghowed good
agreementwith a smalloverestimation at somecations.For the air, thenodel
predictionwasmore accurate in theearzonebecause oless interaction between
the cold air from the back and the heat entering the cabinet at thd-fyotite load
the precision would be improved & more complex equatiomwas appliedto

estimate the equivaletdadthickness
Perspectives

8.2.1. Experimentation

Extensive experiments werarried out in the present study ¢baracterize the
airflow and temperature distributions in the closed display cabifile¢ thermal
cabinet performanceunder different operating condition®gether with the
comparison between the closed and open configurativas also examined
However,there aresomeotheraspectaot taken into considerations because of

technical and tira constraintsThe suggestion for future work is kstbelow.

8.2.1.1. Effect of air humidity in a test room on product temperature

During the experimental study, éhair temperature and air velocity can be
controlled in the test room, but it is technically nosgble to control the air
humidity. The measurement of the air characteristicgljulb air temperature and
%relative humidity was undertaken with a theragygrometer (Testo 174H,
accuracy £3%RH). Then, the air humidity ratio (kg of water vapor/kg oauyy
was calculated using a psychrometric ch@ine experimental resultseported by
Chen and Yuan (2005howedthe moderateeffect ofthe ambientair humidity
variationson the temperaturdistributionsinside the display cabinébpen type in
their study), but the significant effect on the refrigeration loadThe ambient air
humidity effect would be less in the closed display cabinets; howewer,

justificationis available in literature.
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