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Résumé : Les caissons isothermes équipées d'un matériau
a changement de phase (PCM Phase Change Material)
jouent un role important dans le transport des aliments en
raison de leur faible colt et de leur flexibilité. Cependant,
le maintien d’'une température adéquate est complexe en
raison de la variabilité des conditions de fonctionnement,
ce qui peut entrainer une dégradation du produit. Une
approche empirique est principalement utilisée dans la
pratique pour choisir le caisson et le PCM pour des
conditions spécifiques. Ainsi, des modeles physiques
permettant de prédire I'évolution de la température des
aliments pour de larges gammes de conditions de
transport sont nécessaires. Le développement de tels
modeles nécessite la compréhension des transferts de
chaleur et des écoulements d'air.

En ce qui concerne l'étude bibliographique, plusieurs
travaux ont considéré uniquement la conduction
thermique dans l'air a l'intérieur de la caisse, certains
travaux récents ont pris en compte la convection naturelle.
A notre connaissance, aucune étude n'a inclus le
rayonnement entre le produit et les surfaces de paroi et de
PCM. De nombreuses études fondamentales concernent
tous les modes de transfert de chaleur dans des cavités
vides, elles imposent souvent deux températures de paroi
différentes tandis que les autres parois sont adiabatiques.
Certaines incluent la présence d'un objet solide ou d'un
milieu poreux. Ces travaux ne peuvent pas étre appliqués
au transport alimentaire en caisson isotherme avec PCM.

Ainsi, ce travail de doctorat vise a développer des
méthodologies expérimentale et numérique pour étudier
les transferts de chaleur et les écoulements d'air dans cet
équipement.

Dans un premier temps, deux types de mesures ont été
entreprises : la température par thermocouples et la
vitesse d'air par vélocimétrie par images de particules.
Dans ces études, les caissons isothermes (45 litres)
avaient un coefficient de transmission thermique de 0,9
W-m=2-K", le PCM était de la glace (point de fusion ~
0°C, 3,5 kg) et le produit test était de la Tylose (16 kg)
dont les propriétés thermo-physiques sont proches de
celles de la viande. Les paramétres étudiés étaient : i)
conditions de chargement (vide, chargé de polystyréne
extrudé et chargé de produit test), ii) position du PCM
(sur une paroi latérale et en haut), iii) forme géométrique
de la boite (hauteur/longueur = 1 et 1,7), iv) température
ambiante (10°C a 30°C), v) température initiale du
produit (4°C et 10°C) et vi) espacement sous le produit
(pas d'espace et 20 mm). Les résultats ont montré
I'importance de la convection naturelle dans le caisson.
Le PCM doit étre placé en haut d'un caisson de faible
rapport d'aspect (hauteur/longueur). Il faut éviter de
charger des produits chauds. La quantité requise de PCM
peut étre estimée en fonction de la température
ambiante.

Dans un second temps, trois modéles numériques ont
été développés: a) le modéle global prédit la
température moyenne du produit mais ne peut pas
identifier les positions les plus chaudes/froides, b) le
modele zonal prend en compte les différents transferts
de chaleur et I'écoulement d'air, il différencie les régions
les plus chaudes et les plus froides et c) le modeéle CFD
décrit en détail les champs de température et de vitesse
d'air, mais a recours a des ressources de calcul
importantes. Ces modéles ont été validé en comparant
avec les données expérimentales et ont montré un bon
accord. Enfin, cette thése montre comment utiliser ces
modeles pour répondre a plusieurs questions pratiques
telles que I'effet de la conception des caissons et des
conditions de fonctionnement.
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Abstract: Insulated boxes equipped with a Phase Change
Material (PCM) play an important role in food transport due
to low cost and flexibility. However, temperature control
during the transport is complex due to the variation of
operating conditions, which may lead to product
degradation. An empirical approach is mainly used in
practice to choose the box and PCM for some specific
conditions. Thus, physical-based models allowing the
prediction of food temperature evolution under wide
ranges of transport conditions are necessary. The
development of such models requires the understanding
of heat transfer and airflow.

Regarding literature study, several works considered only
heat conduction in the air inside the box, some recent
works took natural convection into account. According to
our knowledge, no study included radiation between
product and wall/PCM surface. Many fundamental studies
concern all heat transfer modes in empty cavities. They
often imposed two different wall temperatures while the
other walls were adiabatic. Some works included a small
solid object or porous media. These works could not be
applied to food transport in an insulated box with PCM.

This Ph.D. thesis aimed to develop an experimental and
numerical methodologies to study heat transfer and airflow
in this equipment.

First, two types of measurements were undertaken:
temperature by thermocouples and air velocity by
Particle Image Velocimetry. In these studies, the 45-L
insulated boxes had a heat transmission coefficient of 0.9
W-m-=2-K, PCM was ice (melting point ~ 0°C, 3.5 kg) and
the test product was Tylose (16 kg) whose thermo-
physical properties are close to ones of meat. The
influence of several parameters was studied: i) loading
conditions (empty, loaded with extruded polystyrene and
loaded with test product), ii) PCM position (on a side wall
and at the top), iii) aspect ratio of box (height/length = 1
and 1.7), iv) ambient temperature (10°C to 30°C), v) initial
test product temperature (4°C and 10°C) and vi) spacing
beneath the test product (no space and 20 mm). The
results showed the importance of natural convection in
the box. PCM should be placed at the top of a box of low
aspect ratio. Loading the product with high temperature
should be avoided. The required amount of PCM can be
estimated in function of ambient temperature.

Second, three numerical models were developed: a)
lumped model predicts average product temperature
but cannot identify the warmest/coldest positions, b)
zonal model takes heat transfer and airflow into account,
it differentiates the warmer and colder regions and c)
CFD model describes in-depth temperature and air
velocity fields, but high computing resources are
inevitable. These models were validated by comparison
with the experimental results and showed good
agreement. Finally, this thesis demonstrates how to use
these models to answer several practical questions such
as the effect of box design and operating conditions.
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INTRODUCTION

BACKGROUND AND RESEARCH INTERESTS

Food security has become an urgent issue for several years. The estimation by the
World Food Program indicated that 349 million people currently have no access to a
healthy diet (Alleyne, 2023) and this number could reach 1.1 billion in 2050 (FAO, 2018).
Recently, it was reported that about 28% of food is lost and wasted after harvest (FAO,
2019; United Nations Environment Programme, 2021). Thus, refrigeration to maintain
food security by reducing food loss and waste is a subject of interest since the last
decades.

Food loss and waste due to unsafe food and/or unacceptable quality are often caused
by temperature abuse in cold chain. Too high temperature may result in foodborne
infection and unacceptable organoleptic quality (Mercier et al., 2017; Ndraha et al.,
2018). Too low temperature can cause undesirable quality in some foods, e.g. chilling
injury in tropical fruit (Liu et al., 2019). Regarding frozen food, although products are
kept within a suitable temperature range, temperature fluctuation allows ice
recrystallization, yields bigger ice crystals and lowers the quality of the food product
(Vicent et al., 2020). Hence, the cold chain must be well maintained at optimal storage
temperature which depends on product nature, e.g. fish 0-2°C, fruit and vegetable 8°C
(Grandison, 2011; Smith & Hui, 2004).

Transportation using insulated boxes equipped with passive cooling devices, i.e.
without refrigerating equipment, such as Phase Change Material (PCM) is widely used
(Robertson et al., 2017). Transport may involve a short distance (local food) or a long
distance (East et al., 2009; Elliott & Halbert, 2008; Navaranjan et al., 2013) during which
the ambient temperature can vary according to the season, e.g. -10°C in winter and
35°C in summer (East et al., 2009). Among the different links in the cold chain from the
manufacturers to the consumers, the last mile transport to the consumers has been
found to be one of the weakest. Laguerre et al. (2013) and Mercier et al. (2017) reported
that this last step had the highest average temperature and the highest temperature
variation. Accordingly, a cold storage system such as an insulated box with PCM could
provide a solution to maintain an adequate product temperature, especially during
delivery of temperature-sensitive products (Nie et al., 2020; Zhao et al., 2020a).

The main advantages of insulated boxes with PCM are low investment and operating
costs, flexibility in storage temperatures, availability of several volumes, and ease of
maintenance (Zhao et al., 2020a). However, two drawbacks emerge: the temperature
in an insulated box is difficult to control, and temperature heterogeneity is often
observed (Laguerre et al., 2008a; Margeirsson et al., 2012; Navaranjan et al,, 2013). An
empirical approach is mainly used in practice. It is challenging to establish physical-
based models, which take into account various transport conditions (i.e. ambient
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temperature and duration) for temperature prediction of various product types of
different recommended storage temperatures.

There are several factors that impact the temperature of food in insulated boxes with
PCM: box (insulation and geometry), PCM (melting point, position and mass), product
(type and mass) and external ambient temperature. Several experimental and
numerical studies reported that thermal insulation of the box exerts the most influence.
The evaluation of the thermal performance of insulated boxes equipped with PCM was
undertaken by different authors (Du et al., 2020; East & Smale, 2008; Navaranjan et al.,
2013; Paquette et al., 2017).

In addition to the box's insulation, PCM position largely impacts temperature
distribution inside insulated boxes. Placing PCM at the bottom generates the highest
internal temperature and the highest temperature difference between the min. and
max. values (Du et al., 2020; Laguerre et al., 2008a). For high-value products like
vaccines, five or six PCM plates are placed on the internal box walls (Elliott & Halbert,
2005; Kacimi & Labranque, 2019) to compensate the heat losses through the walls
during PCM melting. In this case, the useful volume for the product is significantly
reduced, hence not suitable for food transport.

Understanding the physical phenomena is a key factor to optimize the operating
conditions for food transport. Various phenomena are involved simultaneously in an
insulated box equipped with PCM: conduction in product, solid PCM and box’s wall,
convection in air and melted PCM, radiation between product surface and internal wall,
phase change during PCM melting and food quality evolution (Leungtongkum et al.,
2022). According to the literature, several studies considered only heat transfer by
conduction for model simplification (Du et al., 2020; Kozak et al., 2017; Margeirsson et
al., 2012; Paquette et al.,, 2017; Xiaofeng & Xuelai, 2021). To better represent the real
phenomena, some works include natural convection to predict the temperature profile
and airflow pattern (Burgess et al., 2022; Calati et al., 2023; Rahimi-Khoigani et al., 2023).
Bairi (2008) and Leporini et al. (2018) demonstrated the effect of radiation in an empty
cavity. Heat exchanges in closed cavities via these three transfer modes are of the same
order of magnitude; thus, it is necessary to take all of them into account (Laguerre &
Flick, 2010).

In spite that natural convection in closed cavities filled with porous media or single
solid objects (flat plate, cylinder and sphere) was extensively studied for various
engineering applications (Miroshnichenko & Sheremet, 2018; Pandey et al.,, 2019), the
knowledge acquired is not directly applicable in our case (e.g., meat, fruit and
vegetables) with numerous product items whose dimensions are of the same order of
magnitude as the cavity. Whereas there are several studies about temperature
evolution in insulated boxes, there is a lack of data in literature about airflow in such
boxes. The knowledge of airflow patterns and intensity is essential in natural
convection because heat transfer and airflow are strongly related. This lack of airflow

16



data can be explained by the difficulty in measuring low air velocities as observed in
natural convection (Miroshnichenko & Sheremet, 2018). The measurement of air
velocity by optical techniques e.g. Laser Doppler Velocimetry (LDV) and Particle Image
Velocimetry (PIV) has been successfully used to measure air velocity in several types
of equipment used in the cold chain (Chaomuang et al, 2020; Pham et al., 2021).
However, measurement of the air velocity in a loaded cavity such as an insulated box
equipped with PCM for food transport has been investigated only rarely. The specificity
in this case is that only one wall (PCM container) is at an almost constant temperature
and all the other walls of the box are non-adiabatic. To our knowledge, no
experimental studies combining temperature and air velocity measurements inside an
empty and loaded insulated box with PCM has been conducted.

Various 2D and 3D CFD models of insulated boxes with PCM were developed (Du et
al., 2020; Laguerre et al,, 2018, 2019; Margeirsson et al., 2012; Paquette et al., 2017;
Xiaofeng & Xuelai, 2021). These models allow the investigation in detail of the impact
of design and operating conditions on temperature evolution in the space and with
time. However, CFD models require a significant calculation time; for example, it took
up to 8 h by using a computer with 32 GB of RAM to investigate a 3D heat transfer
model of an insulated box containing food products (Paquette et al.,, 2017). Thus, it is
not possible to apply a CFD model in real-time temperature prediction (Mercier et al.,
2017). Moreover, the use of CFD software is complex and requires expertise in fluid
mechanics. Hence, lumped and zonal models were also developed as a complementary
approach (East et al., 2009; Laguerre et al., 2018, 2019). A lumped model assumes
uniform product temperature and global heat resistances (Kozak et al., 2017; Laguerre
et al., 2019) while a zonal model distinguishes warmer and colder regions (East &
Smale, 2008). These models enable useful information (e.g., PCM melting duration and
product temperature change during shipment) to be acquired as a function of the box
design and usage conditions. However, they were often applied only for a specific box
design and did not take all heat transfer modes into account although these heat
transfer modes are of the same order of magnitude in terms of heat flux (Laguerre &
Flick, 2004). It is to be highlighted that, the models cited above have different
complexity levels, from simple to advanced. They need different kinds of input
parameters and hypothesis, thus provide different outputs.

Various users are involved in the application of insulated boxes with PCM, i.e,
researchers, manufacturers and stakeholders. They have different levels of expertise
and their own practical questions. Hence, different numerical models (lumped, zonal
and CFD model) are necessary to answer technical problems of the users in order to
improve the thermal performance of food transport.
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Introduction
Contexte

La sécurité alimentaire est devenue une question urgente depuis plusieurs années. Le programme
alimentaire mondial indique que 349 millions de personnes n'ont actuellement pas acces a une
alimentation saine (Alleyne, 2023) et ce nombre pourrait atteindre 1,1 milliard en 2050 (FAO, 2018). On
estime qu'environ 28 % de la nourriture est perdue ou gaspillée apres la récolte (FAO, 2019 ; Programme
des Nations Unies pour I'environnement, 2021). C’'est pourquoi la réfrigération qui permet de réduire
les pertes et le gaspillage alimentaires est un sujet d'intérét majeur depuis plusieurs décennies.

Les pertes et gaspillages alimentaires dus a des aliments insalubres et/ou de qualité inacceptable sont
souvent causés par des températures excessives dans la chaine du froid. Une température trop élevée
peut entrainer des infections alimentaires et une qualité organoleptique inacceptable (Mercier et al.,
2017 ; Ndraha et al., 2018). Une température trop basse peut entrainer un défaut de qualité de certains
aliments, par ex. ‘blessure’ par le froid dans les fruits tropicaux (Liu et al., 2019). En ce qui concerne les
aliments surgelés, bien que les produits soient conservés dans une plage de température appropriée,
les fluctuations de température permettent la recristallisation de la glace ce qui produit des cristaux de
glace plus gros et réduit la qualité du produit (Vicent et al., 2020). Par conséquent, la chaine du froid
doit étre bien maintenue a une température optimale qui dépend de la nature du produit, par ex. le
poisson 0-2°C, les fruits et [égumes 8°C (Grandison, 2011 ; Smith & Hui, 2004).

Le transport a I'aide de caissons isothermes équipés de dispositifs de refroidissement passifs, c'est-a-
dire sans équipement frigorifique, comme les matériaux a changement de phase (Phase Change
Material: PCM) est largement utilisé (Robertson et al.,, 2017). Le transport peut impliquer une courte
distance (nourriture locale) ou une longue distance (Elliott & Halbert, 2008 ; East et al., 2009 ; Navaranjan
et al, 2013) sur laquelle la température ambiante peut varier selon la saison, par ex. -10°C en hiver et
35°C en été (East et al., 2009). Parmi les différents maillons de la chaine du froid, des fabricants aux
consommateurs, le transport des derniers kilometres jusqu'aux consommateurs s'est révélé étre I'un des
plus faibles. Laguerre et al., (2013) et Mercier et al., (2017) ont rapporté que cette derniére étape avait
la température moyenne la plus élevée et la variation de température la plus élevée. En conséquence,
un systeme de stockage frigorifique tel qu'un caisson isolé avec PCM pourrait apporter une solution
pour maintenir une température adéquate du produit, en particulier lors de la livraison de produits
thermosensibles (Nie et al., 2020 ; Zhao et al., 2020a).

Les principaux avantages des caissons isothermes avec PCM sont les faibles colts d'investissement et
d'exploitation, la possibilité de choisir des PCM a différents points de fusion, la disponibilité de caissons
de différents volumes et la facilité d'entretien (Zhao et al, 2020a). Cependant, deux inconvénients
apparaissent : la température dans un caisson isotherme est difficile a controler et une hétérogénéité
de température est souvent observée (Laguerre et al., 2008a ; Margeirsson et al.,, 2012 ; Navaranjan et
al., 2013). Une approche empirique est principalement utilisée dans la pratique. Il est difficile d'établir
des modéles basés sur la physique qui prennent en compte diverses conditions de transport
(température ambiante, durée) pour des produits ayant différentes propriétés et températures de
stockage recommandées.

Plusieurs facteurs impactent la température des aliments dans les caissons isothermes avec PCM :
caractéristiques du caisson (isolation et géométrie), du PCM (point de fusion, position et masse), du
produit (type et masse) et température ambiante extérieure. Plusieurs études expérimentales et
numériques ont rapporté que l'isolation thermique du caisson a le plus d'influence. L'évaluation des
performances thermiques de caissons isothermes équipées de PCM a été effectuée par plusieurs auteurs
(Du et al., 2020 ; East & Smale, 2008 ; Navaranjan et al., 2013 ; Paquette et al., 2017).
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En plus de l'isolation du caisson, la position du PCM a un impact important sur la distribution de
température. Placer le PCM en bas génére la température interne la plus élevée et la différence min/max
de température la plus élevée (Du et al.,, 2020 ; Laguerre et al., 2008a). Pour les produits de grande valeur
comme les vaccins, cing ou six plaques PCM sont placées sur les parois internes du caisson (Elliott &
Halbert, 2005 ; Kacimi & Labranque, 2019) pour compenser directement les pertes de chaleur a travers
les parois. Dans ce cas, le volume utile pour le produit est considérablement réduit, donc inadapté au
transport alimentaire.

La compréhension des phénomenes physiques est essentielle pour optimiser les conditions opératoires
du transport alimentaire. Différents phénoménes interviennent simultanément dans un caisson
isotherme équipée de PCM : conduction dans le produit, dans le PCM solide et dans les parois du
caisson ; convection dans I'air et le PCM fondu, rayonnement entre surfaces du produit et des parois
internes ; changement de phase lors de la fusion du PCM et évolution de la qualité des aliments
(Leungtongkum et al., 2022). Plusieurs études ont considéré uniquement le transfert de chaleur par
conduction dans un souci de simplification du modele (Du et al., 2020 ; Kozak et al., 2017 ; Margeirsson
et al, 2012 ; Paquette et al,, 2017 ; Xiaofeng & Xuelai, 2021). Pour étre plus réalistes, certains travaux
ont inclus la convection naturelle (Burgess et al., 2022 ; Calati et al., 2023 ; Rahimi-Khoigani et al., 2023).
Bairi (2008) et Leporini et al. (2018) ont démontré I'effet du rayonnement dans une cavité vide. En réalité,
les échanges thermiques dans des cavités fermées via ces trois modes de transfert sont du méme ordre
de grandeur ; il faut donc tous les prendre en compte (Laguerre & Flick, 2010).

Bien que la convection naturelle dans des cavités fermées remplies de milieux poreux ou d'objets solides
uniques (plaque plate, cylindre et sphére) ait été largement étudiée pour diverses applications
d'ingénierie (Miroshnichenko et Sheremet, 2018 ; Pandey et al., 2019), les connaissances ainsi acquises
ne sont pas directement applicables dans notre cas (par exemple, viande, fruits et légumes) ol on a de
nombreux produits dont les dimensions sont du méme ordre de grandeur que la cavité. Alors qu'il existe
plusieurs études sur I'évolution de la température dans les caissons isothermes, la littérature manque
de données sur les écoulements d'air dans ces caissons. La connaissance de la structure et de I'intensité
des écoulements d'air est essentielle en convection naturelle car le transfert de chaleur et I'écoulement
sont fortement liés. Ce manque de données aérauliques peut s'expliquer par la difficulté a mesurer les
faibles vitesses d'air observées en convection naturelle (Miroshnichenko et Sheremet, 2018). La mesure
de la vitesse de l'air par des techniques optiques, par ex. la vélocimétrie laser Doppler (LDV) et la
vélocimétrie par images de particules (PIV) ont été utilisées avec succés pour mesurer la vitesse de I'air
dans plusieurs types d'équipements utilisés dans la chaine du froid (Chaomuang et al., 2020 ; Pham et
al, 2021). Cependant, la mesure de la vitesse de I'air dans une cavité chargée telle qu'un caisson
isotherme équipée de PCM pour le transport de denrées alimentaires n'a été que rarement étudiée. La
spécificité dans ce cas est qu'une seule paroi (PCM) est a une température quasi constante et toutes les
autres parois de la cavité sont non adiabatiques. A notre connaissance, aucune étude expérimentale
combinant des mesures de température et de vitesse de l'air a I'intérieur d'une enceinte isotherme vide
et chargée avec du PCM n'a été menée.

Différents modéles CFD 2D et 3D de caissons isothermes avec PCM ont été développés (Du et al., 2020
; Laguerre et al., 2018 ; 2019 ; Margeirsson et al., 2012 ; Paquette et al.,, 2017 ; Xiaofeng & Xuelai, 2021).
Ces modeéles permettent d'étudier en détail I'impact de la conception du caisson et des conditions de
fonctionnement sur I'évolution de la température en fonction de la position. Cependant, les modéles
CFD nécessitent un temps de calcul important ; par exemple, il a fallu jusqu'a 8 h en utilisant un
ordinateur avec 32 Go de RAM pour étudier un modele de transfert de chaleur 3D d'un caisson
isotherme contenant des produits alimentaires (Paquette et al., 2017). Ainsi, il n'est pas possible
d'appliquer un modeéle CFD dans la prédiction de température en temps réel (Mercier et al,, 2017). De
plus, l'utilisation des logiciels CFD est complexe et nécessite une expertise en mécanique des fluides.
Par conséquent, des modeéles globaux et zonaux ont également été développés comme approche
complémentaire (East et al., 2009 ; Laguerre et al., 2018; 2019). Un modeéle global suppose une
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température uniforme du produit et des résistances thermiques globales (Kozak et al., 2017 ; Laguerre
et al., 2019) tandis qu'un modéle zonal distingue les régions plus chaudes et plus froides (East & Smale,
2008). Ces modeles permettent d'obtenir des informations utiles (par exemple, durée de fusion du PCM
et évolution de la température du produit) en fonction de la conception du caisson et des conditions
d'utilisation. Cependant, ils ne s'appliquent souvent qu'a un caisson spécifique et ne prennent pas en
compte tous les modes de transfert de chaleur bien qu'ils soient du méme ordre de grandeur en termes
de flux de chaleur (Laguerre & Flick, 2004). Il convient de souligner que les modeles cités ci-dessus ont
des niveaux de complexité différents ; ils ont besoin de différents types de parameétres d'entrée et
d'hypotheses ; et ils fournissent des sorties différentes.

Différents acteurs sont impliqués dans le domaine des caissons isothermes avec PCM : des chercheurs,
des fabricants et des utilisateurs. Ils ont différents niveaux d'expertise et leurs propres questions
pratiques. Ainsi, différents modéles numériques (modéles globaux, zonaux et CFD) sont nécessaires
pour répondre aux problémes techniques des utilisateurs afin d'améliorer les performances thermiques
du transport alimentaire.

AIM AND SCOPE

Following the previous reasoning, the present Ph.D. thesis was conducted with two
main objectives.

First, it aims to develop an experimental methodology to:

- Characterize natural convection, i.e., heat transfer and airflow, in an insulated
box equipped with PCM. A non-intrusive technique, Particle Image Velocimetry
(PIV), was implemented to address the air velocity field and thermocouples to
address the temperature field.

- Study the influence of box configuration (PCM position and box geometry) and
operating conditions (ambient temperature, initial product temperature and air
gap underneath the product) on flow patterns and temperature distribution.

- Derive, from the experimental data, analytical equations to estimate, for
example, the maximum storage time (under which the product temperature is
always under a critical value) in function of PCM mass.

Second, it aims to develop three numerical tools from basic to advanced: lumped
model, zonal model and CFD model, to predict temperature evolution in an insulated
box with PCM loaded with products. The lumped model predicts average product
temperature evolution regarding global heat resistances. The zonal model
distinguishes warmer and colder regions by taking heat transfer and airflow into
account. The CFD model describes detailed temperature and velocity fields. These
models were compared in view of different practical questions (effect of box design
and operating conditions) and of their capacities to contribute in the prediction of
food quality and safety evolution.
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Objectif de la these
Ce travail de doctorat a été menée avec deux objectifs principaux.
Premiérement, il vise a développer une méthodologie expérimentale pour :

- Caractériser la convection naturelle, c'est-a-dire le transfert de chaleur et I'écoulement d'air,
dans un caisson isotherme équipée de PCM. Une technique non intrusive : vélocimétrie par
image de particules (Particle Image Velocimetry : PIV), a été mise en place pour obtenir le champ
de vitesse de I'air et des thermocouples pour le champ de température.

- Etudier I'influence de la configuration du caisson (position du PCM et géométrie du caisson) et
des conditions de fonctionnement (température ambiante, température initiale du produit et
espace laissé sous le produit) sur la structure de I'écoulement et la distribution de température.

- Déduire, a partir des données expérimentales, des équations analytiques pour estimer, par
exemple, la durée maximale de stockage (sous laquelle la température du produit est toujours
inférieure a une valeur critique) en fonction de la masse de PCM.

Deuxiemement, il vise a développer trois outils numériques : modele global (lumped), modéle zonal et
modeéle CFD pour prédire I'évolution de la température dans un caisson isotherme avec PCM chargé de
produits. Le modele global prédit I'évolution de la température moyenne du produit en fonction des
résistances thermiques. Le modeéle zonal distingue les régions plus chaudes et plus froides en tenant
compte des transferts de chaleur et de I'écoulement d'air. Le modéle CFD décrit en détail les champs
de température et de vitesse. On cherche a comparer ces modeéles en termes de réponses qu'ils peuvent
donner a différentes questions pratiques et a illustrer leurs potentialités concernant I'évolution de la
qualité et de la sécurité sanitaire des aliments.

STRUCTURE OF THE THESIS

The structure of the manuscript described briefly below includes 5 chapters, it is also
presented in Figure 0.1.

Chapter I: Literature review presents the state of the art of previous studies involving
insulated boxes with PCM. First, several experimental and numerical studies in the field
of food transportation of various product types in insulated boxes equipped with PCM
(approaches, techniques and main observations) are discussed. The influence of the
food characteristics, insulating material, box design, PCM properties and the external
ambient temperature was analyzed. Moreover, the studies related to PCM application
in other cold equipment (refrigerated trucks, cold rooms, display cabinets and
domestic refrigerators) are also presented. This literature review leads to Article 1 in
2022. From there, more studies on heat transfer and airflow in a closed cavity are
reported. Finally, the originality of this thesis in comparison with the previous studies
is discussed.
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Figure 0.1 Structure of the thesis

Chapter lI: Experimental approach for heat transfer and airflow characterization
in an insulated box describes the developed experimental devices and protocols to
characterize heat transfer and airflow in an insulated box with PCM, ice of melting
point ~ 0°C in our case. It consists of temperature measurements by thermocouples
and air velocity measurements by PIV technique with two challenges: low velocity
(mm/s in some cases) and smog introduction in a non-isothermal system. The studying
parameters were loading condition: no load, load with extruded polystyrene slabs (XPS
- without heat exchange with air) and load with test product (Tylose). Next, several
effects of box configurations and operating conditions were presented: effect of the
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PCM position (on a sidewall and at the top), box geometry (height/width = 1 and 1.7),
ambient temperature (10°C to 30°C), initial test product temperature (4°C and 10°C),
and spacing beneath the test product (no gap and a 20-mm gap). The availability of
both temperature and velocity fields allowed a better understanding of the coupling
between heat transfer and airflow in various operating conditions. Some practical
outcomes were derived from the observations: estimation of maximum storage time
for a given PCM mass and ambient temperature; influence of box insulation on
temperature level and temperature heterogeneity. These outcomes could help the
stakeholders to optimize food transport/storage using insulated boxes with PCM in
terms of box insulation, mass and position of PCM to achieve the targeted storage
time under a given ambient temperature. The experimental investigation has been
published as articles 2 and 3 and data articles 6 and 7.

Chapter Ill: Development and validation of thermal models for an insulated box
with PCM explains the development and validation of three modeling approaches:
lumped model, zonal model and CFD model. The simple lumped model is first
presented briefly (this model is presented more in detail in chapter IV). Then the
hypotheses of the zonal model are presented and the validation by comparison with
the experimental results are shown (Article 4 and Code Article 8). Finally, the CFD
model development and validation is presented (Conference Paper 1).

Chapter IV: How to choose a model to address practical issues encountered
during food transport in an insulated box equipped with PCM demonstrates how
the validated thermal models (presented in chapter Ill) are useful to design the box
and determine optimal conditions. It contains the numerical demonstrations of
temperature variation under different cold chain scenarios and the estimation of the
required PCM amount (for given time and ambient temperature). Then, the effect of
box insulation, PCM and food characteristics (mass, properties, position) is discussed.
Next, the coupling between thermal and microbiological models to predict microbial
growth evolution is demonstrated. The work presented in chapter Ill and IV aims to
propose several modelling approaches, with different complexity, for different users,
to answer technical questions in food transport and storage in an insulated box with
PCM. The comparison between the different approaches is presented as Article 5.

Finally, the conclusions and perspectives are provided in Chapter V. A list of literature
cited throughout the thesis is summarized in Reference.
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Structure de la theése
Le manuscrit comprend 5 chapitres (cf Figure 0.1)

Le chapitre | : Etude bibliographique présente |'état de I'art des études antérieures impliquant des
PCM lors du transport de produits alimentaires. Dans un premier temps, on résume plusieurs études
expérimentales et numériques portant sur le transport de divers types de produits alimentaires dans
des caissons isothermes équipées de PCM (approches, techniques et principaux constats). L'influence
des caractéristiques des aliments, du matériau isolant, de la conception du caisson, des propriétés du
PCM et de la température ambiante externe a été analysée. De plus, des études liées a I'utilisation de
PCM dans d'autres équipements frigorifiques (camions frigorifiques, chambres froides, vitrines et
réfrigérateurs domestiques) sont également présentées. Cette revue de la littérature (effectuée en début
de these) a été publié en 2022 : article 1. Le chapitre | comporte en plus de cet article une analyse
d'autres études sur le transfert de chaleur et les écoulements d'air dans des cavités fermées. Enfin,
I'originalité de cette thése par rapport aux études précédentes y est discutée.

Le Chapitre Il : Approche expérimentale pour la caractérisation des transferts de chaleur et des
écoulements d'air dans un caisson isotherme décrit les dispositifs et protocoles expérimentaux
développés pour caractériser les transferts de chaleur et les écoulements d'air dans une enceinte
isotherme avec PCM (glace de point de fusion ~ 0°C dans notre cas). Les mesures de température se
font par thermocouples et les mesures de vitesse d'air par PIV avec deux défis : faible vitesse (mm/s
dans certains cas), introduction de fumée dans un systéme non isotherme. Les paramétres étudiés
concernent le chargement: pas de chargement (enceinte vide), chargement en polystyréne extrudé (XPS
- sans échange de chaleur avec I'air) et chargement de produits test (Tylose). L'effet de la configuration
du caisson et des conditions de fonctionnement sont présentés : effet de la position du PCM (sur un
coOté et en haut), géométrie du caisson (hauteur/largeur = 1 et 1,7), température ambiante (10°C a 30°C),
température initiale du produit a tester (4°C et 10°C) et espace laissé sous le produit (pas d'espace et
espace de 20 mm). La disponibilité des champs de température et de vitesse a permis une meilleure
compréhension du couplage entre les transferts de chaleur et I'écoulement d'air dans les différentes
conditions de fonctionnement. Quelques résultats pratiques ont été dérivés des observations :
estimation du temps de transport/stockage maximal pour une masse de PCM et une température
ambiante données ; influence de I'isolation du caisson sur le niveau de température et I'hétérogénéité
de la température. Ces résultats pourraient aider les parties prenantes a optimiser le transport/stockage
des aliments a |'aide de caissons isothermes avec PCM en termes d'isolation des caissons, de masse et
de position du PCM pour atteindre le temps de transport/stockage ciblé sous une température
ambiante donnée. L'étude expérimentale a été publiée sous la forme deux articles ‘conventionnels’ :
articles 2 et 3 et deux articles de données (data papers) : articles 6 et 7.

Le Chapitre Ill : Développement et validation de modéles thermiques pour un caisson isotherme
avec PCM explique la construction et la validation de trois approches de modélisation : modéle global,
modele zonal et modele CFD. Le modéle global, le plus simple, est d'abord présenté brievement (ce
modeéle est présenté plus en détail au chapitre IV). Puis les hypothéses du modéle zonal sont présentées
ainsi que sa validation par comparaison avec les résultats expérimentaux (Article 4 et Article de logiciel
8). Enfin, le développement et la validation du modéle CFD sont présentés (Communication a
conférence, conference paper 1).

Le chapitre IV : Comment choisir un modéle pour répondre a des problémes pratiques rencontrés
lors du transport de denrées alimentaires dans un caisson isotherme équipée de PCM montre
comment les modeéles thermiques (présentés avec leur validation au chapitre lll) sont utiles pour
concevoir le caisson et déterminer les conditions optimales d'utilisation. Il présente des simulations
numériques de I'évolution de température du produit selon différents scénarios de chaine du froid. Il
montre aussi comment estimer la quantité de PCM requise (pour un temps et une température
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ambiante donnés). Ensuite, I'effet de I'isolation du caisson, des caractéristiques du PCM et des aliments
(masse, propriétés, position) est discuté. Enfin, le couplage entre des modéles thermiques et
microbiologiques pour prédire I'évolution de la croissance microbienne est exposé. Le travail présenté
dans les chapitres Ill et IV vise a proposer plusieurs approches de modélisation, de complexité différente,
pour divers utilisateurs, permettant de répondre a des questions techniques en matiére de transport et
de stockage alimentaire en caisson isotherme avec PCM. La comparaison entre les différentes approches
est présentée a l'article 5.

Enfin, les conclusions et les perspectives sont fournies au chapitre V.
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LITERATURE REVIEW

1.1

SUMMARY

This chapter summarizes the published studies related to insulated boxes with PCM
for food transport. First, several articles investigating the use of PCM in insulated boxes
and other cold equipment (refrigerated trucks, cold storage facilities, display cabinets
and domestic refrigerators) are presented as shown in Article 1. As a complementary
to Article 1, this chapter describes briefly the studies related to predictive models for
food quality and safety, the studies dealing with transport phenomena (heat transfer
and airflow) in a closed cavity. Finally, the conclusion stating the novelty of this thesis
regarding the previous studies is explained.

Résumé

Ce chapitre fait un état de I'art des travaux publiées sur des caissons isothermes équipés d'un matériau
a changement de phases (Phase Change Material : PCM) pour le transport alimentaire. Dans un premier
temps, une synthese des études portant sur I'utilisation de PCM dans des caissons isothermes mais aussi
dans d'autres équipements frigorifiques (camions frigorifiques, entrepbts frigorifiques, vitrines et
réfrigérateurs domestiques) est présentée sous la forme d'un article publié (article 1). En complément
de cet article, ce chapitre décrit brievement des études portant sur des modeles prédictifs de qualité et
de sécurité des aliments et des études concernant les phénomeénes de transport (transfert de chaleur et
écoulement d'air) en cavité fermée. Enfin, la conclusion énonce les nouveautés de cette thése par
rapport aux études antérieures.
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1.2 NOMENCLATURE

A Area [m?]

G Heat capacity [J-kg™']

dc Characteristic length [m]

g Gravitational acceleration = 9.81 m-s™
Gr Grashof number [-]

h Convective heat transfer coefficient [W-m2K "]
H Height [m]

k Thermal conductivity [W-m™-K]

L Length [m]

Nu Nusselt number [-]

Pr Prandtl number [-]

q Heat flux [W]

Ra Rayleigh number [-]

T Temperature [°C or K]

Ts Film temperature [°C or K]

T Fluid temperature [°C or K]

Ts Surface temperature [°C or K]

X Slab thickness [m]

Greek symbols

B Thermal expansion coefficient [K™]

£ Surface emissivity [-]

p Density [kg-m™~]

u Dynamic viscosity [kg-m™-s™]

o Stefan-Boltzmann constant = 5.67 x 108 W-m2-K*
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1.3

ARTICLE 1

Etat de I'art concernant les caissons isothermes et les équipements réfrigérés avec des
matériaux a changement de phase pour la conservation des aliments

Résumeé (version francaise de I'abstract de I'article 1)

L'utilisation de matériaux a changement de phase (phase change material : PCM)
comme accumulateur de froid permet une meilleure préservation des aliments, accroit
la sécurité sanitaire et améliore la gestion de I'énergie. Cependant, dans la pratique,
I'utilisation de PCM se fait de facon empirique, en se basant sur I'expérience de
I'utilisateur ou par essais/erreurs. De nombreuses études ont été réalisées sur des
caissons isothermes et dans des équipements frigorifiques (camions frigorifiques,
chambres froides, vitrines réfrigérées et réfrigérateurs domestiques). Elles ont analysé
l'influence qu’ont différents parametres tels que le point de fusion, la position et la
masse du PCM, les propriétés et la masse de produit, le matériau d'isolation ainsi que
la température extérieure sur les températures (air et produit) et la consommation
d'énergie. Les parametres les plus importants sont l'isolation des parois et la
configuration du PCM. En raison des interactions complexes entre ces paramétres, ils
doivent étre considérés conjointement avec les conditions d'utilisation. Les relations
entre échange thermique et flux d'air a l'intérieur de I'équipement doivent étre
étudiées plus en détail notamment en fonction de la position du PCM.
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Abstract

The use of Phase Change Material (PCM) as a cold accumulator in refrigeration
contexts leads to better food safety, food security and energy management. However,
applying PCM in real usage still depends on the user’s experience or a trial-and-error
basis. Studies carried out on insulated boxes and in refrigerated equipment
(refrigerated trucks, cold storage facilities, display cabinets and domestic refrigerators)
were reported. The influence of the studied conditions such as PCM melting point,
position, mass of PCM and load, insulation material, external temperature on
air/product temperatures and energy consumption was analyzed. Important
parameters enabling the application of PCM in boxes and refrigerated equipment are
the wall insulation and PCM configuration cited previously. Because of the complex
interactions between these parameters, they need to be considered together with the
usage conditions. The relationships between heat exchange and airflow inside the
equipment should be further studied notably in function to the PCM position.

Keywords: Phase change material, Food cold chain, Insulated box, Energy
management

1. Introduction

The main concern during food transportation is the microbial safety of the food that
could be compromised by high temperature and may result in food poisoning or
foodborne infection (Mercier et al, 2017). However, products with unacceptable
organoleptic quality (firmness, color), although still edible, may also be regarded as
not sellable by retailers or inedible by consumers, thus leading to food waste (Ndraha
et al.,, 2018). A temperature that is too low can also lead to undesirable quality in some
foods, for example, chilling injury in tropical fruit (Liu et al., 2019). FAO (2019) reported
that 1.3 billion tons per year or one-third of edible food consumed by humans is
wasted worldwide. Each food product has a specific optimal storage temperature, since
a storage temperature that is too high or too low can adversely affect the quality
and/or safety of the food (East et al., 2009).

Regarding frozen food, although products are kept within a suitable temperature
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range, temperature fluctuations can still impact their quality. Indeed, during frozen
storage, ice recrystallization caused by temperature variations yields bigger ice crystals
and lowers the quality of the food product (Or¢ et al,, 2012a; 2012b; Phimolsiripol et
al., 2008; Vicent et al., 2019, 2020).

Transportation using insulated boxes plays an important role in the cold chain,
particularly when passive cooling devices such as Phase Change Material (PCM) are
used, e.g. during shipment from the producer to the retailer, then to the consumer
(Robertson et al., 2017). Transport may involve a short distance (a few kilometers for
locally produced food) or long distances, e.g. from Glasgow to London (Elliott &
Halbert, 2008), from Sydney to Melbourne (East et al., 2009), or from New Zealand to
Singapore (Navaranjan et al., 2013). The ambient temperature during delivery can vary
according to the season, e.g. -10°C in winter and 35°C in summer (East et al., 2009).
Among the different links in the cold chain, the final transport to the consumer has
been found to be one of the weakest. Laguerre et al. (2013) and Mercier et al. (2017)
reviewed temperature abuse in the cold chain and reported that this last step had the
highest average temperature and the highest temperature variation. Accordingly, a
cold storage system such as a PCM could provide a solution that maintains the
product temperature, especially during delivery of temperature-sensitive products
(Nie et al., 2020; Zhao et al., 2020a; 2020b).

This review article investigates studies on the transport of food in insulated boxes with
PCM knowing that such transport can also be used for pharmaceutical products (Yang
et al., 2021). Despite the ease of use of this technology and its relatively low cost,
temperature abuse can be observed, particularly due to insufficient PCM mass and
inappropriate PCM position causing temperature heterogeneity inside the box. In fact,
controlling the product temperature in a closed cavity is complex because of several
simultaneous heat transfer modes: conduction, natural convection and radiation
(Laguerre & Flick, 2010; Rincon-Casado et al., 2017; Shinoda et al., 2019). These
transfer modes are of the same order of magnitude; thus, it is necessary to take all of
them into account .

PCM is also used in other cold equipment such as refrigerated trucks, cold rooms,
display cabinets and domestic refrigerators. Here, PCM plays an important role, not
only in temperature control, but also in energy management (Schalbart et al., 2013;
Sonnenrein et al., 2015b; Yilmaz et al.,, 2020). However, determining the optimal PCM
position and mass is still the challenge in these applications (Azzouz et al., 2009;
Pirdavari & Hossainpour, 2020; Schalbart et al., 2013; Yilmaz et al., 2020).

There are several review articles on PCM classification, properties and improvement
(Or¢ et al., 2012a; 2012b; Rostami et al., 2020; Zhao et al., 2020a, 2020b). Many studies
on PCM application in buildings, solar systems, or even in the food industry have been
performed (Nie et al.,, 2020; Yang et al,, 2021; Zhao et al., 2020a; 2020b). However, we
have not found any review articles dedicated to the use of PCM to maintain the desired
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food temperature throughout the entire cold chain equipment including insulated
boxes. For instance, Zhao et al. (2020a) reviewed PCM application in refrigerated trucks,
refrigerated containers and insulated boxes. Bista et al. (2018) alone reported the use
of PCM in a refrigerator. It is important to investigate this subject throughout the entire
cold chain in order to identify any research gaps and enhance the efficiency of the cold
chain (Costa, 2020) since chilled and frozen products transport has expanded rapidly
in all parts of the world in recent years. A comprehensive review devoted to all cold
chain equipment would be useful for food manufacturers and logistics companies.
Consequently, the objectives of this review article are firstly to present the state of the
art in the field of food transportation of various product types in insulated boxes
equipped with PCM (study approaches, techniques and main observations). The
influence of the insulating material, box design, PCM properties and the external
ambient temperature was analyzed. Secondly, the aim is to report on studies on the
application of PCM in other refrigerated equipment: refrigerated trucks, cold rooms,
display cabinets and domestic refrigerators where energy management is the main
concern. Finally, a discussion highlights the potential and the limitations associated
with the development of the use of PCM in the cold chain. Data gaps regarding the
complex phenomena involving heat and mass transfer, the phase-change process and
food engineering are also discussed.

2. Insulated box with PCM

There are various complex phenomena involved in an insulated box with PCM: heat
conduction inside the product, PCM and the walls of the box, heat convection between
the air and the product/PCM inside the box and between the external air and the box,
radiation between walls, the phase change process and food quality evolution.
Standard solutions cannot be widely applied as all these phenomena are impacted by
the type of product itself, the operating conditions (external temperature and duration),
the box dimensions, the type of PCM (latent heat, heat capacity and melting
temperature), its quantity and its position in the box. The objectives of this section are
to describe the existing studies in terms of the product quality (Section 2.1), type of
product transported (Section 2.2), box design (Section 2.3), PCM characteristics
(Section 2.4), operating conditions (Section 2.5) and influence of each factor in
application and modeling (section 2.6) to identify the overall findings as well as the
knowledge gaps.

2.1. Effect of PCM in insulated box on food quality

The interest of PCM application is to maintain low temperature and reduce
temperature fluctuations during food transport, which leads to better food quality
particularly for high perishable products. In the case of fresh fruit and vegetable, the
product respires continuously during storage, which leads to heat generation. High
respiration rate, a major factor contributing to the product loss, depends on product
(e.g. strawberry respiration rate is 4 times higher than that of apple) and on storage
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temperature (e.g. strawberry respiration rate at 15°C is 5 times higher than that at 0°C)
(Chakraverty & Singh, 2001). Numerous studies have shown the interest of Modified
Atmosphere Packaging (MAP) for the product shelf life extension because the gas
composition in the headspace (02, CO;) decreases the respiration rate. Zhao et al.
(2019) studied fresh strawberry quality change using MAP in an expanded polystyrene
box exposed to ambient temperature at 10°C and 20°C. Three PCM packs, previously
frozen at -18°C for 24 h, were placed at the top of the box. The results were compared
with the current package (air in headspace) and a control configuration where the
product was directly in contact with ambient air (Figure 1.1). It was observed that MAP
allowed product weight loss 30% lower than that in current package and about 160%
lower than that of control after 4 days at 10°C, this effect was more significant at
storage temperature at 20°C (Figure 1.1a). These authors also reported that the
combination of MAP, PCM and the insulated box allows the strawberry quality
preservation in terms of firmness, color, total soluble solids and global appearance
(results not shown). The better quality preservation under this combination can be
explained by first, MAP allows a reduction of product respiration rate (Figure 1.1b) and
second, PCM allows low product temperature fluctuation. These results confirm the
interest of the combination of MAP, PCM and the insulated box for delivery when the
ambient temperatures are not well controlled. Gin & Farid (2010) stored frozen meat
and ice cream in a domestic freezer without and with PCM (melting temperature -
15.4°C). For meat, these authors reported the reduction of drip loss from 17% (without
PCM) to 10% (with PCM) after 2-week storage and for ice cream, the average crystal
size decreased from 70 pm - 80 pum (without PCM) to 40 um -50 um (with PCM). It is
to be emphasized that the higher temperature fluctuation during frozen storage, the
bigger the ice crystals, the lower the food quality (Oro et al, 2012a; 2012b;
Phimolsiripol et al., 2008; Vicent et al., 2019, 2020).
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Figure 1.1 Evolution of (a) product weight loss and (b) product respiration rate of a
strawberry packed in an expanded polystyrene box with PCM.

A = MA pack (10% Oz, 0% COz), B = air pack and C = Control (product directly in
contact with ambient air). Adapted from Zhao et al. (2019)

2.2 Type of food product transported

Studies dealing with the transportation of different types of food products in insulated
boxes with PCM are summarized in Table 1.1. Out of 16 studies, six of them focused
on meat and fishery products since these products are extremely sensitive to
temperature changes during transportation and storage. As PCM, ice packs were
placed on top of the products in several experimental and numerical studies: haddock
fillets (Margeirsson et al.,, 2011), cod fillets (Margeirsson et al., 2012), New Zealand
terakihi (Navaranjan et al., 2013), horse mackerel (Laguerre et al., 2018), and sardine
(Laguerre et al., 2019). Zhao et al. (2019) investigated strawberry fruit transportation
using an insulated box with PCM. There were fewer studies dealing with fruit and
vegetable transportation by means of insulated boxes equipped with PCM. This may
be due to the fact that fruit and vegetable are not as perishable as meat products, thus,
they are less sensitivity to temperature abuse (Committee, 2014). However, it could be
valuable to investigate such applications as higher demand for fresh tropical produce
from cold climate countries has emerged recently (ICl Business on behalf of Centre for
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the Promotion of Imports from developing countries, 2020; Loria, 2021).

Delivery in an insulated box offers flexibility as it is possible to transport different types
of products simultaneously (Ndraha et al, 2019). Paquette et al. (2017) studied a
system with a mixed load containing food cans, vegetable packs and meat packs using
gel packs, but the focus of this work was the temperature of meat and vegetables, as
these products are more sensitive to temperature abuse than food cans. However,
greater care is needed during transport of several types of perishable products in the
same box since they require different optimal temperatures. Temperature abuse may
affect the final quality of sensitive products (Paquette et al., 2017).

Kozak et al. (2017) and Paquette et al. (2017) investigated liquid foods such as bottles
of water and beakers containing water, respectively. East & Smale (2008) and East et
al. (2009) studied beverage cans because they could be considered as lump objects
without internal heat transfer resistance via numerical modelling. These authors used
numerical models for the box design optimization: the material and thickness of the
box and dividers between the product and the PCM below, PCM type and thickness
and initial product and PCM temperatures.

The two remaining studies were conducted on an empty box to clearly determine the
impact of system design: insulating material, PCM position, melting point and
compartment volume (Du et al., 2020; Xiaofeng & Xuelai, 2021). As shown in Figure
1.2, the more box surface covered by PCM, the longer warming time of air at the box
center to increase from 0°C to 8°C (Du et al., 2020). This was due to greater heat
exchange area between the PCM and internal air, thus, greater cooling capacity. It was
observed that the PCM placed at the top and the bottom of the box gives almost the
same warming time.
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A= PCM at top wall

B=PCM at top and 4 side walls
C=PCM at 4 side walls

D= PCM at 4 side and bottom walls
6 E=PCM at bottom wall

Warming duration (h)

1 0.61 0.64

, L B |

A B C D E

Figure 1.2 Influence of PCM position and surface area in an insulated box on
warming duration defined as the duration during which the temperature at the
center of the box rises from 0 °C to 8 °C. Adapted from Du et al. (2020) for a
polyurethane box with PCM of 5°C melting point.

Some authors investigated the effect of product quantity on the thermal behavior of
the box equipped with a PCM. Elliott & Halbert (2008) reported that a higher load
quantity increases the thermal inertia, and thus generates a different temperature
profile. It is to be emphasized that the load quantity and the arrangement were varied
simultaneously in the experiments. Thus, it was difficult to highlight the influence of
these parameters separately. Paquette et al. (2017) compared the temperature profile
when one beaker of water and 4 beakers of water were placed in a box. They found
that the rate of temperature increase was 20% lower in the box with 4 beakers, can be
explained by the higher product inertia in comparison with 1 beaker. However, a higher
load quantity may lead to a lower cooling rate if the load is not previously chilled
before packing, and this causes deterioration in quality. Laguerre et al. (2018) indicated
that the greater the thickness of a stack of fish in the box, the longer the cooling
duration.

The load type also impacts the temperature profile because of different thermal
properties. Kacimi & Labranque (2019) studied the effect of the load using an empty
bag (lower thermal inertia) and a bag of water (higher thermal inertia). They noted that
by using bags of water, the temperature could be maintained for a longer period of
131 h compared with 115 h for empty bags.
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Table 1.1 Summary of studies using PCM in insulated boxes

Reference / PCM Box material Type of the | Main
Product (melting (internal study observation(s)
point) / dimensions)
position
Margeirsson et | Ice pack (0°C) | - Expanded Experimental | - The warmest
al. (2011) / / on top of polystyrene and position was at

Haddock fillets | the product (EPS) 35.6 cm | numerical (3D | the bottom
x220cmx 8.5 | CFD) corner
cm) - The coldest
- Corrugated position was at
plastic (CP) the top center
(37.0cm x 23.0 - After 6 h, the
cm x 8.0 cm) temperature
increase in EPS
and CP boxes was
8°C and 14°C,
respectively
- Ice pack
decreased the
product
temperature by
around 4°C but
increased its
heterogeneity (up
to 8°C compared
with 3°C in the
box without an
ice pack).
Margeirsson et | Ice pack EPS with Experimental | - The warmest
al. (2012) / Cod | (-0.5°C to - Sharp corners | and position was at
fillets 0.5°C) / on (35.6 cm x 22.0 | numerical (3D | the bottom
top of the cm x 10.9 cm) CFD) corner
product - Rounded - The coldest

corners (35.6
cm x 22.0 cm x
9.0 cm)

position was at
the top center

- Fillets in
rounded box had
a 2°C lower
temperature
difference and a
shelf life that was
2 days longer.
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Navaranjan et
al. (2013) / New
Zealand terakihi
(Nemadactylus
macropterus)

Ice pack (0°C)
/ in the center
at the top of
the box

6 Boxes with
the same
dimensions
(55.0 cm x 37.5
cm x 12.0 cm)
- 3 In-house
EPS with 1.0
cm, 1.5 cm and
2.5cm
thickness (E10,
E15 and E25)

- 1 Commercial
EPS box (CE)

- 1 box-in-box
using CP with
1.5 cm gap (B1)
- 1 improved
box-in-box
with 2.1 cm
gap and
covered with
aluminum foil
(B2)

Experimental

- The warmest
position was at
the corner

- The coldest
position was at
the center

- Thermal
resistance (R) of
B2 is twice that of
B1 but less than
CE and it
positively related
to the thickness
of in-house EPS
box.

- Fish quality
estimated by
time-
temperature
profile related to
R value of the
insulating
material with a
coefficient of
determination >
0.80.

Paquette et al.
(2017) / Water
beaker, food
can, meat pack,
vegetable pack
and fresh-cut
lettuce pack

Gel pack (0°C)
/ at different
locations in
the box
related to the
meat pack: on
the side,
above, below
and both
above and
below

Multilayer box
in CP box (40.4
cm x 31.9 cm x
21.5 cm)

Numerical
(3D heat
transfer) with
experimental
validation

- Use of
aluminum foil led
to 13% and 10%
lower meat and
lettuce
temperatures

(in °C),
respectively.

- More gel packs
prolonged the
time needed for
meat to reach
10°C: 6.0 h
(without a gel
pack) and 36.6 h
(6 kg gel pack).

- The
configuration
with the gel pack
at the center was
the most efficient.
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- Thermal
conductivity of

insulation had the
most influence on

product
temperature.
Laguerre et al. | Flaked ice EPS box with 3 | Experimental | - The warmest
(2018) / Horse | (0°C) / top of | cm thickness and position was at
mackerel fish stack numerical (1D | the bottom
(Trachurus) analytical - The coldest
model and position was at
2D CFD) the top
- 2D CFD could
predict the
cooling front in
the box.
- The cooling
time of the
bottom stack
correlated with
the fish stack’s
thickness.
Laguerre et al. | Ice pack 2 EPS box with | Experimental | - The warmest
(2019) / (-0.1°C to different and position was at
Sardine 0.1°C) / top of | dimensions. numerical (1D | the bottom
the fish stack | A:21.0 cm x analytical corner
21.0cm x 17.9 | model and - The coldest
cm with 1.8 cm | 3D Finite position was at
thickness Element the top
B: 17.5 cm x Method or 3D | - 1D analytical
23.5cmx 15.3 FEM) model could
cm with 2.5 cm roughly predict
thickness melting time and

highest product
temperature.

- 3D FEM could
determine
temperature
profile more
accurately,
particularly under
real conditions.
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Zhao et al.
(2019) /
Strawberries

Commercial
PCM (-2.0°C
to -1.2°C) /
top wall of the
box

EPS (29.0 cm x
175cm x 13.0
cm)

Experimental

- The stored
sample packed in
the box and PCM
had a higher
organoleptic
quality than that
without PCM.

- The weight loss
of the product
decreased 3%
and 10% while
the respiration
rate was reduced
22% and 17%
under 10°C and
20°C conditions,
respectively
compared with

no package.

Du et al. (2020) | PCM (0°C, 2°C, | Polyurethane Numerical - APU box +

/ No load 3°C, 4°C, 5°C (PU) or vacuum | (3D heat PCM with
and 8°C) / 5 insulated transfer melting points of
configuration | panels (VIPs) model) with 2°C and 8°C gave
- 100% top (A) | (35.5cm x 21.5 | experimental | the highest
- 20% each cm x 26.5 cm) validation cooling time (9.6
side and top h) and lowest
(B) cooling time (2.1
- 25% each h), respectively.
side (Q) - Configuration B
- 20% each led to highest
side and cooling time (9.6
bottom (D) h) while
- 100% configuration A
bottom (E) and E had the

lowest values
(around 0.6 h).

- VIPs allowed a
longer cooling
duration than PU
(up to 36.9 h).
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Xiaofeng & 2 PCM type: PU and VIP Numerical - The warmest
Xuelai (2021) / | A: 87% n- (145 cm x 75 (3D unsteady | position was at
No load caprylic acid cm X 65 cm) model) with the top corner of
and 13% divided into 3 experimental | first compartment
myristic acid compartments | validation - The coldest
(7.1°C) for for 1) ambient position was at
chilled storage | storage (no the wall's surface
B: potassium PCM), 2) chilled between second
sorbate storage at 7°C and third
solution to 10°C with compartment
(-2.1°C) for PCM A, and 3) - In the box with
sub-zero storage at -3°C 1:1:1 volume
storage/ 4 to -1°C with ratio, the
side walls and | PCM B with temperature in
a bottom of volume ratios the second and
each of 1:1:1 and third
compartment | 1:2:2. compartments
was maintained
at the desired
range for 15 h
and 16.5 h,
respectively.
- But it was only
10.8 h, and 11.5
h, respectively in
the box with
1:2:2 volume
ratio.
Elliott & Ice brix® Polystyrene Experiment - 3 gel packs
Halbert (2005) | frozen gel (32.0cm x 32.0 | and transit gave the desired
/ Small boxes pack: 3,4, 8 cm x 24.5 cm) test to temperature
containing and 16 packs maintain the | range.
empty (charging at temperature | - Placing PCM
packages -20°C) / the between 0°C | before product
wall of the box and 8°C loading (for 4 h

or 24 h) or
preconditioning
prevented
storage
conditions that
were too cold.

- Transporting
with 3 gel packs
resulted in
acceptable
temperature
profiles in all
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seasons except in
summer, when 4
gel packs were
needed.

Elliott & dry ice (COz: EPS box (32 cm | Experiment - The warmest
Halbert (2008) | -78.5°C) / x32cmx29.5 | and transit position was at
/ Small boxes bottom of the | cm) test to the top
containing box maintain - The coldest
empty temperature position was at
packages below the bottom
-10°C - The preferable
configuration
was when dry ice
was placed closer
to the product
with the highest
temperature at -
21.9°C.
- All transit tests
during real
transport yielded
good results.
Laguerre etal. | PCM (-0.5°C) / | Corrugated Experimental | - The warmest
(2008a) / top, middle cardboard and position was at
Cartons of and bottom of | insulated with numerical the middle of the
several product | the container | polystyrene (excitation- side wall
units plates (108 cm | response - The coldest
X 72 cmx 137 model) position was at
cm) the bottom
center

- The model was
validated and
able to predict
the product
temperature
inside the
container
exposed to a
variable ambient
temperature
when the PCM
was not
completely
melted.
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Kacimi &
Labranque
(2019) / Empty
packages and
water bags

- Organic PCM
(5°C) / all box
faces

- Inorganic
PCM (21°C) /
bottom, top
and two
opposite sides

VIPs with 15 L,
27 L, 40 L and
64 L

Experimental

- The warmest
position was at
the top

- The coldest
position was at
the bottom

- Organic PCM
could withstand
cold better than
warm conditions
when the
inorganic PCM
could perform
better.

- The boxes with
27 Land 40 L
volumes were
more efficient
than the other
two box sizes.

Kozak et al.
(2017) / Water
bottle

Salt solution (-
10°C for small
box or

-33°C for big
box) / in
bottles placed
inside the box

Cardboard box
(external
dimensions: 32
cm x 25 cm x
25 cm - small;
and 50 cm x 50
cm x50 cm -
big) with
insulating
material fitted
with the bottle

Experimental
and

numerical (1D
analytical
model)

- The warmest
position was at
the top

- The coldest
position was at
the bottom

- Changing Biot
number from 1
to 4 did not
markedly affect
the melting time.
- Melting time
was affected by
the ratio
between the
thermal
conductivity of
the liquid PCM
and insulation.
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East & Smale
(2008) /

Ice pack (0°C),
or commercial

Polyurethane
or polystyrene

Box design
optimization

- The box
thickness (about

Beverage cans | PCM (2°Cand | (28.7cmx28.7 | (8 150 mm), PCM
5°C) / below cm x 13.2 cm) parameters) type (ice pack)
the product regarding the | and PCM

cost of the thickness (about
material, 60 mm) were the
shipping and | factors that
penalty due influenced

to optimization to
temperature | the greatest
abuse by extent.

using zonal - The cost of the
based heat boxes is almost
transfer the same,

model whatever the
coupled with | design.

a hybrid

genetic

algorithm

East et al. Same as East Same as East & | - Same - In winter, a 10

(2009) / & Smale Smale (2008) optimization mm polystyrene

Beverage cans | (2008) approach as box and a 10 mm

East & Smale
(2008) but for
different
climate
conditions to
obtain an
optimal box
design for
summer only
(22°C to 35°C,
24 h), only
winter (-18°C
to 10°C, 24 h),
and both
summer-
winter (-18°C
to 35°C, 48 h)
transport.

- These boxes
were
numerically
tested against
1095 ambient
temperature

of ice pack were
proposed and
caused 86% heat
failure.

- In summer, it
required a
polyurethane box
thickness of 90
mm and 53.9 mm
ice pack but led
to 26% freezing
failure.

- Boxes for both
summer and
winter had 90
mm of
polyurethane
wall thickness
and a 30.5 mm
ice pack and
caused only 0.5%
of freezing
failure.

- The box for
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profiles that | winter climate

varied conditions only is
according to | about twice as
climate cheap as those
conditions. used in summer

only or both in
summer and
winter.

2.3 Insulating material and box design

Reducing heat flux by using an insulating material is essential (Singh et al., 2008a). Not
only the temperature inside the box should be maintained within a desired range for
the longest duration, but temperature fluctuations should also be reduced, especially
when the external ambient temperature varies, as is often observed in the supply chain
(Fioretti et al., 2016). Low thermal conductivity rigid materials have been used above
all, for example, expanded polystyrene and polyurethane (East & Smale, 2008; Kacimi
& Labranque, 2019; Margeirsson et al., 2011). Many studies have shown that a change
in the insulating material significantly impacted the temperature profile and product
quality (Du et al, 2020; East et al, 2009; East & Smale, 2008; Kozak et al., 2017;
Margeirsson et al., 2011). For instance, Margeirsson et al. (2011) reported that the
average rates of fish temperature rise were 0.51°C/h and 1.41°C/h using expanded
polystyrene and corrugated plastic, respectively. Kozak et al. (2017) showed that an
optimal configuration can be reached, which allows maximizing the melting time of
the PCM. The ratios of insulation and PCM thicknesses and their thermal conductivities
are the determining factor of this optimal condition (allowing longest period at low
temperature).

The insulation is reinforced when vacuum panels are used (Kacimi & Labranque, 2019).
This can be explained by the fact that the thermal conductivity of vacuum panels is
very low, and these panels thus provide greater insulation capacity (Du et al., 2020).
These authors compared the effects of polyurethane (PU) and Vacuum Insulated
Panels (VIPs) used as insulating materials. The authors found that VIPs prolonged the
warming duration (defined as the duration during which the temperature at the center
of the box rises from 0°C to 8°C) 3.8-fold in comparison with PU. Another solution to
reduce the overall heat transfer coefficient consists of covering the surfaces with a low-
emissivity material which can decrease radiation. Paquette et al. (2017) showed that by
covering the internal surface of the box with aluminum foil to decrease the emissivity
from 0.8 (without foil) to 0.2 (with foil) reduced the product temperature by about 2°C.
The combined effects of wall emissivity and wall thickness on box insulation was
studied by Navaranjan et al. (2013). These authors pointed out that replacing
perpendicular spacers (with a 15 mm air gap) with double fluted spacers (with a 21
mm air gap) and metallizing the surface led to 102% greater thermal resistance.
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In addition to the thermal conductivity of the material, box insulation also depends on
its design. Margeirsson et al. (2012) reported that using an expanded polystyrene box
with rounded corners helped to decrease the temperature difference of 2.0°C between
fish at the center and at the corners, while this difference was 4.4°C for sharp corners
and it also led to extending the product shelf life for an additional 2 days. This may be
due to a lower exchange area at the round corner in comparison with the sharp corner,
so less heat exchange with the environment occurs. However, the box design should
be optimized taking into account the usable volume in comparison with the total box
volume and cost (East & Smale, 2008).

Heat flow resistance (R value — m?K-W™) is a factor determining the insulation
effectiveness of a box. Singh et al. (2008b) and Navaranjan et al. (2013) placed a known
quantity of ice in a box, left it in a constant temperature chamber for a certain period
to allow the ice to partially melt, then determined the amount of liquid water and
calculated the R value. Navaranjan et al. (2013) pointed out that there was a good
correlation between the R value and the quality of New Zealand terakihi fish stored in
insulated packaging. Another method used to estimate heat flow resistance of a box
is the use of an internal cooling or internal heating method (ATP, 2020). For the internal
heating method, a heat resistance (with a known heating power) and temperature
sensors are placed in an empty box at locations suggested in the guidelines and the
temperature profile is recorded continuously. When steady state is reached, the
difference between the internal/external air temperatures and the heating power allow
the R value to be calculated.

The box can be composed of multiple partitions to allow delivery of various types of
products with different recommended storage temperatures in the same box. Xiaofeng
& Xuelai (2021) developed an insulated box with partitions making it possible to
transport three different product categories: no PCM for ambient storage, with PCM
with a melting point of 7.1°C (87% n-caprylic acid and 13% myristic acid) for chilled
storage and with a PCM with a melting point of -2.1°C (potassium sorbate solution)
for storage at temperatures below 0°C. They reported that this box could maintain the
internal temperature within the expected range for each partition for up to 16 h.

2.4 PCM properties, position and usage

Apart from the insulating material, thermal energy storage using PCM is another key
factor that maintains the temperature in a shipment (Yang et al, 2021). During
transportation, a difference between recommended and real product temperatures
may occur because of heat diffusion from the external ambient into the box, resulting
in temperature abuse. PCM plays a significant role in cold storage as it offsets heat
diffusion, particularly during its melting thanks to high PCM latent heat (East & Smale,
2008; Kacimi & Labranque, 2019; Laguerre et al., 2008a). Oré et al. (2012a, 2012b),
Rostami et al. (2020) and Zhao et al. (2020a, 2020b) have classified the PCM and fully
described its properties.

47



There are numerous thermal energy storage materials e.g. water, salt solution, paraffin
(Or¢ et al,, 2012a; 2012b). Various compounds were applied as PCMs in an insulated
box, e.g. ice or an ice pack with a melting point ranging from -0.5°C to 0.5°C (East et
al., 2009; East & Smale, 2008; Laguerre et al., 2018, 2019; Margeirsson et al., 2011, 2012;
Navaranjan et al., 2013). To achieve a temperature range below 0°C, Kozak et al. (2017)
used salt solutions with melting points of -10°C and -33°C while Elliott & Halbert (2008)
studied the system with dry ice (CO2: phase change temperature = -78.5°C). Elliott &
Halbert (2005) used Icebrix® frozen gel packs which froze at -20°C. Commercially
available PCMs with various melting points between -2°C and 21°C were also
investigated (East et al., 2009; East & Smale, 2008; Kacimi & Labranque, 2019; Zhao et
al., 2019).

Today, there is greater demand for produce from different regions in the world, hence,
long transport duration and fluctuating ambient conditions are unavoidable (Loria,
2021). It is challenging to establish a common guideline for various types of products
and transportation conditions, e.g. transportation ranged from 3 h to 96 h under
extremely cold (-10°C) or hot (35°C) conditions (East et al., 2009; Laguerre et al., 2019;
Zhao et al., 2019).

In some studies, a PCM was placed on the internal face of the box or in the layer
between the internal and external walls to compensate for heat exchange with the
ambient. East et al. (2009) and East & Smale (2008) placed PCM only at the bottom of
the box. Kacimi & Labranque (2019) put PCM at top, bottom and side walls while
Laguerre et al. (2008a) applied ice pack at top, middle and bottom layer of the box. Du
et al. (2020) and Elliott & Halbert (2005) compared the effect of PCM position on
temperature profile. Some studies recommended the position of the PCM on the top
or side walls because this allows internal airflow by natural convection, thus generating
a more uniform temperature. The PCM placed on the bottom leads to conduction
alone along with greater temperature heterogeneity (Du et al,, 2020; Laguerre et al.,
2008a). In an insulated box with PCM at the top, middle and bottom, Laguerre et al.
(2008a) indicated that PCMs on the top of the container completely melted within 32
h during an experiment on transport, while those at the bottom remained partially
frozen for more than 72 h, while the product temperature reached 21.5°C at the level
of the top layer.

A composite box wall with PCM was studied (Melone et al., 2012). Mixtures of paraffin
(melting point 0°C to 10°C) and cellulose solutions with different concentrations (0%,
25% and 50% w/w) were prepared to obtain cellulose sheets with PCM. It was observed
that the maximum cooling period of 87 minutes was achieved for the sample with a
paraffin concentration of 50% w/w.

Some studies focused on maintaining the temperature of the load inside the box by
placing the PCM close to the most sensitive product such as fish and meat (Elliott &
Halbert, 2008; Laguerre et al., 2018, 2019; Margeirsson et al., 2011, 2012; Navaranjan
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et al,, 2013; Paquette et al,, 2017). Paquette et al. (2017) showed that placing PCM at
the center of the box provided better efficiency by comparing the duration required
for the temperature of meat to increase from 3.5°C to 10.0°C. It was found that this
temperature rise took 32.1 h with PCM at the center and 8.6 h with PCM on the side
of the box. They also pointed out the decrease in the temperature of meat during the
initial period when 1 kg of PCM was placed on top of the meat and another kg of PCM
was placed on the bottom, whereas this phenomenon was not noticed when both parts
of PCM was combined and added either at the top or at the bottom due to lower
surface area for heat exchange. However, once the temperature went up, it rose faster
and reached 18°C after a 48-h interval when the PCM was split into two layers
compared with only 15°C when all the PCM was placed at the same position.

However, placing PCM in an inappropriate position may still lower the internal
temperature, but causes significant temperature heterogeneity (Elliott & Halbert, 2008;
Navaranjan et al., 2013; Paquette et al., 2017). For instance, Navaranjan et al. (2013)
indicated that the temperature difference in a box with an ice pack on top of the
product compared with a box with no ice pack was over 5°C. The load type and amount,
the operating conditions and the transport constraints e.g. acceptable limit of product
temperature, are the determining factors when designing the system.

The weight of the PCM influences the product temperature profile and should be
optimized with respect to the size of the box. Kacimi & Labranque (2019)
recommended that a moderate amount of PCM should be applied, since too little or
too much PCM decreases the efficiency and causes undesirable outcomes i.e.
temperature abuse and chilling injury. Xiaofeng & Xuelai (2021) increased the volume
of the compartment by 25% while maintaining the same amount of PCM and found
that the temperature rose faster in the compartment with a higher volume of PCM (the
temperature increased from 0.24°C/h to 0.41°C/h). East et al. (2009) also reported that
an inappropriate amount of PCM led to temperature abuse during delivery because
the products were either too warm or frozen.

2.5 Effect of the external temperature

The influence of the ambient temperature was also investigated as an important factor
e.g. greater numbers of PCM packs were required during delivery in summer (East et
al., 20009; Elliott & Halbert, 2005; Kacimi & Labranque, 2019; Zhao et al., 2019). Although
the difference in heat flux caused by different ambient temperatures is well-known,
investigation of the influence of this factor on product quality is still necessary. East et
al. (2009) optimized box design using different ambient temperature profiles from
different seasons and were able to choose the box material, the wall thickness and the
amount of PCM. Kacimi & Labranque (2019) studied two PCMs with different melting
points under different ambient conditions and recommended that the PCM melting
point should be matched with the ambient conditions. It is to be emphasized that the
PCM was placed only on the side wall of the box in this study.
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Many studies have investigated the influence of ambient temperature, either by
temperature monitoring during real shipping or by temperature recording in a
controlled-temperature test chamber. The latter case is easier to implement and
requires fewer resources. Elliott & Halbert (2005) and Elliott & Halbert (2008)
performed a shipping test using long-distance delivery in different seasons generating
data from real situations. Margeirsson et al. (2012) recorded the ambient temperature
during cod fillet transport from Dalvik to Reykjavik and further utilized this data for
numerical model validation. Navaranjan et al. (2013) reproduced, in a test chamber,
the ambient temperature obtained during airfreight from New Zealand to Singapore.
The delivery between these two countries was considered as the route during which
highest product spoilage rate was observed for international fish exports from New
Zealand, and the fish shelf life was 4.76 days lower than that stored at 0°C.

Some ambient temperature profile databases are available for member at International
Station Meteorological Climate Summary (ISMCS,
https://ui.adsabs.harvard.edu/abs/1992 BAMS...731578)/abstract) or International Safe
Transit Association (ISTA, https://ista.org/test_procedures.php) and could be useful for
those with no available data (East et al., 2009; Kacimi & Labranque, 2019).

2.6 Influence of each factor in application and modeling

As mentioned above, there are numerous parameters influencing the temperature
profiles in an insulated box with PCM such as the characteristics of box (dimensions,
shape of the corners and type of insulating material), PCM (type, quantity and position),
product (thermophysical properties, mass and arrangement) and operating conditions
(ambient temperature and transport duration). In such complex situations, physical-
based modeling tools can be useful to identify the most sensitive factor. Paquette et
al. (2017) performed sensitivity analysis to determine the most significant factor
(external convective heat transfer, emissivity of food, box and gel packs, the thermal
conductivity and the heat capacity of the insulating material). They reported that the
thermal conductivity of the insulating material affected the product temperature
profile to the greatest extent. Consequently, this is the main criterion to take into
account when designing the system. Different types of models can be developed. A
1D analytical model was utilized to gain a general perspective of the system and
roughly predict useful responses, e.g. maximum temperature, PCM melting time
(Laguerre et al.,, 2018, 2019). A zonal model which assumed that each zone has uniform
and lumped properties is also used to acquire a thorough understanding with an
acceptable calculation time for design optimization and temperature prediction (East
et al., 2009; East & Smale, 2008). 2D and 3D heat transfer of a CFD model (in some
cases, convection and/or radiation were neglected) are described in articles with
extensive results such as temperature distribution and profile, PCM liquid fraction and
air velocity, but this approach requires more computational time and resources (Du et
al., 2020; Laguerre et al,, 2018, 2019; Margeirsson et al., 2011, 2012; Paquette et al.,
2017). A data-based model, which needs less background in physics, is simpler to use.
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This model represents a simple relationship between the input parameters and the
intended responses, for example, using the thermal resistance of the insulated box to
predict food quality (Navaranjan et al., 2013).

This complexity also impacts system design. To find the best compromise between
these constraints, the objectives must be clearly identified depending on the
application. For example, one might consider that the criterion is the maximum
temperature that can be attained inside the box after a defined duration or the
temperature heterogeneity within the box. The choice of this objective might impact
the design of the box and the PCM. For instance, if the box is designed to transport
fruit and vegetables with an optimal temperature range (e.g. from 4°C to 10°C), the
temperature heterogeneity might not be crucial. Hence, there will be more flexibility
in the choice of the box material and the PCM position in the box. A specific design is
required during transportation of highly temperature sensitive products e.g.
superchilled food products (Kaale et al, 2011). These authors reported that
temperature fluctuations lead to ice recrystallization and drip loss leading to product
quality degradation. East et al. (2009) and East & Smale (2008) optimized insulated box
design using a hybrid genetic algorithm to obtain the box with the lowest cost
regarding material, transportation and penalty due to temperature abuse. They
suggested that the boxes used in summer should have a thicker insulating material
and a larger quantity of PCM to withstand the heat flux from ambient than that in
winter while the other factors remained almost identical.

Among the studies examined in our review, several focused on how to improve the
insulation of a classic box, i.e. a box made of expanded polystyrene, polyurethane, or
a corrugated box by increasing the air gap, adding spacers, vacuum panels and
metallizing the surface. The rounded corner box design was also suggested to deal
with temperature heterogeneity. The methods used to determine insulation efficiency
was developed by measuring the heat flow resistance (R) value and was tested in real
application. The external temperature and load type and mass inside the box were also
investigated. The effect of each factor was described and predicted by basic heat
transfer equations. There was substantial evidence proving that the application of PCM
could lower the temperature of the system and possibly improve thermal homogeneity.
However, the PCM melting point, the amount of PCM and optimization of its position
are still necessary to achieve the most efficient conditions for each system.

For food transport, there is a lack of field data on what happen to insulated boxes
when they arrive the destination. For pharmaceutical transport, a survey revealed that
79% of customer consider that using reusable containers for delivery is more attractive
than single use ones in spite of higher price (Biopharma cold chain logistic survey,
2019). This statistical data is in agreement with an increase of plastic waste recycling
by 92% in Europe in 2020 due to the sake of cold chain sustainability (PlasticsEurope,
2019).
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Concerning the box with PCM, it could be possible to apply a similar principle for
reusable packaging by improving the logistic organization of return boxes and PCM
from the end-user (retailer, final consumer) to the supplier (food distribution center).
For example, the development of deposit locations and the collection by a transporter
in order to minimize the logistic costs and environmental impact.

3. Cold chain equipment with PCM

Unlike in an insulated box, PCM in refrigerated equipment often enables energy
management, temperature stabilization, etc. Many articles pointed out the capacity of
PCM to reduce the compressor operating time, thus lowering energy consumption
(Alzuwaid et al., 2015; Azzouz et al.,, 2008, 2009; Berdja et al., 2019; Ezan et al,, 2017;
Maiorino et al., 2019; Sonnenrein et al., 2015a; 2015b; Yilmaz et al., 2020). Several
studies showed that PCM allows the extension of the cooling period following power
failure (Ben-Abdallah et al., 2019; Or6 et al.,, 2012b; Yilmaz et al., 2020). Use of PCM can
also decrease the temperature of the system with greater homogeneity (Alzuwaid et
al., 2015, 2016; Azzouz et al,, 2009; Ben-Abdallah et al., 2019; Maiorino et al.,, 2019;
Sonnenrein et al.,, 2015a).

3.1 PCM in refrigerated trucks

PCMs with various melting points were applied in the cooling unit or on truck walls,
and the studies are summarized in Table 1.2. To obtain a very low melting point,
different types of salts with different concentrations were used: an in-house inorganic
salt solution with a melting point of -26.7°C (Liu et al., 2012), a NaCl solution with a
melting point of -21.2°C, (Xiaofeng et al., 2017) and commercial blends of salts with
melting points of -26°C, -29°C and -32°C, (Mousazade et al., 2020). For PCMs with
higher melting points (7°C to 45°C) which are inserted between the external and
internal walls, paraffin and salt hydrate were used (Ahmed et al., 2010; Copertaro et al.,
2016; Fioretti et al,, 2016).

To facilitate experimental implementation, several studies investigated stationary
refrigerated trucks in a test chamber in which the ambient temperature alone was
controlled. Liu et al. (2012) determined the period during which the internal
temperature was below -15°C by using 136.8 kg of PCM salts in a tank connected to
the truck evaporator when the ambient temperature was about 30°C. The authors
predicted that 163% more PCM would be necessary for 10 h transportation during
summer (maximum temperature = 41°C) in Adelaide, Australia. The same authors also
pointed out that a phase change thermal storage unit could replace the cooling engine.
This storage unit, charged at the distribution center before transportation, allows 51.0%
- 86.4% cost savings depending on the COP of the system and the electricity tariff.

Fioretti et al. (2016) studied insulating walls with and without PCM exposed to solar
radiation in a test room to simulate real conditions. They observed that the wall fitted
with PCM resulted in an internal wall surface temperature that was 1.8°C lower.
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Other studies dealt with stationary refrigerated trucks under real climate conditions i.e.
ambient temperature, solar radiation. Ahmed et al. (2010) and Fioretti et al. (2016)
investigated the efficiency of their systems with PCM under real conditions and
reported that the truck equipped with PCM could decrease the total heat flux through
the wall by 1.7% to 26.4%. This heat flux varied according to the angle between the
wall and the radiation source.

Copertaro et al. (2016) developed a model in order to choose the PCM with the most
suitable melting point to be inserted between the external and internal walls of
refrigerated trucks. They recommended that with a melting point of 35°C for the truck
operating under ambient temperatures varying from 20°C to 33°C as observed in
various cities in ltaly in summer.

Mousazade et al. (2020) conducted an experiment in a moving truck and pointed out
that the speed needed optimization. In fact, a higher speed led to a greater distance
covered and lowered the PCM cooling time due to higher heat exchange. This was
probably due to a higher external convective heat transfer coefficient and more
vibration. They reported that the longest PCM cooling period was 4.78 h in a truck
moving at a speed of 81 km/h (distance covered: 387 km), but the longest distance
covered was 491 km in the case of a truck moving at a speed of 110 km/h (4.46 h
cooling period).

Table 1.2 Summary of studies using PCM in refrigerated trucks

PCM (meltin
Reference / Type CM (melting . .
temperature) / Main observation(s)
of study . .
its location

Ahmed et al. (2010)
/ Experimental
(stationary empty
truck container
under real climate
conditions)

Paraffin (7°C) /
between the
external wall and
the internal wall

PCM decreased peak heat flux (11.3% to
43.8%) and total heat flux (1.7% to 26.4%)
depending on the angle between the wall and
the sun.

Liu et al. (2012) /
Experimental
(empty truck in
laboratory) and
numerical (Transient
system simulation)

Inorganic salt
solution
(-26.7°C) / in the
tank connected
to the heat
exchanger of the
refrigerated

- In the experiment, 136.8 kg of PCM stabilized
the temperature below -15°C for 3 h.

- From numerical results, 360 kg of PCM was
suggested for 10 h transportation.

- This system could save energy costs by 51.0%
to 86.4% compared with the system using
internal combustion engine cooling.

space

Copertaro et al. 8 paraffins - Paraffin PCM was more efficient than salt
(2016) / Numerical (27.5°Cto 45°C) | hydrate: it reduced energy consumption by 4%
(2D heat transfer and 1 salt on the average, whereas salt hydrate achieved
model in empty hydrate (46.5°C) / | a 2% reduction.

refrigerated truck) inside the - PCM with 35°C melting point was the most
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with experimental
validation

refrigerated truck
wall made of
steel.

efficient.

Fioretti et al. (2016)
/ Experimental
(stationary empty
truck container in
laboratory test
room and real
climate conditions)
and numerical study
(2D heat transfer
model)

Paraffin wax
(35°Q) / inside
refrigerated truck
wall made of
steel

- The experiment demonstrated that PCM
decreased heat flux (between 15 W/m? and
47.5 W/m? to between 13 W/m? and 25 W/m?),
decreased the external wall surface
temperature (from 93.0°C to 80.0°C), and the
internal wall surface temperature (from 11.8°C
to 10.0°C).

- From numerical results, comparing the PCM-
equipped wall and no PCM with the thicker
insulated wall, the former had less temperature
variation (0.3°C and 0.7°C) but a slightly higher
average temperature (around 0.15°C) than the
latter.

Xiaofeng et al.

(2017) / Numerical
(3D CFD of empty
refrigerated truck)

Eutectic NaCl
solution
(-21.2°C)/ina
plate installed on
the truck wall

- Higher climate temperature led to a shorter
melting time (86 h and 73 h at 20°C and 30°C,
respectively), higher heat transfer rate (1.9 W/h
and 2.75 W/h at 20°C and 30°C, respectively)
and a higher internal air temperature (0°C and
10°C at 20°C and 30°C ambient temperature,
respectively).

- The highest air velocity (0.035 m/s) was
located near the lowest part of the PCM plate.

Mousazade et al.
(2020) /
Experimental
(stationary and
moving empty
truck)

Commercial PCM
containing
various blends of
salts (-26°C, -
29°C and -32°Q) /
in a plate placed
on the truck wall.

- PCM melting at -26°C showed the best
cooling efficiency with the longest melting
time (5.11 h and 4.78 h in stationary and 81
km/h truck, respectively).

- Higher truck speed caused lower melting
time but longer travelling distance where the
maximum distance was 491 km in a truck with
a speed of 110 km/h.

3.2 PCM in cold rooms

According to the authors’ knowledge, only a few studies have been conducted on PCM
application in cold storage facilities or warehouses, although it has been shown that
higher product quality can be achieved using PCM (Pirdavari & Hossainpour, 2020;
Schalbart et al.,, 2013). The difficulty in PCM charging and temperature control in a cold
room may be one of the main obstacles to implementation. The application of PCM in
cold storage facilities is summarized in Table 1.3.

PCM can be placed on the wall of the cold storage facility (Yang et al., 2017), in some
locations inside the building (Schalbart et al., 2013), or near the product (Pirdavari &
Hossainpour, 2020). For potatoes cold storage at temperatures above 0°C, Pirdavari &
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Hossainpour (2020) considered PCM with a melting point between 8.5°C and 9.5°C.
They optimized the melting point of the PCM, the ratio of the weight of PCM to the
one of the potatoes and the insulation type. They indicated that a greater amount of
PCM, a lower PCM melting point and a higher thermal resistance of the insulation
triggered, a longer melting time and a lower product temperature. For icecream,
Schalbart et al. (2013) optimized the melting point of the PCM between -23.3°C and -
17.5°C. They showed that the use of PCM reduced ice crystal growth by 2.7% to 9.0%
thanks to fewer temperature fluctuations.

Yang et al. (2017) and Pirdavari & Hossainpour (2020) reported that installing PCM
fulfilled the gap in energy supply in the case of solar energy or a more economical
electrical source, which are not available all day.

Table 1.3 Summary of studies using PCM in cold storage facilities

PCM
Reference / Type (meltin . .
of study yp point) /gi ts Main observation(s)

location
Schalbart et al. PCM with a - From optimization, the melting point of
(2013) / Numerical | melting point | the PCM was in the range of
(1D finite difference | that was -23.3°C at the storage tank to -17.5°C at the
equation system) of | optimized walls.
warehouse storage | depending on | - Without PCM, the predicted final ice
of ice cream for a the location / | crystal size was 58 um and there was +£1.0°C
period of 90 days post- temperature fluctuation with 13.6 GJ energy
with different PCM | evaporator, consumption.
positions. ceiling, wall, - Predicted final ice crystal size was 53 ym

storage tank | with PCM at storage tank to 57 um with
and product | PCM at the ceiling and the temperature
package fluctuation was only +0.01°C with PCM at
product package to +0.76°C with the PCM
at the ceiling.

- PCM at post-evaporator and storage tank
increased the energy consumption by 2.2 GJ
and 0.7 GJ, respectively, while at other
locations, energy consumption was almost
the same as that without PCM.

Yang et al. (2017) / | Ice plate (0°C) | The upper part was 4°C warmer than the
Numerical (3D CFD) |/ on each side | lower part due to external heat convection

of cold storage of the wall, via the roof which had a heat transfer
facility with a the floor and | coefficient of 5 W/m? K.

container of the roof

potatoes
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Pirdavari & LiClO3-3H.0 The greater the quantity of PCM, the lower
Hossainpour (2020) | PCM capsule | the melting point of the PCM and the lower
/ Optimization via (8.5°C, 9.0°C thermal conductivity of insulation led to a
numerical study (1D | and 9.5°C) / in | longer melting time and lower product
simplified dynamic | a cylindrical temperature.

model which is column
validated by using placed in the
experimental data stack of

from Azzouz et al. potatoes in
(2009)). the cold
room.

3.3 PCM in display cabinets

The application of PCM in display cabinets is summarized in Table 1.4. Pure ice placed
near the evaporator was generally used (Alzuwaid et al., 2016; Ben-Abdallah et al., 2019;
Ezan et al., 2017). Ice with an additive (melting point -6°C to -2°C) was placed either
near the evaporator or below the cabinet shelves (Alzuwaid et al., 2015; Yilmaz et al.,
2020). Or6 et al. (2012b) applied commercial PCM (Climsel C-18 and Cristopia E-21),
with melting point of -18 °C and -21.3 °C respectively, over evaporator tubes located
at different shelves of a closed display cabinet. The authors reported that for empty
closed display cabinet, the air temperature rose from -22 °C to 0 °C within 1.5 h
(without PCM), 6.5 h (-18°C PCM) and 8 h (-21°C PCM). This period extended when
display cabinet was loaded by test product: 11.5 h (without PCM), 15.6 h (-18°C PCM)
and 21.5 h (-21°C PCM), as illustrated in Figure 1.3. These results demonstrated the
interest of PCM to slow down the product temperature change when the display
cabinet was turn off, due to machine failure for example.
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Figure 1.3 Test product temperature evolution during “turn off” closed display
cabinet (Adapted from Oro¢ et al. (2012b))

PCM decreased the compressor operating time by 4% to 10% and reduced energy
consumption by 5.0% to 6.4% (Alzuwaid et al., 2015, 2016; Ezan et al., 2017). In fact, for
a given average air temperature in a cold enclosure with and without PCM; the same
quantity of heat has to be removed. However, the presence of PCM makes the
temperature in the enclosure more stable, so, a slightly higher evaporator temperature
can be used. Thus, the COP is increased and the electrical energy consumption is
reduced. In this manner, the heat transfer efficiency of the cold enclosure can be
improved. The amount of PCM or the thickness of the PCM slab had to be optimized
(Ben-Abdallah et al., 2019). Ezan et al. (2017) compared the efficiency of PCMs with a
thickness varying from 2 mm to 10 mm and reported that the compressor operating
duration was the lowest with the 6-mm PCM thickness due to appropriate cooling
capacity without significantly obstructing the airflow inside the equipment. The
position of the PCM is another challenge in the application because PCM in an
inappropriate place led to a worse outcome than in a context where no PCM was used.
Yilmaz et al. (2020) reported that when a PCM was used at the back of a closed display
cabinet, the system consumed 8% more energy than a system without a PCM due to
the delay in cabinet temperature change detection of temperature sensor.

PCM was able to stabilize the display cabinet for 5 h to 14 h longer during a power
outage (Or¢ et al, 2012b; Yilmaz et al,, 2020). Ben-Abdallah et al. (2019) mentioned
that the internal temperature increased by 1°C in the open display cabinet with PCM
during the 2 h period during which the compressor was not operating compared with
2°C in the system without PCM. Adding load into the test system could prolong this
period by 8 h to 12 h compared with the empty system as it increased thermal inertia
(Oré et al.,, 2012b).
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Table 1.4 Summary of studies using PCM in display cabinets

Reference / Type
of study

PCM (its phase
change
temperature) and its
location

Main observation(s)

Oro et al. (2012b) /
Experimental
(closed display
cabinet freezer)

ClimSel C-18 (-18°C)
or Cristopia E-21 (-
21.3°C) /
encapsulated in a
stainless-steel thin
plate placed on top of
the evaporator tube

- For an empty display cabinet, the air
temperature rose from -22°C to 0°C within
1.5 h (without PCM), 6.5 h (C-18) and 8 h (E-
21).

- The presence of load in the display cabinet
enabled this period to be extended: 11.5 h
(without PCM), 15.6 h (C-18) and 21.5 h (E-
21).

Ezan et al. (2017) /
Numerical (3D
CFD) with
experimental
validation (closed
display cabinet)

Ice (0°C) / placed
behind rollbond
evaporator at the rear
of the empty cabinet

- The coldest area was at the bottom corner
and the warmest area was located at the top
with up to 7.5°C temperature difference.

- Increasing PCM thickness explains the
decreases of compressor run-time ratio:
36% (without PCM), 32% (2 mm PCM), 28%
(4 mm), 26% (6 mm) 27% (8 mm) and 29%
(10 mm).

- PCM that was too thick obstructed the
airflow with maximum velocity at 4.94 m/s
(10 mm of PCM slab) and at 5.55 m/s (2
mm) and led to a higher ratio of compressor
run-time.

Yilmaz et al. (2020)
/ Experimental
(closed display
cabinet)

Distilled water with a
nucleating agent and
thickening agent (-
6°C) / either on the
back wall or on the
shelves

- PCM on the back wall generates minimum
running cycles: 17 cycles (without PCM) to
11 cycles (PCM on shelves) and 9 (PCM on
back wall) over 8 h running.

- PCM on shelves is more efficient than that
on the back wall: 888 kJ, 3.8 h “on” cycle
(shelves) and 1003 kJ, 5.6 h, (backside) over
8 h running.

- During power failure, the system with PCM
had a longer cooling period with 6 h, 17 h,
and 20 h, without PCM, with PCM at the
back, and with PCM on the shelves,
respectively.

Alzuwaid et al.
(2015) /
Experimental (open
display cabinet)

Ice gel PCM (-2°C) /
above evaporator

Adding PCM led to 5% energy savings, 70%
longer defrost period, 2°C lower maximum
cabinet temperature and more stable
product temperature: Tmax-Tmin 7.33°C
(without PCM) and 6.50°C (with PCM).
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Alzuwaid et al. Pure-water ice PCM - Installing PCM enabled 6.4% energy

(2016) / Numerical | (0°C) / above the savings to be achieved and decreased the
study (2D CFD) evaporator product temperature difference from 5.0°C
with experimental (without PCM) to 4.2°C (with PCM).
validation (open - The highest product temperature was at
display cabinet) the front of the middle shelf and the lowest

one was located at the back of top shelf.
Ben-Abdallah et al. | Ice (0°C) /in a finned | - Adding PCM decreased the average air

(2019) / tube heat exchanger | temperature from 8.4°C (without PCM) to
Experimental (open | placed in the rear 1.5°C (with PCM).
display cabinet) duct - PCM is an airflow obstacle and lowered the

airflow by 28%.

- When the compressor stopped operating
for 2 h, the product in the cabinet with PCM
the temperature increase was only 1°C
compared with a 2°C increase without PCM.

3.4 PCM in domestic refrigerators

Several studies have investigated PCM application in domestic refrigerators as
summarized in Table 1.5. In most studies, the PCM was placed at the evaporator by
using ice (Azzouz et al., 2009; Maiorino et al., 2019), a copolymer with a melting point
of -4°C (Sonnenrein et al., 2015a), or an eutectic solution with a melting point between
-9°C and -1°C (Azzouz et al., 2008, 2009). Sonnenrein et al. (2015a) and Sonnenrein et
al. (2015b) applied ice, paraffin (melting point = 34°C) and a copolymer (melting point
= 34°C to 35°C) at the condenser. Sonnenrein et al. (2020) studied the application of a
copolymer PCM (melting point = 9°C) in the load compartment.

PCM decreased the temperature of the system and resulted in 17.6% to 32.5% less
operating time, 10% to 17% less energy consumption and 5% to 15% greater COP
(Azzouz et al.,, 2008; Berdja et al., 2019; Sonnenrein et al., 2015a). The selection of a
PCM with an appropriate melting point was necessary to ensure the efficiency of the
cooling system (Azzouz et al., 2008). Azzouz et al. (2009) reported that placing a
eutectic plate (melting point = -3°C) at the evaporator lowered the internal
temperature by up to 1.5°C. However, the compressor operating period was 0.4 h
longer. Thus the COP was lower in comparison with the system using ice. Sonnenrein
et al. (2015a) and Sonnenrein et al. (2015b) reported that paraffin and copolymer PCM
(melting point = 34°C to 35°C) were more efficient than ice at the condenser since they
allowed a temperature that was 5°C to 6°C lower to be achieved at the condenser,
leading to 2% to 17% lower energy consumption. The thickness of the PCM slab should
also be optimized to achieve the highest efficiency (Azzouz et al., 2008; Berdja et al.,
2019).

PCM (melting point = 9°C) in the load compartment has proved to be useful in several
commercialized domestic refrigerators by decreasing the cooling time (the time

59



required to reduce the product temperature from 25°C to 10°C) by 16% to 33%. It also
makes it possible to increase the temperature rise period (the time required to raise
the package temperature from 8°C to 11°C after turning off the cooling system) by 75%
to 145% (Sonnenrein et al., 2020).

Frost formation on evaporator was still a challenge since it exerted a greater effect on
airflow than the PCM due to higher thermal resistance (Berdja et al., 2019). Azzouz et
al. (2008) pointed out that greater numbers of door openings led to lower PCM
efficiency as the PCM did not completely melt by the time the compressor restarted
and could not provide full cooling capacity. Maiorino et al. (2019) indicated that an
ambient temperature that was 7°C higher raised energy consumption by 38.4% to 63.6%
although PCM was applied in both conditions.

Table 1.5 Summary of studies using PCM in domestic refrigerators

PCM (melting
Reference / . . . .
Type of study pomt.) / its Main observation(s)
location
Azzouz et al. Eutectic aqueous | - Adding PCM increased the COP by 5% -
(2008) / PCM (-9°C, -7°C, - | 15%, decreased operating time by 28.5% -
Numerical study | 5°C, -3°Cor -1°C) | 32.5% and prolonged the cooling period
(1D simplified / on evaporator by 4 h — 8 h when the compressor was off.
dynamic model) | surface - Increasing the melting temperature of the
with PCM led to a higher COP but also a higher
experimental cabinet temperature.
validation. - Thicker PCM caused a shorter operating
time because of the higher cooling
capacity.
Azzouz et al. Ice (0°C) or - Eutectic mixture PCM led to 1.0°C to
(2009) / eutectic mixture 1.5°C lower air temperatures but a 0.4 h
Experimental (-3°C) /on longer compressor operating period.
evaporator surface | - The COP of the refrigerator with ice or
with eutectic salt solution were not
significantly different.
- Increasing the PCM thickness did not
improve the COP since it was not
completely frozen.
Sonnenrein et al. | Paraffin (34°C), - Paraffin PCM on the condenser led to a
(2015b) / copolymer 5°C lower condenser temperature and 2%
Experimental compound with to 7% lower energy consumption
10% (w/w) compared with water (only sensible heat
graphite (34°C), or | variation).
water (0°C) / - Copolymer compound PCM on the
condenser condenser generated up to 10% energy
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savings.

Sonnenrein et al.
(2015a) /
Experimental

- Copolymer PCM
(-4°Q)/
evaporator

- Another
copolymer PCM
(35°C) / on the
condensers of 2
different
refrigerator
models

- PCM increased the evaporator
temperature between 6°C and 8°C and
decreased the condenser temperature by
6°C.

- 12% to 17% less energy consumption and
a more constant compartment temperature
were observed in refrigerators with both
types of PCM.

Berdja et al.
(2019) /
Experimental
and numerical
(1D analytical
model)

PCM (-11°C) /
covering the
evaporator surface

- From the experiment, installing PCM
resulted in 10% lower energy consumption,
17.6% lower compressor operating time,
5.05% greater COP and an evaporator
temperature that was 1.89°C lower.

- From numerical results, higher PCM slab
thickness yielded a lower overall heat
transfer coefficient (H).

- Adding PCM led to longer periods during
which the compressor was off, but also
generated a higher air temperature.

- H was more affected by frost formation
and its thickness than by PCM slab
thickness due to lower thermal
conductivity of frost.

Maiorino et al.
(2019) /
Experimental

Ice (0°C) / above
and below the
evaporator rack
tube

- PCM reduced and stabilized the product
temperature.

- Higher ambient temperature caused 0.1 h
to 3.6 h lower compressor off period and 0
h to 3.4 h shorter cycle time.

- More product yielded a0.5 hto 1.1 h
longer compressor off period and a 0.6 h
to 1.4 h longer cycle time.

- These effects were more pronounced at
higher hysteresis.

- Generally, the products at the higher level
were colder, except in the system with high
hysteresis.

Sonnenrein et al.
(2020) /
Experimental

Polymer-bound
PCM (9°C) / in
each load
compartment

- PCM decreased 16% - 33% cooling time
and increased 75% - 145% the temperature
rise period.

- Energy consumption was not significantly
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‘ different.

4. General discussion

The application of PCMs in the cold chain has been widely studied with a wide variety
of types of equipment. PCMs can be used in complement with cold production in
refrigerated equipment or as alternative cooling systems. For example, when
refrigeration equipment is not available or the ambient temperature during
transportation is not appropriate, an insulated box with a PCM can be an alternative.
It ensures a low, stable temperature, and thus preserves food quality.

The incorporation of PCM in refrigerated equipment is mostly performed for energy-
management-related purposes. Many studies have been conducted on PCM in
domestic refrigerators and display cabinets, but fewer studies have been performed
on cold rooms. This may be due to difficulties related to the controlling and recharging
of PCMs.

What clearly appears from the existing studies is the absence of an ideal general
solution to apply PCM in equipment and boxes as it involves complex interactions
between the parameters of the studied system such as the insulating material, the
external temperature, the product load, the melting point and the quantity of the PCM.

To design such a system, experimentally validated numerical studies (CFD or zonal
models) can be used to simulate other configurations. These models often consider
heat transfer by conduction alone, although radiation and free convection can exert
significant impacts in insulated boxes, especially in terms of temperature
heterogeneity. Consequently, it is important to quantify heat flux by conduction,
convection, and radiation since none of them can be neglected. Therefore, further
studies are essential to better understand the relationship between heat transfer and
airflow by natural convection. Studies on the effect of the load porosity on heat transfer
by convection and conduction and on the impact of the emissivity of walls or product
packages on heat transfer by radiation should be undertaken.

Other concerns in the application of PCMs are related to chilling injury, particularly
when a PCM is directly in contact with sensitive products. To avoid this problem, some
studies proposed, for instance, to precondition the PCM before product loading.

The use of PCMs in insulated boxes exerts environmental impacts because of the PCM
production itself, the production of the insulating material and the energy
consumption required for charging the PCM before each use, along with PCM waste
etc. Consequently, additional specific studies on these issues may help evaluate the
feasibility and sustainability of the use of PCMs. Some progress has been achieved in
the development of new insulating materials with less environmental impacts. For
example, Jiang et al. (2021) and Khalaf et al. (2021) fabricated cellulose-based and
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chitosan-based insulating materials, respectively. Melone et al. (2012) also developed
a composite cellulose and paraffin (melting point 0°C to 10°C) insulating material
acting as phase change material for transporting perishable products.

5. Conclusions and suggested future research

Applying PCMs in the food cold chain provides several benefits: less temperature
abuse, and thus better product quality and better energy management. To achieve
these benefits, many factors should be considered: insulating material (thermal
conductivity and thickness), PCM type (i.e. heat storage capacity and its melting point),
its quantity and position, load characteristics (load nature, mass and arrangement), and
operating conditions (i.e. ambient temperature and storage and transport duration).
These factors significantly affect the efficiency of the system, especially when PCM is
the only cold source (no refrigerating machine). Thus, optimization of these factors is
necessary in order to design the best configuration for achieving the objective of each
application.

Modeling is a complementary experimental approach but is more complicated to
develop. By using modeling, the prediction of results under unexplored operating
conditions is possible e.g. ambient temperature, transport/storage duration, load type
and its initial temperature. Existing models could be improved by acquiring a better
understanding of the instantaneous heat transfer and airflow in the cold equipment.
Knowledge of airflow can be acquired by using innovative optical techniques such as
Laser Doppler Velocimetry (LDV) and Particle Image Velocimetry (PIV). These
techniques are already used for several types of refrigerated equipment (refrigerated
trucks, display cabinets and domestic refrigerators) but are not yet applied to insulated
boxes with PCM in which the air velocity is very low because natural convection is the
driving phenomenon.

According to the authors’ knowledge, an insulated box equipped with a fan has not
yet been commercialized. This type of box would allow airflow by forced convection
inside the box, and the temperature would thus be more homogeneous. A
rechargeable battery should supply enough power to the fan in order to assure
continuous fan running along the supply chain. After arrival at the end-user’s premises,
the box could be returned to the distribution center (or the departure site), then the
battery could be recharged with optimal power prior to the following delivery. The
rechargeable battery and fan design need future development.

Although there are many challenges in display cabinet operation such as exposure to
light and door openings, few studies have investigated these effects in cold equipment
with PCM, so studies focused on these aspects would be useful. Moreover, only a few
studies on PCMs used in cold rooms have been published. Additional studies on this
application would be valuable. Applying PCM in commercially available refrigerated
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equipment ranging from refrigerated trucks to domestic refrigerators could attract
interest within the industry.

For the sake of cold chain sustainability, the extensive use of polystyrene and
polyurethane as insulating materials should be replaced by biodegradable materials
(cellulose-based and chitosan-based for example), thus exerting less impact on the
environment. Also, reusable boxes and a recycling logistic chain should be developed
to a greater extent taking into consideration both the economic cost and the
environmental impact.
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1.4

1.4.1

1.4.2

COMPLEMENTARY OF ARTICLE 1
Predictive models for food quality and safety in food cold chain

Most of studies reviewed in Article 1 focused on spatial and temporal temperature
evolution and temperature abuse. Other aspects to be considered in food cold chain
are food safety and food quality. Directly measuring the quality parameters requires
resource and good sampling techniques to get reliable representative values for the
whole lot. Since the main factor changing during food cold chain is temperature, the
kinetic models to predict quality evolution, as a results of bio-chemical reactions, can
be coupled with measured/modelled temperature values. There are several works
developing predictive models taking temperature into account. Some models describe
transpiration rate of vegetables which leads to weight loss, thus affecting visual and
other qualities (Kang & Lee, 1998; Kedia et al,, 2021; Mahajan et al., 2008). Joshi et al.
(2019) studied the weight loss of Modified Atmosphere Packaged strawberries by
calculating transpiration rate, respiration reaction, film permeability and condensation.
The chemical reaction models, e.g., the zero-order reaction or the first order-reaction,
were examined and it was found that these models can describe several quality
changes of fruits and vegetables, e.g. weight loss, reducing sugar content, color and
firmness (Muley et al., 2022; Van Dijk et al., 2006). Other types of models (Weibull
model and fractional conversion model) were also used for these qualities’ change
(Oliveira et al., 2012; Pinheiro et al., 2013). The Arrhenius equation was mainly selected
to fit the effect of temperature on the reaction rate in these studies. Combining these
models with thermal models makes it possible to predict quality evolution of food
product in logistic chains (Garcia et al., 2022; Matar et al., 2020; Onwude et al., 2022;
Penchaiya et al., 2020).

Evolution of microorganisms in food is also essential for evaluating food quality and
safety. Microbial growth is extensively modelled in function of time, temperature, pH,
water activity, etc. (Duret et al,, 2019). Modelling microbial growth is more complex
than that of organoleptic quality change due to the variation of the growth factors
with the growth stages: lag phase, exponential phase and stationary phase (Huang,
2016, 2018; Li et al., 2016). Some studies also included the competition between the
targeted organism with background microbiota (Cheng et al,, 2023; De Cesare et al.,
2018; Jia et al., 2020). Garcia et al. (2022) reviewed the coupling between thermal
models and microbial growth models in fish.

Heat transfer and airflow characterization in a closed cavity
Three heat transfer modes have to be taken into account:

1. Heat conduction: the heat is transferred through the vibration of the molecules,
dominant in rigid objects.
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2. Heat convection: the heat is transferred due to the movement of the flowable
medium, dominant in fluid (air in our case).

2.1 Forced heat convection: this occurs when the fluid is forced to flow
by blowing, pumping, etc.

2.2 Natural heat convection: this occurs when a temperature difference
causes the flow due to the difference in density (hotter fluid is
generally lighter than colder one).

3. Radiation: the heat is transferred in the form of electromagnetic wave, so this
can happen even though there is no medium (Singh et al., 2008a).

Heat conduction occurs inside the solid part of product, PCM and in the rigid wall of
the box (Laguerre & Flick, 2010). Heat fluxes via conduction through one slab or a
series of slabs of different materials is shown in Figure 1.4 and expressed by Equations
1.1and 1.2.
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Figure 1.4 Heat conduction through (a) a single slab and (b) a series of rectangular
slabs (Singh et al., 2008a)

Heat conduction through a slab: qx = —kAZ—i (1.1)

Heat conduction through a series of rectangular slabs: g, = % (1.2) (Singh
Ty

et al., 2008a)

Heat convection occurs between external air and box's wall, between internal air and
box's wall or product surface, and in liquid PCM or product (Rincon-Casado et al., 2017).
The general expression of heat convection is shown in Equation 1.3.

q = hA(T;, — Ty,) (1.3) (Singh et al., 2008a)

Only natural convection happens inside an insulated box with PCM (absence of
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ventilation system), it can be characterized by the following dimensionless numbers
(Equations 1.4 to 1.7) (Singh et al., 2008a).

- Grashof number (Gr): represents the ratio between buoyancy force and viscous
force. This number is used to characterize the flow pattern; for example, the
flow is laminar over a vertical plate when Gr is lower than 10°.

3,2
Gr = L P ehit pﬂf”’” (1.4)
where the thermophysical properties of the fluid are evaluated at film

temperature

Ty = (TSJ;—T°") (Singh et al., 2008a)

- Prandtl number (Pr): represents the ratio between momentum diffusivity and
heat diffusivity

pr = “kﬁ (1.5)

- Rayleigh number (Ra): is a result of the product of Grashof number and Prandtl
number. Ra allows the characterization of the flow pattern i.e. laminar flow is
considered when Ra is below 107 (Saury et al., 2011).

Ra = Gr X Pr (1.6)

- Nusselt number (Nu): represents the ratio between heat transfer rate by
convection and conduction. It can be determined by either experiments or
analytical solutions. The most widely used correlation is the relationship
between Nu and Ra as shown in Eq. 1.7

Nu = %% = aRa™ (1.7)
Where a and m are coefficients depending on the studied geometry.

For example, in the case of natural convection beside a vertical plate
(characteristic length or dc = L), Nu can be calculated as below:

Nu = 0.59Ra'* (Cengel & Ghajar, 2020).

For an empty enclosure, empirical equations can be used to determine Nusselt number.
For a vertical enclosure of height H with a gap between each vertical wall L (Figure
1.5a), the fluid flows downward near the cold surface because it exchanges heat and
becomes colder, thus, higher density (Figure 1.5b). Then, it flows upward along the
warmer opposite vertical wall to the top since its temperature increases and its density
decreases. This generates a flow loop inside the enclosure (Cengel & Ghajar, 2020).
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Figure 1.5 (a) A vertical enclosure with isothermal surfaces and adiabatic horizontal
walls and (b) fluid flow pattern inside the enclosure (Cengel & Ghajar, 2020)

Catton (1978) proposed a correlation (Equation 1.8) for an enclosure with active vertical
walls of 2 < H/L < 10 and Ra; < 107

RaL)O.ZS (ﬂ)—O.ZS (']8)

L

Nu = 0.22( br

0.2+Pr

Inside an enclosure with cold top wall and warm bottom wall (Figure 1.6a), fluid flows
in several cells (Figure 1.6b) and this is called Rayleigh-Bénard convection (Cengel &
Ghajar, 2020).
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Figure 1.6 (a) A horizontal enclosure with isothermal surfaces and adiabatic vertical
walls and (b) fluid flow pattern inside an enclosure (Cengel & Ghajar, 2020)
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For a horizontal enclosure, Hollands et al. (1976) proposed a correlation (Equation. 1.9).

+

1] (1.9)

Nu=1+1.44[1—

18

1
170&3]+ Ra;3
Ray,

where [ ]* indicates that if the value inside the bracket is negative, it is assumed to be

Zero.

Radiation occurs from the surrounding to an object or between two surfaces, e.g., at
the external wall, between product surface and internal wall, product surface and PCM
surface (Shinoda et al.,, 2019). It can be described as Equations 1.10 and 1.11.

Radiation to an object from surrounding: q = ecA(T,* — T,*)  (1.10)

Where T1 is temperature of surrounding
T2 is temperature of an object (Geankoplis, 1993).

Radiation between two infinite parallel plates (view factor = 1):
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Figure 1.7 Radiation between two infinite parallel plates (Cengel & Ghajar, 2020)

q= "A(Tl—‘Ti) (1.11) (Cengel & Ghajar, 2020)

€1 e

Understanding the relying physical phenomena inside a cavity with heated and/or
cooled surfaces is necessary for the cavity design. A thermal performance cavity allows
low average temperature and temperature homogeneity, which is essential for food
transport in an insulated box with PCM.

Experimental approach for heat transfer and fluid flow characterization

The driving force of heat transfer is temperature difference, so measurement of
temperature at various positions in the cavity is essential to characterize this
phenomenon. Thermocouples are usual sensors used by several works as they are easy
to implement with a good accuracy (Bairi, 2008; Jevnikar & Siddiqui, 2019; Labihi et al.,,
2017; Leporini et al., 2018; Moreno et al,, 2020; Zhang et al., 2015). However, the
compromise between the resolution of measured temperature field and the number
of thermocouples (and its positions) should be taken in consideration. In fact, the
presence of thermocouples in a cavity disturbs fluid flow (Miroshnichenko & Sheremet,
2018). As an alternative, Ataei-Dadavi et al. (2019) proposed Liquid Crystal
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Thermography (LCT) with less flow obstruction to determine temperature field in a
cavity (Figure 1.8a). This technique involves introducing a low quantity of tracers, for
instance, micro-encapsulated liquid crystal tracer of which its hue is correlated to
temperature. Then, the pictures of a cavity filled with tracers are captured and analyzed
to establish the temperature field. This technique requires robust calibration between
temperature and hue.

Once temperature measurement has been achieved, heat transfer characterization can
then be done by distinguishing heat flux by conduction, radiation, and convection.
Conductive flux in a cavity occurs at the walls, hence it can be determined by
calculating or measuring heat flux through these walls (Ataei-Dadavi et al., 2019; Bairi,
2008). Radiative flux in a cavity could be determined by radiosity method as conducted
in Bairi (2008). It computes the flux via surfaces’ emissivity and shape factor between
each surface. Finally, convective flux is obtained by subtracting the total heat flux with
conductive and radiative flux. It is to be highlighted that calculating precisely radiative
flux is complex, so many works neglected this flux. To compare convective flux,
Rayleigh numbers is first calculated (Equation 1.6) knowing the temperature of hot and
cold walls from measurement, then, Nusselt can be calculated which allows the
estimation of convective heat transfer coefficient (Equation 1.7).

Fluid flow pattern and its velocity is also important to understand the physical
phenomena in a cavity, and to identify the position with high and low heat flux.
However, the hot-wired anemometer cannot be applied to the cavity where natural
convection takes place because the fluid velocity is too low in comparison to the
apparatus precision. Hence, non-intrusive optical techniques, e.g., Particle Image
Velocimetry (PIV), are used (Ataei-Dadavi et al, 2019; Jevnikar & Siddiqui, 2019;
Leporini et al., 2018; Zhang et al,, 2015). The visualization of the fluid flow pattern is
possible by the scattering of tracers, for example, oil-based smoke or silver coated
particles, during laser pulses. An example of PIV experimental set up is shown in Figure
1.8b.
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Figure 1.8 Experimental setup for (a) temperature field measurement by LCT and (b)
velocity field measurement by PIV (Ataei-Dadavi et al., 2019)
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Numerical approach for heat transfer and fluid flow characterization

Experimentally measuring fluid flow in a cavity is a challenging task because of its
extremely sensitive behaviors to experimental and boundary conditions
(Miroshnichenko & Sheremet, 2018). Some numerical studies investigated a close
cavity and used their own experimental data for model validation (Bairi, 2008; Leporini
et al., 2018) or the ones from literature (Aitlahbib & Chehouani, 2015; Dalal & Das,
2006; Lee et al., 2016; Pirmohammadi & Ghassemi, 2009; Rincon-Casado et al., 2017).

Computational Fluid Dynamics (CFD) model is widely used for studying fluid flow in a
cavity because the flow can be complex even under low Rayleigh numbers depending
on the position of the cold and warm walls, aspect ratio (H/L) and inclination angle.
The Finite Volume method is the most common strategy to solve heat transfer and
fluid flow problems. The Finite Element Method could still be used but it has less
specificity to the fluid flow problem where non-linearity is high.

CFD simulations allow researchers to investigate the effect of radiation on heat transfer
in a cavity as it is complicated to experimentally determine radiative flux as mentioned
previously. Leporini et al. (2018) compared numerical results applying convection with
or without radiation in an empty cavity filled with air under several tilting angles. They
reported that radiation significantly impacted the numerical results of some
configurations with up to 8% difference of average air velocity.

Since the cavities related to insulated boxes with PCM for food transport usually have
low Rayleigh number (Ra < 10%) because the boxes have relatively small dimensions (<
1 m) and low temperature differences, the laminar airflow inside a cavity can be
assumed (Saury et al, 2011). This explains the absence of the discussion on the
turbulence models in this section.

One limitation of CFD model using finite volume method is that the input geometry
needs to be clean, e.g., smooth surface, no overlapping surface, well-connected
geometry. These defects could lead to error in meshing; thus in simulation results.
Hence, additional steps for repairing the geometry are essential. The conventional
mesh is shown in Figure 1.9a and the Immersed Boundary Method (IBM) in Figure 1.9b.
IBM is often used to deal with complex geometries (Kim et al., 2001) in which all
domains are considered as fluid, then meshes are generated.
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(a) (b)

Figure 1.9 Comparison between (a) conventional mesh and (b) mesh for IBM for a
2D cavity with a circular cylinder (Bansal, 2015)

Recently, the Lattice-Boltzmann method is getting more interest from CFD researchers.
It solves Navier-Stokes equations based on ‘particles’ interactions. It includes collision
and propagation of the particles throughout the simulating domain (Aniello et al.,
2022). It has been used to study heat transfer and airflow in a closed cavity with internal
bodies by Jami et al. (2007) and Jami et al. (2008).This method requires less computing
time and resource with better accuracy than finite volume method but it has less
flexibility (Shardt, 2020).

Although CFD is widely used for heat transfer and fluid flow simulation as it has high
flexibility and is suitable for several applications, e.g., buildings, chemical reactors, heat
exchangers, it requires licensed software and high computing resources. It is also not
suitable for real-time analysis and prediction which is crucial for monitoring transport
in insulated boxes with PCM (Mercier et al, 2017). Thus, the zonal model is an
alternative. It requires fewer computing resources but still gives the information of
spatial and temporal temperature variation in a box. These data are necessary to
control product quality and safety. East & Smale (2008) developed a zonal model for
an insulated box with PCM loaded by liquid food cans (Figure 1.10). This model takes
into account conduction and convection, however, it is based on specific assumptions
for example, identical boundary conditions and load geometry, thus, it can only be
applied to some configurations.
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Figure 1.10 Schematic for zonal heat transfer modelling. Zone definition: (a) box's
insulation, (b) PCM and the divider between PCM and product and (c) food product
and air gap (East & Smale, 2008)
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1.4.3 Factors affecting heat transfer and fluid flow in a closed cavity

Several factors impacting heat transfer and fluid flow in a closed cavity are presented
in this sub-section.

Rayleigh number

As mentioned previously, Rayleigh numbers determine fluid flow regime. Although this
thesis discusses only laminar flow (Ra < 10, Rayleigh numbers are still an essential
factor in heat transfer and fluid flow characterization in a cavity. They can define the
dominant heat transfer mode (Bairi, 2008; Dalal & Das, 2006; Pirmohammadi &
Ghassemi, 2009), fluid flow pattern (Ha et al., 2002; Rincén-Casado et al., 2017) and
time-dependent characteristic of flow patterns (Ha et al,, 2002; Lee et al.,, 2013; 2016).
Figure 1.11 illustrates isotherms and streamlines in an empty cavity with vertical warm
wall and cold wall and adiabatic horizontal walls for Ra = 103 and 10° by changing
temperature difference between warm wall and cold wall. It can be seen that higher
Rayleigh number leads to more thermal stratification at the top and more distorted
flow patterns.
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Figure 1.11 Isotherms (left) and streamlines (right) of an empty cavity with vertical
warm and cold wall and adiabatic horizontal walls (Rincén-Casado et al., 2017)

High Rayleigh numbers also induces 3-dimensional flow patterns, especially in cavities
with internal bodies. In the case of a cavity with hot circular cylinder located close to
the bottom wall and cold side walls (adiabatic front and rear walls), Choi et al. (2015)
found that the flow patterns changed from 2D to 3D when Rayleigh number increased
from 10° to 10°.

Apart from 3D behavior, higher Rayleigh number also induces time-dependent
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behavior. Lee et al. (2013) studied the airflow in a cavity with a circular cylinder and
reported that at Ra = 10% the flow was steady but it became time-dependent when Ra
= 10° (Figure 1.12).
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Figure 1.12 Time history (using dimensionless time value) versus surface-averaged
Nusselt number of a heated cylinder in a cavity with heated bottom wall and top cold
wall at (a) Ra = 10* and (b) Ra = 10° (Lee et al., 2013)

Rayleigh number also influences the effect of other parameters on heat transfer and
fluid flow in a cavity, e.g., the effect of aspect ratio on Nusselt number (Ataei-Dadavi
et al.,, 2019; Lee et al., 2013; Rincén-Casado et al.,, 2017).

Aspect ratio of a cavity

Dalal & Das (2006) mentioned that aspect ratio (H/L) of a cavity affects the convective
heat transfer. In an empty cavity with vertical cold and warm walls, higher H/L led to
higher maximum velocity and higher Nu at the side wall, lower Nu at the top wall and
no effect on the bottom wall. The same findings were reported by Cesini et al. (1999)
for an enclosure with a circular cylinder.

Cavity inclination

The configuration with opposite cold and warm walls can be varied by changing the
tilting angle of the cavity. Bairi (2008) investigated the impact of cavity inclination on
fluid flow patterns and temperature in an empty cavity (Figure 1.13a). They also
reported the average Nusselt number of each angle (Figure 1.13b). The lowest Nusselt
number was observed when the tilting angle was 270° or -90°. This configuration
represented the warm wall at the top and the cold wall at the bottom, so, pure
conduction occurred. Then, when the warm and cold walls were vertically aligned at 0°,
the flow became one loop with thermal stratification. The highest average Nusselt
number was found when the inclination angle was 90°, i.e., when the warm wall was at
the bottom and the cold wall was at the top. In this case, Rayleigh-Bénard convection
took place in the cavity.
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Figure 1.13 Effect of inclination angle of a cavity on (a) velocity map (on the outer
radius) and temperature map (on the inner radius) and (b) average Nusselt number
versus inclination angle for various Rayleigh number (Bairi, 2008)

Internal bodies

The presence of internal bodies in a cavity obstructs heat transfer and fluid flow and
often leads to lower heat transfer coefficient (Ha et al., 2002). The internal body's
position and its thermal boundary conditions (e.g., cold, warm, adiabatic) are the main
factors that several works focused on. Jami et al. (2008) found that when they moved
a heated circular cylinder far away from isothermal hot wall, Nusselt number of this
wall decreased. They also reported that moving this body closer to cold wall led to
higher Nusselt number of this wall (Figure 1.14).

(a) (b)

Figure 1.14 Effect of position of a heated circular cylinder on streamlines in a cavity
(hot wall on the left and cold wall on the right) at Ra = 10° with (a) cylinder on the
left and (b) cylinder on the right (Jami et al. 2008)
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For food transport in an insulated box, the load can sometimes be assumed as a porous
body (Laguerre et al., 2008b) i.e. presence of a lot of small product items compared to
the cavity. The impact of the presence of a porous medium on temperature and fluid
flow in a cavity were experimentally measured by Ataei-Dadavi et al. (2019). They
studied the effects of packed spheres in a cavity by varying its material, size and
packing patterns on temperature field and fluid flow. They found that Nusselt number
depends on spheres’ size and thermal conductivity at low Rayleigh number, but only
the sphere thermal conductivity had a significant effect under high Rayleigh number
as shown in Figure 1.15.
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Figure 1.15 Effect of (a) size of glass sphere and (b) sphere’'s material at d = 15.3 mm
on average Nusselt number in a cavity - RB fitted curve represents the case when
Rayleigh-Bénard (RB) convection takes place in the cavity (Ataei-Dadavi et al., 2019)

Presence of PCM

Since PCM acts as thermal energy storage in transport with an insulated box, thermal
performance of PCM is necessary to determine the appropriate amount of PCM.
Jevnikar & Siddiqui (2019) and Kamkari et al. (2014) demonstrated the evolution of
heat transfer inside PCM during melting process. When PCM slab is placed vertically,
these authors reported three main periods: conduction, strong convection and weak
convection. Initially, conduction heat transfer dominated when most parts of the PCM
was solid (Figure 1.16a) during which Nusselt number was the lowest. Then, PCM
melted and turned to liquid, which recirculated along the cavity height and this allowed
the increase in Nusselt number (Figure 1.16b). When most part of PCM was liquid,
there was a thermal stratification, i.e., liquid at the top became stagnant and led to
lower Nusselt number (Figure 1.16c¢). It is to be emphasized that these three periods
were observed when the heat responsible to PCM temperature increase comes from
one vertical wall.
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Figure 1.16 Temperature field in a melting PCM (paraffin waxes — Tm = 55.0°C) at (a)
40 min, (b) 80 min and (c) 600 min (Jevnikar & Siddiqui, 2019)

Kamkari et al. (2014) found that when PCM was placed horizontally and the heat
responsible to PCM temperature increase comes from bottom wall. In this case, only
two periods were observed: conduction and strong convection. This can be explained
by the fact that this configuration did not allow thermal stratification (Figure 1.17).
They also mentioned that melting time of horizontal PCM was shorter than vertical one

(Figure 1.18).
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Figure 1.17 Temperature contour at middle plane of melting PCM (Lauric acid — T =
43.5 to 48.2°C) (a — c) vertically heated (d — f) horizontally heated at 10, 40 and 80
min. (Kamkari et al., 2014)
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Figure 1.18 Effect of inclination angle of a PCM cavity on melt fraction evolution — 0
= 0° is horizontally PCM and 8 = 90° is vertically PCM (Kamkari et al., 2014)

The aim of food transport in an insulated box is to maintain an optimal temperature
as long as possible. PCM as thermal energy storage allows the increase in thermal
performance by taking advantage of its latent heat (Aitlahbib & Chehouani, 2015;
Moreno et al,, 2020). Figure 1.19 compares the temperature evolution in a cavity with
and without PCM, it can be seen that PCM allows maintenance of low temperature in
a cavity as long as PCM is not completely melted.

70 L 1 1 1 1 1
—-— Ra=10" with PCM ——Ra = 10", without PCM

—-— Ra=5x10" with PCM
—-— Ra= 10’ with PCM
—-— Ra=10° with PCM

Ra= 5x109, without PCM
Ra = 10°, without PCM
Ra = 10°, without PCM

60

50

40

Temperature (°C)

et

() - -

20

0 60 120 180 240 300 360
Time (min)
Figure 1.19 Temperature evolution in a cavity without and with PCM (PureTemp29X
— Tm = 28.6 — 29.4°C) at various Rayleigh number (Moreno et al., 2020)

The challenges for studying a cavity with PCM were uneven PCM surface temperature
and PCM density change during melting (Labihi et al., 2017; Moreno et al., 2020). Thus,
assuming constant temperature at the surface and/or constant density during melting
process may lead to significant error of numerical results. However, simulating the
phase change process including density change requires adaptative mesh and largely
increases simulation time. To reduce simulation time, Labihi et al. (2017) and Moreno
et al. (2020) used effective density for PCM to calculate heat transfer during phase
change.
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1.5

CONCLUSIONS

The literature study showed the benefits of applying PCM in food cold chain: less
temperature abuse, and thus better product quality and better energy management.
To achieve these benefits, many factors should be considered: insulating material, PCM
type, its quantity and position, load characteristics, and operating conditions. Thus,
optimization of these factors is necessary in order to design the best configuration for
achieving the objective of each application.

Since there are several commercialized box designs and operating conditions in real
transport, modeling is an interesting tool to optimize these factors for wider range of
applications since the results can be predicted within a short time and low cost in
comparison to experimental approach. A better understanding of the instantaneous
heat transfer and airflow in an insulated box with PCM can improve existing models.
Innovative optical techniques such as Laser Doppler Velocimetry (LDV) and Particle
Image Velocimetry (PIV) could be used for investigating airflow in a closed cavity where
natural convection takes place. In the previous studies about free convection in cavities
the boundary conditions are usually assumed isothermal or adiabatic. In practice, PCM
surface temperature can be uneven and time-dependent during phase change and the
other walls are imperfectly insulated. In addition, there is also a transient heat
exchanges between internal air and load. This type of configuration is rarely studied.

This thesis has developed a protocol to determine temperature and air velocity in an
insulated box with PCM and investigated them experimentally to get better
understanding of the physical phenomena in the box. Then, they were used for thermal
model development for model validation. Ultimately, this thesis presented tools
(experiment and models) to optimize the box design and the operating conditions to
maintain appropriate food temperature during transport, thus minimize food loss and
waste.
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Conclusions

L'étude bibliographique a montré les avantages de l'utilisation de PCM dans la chaine du froid
alimentaire : moins de dépassements de température recommandée, et donc une meilleure qualité des
produits, ainsi qu’'une meilleure gestion de I'énergie. Pour bénéficier de ces avantages, de nombreux
facteurs doivent étre pris en compte : le matériau isolant, le type de PCM, sa quantité et sa position, les
caractéristiques du chargement et les conditions ambiantes. Pour chaque application, il conviendrait
d’'optimiser les parametres d'action.

Comme il existe de trés nombreuses conceptions de caissons et conditions de fonctionnement, la
modélisation est un outil intéressant d'optimisation de ces facteurs pour une large gamme
d'applications puisque les résultats peuvent étre prédits rapidement et a faible colt par rapport a
I'approche expérimentale. Une meilleure compréhension des transferts de chaleur et des écoulements
d'air dans un caisson isotherme avec PCM peut améliorer les modéles existants. Des techniques
optiques innovantes telles que la vélocimétrie laser Doppler (LDV) et la vélocimétrie par images de
particules (PIV) pourraient étre utilisées pour étudier I'écoulement d'air par convection naturelle dans
des enceintes fermées. Dans les études antérieures sur la convection libre dans les cavités, les conditions
aux limites sont généralement supposées isothermes ou adiabatiques. Dans notre cas, la température
de surface du PCM peut étre hétérogéne et dépendante du temps lors du changement de phase et les
autres parois sont imparfaitement isolées. De plus, il y a aussi un échange de chaleur transitoire entre
I'air intérieur et le chargement. Ce type de configuration est rarement étudié.

Dans ce travail de thése, nous avons développé un protocole expérimental pour déterminer la
température et la vitesse d'air dans un caisson isotherme équipé de PCM afin de mieux comprendre les
phénomeénes physiques en jeu. Ces résultats ont été utilisés pour le développement de modeéles
thermiques et pour leur validation. En résumé, cette thése présente des outils (expériences et modéles)
pour optimiser la conception de caissons isothermes et leurs conditions de fonctionnement afin de
maintenir une température appropriée des aliments pendant le transport, minimisant ainsi les pertes et
le gaspillage alimentaires.
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EXPERIMENTAL APPROACH FOR HEAT TRANSFER AND AIRFLOW
CHARACTERIZATION IN AN INSULATED BOX

2.1

SUMMARY

This chapter explains the experimental approach for measuring heat transfer (by
thermocouples) and airflow (by Particle Image Velocimetry) in an insulated box with
PCM. Loading conditions of progressive complexity were used to characterize physical
phenomena: no load, load with extruded polystyrene slabs (XPS - without heat
exchange with air) and load with test product (Tylose). Next, several effects of box
configurations and operating conditions were discussed: PCM position (on a sidewall
and at the top), box geometry (height/width = 1 and 1.7), ambient temperature (10°C
to 30°C), initial test product temperature (4°C and 10°C), and spacing beneath the test
product (no gap and 20-mm gap). This chapter also provides the estimation of
maximum storage time for a given PCM mass and a given ambient temperature. The
experimental results in this chapter were published in Article 2 and 3 and whole data
in Article 6 and 7 (data papers, see appendix).

Résumé

Ce chapitre porte sur la caractérisation expérimentale des transferts thermiques (par thermocouples) et
des écoulements d'air (par Vélocimétrie par Images de Particules) dans un caisson isotherme avec PCM.
Des conditions de chargement de complexité progressive ont été étudiés : pas de chargement,
chargement en polystyréne extrudé (XPS - sans échange de chaleur avec l'air) et chargement avec le
produit modéle (Tylose). Ensuite, les effets de plusieurs parametres ont été analysés : position du PCM
(sur un coté et en haut), géométrie du caisson (hauteur/largeur = 1 et 1,7), température ambiante (10°C
a 30°C), température initiale du produit a tester (4°C et 10°C) et espacement sous le produit a tester
(pas d'espace et espace de 20 mm). Ce chapitre fournit également une estimation de la durée maximale
de stockage pour une masse de PCM et une température ambiante données. Les résultats de ce chapitre
ont été publiés dans les articles 2 et 3 et I'ensemble des données dans les articles de données (data
paper) 6 et 7 (voir annexe).
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2.2 ARTICLE 2

Etude expérimentale de I'écoulement d'air et des transferts de chaleur par convection
naturelle dans un caisson isolé équipé d'un matériau a changement de phase a l'aide
d'une technique de vélocimétrie par images de particules

Résumé (version francaise de I'abstract de I'article 2)

L'écoulement et les transferts de chaleur par convection naturelle dans un caisson isolé
équipé d'un matériau a changement de phase (phase change material : PCM) ont été
étudiés expérimentalement par vélocimétrie par images de particules (particle image
velocimetry PIV) et par des mesures de température. L'effet de la position du PCM
(paroi latérale ou couvercle) sur I'écoulement et la distribution de température ont été
étudiés dans des conditions de caisson vide et chargé. Deux chargements ont été
considérées pour étudier I'effet d'obstacle et l'influence des échanges thermiques avec
I'air. Quelle que soit la position du PCM, un écoulement laminaire a été observé et le
nombre de Rayleigh correspondant était d'environ 107. Un écoulement ascendant a
toujours été observé pres des parois latérales de la boite. Lorsque le PCM était sur le
c6té, un flux descendant se produisait le long du PCM ; dans le cas vide, le flux était
presque 2D mais est devenu 3D en présence du chargement. Lorsque le PCM était sur
le couvercle, I'air se refroidissait au contact du PCM, s'en détachait et coulait vers le
bas. Dans le cas vide, le flux descendant était instable, et avec le chargement I'air suivait
des chemins préférentiels. Le type de chargement n'a montré que peu d'effet sur la
structure de I'écoulement, ainsi, un chargement plus simple (polystyrene extrudé) peut
étre utilisée en premiére approche. La vitesse maximale était d'environ 0,1 m.s™', la
convection naturelle ne peut donc pas étre négligée par rapport a la conduction. La
position du PCM montre peu d’'influence en termes de température du produit du
moment que des espaces sont laissés entre le chargement et les parois ou le PCM.
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Abstract

Airflow and heat transfer via natural convection in an insulated box with Phase Change
Material (PCM) were experimentally investigated using Particle Image Velocimetry (PIV)
and temperature measurements. The effects of PCM positions (side wall and lid) on
flow pattern and temperature distribution were studied under empty and loaded
conditions. Two loads were considered to study the obstacle effect and the influence
of heat exchange with air. When PCM was either at the side wall or at the lid of the
box, laminar flow was observed and the corresponding Rayleigh number was about
107. Upward flow was always observed near the side walls of the box. When PCM was
on the side, downward flow occurred along the PCM; in the empty case, flow was
almost 2D but became 3D when the load was added. When PCM was on the lid, the
air cooled in contact with PCM, detached from it and flowed downwards. In the empty
case, downward flow was unstable, and with the load, it followed preferential pathways.
The type of load exerted little effect on flow patterns at thermal steady state. Thus, a
simpler load (extruded polystyrene) can be used in the first approach. The maximum
velocity was about 0.1 m's™, so free convection cannot be neglected compared with
conduction. Regarding temperature performance, PCM on the side and on the lid
showed no substantial difference if gaps were left between the load and the walls or
PCM.

Keywords: Airflow, Heat Transfer, Natural convection, Insulated box, Phase Change
Material

Nomenclature

A Aspect ratio [-]

Cp Specific heat [J-kg™-K]

g Acceleration due to gravitation [m-s™]
Gr Grashof number [-]

H Height [m]
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L Length [m]
Ra  Rayleigh number [-]
Pr Prandtl number [-]
t Time [s]
Temperature [°C or K]
AT  Temperature difference [°C or K]
U Overall heat transfer coefficient [W-m™2-K™]
v Velocity magnitude [m-s™']
w Width [m]
x, ¥, z Coordinates [m]

Greek letters

a Thermal diffusivity [m?s™]

B Thermal expansion coefficient [K']
A Thermal conductivity [W-m™-K™]
£ Emissivity [-]

p Density [kg-m™]

m Dynamic viscosity [kg-m™-s']

v Kinematic viscosity [m?-s™]
Subscripts

a air

c cold

g glass

h hot

S surface

th thermal

w wall

0 free stream

Abbreviations

CFD Computational Fluid Dynamics
PCM Phase Change Material

PIV  Particle Image Velocimetry
TYL Tylose

XPS  Extruded Polystyrene

1. Introduction

Insulated boxes equipped with Phase Change Material (PCM) have been widely used
in the transport of various temperature-sensitive products such as meat and fishery
products (Paquette et al., 2017), fruit and vegetables (Zhao et al, 2019), and
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pharmaceutical products (Robertson et al., 2017). The advantages of insulated boxes
with  PCM include low investment and operating costs, flexibility in storage
temperatures and volumes, and ease of maintenance (Zhao et al., 2020a). However,
two drawbacks emerge: the temperature in an insulated box is difficult to control, and
temperature heterogeneity is often observed, with a low temperature in the vicinity of
the PCM and a high temperature further away from the PCM (Laguerre et al., 20083;
Margeirsson et al., 2012; Navaranjan et al., 2013). This problem can result in the
degradation of product quality, for instance chilling/freezing injury (a temperature that
is too low leads to cell damage) and pose a safety risk (a temperature that is too high
leads to bacterial growth) (Laguerre et al., 2019). As reviewed by Leungtongkum et al.
(2022), numerous experimental and numerical studies have been conducted to
evaluate the thermal performance of insulated boxes equipped with PCM. Choi &
Burgess (2007) developed simplified heat transfer models based on an ice melting test
for the estimation of heat flow resistance (R-value) which is a factor generally used to
determine the insulation performance of the box. Later, Singh et al. (2008b) applied
this method and reported the R-values of insulated boxes made of various insulating
materials with different wall thicknesses and box dimensions. Various 2D and 3D
Computational Fluid Dynamics (CFD) models of insulated boxes with PCM were
developed to study the influences of different factors on the evolution of air/product
temperatures (Du et al., 2020; Laguerre et al,, 2018, 2019; Margeirsson et al., 2012;
Paquette et al, 2017; Xiaofeng & Xuelai, 2021). These factors included box
characteristics (dimensions, shape of inner corners, types and thicknesses of insulating
materials, internal surface emissivity), PCMs (types, mass, and position in a box),
products (types, initial temperature, mass, and arrangement in a box), and operating
conditions (ambient temperature and transport duration) (Leungtongkum et al., 2022).
To reduce computational time, analytical and zonal models were also developed as a
complementary approach (East et al., 2009; Laguerre et al., 2018, 2019). These models
enable useful information (e.g, PCM melting duration and product temperature
change during shipment) to be acquired as a function of the box design and usage
conditions. Xiaofeng & Xuelai (2021) developed an insulated box with multiple
partitions for delivery of various products, which require different preservation
temperatures (ambient, chilled, and frozen temperatures) in the same box. Despite
these efforts, there is still no universal optimal condition that can be applied to control
the air/product temperatures in an insulated box.

All heat transfer modes can occur simultaneously in an insulated box with PCM:
conduction (inside the product, PCM and the walls of the box), natural convection
(between air and product/PCM in the box), natural/forced convection (between
external air and the box), and radiation (between the walls and product/PCM in the
box) (Leungtongkum et al.,, 2022). For model simplification, most numerical studies
consider heat transfer by conduction, and sometimes also by radiation, while natural
convection inside the box tends to be neglected (Du et al., 2020). In fact, all heat
transfer modes can be of the same order of magnitude, and natural convection can
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exert significant impacts, especially on temperature heterogeneity in the insulated box
(Laguerre & Flick, 2010).

Natural convection in closed cavities occurs in a wide range of engineering
applications and has been extensively studied with both experimental and numerical
approaches (Miroshnichenko & Sheremet, 2018; Pandey et al, 2019). The
configurations commonly studied are air or water in a rectangular cavity of which two
opposite (horizontal/vertical) walls are maintained at different constant and uniform
temperatures (hot and cold) while the other walls are perfectly insulated (adiabatic).
Many studies also introduce porous medium or solid objects (flat plate, cylinder and
sphere) in the cavity to observe their effects on heat transfer and airflow (Ataei-Dadavi
et al, 2019; Lee et al., 2016). The knowledge acquired using a cavity filled with porous
media can be applied to the case of small products such as cereal grains (ratio between
characteristic lengths of product and cavity < 0.02). However, the models are limited
in the case of larger products (e.g., meat, fruit and vegetables) where the ratio is much
higher (> 0.1) (Laguerre et al., 2008b). Moreover, the configuration of a product-loaded
insulated box with PCM is more complex because all walls are subjected to heat loss
and the wall equipped with PCM (cold wall) has a non-uniform temperature as PCM
melts more rapidly at some positions (Jevnikar & Siddiqui, 2019). Several experimental
and numerical studies were conducted to investigate heat transfer and airflow in air-
filled cavities with PCM at one wall. Aitlahbib & Chehouani (2015) developed a two-
dimensional numerical model to evaluate the thermal performance of an insulated
container with one vertical wall equipped with PCM, the opposite one kept at higher
temperature while other walls were well-insulated. The results demonstrated that the
container with PCM wall achieved superior thermal performance than the one without.
The same cavity configuration was numerically studied by Labihi et al. (2017). The effect
of volume expansion of the PCM during solidification was considered in the model.
Better predictions were obtained when this effect was taken into account. Moreno et
al. (2020) developed a transient 2D-CFD model to describe the airflow and the heat
transfer in an air-filled cavity with a PCM wall. The numerical results revealed flow
patterns similar to ones observed in experiment during melting process. The
temperature stratification was intensified after the liquid fraction of the PCM started
to predominate (> 50%). Orozco et al. (2021) further performed a numerical study with
the same cavity configuration but this time the PCM wall was segmented into small
volumes. The results showed that the segmentation of the PCM wall had no significant
effect on the flow patterns and the temperature distributions in the air-filled cavity.
Both flow topology and temperature stratification in the cavity with the segmented
PCM wall were similar to those in the cavity with the non-segmented PCM wall.
However, for the same requirement of thermal retention duration, the amount of the
PCM could be reduced by dividing the PCM container into segments. These mentioned
studies essentially dedicated to the use of PCM to enhance the energy efficiency of
buildings. Only the temperature measurements were used for the model validation (no
air velocity measurement). To our best knowledge, no experimental studies combining
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temperature and air velocity measurements inside an empty and loaded insulated box
with PCM have been conducted.

The present study attempted to bridge this research gap. The objective was to
investigate experimentally the airflow and heat transfer due to natural convection in
an insulated box with PCM. The influence of the PCM position and that of the presence
of a load on flow patterns and temperature distribution in the insulated box were
examined in the study. A non-intrusive technique, Particle Image Velocimetry (PIV),
was implemented to characterize the air velocity field. The originality of this study lies
in a) the implementation of PIV measurement for low air velocity and b) the analysis
of both velocity and temperature fields in different configurations of an insulated box
with PCM under a real use condition of food transport i.e., all walls of the box subjected
to heat losses and the presence of loads in the box. The obtained knowledge would
be useful to suggest the optimal practices for handling insulated boxes used for food
transport. The experimental results obtained in this study enable deep knowledge in
the exchange phenomena. They will be used to develop CFD and simplified thermal
models, which will be presented in the future. These numerical approaches enable the
prediction of product temperature change with time at different positions in an
insulated box exposed to variable ambient temperatures as in a real shipment.

2. Materials and methods
2.1 Experimental device

Two insulated boxes were used. Box A was a commercially manufactured box which
was used for the thermal study (temperature measurement by thermocouples). Box B
was the same box in which two walls were replaced with triple-glazed windows
ensuring almost the same insulation, and it was used for the momentum study (air
velocity measurement by a PIV system). As shown in Figure 2.1a, the wall structure of
Box A is composed of an expanded polystyrene foam layer (thickness: 25 mm, 4 =
0.029 W-m™"-K'") sandwiched between two polypropylene plastic layers (thickness: 3.5
mm, 2 = 0.12 W-m™K'", ¢ = 0.97). The inner gap between the polypropylene layers is
35 mm so that an air layer (thickness: 5 mm, 1 = 0.025 W-m™"-K™") is also present. The
internal dimensions of the box were 310 mm (W) x 500 mm (L) x 300 mm (H),
corresponding to about 0.05 m3?in volume. Box B had the same dimensions and wall
structure, but two vertical walls were replaced by triple-glazed windows. They were
composed of three glass layers (1 = 1.4 W-m™-K") each with a thickness of 4 mm and
two 10-mm argon gaps (1 = 0.018 W-m™"-K™"), as shown in Figure 2.1b. In addition, the
panes were coated with a low-emissivity material (¢ = 0.03, manufacture data) to avoid
the transmission of infrared radiation. In this manner, the overall heat transfer
coefficient of the glass wall was almost identical to that of the unmodified
commercially manufactured box: U, = U,, = 0.9 W-m2K". This makes it possible to
consider that heat losses occurring in Boxes A and B were almost the same; thus, the
momentum results obtained experimentally from Box B can be compared with the
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thermal results obtained from Box A.

(a) B) oot

(10-mm thickness)
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(4-mm thickness)

Polypropylene inner layer
(3.5-mm thickness)
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Figure 2.1 Insulated boxes: (a) commercially manufactured box for temperature
measurement (Box A); and (b) box with two walls replaced with triple-glazed
windows for velocity measurement (Box B).

Tap water (melting point of -0.2°C, latent heat of 334 kJ/kg) filled in a polypropylene
recipient (280 mm x 460 mm x 50 mm) was used as a PCM for both thermal and
momentum studies. The PCM was prepared (solidification) by placing horizontally in a
freezer (-2.0°C set point) for at least 48 h before being used in each experiment to
ensure that it was completely frozen at a temperature close to the melting point.
Depending on the experimental conditions, the PCM was placed either on the top wall
(lid) or on a vertical (side) wall of the box.

Two types of loads were used in the experiment: 4 inert blocks made of extruded
polystyrene (XPS, dimensions 200 mm x 400 mm x 50 mm) and 16 packs of test
product made of tylose (TYL, dimensions of a pack 200 mm x 100 mm x 50 mm). The
presence of XPS blocks made it possible to study the influence of obstruction (without
heat exchange with air) on the airflow pattern, while the presence of TYL packs made
it possible to study the combined influence of obstruction and heat exchange with air.
The use of XPS blocks made it possible to reach a thermal steady state (low thermal
inertia) rapidly. Both types of loads were arranged so they had the same stack
dimensions: 200 mm x 400 mm x 200 mm. The TYL packs were previously stored in a
laboratory refrigerator and their initial core temperature was 5.0 + 1.0°C before being
used in the experiment. The 1.0°C temperature variation is related to the position of
the pack in the refrigerator during preparation. It is to be emphasized that due to the
large variety of food products and their thermophysical properties, the test product
employed in the standard tests of refrigeration equipment was used. The properties of
this test product (called Tylose) are close to those of meat product as shown in Table
2.1.
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Table 2.1 Thermophysical properties of materials used in the study

. g Thermal
Material [Il)(enr.:tg; S['j.elf 'Tfoléi?t conductivity Reference
g g [W-m™-K"]

Extruded 35 1210 0.029 Cengel & Ghajar (2020)
polystyrene

Polypropylene 910 1925 0.120 Cengel & Ghajar (2020)
Tylose 1070 3372 0.510 Icier & llicali (2005)
Water (liquid) 1000 4217 0.561 Cengel & Ghajar (2020)
Water (solid) 920 2040 1.880 Cengel & Ghajar (2020)

To facilitate interpretation of the results, the boxes (for both the thermal and
momentum studies) were placed on small supports (with a height of 50 mm) placed
on a table (with a height of 700 mm), thereby ensuring homogeneous airflow around
the box (including underneath it). The experimental device was placed in a test
chamber (dimensions: 340 cm x 340 cm x 250 ¢cm) in which the ambient temperature
was controlled at 20.0 + 1.0°C throughout the experiments. The humidity in the room
was not controlled. The relative humidity measured by using a hygrometer (Testo 174H,
accuracy +3%rh) was in the range of 45-65%, corresponding to the humidity ratio of
0.006-0.009 kg of water vapor/kg dry air.

2.2 Thermal study

Temperature measurements were performed in Box A using calibrated T-type
thermocouples (200 pm diameter, + 0.2°C accuracy) connected to a data logger
(Agilent 34972A). The protocols for the measurements under empty and loaded
conditions are described hereafter.

2.2.1 Experimental protocol under empty conditions

The temperature measurements were conducted on a middle plane (x = 250 mm) of
the box as shown in Figure 2.2a. Twelve thermocouples were installed on a portable
stand at intervals varying from 5 mm (near the top and bottom) to 35 mm (mid-height)
and were used to measure the air temperatures across the cavity. Another twelve
thermocouples were fixed on the surfaces of the box walls and the PCM in order to
measure their surface temperatures. Three thermocouples were also installed at three
positions inside the PCM.

To establish the temperature profiles, several temperature measurements were carried
out by moving the stand from one position to another across the plane. The stand was
positioned at a distance of 5 mm from the walls for the initial measurement. The
measurement began at least 90 min. after the box closure (steady state had been
reached) and lasted for a duration of 5 min. with recording intervals of 15 s. The box
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was re-opened in order to move the stand to the next position and then was closed
rapidly to limit the effects of external air ingress (total duration of this operation: < 1
min). Then, temperature measurement was undertaken 15 min. after closure (steady
state had been reached again). To address the temperature profile in the boundary
layer, fine incremental steps of 5 mm were applied for the first five positions near the
wall, then coarser incremental steps (up to 50 mm) were used (eighteen y-positions).
The temperature at each position was averaged over 5 min. and the reported
temperature profiles were based on these average values.

It needs to be emphasized that the phase change process of the PCM is a transient
phenomenon and the real steady state never exists. The "pseudo” steady state
stipulated in this study indicate the duration in which the air temperatures at different
positions in the cavity were relatively constant. Preliminary experiments showed that
"pseudo” steady state was reached after 90 min. Then, the standard deviations over 3
h of the air temperatures at eight positions in the box never exceeded 0.3°C.

2.2.2 Experimental protocol under loaded conditions

The stack of TYL packs was carefully placed in the center of the box, which
corresponded to a loading percentage (including the PCM) of almost 50% by volume.
In this case, all air and load temperatures (core and surface) were simultaneously
measured throughout the experiment without intermittent openings. Figure 2.2b
shows the positions of the thermocouples used to measure the air temperatures on
the middle (x = 250 mm) and the lateral (x = 15 mm) planes of the box as well as the
core and surface temperatures of four TYL packs. Thermocouples were also installed
at three positions inside the PCM. Measurements were undertaken 90 min. after the
closure of the box and lasted until the PCM was completely melted (i.e. all measured
PCM temperatures started to increase). A recording interval of 30 s was set for the
experiment. The air and product (core and surface) temperatures at each point were
averaged over 200 min. during which the PCM was melting. These time-averaged
values were used to establish the temperature field in the loaded box.
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Figure 2.2 Diagram showing the experimental setup for temperature measurement
for PCM located on the side wall of (a) empty box, and (b) loaded box. TYL = Tylose
packages.

2.3 Momentum study

Figure 3 shows the overall view of experimental setup for the air velocity
measurements in the insulated box (Box B) using a PIV system which requires tracer
particles (oil smoke in our case) for the measurement. The box was connected to a
smoke container using a flexible duct in which four small PCM packs were used to
precool the smoke before entering the box. A small fan was used to assist the
introduction of precooled smoke (~10°C) into the box and its flow rate was controlled
by a valve on the connecting duct.
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Figure 2.3 Diagram (a) and photograph (b) showing the PIV setup.
2.3.1 PIV system

A 2D-PIV system (LaVision, FlowMaster 2D) was used to visualize the flow pattern and
to measure air velocity in the box. The system is composed of three main components:
a double-pulsed Nd:YLF laser (527 nm wavelength, 10 mJ pulse energy), a high-speed
12-bit CMOS video camera (Photron, FASTCAM SA3; 1024 x1024 pixels in resolution)
mounted with a lens (Sigma; 105 mm, /1:2.8), and a programmable timing unit (PTU-
X) for the synchronization of the device. For light scattering, a smoke machine (Antari,
F-80Z) was used to generate oil particles (Levenly, Smoke Standard; mean diameter of
0.3 um). Image acquisition and post-processing were performed using DaVis 10.2
interfaced software. The camera and the laser were installed on a three-dimensional
displacement system (displacement precision £ 1 mm) and aligned in such a manner
that the field of the camera view was perpendicular to the light sheet (thickness of 1
mm).
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2.3.2 Image acquisition

The PIV measurements under both unloaded and loaded conditions were performed
on the same plane as the temperature measurement under loaded conditions: the
middle plane (x = 250 mm) and the lateral plane (x = 15 mm). Based on the image
calibration using a ruler and the DaVis software, the magnification factor of 0.113
mm/pixel was determined and it corresponded to an image size of approximately 115
mm x 115 mm. For each measurement plane, several measured windows with a partial
overlap between them were used to cover the entire area of the plane. Figure 4 shows
the position and its corresponding number of measured windows on the measurement
plane for different experimental conditions (unloaded/loaded and PCM on the side/lid).
The position of the measured windows was changed by using a displacement system.
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E Measured window: 115mm (L) x 115mm (H)

Figure 2.4 Position of measured windows for the PIV measurement: (a) empty
box/PCM on the side wall, (b) empty box/PCM on the lid, (c) loaded box/PCM on the
side wall, and (d) loaded box/PCM on the lid.

For each measured window, 500 pairs of images were recorded every 20 ms with a
time interval (At) between two paired images (two pulsed laser illuminations) of 900
s, and the total measurement duration was 10 s. Based on the preliminary experiment,
the measurement duration should not exceed 10 s to avoid heat generation by the
laser which caused an increase in wall temperature, thereby affecting airflow. This time
interval was considered as an optimal value for a velocity estimation in our case,
because it allowed a mean particle displacement of less than a quarter of the smallest
width of interrogation window (Keane & Adrian, 1992).

2.3.3 Image post-processing

A multi-pass correlation algorithm was used to process instantaneous vector
calculation. The cross-correlation between individual paired images was performed
with decreasing interrogation window sizes: 64 x 64 pixels with 50% overlap for the
first passes and 32 x 32 pixels with 75% overlap for the final passes. Given the
interrogation dimensions of the final pass, the spatial resolution of the vector field
(distance between two vectors) was 8 pixels (about 0.9 mm) in both vertical and
horizontal directions. After 500 instantaneous vector fields were obtained, the mean
velocity field (v: 2D velocity magnitude) was then calculated as follows
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where N is the total number of measured windows (N = 500 in our case), v, and v, are
the horizontal and vertical velocity components expressed in m-s™, respectively.

The mean velocity fields of all measured windows were then connected to establish
the velocity field of the entire measurement plane. It should be emphasized that the
out-of-plane regions and the regions near high reflection surfaces in the images (e.g.
the surfaces of PCM, wall, and load) were deleted and excluded prior to the vector
calculation.

The DaVis software uses the correlation statistics method (a-posteriori approach) to
quantify the uncertainty of the PIV measurement. Based on the statistical analysis
(Wieneke, 2015), the uncertainty of the mean air velocity reported in this study was
less than 5% for v > 0.04 m-s™" and less than 10% for 0.02 < v < 0.04 m-s™.

2.3.4 Experimental protocol

Air velocity measurements were carried out under steady state conditions which were
achieved 90 min. after the PCM was introduced into the box. At steady state, the
precooled smoke was introduced into the box until its concentration was sufficient. To
ensure flow stabilization, the PIV measurement was performed about 30 min. after the
smoke introduction. Nine and five measured windows of 500 paired images were
captured for the experiments under empty and loaded conditions, respectively. Table
2.2 summarizes all experimental conditions for the temperature and the velocity
measurements.

Table 2.2 Experimental conditions for thermal (temperature measurement) and
momentum (air velocity measurement) studies.

Numbers of windows for air
o PCM Temperature velocity measurement [window
Conditions o
position | measurement number]

Middle plane Lateral plane
Unloaded Side wall Yes 9 [1-9] 9 [1-9]
Lid Yes 9 [1-9] 9[1-9]
Loaded (XPS) | Side wall No 5[1-5] 9[1-9]
Lid No 5 [1-5] 9 [1-9]
Loaded (TYL) | Side wall Yes 5[1-5] 9[1-9]
Lid Yes 5 [1-5] 9[1-9]

XPS is a stack of four extruded polystyrene blocks (block dimensions = 200 mm x
400 mm x 50 mm); TYL is a stack of 16 Tylose packs (pack dimensions = 200 mm x
100 mm x 50 mm); the window number is referred to that in Figure 2.4.
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3. Results and discussion
3.1 Air velocity and temperature profiles under the empty condition

The experiment was firstly performed under empty conditions to gain an
understanding of underlying momentum and energy transport phenomena inside the
insulated box equipped with PCM. The influence of PCM positions (side wall and lid)
on these phenomena were investigated and the results are presented as follows.

3.1.1 PCM on a side wall of the box

When the frozen PCM was placed on a side wall of the box, the apparent width (W’) of
the box was reduced to 260 mm and accordingly the aspect ratio (A = H/W') of the
box was about 1.15. Based on the temperature difference between the inner surfaces
of the PCM and the walls (AT = T, — T, = 7.9°C), the Rayleigh (Ra) number based on
the box height as defined in Equation 2.2 was approximately 2.8x10”. Thus, the air
flow in the box was in the laminar regime (< 109 (Saury et al,, 2011).

_ 3
Ra = Gr- Pr = 28Tn"TOH"  cpk 2.2)

v2 A

The thermal properties of air were calculated at the mean air temperature in the box
(Tean = 7.7°C) by using the correlations proposed by McQuillan et al. (1984). The
calculated values are summarized in Table 2.3.

Table 2.3 Thermophysical properties* of air used for the Ra estimation.

Parameter Unit Value
T, = 6.2°C T, =7.7°C
p kg-m 1.264 1.258
v ms’" 1.387x107 1.400%x 107
Cp J-kg K 1006 1006
A W-mK" 0.0245 0.0247
B K 0.0036 0.0036

*calculated at the average air temperature (T,) from the
correlations proposed by McQuillan et al. (1984)

Figure 2.5 shows the air velocity profiles on the middle (x = 250 mm) and the lateral (x
= 15 mm) planes of the box equipped with the PCM on the side wall. For comparison
purposes, the color scale was limited to 0.13 m-s™' over which the maximum value
recorded among all experimental conditions never exceeded. Large (red) arrows were
drawn over the velocity field in order to provide better visualization of flow patterns
represented by velocity vectors originally generated from the PIV software.

97



-0.13 260 i3
0.12 24014
011 220 |
17010 2001
F0.09 1801
<l Fo.08
007
0.06
0.0

[,-s:w] Anoojan ueapy
[,-s-w] Anoojan uespy

0.04 80 ;“
0.03 60
0.02 40
0.01 20

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Y [mm] Y [mm]

Z=230mm Z=230mm

010 — : - Z=160mm 010 — —=—2Z=160mm
' =
3 2] %~ Z =120mm

— 005 : - Z=90mm = 005
® 0 »
E 000 4 ——Z-20mm E 000
i ! N

005 — ] ~ 005

i (@)
-0.15 t I -0.15 +
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Y [mm] Y [mm]

Figure 2.5 Air velocity fields on (a) the middle (x = 250 mm) and (b) the lateral (x =
15 mm) planes of the box with PCM on the side wall. (a') and (b’) are the profiles of
the vertical velocity component (v,) at 4 heights on the middle and the lateral planes,
respectively.

As shown in Figure 2.5a, the airflow on the middle plane exhibits a flow pattern similar
to the simple case, largely documented in the literature, of a rectangular cavity with
opposite isothermally hot and cold vertical walls and well-insulated horizontal walls
(Lee & Lin, 1996): upward and downward flow streams adjacent to the vertical surfaces
of the side wall and the PCM, respectively. These flow streams moved horizontally
along the bottom and the top walls, respectively, thus forming a recirculation cell.
However, due to the technical limitations of the experimental device, the visible height
was limited to z = 260 mm; thus, the complete flow recirculating cell could not be
visualized in our study (dashed-line arrow in Figure 2.5a).

A secondary flow was also detected (see arrow A on Figure 2.5a): the air at a distance
of about 30 mm from the box wall changes its direction from upward to downward
and flows toward the cold wall. This could result from the heat transfer through the
bottom wall of the box. The airflow near the ‘warm’ bottom wall has a slightly
ascending slope (this is not the case for an adiabatic bottom wall). The air located
about 30 mm from the walls is entrained by the main recirculation flow, but it is
relatively colder than the air nearer to the wall; thus, at a given point, its trajectory
leaves the main cell and becomes downwards.

As illustrated in Figure 2.5a', the vertical velocity component (v,) near the box wall
tended to increase from bottom to mid-height (z = 120 mm) reaching almost 0.09 m-s
'. Beyond this height (z > 120 mm), the velocity started to decease. A similar trend was
observed near the PCM, but in the opposite manner. The vertical velocity component
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(Jv,|) steadily increased from the top until roughly z = 90 mm reaching almost 0.08
m-s”', then the velocity began to decrease, conceivably because the flow ‘turned’ at the
corner. The flow pattern on the lateral plane (Figure 2.5b) was almost identical to that
on the middle plane, but the maximal velocity magnitude was higher (0.12 ms™"). Note
that the velocity field on the lateral plane (x = 15 mm) was extended to the region of
the PCM because the PCM was symmetrically placed in the box, thereby allowing the
PIV measurement in the gap between the lateral wall and the PCM (x > 20 mm).

On both planes, there is a zone of stagnant air in the core region of the box. However,
this region on the lateral plane was smaller than that on the middle plane. Three-
dimensional flow due to additional heat gain through the side wall could explain this
difference.

Figure 2.6a shows the air temperature field on the middle plane (x = 250 mm) of the
box with PCM on the side wall. This temperature field was plotted by interpolation
from 252 measurement points over this plane by using MATLAB. The temperature field
shows the thermal boundary layers. Due to heat conduction from the exterior, the air
temperature increases constantly while it flows along the box walls, and the boundary
layer thickness increases. Then, the air is cooled down along the PCM. This is coherent
with the flow pattern (recirculation cell) observed by the PIV measurement. Overall
stratification was observed: colder air near the bottom, and warmer air near the top.
The maximum air temperature was about 10°C at the top corner on the side wall and
the minimum air temperature was observed at the bottom corner on the PCM side.
The surface temperature of the PCM container varied from 0.5°C at the bottom (z = 20
mm) to around 3.5°C at the top (z = 230 mm). Thermal boundary layers at different
heights are illustrated in Figure 2.6b. As expected, their thickness was close to
hydrodynamic thicknesses (Figure 2.5a") since the Prandtl number is relatively close to
1 (Pr =0.71).
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Figure 2.6 (a) Air temperature field on the middle plane (x = 250 mm) of the box
with PCM on the side wall and (b) temperature profiles at four different heights.

929



3.1.2 PCM on the lid of the box

The apparent height was H’ = 250 mm; thus, the aspect ratio of the box with PCM on
the lid (A = H’/W) was about 0.81 and the Ra number was 2.4x 107 (AT = 6.8°C). As
in the case of PCM on the side wall, the airflow was laminar. The values of thermal
properties of air are summarized in Table 2.3 (Tpean = 6.2°C).

Figure 2.7 shows the air velocity profiles on the middle (x = 250 mm) and the lateral (x
= 15 mm) planes of the box with PCM on the lid. It was found from Figure 2.7a that
there were two almost symmetric, counterrotating air-flow cells. This result
qualitatively agrees with the numerical solution obtained by Corcione (2003) who also
observed such a two-cell flow pattern in a rectangular cavity with one cold top wall,
one hot bottom wall and two hot side walls (4 = 0.5 and Ra = 10° in his study). As
shown in Figure 2.7a’, the positive vertical velocity components were detected along
the side walls (y < 50 mm and y > 260 mm) while the negative ones were mostly in the
core region. On the middle plane, the absolute values of the vertical velocity
components never exceeded 0.08 m-s™'. The upward flow along the side walls was
induced by the relatively high air temperature in these regions as a result of heat
conduction through the box walls. Accordingly, these flow streams converged on the
top where air was cooled down via the PCM. Becoming heavier, the air then flowed
downward in the center region.
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Figure 2.7 Air velocity fields at (a) the middle (x = 250 mm) and (b) the lateral (x = 15
mm) planes of the box equipped with PCM on the lid. The profiles of the z-
component of the velocity at 4 heights on (a') the middle and (b’) the lateral planes.
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Near the lateral wall (x = 15 mm, Figures 2.7b and b"), the flow is almost everywhere
upwards as is the case near the side wall (v, > 0 fory = 15 mm in Figure 2.7a"). In fact,
one would expect a similar 2D cell flow pattern in x-z plane (y = W/2) as that
observed in the y-z plane (x = L/2, Figure 2.7a). Overall, air flows upwards along the
lateral and side walls, whereas it flows downward in the central region (3D flow). Near
the corners (junction of lateral and side walls e.g. x = 15 mm, y = 15 mm) the heat flow
by conduction through the walls is the highest, and this explains why the vertical
velocity is also the highest in these positions: 0.12 m-s™.

It should be borne in mind that the presented velocity fields are time-averaged over
10 s and are composed of 9 windows recorded at different times (typically at 2 min.
intervals taking into account the time needed to move the camera and save the
recorded data). Direct observation of smoke in the middle plane showed that the flow
was not stable (it was unsteady) in the central region: the downward flow oscillated in
the y direction. This explains why the velocity observed in Figure 2.7a is not strictly
symmetric and that there are some ‘jumps’ between the 3 parts (3 windows in the y
direction) of the profiles in Figure 2.7a. This type of instability has been observed also
for free convection in domestic refrigerators (Laguerre et al.,, 2005).

Figure 2.8 shows the air temperature field on the middle plane of the box. As expected,
the cold region was in the center where downward flow was observed, while the warm
region was near the side walls where upward flow was observed. The maximum air
temperature was about 9°C near the top of the side walls and the minimum air
temperature was observed just below the PCM (top of central region); the surface of
the PCM container was at a temperature of around 1-2°C.
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Figure 2.8 Air temperature field on the middle plane (x = 250 mm) of the box with
PCM on the lid.
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3.1.3 Comparison between PCM on the lid or on the side

In comparison with the case of PCM on the side wall, the box with PCM on the lid
exhibited a lower maximal temperature: 9.3°C (lid)/10.5°C (side). This high temperature
was observed near the walls. In fact, the product should not touch the walls and should
even be placed outside the boundary layers whose thickness was around 30 mm. If we
exclude the boundary layer zone, the mean temperature (in the middle plane) was
lower for PCM on the lid: Tyean = 6.2°C (lid) and 7.7°C (side) and the temperature
distribution was also more homogeneous for PCM on the lid: Tyqx — Trnin = 1.7°C (lid)
and 2.7°C (side).

As mentioned previously, flow fluctuations were visually observed in the central region
where the PCM was placed on the lid. To a lesser extent, fluctuations were also
observed near the bottom of the PCM when it was placed on the (right) side. Figure
2.9 presents the instantaneous velocity evolution during 10 s at two positions (near
the center and near the bottom/right corner). This confirms that the airflow was more
stable in the case of PCM on the side. Velocity variations of up to 0.10 m-s™' were
detected at the center of the box with PCM on the lid (Figure 2.9b).
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Figure 2.9 Velocity variations of the air at the same two positions in the box with
PCM on (a) the side wall and (b) the lid.

The convective heat transfer coefficients can be estimated from the measured
temperature profiles. Very near to the wall, the air velocity is close to zero. So, the heat
flux (W-m) along y-direction can be given by

Aaz_; = hZ(TW - Too) (23)

where T,, and T,, are the temperatures of the wall and the air outside the boundary
layer (free stream), respectively, A, is the thermal conductivity of the air, and h, is the
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local convective heat transfer coefficient at a given height (z) which can be
approximately estimated from

214(9T /8
h, = % (2.4)

For example, when the PCM was at the side wall, at the mid height (z = 160 mm), the
temperature at the PCM wall, at 5 mm from the wall and outside the boundary layer
were 0.8°C, 5.5°C and 7.2°C, respectively. The slopes (0T /dy) of the tangent line to the
temperature profile near the PCM wall was thus approximately 1°C/mm. Accordingly,
the local convective heat transfer coefficient at PCM wall could be estimated around 4
W-m=2K". In the same way, the heat transfer coefficient at the vertical internal box walls
(warm walls) could be estimated between 2 and 3 W-m™2-K".

Despite low heat transfer coefficients, convection cannot be neglected compared to
conduction in air because the maximum air velocities observed in the box were around
0.1 ms™!, corresponding to the Peclet number (Pe) of more than 100.

The Peclet number (Pe) is defined as

Valc
Pe = a—a (25)
For the empty box, the value was approximately 1500, given the characteristic length
(height of the box) of 0.3 m, the air velocity of 0.1 m-s™, and the air thermal diffusivity

of about 2x10° m?s™".
3.2 Air velocity and temperature profiles under loaded conditions

The experiments were performed under loaded conditions. The experiment was firstly
conducted with inert blocks (XPS) that made it possible to study the obstacle-effect
alone on the flow pattern. Then, an experiment with the test packs (TYL) was performed
to study both the obstacle-effect and the influence of heat exchange with air. Due to
the presence of the obstacles, the light sheet was restricted; thus, the velocity field
behind the load was not available.

3.2.1 PCM on the side wall of the box

As shown in Figure 2.10, the airflow in the loaded box, regardless of obstacle types,
exhibited similarities with that in the empty box: upward and downward flow streams
close to the vertical surfaces of the side wall and the PCM, respectively. However, under
loaded conditions, the upward flow on the middle plane did not result from a two-
dimensional recirculation cell (located in this plane) but instead from a three-
dimensional flow pattern as illustrated in Figure 2.11. At State 1, the air flowed
downward (-z direction) in the space between the PCM and the load. Once
approaching the bottom wall (State 2), the air flowed rather horizontally (+/- x
direction) toward the lateral walls of the box. At the edge of the load (State 3), the air
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turned and flowed between the lateral wall and the load (-y direction). This is
confirmed in Figures 2.10b and 2.10d (lateral plane, x = 15 mm) where a strong flow
from the right to the left was observed in the bottom region. When it reached the
bottom of the side wall (State 4), the air moved both horizontally to occupy the entire
gap between the side wall and the load and upwards because it became warmer and
warmer (heat exchange with the walls). Finally, starting from State 5, it recirculated to
the PCM.
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Figure 2.10 Air velocity fields at (a and c) the middle (x = 250 mm) and (b and d) the
lateral (x = 15 mm) planes of the box with the PCM on the side wall.
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Figure 2.11 lllustration of three-dimentional flow in a box with PCM on the side wall.
Numbers indicate the states of the flow.
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The velocity fields obtained with inert blocks (XPS) and with test products (TYL) were
very similar. This is because thermal steady state was practically reached in both cases
(the test products were introduced practically at the equilibrium temperature and the
measurement began after 2 h). In this manner, thermal inertia became negligible. For
XPS (with very low thermal conductivity) the air temperature was expected to be
relatively homogeneous in the gaps between the load and the lateral wall or the PCM.
For TYL, due to conduction, the load surface temperature was lower than the air
temperature in the wall-side gap but higher in the PCM-side gap (as shown hereafter
in Figure 2.12a). This could diminish free convection, but the results showed a minor
effect (Pe ~ 150, L. (gap) = 30 mm). This means that (steady state) flow
characterization can be carried out with inert blocks (XPS), which is much simpler.
Certainly, if warm products were introduced in the box initially, the flow pattern would
have been substantially altered.
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Figure 2.12 Air temperature field on (a) the middle (x = 250 mm) and (b) the lateral
(x = 15 mm) planes of the box with PCM on the side wall. Values indicate the time-
averaged core and surface temperatures of the test products.

Figure 2.12 shows the temperature field on the middle (x = 250 mm) and the lateral (x
= 15 mm) planes of the box with PCM on the side wall and TYL load. The temperature
field was coherent with the flow pattern: air was cooled down along the PCM and
warmed up along all the box walls. It is obvious that the cold air near the PCM resulted
in relatively low load temperatures on this (right) side. Conversely, the warmer air near
the wall resulted in relatively high load temperatures on the opposite (left) side.
Conduction in the load was not sufficient to homogenize the load temperature. The
highest load temperature, 7.8°C, was reached near the side wall (opposite the PCM
location). The average load temperature was 6.0°C and the maximum difference was
3.9°C. Air temperature stratification was observed on the lateral plane of the box
(Figure 2.12b).
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3.2.2 PCM on the lid of the box

A complex flow pattern was observed in the loaded box with PCM on the lid as shown
in Figure 2.13. On the middle plane (x = 250 mm, Figures 2.13a and 2.13c), regardless
of load types, cold air coming from the top (near the PCM) flowed downward in the
center of the (left) gap between the side wall and the load. Then, air flowed upwards
along the side wall and the load surface. An explanation for the upward flow along the
side wall is that the air near this wall is warmed up by conduction through the wall (as
in the empty case). The flow direction along the load surface is logically upwards if the
surface temperature is higher than the average air temperature in the gap. This was
the case for the XPS load because radiation from the wall to the load surface tended
to increase the load surface temperature. For the TYL, in addition to radiation,
conduction also occurred inside the load. This could explain why upward flow occurred
all along the XPS load but occurred only along the upper part of the TYL load. This
difference appeared also on the lateral plane (x = 15 mm): there were more upward
flow regions in the case of the XPS load. However, the easier experiments with the XPS
load gave a good approximation of the flow pattern in the presence of load in the box.
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Figure 2.13 Air velocity fields on (a and c) the middle (x = 250 mm) and (b and d) the
lateral (x = 15 mm) planes of the box equipped with PCM on the lid.
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Due to the limitations of the PIV technique, velocity measurement was not possible in
the (right) gap. A similar flow pattern could be expected due to symmetry. However,
in fact, flow was not symmetrical above the load: it seemed that a stronger cold air
stream flowed down in the right gap than in the left gap. Such dissymmetry was
already observed in the empty case (PCM on the lid) where instability was induced by
oscillations of downward flow. It seemed that in the loaded case, the flow ‘chose’ one
or another preferential pathway (through the left or right gap). This is related to the
non-linear term in the flow equations (Navier-Stokes) which is responsible for a break
in symmetry (even before turbulence). This dissymmetry was also confirmed by Figures
2.13b and 2.13d (lateral plane, x =15 mm) where flow from the right to the left was
observed in the lower part of the box. The small difference in heat transfer coefficient
between the left (insulated wall) and the right (triple-glazed windows) can also induce
dissymmetry.

Figure 2.14 presents the temperature field on the middle (x = 250 mm) and the lateral
(x = 15 mm) planes of the box with PCM on the lid and TYL load. It shows the thermal
boundary layers along the side wall (which explains upward flow along the walls).
However, the load surface temperature seemed very close to the adjacent air
temperature. At the center of the gap (where downward flow was observed) the air
rapidly warmed up (the temperature was well above the PCM surface temperature).
This can explain the weak velocity observed in the gap. Dissymmetry was also observed:
the right gap had a lower average air temperature than the left gap which in turn
affected the load temperature. This also seemed to be due to a stronger cold air stream
from the PCM toward the right gap (see the red arrow in Figure 2.14). For temperature
measurements, the dissymmetry cannot be imputed to a difference in insulation (Box
A was used). This configuration did not allow stratification since the cold PCM
container was placed at the top.
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Figure 2.14 Air temperature field on (a) the middle (x = 250 mm) and (b) the lateral
(x = 15 mm) planes of the box with PCM on the lid. Values indicate the time-
averaged core and surface temperatures of the test packs.
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In the case of PCM on the lid, the highest load temperature, 7.3°C (7.8°C for PCM on
the side) was reached near the bottom (opposite the PCM location). The average load
temperature was 5.7°C (6.0°C for PCM on the side), and the maximum difference was
3.0°C (3.9°C for PCM on the side). So, there was little apparent difference between the
two configurations. These findings suggested that the PCM can be placed either at the
side wall or at the lid without compromising the quality and safety of food products if
spaces between the PCM and the load and between the side walls and the load are
reserved. According to our estimation, the insulated box with ice as a PCM is feasible
for the transport of food products in the temperature range of 4-8°C for about 10 h.
The experimental results obtained by this study will be used for the development of
CFD and simplified thermal models to predict product temperature evolution along a
logistic chain. This evolution makes possible the prediction of product quality thanks
to a relation with the product temperature. In this manner, the product shelf life under
different logistic scenarios can be predicted. The thermal and quality modelling would
help the supply chain management to optimize the logistic conditions to reduce food
loss and waste.

4. Conclusions

The present study was carried out to characterize the airflow and the heat transfer due
to natural convection in an insulated box equipped with PCM by using PIV technique
and temperature measurement. The influence of the PCM position on the flow pattern
and temperature distribution was investigated. The study was conducted in a
progressively more complex manner: empty, loaded with extruded polystyrene (low
conductivity and almost no thermal inertia), and loaded with tylose (thermal properties
close to those of food). The key findings are summarized as follows:

Whatever the configuration, the highest observed air velocities were around 0.1 m-s™";
therefore, convection cannot be neglected compared to conduction in air (Peclet
number > 100). Numerical simulations with either CFD or simplified models should
include free convection.

When the PCM is on the side wall, the flow pattern is simple to predict. Air flows
downwards along the PCM surface and upwards along the side walls. In the empty
case, the flow pattern can be approximated by a 2D recirculation cell, but the presence
of the load leads to a 3D flow pattern. When the PCM is on the lid, after cooling down
in contact with the PCM, a cold air stream detaches from the PCM surface and flows
downwards. This cold air stream is unstable in the empty case and shows preferential
pathways (symmetry breaking) in the loaded case. The flow pattern is less predictable.
In all cases, after cooling down near the PCM, the air temperature increases
progressively along the trajectories until returning close to the PCM. The product
surface temperatures are close to the temperature of the adjacent air. At steady state,
conduction in the load has a minor effect on the flow pattern which can be
approximated by replacing the real load with an obstacle of low conductivity.
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From a practical point of view, it is recommended to leave a space between the PCM
and the load (to promote free convection) and between the side walls and the load (to
allow evacuation of heat from the ambient via conduction through the walls). The gap
should be at least of the order of the boundary layer thicknesses: 2-3 c¢cm. Further
experiments without such gaps would be useful.

At thermal steady state, there was no significant difference in terms of maximum
product temperature and heterogeneity between the PCM on the lid or at the side.
The study showed the coldest and warmest zones in both cases, suggesting the best
location for products that are sensitive to bacterial growth or chilling injury.

Further studies are planned in order to compare these results with CFD simulations
and to develop a simplified model that enables prediction of temperature evolution
(at different locations) as a function of the box, the product and PCM properties, along
with ambient temperature changes.
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2.3

ARTICLE 3

Influence des conditions d'utilisation sur les transferts de chaleur dans un caisson
isotherme équipé d'un matériau a changement de phase

Résumé (version francaise de I'abstract de I'article 3)

Un caisson isolé équipé d'un matériau a changement de phase (phase change material :
PCM - glace, point de fusion ~ 0 ° C) et chargée par un produit modele (Tylose) a été
étudiée expérimentalement pour analyser I'effet de la position du PCM, de la forme
géométrique de la boite (aspect ratio: AR = hauteur / largeur) du caisson, de la
température ambiante, de la température initiale du produit et d’'un éventuel espace
laissé sous le produit. La température et la vitesse de |'air mesurées respectivement
par thermocouples et vélocimétrie par images de particules (PIV) ont été analysées
dans des conditions stables. La température maximale du produit était plus faible pour
le PCM placé sous le couvercle (6,6 °C, AR = 1) que pour le PCM placé sur le c6té (7,7 °C,
AR ~ 1) et augmentait avec AR (9,9 °C, AR = 1,7). Une relation non linéaire entre la
température ambiante et la température du produit a été observée avec une
température maximale du produit variant de 5,2 °C (10 °C ambiant) a 9,1 °C (30 °C
ambiant). L'influence de I'espace laissé ou non sous le produit était négligeable malgré
des différences en termes de structure d'écoulement d'air. Des équations simples ont
été proposées pour prédire la durée maximale de stockage et la température moyenne
dans la boite. Elles permettent de prédire I'influence de la masse de PCM et de produit,
du point de fusion du PCM, de l'isolation du caisson et de la température ambiante.
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Highlights

e Temperature and air velocity fields (by PIV) in insulated boxes with PCM were
shown

e The effect of box configurations and operating conditions was studied

e PCM at the top allows 1.1°C lower maximum product temperature than that on
the side

e An air gap of 20 mm below the product does not change the temperature
profile

e Results can be used for optimizing the box and the condition for food transport

Abstract

An insulated box with Phase Change Material (PCM - ice, melting point ~ 0°C) and
loaded by test product (Tylose) was investigated experimentally to study the effect of
the PCM position, Aspect Ratio (AR = height/width) of box, ambient temperature,
initial test product temperature and spacing beneath the test product. The
temperature and the air velocity measured by thermocouples and Particle Image
Velocimetry (PIV), respectively, were analyzed under stable conditions. The maximum
product temperature was lower for PCM at the top (6.6°C, AR = 1) than for PCM on a
sidewall (7.7°C, AR ~ 1) and increased with AR (9.9°C, AR = 1.7). A non-linear relation
between ambient temperature and product temperature was observed with the
maximum product temperature from 5.2°C (10°C ambient) to 9.1°C (30°C ambient).
The influence of spacing beneath the product was negligible despite different airflow
patterns. Simple equations were proposed to predict the maximum storage time and
mean temperature in the box enabling us to study the influence of PCM and product
mass, melting point, box insulation and ambient temperature.

Keywords: Insulated box, Phase Change Material, Airflow, Heat Transfer, Food Cold
Chain
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Nomenclature

A

Exchange area [m?]

Aspect ratio of box = height/width [-]

Specific heat [J-kg™ - K]

Wall thickness [m]

Convective heat transfer coefficient [W-m=2-K]
Characteristic length [m]

Latent heat of fusion of PCM [J-kg™]

Mass flow rate of air [kg-s™]

Mass [kg]

Time [s]

Maximum storage time [s]

Temperature [°C]

Melting temperature of PCM (~ 0°C)

Ambient temperature [°C]
Dimensionless temperature = T=Tm -]

amb— Tm
Largest temperature difference [°C]
Overall heat transfer coefficient between ambient and product surface through

box insulation [W-m2-K™"]

x, y, z Coordinate [m]

Greek letters

Oc Dimensionless heat transfer coefficient at cold wall = exp (— mA:—hC> [-]
p.air
aw  Dimensionless heat transfer coefficient at warm walls = exp (- mxsz. ) [-]
p,air
B Ratio of thermal resistance at cold and at warm walls = jth [-]
c'tc
P Density [kg-m™]
T Thermal time constant [s]
A Thermal conductivity [W-m™-K™]
Subscript
air  Air
ave Average value
c Cold surface/walls
ini Initial value
max Maximum value
min  Minimum value
p Product
pcm  Phase change material
w Warm surface/walls
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1. Introduction

Insulated boxes equipped with a Phase Change Material (PCM) are attracting
particularly for the last mile delivery of small quantities of temperature-sensitive food
and pharmaceutical products. This is due to the simple implementation, low cost and
flexibility related to several box designs with different volumes ranging from 5 L to
more than 300 L. Several parameters have an influence on the internal temperature
profiles such as box characteristics (dimensions, aspect ratio, insulation), PCM (melting
point, mass, position), product (thermal properties, mass, compactness) and operating
condition (ambient temperature, transport duration). Because of the complex
interactions between these parameters, they need to be considered together to avoid
temperature abuse during delivery.

The temperature evolution inside an insulated box equipped with PCM loaded by real
food/food model was investigated experimentally and numerically by several authors
and summarized in Leungtongkum et al. (2022). In general, the product located at the
corners of the box has the highest temperature (Laguerre et al,, 2018; Margeirsson et
al., 2012). Du et al. (2020) have compared the effect of PCM at the top, bottom, and
all sidewalls on internal temperature evolution. The authors found that placing PCM
at the bottom generated the highest internal temperature and the highest
temperature difference between the min and max values. For high-value products like
vaccines, five or six PCM plates are placed on the box walls to directly compensate the
heat losses through the walls by PCM melting. This allows assuring the preservation
of the recommended temperature (Kacimi & Labranque, 2019) but the useful volume
for the product is significantly reduced, thus, this practice may not be suitable for low
value products like food.

For simplification purposes, several studies assumed conduction only in the air, the
product and the wall (Du et al., 2020; Paquette et al., 2017; Xiaofeng & Xuelai, 2021).
To represent the real phenomena, Rincon-Casado et al. (2017) developed a numerical
model considering conduction and natural convection to predict the temperature
profile and airflow pattern in an empty cavity while (Leporini et al., 2018) also took
radiation into account. Recently, some numerical studies considered natural
convection of internal air and of melted PCM (Burgess et al., 2022; Calati et al., 2023;
Rahimi-Khoigani et al., 2023).

Various phenomena are involved simultaneously in an insulated box equipped with
PCM: conduction inside the product, the PCM and the walls of the box, convection
between air and product/PCM, and between the external air and the box, radiation
between walls, phase change during PCM melting and food quality evolution. Under
natural convection as that in an insulated box, these three heat transfer modes
(conduction, convection and radiation) are of the same order of magnitude in terms
of heat flux (Laguerre & Flick, 2004). However, only a few studies considered all of
them according to the difficulty in measuring low air velocities (Miroshnichenko &
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Sheremet, 2018). In fundamental studies of natural convection in a closed cavity, two
walls are generally at imposed temperatures (cold and warm) while the other walls are
adiabatic, and most of them investigated empty cavities (Leporini et al., 2018; Zhang
et al,, 2015). PCM was used as a thermal energy storage in an empty cavity (Labihi et
al, 2017; Moreno et al., 2020). Choi et al. (2015) and Lee et al. (2016) conducted
numerical studies of a rectangular cavity filled with a circular cylinder (cylinder
diameter/cavity size = 0.125). Some studies have investigated cavities filled with a
porous medium (particle diameter/box width < 0.01), e.g., Ataei-Dadavi et al. (2019).
The results of these studies cannot be applied to our case where only one wall (PCM
container) is at almost constant temperature and all the other walls of the box are non-
adiabatic. Moreover, a porous medium approach is not appropriate to our study, since
the ratio between product diameter and box width is > 0.1, thus, different airflow
patterns will exist.

The strength of our work is that it is the first experimental study concerning the
measurement of airflow patterns and air velocity in an insulated box with PCM at
different locations by using an optical technique (PIV). Some results were already
presented in a previous article (Leungtongkum et al., 2023a) for a limited number of
configurations. The present article investigates many more parameters: aspect ratio,
ambient temperature, initial product temperature and air gap underneath the product.
From a practical point of view, this article also proposes simple equations to predict
the maximum storage time, the equilibrium temperature and temperature
heterogeneity at thermal stable condition enabling to study the influence of PCM
mass, melting point, box insulation and ambient temperature. These equations are
easy to use and they would be useful for stakeholders, for example, to choose the box
insulation and the PCM mass according to the product to transport, duration and
ambient temperature during the supply chain.

It is to be emphasized that certain experimental data presented in this article were
used for a thermal model development based on the zonal approach. This model takes
into account conduction, convection and radiation inside an insulated box
(Leungtongkum et al,, 2023b).

2. Material and methods

The material and methods described in detail in Leungtongkum et al. (2023a) are
presented succinctly below.

2.1 Experimental setup

For thermal study, the box is a 45-L commercialized multilayer insulated box (Manutan
SA, Gonesse, France). In fact, commercialized boxes are available in various sizes (from
less than 5 L to more than 300 L). For meat, a highly perishable food, the boxes
generally do not exceed 50 L. To be close to real situations, we chose a 45-L box in our
study. For airflow study, the box has the same dimensions and wall structure as the
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one for thermal study, but two side walls are replaced by triple-glazed windows (3
glass panes each with a thickness of 4 mm, 2 argon-filled 10-mm gaps) to allow the
entrance of laser sheet and the image capture by a camera. The overall heat transfer
coefficient of the walls of these two boxes is almost the same (0.89 W-m2-K™).

The PCM container, made of polypropylene (3.5-mm thickness), had external
dimensions 460 mm x 280 mm x 50 mm and was filled with 3.5 kg of tap water (melting
point ~ 0°C). The thermophysical properties of PCM (water in this study), in both liquid
and solid state along with its enthalpy of melting is shown in Table 2.4. Since the form
of food is diverse, Tylose packs are used as test product (dimensions of a pack 200
mm x 100 mm x 50 mm) as that used in standard tests for thermal performance of
cold equipment. The physical properties of this test product are close to the ones of
meat (Table 2.4). This configuration (compact load with air gaps between load and
box walls) was studied by several authors (Ohkawara et al., 2012; Zhao et al., 2019).

Table 2.4 Thermophysical properties of materials

. P C A
Material (kg-m") U kg KY) (W-m-K) Reference
Liquid water 1000 4217 0.561 Cengel & Ghajar (2020)
*|ce 920 2040 1.880 Cengel & Ghajar (2020)
Test product| 74 3372 0.510 Icier & llicali (2005)
(Tylose)

*Enthalpy of melting of ice (Ly) is 333700 J/kg with melting temperature (T) at 0°C

The box can be placed horizontally (AR, height/width = 1) or vertically (AR = 1.7),
making it possible to study the effect of the aspect ratio on heat transfer and the
airflow pattern. The effect of the air space underneath the product was studied by
placing the test product on a perforated support made of galvanized steel (length x
width x height = 350 x 150 x 20 mm and 150 x 150 x 20 mm for a horizontal and a
vertical box, respectively). An example of experimental setup for a horizontal box with
PCM on a side wall is shown in Figure 2.15.

Middle plane (x = 250 mm)

. o o o Z=90mm

iy P
7=20mm / /
x

Figure 2.15 Experimental setup and thermocouple positions in the horizontal box
with PCM on a side wall and loaded with the test product (Tylose, TYL). Note: Similar
setup and measured positions were applied for the vertical box.
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2.2 Thermal study

To assure the homogeneous initial PCM temperature, a PCM slab was placed
horizontally in a freezer set at a temperature of -2°C for at least 48 h before each
experiment. To assure the homogeneous initial product temperature, sixteen packs of
test product were placed in a polystyrene box and stored in a domestic refrigerator
set at a temperature of 4°C or 10°C for at least 24 h before each experiment. In this
manner, the product temperature is not influenced by the air temperature fluctuation
due to “on” and “off” compressor working cycles.

Temperatures of PCM, air, and test product in the loaded box (Figure 2.15) were
measured at 35 positions located in the middle plane (x = 250 mm) every 30 s from
400 min. to 600 min. after closing the box to assure the stabilization of temperature
during the measurement. The temperature contour map was drawn by MATLAB by
interpolation from 30 measured points. More detail on temperature measurements
can be found in Leungtongkum et al. (2023a).

It is to be emphasized that the T-type thermocouples were previously calibrated at -
10°C, 0°C, 10°C, 20°C and 30°C and allowed the measurement precision of + 0.2°C.

Table 2.5 describes the experimental conditions (cf. the detailed description in Section
2.4). Conditions 1, 2, 9 and 10 were done twice to verify the repeatability of the results.
These conditions are notified by "*" in Table 2.5. Since the result repeatability was
observed in these conditions (standard deviation ~ 0.2°C), the other ones reported in
this Table were done only once allowing a large number of experimental conditions
to be fulfilled.

Table 2.5 Experimental conditions

Condition 1* 2* 3 4 5 6 7 8 9* 10*
- 20°C - 20°C - 20°C - 30°C - 10°C 30°C - 20°C - 20°C 20°C - 20°C
4°C 4°C 4°C 4°C 4°C 10°C 10=C o 49
E [

PCM Side Top Side Side Top Top Side Top Side Top

position

Aspect ratio ~1 ~1 1.7 ~1 ~1 ~1 ~1 ~1 ~1 ~1

Ambient 20 20 20 30 10 30 20 20 20 20

temperature

W9

Initial test 4 4 4 4 4 4 10 10 4 4

product

temperature

O

Spacing 20 20 20 20 20 20 20 20 0 0

beneath test

product

(mm)

* with two replications
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2.3. Airflow study

Non-intrusive air velocity measurements were achieved by PIV (Particle Image
Velocimetry). The PIV device is constituted of three components: a double-pulsed
Nd:YLF laser (527 nm wavelength, 10 mJ pulse energy), a high-speed 12-bit CMOS
video camera (Photron, FASTCAM SA3; 1024 x 1024 pixels in resolution) fitted with a
lens (Sigma; 105 mm, f/1:2.8) and a programmable timing unit (PTU-X) to ensure
synchronization of the laser and the camera. Visualization of the airflow pattern is
possible by the scattering of smoke particles during laser pulses. Oil-based particles
(mean diameter 0.3 um) were generated using a smoke machine (Antari, F-80Z). Based
on our calibration, the image size was 115.5 mm x 115.5 mm. The positions of the
measured windows partially overlapped with the neighboring one using the
displacement system. Finally, the air velocity field over the whole area of the plane
could be developed.

For each measured window, 500 pairs of images were recorded every 20 ms with a
time interval of 900 ps between two images of the same pair (between two laser pulses)
with the total measurement duration of 10 s. After capturing all the images,
instantaneous airflow vectors were calculated using a cross-correlation method with
a multi-pass correlation algorithm (Raffel et al., 2007). The distance between two
vectors was around 0.9 mm in both horizontal and vertical directions. After 500
instantaneous vector fields had been attained, the mean velocity field of each
measured window was calculated. More detail on PIV system, image acquisition,
image post-processing and experimental protocol can be found in Leungtongkum, et
al. (2023a).

2.4 Experimental conditions

Table 2.5 summarizes the investigated experimental conditions: position of PCM,
aspect ratio of the box, ambient temperature, initial test product temperatures and its
position. The pictograms were introduced for further reference. The studied conditions
(except PCM position) are new in comparison to the ones presented in Leungtongkum
et al. (2023a).

3. Results and discussions

In addition to the results presented in our previous work (Leungtongkum et al.,, 2023a),
this article focuses on the influence of box designing and operating parameters on
temperature and air velocity fields: box aspect ratio and PCM position (Figure 2.16),
external and initial product temperatures (Figure 2.17), space beneath the test product
(Figure 2.18). These influences on the average, min and max temperatures of product
core/surface and air at stable condition are summarized in Table 2.6. To complete the
data at stable condition, the time-temperature evolutions at different positions are
presented in Figure 2.19, the analysis of the time to reach stable condition (thermal
time constant) quantitatively shows the importance of heat fluxes by conduction and
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convection. The experimental results shown in Figure 2.20 show the effect of the
amount of PCM on product temperature. Finally, simple equations are proposed to
predict the maximum storage time in function of box insulation, PCM mass, melting
point, product mass, ambient temperature.

3.1 Effect of the aspect ratio

Figure 2.16 shows the airflow pattern and the temperature field on the middle plane
of horizontal and vertical loaded boxes with PCM on the right side. The absence of air
velocity in the gap between the test product and PCM of the horizontal box can be
explained by the impossibility of laser sheet projection in this zone, thus, no PIV
measurement. The same reason explains the absence of air velocity in the gap below
the test product of the vertical box.
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Figure 2.16 Measured air velocity field on the middle plane of a loaded box with (a)
PCM on the side of the horizontal box — condition 1; (b) PCM at the top of the
horizontal box — condition 2; and (c) PCM on the side of the vertical box — condition
3. (@), (b") and (c’) are corresponding measured temperature fields (for one of the
replications)

When PCM was on the side (Figures 2.16a and 2.16c), air flows downwards close to
PCM and flows upwards close to the opposite vertical wall. In the gap between the
test product and the box wall (left side), the upward maximal velocity was similar in
both cases (~ 0.11 m-s™', with an uncertainty of 3 x 10 m-s™). Comparison is not
possible in the gap between the PCM and the test product. However, in the vertical
box, the maximal downward velocity (0.13 m-s™', with an uncertainty of 3 x 103 m-s™")
was higher than the maximal upward velocity (0.11 m-s™', with an uncertainty of 3 x
10 m-s"). This is because downward flow occurs only along the PCM, whereas
upward flow occurs not only along the opposite wall but also along the two other
vertical box walls (results not shown).

Regarding the temperature field (Figures 2.16a" and 2.16c’), increasing the height of
the box did not change the coldest and warmest positions. The coldest spot was
located at the bottom close to the PCM surface and the warmest spot was at the top
close to the opposite side wall.

Table 2.6 summarizes the average temperatures observed between 400 and 600 min.
considered as a stable period. In the pictograms, the cold/warm spot locations for air
and the product are shown. This table distinguishes the temperature of air, of the
product surface and of the product core in terms of average, maximum and minimum
values. In the following section, we will focus on the average product core value, Ty,
ave and the maximum product temperature (core or surface), Tp, max, because of the
importance for product quality and the sanitary risk (on the average and for the
highest temperature location). Indeed, the minimum product temperature was always
positive (no freezing risk) since PCM was initially at a temperature of -2°C and melted
near 0°C. To complement these findings, we will also consider the air temperature
heterogeneity: ATair = Tair, max - Tair, min. Since the standard deviation (SD) between
replicates for average product (core or surface, 4 positions each) temperatures is
around 0.2°C (see Table 2.6), we should consider that a difference of less than about
0.5°C does not exert a significant impact on product quality evolution.

Increasing the height of the box significantly led to higher product temperatures and
greater air temperature heterogeneity:

Horizontal bOX: Tpc, ave — 5.80C, Tp, max — 7.7°C, ATa[r = 6.00(:, SD Of Ta[r = 2.20(:
Vel’tlca| bOX Tpc, ave — 7.8°C, Tp, max = 9.9°C, ATa[r = 7.5°C, SD Of Tair = 3.0°C

A higher aspect ratio (height/width) leads to larger temperature differences between
the top and the bottom. Thus, it is recommended to limit the height of insulated boxes.
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In fact, increasing the height should increase convective heat transfer between PCM
and air (according to Nu-Ra correlations) but the air pathway along the box walls is
longer and thermal stratification is stronger. Finally, under conditions close to ours,
these different phenomena lead to higher average temperature and temperature

heterogeneity for higher aspect ratio.
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Table 2.6 Test product core, surface and internal air temperatures for all
experimental loaded conditions.

Note: the reported values are the average of the temperatures measured between
400 min. and 600 min. considered as the stable thermal condition.

Condition el A 3 4 5 6 7 8 **Q ***10 **SD

*Pictogram Bl 2 O e LS 2UC Bl 2 kS ZC
= (] =l |T&] =] |l | 1] | =] | T

Core

temperature

Average 5.8 5.4 7.8 74 43 7.2 9.3 8.0 5.8 5.6 0.19
(5.6,6.0) (5.3,5.4) (5.7,5.8) (54,5.7)

Minimum 4.5 46 6.2 54 35 6.2 74 7.2 45 42 -
(4.2,4.8) (4.5,4.6) (4.4,4.6) (4.1,4.3)

Maximum 6.8 6.4 9.5 9.4 4.9 8.4 10.9 9.1 6.5 7.0 -
(6.6,7.1) (6.3,6.4) (6.4,6.6) (6.8,7.1)

Surface

temperature

Average 6.3 5.5 8.1 85 4.6 7.6 9.0 8.1 6.0 5.7 0.22
(6.1,6.5) (5.3,5.7) (6.1,5.9) (5.6,5.8)

Minimum 43 4.6 5.8 5.2 3.9 59 6.0 6.9 37 4.4 -
(4.1,4.5) (4.4,4.7) (3439 (4.2,4.5)

Maximum 7.7 6.6 9.9 10.7 5.2 9.1 11.0 9.2 7.5 7.2 -
(7.3,8.1) (6.4,6.9) (7.2,7.8) (7.0,7.3)

Internal air

temperature

Average 6.6 5.7 8.5 10.0 4.7 9.1 8.7 8.0 6.4 5.6 0.38
(6.2,7.0) (5.7,5.7) (6.0,6.7) (5.5,5.7)

Minimum 2.6 4.5 4.7 4.6 35 5.2 4.1 6.3 1.6 4.4 -
(1.5,3.6) (4.4,4.6) (1.2,2.0) (4.4,4.4)

Maximum 8.6 7.0 12.2 13.3 5.2 10.0 10.7 9.1 8.9 7.0 -
(7.7,9.6) (6.9,7.2) (8.9,8.9) (6.9,7.0)

**SD 2.2 1.1 3.0 3.0 0.5 16 23 0.9 2.5 1.0 -

*¥and " represent the coldest and warmest locations in the test product, respectively

while ® and © signify the coldest and warmest locations in the air, respectively.

** SD = Standard Deviation (°C). For a given condition (each column), SD represents
the variation of air temperature among 13 measurement positions. For a given
temperature (same row), SD represents the variation of temperature measured
between 2 replications.

*** The values in parenthesis were the results of each replication.
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3.2 Effect of the PCM position

The effect of PCM position on temperature and air velocity fields of a horizontal box
are shown in Figure 2.16. For PCM at top, upward flow was observed near the left box
wall and also near the top of test product but only a very weak downward flow (dashed
arrow A in Figure 2.16b) was noticed in the left gap. In fact, flow was asymmetric:
under the PCM, cold air flows preferentially towards the right gap where downward
flow certainly dominates, whereas upward flow dominates in the left gap.

The temperature distribution on the middle plane (Figure 2.16b") also shows a
dissymmetry of air and product temperatures. Air was at a temperature of around
5.2°C in the right gap and around 6.6°C in the left gap. This confirms the hypothesis
of asymmetric airflow.

Placing PCM at the top allowed lower average temperature and lower air temperature
heterogeneity:

PCM on the Side: Tpc, ave — 5.8°C, Tp, max — 7.7°C, ATair = 6.0°C, SD Of Tair = Z.ZOC
PCM at the tOD Tpc, ave — 5.4°C, Tp, max = 6.6°C, ATair = 2.5°C, SD Of Tair = 1.1°C

Hence, placing PCM at the top is more appropriate for food transport and this
configuration was used for further study of the influence of ambient and initial test
product temperatures.

3.3 Effect of ambient temperature

Figure 2.17 presents the temperature field of the loaded box with a 20-mm air gap
underneath and PCM at the top under ambient temperatures of 10°C (Figure 2.17a),
20°C (Figure 2.17b) and 30°C (Figure 2.17c). To compare the effect of different ambient
temperatures on measured temperatures, the dimensionless temperature T* was
defined (Equation 2.6).

T = I=Tm (2.6)

Tamb— Tm

where T is the average value of the temperatures measured between 400 min. and
600 min.
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Figure 2.17 Measured temperature field on the middle plane of a loaded box with
PCM at the top and a product initial temperature of 4°C under (a) 10°C ambient
temperature — condition 5; (b) 20°C ambient temperature — condition 2; (c) 30°C
ambient temperature — condition 6; and (d) product initial temperature of 10°C -

condition 8 under 20°C ambient temperature
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Logically, increasing ambient temperature led to a higher product temperature and
greater air temperature heterogeneity:

M Tpc, ave — 4.3°C (T*pc, ave — 0.43), Tp, max — S.ZOC, ATair = 1.7°C, SD Of Tair = O.SOC
M Tpc, ave — 5.4°C (T*pc, ave — 0.27), Tp, max — 6.6°C, ATair = 2.5°C, SD Of Tair = 1.1°C
M Tpc, ave — 7.2°C (T*pc, ave — 0.24), TP/ max — 91 °C, ATair = 4.8°C, SD Of Tair = 1.6°C

The positions of the coldest and warmest spots were the same for all ambient
temperatures. One could expect that in terms of dimensionless temperature, the
results would be the same, but this is not the case when applied to the average core
temperature (T* varying between 0.43 and 0.24). This can be due to the non-linearity
of heat fluxes versus temperature difference in free convection: fluid flow and
consequently the convective heat transfer coefficient which depends on the
temperature difference. This was effectively observed with more noticeable downward
airflow at an ambient temperature of 30°C (result not shown). This can also be due to
the influence of the initial product temperature which is different in dimensionless
terms for the three ambient temperatures (thermal inertia effect). Thus, a simple linear
extrapolation cannot be applied for different ambient temperatures. For example, a
50% increase in the difference between the ambient temperature and the PCM
melting temperature does not necessarily lead to a 50% higher product temperature.
Similar results were obtained for PCM on the side (see Table 2.6, conditions 1 and 4).
Physical-based models, e.g. zonal model or CFD, could be used to analyze the effect
of ambient temperature on temperature heterogeneity and temperature evolution.

3.4 Effect of the initial test product temperature

Figure 2.17d presents the temperature field for an initial test product temperature of
10°C and PCM at the top under ambient conditions of 20°C. By comparing Figures
2.17b and 2.17d, it was observed that a higher initial test product temperature led to
a higher product temperature:

M Tpc/ ave = 5.4°C (T*pc, ave = 027), Tp, max — 6.6°C, ATair = 2.5°C, SD Of Ta[r = 1.1°C
M Tpc/ ave = 8.0°C (T*pc, ave = 040), Tp, max — 9.2°C, ATair = 2.80(:, SD Of Ta[r = O.9°C

Theoretically, the same results would be expected under steady state conditions,
whatever the initial test product temperature if the same ambient temperature and
PCM melting point are applied. This means that even after 8 h (on an averaged basis
between 400 and 600 min.), steady state was not reached. This is highlighted in
Section 3.6.

Similar results were obtained for PCM on the side (see Table 2.6, conditions 1 and 7).
Concerning application aspects, placing a load with a high initial temperature in
packaging is not recommended for food transport because PCM should only serve to
maintain the product temperature, not to cool it.
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3.5 Effect of a space beneath the test product

Figure 2.18 illustrates the air velocity field for the box with PCM at the top and on the
side with a 20-mm gap underneath the test product (Figure 2.18a and Figure 2.18c¢)
and without a gap (Figure 2.18b and Figure 2.18d). This gap is expected to ensure
better air circulation and avoid direct heat conduction from the bottom wall to the
product.
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Figure 2.18 Measured air velocity field on the middle plane of a loaded box (a) PCM
at the top, 20-mm gap underneath the test product — condition 2, (b) PCM at the top,
without gap — condition 10, (c) PCM on the side, 20-mm gap underneath the test
product — condition 1 and (d) PCM on the side, without gap — condition 9

When PCM was at the top (Figures 2.18a and 2.18b), the airflow pattern was quite
similar with and without gap. From Table 2.6, for PCM at the top, it appears that the
influence of gap beneath the test product on the product temperature is not
significant.

Wlth a 20-mm gap. Tpc, ave = 5.4°C, Tp, max = 6.6°C, ATair = Z.SOC, SD Of Ta[r = 1.1°C
W|th0ut gaQ Tpc, ave — 5.6°C, Tp, max = 7.2°C, ATa[r = 2.6°C, SD Of Ta[r = 1.0°C
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When PCM was on the side (Figure 2.18c and 2.18d), the maximum air velocity was
slightly higher with the gap (0.13 m-s™', with an uncertainty of 3 x 10 m-s”" and 0.10
m-s", with an uncertainty of 9 x 103 m-s™' in the box with 20-mm gap underneath and
without a gap, respectively). In spite that the presence of gap led to better air
circulation, the influence on product temperature was not obvious. From Table 2.6, for
PCM on the side:

W|th a ZO‘mm gap. Tpc, ave — 5.8°C, Tp, max = 7.7°C, ATa[r = 6.0°C, SD Of Ta[r = 2.2°C
W|th0ut gaQZ Tpc, ave — 5.8°C, Tp, max — 7.5°C, ATair = 7.3°C, SD Of Tair = 2.5°C

Since the presence of gap has insignificant influence on product temperature, it is
more practical to load the product directly onto the bottom of the box without
providing a gap.

3.6 Temperature evolution

Figure 2.19 presents the temperature evolution at several positions in a loaded
horizontal box with PCM on the side after the lid was closed. The internal wall (TC1),
internal air (TC2, TC5 and TC8) and PCM surface temperatures (TC9) decreased rapidly
over a period of around 60 min. before gradually increasing, while the surface and
core temperatures of the test product (TC3, TC4, TC6 and TC7) increased slowly over
a period of 1100 min. (18 h).

15

TC1
TC2

TC3

TC4
—— TC5 J
1C6 [
T¢7
TCS
j—/ Tco
e TC10 T

0 200 400 600 800 1000 | TC6 T |
¢1 | - = IK‘%
Y @ = —e
i _TC2 TC5 TC9
y I
-5 X X
Time (min)

Figure 2.19 Temperature evolution at the bottom of the box during experiment No.
1 (@ambient temperature = 20°C and initial test product temperature = 4°C) with heat
flow (red arrows — from ambient, green arrows — between the internal air and the test
product, and black arrows — from the internal air to the PCM). Airflow shown using
blue arrows
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The difference in temperature evolution of the walls of the box and the test product
can be explained by their thermal inertia, diffusivity and convective heat exchange
with air. The Biot number (Bi) was used to compare the effect of the internal and
external thermal resistance of these materials, as defined in Equation. 2.7:

Bi = — (2.7)

where L is the characteristic length represented by the thickness of the inner
polypropylene layer (3.5 mm) for a wall of the box (considering that heat exchanged
only with one side) and by the half thickness of the test product (100 mm). Due to
natural convection inside the box, the order of magnitude of the heat transfer
coefficient is approximately 5 W-m=2-K™".

Consequently, the Biot number is 0.146 for polypropylene and 0.98 for the test
product. Hence, the thermal resistance of the internal wall could be neglected, while
that of the test product is of the same order of magnitude as the external thermal
resistance.

The thermal time constant related to conduction can be estimated by Equation. 2.8
(Bergman, 2011).
pCplL?
Tconduction = ~—; (2.8)
Similarly, the thermal time constant related to convection can be estimated by
Equation. 2.9 (Bergman, 2011).

__ pCpl
Tconvection = h (29)

For the internal wall, the thermal time constants for conduction and convection are
179 s (3 min.) and 1230 s (20 min.), respectively. It can be concluded that the delay in
temperature evolution of the internal walls was mainly caused by convection between
adjacent air and the walls.

For the test product, the thermal time constants of conduction and convection are
70800 s (> 19 h) and 72200 s (> 20 h), respectively. Thus, both heat conduction and
convection play an important role in the temperature evolution, and this explains the
temperature difference between the core, the surface of test product and the adjacent
air.

The thermal time constants of the test product are much longer than those of the
internal wall and this results in a different rate of temperature evolution.

According to Figure 2.19, the internal temperature of PCM (TC10) increased after 800
min. (~13 h) indicating that PCM was melted. The temperature of the other
components thus increased. In view of the thermal time constant for the product, PCM
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is melted before the product reaches thermal equilibrium, so there was no steady state
in this condition. One could consider a hypothetical equilibrium temperature which
would be reached after a long period by assuming that PCM is still at the melting
temperature everywhere. Roughly, for horizontal boxes, for PCM either at the top or
on the side:

Tpc ini = 4°C: after 8 h, Tpc ave is at around 5.5°C and the temperature is still rising
Tpc ini = 10°C: after 8 h, Ty ave is at around 8.5°C and it is still decreasing

Therefore, the equilibrium temperature should be around 7°C.

In practice, to be able to compare the performances of insulated boxes equipped with
PCM, the experiments should be carried out under the same loading conditions (mass
and initial temperature), ambient temperature and duration of temperature
measurement.

3.7 Effect of the amount of PCM on the test product temperature evolution and
maximum storage time

This section describes a comparison of the experimental test product core temperature
evolution (average of four measurements at different locations) for 3 amounts of PCM:
0 kg, 1.7 kg (about 10% of the product mass), and 3.5 kg (about 20% of the product
mass) (Figure 2.20a). This experiment was undertaken for PCM located on a sidewall
of a horizontal box loaded with the test product at an initial temperature of 4°C and
20°C ambient temperature. The higher amount of PCM lowered the rate of
temperature increase. For example, during the first 2 h, this rate was 1.13°C-h’',
0.58°C-h"" and 0.34°C-h™", for 0 kg, 1.7 kg and 3.5 kg of PCM, respectively.
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Figure 2.20 Effect of the amount of PCM on (a) test product core temperature
evolution; and (b) maximum storage time, tmax. Error bars represent the standard
deviation of 2 replications. The experiment was conducted under condition 4: loaded
box with PCM on a sidewall with an ambient temperature of 20°C, 4°C initial product
temperature, 20 mm gap beneath the test product (Tylose, TYL)

Figure 2.20b presents the relationship between the maximum product storage time
(tmax) and the amount of PCM. This maximum storage time is defined as the duration
during which the product remains below Tpmaex = 8°C, which is the maximum
temperature value for the storage of certain chilled foods. The higher the amount of
PCM, the higher the maximum storage time: 370 min. (for 0 kg), 944 min. (for 1.7 kQg)
and 1373 min. (for 3.5 kg). The results obtained in terms of product temperature
evolution and maximum storage time confirm the benefit of PCM for food preservation
as reported by Zhao et al. (2019) for strawberries. These authors showed that the use
of PCM allowed less weight loss and greater product firmness in comparison with the
case where PCM was not used.

To determine approximately the maximum storage time as a function of the amount
of PCM, the following heat balance equation can be used:
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Tp,ini + Tp,max

my Cp,p (Tp,max - Tp,ini) + mpcmLf =UA (Tamb - 2 ) Umax (210)
where U is the overall heat transfer coefficient of the box [W-m2-K]
and A s the exchange area [m?]

The overall heat transfer coefficient of the box can be related to the thicknesses (ex)
and conductivities (A) of the box wall materials (of index k) as shown in Equation 2.11
(assuming negligible convective heat transfer resistances).

Thus, U = ﬁ (2.11)

"k
Equation 2.10 assumes that PCM is completely melted when Tpmax is reached and that

the internal temperature is close to the average test product temperature.
Based on these assumptions, Equation 2.10 becomes:

Mpcem
tmax = tmaxo(1 + arZ_) (2.12)
14
where tmax,0 is the maximum storage time of the box without PCM defined as
My Cpp(Tpmax — Tp,ini)
tmaxo = pippUp p [s]

Tp,init Tpmax
f)

- -
Cp,p(Tpmax — Tp,ini)

UuA (Tamb -

and a=

This indicates a linear relationship between the maximum storage time and the amount
of PCM as shown in Figure 2.20b.

In practice, for all types of boxes, it is suggested that this type of experiment should
be conducted, at a fixed ambient temperature, without and with a given amount of
PCM to determine tmaxo and « The influence of other parameters could be
approximated according to Equations 2.10 and 2.12. For example, it is expected that
the maximum storage time is inversely proportional to the difference between the
ambient temperature (Tamp) and the internal temperature considered as the average

test product temperature (M)_

3.8 Expected influence of insulation on temperature level and heterogeneity

The present study considered only one insulation configuration. This section aims to
predict the effect of changing the insulation by using a basic approach. This effect is
the determining factor for the temperature distribution in insulated boxes equipped
with PCM (Paquette et al., 2017). To illustrate the influence of the box insulation, the
analysis presented below concerns the box with PCM on the side where a higher
temperature level and greater heterogeneity were observed.

As a first approach, the steady state mean temperature in the box (Tmean) could be
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obtained from the following energy balance (Equation 2.13):
Achc (Tmean - Tm) = AWU(Tamb - Tmean) (21 3)

where Acand Ay are the surface area of warm (insulated) and cold (PCM) walls [m?],

hc isthe heat transfer coefficients between product and PCM surface [W-m-
2K,
U is the overall heat transfer coefficient between ambient and product

surface through box insulation [W-m=:K'] and

Tm and Tamp are the melting temperature of the PCM and the external
temperature, respectively [°C].

When the box is horizontal, in our case g = (AwU)/(Acho ~ 0.54 with Tm = 0°C, Tamp =
20°C and Tmean~ 7°C. Since Aw/Ac = 4.3 and ho/U ~ 8; therefore, if insulation is improved
by 30%, (i.e., U divided by 1.3), the mean temperature should decrease from 7°C to
5.9°C.

To obtain an estimation of temperature heterogeneity, it can be assumed that air flows,
with a mass flowrate m, first along the PCM, where its temperature decreases to Tmin,
then along the warm walls, where the temperature rises to Tmax. The following
equations characterize these heat exchange phenomena (Equations 2.14 and 2.15):

Tair,min — T =« (Tair,max - Tm) (2.14)
where Q. = exp (— m’ic—hc>
p.air
Tamb - Tair,max = aw(Tamb - Tair,min) (2-1 5)
where a,, = exp (— mféwu' > = ab
p.air
Therefore;  Tairmax — Tairmin = -2t Camb™ ) (2.16)

(1-acaw)

For the academic case of a square cavity with one vertical cold wall (T¢), one vertical
warm wall (Ty) and adiabatic horizontal walls, Raithby & Hollands (1998) found that
Tairmax — Tairmin = 0.5(T,, — T,) for the cavity with a low aspect ratio (AR < 40) which
is often the case of insulated boxes (Tw and T are the temperature of warm wall and
cold wall, respectively). If our basic approach is applied to this case, it can be estimated
that ac= 1/3.

In our case (B =~ 0.54), it was calculated that Ty max — Tairmin = 7.4°C which is
comparable to the observed values. If insulation is improved by 30% for example (8
divided by 1.3), the temperature heterogeneity should decrease from 7.4°C to 6.1°C.

133



This basic approach does not take into account the interaction with the test product
especially during the unsteady period, radiation, complex flow etc., but it allows a
rough estimation of the influence of insulation. It also highlights the influence of the
air mass flowrate (1) and the heat transfer (hc) along the PCM on the temperature level
and heterogeneity.

4. Conclusion and perspectives

This study investigated airflow and temperature fields inside an insulated box
equipped with PCM loaded with test product (Tylose slabs). PCM position significantly
affected airflow patterns, air temperature profile, product temperature homogeneity,
and average product temperature. When PCM was on a sidewall, the coldest position
was at the bottom, close to the PCM surface, and the warmest one was at the top
close to the opposite vertical wall. When PCM was at the top, the lowest product
temperature was located at the top, while the highest one was at the bottom, and
slightly lower air and product temperatures were observed. Increasing the box aspect
ratio (higher box) led to a higher product temperature and greater temperature
heterogeneity (at least for PCM on the side). The non-linear correlation between
ambient temperature and product temperature can be explained by the non-linearity
of free convection and the product thermal inertia. An insignificant influence of the
initial product temperature on the airflow pattern and air velocity profile was observed.
The presence and absence of a space underneath the product led to similar
temperatures, despite the difference in airflow pattern in the case of PCM on the side.

It is recommended that the PCM should be placed at the top of the box in order to
reduce temperature stratification. This configuration has been previously investigated
in an empty cavity and this work confirms, by experiment, that it can be applied for the
loaded cavity as well. The box should not be too high to avoid a high temperature and
large temperature heterogeneity. The effect of aspect ratio is complex as higher boxes
allow higher convective heat transfer and also higher thermal stratification. Thus, CFD
model is suggested to analyze in detail the influence of aspect ratio on temperature
distribution. To maintain the product temperature along a supply chain, PCM could be
placed on all walls (top, bottom, sidewalls); however, the available volume would be
significantly reduced and the logistic cost per kg of product would be higher. Our study
demonstrates that it is possible to place PCM only at one wall (top or side) if an
appropriate PCM mass is used. This mass depends on the ambient temperature in the
supply chain, which directly impacts airflow and product temperature. Hence, the
ambient temperature is an important factor for the system design, i.e., box wall
material, PCM type and mass. However, linear extrapolation from one ambient to
another is not recommended because of non-linear behavior, thus physical based
models taking natural convection into account should be used to analyze the impact
of ambient temperature on product temperature in an insulated box with PCM.
Loading a product at a high temperature should be avoided since it takes more than
10 hours to cool it down according to its high thermal inertia. Adding a 20-mm air
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space beneath the test product neither reduces the test product temperature nor
increases homogeneity although this gap allows slightly better air circulation. Future
studies are required to determine the influence of the other air gaps: between PCM
and load, between lateral and top walls and load. The use of PCM can delay the internal
temperature evolution and the amount of PCM linearly correlates with the maximum
storage time of the insulated box. The influence of other parameters like the amount
of product and the emissivity of box walls will be studied.

The experimental velocity and temperature fields obtained in different conditions can
further be used to validate CFD models. They should confirm that when PCM is at top,
although the configuration is symmetric, the velocity and temperature fields can be
asymmetric. In practice, there are many other possible box designs and operating
conditions and the interactions between the different factors are complex. Thus,
numerical models are necessary for investigating the influence of these factors on
temperature distribution and evolution in a wide variety of configurations (e.g.,
smaller/larger boxes, improved insulation). The experimental results presented in the
present article can contribute to validate these models.
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DEVELOPMENT AND VALIDATION OF THERMAL MODELS FOR AN
INSULATED BOX WITH PCM

3.1

SUMMARY

This chapter presents the development and validation of three thermal models:
lumped, zonal and Computational Fluid Dynamic (CFD). The lumped model considers
uniform product temperature and global thermal resistances. The model description
is presented briefly in this chapter (more detail of lumped model development and
validation is in chapter IV). The zonal model distinguishes warmer and colder regions
inside the insulated box, it takes airflow, heat conduction, convection and radiation
into account. The detail of zonal model is shown in Article 4 and the code written in
python was published in an Open access code paper (article 8 see appendix). Finally,
CFD model, providing thorough understanding of airflow and heat transfer, is
presented in a conference paper 1.

Résumé

Ce chapitre présente le développement et la validation de trois modéles thermiques : global (lumped),
zonal et CFD. Le modéle global considére une température uniforme du produit et différentes
résistances thermiques. Une bréve description de ce modeéle est donnée dans ce chapitre, plus de détails
seront donnés au chapitre IV. Le modeéle zonal distingue des régions plus chaudes et plus froides dans
le caisson, il prend en compte I'écoulement d'air, la conduction thermique, la convection et le
rayonnement. Le détail du modeéle zonal est présenté dans I'article 4 (le code python a été publié dans
I'article 8 donné en annexe). Enfin, le modéle CFD, fournissant une compréhension approfondie de
I'écoulement d'air et des transferts de chaleur, est présenté dans la communication a congreés (paper 1).
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3.2

BRIEF DESCRIPTION OF LUMPED MODEL

The product is assumed to be a lumped object characterized only by its average
temperature which exchange heat with the ambiance and with the PCM through
thermal resistances by using electrical analogues shown in Figure 3.1. The model
predicts only the evolution of the average product temperature and of the mass of
melted PCM.

Details of the model will be presented in chapter IV (Article 5).

Ty Toct: T.

AW—e— W\ W\\—e

R,
e/p Rp/pcm Re /pem

® -

Figure 3.1 Lumped model structure
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3.3

ARTICLE 4

Modeéle de transfert thermique simplifié pour la prédiction en temps réel des
températures dans un caisson isotherme équipé d'un matériau a changement de phase

Résumé (version francaise de I'abstract de I'article 4)

Un modeéle simplifié de transfert de chaleur a été développé pour prédire les variations
spatiales et temporelles de température dans des caissons isothermes chargés de
produits (Tylose) et équipées d'un matériau a changement de phase sur une paroi
latérale (point de fusion ~ 0°C). Ce modele, basé sur I'approche zonale, considere le
produit comme quatre blocs ou I'on distingue le coeur et la surface. Il prend en compte
les flux d'air, les échanges thermiques par conduction, convection et rayonnement. Le
modele a été validé en comparant les températures prévues avec celles mesurées a 24
positions (sur les parois, a cceur et en superficie du produit, au niveau de ['air intérieur).
Le modeéle a d'abord été validé en régime permanent (a des températures ambiantes
de 10°C et 20°C), et il a montré un bon accord avec les valeurs mesurées avec une
erreur quadratique moyenne de 0,60°C et 0,88°C pour 10°C et 20°C de température
ambiante respectivement, et avec une pente de régression entre les courbes
numérique et mesurée proche de 1 (0,89 et 0,98 pour une température ambiante de
10°C et 20°C, respectivement). Le modele a ensuite été validé en régime transitoire (a
4°C et 10°C de température initiale du produit, 20°C de température ambiante) et il a
fourni une bonne prédiction de I'évolution de la température de la superficie et du
cceur du produit. Ce modele pourrait étre un outil utile pour les professionnels car il
leur permettrait d'étudier I'effet de la configuration du caisson (isolation) et des
conditions de fonctionnement (température ambiante) sur ['évolution de la
température dans des scénarios réels. En combinant ce modele avec un modele de
qualité et un modele microbiologique, I'évolution de la qualité et de la sécurité
sanitaire d'un produit alimentaire pourrait étre prédite.
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Highlights

e A simplified model was developed for insulated boxes with a PCM.

e The model considered airflow, conduction, convection and radiation.

e The model predicts spatial and temporal temperature variations.

e The model was validated under various ambient and product initial
temperatures.

e Linking the model with quality and microbiological models could give
indications about food quality and safety along supply chains.

Abstract

A simplified heat transfer model to predict spatial and temporal temperature variations
was developed for insulated boxes equipped with a phase change material (melting
point ~ 0°C) on a sidewall and loaded with a test product (Tylose). This model, based
on the zonal approach, considers the product as four blocks with shell and core regions.
It takes into account airflow, heat exchange by conduction, convection and radiation.
The model was validated by comparing the predicted temperatures with those
measured at 24 positions (on the walls, on the product surface, shell and core, and
internal air). The model was first validated under steady state (at 10°C and 20°C
ambient temperatures), and it showed good agreement with the measured values with
a root mean square error of 0.60°C and 0.88°C for 10°C and 20°C ambient
temperatures respectively, and with a regression slope between the numerical and
measured curves close to 1 (0.89 and 0.98 for 10°C and 20°C ambient temperature,
respectively). The model was then validated under transient state (at 4°C and 10°C
initial product temperatures, 20°C ambient temperature) and it provided a good
prediction of the wall and product core temperature evolution. This model could be a
useful tool for stakeholders as it enables them to study the effect of the box
configuration e.g. box insulation and operating conditions e.g. the ambient
temperature on temperature evolution in real scenarios. By combining this model with
a quality and a microbiological model, the quality and safety evolution of a food
product could be predicted.
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Nomenclature

A Area [m?]
C Length of the cross-section of the product block [m]
C»  Specific heat capacity [J-kg™-K]

e Thickness [m]

g Gravitational acceleration = 9.81 m-s™

Gr Grashof number [-]

h Convective heat transfer coefficient [W-m™=2-K]

AHps Latent heat of fusion [J-kg™]

K Heat transmission coefficient of insulation [W-m™2-K]
L Length of the product block or wall [m]

M Mass [kg]

MC, Thermal inertia [J-K]

m Mass flow rate [kg-s™]

Nu Nusselt number [-]
Pr Prandtl number [-]
qgr Radiative heat exchange [W]
R Thermal resistance [K-W]
Ra.  Rayleigh number [-]
T, T" Temperature [°C or K]
Tm Melting temperature of PCM [°C]
AT  Temperature difference between surface temperature and bulk fluid
temperature [°C or K]
Time [s]
Velocity [m+s™]
* Dimensionless velocity [-]
Position along the vertical surface [m]
Distance from the vertical surface [m]
* Dimensionless y-position [-]
Height of the wall [m]

< < T

< < X

N

Greek symbols

a Dimensionless heat transfer coefficient (between the air and the product shell
or wall) []

B Thermal expansion coefficient [K']

€ Surface emissivity [-]

A Thermal conductivity [W-m™-K™]

() Ice fraction [-]

P Density [kg-m]
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o Stefan-Boltzmann constant = 5.67 x 108 W-m2-K*

T Characteristic time [s]

u Dynamic viscosity [kg-m™-s]

k, k¥ Dimensionless constants defined in equations and 3.35 and 3.37

Subscripts
Air
c Core

cw  Cold wall
exp  Experimental value
ext  External

[ Zone number (see Figure 3.2)
J Index of material composing the insulated wall of the box
(ni Initial

max Maximum value
min  Minimum value

n Data index
num Numerical value
p Product

pcm  Phase Change Material

pp Polypropylene (material of the internal layer of the wall and the PCM container)
s Surface

sh Shell

w Wall

ww  Warm wall

1. Introduction

To avoid temperature abuse during delivery of temperature-sensitive products,
insulated boxes equipped with a Phase Change Material (PCM) have been commonly
used in the food cold chain (Nie et al., 2020; Zhao et al., 2020a). They are often used
in the last mile delivery of small product quantities when refrigeration equipment is
not available (East et al., 2009; Elliott & Halbert, 2008; Navaranjan et al, 2013;
Robertson et al,, 2017). Although food transport in an insulated box is practical and
cost-effective, insufficient PCM mass and inappropriate PCM positioning may cause
temperature abuse (Du et al., 2020; Elliott & Halbert, 2005). Spatial and temporal
temperature variations were observed (Laguerre et al., 2013; Mercier et al,, 2017) and
an empirical approach is still mainly used in practice. It is challenging to establish
physical-based models for temperature prediction which fit various types of products
(different recommended storage temperatures) and take into account various
transport conditions (e.g. ambient temperature and duration).

During food transport in an insulated box, conduction (in the walls of the box,
unmelted PCM and products), natural convection (between air and walls/product
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surface) and radiation occur (Laguerre & Flick, 2010; Rincon-Casado et al., 2017;
Shinoda et al., 2019). The heat exchanges via these transfer modes are of the same
order of magnitude; thus, it is necessary to take all of them into account (Laguerre &
Flick, 2010).

Experimental and numerical studies on insulated boxes equipped with PCM and
loaded with food were reviewed by Leungtongkum et al. (2022). These studies often
considered heat conduction in the air inside the box alone, while heat transfer by
natural convection and radiation were neglected (Du et al., 2020; East et al., 2009; East
& Smale, 2008; Ge et al., 2014; Kozak et al., 2017; Margeirsson et al., 2011, 2012;
Paquette et al., 2017; Xiaofeng & Xuelai, 2021).

To understand the real phenomena in the system, Computational Fluid Dynamic (CFD)
models can be used to predict the temperature field and its evolution with time. This
approach consists of meshing the system and solving the Navier-Stokes and energy
partial differential equations (S6ylemez et al., 2021). This requires a significant amount
of calculation time; for example, it took from 45 min. to 8 h, depending on the cell
numbers and the quantity of PCM, using a computer with 32 GB of RAM to investigate
a 3D heat transfer model of an insulated box containing food products (Paquette et
al., 2017). Thus, it is not possible to apply a CFD model in real-time temperature
prediction (Mercier et al., 2017). Moreover, the use of CFD software is complex and
requires expertise in fluid mechanics.

In order to propose an alternative, the aim of this work was to establish a simplified
heat transfer model based on a zonal approach to predict spatial and temporal
temperature variations in an insulated box equipped with PCM. This model considers
the same phenomena as those where CFD is applied, i.e. conduction in solids,
convection between circulating air and solid surfaces, radiation between surfaces and
PCM melting.

The temperature field and its variation with time were predicted for an insulated box
(with PCM on one side) exposed to several ambient and initial product temperatures.
For the model validation, these results were compared with those measured in a
controlled ambient test room. Finally, the model could be used to numerically study
the influence of input parameters, i.e. box insulation, PCM melting point, on the
product temperature evolution for different time-temperature scenarios in a supply
chain. It would be possible to link the thermal model and a food quality and a
microbiological model enabling evaluation of product quality and safety in a supply
chain. It should be emphasized that according to our best knowledge, there are no
such models for insulated boxes equipped with PCM for food transport applications.
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2. Simplified heat transfer model development

2.1 Main structure

As an initial approach, PCM was located on one side wall of an insulated box and
loaded with the test product (Tylose). In this configuration, airflow and heat transfer
occur mainly in two dimensions (y and z directions in Figure 3.2). Other configurations
could be modelled in a similar manner with the modification of airflow pattern and
related heat transfers. This model considers that there is a temperature difference
between the air, the product surface, and the product core, between the top and the
bottom, and between the cold side (near the PCM) and the warm opposite side wall
(Figure 3.2). For a given zone number i, Tq;and T'q;are the temperature of the air before
heat exchange with the product and after, respectively.

The model considers heat exchange by convection between internal air and the
product surface as well as by conduction inside the product. van der Sman (2003)
proposed an approach to distinguish the shell and core temperatures. This approach
better represents the real phenomena than a lumped approach, which considers the
overall temperature of the product. In our model, the product was divided into four
square blocks, and each block had a length C with shell (C/4 length) and core (3C/4
length). A two-dimensional model is proposed; first, air flows downward near the PCM
surface as cold air has a higher density than warm air, then it flows upward near the
opposite box wall because of decreasing density.

Convective heat fluxes occur between the different surfaces (product, PCM and box
walls) and the adjacent air. Heat conduction occurs inside product blocks and
insulation. Heat radiation occurs between the product surface and box walls or PCM
surface. Figure 3.2 summarizes the control volumes and heat fluxes considered.
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Side view (x = 250 mm)
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Red: convection
Purple: radiation
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Figure 3.2 Simplified heat transfer and airflow diagram in a 2D insulated box with
PCM on a side wall (a) Side view and (b) Perspective view of a quarter of test product

(b)

The following state variables describe the system at a given time:

- Air temperature in °C or K: Tq;, Taiwhen i € [1,4]

- Average temperature in product shell in °C or K: Tsn;when { e [1,4]
- Average temperature in product core in °C or K: Tc; when i € [1,4]

- Wall temperature in °C or K: Ty when { e [1,4] where Ty.7is the PCM surface

temperature
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- PCM temperature in °C or K: Tpem (if the PCM is partially melted, Tpem = Tm at the
liquid/solid interface)
- Solid fraction in melting PCM (fraction of ice): ¢

2.2 Thermal resistances and inertia

Four thermal resistances in K-W' between the internal air, the product surface, the
product shell and the product core can be defined, given C as the length of the cross-
section of the product block [m] and L as the length of the product block [m]
(Equations 3.1 to 3.4):

from internal air to product surface:

!
hpAp.s

Ra.s

(3.1)

where A, ; = 2CL (the external area of product block) [m?]
and hp is the heat transfer coefficient between internal air and the
product surface [W-m2K]

from the surface to the middle of the product shell:

1 c
8 ApAp.s

Rgop = 3.2)

Where 4, is the thermal conductivity of the product [W-m™-K]

from the product shell to the product core:

3 ¢
8 ApAp.c

Rpc = 3.3)

where 4, . = ECL (the external area of product core) [m?]

between adjacent product cores:

R, =25 (3.4)

4 ApAc

where A, = %CL (the contact area between one product core and
another) [m?]

For each wall, two thermal resistances can also be defined as described in Equations
3.5 and 3.6. Index 1 corresponds to the PCM surface, while 2, 3 and 4 correspond to
the bottom wall, the opposite side wall and the top wall of the box, respectively.

- from internal air to the internal wall:

Rawi == whenie[14]  (35)
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where Aw.is the area of wall i [m?]
and hy is the heat transfer coefficient between the internal air and the

internal wall, which is assumed to be the same value for all walls [W-m"
Z'K_1].

- from the internal wall to the external (ambient) air:

Ry oxti = —— when i € [1,4] (3.6)

KAy

whereK = —  (3.7)
i

]

and ejand J;are the thickness [m] and the thermal conductivity [W-m™-K"

" of the insulation materials of the wall, respectively.

Within a supply chain, PCM changes from the completely frozen (solid) state, to the
melting (solid-liquid mixture) state, then to the completely melted (liquid) state,
successively. The heat transfer from the PCM to its container wall (wall 1) involves
different phenomena depending on the period (conduction in the solid and
conduction and natural convection in the liquid).

The melting period is the most important, during this period, Tpem is considered as the
melting temperature T present at the solid/liquid interface, and the thermal resistance
is estimated from the liquid-PCM conductivity (Apem in W-m'-K") and the PCM
thickness (epcm in m) (Equation 3.8). This resistance is low compared with that between
the PCM container wall and the internal air. Thus, its exact value is not of utmost
importance. Therefore, the estimation of Equation 3.8 was considered whatever the
period, and the PCM temperature was obtained from a heat balance for completely
frozen or completely melted PCM (cf. the detailed description in Section 2.5).

€pcm
R =—rF"_ (3.8
pcmwl lpcmAw.1 ( )

where Ay 1is the area of wall 1 — PCM surface [m?]

Regarding the contact between PCM surface and internal wall, since there was not a
perfect contact, an additional thermal resistance should be added to Rwext1. This
resistance is difficult to estimate precisely. Nevertheless, considering for example, a 2-
mm air gap between PCM surface and box wall, it would increase Rw.ex:.7 value by less
than 10% in our case, thus this thermal resistance was neglected.

For the purposes of model simplification, the thermal inertia (mass multiplied by the
heat capacity) of air is considered as negligible compared with that of the product and
box walls.

Different thermal inertias (MC, in J-K") are considered as shown in Equations 3.9 to
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3.12 with p, as the density of product [kg:m~], C as the length of the cross-section of
the product block [m], L as the length of the product block [m] and C,, as the specific
heat capacity of product [J-kg™-K™"].

- for the core of a product block:

MCye = pp (2 c)2 LC,, (3.9)
- for the shell of a product block:

MCyon = py (cz -2 c)z) LC,, (3.10)
- for each wall in contact with the adjacent air:

MCp.W.L' = pppeppAw_iCp.pp (31 1)

where p,, is the density of polypropylene (internal layer of the wall)
[kg'm~]
e,y is the thickness of internal polypropylene layer [m]
Aw.iis the area of wall { [m?]
Cpppis the specific heat capacity of polypropylene [J-kg™-K™]

- for completely frozen or completely melted PCM:
MCy pem = MpemCppem (3.12)

where Mpcm is the mass of PCM [kg]
The value of Cppem [J-kg'-K '] is different for the frozen or the melted state.

2.3 Air temperature estimation from product shell and wall temperatures

Since air moves clockwise in the box, the air at the top of the box (position A in Figure
3.2) successively exchanges heat with the shell of product block 1, then with wall 1
(PCM surface), with the shell of product block 2, and so on. Its temperature changes
from Tq71to T'a1, then to Taz, to T'az, respectively.

The equation governing the heat balance between the adjacent air and wall 1 (surface
of the PCM) can be written in the same manner as that in a heat exchanger. According
to Figure 3.2, the air with an inlet temperature T's.7 exchanges heat with wall 1 (Tw.7)
with a convective heat transfer coefficient hy. This exchange leads to an outlet air
temperature Ta2, given Cpq as the specific heat capacity of air [J-kg™-K™'] and 1, as the
mass flow rate of air [kg-s].

SO,  1igCyadT, = hy (T, — T,)dA
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l (Ta.Z_Tw.l ) — hwAw.1

Trag1-Twa MmgCp.a

. hy,A 1

Since 1= .
MaCp.a Raw.1mMaCp.a

. /

Flna”yr (Taz = Twa) = awa(T'q1 — Tw1) (3.13)
with a, ; = ex ( L )
wl p Raw.i1MaCpa

Where «a,, , is the dimensionless convective heat transfer coefficient
between internal air and internal wall 1 [-]
Raw.11s the thermal resistance between internal air and internal wall 1
[K-W]

The same approach is applied to the heat exchange between the internal air and the
shell of product block 1, which gives rise to Equation 3.14.

(T'q1 — Tspa) = ap(Ta.l = Tsn1) (3.14)
. 1
with a,, = exp (— —Ra.shmacp.a)

and Rash = Ras + Rssh
Where a, is the dimensionless overall heat transfer coefficient between internal
air and product shell [-]
Rash is the thermal resistance between internal air and product shell [K-W]

Ras is the thermal resistance between internal air and product surface
[K-W]

Rssh is the thermal resistance between product surface and product shell
[K-W]

These approaches are used to formulate eight equations involving eight air
temperatures. They can be expressed in a matrix form:

ATqs=8B

So, Ta=A'B (3.15)
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—Qp 1 0 0 0 0 0 0
0 -a,; 1 0 0 0 0 0
0 0 —ay, 1 0 0 0 0
1o 0 0 -a,, 1 0 0 0
Where A=149 0 0 1 -a 1 0 0
0 0 0 0 0 -a,; 1 0
0 0 0 0 0 0 —ap 1
|1 0 0 0 0 0 0 —ay.
T Tyq1 [ (1 - ap)Tsh.l ]
T,a.l (1 - aW.l)TW.l
Tqo (1 - ap)TSh-Z
T' —
Ta — Ta.z and B = (1 aw.Z)Tw.Z
,a.3 (1 - ap)Tsh3
’171_,“'3 (1 - aw.3)Tw.3
T,a . (1 - “p)TshA-
oo -(1 - aw.4)Tw.4-

2.4 Radiative heat exchange

The radiative heat exchange between the lateral surface of product block 1 (Ts.7 in K)
and wall 1 (PCM surface, Tw.7in K) is shown in Equation 3.16.

Grsiwi = Ew16(Ts1* — Tyya?)CL (3.16)

Where grs1.w1 is the radiative heat exchange between surface of
product block 1 and wall 1 [W]

gw1 is the surface emissivity of wall 1 [-]

o is the Stefan-Boltzmann constant = 5.67 x 108 W-m2-K*
C is the length of the cross-section of the product block [m]
L is the length of the product block [m]

The surface temperature of product block 1 is a weighted average of its shell
temperature (Tsn.7) and the average temperature of the adjacent air (Ta7 and T'a7)
(Equation 3.17).

Ta1+T'g1
Rs.sh(%) +RasTsha

Ras + Rssh

Tsq = (3.17)

The same approaches are applied for seven other radiative heat fluxes as shown in
Figure 3.2.
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2.5 Temperature evolution of product, walls, and PCM, and PCM ice fraction
evolution

Equations 3.18 and 3.19 are the unsteady heat balance equations for the shell (Tsn.1)
and the core of product block 1 (T¢7).

dTsh, . ! Tca—Tsh.
MCp.sh Thl = man.a(Ta.l —T'q1) + ;chn —qrsiwl — Qrsiwa (3.18)
dTC.l _ Tsn1—Tca Te2—Tcq Tea—Tca
MC, o Tt = Totaten y Tearten | Tea™ (3.19)
Where MCp is the thermal inertia [J-K™]

1, is the mass flow rate of air [kg-s™']
Cp.a is the specific heat capacity of air [J-kg™"-K™]
gr is the radiative heat exchange [W]
R is the thermal resistance [K-W™"]
The same approach was applied to the three other blocks.

The unsteady heat balance equations of the internal walls giving their temperature
evolution are shown in Equations 3.20 and 3.21.

- for wall 1 (PCM surface in contact with adjacent air):

dTy. . ! Tpem—Tw.
MCp.Wl 71 = man.a (T'q1 —Ta2) + ; -+ Arsiwi T Qrs2wi (3.20)

pcmwil

- for wall 2 (internal bottom box wall):
ATy »

. 14 Text—Tw.
MCp.wZ dt = man.a (T a2 Ta.3) + R - 2 + qr.s2.w2 + qr.s3.w2 (321)
w.ext.2

The same approach was applied for walls 3 (internal vertical box wall) and 4
(internal top box wall).

Equations 3.22 and 3.23 show the evolution of PCM temperature and ice fraction,
respectively.

- if PCM is completely frozen (Tecm < Tm and ¢ = T) or completely melted (Trcm >
Tmand ¢ = 0);

ar, Tw1—T, Text—T,
pem _ w1~ Ipcm ext—Ipcem
MCppem =2 = + (3.22)

Rpcm.wl Ry ext1

- if PCM is partially melted (Tpem= Tmand 0 < ¢ < 1);
M d_(PAHqu — Twl_Tpcm + Text_Tpcm (323)

cm
p dt Rpcm.wl Ry ext1

Where ¢ is the ice fraction of PCM [-]
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AHys is the Latent heat of fusion [J-kg™]

2.6 Model input parameters

The model was solved for a 45-L commercial insulated box loaded with 16 kg of Tylose,
which was used for experimental validation (cf. the detailed description in Section 3.1).
Table 3.1 shows the thermophysical properties of each material, and Table 3.2 presents
all the input parameters of the model along with their determination methods. For the
heat transmission coefficient (K), the heat transfer coefficient (hw and hp) and the mass
flow rate of air (m,), the calculation is presented in Sections 2.2, 2.6.1 and 2.6.2,

respectively.

Table 3.1 Thermophysical properties of materials

. G A Reference

Material kg {om'3) 0- kg'q- K1) | W-m™-K")
Polypropylene 910 1925 0.120 Cengel & Ghajar (2020)
Test  product| 47 3372 0510 | Icier & llicali (2005)
(Tylose)
Liquid water 1000 4217 0.561 Cengel & Ghajar (
Ice 920 2040 1.880 Cengel & Ghajar (
Air (5°C) 1.269 1006 0.024 Cengel & Ghajar (
Extruded 35 1210 0.029 Cengel & Ghajar (
polystyrene

*Enthalpy of melting of ice (AHus) is 333700 J/kg with melting temperature (Tm) at 0°C

Table 3.2 Values of input parameters in the simplified heat transfer model

Parameter Value Unit Means of
determination

Convective heat transfer 3 W-m2K™" | Estimation from

coefficient between internal experimental

air and internal wall (hw) temperature profile

Convective heat transfer 3 W-m=2KT | Assumed to be equal

coefficient between internal to hw

air and product surface (hp)

Heat transmission coefficient 0.9 W-m2K™" | Calculation

of insulation (K)

Length of product block (C) 0.100 m Measurement

Length of test product (L) 0.400 m Measurement

Product surface area (Ap.s) 0.080 m? Measurement

Product external core area 0.060 m? Measurement

(Ap.c)
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Contact area of each 0.030 m? Measurement
product core with another

core (Ac)

PCM surface area (Aw.1) 0.120 m? Measurement
Vertical wall area (Aw.3) 0.120 m? Measurement
Horizontal wall area (Aw.2 0.104 m? Measurement
and Aw.4 — bottom and top

wall area, respectively)

PCM thickness (epcm) 0.040 m Measurement
Mass flow rate of air (ni,) 3.26 x 10 kg-s™ Calculation
Emissivity of polypropylene 0.97 - Vavilov & Burleigh
(Ew.i) (2020)

A sensitivity study was performed in order to investigate the influence of the heat
transfer coefficient (hw and hp), the mass flow rate of air (ni,) and the heat transmission
coefficient of box (K) by using the values in Table 3.2 as reference values. The influence
of the reference values = 10% and + 20% on the product core temperature was
studied.

2.6.1 Convective heat transfer coefficient estimation (hw and hp)

As per our previous work (Leungtongkum et al., 2023a), the convective heat transfer
coefficient between internal air and the wall surface in an insulated box with PCM on
a side wall was about 3 W-m2K™" (estimated using measured temperature profiles).

2.6.2 Air mass flow rate estimation (m,)

According to our knowledge, there is no correlation in the literature allowing the
estimation of the air flow rate (ni,) in a cavity as a function of the four different wall
temperatures. Therefore, it is proposed to relate hy and ni, in a simple well-known
situation: the case of an empty cavity with a cold vertical wall, a warm vertical wall and
adiabatic horizontal walls. A model constructed on the basis of this simple case would
also consider circular airflow with a mass flow rate of ni,. Firstly, air flows along the
cold wall (Tew), and its temperature decreases to Tamin, then it flows along the warm
wall (Tww), and its temperature rises to Tamax. The following equations characterize
these heat exchanges (Equations 3.24 and 3.25).

At the level of the cold wall;

(Ta.min - Tcw) = a(Ta.max - Tcw) (3.24)

At the level of the warm wall;

(Ta.max - Tww) = a(Ta.min - Tww) (3.25)
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with a = exp (— hW—A)

macp.a
Where « is the dimensionless convective heat transfer coefficient between
internal air and internal wall [-]

Equations 3.24 and 3.25 lead to:

Tamax —Tamin _ 1 -« (3 26)
Tww — Tew 1+a )

Raithby & Hollands (1998) reported that for the cavity with a vertical cold wall and a
vertical warm wall with a low aspect ratio (height/width < 40), the air temperature
difference (Tomax — Tamin) is about the half of the temperature difference between the
cold and warm walls (Tww — Tcw).

SO, Tamax — Tamin — l (327)
TWW - TCW 2
. hyA 1
Based on Equations 3.26 and 3.27, a = exp (— , > = =
mCp.q 3
. _ hyA
Thus, 1y = fose— (3.28)

This means that the air mass flow rate is proportional to the heat transfer coefficient
and the cold wall area. For our loaded box, the same relationship was applied. Hence,
with a heat transfer coefficient of 3 W-m2:K™" and a cold wall area of 0.120 m? the
estimated mass flow rate of air is 3.26 x 10 kg-s™. It should be highlighted that this
estimation is based on the assumption of constant PCM shape and thickness but in
reality, they slightly change during melting.

To verify the assumption of the linear relationship between hy, and ni,, we considered
the dimensional analysis and similarity model of the fluid flow and heat exchange
along a vertical surface by laminar free convection as for the PCM surface or the
opposite wall of the box.

Natural convective heat transfer of air along a vertical surface can be characterized as
below.

For laminar flow or 70¢ < Ra, < 10%; Nu = hl—z = 0.59Ra,'/* (Cengel & Ghajar, 2020)

Cp.alt

where Ra. = Gr-Pr and Pr = which equals to 0.71 for air thus,
Nu == = 0.54Gr/* (3.29)

with Gr

(3.30)
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where Z is the height of the wall [m]

Padet (2010) characterized the velocity profile of laminar free convection along the
vertical surface as below.

v* = f(y*, Pr) (3.31)

. * v
with v* = Terors (3.32)
and y = 2Gri/ (3.33)

Mass flow rate of fluid can be obtained by integrating the velocity profile over a cross
section.

m= [ pvLdy (3.34)

where L is the length of the wall [m]
From Equation 3.31; m = pL./gBATZ fomf(y*,Pr)dy

= pL\[gBATZ [” f(y", Pr)xGr=/*dy"

3 0o
m = pL ’%(ﬁ) Gr—1/4 fo f(y*, Pr)dy*
)

The maximal flow rate is obtained for x = Z (the height of the vertical wall in
m)

Defining k = fooof(y*,Pr)dy* [-] which is constant for air (Pr = 0.71)
Thus, m = kuLGr/* (3.35)

Combining Equations (3.29) and (3.35) leads to

. KULhZ K Cpal hLZ
m= kulGri/* = 222 = £ pal 07
0541 054 A Cpg
: hA
So, m=Kk'— (3.36)
Cpa

where k' = Pr— (3.37)
0.54
Equation 3.36 confirms that mass flow rate of air can be considered as approximately
proportional to the heat transfer coefficient for free convection as assumed previously.
However, this proportional relation is based on a very simplified approach. A finer
analysis, integrating for example the channeling effect of the load, could lead to a non-
linear relationship between mass flow rate of air and heat transfer coefficient.
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2.7 Numerical solving

At a given time t, firstly, the eight air temperatures were deduced from the wall and
product shell temperatures, then the eight radiative heat fluxes were calculated. Finally,
the thirteen heat balance equations, i.e. 4 wall temperatures, 4 product shell
temperatures, 4 product core temperatures and 1 PCM (temperature or ice fraction)
were applied with an explicit scheme with 5 s time intervals (shorter time intervals led
to the same results). The code was implemented using Python.

3. Experimental study

The measurement of the air, product (surface, shell and core), PCM and wall
temperatures was carried out in order to enable comparison with the predicted values
obtained from the model.

3.1 Materials

A commercialized multilayer insulated box (Manutan SA, Gonesse, France) with 500
mm x 310 mm x 300 mm internal dimensions was used (Figure 3.3a). The walls were
made of expanded polystyrene (25 mm thickness), polypropylene (inner and outer
layers of 3.5 mm thickness) and an air gap was present between the expanded
polystyrene and the inner layer (estimated thickness: 5 mm).

The box was placed on a wooden support with a height of 50 mm to ensure uniform
heat exchange with the ambient around the box. This box was placed on a table (0.7
m height) positioned in the center of the test room measuring 3.4 mx 34 mx25m
in which the ambient temperature was controlled. The PCM container, made of
polypropylene (3.5-mm thickness) and filled with 3.5 kg of tap water (melting point ~
0°C), had external dimensions of 460 mm x 280 mm x 47 mm (the thickness of the
PCM slab was not uniform and ranged from 35 mm to 50 mm). The test product
consisted of Tylose slabs (with 200 mm x 100 mm x 50 mm pack dimensions). Tylose
contains 23% methylhydroxyethylcellulose, 76.4% water and 0.5% NaCl (Refrigeration
Development and Testing Ltd., North Somerset, UK). A perforated support made of
galvanized steel (350 mm x 150 mm x 55 mm) was used to allow a gap below the test
product for air circulation. Two extruded polystyrene (XPS) slabs (260 mm x 280 mm
x 50 mm) were placed on each lateral wall (Figure 3.3b). In this manner, heat transfer
and airflow can be considered as almost 2D. Indeed, these XPS slabs prevented air
from flowing along the lateral walls and drastically reduced heat loss through them.
Table 3.1 indicates the thermophysical properties of each material.
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Polypropylene inner layer

(3.5-mm thickness)

Expanded polystyrene
(25-mm thickness)

Polypropylene outer layer

(3.5-mm thickness)

Front view Side view (x =250 mm)

L
TYL TYL TYL
TYL TYL TYL
XPS XPS
TYL TYL TYL
B TYL TYL TYL
X

@ Thermocouples for air temperature measurement

@ Thermocouples for PCM internal temperature measurement
' Thermocouples for surface temperature measurement

= Thermocouples for product shell temperature measurement
u Thermocouples for product core temperature measurement

(b)

Figure 3.3 (a) Insulated box; and (b) experimental set-up of a box loaded with the
test product (Tylose, TYL) and 50-mm extruded polystyrene plates (XPS) on the
lateral walls to prevent airflow, and thermocouple positions

3.2. Instrumentation
The temperature was measured using type T thermocouples connected to an Agilent
34972A data acquisition unit (Agilent Technologies, CA, USA). The thermocouples

were previously calibrated at -10°C, 0°C, 10°C, 20°C and 30°C with a precision of +
0.1°C.
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3.3 Experimental protocol

Before conducting each experiment, the PCM was frozen in a freezer set at a
temperature of -2°C for at least 48 h, and the test products were stored in a
polystyrene box in a domestic refrigerator set at a temperature of 4°C or 10°C for at
least 24 h. This box prevented product temperature fluctuations caused by the
working cycle of the compressor of the refrigerator.

The thermocouples were placed inside the PCM, on the surface of the PCM, on internal
wall surfaces, on the product (surface, shell and core) and in internal air as shown in
Figure 3.3b.

Prior to the measurement process, the thermocouples, the PCM and the 16 test
product slabs were positioned in the box. Then all the temperatures were recorded
once per minute. The measurements were conducted in two manners. First, the
equilibrium temperature profile inside the box in steady state was determined (ideal
case where the PCM was still melting, Tecw = T ~ 0°C). To achieve the steady state,
the PCM slab was constantly replaced (every 12 h) with a completely frozen one, while
the measurements were conducted continuously over a period of 72 h. Second, the
temperature evolution inside the box in transient state was monitored. To achieve the
transient state, only one completely frozen PCM slab was loaded into the box and left
for 24 h.

Table 3.3 presents the experimental conditions: the ambient temperature and the
initial test product temperature were varied.

Table 3.3 Conditions in the experimental study

Condition | State Ambient temperature | Initial test product temperature
(°C) (49)
1* Steady 20 4
2 Steady 10 4
3* Transient 20 4
4 Transient 20 10

*Reference condition
3.4 Model validation

In order to validate the model, twenty-four experimental temperature measured at
steady state were compared with the numerical ones from the model. The Root Mean
Square Error (RMSE) and the regression slope (Gnum/exp) between the numerical (Thum.n)
and experimental values (Texp.n) Were calculated as follows:

N — 2
RMSE — \/2n=1(Texp.71t] Tnum.n) (338)
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N
_ Zn=1(TnumnTexpn) (3.39)

a =
num/exp 2%: 1(Texp.n)2

4. Results and discussion

4.1Comparison between numerical and experimental temperatures in steady
state

Firstly, a comparison was made under steady state conditions in order to verify the
assumptions of the model and the energy balance equations to predict spatial
variations in an insulated box equipped with PCM. This steady state was considered
to have been reached when the average product shell and the core temperature varied
less than 0.1°C. After the steady state was reached, the experimental values of the air,
product (surface, shell and core) and wall temperatures were averaged over 600 min.
and then compared with the predicted values (Figure 3.4) for 20°C ambient
temperature (reference condition) and 10°C ambient temperature.

From Figure 3.4, overall, the model predicted well wall, air and product temperatures
with an RMSE lower than 1°C (0.88°C and 0.60°C under 20°C and 10°C ambient
temperatures, respectively) and with a regression slope @num/exp Of the experimental
temperature (Tex) versus numerical temperature (Trum) curve close to 1 (0.98 and 0.89
under 20°C and 10°C ambient temperatures, respectively). The spatial temperature
heterogeneity was correctly simulated with the lowest air and product temperatures
at the bottom close to the PCM surface (in the zone surrounded with blue lines) and
the highest temperatures at the top opposite the PCM surface (in the zone surrounded
with red lines). It can be seen that the model clearly describes the air temperature
evolution along the airflow course: the air temperature decreases from the top to the
bottom along the PCM and increases along the other walls.

In general, the discrepancies between the measured and predicted air temperatures
can be explained by the fact that the air temperature was measured at a given point
(Figure 3.3b) whereas the predicted air temperature was a bulk value, which is the
velocity-weighted average temperature over a cross-section. The highest discrepancy
was noticed at the top with around 1.1°C and 1.5°C lower than the measured values
at ambient temperatures of 10°C and 20°C respectively. This could be due to a strong
stratification effect of warm air at this position. This local effect was not completely
considered in the model.

159



T, = 20°C (Reference condition)

, | | | | |
Toum = 8.80 \ Toum = 9.41
T, = 10.45 T.., = 11.00

exp exp

T =8.72 T.. =680 |
T, =8.83 T, =7.83
um = 8.87 Toum = 8.16
T,,, = 8.98 T, = 8.08

exp

Tom =822 T,.=6.96
T.p=7.83 )| T,,=6.82

Toum = 9.69
- e e o
Texp = 8.88
’ s —
Tnum =7.57 Tmlm =6.06
Toum = 7.22 Toxp =7.10 |I Texp =5.95 Toum = 3.87
Texp = 7.42 Texp = 4.35
Toum = 7.81 I Toum = 5.47
z T, =6.64 | Top=4.71
A Toum = 6.63 Toum = 4.67
Texp = 6.07 Top =4.38
— e e
Toum = 7.86
Toxp =5.94

Tnum (OC)

0 2 4 6 8 10 12

160



Thum (°C)
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Figure 3.4 Comparison between the numerical and experimental values of
temperature at steady state in an insulated box equipped with PCM on one side with
an ambient temperature of (a) 20°C (reference condition) and (b) 10°C. The zones
with the lowest and highest temperatures are surrounded in blue and red lines,
respectively.
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4.2 Sensitivity study

The input parameters should be as precise as possible, but measurement/estimation
is sometimes difficult, so a sensitivity study was undertaken numerically. It aims to
investigate the effect of the heat transfer coefficient (hw and hy), the mass flow rate of
air (m,) and the heat transmission coefficient of box (K) on the product core
temperature under steady state conditions. These input parameters were varied by +
10% and + 20% compared with the reference values (parameter value divided by the
reference value varying from 0.8 to 1.2). Two criteria were used to evaluate the effect
of the precision of these parameters, RMSE and the regression slope (dnum/exp). The
results shown in Figure 3.5 lead to the conclusion that the box heat transmission
coefficient K is the factor that exerts the greatest influence on the model precision. In
fact, increasing the K value by 20% (i.e. reducing the insulation thickness by 20%) led
to an increase in the product core temperature of about 1.5°C. From Figure 3.5, it can
be seen that the reference value (0.9 W-m=2-K™") gave the best agreement with the
experimental value with the lowest RMSE at 0.88°C and anum/exp at 0.98 which was close
to 1. Therefore, this parameter is the main factor to be taken into consideration when
designing the box so as to preserve the product at a recommended temperature
throughout the supply chain.

The influence of the hw, hp and ni, values on the predicted core temperature and the
model precision is weak. From Figure 3.5, increasing hw by 20% tended to decrease all
the product temperatures by around 0.3°C. Indeed, the exchange with the PCM is
enhanced by 20% as thermal resistance is inversely proportional to hy. The exchange
with the ambient air also increased, but only by 4% because the thermal resistance is
mainly due to insulation (the overall resistance is proportional to % + ﬁ). Increasing

m, tended to decrease only the highest product temperature (T4), thus, temperature
is more homogenous. This can be explained by the fact that a higher airflow rate leads
to slow down the rate of air temperature increase along the air circulation loop.
Changing hp had almost no effect on the product temperature because the product
had reached thermal equilibrium with the adjacent air during steady state, so there
was almost no heat exchange.

162



Convective heat transfer coefficient between internal

air and wall (h,)
10.0 +
g
5 9.0
E
g | —
E‘ 8.0 ._.__ﬂ___._‘_.__. ——Tcl
L
2 70 Te
S ~=Tc3
Z60{ T, T
2
-»
5.0 . - : . .
0.8 0.9 1.0 1.1 1.2
hy/3 WK
Mass flow rate of air (ni,)
10.0 4
o
o 9.0 A
2
] \
7] -
E_ 8.0 ._____.___-_._-_-—.-___. —-Tecl
)3
g 704 —-Te2
3 ~=Te3
= —_
2 60 Te4
=]
&
5.0 T T T T :
0.8 0.9 1.0 1.1 12
Mg /3.26 x 10* kgs'!
Root mean square error (RMSE)
1.3 1
1.2 1
&)
o 1.1 4 ——hw
7
=10 ~hp
—-m
0.9 A K
0.8 " T - . —
080 090 1.00 1.10 1.20
Parameter/Reference
Parameter Reference value
h,, (W-m2-K") 3
h, (W-m2K-1) 3
m, (kgs!) 3.26x 10
K(Wm?*K1) 0.9

163

Convective heat transfer coefficient between internal
air and product surface (h,)

Product core temperature (°C)

0.8

1.0 1.1
hy3 W-m2K-!

0.9

—Tecl
~=Te2
==Tc3
==—Tc4

Box’s heat transmission coefficient (K)

10.0 +
3
5 9.0 A
2
=
[T} -
E_ 8.0 / —=Tcl
2
2 7.0 - T
3 ——Tc3
é 6.0 4 / ——Tc4
[=]
&
5.0 T . T . .
0.8 0.9 1.0 1.1 1.2
K/0.9 W-m2-K-!
Regression slope (ayuyp/exp)
1.1 -
~1.0 -
“'é. —a—hw
E —hp
509 -
——K
0.8 ‘ T T . —
0.80 090 1.00 1.10 1.20
Parameter/Reference
Cc4 Cl
S C2
Fid
_J




Figure 3.5 Sensitivity study showing the influence of the value of the input
parameters (x 10%, + 20% of reference values) on the variation in the product core
temperature, RMSE and regression slope. The results were obtained at steady state
for an insulated box with PCM on one side under 20°C ambient conditions for four
input parameters: convective heat transfer coefficient between internal air and the

wall (hw), between internal air and product surface (hp), mass flow rate of air (ni,) and
the heat transmission coefficient of the box (K).

4.3 Comparison between numerical and experimental temperatures in transient
state

The model was used to predict the wall and product core temperature evolution in an
insulated box equipped with PCM under 20°C ambient temperature at two initial test
product temperatures: 4°C (reference condition) and 10°C. The results are shown in
Figure 3.6.

For both conditions, the temperature inside the PCM increased very rapidly from -2°C
to the melting temperature of 0°C (result not shown). The PCM container wall (Tw.7)
also rapidly reached an almost constant temperature around 1.5°C higher than the
melting temperature, indicating that the effect of PCM thermal resistance - Rpemw1 is
small but not negligible.

At the beginning of the experiment, the wall temperatures, initially at the ambient
temperature of 20°C, decreased rapidly. These walls exchange heat with the internal
air with a heat transfer coefficient (hw) of 3 W-m=-K " and with the external ambience
with a heat transmission coefficient (K) of 0.9 W-m™2-K™". Their superficial inertia
(epppepCppp) is 6130 J-m™2-K . So they tend toward a weighted average of internal air

. hwTqir + KT, . . . . . .
and ambient temperature =2 ——=<* \ith a characteristic time interval z, given by

Equation 3.40.

w

7, = ZRERRIE = 1570 5 ~ 26 min (3.40)
This value corresponds to the order of magnitude of the initial period during which
the wall temperature decreased.

After this initial period, the wall temperatures slowly increased (for Tpini = 4°C) or
decreased (for Tpini = 10°C) toward their equilibrium (steady state) values. This slow
variation is dictated by the thermal inertia of the product.

At the beginning, a quick temperature increase in all product core positions was
experimentally observed for both initial conditions. For Tpini = 70°C, a similar trend
was observed by the model for positions 3 and 4, but with slower dynamics. For the
other cases, the model did not follow this trend. This quick increase is due to the fact
that the walls are initially at ambient temperature and remain relatively warm during
the first hour. Therefore, initially, the internal air temperature is higher than the
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equilibrium temperature. This is taken into account by the model. In addition, during
loading, the surface of the test product blocks is exposed to ambient air, so its
temperature increases. This is not taken into account by the model and explains the
model/measurement discrepancies.

Nevertheless, after this initial period, the model predicts relatively well the product
core temperature evolution for both initial conditions. For Tpini = 4°C, the product
temperatures slowly increased toward the equilibrium (steady state) values (7°C + 1°C)
and for Tpini = 10°C, they decreased with the same dynamic toward these equilibrium
values. The model correctly predicted the warmest and coldest zones and also the
temperature increase/decrease rate.

The product cores exchange heat with the internal air through two thermal resistances
in series: Rash = 4.47 K -W' (from air to shell) and Rshc = 1.23 K W (from shell to core).
As their thermal inertia (MCp.() is 8120 )K", the characteristic time of core temperature
evolution is given by Equation 3.41.

T, = MCp(Rasn + Rene) = 463005 ~13h  (3.41)

This value corresponds to the order of magnitude observed in Figure 3.6 (for a simple
first order dynamic, it is expected that when t = 7, ~ 13 h, Tp - Tpeq is about 1/e or 0.37
of Tp.ini - Tp.eq)-

In summary, during the first hour, the temperature evolution is affected by the initial
temperature of the box wall, then the product temperature slowly tends toward the
equilibrium value (with a characteristic time interval of around 13 h for our test
product) as long as the PCM is not completely melted. Here, we consider only this
case because PCM loses its effects when it is completely melted.
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Figure 3.6 Comparison between numerical results and the experimental values of the
temperature evolution during 24 h at the level of the wall and the product core in an
insulated box equipped with PCM on one side during transient state with an ambient
temperature of 20°C and an initial test product temperature of (a) 4°C (reference
condition) and (b) 10°C
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5. Conclusion and suggested future studies

In this study, a simplified heat transfer model based on a zonal approach was
developed for an insulated box equipped with PCM (ice with melting point ~ 0°C) on
a side wall and loaded with a test product (Tylose). The model considered that the
product is composed of 4 blocks with a shell and a core in each block. The model was
validated by comparing the predicted temperatures with those measured at different
positions in the box exposed to two ambient temperatures and with two initial product
temperatures. The comparison under steady and transient states demonstrates good
agreement in terms of spatial and temporal temperature variation. This model shows
good practical applicability with a short calculation time (less than 10 s using a
computer with 64 GB of RAM) and it could predict the effects of different parameters
such as box insulation (heat transmission coefficient or K), emissivity of internal walls
and PCM melting temperature. There are still some discrepancies from experimental
values as the model is simplified but it does not require high computing resource like
detailed CFD model.

It can predict the product temperature evolution for different time-temperature
scenarios (variable external temperature) in a supply chain depending on the position
of the product inside the box. It would be possible to link the thermal model with a
food quality and a microbiological model enabling the evaluation of product quality
and safety evolution along a real supply chain. It is important to emphasize that
precaution must be taken while coupling this simplified thermal model with quality
or microbiological models. As this thermal model is based on the zonal approach,
only the zone with the highest risk of spoiled and unsafe product could be predicted
but not the exact time neither the precise position.
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3.4

PAPER 1

Modélisation numérique (Computational Fluid Mechanics: CFD) des transferts de
chaleur et de I'écoulement d'air dans un caisson isotherme équipé d'un matériau a
changement de phase

Résumé (version francaise de I'abstract du paper 1)

Les caissons isothermes équipés de matériau a changement de phase (Phase Change
Material : PCM) sont principalement utilisés pour la livraison de nourriture sur le
dernier kilomeétre, car ils sont simples a utiliser et peu colteux. Cependant, la
température moyenne y est parfois assez élevée avec une importante hétérogénéité.
Ce travail présente une étude numérique des transferts thermiques et de I'écoulement
d‘air a 'intérieur d'un caisson isotherme (coefficient global de transfert thermique 0,9
W-m=2-K") équipée de PCM (glace, point de fusion ~ 0°C). Trois configurations ont été
étudiées : caisson vide, caisson chargé de polystyrene extrudé et une caisson chargé
de produit modele (Tylose). Les simulations numériques ont été réalisées avec le
logiciel ANSYS FLUENT. Les résultats numériques des champs de température et de
vitesse ont été comparés aux valeurs expérimentales mesurées respectivement par
thermocouples et vélocimétrie par images de particules. Un bon accord a été obtenu
entre les résultats numériques et expérimentaux, avec une différence maximale de
1,5°C et 0,03 m-s™.
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Abstract

Insulated boxes equipped with Phase Change Material (PCM) are primarily used for
the last mile food delivery, as they are simple to use and low-cost. However, these
boxes maintain high average temperature and significant temperature heterogeneity
in transport. This work presents a numerical study to predict the heat transfer and
airflow inside an insulated box (overall heat transfer coefficient 0.9 W -m=2-K™)
equipped with PCM (ice, melting point 0°C). Three configurations were studied: an
empty box, a box loaded with Extruded Polystyrene (XPS slabs), and a box loaded with
test product (Tylose slabs). Computational Fluid Dynamic simulations were performed
by ANSYS FLUENT. The numerical results of temperature and velocity fields were
compared with experimental values measured by thermocouples and Particle Image
Velocimetry, respectively. Good agreement was obtained between the numerical and
experimental results, with the maximum difference of 1.5°C and 0.03 m-s™.

Keywords: Insulated boxes, PCM, Airflow, Heat transfer, CFD

1. INTRODUCTION

Insulated boxes equipped with Phase Change Material (PCM) have been widely used
in the last-mile delivery of temperature-sensitive products, mainly when refrigeration
equipment is unavailable (East et al., 2009). However, spatial and temporal temperature
variation during a supply chain currently limit their use (Du et al., 2020; Laguerre et al,,
2013). Accurate physical-based models can predict the temperature in a box in which
conduction (in walls, unmelted PCM, and products), natural convection (between air
and walls/product surface), and radiation occur (Rincdn-Casado et al., 2017; Shinoda
et al,, 2019). These three heat transfer modes are of the same order of magnitude;
although several studies reviewed in Leungtongkum et al. (2022) often considered only
heat conduction, all three need to be considered (Laguerre & Flick, 2010).

This paper develops a Computational Fluid Dynamic (CFD) model that applies airflow
and all heat transfer modes for an insulated box equipped with PCM. The simulation
allows the prediction of the temperature field and its evolution with time inside the
box for two PCM positions (top and sidewall) and three loading conditions: no load,
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loaded with insulating material (extruded polystyrene slabs), and with test product
(Tylose slabs). The second condition highlights the effect of the inert load as an
obstacle on airflow (without heat exchange), while the third represents the realistic
food transport conditions. The numerical results of different studied conditions are
compared with the experimental ones for validation.

The model developed in this paper can be used to predict the effect of box
characteristics such as insulation type, wall thickness, box geometry, and operating
conditions such as ambient temperature, load type, and product initial temperature.
By combining this model with quality and safety models, product evolution along the
supply chain can be assessed.

2. Experimental study

2.1 Materials

Measurement of temperature and air velocity required two different boxes (Figure 3.7).
Box A was used for the thermal study; it was a commercialized multilayer insulated box
(Manutan SA, Gonesse, France) with 500 mm x 310 mm x 300 mm internal dimensions
and 570 mm x 380 mm x 370 mm external dimensions. Its walls were made of
expanded polystyrene (25 mm thickness), polypropylene (inner and outer layers of 3.5
mm thickness with € = 0.97 (Vavilov & Burleigh, 2020)), and an air gap between the
expanded polystyrene and the inner layer (estimated thickness 5 mm). Box B was used
for the airflow study; it had the exact dimensions and wall structure except two side
walls made of triple-glazed windows (3 glass panes of 4 mm thickness each, wall
emissivity € = 0.03 (manufacturer data), two argon-filled 10-mm gaps). The overall heat
transfer coefficient of these two walls (insulated wall and triple-glazed window) is
about 0.90 W-m2K". This value was obtained by calculation based on the thickness
and thermal conductivity of the materials used for building the walls, which are listed
in Table 3.4.

Box A Box B

Argon-filled gaps
(10-mm thickness)

Glass panes

(4-mm thickness)

Figure 3.7 Boxes used in the study. Box A: a commercial box for temperature
measurement and Box B: a box with walls modification by triple-pane windows for
velocity measurement.
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Table 3.4 Thermo-physical properties of materials

Material Density Co k Reference
(kgm3) | J-kg'K") | (W-m'-K")
Extruded Cengel and Ghajar
polystyrene 35 1210 0.029 (2020)
Cengel and Ghajar
Polypropylene 910 1925 0.120 (2020)
Tylose 1070 3372 0.510 Icier and llicali (2005)
: Cengel and Ghajar
Water (solid) 920 2040 1.880 (2020)
e Cengel and Ghajar
Air (5°C) 1.269 1006 0.024 (2020)
Cengel and Ghajar
Glass 2225 835 1.4 (2020)
Argon - - 0.018 Roder et al. (2000)

2.2 Thermal study
2.2.1 PCM and test product preparation before experiment

Tap water is used as the PCM for this study (melting temperature close to 0°C). It was
first filled into a slab of dimensions 500 mm x 310 mm x 50 mm. The PCM slab was
then placed horizontally in a freezer set at -2°C for 48 h to ensure homogenous PCM
thickness and temperature. Sixteen packs of the test product (dimensions of a pack
200 mm x 100 mm x 50 mm) were placed in a polystyrene box and stored in a
domestic refrigerator set at 4°C 24 hours before each experiment to ensure
homogeneous initial product temperature.

2.2.2 Instrumentation

The temperature was measured by T-type thermocouples linked to a data acquisition
unit (Agilent 34972A, CA, USA). These thermocouples were previously calibrated at -
10°C, 0°C, 10°C, 20°C and 30°C with a precision of £0.2°C.

2.2.3 Temperature measurement in an unloaded box

Figure 3.8a presents an empty box with PCM on a sidewall. The air temperature was
measured on the middle plane (x = 250 mm) at different y and z positions using two
stands, and each one was equipped with 12 thermocouples spread over the height (z-
axis). Three thermocouples were placed inside the PCM (at mid-thickness) and on the
surface of the PCM container.

The installed thermocouples were then placed in the box. 90 minutes after the box was
closed (when a steady state was reached), temperatures were recorded every 15
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seconds for 5 minutes. After these 5 minutes, the box was opened, and the stands were
displaced rapidly (to avoid disturbances by external air) before closing the box again.
15 minutes later (when a steady state was reached again), temperatures were recorded
every 15 seconds for 5 minutes. Measurements were repeated by changing the
positions of the stands, allowing 200 measurement points in total. A temperature
contour map was plotted by MATLAB with interpolation from these measurements
following the experiment.

2.2.4 Temperature measurement in a loaded box

The loaded box was prepared using the same methodology for two different types of
materials. The first material was four XPS slabs (extruded polystyrene 200 mm x 400
mm x 50 mm), and the second was sixteen test product packs previously stored in a
domestic refrigerator for 24 hours. Each material was placed in the center of the box.
After closing the box, temperatures in the middle plane (x = 250 mm) were measured
at 33 positions (Figure 3.8b) every 30 seconds for 4 hours without opening the box.

Middle pl =250
Middle plane (x = 250 mm) iddle plane (x mm)

TYL

1 1
[= (= = = |
0O oo o

ol

&

s

H

H

(b)

Figure 3.8 Diagram showing the experimental setup for temperature measurement
for PCM located on the side wall of (a) empty box, and (b) loaded box. TYL = Tylose
packages.

2.3 Airflow study

Figure 3.9 shows the experimental setup for the air velocity measurement using
Particle Image Velocimetry (PIV). A smoke machine (Antari, F-80Z) generated an oil-
based smoke tracer (mean diameter 0.3 pm); the smoke tracer was precooled in a
container with four PCM packs to decrease its temperature from 50°C to 10°C. The
smoke was then diffused into Box B through a connecting duct using a small fan.
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Figure 3.9 Diagram showing the PIV setup.

The 2D-PIV system (LaVision, FlowMaster 2D) included three main components (Figure
3.9): a double-pulsed Nd:YLF laser (527 nm wavelength, 10 mJ pulse energy), a high-
speed 12-bit CMOS video camera (Photron, FASTCAM SA3; 1024 x 1024 pixels in
resolution) fitted with a lens (Sigma; 105 mm, f/1:2.8). A programmable timing unit
(PTU-X) allowed the synchronization between the laser pulse and the camera.
Visualization of the airflow pattern was possible by the smoke particle scattering
during laser pulses. Image acquisition and post-processing to obtain the air velocity
field were achieved using DaVis 10.0.5 software. The camera and the laser were
mounted on a three-dimensional displacement system (precision of displacement +1
mm); both items were aligned to allow the perpendicularity between the camera view
and the light sheet (1-mm thickness).

PIV measurements were performed on the middle plane (x = 250 mm). 500 pairs of
images were recorded for each measured window every 20 ms, with a time interval of
900 ps between two images of the same pair (between two laser pulses). More details
on image acquisition and post-processing can be found in Leungtongkum et al.
(2023a).

The measurement was conducted for the box with two PCM positions (top and
sidewall) and under three loading conditions: no load, loaded with inert material
(extruded polystyrene slabs, XPS), and with test product (Tylose slabs). The second
condition demonstrates the effect of the load as an airflow obstacle only (i.e., without
heat exchange with air), whereas the third condition demonstrates the effect of the
load in a realistic food transport scenario (i.e., where there is heat exchange with air).
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3. NUMERICAL STUDY

3.1 Model assumptions

Airflow is laminar, as its Rayleigh number is lower than 10° (calculation not shown). The
Boussinesq approximation is used (density is assumed constant except in the gravity
term). Viscous dissipation into heat is neglected.

The PCM is assumed to be in a melting phase during the whole simulation, so the
temperature of its external face is considered constant at 0°C. The convection in melted
ice is neglected.

3.2 Governing equations
For air, laminar flow caused by natural convection is considered:

Continuity: V- (pv) =0 (3.42)
Momentum: = (p%) + V- (pi5) = VP + V- (uV9) + prefB(T = Trep)E  (3:43)
Energy: %(pcpT) + V- (pvc,T) = V- (AVT) (3.44)
For the load (test product or XPS), only conduction is considered:

Energy: %(ppcp_pT) + V- (ppcppT) = V- (2,VT) (3.45)

where pis the density [kg-m™~]
v is the fluid velocity [m-s™]
Pis the pressure [N-m]
uis the dynamic viscosity [kg-s'-m™]
preris the density at reference temperature [kg-m]
Bis the thermal expansion coefficient [K™]
T'is the temperature [°C or K]
Treris the reference temperature = 5°C
g is the gravitational acceleration = 9.81 m-s
¢y is the specific heat capacity [J-kg™"-K™'] and
Ais the thermal conductivity [W-m™"-K].

The parameters with index p are for the product (without index is for air).

3.3 Boundary conditions

At PCM wall in contact with internal box walls, constant temperature at 0°C was
applied:

T=0°C (3.46)
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At PCM wall in contact with internal air, the coupled thermal boundary condition was
used with 2.5 mm wall thickness with no slip boundary condition.

At the internal box walls, the following momentum and thermal conditions were
applied:

No slip boundary condition: v=0 (3.47)
Cauchy type thermal boundary condition: U(Tymp — T) = AVT " i + Qrea  (3.48)
where U is the overall heat transfer coefficient, Tams = 20°C
and  Gpqq = €0T*+ (1—¢) qip (3.49)

with € is the wall emissivity

Surface-to-surface radiation was activated, and the radiative flux entering the surface
J coming from all the other surfaces { was calculated from

Qinj = 2iFijQraai (3.50)
where Fj is the view factor of the surface ( relating to the surfacej

The external area of the box is higher than the internal one; thus, for a global heat
balance, the geometric mean of an external and internal area must be used. Since the
boundary condition applies on the internal wall, in governing equations for the CFD

approach, U is corrected by a factor of \/ Ayt /Aint -

3.4 Numerical simulation

The geometry was drawn by using SpaceClaim and meshed with ANSYS FLUENT
meshing. A mesh independence study was first conducted, which led to considering
around 2 x 10° cells. The study domain contained between 191850 and 256211
polyhedral cells depending on PCM position and loading conditions.

The numerical study was performed with ANSYS FLUENT 2021 R1 in a transient state.
According to a time step independence study, the time step of 1 s was used. For an
empty box and a box loaded with XPS, the simulation was performed for 10 min. For
a box loaded with Tylose, the simulation was performed for 4 h.

4. RESULTS AND DISCUSSIONS

To highlight the natural convection, first, the experimental and numerical velocity and
temperature fields are presented for unloaded boxes with PCM (cold wall) on the side
and at the top (Figures 3.10 to 3.13). Then, these fields are presented in the presence
of a load in a box with PCM on a sidewall (Figures 3.14 to 3.18) and with PCM at the
top (Figure 3.19 to 3.21).
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4.1 Air velocity and temperature profiles in an unloaded box with PCM on a
sidewall

Figures 3.10a and 3.10b present the observed airflow patterns and temperature fields
on the middle plane of the box (x = 250 mm) with PCM on a sidewall. Downward
airflow close to the PCM occurs because the air temperature decreases and the air
density increases when the air exchanges heat with PCM (Figure 3.10a). Upward airflow
close to the opposite vertical wall is caused by heat exchange with the vertical warm
wall; here, air temperature increases while air density decreases. Air flows from the
right to the left near the bottom of the box. PIV measurement was impossible at the
top of the box because the laser sheet could not be projected into this zone. However,
the law of mass conservation proves that air flows from the left to the right, leading to
an airflow recirculation loop. The maximum measured air velocity was around 0.10 m-s
1. The corresponding temperature field (Figure 3.10b) agrees with the airflow pattern,
i.e., the coldest air (0.5°C) was observed at the bottom-right corner after air was cooled
down by exchange with PCM. The warmest air (10°C) was observed at the top after it
was warmed up by exchange with the box walls.

Simulation results at 10 minutes gave similar air velocity flow patterns (Figure 3.10a’)
and temperature fields (Figure 3.10b’). In this simulation, the velocity and temperature
fields did not vary from 7 minutes to 10 minutes, implying that a steady state was
reached. Figure 3.11 compares the experimental and numerical air velocity values in
the z-direction and temperature at z = 160 mm. A good agreement between predicted
and measured values was observed with a maximum difference in air velocity and
temperature of 0.02 m-s™" and 1.2°C, respectively.
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Figure 3.10 (a) Experimental air velocity field and (b) experimental temperature field
on the middle plane of an unloaded box with PCM on a sidewall. (a') Corresponding
numerical air velocity field and (b) Corresponding numerical temperature field.

0.08 — 10 —
f Middle plane (x = 250 mm)
8 8 |
= 0.04 Ft E N T )
E H e 6
- e\ S
z I Q\V B Z= 160mm
‘S 0 o
o \ a 4
% o Yo 100 150 200 %9 300 £
S H k| z
> 0.04 \', 2
\’ 0 _—
0.08 ! 0 50 100 150 200 250 300
Y (mm) Y (mm)
—Predicted + Measured ——Predicted = Measured

(a) (b)

Figure 3.11 Comparison between experimental and numerical results at the middle
plane and z = 160 mm in an unloaded box with PCM on a sidewall (a) air velocity in
the z-direction and (b) air temperature

4.2 Air velocity and temperature profiles in an unloaded box with PCM at the top

Figure 3.12 shows the observed airflow patterns (Figure 3.12a) and temperature fields
(Figure 3.12b) on the middle plane of the box (x = 250 mm) with PCM at the top. Two

177



airflow loops are observed, with a downward flow in the middle of the box and an
upward flow close to each side wall. Air becomes colder and flows downwards when it
exchanges heat with the PCM at the top. The air moves toward the warmer side walls,
as its density decreased after reaching the bottom of the box, and it flows upwards
until approaching the PCM at the top again. The maximum measured air velocity was
about 0.08 m-s™". The visual observation of smoke flow with time showed that the
downward flow in the central region was oscillating (result not shown). The
corresponding experimental temperature field (Figure 3.12b) confirms this flow
explanation with the coldest air (4.1°C) at the center of the box just below the PCM
surface and the warmest air (8.1°C) near the mid-height of the side walls after the air
was warmed up by exchange with the box walls. It is to be highlighted that the velocity
shown in Figure 3.12a was averaged over 10 seconds, and the temperature in Figure
3.12b was averaged over 5 minutes.

The simulation confirms the instability of air velocity: the velocity field varied with time
(Figure 3.12a’) even when the boundary conditions were steady, and the flow was
laminar due to the nonlinearity of the Navier-Stokes equations. The temperature field
was also unstable (Figure 3.12b’). The simulations at 5, 7, and 10 minutes did not give
the same air velocity field and temperature distribution; however, it seems that the
result at 5 minutes provided good agreement with the measured air velocity field and
temperature distribution. Figure 3.13 shows a comparison between the experimental
and numerical values (at 5, 7, 10 minutes and average between 5 minutes and 10
minutes) of air velocity in the z-direction and temperature at z = 125 mm. On average,
the simulation can capture the trends and the order of magnitude but comparing
instantaneous predicted data with time-averaged measured data is difficult.
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Figure 3.12 (a) Experimental air velocity field and (b) experimental temperature field
on the middle plane of an unloaded box with PCM at the top. (a') and (b’) are
corresponding numerical results at 5 min., 7 min. and 10 min.
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Figure 3.13 Comparison between experimental and numerical results at t = 5 min., 7
min., 10 min. and average between 5 min. and 10 min. in an unloaded box with PCM
at the top at the middle plane and z = 125 mm of (a) air velocity in the z-direction
and (b) air temperature
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4.3 Air velocity and temperature profiles in a loaded box with PCM on a sidewall

Figures 3.14a and 3.15a present the observed airflow patterns on the box's middle
plane (x = 250 mm) with PCM on a sidewall and loaded with XPS and Tylose,
respectively. In both cases, air flew upwards in the left gap and flew downward in the
right gap. The impossibility of laser sheet access into this gap explains the lack of PIV
measurements at this position. The maximum measured air velocity was around 0.10
m-s™". Figures 3.14b and 3.15b present the experimental temperature field for the box
loaded with XPS and Tylose slabs, respectively. In both cases, the temperature results
agreed with the air velocity field, i.e., increasing temperature along the air-circulation
loop after air was cooled down by exchange with PCM.

The numerical simulation gave similar air velocity fields (Figure 3.14a" and 3.15a’), but
the predicted temperatures (Figures 3.14b" and 3.15b’) were slightly lower than the
measured values. The airflow was then analyzed in 3D since air flew around the load,
as illustrated in Figure 3.16. Air flew downwards and toward the lateral walls in the gap
between PCM and load (Figure 3.16a) and from the left (near PCM) to the right in the
lateral walls (Figure 3.16b). Figure 3.16¢ shows the complete air circulation loop.

Figure 3.17 compares experimental and numerical air velocity values in the z-direction
and temperature at z = 230 mm in a box loaded with Tylose (initial temperature 4.4°C).
A good agreement between predicted and measured values can be observed with a
maximum air velocity difference of 0.03 m-s™' and a maximum temperature difference
of 1.5°C.
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Figure 3.14 (a) Experimental air velocity field and (b) experimental temperature field
on the middle plane of a box loaded with XPS with PCM on a sidewall. (a") and (b’)
are corresponding numerical results
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Figure 3.16 Predicted air velocity field at (a) y = 245 mm and (b) x = 15 mm, and (c)
3D airflow illustration in a loaded box with PCM on a sidewall
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Figure 3.17 Comparison between experimental and numerical results in a box
loaded with Tylose with PCM on a sidewall at the middle plane and z = 230 mm of
(a) air velocity in the z-direction and (b) air temperature

Figure 3.18 compares the predicted and measured temperature evolution at two
positions inside the Tylose slab from the beginning to 4 hours. Temperature slightly
decreased at position A (at the bottom near PCM — almost the coldest position)
because of convection with colder adjacent air and radiation with colder PCM surface.
The temperature continuously increased at position B (at the top near a vertical wall
opposite the PCM — almost the warmest position), indicating that a steady state was
not reached even after 4 hours. The experimental and numerical results are in good
agreement.
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Figure 3.18 Comparison between experimental and numerical results of temperature
evolution at two positions in Tylose slab in a box loaded with Tylose with PCM on a
sidewall from the beginning to 4 h

4.4 Air velocity and temperature profiles in a loaded box with PCM at the top

Figures 3.19 and 3.20 show the experimental and predicted airflow patterns and
temperature fields on the middle plane of the box (X = 250 mm) with PCM at the top
loaded with XPS and Tylose, respectively. Cold air from the top (near the PCM) flows
upward in the left gap between the side wall and load and downward in the right (PIV
measurement was impossible in the right gap). The maximum measured air velocity
was around 0.08 m-s and 0.06 m-s" for the box loaded with XPS and with Tylose slab,
respectively.
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Since the configuration has a symmetry plane at y = 165 mm, a symmetrical flow
pattern, and temperature field could be anticipated. However, from the measurements,
the air flew from left to right above the load. There seems to be a clockwise circulation
loop explaining the lower measured temperature in the right gap where there was
more downward flow from PCM than in the left. The numerical results shows that the
airflow was asymmetrical, with a slight temperature difference between the left and
right sides. The velocity was unsteady, especially near the PCM, like in the empty case
with PCM at the top. In the loaded case, the downward flow chose one or another
preferential pathway (through the left or right gap). This behavior is related to the non-
linear term in the Navier-Stokes equations, which is responsible for a symmetry rupture
(even before turbulence appears).

Simulation results gave a similar air velocity field but a slightly lower temperature than
the measured field (Figures 3.19a’, 3.19b’, 3.20a’, and 3.20b’). Figure 3.21 compares
experimental data and numerical air velocity values in the z-direction and temperature
at z = 230 mm in a box loaded with Tylose. As mentioned previously, comparing
averaged velocity measurements with instantaneous velocity predictions is

challenging.
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Figure 3.19 (a) Experimental air velocity field and (b) experimental temperature field
on the middle plane of a box with PCM at the top loaded with XPS. (a’) and (b) are
corresponding numerical results
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Figure 3.20 (a) Experimental air velocity field and (b) experimental temperature field
on the middle plane of a box with PCM at the top loaded with Tylose. (a") and (b’) are
corresponding numerical results with initial air and Tylose temperature of 20°C and
4.3°C, respectively.
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Figure 3.21 Comparison between experimental and numerical results in a box
loaded with Tylose with PCM at the top at the middle plane and z = 230 mm of (a)
air velocity in z-direction and (b) air temperature

5. CONCLUSIONS

This study implements the CFD model by ANSYS FLUENT in an insulated box equipped
with PCM. The model simulates heat conduction, convection and radiation, and airflow
inside the box. The model can predict the air velocity, air temperature, and product
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temperature evolution in the box with PCM on a sidewall with the maximum difference
between predicted and measured values of 1.5°C of air temperature and 0.03 m-s™' of
air velocity. However, the model gives less accurate results in the box with PCM at the
top due to flow instability and symmetry rupture, making comparisons between
measurements (average values) and predictions (instantaneous fluctuating fields)
challenging. Nevertheless, this model can be used to better understand variables of
box configurations, e.g., box geometry, box insulation and supply chain conditions
(ambient temperature).

NOMENCLATURE

¢,  Specific heat capacity (J-kg"-K™)

F View factor (-)

g Gravitational acceleration (9.81 m-s®)

Gra¢  Radiative flux (W-m?)

Incoming radiative flux (W-m)
Temperature (°C or K)

Overall heat transfer coefficient (W-m2-K™")
Velocity (m-s™)

Pressure (N-m™)

Thermal conductivity (W-m™-K™)

Surface emissivity (-)

Stefan-Boltzmann constant = 5.67 x 10 W-m?K*
Density (kg-m™)

Dynamic viscosity (N-s-m)

Thermal expansion coefficient (K™
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HOw TO CHOOSE A MODEL TO ADDRESS PRACTICAL ISSUES
ENCOUNTERED DURING FOOD TRANSPORT IN AN INSULATED BOX
EQUIPPED WITH PCM

4.1

SUMMARY

This chapter demonstrates how three validated models (lumped, zonal and
Computational Fluid Dynamic — CFD) can be used to deal with technical questions in
food transport in an insulated box with Phase change Material - PCM (shown in Article
5). First, the detail of lumped model development and validation is presented. Next,
zonal model and CFD model are briefly described here (more details of these model
are in chapter Ill). Afterward, the comparisons of required inputs, provided outputs and
the capacity/limitation of each model to answer the technical questions are shown.
Then, applications of these models are illustrated with constant or fluctuating ambient
temperature. These models are also capable for investigating the effect of box design
and operating parameters on product temperature: box insulation and dimension,
PCM and product characteristics etc. The importance of internal emissivity is also
shown in this chapter. These models can be coupled with predictive quality and safety
models to assess the product evolution during transport.

Résumé

Ce chapitre montre comment trois modéles validés (global, zonal et CFD) peuvent étre utilisés pour
traiter des questions techniques relatives au transport de denrées alimentaires dans un caisson
isotherme avec matériau a changement de phase (article 5). Tout d'abord, le détail du développement
et de la validation du modéle global (lumped) est présenté. Ensuite, le modéle zonal et le modele CFD
sont brievement décrits ici (plus de détails sur ces modeles ont été donnés au chapitre Ill). Une
comparaison des entrées requises, des sorties fournies et de la capacité/limite de chaque modéle a
répondre aux questions techniques est alors présentée. Puis, des applications de ces modeéles sont
illustrées avec une température ambiante constante ou variable. Ces modéles sont également capables
d'étudier l'effet de la conception de I'‘équipement et des paramétres de fonctionnement sur la
température de produit : isolation et dimension du caisson, caractéristiques du PCM et du produit...
L'importance de I'émissivité des parois internes est également montrée dans ce chapitre. Ces modeles
peuvent étre couplés a des modéles prédictifs de qualité et de sécurité sanitaire pour évaluer I'évolution
du produit pendant le transport.
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4.2

ARTICLE 5

Comment choisir un modele pour répondre a des problématiques pratiques
rencontrées lors du transport de denrées alimentaires en caisson isotherme équipée
de matériaux a changement de phase

Résumé (version francaise de I'abstract de I'article 5)

Cet article traite des capacités et des limites de trois modéles pour répondre a
différentes questions techniques liés au transport des aliments dans un caisson
isotherme équipé d'un matériau a changement de phase (Phase Change Material :
PCM). Il s'agit d'un modele global (a une seule zone), d'un modele a plusieurs zones
et d'un modele de mécanique des fluides numérique (Computational Fluid Dynamics :
CFD). Le modele global prédit I'évolution de la température moyenne et convient pour
la conception du caisson en fonction des conditions de fonctionnement lorsque
I'hétérogénéité de température n'est une préoccupation majeure. Le modele zonal
décrit les variations spatiales de température, mais nécessite certaines hypotheses
concernant le flux d'air et le transfert de chaleur qui sont spécifiques a un agencement
de produit et a un emplacement PCM donnés. Le modele CFD donne les informations
les plus completes sur les phénomeénes physiques et les variations de température mais
implique un co(t de calcul élevé. Cette étude montre la possibilité de combiner ces
modeles avec un modele de qualité. Enfin, les capacités/limites de chaque modele
pour résoudre certains problémes pratiques sont discutées.
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How to choose a model to address practical issues encountered during food
transport in an insulated box equipped with PCM
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Highlights

e Lumped, zonal and CFD models were developed for transport in insulated
boxes with PCM
e The lumped model is suitable where the temperature heterogeneity is not a

concern

e The zonal model, more complex, provides temperature evolution in different
zones

e The CFD model, the most complex, provides temperature and air velocity
fields

e Model choice depends on user objectives

Abstract

This article discusses the capabilities and the limitations of three validated models:
lumped, zonal and Computational Fluid Dynamics (CFD), to solve several technical
issues related to food transport in an insulated box with a Phase Change Material
(PCM). The lumped model predicts the average temperature evolution and is suitable
for investigating the effect of box design and operating conditions where the
temperature heterogeneity is not the main concern. The zonal model depicts spatial
temperature variations but requires some assumptions regarding airflow and heat
transfer which are specific for a given product arrangement and PCM location. The
CFD model gives the most extensive information on physical phenomena and
temperature variations but involves a high computational cost that is inevitable. This
study shows the possibility of combining these models with a quality model. Finally,
the abilities/limitations of each model to solve certain practical issues are discussed.

Keywords: Insulated box, Phase change material, Modelling, Heat transfer, Airflow,
Temperature prediction

Nomenclature

A Area [m?]
Bmush Mushy zone constant [kg-m™3-s7]

C Length of the cross-section of the product block for the zonal model [m]
C,  Specific heat capacity [J-kg'- K]
E Physiological state of microorganisms [-]
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View factor of the surface j relating to the surface k
Gravitational acceleration = 9.81 m-s™
Convective heat transfer coefficient [W-m™=-K']
Height of the box [m]

Overall heat transfer coefficient [W-m™>2-K]
Length of the product block or wall [m]
Latent heat of fusion [J-kg™']

Mass [kg]

Mass flow rate [kg-s™]

Thermal inertia [J- K]

Normal unit vector [-]

Pressure [Pa]

Incoming radiative flux [W+m™]

Radiative flux from the surface [W+*m™]
Radiative heat exchange [W]

Heat transfer resistance [K-W™"]

Momentum source term [kg-m™2-s7]

Time [s]

Maximum storage period [s]

PCM melting time [s]

Temperature [°C or K]

Melting temperature of PCM [°C or K]
Maximum storage temperature [°C]

Internal energy [J-kg™]

Volume [m?3]

Velocity [m+s™]

Width [m]

Position [-]

Number of microorganisms [logio CFU-g™]

X, y, z Coordinate [m]

Greek symbols

QD Ee >MTH™Y ST M

A constant used for Eq. A.11 [-]

Dynamic viscosity [N*s-m™]

Liquid fraction [-]

Dimensionless convective heat transfer coefficient [-]
Thermal expansion coefficient [K']

Surface emissivity [-]

Thermal conductivity [W-m™-K™]

Ice fraction [-]

Density [kg-m]

Stefan-Boltzmann constant = 5.67 x 10 W-m™>2-K*
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T Characteristic time [s]

n Microbial growth rate [h™]

S Ratio of air mass flow rate between the secondary and the primary airflow
loops for the zonal model (see Figure 4.14b) [-]

Subscripts

0 Initial condition

a Air

c Product core

e External

eq Equilibrium state

[ Internal

J, k Surface number for view factor calculation
lig Liquid state

max Maximum value

mean Mean value

melted Melted

min Minimum value

n Zone number of the zonal model (see Figures 4.4 and 4.14)
p Product

pcm Phase change material

ref Reference value

S Surface of the product block
sh Product shell

sol Solid state

tot Total

w Internal wall

1. Introduction

Insulated boxes equipped with a Phase Change Material (PCM) has an important role
in food cold chain (Nie et al., 2020; Zhao et al., 2020a), particularly for the last mile
delivery to consumers (Robertson et al., 2017). The advantages of the insulated box
are its simplicity of use, the flexibility related to several box designs available, and the
low cost. However, product waste caused by temperature abuse were often observed
because of spatial and temporal temperature variations during food transport
(Laguerre et al,, 2013; Liu et al., 2019; Mercier et al., 2017).

The temperature evolution inside an insulated box equipped with PCM was
investigated experimentally and numerically by several authors and summarized in
Leungtongkum et al. (2022). For model simplification, several studies considered only
heat conduction in the air inside the box, and ignored natural convection and radiation
(Du et al,, 2020; Kozak et al., 2017; Paquette et al., 2017; Xiaofeng & Xuelai, 2021).
Recently, some studies took natural convection of internal air and melted PCM into
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account (Burgess et al., 2022; Calati et al., 2023; Rahimi-Khoigani et al., 2023).
According to our knowledge, no study has considered radiation between the internal
surfaces in the model in spite of the fact that all heat transfer modes are of the same
order of magnitude in closed cavities (Laguerre & Flick, 2010).

There are different thermal modelling approaches described in the literature: the
lumped models considering the average product temperature and overall heat transfer
resistances (Kozak et al., 2017; Laguerre et al., 2019), the zonal models distinguishing
warmer and colder regions (East & Smale, 2008), and the Computational Fluid Dynamic
(CFD) models describing detailed temperature and velocity fields (Burgess et al., 2022;
Laguerre et al., 2018; Margeirsson et al., 2012). Each model needs different types of
input data, and thus has a different degree of complexity and provides different
outputs. The users of the model (scientists, manufacturers, and stakeholders) have
various levels of expertise and different practical questions: the amount of PCM
needed to maintain the recommended temperature throughout a supply chain, the
product temperature evolution, the warmest/coldest temperatures and their positions,
etc.

This article aims to present three different modelling approaches from basic to
advance: lumped, zonal and CFD models to answer these questions. The capabilities
and limitations of each model related to the insulated boxes with PCM for food
transport are discussed. This study is original since it is the first time that three
modelling approaches are compared, and their ability to answer certain questions is
demonstrated. It is to be emphasized that the zonal and CFD model development was
presented in our previous studies (Leungtongkum et al., 2023b; 2023d).

2. Modelling approaches
2.1Lumped model
2.1.1 Model descriptions and assumptions

An insulated box equipped with PCM loaded with product can be schematized by
using electrical analogy (Figure 4.1). The thermal inertia of air is neglected and the
product is assumed to be a lumped object.

AW -—W\jwv\»—-

Re P RP/P““ Rc pem

.G'_]

Figure 4.1 Lumped model structure
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Re/pem is the heat transfer resistance (mainly due to the wall insulation of the box)
between the external air and the PCM [K-W™"]

Re/pcm = —— (4.1)

KApem

R.;, is the heat transfer resistance (mainly due to the wall insulation of the box)
between the external air and the product [K-W]

Rejp = —— 4.2)

KAtot—pem
where K is the overall heat transfer coefficient of the box [W-m2-K]
Apem = JAipemAepem (4.3)
and Aipmis the internal area of the box wall in contact with the
PCM [m?]

Aepcm is the corresponding external area [m?]

Atot—pcm = \/(Ai.tot - Ai.pcm)(Ae.tot - Ae.pcm) (4.4)
and At is the total internal area of the box walls [m?]
Aeotis the corresponding external area [m?]
Ry, /pem is the heat transfer resistance between the product and the PCM [K-WT]
2.1.2 Product temperature evolution

The energy balance of the product can be written as indicated in Equation 4.5.

aTp _ Te—Tp _ Tp— Tpem
P at Re/p

m,C, (4.5)

Rpem/p

where myp is product mass [kg]
Cpp is specific heat of product [J-kg'-K]
If Teand Tpem are constant and the characteristic time 7 [s] is defined in Equation 4.6

= er (4.6)

S
Re/p Rp/pem

Equation 4.5 becomes %’ + % = % 4.7)
t
Thus, Ty = Theq + (Tp_o — Tp_eq)e_? 4.8)
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At steady state, if PCM is still melting (Tpem = Tm), the product temperature (7p)
reaches an equilibrium value (Tp.eq) related to the unknown thermal resistance
Rpem/p, Which can be represented by Equation 4.9.

To—T Ty =T,
- PH g ZPH = 4.9)
Re/p Rpem/p

2.1.3 PCM evolution

PCM evolves in 3 states from solid state until it is completely melted. The energy
balances of PCM can be written for each state as follows.

State 1: when the PCM is completely solid (Tpem < Tm) and mpcm.metted = 0;

daT, Te— T, Tp—T,
pcm _ le pcm p pcm
mpcmcp.pcm.sol T + (4-10)

Re/pem Rpem/p

State 2: when the PCM is melting (Tpem = Tm);

L AMypcmmelted _ Te=Tpem Tp—Tpem (4 1 1)
f dat Re/pem Rpemyp '

State 3: when the PCM is completely liquid (Tpem > Tm) and Mpcm.metted = Mpem;

darT, Te— T, Ty—T,
pem _ fe” Ipem 1 pcm
Cp.pcm.liq dr (4.1 2)

m cm
p Re/pem Rpem/p

From Equations 4.8 and 4.11, if Teand Tycm are constant:

t
(Tp.eq_ Tpcm)t+ T(Tp.o— Tp.eq)(1—€ 7) Te— Tpem

Rpem/pLy Re/pemly

mpcm.melted -

t 4.13)

Assuming t >» t (asymptotic approximation):

“(Tyo=Tped) |, (Tp.eq— Toem , To~ Tvvm) ' (4.14)

Mpcmmelted =~
P Rpem/pLy RpemyplLy Re/pemlLy

2.1.4 Model validation by experiment
2.1.4.1 Materials

The insulated box for model validation is a 45-L commercialized multilayer insulated
box (Manutan SA, Gonesse, France) with 500 mm x 310 mm x 300 mm internal
dimensions (Figure 4.2). The walls, containing four layers, consisted of three materials:
expanded polystyrene (25 mm thickness), polypropylene (inner and outer layers with
a thickness of 3.5 mm) and air gap between the expanded polystyrene and the inner
layer (estimated thickness: 5 mm). The measured heat transmission coefficient (K) of
this box, by internal heating method (ATP, 2020), is 0.90 W-m™2-K™".

To allow uniform heat exchange with the ambient, the box was put on a 50-mm height
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wooden support. This box was placed on a 0.7-m height table located in the center of
the temperature-controlled test room (Width 3.4 m x Length 3.4 m x Height 2.5 m).
The PCM plate (external dimensions 460 mm x 280 mm x 47 mm) with an enclosure
made of polypropylene (3.5-mm thickness) and filled with 3.5 kg of tap water (melting
point ~ 0°C). 16 kg of Tylose slabs (dimensions 400 mm x 200 mm x 200 mm) is used
as test product. It contained 23% methyl hydroxyethylcellulose, 76.4% water and 0.5%
NaCl (Refrigeration Development and Testing Ltd., North Somerset, UK).

From the box geometry and the material conductivities, two heat transfer resistances
can be determined: Re/pem = 3.68 K*W and Re/p = 1.67 K-W™,

Polypropylene inner layer

(3.5-mm thickness)

Expanded polystyrene

(25-mm thickness)

Polypropylene outer layer

(3.5-mm thickness) ¢

= Side wall

Figure 4.2 Insulated box used in the experimental validation

(Source: Leungtongkum et al. (2023a)).

2.1.4.2 Experimental protocol

The PCM was frozen in a freezer (-2°C) for at least 48 h prior to the experiment.
Although it was horizontally placed, the thickness of the PCM slab was not uniform
(35 mm to 50 mm). The test products were placed in a polystyrene box and put into a
domestic refrigerator with setting temperature of 4°C for at least 24 h. Temperatures
inside the PCM, product and air at different positions were measured using calibrated
thermocouples with a precision of + 0.1°C (Leungtongkum et al. 2023b). The average
product temperature was determined from 16 measurement positions.

2.1.4.3 Product equilibrium temperature determination

The equilibrium temperature was determined experimentally by replacing the PCM
with a completely frozen one every 12 h over a period of 72 h. For the box with PCM
on a side wall and 20°C ambient temperature, the average product temperature at
equilibrium (Tp.eq) was 8.6°C. Thus, the thermal resistance between product and PCM
(Ro/pem) was 1.26 K-W,
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2.1.4.4 Product temperature evolution validation

The temperature evolution inside the box was measured with a completely frozen
PCM slab for the product initial temperature of 4.4°C under 20°C ambient. Figure 4.3a
compares the measured and calculated temperature evolution. It can be seen that the
lumped model can reliably predict the product average temperature evolution.

2.1.4.5 Validation of the evolution of mass of melted PCM

The amount of melted PCM from 0 h to 24 h was measured immediately after taking
it out of the box. Figure 4.3b shows good agreement between the measured and
calculated amounts of melted PCM by the lumped model (Equation 4.13). In our
experiment, the characteristic time (1) was about 8.8 h; after this time, the asymptote
lumped model (Equation 4.14) gives a good approximation.

8 4
~7 _E" 3
2 g Exp
£6 &2
& Tp ex =z
£ P =P - Lumped model
5 Tp model n
£ s g !
= Asymptote lumped
= 0 model
4 = 0 10 20 30
0 200 400 600 800 = 7
Time (min) -1
Time (h)
(@) (b)

Figure 4.3 Comparison between the experimental and numerical values (by lumped
model) in a box with PCM on a side wall under 20°C ambient: (a) product
temperature evolution with Tpo = 4.4°C, and (b) melted PCM mass

2.2 Zonal model
2.2.1 Model description and assumptions

This model applies for an insulated box with PCM on a side wall and a gap below the
product. As suggested by our previous experimental study (Leungtongkum et al.,
2023c), 2D-airflow path is considered (Figure 4.4). This model assumes that there is a
temperature difference between the top and the bottom of the box because of thermal
stratification, and between the cold side (near the PCM) and the warm one. By taking
conductive and convective heat exchange in account, there is also a temperature
difference between product surface and product core. van der Sman (2003) suggested
that, when heat conduction and convection occur simultaneously, distinguishing the
shell and core temperatures gave more accurate results than assuming a uniform
temperature. In our zonal model, the product (parallelepiped shape with a length L)
was divided into four blocks. Each block had a height and width of C with a shell (C/4)
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and core (3C/4).

Figure 4.4 illustrates the control volumes, airflow path and heat fluxes considered.
More detail of model description and assumptions can be found in Leungtongkum et
al. (2023b).

Side view (x = 250 mm)

Tw_4
T,a-'l ‘ ‘T £
& €,
v v i
T T I
Ta_-'l O lsha sh.10 , "
RN
P - | Al s | [T = )
T © OT = : conduction
4 l A .
T : : b Ie; —> Red: convection
Tk Tes Tz Tt [Foen L. Purple: radiation
e > 0 o i s
T a3 T
z O Tsh_3 Tsh.? = S
A A
Ta'3 Y T,aZ
y TW 2

Figure 4.4 Side view of a simplified heat transfer and airflow diagram in the zonal
model of an insulated box with PCM on a side wall. Source: Leungtongkum et al.
(2023b)

Following state variables describe 12 solid zones at a given time:

- Tshnwhen n e [1,4] represents average temperature in the product shell

- Tchnwhen n e[1,4] represents average temperature in the product core

- Twn When n e [1,4] represents wall temperature, where T is the surface
temperature of PCM and Tw.2to Tw4 are the temperatures of the internal walls

Tpem and @ are used to characterized PCM which define its temperature and ice fraction,
respectively. Air temperature consists of eight values representing the evolution along
the airflow path. By exchanging with the product shells, air temperature varies from
Tan to T'anwhen n € [1,4]. While its temperature changes from T'anto Tans1 When n e
[1,3] and from T'a4to Ta1 by exchanging with the internal walls.

More details regarding model development are presented in Leungtongkum et al.,
(2023b). Appendix 1 presents some equations representing air or product heat
balances.
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2.2.2 Model validation

Figure 4.5 compares the measured and calculated values (by zonal model) under
steady state (Figure 4.5a) and transient state (Figure 4.5b). The model provides a good
prediction of the temperature distribution and temperature evolution.

Steady state

T, = 20°C (Reference condition)

el Toum=822 | T..=6.96 e
Texp=7.83 Texp = 6.82
T = 9.69 Toum = 1.75 12
L s ==
Top = 8.88 e ey S Togp = 1.40
Toum = 7.57 | Toum =606 \ 10
Toum = 7,223 Top=7-10 l Toxp = 5-95 T,om = 3.87
Texp = 742 Toxp =4.35 e
Toum = 7.81 Toum = 5.47 g
z Top=6.64 T =471 ~ o
=
| Toum = 6.63 T, = 467 COldEST =
Top = 6.07 Top = 4.38 zoneJ &
— — e e 24
= Toum = 7.86
Tep=5.94
0
0 2 4 6 8 10 12
X =250 mm
50 Ty (O)
(a)
.
Transient state
Wall temperature Product core temperature
20.0 1
T Twloum  — Tw3mum = Tclnum " Te3num
17.5 === Twlexp 7 Tw3exp 10 4 === Telexp === Telexp
— Tw2num —— Twdmum —— Tc2num —— Tc4num I
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— — =
] \—— :
50 s | @
251 L.. a
= E——
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Figure 4.5 Comparison between the experimental and numerical (by zonal model)
temperatures in an insulated box equipped with PCM on one side wall with an initial
product temperature of 4°C and ambient temperature of 20°C: (a) steady state, and

(b) transient state. Source: Leungtongkum et al. (2023b)

2.3 CFD model

2.3.1 Model description and assumptions
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In our CFD model, the following assumptions were applied:

- Laminar airflow as its Rayleigh number is lower than 10° (calculation not shown).

- Boussinesq approximation (density is assumed constant except in the gravity
term).

- Viscous dissipation into heat is neglected.

- PCM density is assumed to be constant as that of its liquid state.

Appendix 2 presents the governing equations.
2.3.2 Numerical simulation

The geometry was drawn by using SpaceClaim and meshed with Ansys Fluent meshing.
A mesh independence study was first conducted by comparing the maximum air
temperature difference between the experimental and calculated values for the mesh
number varying from 4.3 x 10° to 1.4 x 10° polyhedral cells. The study domain with 2.6
x 10° polyhedral cells was chosen for the reference box (cf. Section 3).

The numerical study was performed with Ansys Fluent 2021 R1 in a transient state.
According to a time step independence study (from 0.1 s to 10 s), the time step of 1's
was used as the compromise between the calculation time and the time to reach the
first convergence solution (maximum 20 iteration each).

2.3.3 Model validation

Figures 4.6 and 4.7 compare experimental and CFD results of temperature field and
temperature evolution in a box with PCM on a side wall. It can be seen that the CFD
model gave accurate predictions with a maximum difference of 2.0°C with the
experimental value.
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Figure 4.6 Temperature field determined by: (a) measurement, (b) CFD results, and
(c) comparison between experimental and CFD results at t = 4 h of air temperature at
z = 230 mm on the middle plane. Box loaded with test product (Tylose, TYL) with
PCM on a side wall.
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Figure 4.7 Comparison between experimental and CFD determination of the
temperature evolution at two positions.
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2.4 Summary of input and output parameters

The input parameters needed, and the outputs provided for each model are
summarized in Table 4.1. To develop the lumped and zonal models, some
measurements and parameter estimations are necessary, but none are required for
CFD model development.
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Table 4.1 Input and output parameters of each model

Model | Input parameters from | Input parameters from Outputs
box/PCM/product/air measurements or
characteristics correlations
Lumped | Box: Rp/pem = heat transfer Mean product
model - Dimension resistance between PCM temperature
- Insulation (by and product. evolution: Tpmean (1)
conductivity of the (determined from product | Melted PCM
material) temperature at equilibrium | evolution: Mmeited pem (t)
PCM: by constantly changing
- Dimensions PCM as mentioned in
- Mass section 2.1.4.4)
- Specific heat
- Melting temperature
- Latent heat of
melting
Product:
- Dimensions
- Mass
- Specific heat
Zonal Same parameters - hy and h, = internal Temperature
model required for the lumped convective heat transfer | evolution for air,
model cited above. coefficient product core and shell
Additional parameters: (determined from local in 4 zones
- Box wall emissivity temperature (top/bottom;
- Thermal measurements as left/right):
conductivity of the described in o Tpi(t)
product Leungtongkum et al. o Tai(tand Tai(t)
- Product emissivity (2023a) or free convection | Melted PCM
- Specific heat correlations) evolution: Mmeited pem (t)
capacity of the air
- m,= mass flow rate of
air
(determined from
developed relation with
heat transfer coefficient as
shown in Leungtongkum
et al. (2023b))
CFD Same parameters No estimated parameter Detailed 3D
model required as for the zonal | needed temperature of

model cited above.

Additional parameters:

- Air viscosity

- Airdensity as a
function of
temperature

product and air and
air velocity fields:

o Tp(t %)
o T.(tX)
o Ut X)
Melted PCM

evolution: Mmeited pem (t)

203




2.5 Model applicability

Since each model is based on different assumptions, Table 4.2 shows the applicability
of each model to answer the technical questions.

Table 4.2 Model applicability to answer technical questions

Lumped | Zonal | CFD
model | model | model
How does the product temperature change with v’ v v

time under varying ambient temperatures as in a
real supply chain?

What is the required PCM mass to maintain the
average product temperature under the
recommended values during a given duration?

How does the box insulation affect the product
temperature?

How do PCM melting temperature and its latent
heat impact the product temperature?

How do the mass and the thermophysical properties
of the product impact its temperature?

Technical questions

S
A
\

N ERNERN

DN NN

x

Where are the warmest and coldest positions in the
product?

S
<

How does the emissivity of the internal walls and x
product surface affect the product temperature?

How does the PCM position impact the product v +
temperature?

<
I+>F
S

S
<\

What are the approximated airflow pattern and x
temperature distribution?

S

Are the 3D airflow pattern and temperature field x x
shown in detail?

What is the influence of product compactness on its x x
temperature?

How do the box dimensions affect the product v + v +
temperature?

NI

What is the effect of box/PCM characteristics under v +* v
varying ambient temperatures on the organoleptic
qualities and sanitary risk?

v Applicable

x Not applicable

v+ Applicable but require modifications/precautions

* To be demonstrated in the Results and Discussions section
** Already shown in the model development or validation
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3. Results and Discussions

To demonstrate the model applicability, the conditions/parameters shown in Table 4.3
were used as input parameters unless otherwise indicated. The demonstrated box
called the “reference box” was equipped with polyurethane insulation with a thickness
of 40 mm,; it was shown that it allowed the transport of temperature-sensitive products
for periods of up to 96 hours (Kacimi & Labranque, 2011).

Table 4.3 Input parameters for numerical studies

Parameter Value Unit
Reference Box
Internal dimensions of the box (L x W x H) 0.5x0.3x0.31 m?3
Wall thickness 0.04 m
Heat transmission coefficient of box 0.58 W-m=2:K"
insulation (K)
PCM (ice) on a side wall
PCM dimensions (L x W x H) 0.5 x 0.05x 0.3 m?3
PCM mass 2 kg
Specific heat (solid state) 2070 J-kg'-K!
Specific heat (liquid state) 4217 J-kg 'K
Latent heat of fusion 333,700 J kg™
Melting temperature range -0.2t0 0.2 °C

(0°C for the lumped
model)

Product (Tylose)
Product dimensions (L x W x H) 04x0.2x0.2 m?3
Product mass 16 kg
Specific heat 3372 JokgT-K

3.1Temperature and PCM evolution under varying ambient conditions

The ambience usually varies according to geographical location, the time of day and
the season. Thus, taking the variation of ambience into account is necessary for
transport design (East et al., 2009; Fioretti et al., 2016; Navaranjan et al,, 2013). The
numerical models taking into account the variable ambient temperature can be useful
for designing the box and for estimating the PCM amount required to preserve food
(Kacimi & Labranque, 2019).

Figure 4.8 shows the results obtained with the lumped model used to predict the
average product temperature (7p), PCM temperature (Tpem), and amount of melted
PCM (mpcm.metted) under varying ambient profiles (Te) adapted from Fioretti et al. (2016).
The model highlights the various temperature changes when the ambient temperature
alters. During the first 9.5 h (Te = 14°C), the product temperature increased slowly until
it reached 4.3°C (product equilibrium temperature 4.6°C, initial temperature 4.0°C) and
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the melting rate of the PCM was 0.06 kg/h. Then, the product temperature increased
to 7.3°C during the following 12 h (Te = 28°C) with a product equilibrium temperature
of 9.2°C, and the PCM melting rate was 0.11 kg/h. This rate is almost twice that
observed during the first period as the temperature difference between the ambient
and the PCM doubled from 14°C to 28°C. The product temperature decreased slightly
during the following 1.5 h (T. = 20°C), while the product equilibrium temperature was
6.6°C. However, when the PCM was completely melted (23 h and thereafter), the PCM
and the product temperatures increased. Despite the decreasing ambient temperature
which dropped to 14°C during the final 8 h, the product temperature constantly
increased, unlike during the first period, because the PCM temperature rose
continuously after it was completely melted.

30 3
25 2.5
20 2 @
o 2
15 15 = Te
5 2
& 8°C E Tp
Q
E'10 e D1 5 Teem »
= ) =] mpcm.melte
X R 5
X : ! <
I
4.3°C : :
0 : : 0
0 8 16 :24 : 32
tmeh‘ tmm
-5 -0.5
Time (h) (23 h) (30h)

Figure 4.8 Product (Tp) and PCM (Tpm) temperatures, melted PCM mass evolution
(Mpcm.metted) Under varying ambient conditions (Te) predicted by the lumped model;
the product and PCM initial temperatures were 4°C and -2°C, respectively, PCM mass
2 kg.

3.2PCM melting time and maximum storage period

Section 3.1 demonstrates the determination of the PCM melting time (tmer) and
maximum storage period (tmax) so that the product temperature remains below the
maximum storage temperature (Tmax) for given PCM mass, product initial temperature
and external temperature. As shown in Figure 4.8, the PCM melting time for mpem = 2
kg is 23 h, and the maximum storage period for Tmax = 8°C is 30 h. However, in practice,
stakeholders usually have information regarding the targeted transport duration (tmax),
the maximum storage temperature not to be exceeded, and the external temperature.
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Thus, they need to determine the PCM amount required for each transport operation.

Here, we considered a constant ambient temperature. First, we examined the case
where Tpeg < Tmax. The melting time (tmer) can be estimated from Equation 4.13 by
adding the sensible heat of the PCM from Tpcm.o to Tmas shown in Equation 4.15.

_tmelt
(1-e T ) Tpeq— Tm Te— Tm
Myem (Lg + C T = Tpemo) ) + MpCpp (Tpeq = T, z( + )t 4.15
pcm 'f pcm.sol( m pcm.O) 14 p.p( p.eq p.O) 1+R11Jecm/p Rpem/p Re/pem melt ( )
e/p

One could consider that the transport duration should not exceed the melting time.
Therefore, it can be assumed that tmei as tmax gives the first estimation of the necessary
mass of PCM; but this leads to an overestimation of the PCM mass because the thermal
inertia of the product and the PCM is underestimated. Thus, a better estimation can
be obtained by including product thermal inertia from T, to Tmaex and the sensible
heat of melted PCM from T, to Tmax as described in Equation 4.16.

Tp.eq— Tm Te—Tm
Mpem (Lf + Cpcm.sol(Tm - Tpcm.O) + Cpcm.liq (Tmax - Tm)) + mpCp.p (Tmax - Tp.O) ~ ( I; 1 + R )tmax
pem/p e/pcm
(4.16)

Figure 4.9a shows the melting time and maximum storage period for Tmax = 8°C in the
reference box (cited in Table 4.3) under 20°C ambient conditions (Tpeq = 6.6°C). It can
be seen that the maximum storage period was longer than the melting period thanks
to product and PCM thermal inertia. The estimations of melting time and maximum
storage period by Equation 4.15 and 4.16 are very close to that obtained by direct
transient simulation as shown in Section 3.1. The advantage of Equation 4.16 is that it
gives an analytical expression of the required PCM amount as a function of Tp.0, Tpem.o,
Te, Tmax, tmax and box insulation (through Repcm). This equation can be applied only
when Tmax is higher than the product equilibrium temperature (Tp.eq).

In some cases, for example, transport conducted using a poorly insulated box or under
high ambient temperatures, Tpeq can be higher than Tmax. In this case, the product
temperature reaches the maximum value (Tmax) at a given time (t'max) before it reaches
equilibrium, and t'max can be determined from Equation 4.17 as follows:

Umax

Tnax = Tp.eq + (Tp.o - Tp.eq)e_ T (4.17)

If the targeted maximum storage period (tmax) is longer than t'maex the product
temperature will exceed Tmax Whatever the PCM amount. On the other hand, if tmax is
lower than t'max, the required PCM amount can still be determined by using Equation
4.16.

Figure 4.9b shows the melting time and maximum storage period for Tmax = 8°C in the
reference box under 30°C ambient temperature (Tpeq = 9.9°C). Since t'max is 14.5 h, it is
impossible to maintain T, below Tmax after 14.5 h, whatever the PCM mass used. If it is
necessary to achieve a longer transport period under this ambient temperature, a
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better-insulated box is needed.

Equations 4.15 and 4.16 can be used only under constant external temperature. For
varying ambient conditions, the direct approach should be used by solving tmeit Or tmax
for various PCM masses, then interpolating to determine the required amount at the
targeted period (Figure 4.9).

Constant external temperature at 20°C Constant external temperature at 30°C

%Y

----- tmelt (direct) : «+ee-tmelt (direct)
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--eee-tmax (direct)
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Figure 4.9 Required PCM amount (orange curves) as a function of the maximum
storage period (tmax) for a maximum product temperature of 8°C by direct calculation
and approximation under (a) constant 20°C ambient temperature, and (b) constant
30°C ambient temperature. The product and PCM initial temperatures were 4°C and -
2°C, respectively. The blue curves also indicate the melting period (tmett).

3.3 Effect of the box insulation

Box insulation is the main criterion for transport performance in an insulated box with
PCM as emphasized by several studies (Du et al., 2020; Leungtongkum et al., 2023b;
Margeirsson et al., 2011; Paquette et al., 2017). Equations 4.5, 4.9 and 4.11 describe the
relationship between the box insulation (via thermal resistances) and product
temperature evolution, product temperature at equilibrium and PCM melting rate,
respectively.

Figure 4.10 shows the impact of different types of box insulation on the product
temperature evolution and the amount of melted PCM. The demonstrated boxes are:
reference box (polyurethane with a thickness of 40 mm, K = 0.58 W-m2-K™"), box with
a vacuum-insulated panel (VIP box, vacuum-insulated panel with a thickness of 20 mm,
and polyurethane with a thickness of 20 mm, K = 0.17 W-m™2-K™") (Kacimi & Labranque,
2011), and our experimental box shown in Figure 4.2 (Exp box, K = 0.90 W-m%K™).

From Figure 4.10, box insulation exerted a significant impact on temperature change
in an insulated box. The box with less effective insulation (higher K value) led to a
higher rate of temperature rise since the characteristic time (1) was lower (12.6 h and
10.6 h for the reference box and the experimental box, respectively) and the
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equilibrium temperature (Tpeq) was higher (6.6°C and 8.6°C for the reference box and
experimental box, respectively) (Figure 4.10a). The product temperature was reduced
in the box with better insulation (VIP) as the equilibrium temperature (Tpeq = 2.5°C)
was lower than the initial product temperature (4°C). A higher PCM melting rate was
also observed in a box with a higher K value (Figure 4.10b).
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Figure 4.10 Effect of box insulation on: (a) average product temperature evolution;
and (b) the amount of melted PCM estimated by the lumped model. The initial
product and PCM temperatures were 4°C and -2°C, respectively

3.4Effect of melting temperature and latent heat of PCM

Cold energy storage by the PCM is another key factor enabling a low temperature to
be maintained in an insulated box (Yang et al, 2021). There are numerous PCM
materials to choose from, e.g., water, salt solution, salt hydrate, paraffin, commercially
available PCM (Or¢ et al., 2012a). Each one has different thermophysical and chemical
properties. The main concerns for transport are the PCM melting temperature and its
latent heat. The melting temperature determines the equilibrium temperature inside
the box (Equation 4.9) and the latent heat determines the time interval during which
the PCM can provide cold (Equation 4.11).

Figure 4.11 demonstrates, by simulation, the impact of the PCM material on the
product temperature (Tp0 = 4°C) and the melted PCM mass evolution assuming that
the PCM is not completely melted. Three PCM materials were chosen for comparison:
ice (Tm = 0°C and Lf = 333700 J-kg™"), an eutectic Mg>SO4 solution (Tm = -3.9°C and L¢
= 264400 J-kg™") and K2HPOj4 salt hydrate (T = 4°C and Ly = 109000 J-kg™") (Cengel &
Ghajar, 2020; Li et al., 2013; Sharma et al,, 2009). It can be seen that using ice and
KoHPO4 salt hydrate led to a product temperature increase since the equilibrium
temperature for each PCM was 6.6°C and 9.3°C for ice and salt hydrate, respectively.
Despite the same characteristic time in each case, the temperature rise in the box with
salt hydrate was the highest. The box filled with eutectic PCM did not show a
temperature change as Tpeq = 4°C, i.e. the same value as the initial product temperature.
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The increase in melted PCM mass is inversely related to its latent heat, e.g., ice melts
at the lowest rate compared with the other two.
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Figure 4.11 Effect of the PCM type on: (a) product temperature evolution; and (b)
PCM melted mass evolution calculated by the lumped model; the product initial
temperature was 4°C

3.5Effect of product mass and thermophysical properties

As explained previously, the thermal inertia of the product plays an important role in
the temperature evolution and PCM melting rate. Two aspects can be considered:
product mass and the thermophysical properties of the product.

Figure 4.12a shows the influence of salmon mass (4, 8 and 16 kg) on the product
temperature evolution, and Figure 12b shows the influence of the nature of the
product (salmon, butter and milk); thus, the specific heat varied: salmon (C, = 3360
J-kg K", butter (C, = 2080 J-kg™-K"), and milk (C, = 3960 J-kg™-K") (Cengel & Ghajar,
2020). It was found that higher thermal inertia, i.e., a higher mass and/or higher specific
heat led to a lower temperature change as it allowed a higher characteristic time (1)
(defined in Equation 4.6). The impact of thermal inertia on the PCM melting rate follows
the same trend as that of temperature evolution (results not shown). The conditions
with the lowest thermal inertia (4 kg of salmon and 16 kg of butter in Figures 4.12a
and 4.12b, respectively) resulted in the lowest PCM melting time, so the product
temperature sharply increased at the end of the simulation, implying that the PCM was
completely melted.

Changing the product mass also affects the occupied volume in the box, which in turn
may impact internal convective heat transfer, hence, the thermal resistance between
the product and PCM (Rp/pcm). Caution must also be taken if the product is too large
since in this case it obstructs the internal airflow by natural convection (Leungtongkum
et al.,, 2023a).
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Figure 4.12 Effect of: (a) a mass of salmon, and (b) the nature of the product (16 kg
of salmon, butter or milk) on the product temperature evolution calculated by
lumped model for a PCM mass of 2 kg. The product and PCM initial temperatures
were 4°C and -2°C, respectively.

3.6Effect of internal radiation

Since heat exchange by conduction, natural convection and radiation in a cavity with
cold and warm surfaces are of the same order of magnitude (Laguerre & Flick, 2010),
the inclusion of all these heat transfer modes can improve the accuracy of the thermal
model. It is to be highlighted that the lumped model could not take radiation into
account as it does not apply the difference between the surface and the internal
temperatures. Consequently, only the zonal model is used for demonstration purposes.

Figure 4.13 compares the impact of the internal wall and the PCM surface emissivity
on the product core temperature at steady state. Three wall emissivity configurations
were numerically studied: case 1: box and PCM walls were bright (¢ = 0.03, polished
aluminum); case 2: box walls were bright (¢ = 0.03) while the PCM wall was not (¢ =
0.97, polypropylene); case 3: none of the walls were bright (¢ = 0.97). The highest core
temperature was observed in case 1; indeed, when every surface was bright, the heat
flux from ambient to the product was reduced, but the heat flux from the PCM to the
product decreased to a greater extent. The lowest core temperature was observed in
case 2; in this manner, the transfer from ambient to product to ambient was reduced
but not the transfer from the PCM to the product. These predictions were confirmed
by an experiment undertaken by covering different walls with aluminum foil.

The results presented in Figure 4.13 confirm that internal radiation must be taken into
account for food transport in an insulated box with PCM to prevent temperature abuse.
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Figure 4.13 Effect of internal emissivity on the product core temperature in an
insulated box with PCM on a side wall predicted by the zonal model under steady
state
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3.7 Modelling approaches for a box with PCM at the top

The position of the PCM is another factor that affect temperatures in an insulated box
(Du et al,, 2020). However, the lumped model previously developed for the box with
PCM on a side wall cannot directly apply when the PCM is at the top. In fact, when the
PCM position is changed, thermal resistances are changed as well, and this results in
different product temperature equilibria. According to our experiment using the box
loaded with the product under 20°C ambient conditions, the product equilibrium
temperature decreased from 8.6°C (PCM on a side wall) to 8.2°C (PCM at the top).
Hence, the zonal model and the CFD model are used to study the impact of the PCM
position in this section.

3.7.1 Zonal model

The assumption of airflow pattern in an insulated box is essential for zonal model
development; thus, the model is posteriori. Changing the PCM location and
consequently the airflow pattern leads to different heat transfer and heat balance
equations.

Our previous experimental data showed that airflow and temperature fields in an
insulated box loaded with the product and with PCM at the top are asymmetrical in
spite of the geometrical symmetry (Leungtongkum et al., 2023a). Thus, two zonal
model approaches are demonstrated and compared in this section. First, we applied
the same heat transfer and airflow as those previously developed for the insulated box
with PCM on a side wall by redefining the state variables (Figure 4.14a). Another
approach was developed from a preliminary result of 2D CFD in a rectangular cavity
with a cold surface at the top. The CFD results indicated two airflow loops in a loaded
box; thus, the heat transfer and airflow diagram were modified (Figure 4.14b). There is
a primary airflow loop (black continuous line in Figure 4.14b) with a mass flow rate of
m, and a secondary airflow loop (black dashed line in Figure 4.14b) of §m,. The air
mixing is estimated to be at point 1 located at the mid-height of the box, while the
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heat transfer by conduction, convection and radiation were identical to those obtained
with the previous model.

The zonal model and the adapted zonal model gave good agreement with the average
experimental values obtained at 24 positions (internal walls, internal air and product)
with a root mean square error of 0.83°C and 0.79°C, respectively. Figure 4.14c shows
the comparison between the experimental product core temperature and that
predicted by each model. It was found that the adapted zonal model gave a slightly
better prediction of the product core temperature.
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Figure 4.14 Heat transfer and airflow diagram in a 2D insulated box with PCM at the
top for (a) the zonal model; (b) the adapted zonal model; and (c) comparison
between the average core temperature at 4 measured positions and numerical values
under steady state using an experimental box
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3.7.2 CFD model

Since CFD model algorithm directly solves Navier-Stokes and energy partial differential
equations at each position (Soylemez et al., 2021), so the model is priori, i.e., the users
do not need assumptions on physical phenomena to develop this model. Thus, it can
directly demonstrate the impact of PCM position in an insulated box in which the
airflow is initially unknown, unlike the zonal model.

Figure 4.15 illustrates the CFD results of air velocity and temperature fields on the
middle plane of a loaded insulated box with PCM at the top. The air flows from the
right to the left above the load. The anti-clockwise circulation loop explains the lower
temperature in the left gap because of the downward flow coming from the PCM. It
shows that the downward flow takes place in one or another preferential pathway
(either the left or right gap). This result confirms that despite symmetrical geometry,
the airflow is asymmetrical; hence, it leads to an asymmetrical temperature field. This
is due to the non-linear term in Navier-Stokes equations resulting in a symmetry
rupture (even before turbulence appears).
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Figure 4.15 CFD results at t = 6 h of (a) air velocity field; and (b) temperature field on
the middle plane of a box loaded with test product (TYL) initially at 4°C and with PCM
at the top

3.8Detailed airflow pattern and effect of product compactness

As previously discussed, the CFD model can provide the detailed airflow and heat
transfer phenomena without knowledge of model assumptions. This information is
necessary to fully understand the phenomena, especially for complex configurations,
e.g. irregular product shape, porous product and PCM on several surfaces.

Figure 4.16a shows the airflow pattern in the air gap near the PCM located on a side
wall of an insulated box with PCM (y = 245 mm). Air flows downwards and toward the
lateral walls in this gap. Figure 4.16b shows a lateral view (x =15 mm): air flows from
the left (near the PCM) to the right (near the lateral walls). These figures confirm that
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there is 3D airflow as illustrated in Figure 4.16c: air flows downward near the cold wall
(PCM) and toward the side walls; then it flows upward along the opposite wall and
returns near the PCM. The CFD model can also be used for more complex
configurations by simply changing the input geometry.

The product to be transported in food cold chains can vary in its compactness related
to the nature of the product and/or packaging geometry. Since internal convective
heat transfer cannot be neglected, different levels of compactness lead to different
heat transfer coefficients between the internal air and the product surface. (Laguerre
et al, 2008b) conducted CFD simulation for a porous load (spherical fruits or
vegetables). They compared the simulation results of two approaches: a direct
approach with meshing of all the product items, or a porous media approach. Both
approaches gave good agreement with the experimental data.
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Figure 4.16 CFD results of air velocity field at t = 24 h (a) near an PCM surface, y =
245 mm (b) near lateral wall, x = 15 mm, and (c) 3D airflow illustration (in a loaded
box with PCM on a side wall)

3.9Effect of box dimensions

The boxes used in food transport can vary in volume and aspect ratio (H/L). Figure
4.17a shows the effect of different aspect ratios of the box on the average load
temperature evolution. In the case of the same percentage of occupied volume inside
the box, changing the aspect ratio did not affect the average temperature evolution.
Thus, the same characteristic time (1) was obtained. Figure 4.17b shows the
temperature evolution at the cold and warm points for different H/L. Increasing H/L
caused greater thermal stratification with temperature differences between the cold
and warm points at 24 h of 1.5°C and 2.3°C for the box with H/L = 1.1 and 1.7,
respectively (see the warm and cold points in Figure 4.17¢).
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Figure 4.17 The effect of the aspect ratio (H/L) of the box on: (a) average load
temperature evolution; and (b) load temperature evolution at the coldest and
warmest points; (c) position of the coldest () and warmest (M) points.

3.10 Prediction of quality change and sanitary risk during transport

Many studies have combined thermal models that predict the temperature evolution
in different steps throughout the cold chain with quality and microbial growth models
(Garcia et al.,, 2022; Matar et al., 2020; Onwude et al., 2022; Penchaiya et al., 2020). This
section highlights the possibility and limitations governing the use of the thermal
models we developed to predict food quality alterations in a cold chain during which
the ambient temperature may vary with time. In fact, if the practical objective is to
evaluate the influence of the ambient temperature variability in the cold chain on the
product through a Monte Carlo process (Duret et al., 2019), a CFD model might not be
appropriate because of the high calculation costs. Although some studies combined a
quality model with a CFD model, they focused only on certain operating conditions in
a given cold facility (Wu & Defraeye, 2018). These studies cannot be applied when the

full variability of the operating conditions in the entire cold chain must be taken into
account.

In this section, we present the coupling of a predictive Listeria monocytogenes growth
model (given that such growth may occur during cold storage and transport) with the
lumped model for fresh salmon transport in an insulated box with PCM on a side wall.
The first-order equation was used to describe the growth of L. monocytogenes taking
into account the lag time as follows (Baranyi & Roberts, 1994; Jia et al., 2020).
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& . X Nmax (4.18)

dt 14+e E

where Y is the amount of L. monocytogenes [logio CFU-g™]

E, the physiological state of the L. monocytogenes [-], can be described by
dE

Equation 4.19. — = Nlmax 4.19)
T — Tmin 2
where Ny = Nref (Tref——Tmm> (4.20)

For L. monocytogenes: nref = 0.183 h™! Tin = -2°C and Trer = 25°C (Baranyi & Roberts,
1994; Jia et al., 2020)

Att=0:E =-1.05 4.21)

Figure 4.18 shows the evolution of PCM and the product (fresh salmon) temperatures
and the growth of L monocytogenes on the average under varying ambient
temperatures adapted from Fioretti et al. (2016). This figure indicates that an increase
of L. monocytogenes corresponded to its temperature evolution. When PCM was
melting (t < 23 h), the product temperature increased slowly even during a drastic
change in ambient temperature (10 h < t < 23 h); thus, microbial growth was low (0.11
log1o CFU-g " increase during the first 23 h). When the PCM was completely melted (t >
23 h), the product temperature increased rapidly, and this led to a sharp increase in L.
monocytogenes, and growth reached 0.7 logio CFU-g™" at 48 h. Thus, it is essential to
place sufficient PCM mass in the box to prevent microbial growth.

Regarding the sanitary risk, if the objective is to conduct a quantitative microbial risk
assessment (QMRA) of fish product, e.g., the risk from L. monocytogenes, then the zonal
model should be used. Indeed, the results of listeriosis cases in the L. monocytogenes
QMRA model are linked to the extreme right values of the exposure distribution
(Pouillot et al., 2009) corresponding to risky situations. Hence, the thermal model used
to predict the risk of listeriosis must indicate the temperature heterogeneity inside the
box, since several sensitivity analysis studies highlighted the impact of temperature
variability on the risk associated with exposure to L. monocytogenes (Duret et al., 2014;
Ellouze et al., 2010).
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Figure 4.18 Product (fresh salmon), PCM temperature evolution and L.
monocytogenes (Y/Yo) increase on the average under varying ambient temperatures
(Te); the initial product and PCM temperatures were 4°C and -2°C, respectively

3.11 Applications and limitations of each thermal model

The demonstrations of thermal model applications to design the box, choose the
product and PCM arrangement have been discussed in depth using different models.
Table 4.4 summarizes the characteristics of the models presented in this article in terms
of input parameters, computational resources, outputs and model flexibility. To
develop the model, the users need to establish the airflow and heat transfer
assumptions in order to develop a zonal model, whereas this is not the case for CFD
model development.

All models require information on the box, PCM and product dimensions and
thermophysical properties. An additional experiment (or a CFD simulation) is needed
to estimate the thermal resistance between the product and PCM (Ry/»cm) to develop a
lumped model, since this value depends on the PCM and product arrangement inside
the box. The zonal model requires an estimation or an experiment to determine the
convective heat transfer coefficient (h) and the air mass flow rate ().

The lumped model and zonal model can be coded and solved with a free-licensed
coding program such as Python, and do not require high computing resources; they
can be solved in less than 1 minute. On the contrary, solving the CFD model requires
a licensed program and experts to operate it. A CFD model also requires a longer
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calculation time, so it may not be suitable for investigating in real time the effect of
box design combined with the operating conditions.

The lumped model can provide the temporal evolution inside the box but cannot
provide spatial variations. The zonal model and the CFD model give more details on
temperature heterogeneity during transport.

To summarize, one has to bear in mind that a complex model might not provide more
information (Zwietering, 2009). The choice of the model is then dependent on the
application and the users.

Table 4.4 Advantages and limitations of each model

Criteria Lumped model Zonal model CFD model
Airflow and heat Not applicable + -
transfer (Posteriori) (Priori)
assumptions
Number of input 11 17 16
parameters
Preliminary + + -
experiments
Number of 1 3 -
estimated
parameters
Computing Less than 1 minute | Less than 1 minute | More than 3 days
resource required* using Python using Python using Ansys Fluent
Temporal + + +
evolution
Spatial - + +
temperature
variation
Model flexibility + ++ +++

*For calculating a 24 h transport duration with a reference box (45 L) using a computer
with 64GB RAM

4. Conclusion

Three validated thermal models (lumped, zonal and CFD models) demonstrated their
ability to answer practical questions arising during food transport using insulated
boxes with PCM. The lumped model, which predicts the average product temperature,
can be used to illustrate the temporal evolution, to estimate the PCM amount required
to maintain the product temperature (on the average) under the recommended values
for a given period. This model can also be used to determine the effect of box
insulation, PCM material, product mass and nature. The lumped model does not
require high computing resources and it can be used as long as the PCM and product
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arrangement are identical to that used in the experiment undertaken for model
validation. The zonal model can give a greater insight into heat transfer and airflow.
This model does not need high computing resources, but it requires estimations of
input parameters relating to internal heat transfer and airflow. The model can be
adjusted for different PCM and product arrangements by relying on knowledge of
heat transfer and airflow phenomena. The CFD model gives the most thorough
comprehension of all physical phenomena occurring during transport without any
assumptions, but the computational cost is high. To predict quality change and the
sanitary risk by coupling predictive models with previously presented models, the
practical objectives must be clear, since different models provide different insights
and have different limitations. Studies on the application of these models to predict
the evolution under real transport conditions can be useful for developing better
boxes and guidelines on efficient transport to avoid temperature abuse.

Appendix 1: Governing equations of the zonal model
Estimation of air temperatures from product shell and wall temperatures

The air at position | in Figure 4.4 successively exchanges heat with wall 1 (PCM surface)
and its temperature alters from T'q.7 to Ta2. The heat balance between the adjacent air
and wall 1 can be shown as follows.

man.adTa = hw(Tw.l - Ta)dA

By integration: (Taz = Tw1) = A 1(T' g1 — Tw1) (A.1)

with a,,; = exp (— %)
Where 1, is the mass flow rate of air [kg-s™]
Cp.a is the specific heat capacity of air [J-kg™-K™]
hwis the heat transfer coefficient between the internal air and the internal
wall [W-m=2-K ]
Aw.1is the area of wall 1 [m?]
a,, 1 is the dimensionless convective heat transfer coefficient between
the internal air and the internal wall 1 [-]

When air exchanges heat with the product shell, the same approach is also applied, for
instance from Tq2 to T2 Thus, eight linear equations involving the eight air
temperatures are obtained which make it possible to estimate the air temperatures
from the product shell and box wall temperatures. Full details concerning the
estimation of the convective heat transfer coefficient and air mass flow rate can be
found in (Leungtongkum et al., 2023b).
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Transient evolution of product, walls, and PCM

Equation A.2 is the unsteady heat balance equation for the shell of the product block
1 (Tsh1).

dTsp1

. ! Tc, _Ts .
MCp.sh dt = man.a(Ta.l -T a.l) + ;Tchl ~ Qrsiw1l — Qr.siwa (A.2)

WhereMCp s is the thermal inertia of the product shell [J-K™]
Rshc is the heat transfer resistance from the shell to the core of the
product [K-W]
Grsiwi = €wa0(Ts1* — Tyy1*)CL is the radiative heat exchange
between the surface of product block 1 and wall 1 [W]
Grsiwa = Ew16(Ts1* — Tyys*)CL is the radiative heat exchange
between the surface of product block 1 and wall 4 [W]

The same approach was applied to the 12 solid zones: the shells of the product blocks,
the cores of the product blocks and box internal walls.

PCM temperature and ice fraction evolution can be written as for the lumped model
(Equations 4.10 to 4.12) except that the PCM exchanges heat with wall 1 which is in
fact a PCM-plate wall, not directly with the product.

Appendix 2: Governing equations of the CFD model
For air, laminar flow caused by natural convection is applied (the parameters without
index in this section are for air and p is the air density at the reference temperature):

Continuity: V- (pv) =0 (A.3)
Energy: = (pC,T) + V- (piiC,T) = V- (AVT) (A4)
Momentum: = (p?) + V- (pi%) = VP + V- (uV5) + pB(T — Tyef ) (A.5)

For PCM, the approach proposed by Rahimi-Khoigani et al. (2023) was used. PCM is
assumed to be solid below Ty, liquid above Tj4 and in a mushy state between Tso;and
Tig- The fraction of melted PCM (6) is given by Equation A.6. The internal energy (Upcm)
of PCM is given by Equation A.7.

0 Tpcm < Tsol
1 Tyem > Tiig

0 = . p (A.6)
% Tsol < Tpcm < Tliq
T
pem = Jr, . Copemd@Tocm + 0Ly (A7)
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When PCM is completely melted (€ = 1), standard free convection laminar flow
equations apply. In the mushy state (0 < 6 < 1), flow is limited by a momentum source
term (the opposite to PCM velocity). When PCM is completely solid (€ = 0), this source
term becomes very high so that the PCM velocity disappears.

Continuity: V- (ppemPpem) =0 (A.8)
0 >

Energy: E(ppcmupcm) + V- (ppcmvpcmupcm) =V (ApcmVTpcm) (A.9)

Momentum:

% (ppcmﬁpcm) +V- (ppcmﬁpcmﬁpcm) =-VP+V: (.upcmVﬁpcm) + ppcmﬁpcm(T - Tref)g) + §
(A.10)

(1-6)?

where § = — m

Bmushﬁpcm (A.1 1 )

€ is a small number (0.001) to prevent division by zero
Bmush is the mushy zone constant [kg:m=3-s7] which is 10° in our
calculation

For the test product (Tylose), conduction alone is applied:
Energy: 2 (ppCppT) + V- (PpCppT) = V- (A,7) (A.12)
The following boundary conditions were applied:

At the internal box walls, the following momentum and thermal conditions were
applied:

No slip boundary condition: =0 (A.13)

Cauchy type thermal boundary condition: K(T,—T) =AVT -1 4+ Grqq (A.14)

where K is the overall heat transfer coefficient [W-m™2-K]

and Grag = —0T* + (1= €)4in, (A.15)
with € is the wall emissivity [-]

Since air is considered as transparent (optical thickness = 0), so surface-to-surface
radiation was activated, and the radiative flux entering the surface k coming from all
the other surfaces j was calculated from

Gink = 2j FixQraa.; (A.16)
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The external area of the box is higher than the internal one; thus, the geometric mean
of an external and internal area must be used to obtain the overall heat balance. Since
the boundary condition applies on the internal wall, K in governing equations is
corrected by a factor of /A, /A; for the CFD approach.
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GENERAL CONCLUSIONS AND PERSPECTIVES

5.1

GENERAL CONCLUSIONS

This Ph.D. thesis aimed to characterize experimentally heat transfer and airflow in an
insulated box with Phase Change Material (PCM) loaded with product. Three thermal
models with different complexity, from basic to advanced, were also developed in
order to predict the product temperature evolution in function of box characteristics
(wall thermal conductivity and thickness), PCM type (i.e. cold storage capacity and
melting point), PCM mass and position, load characteristics (food nature, mass and
arrangement), and operating conditions (ambient temperature and duration). The
developed experimental and modelling approaches could help the manufacturers to
design the box and the stakeholders to preserve food quality during delivery.

Experimental study

To our knowledge, this study is the first which characterizes airflow by natural
convection in an insulated box equipped with PCM by Particle Image Velocimetry (PIV)
in addition to temperature measurements. Few data about airflow was available in
literature in such configuration due to the difficulty of measuring very low velocities in
non-isothermal systems. The study was conducted on cases of progressive complexity:
empty, loaded with extruded polystyrene (low conductivity and almost no thermal
inertia), and loaded with test product (Tylose, thermal properties close to those of
meat). The influence of several parameters were studied to investigate the effect of
use conditions: aspect ratio of the box (height/width), PCM amount and position,
ambient temperature, initial product temperature and spacing beneath the product. A
much better understanding of the phenomena could be obtained by analyzing jointly
both air velocity and temperature fields.

Whatever the configurations, the highest measured air velocities were around 0.1 m-s
1- thus, convection cannot be neglected compared to conduction in air (Peclet number >
100). This experimental observation was useful for the numerical model development
by considering natural convection and conduction.

When the PCM was on the side wall, circular airflow was observed: air flows downwards
along the PCM surface and upwards along the side walls. In the empty case, the flow
pattern can be approximated by a 2D recirculation cell, but the presence of the load
leads to a 3D flow pattern whatever the presence or absence of gap beneath the load.
The coldest position is at the bottom, close to the PCM surface, and the warmest one
is at the top close to the opposite vertical wall. When the PCM is at the top, air stream
is cooled down after contacting PCM surface and flows downwards. Unstable airflow
was observed in the empty case and preferential pathways (with symmetry breaking)
was showed in the loaded case. The lowest product temperature was always located
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at the top, while the highest one was at the bottom, and slightly lower air and product
temperatures were observed comparing with the box with PCM on the side wall.

In all cases, after cooling down near the PCM, the air temperature increases
progressively along the trajectories until returning close to the PCM. The product
surface temperatures are close to the temperature of the adjacent air. At steady state,
conduction in the load has a minor effect on the flow pattern, thus, the real food load
can be replaced by an obstacle of low conductivity allowing simpler manipulation.

From practical point of view, it is recommended that the PCM should be placed at the
top of the box for better temperature uniformity and the aspect ratio (height/width)
of a box should not be too high. To maintain the product temperature along a supply
chain, PCM could be placed on all walls (top, bottom, sidewalls); however, the available
volume would be significantly reduced and the logistic cost per kg of product would
be higher. Our study demonstrates that it is possible to place PCM only at one wall
(top or side) if an appropriate PCM mass is used. The required PCM mass can be
estimated in function of ambient temperature based on two simple measurements for
a given box.

It is to be highlighted that linear extrapolation of the result obtained from one ambient
to another is not recommended because of non-linear behavior. Thus, physical based
models taking natural convection into account should be developed.

Adding a 20-mm air space beneath the test product neither reduces the test product
temperature nor increases homogeneity although this gap allows slightly better air
circulation. It is suggested to leave a space between the PCM and the load (to promote
natural convection) and between the side walls and the load (to allow evacuation of
heat from the ambient through the walls by conduction). The gap should be of the
same order of magnitude as the boundary layer thicknesses i.e. about 2-3 cm.

In practice, there are many box designs and operating conditions and the interactions
between the different factors are complex. To avoid numerous experiments under
specific conditions, numerical models are necessary for investigating the influence of
these factors on the spatial and temporal temperature variations for a wide variety of
configurations.

Modelling

Three thermal models (lumped, zonal and Computational Fluid Dynamic — CFD) were
developed and validated to obtain spatial and temporal temperature variation of air
and load, PCM evolution (temperature and melting process) and air velocity. These
models have different complexity, thus, suitable for different users from stakeholders
to scientists.
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Lumped model

The lumped model is based on global thermal resistances between ambience, product
and PCM. It considers that the product has a uniform temperature (lumped object) and
provides the average temperature evolution and melted PCM mass under constant
and variable external temperatures. It gives the required PCM mass in function of the
recommended product temperature, box insulation and PCM characteristics for a
given transport condition. It can be used to predict the effects of different parameters
such as box insulation (heat transmission coefficient) and PCM melting point.

Zonal model

A zonal model was developed for an insulated box equipped with PCM on a side wall
and loaded with a rectangular shape product. The model considered that the product
is composed of 4 blocks with a shell and a core in each block. A comparison with
experimental results under steady and transient states demonstrated good agreement
in terms of spatial and temporal temperature variations. This model shows good
practical applicability with a short calculation time (less than 10 s using a computer
with 64 GB of RAM). As the lumped model, it can predict the effects of different
parameters such as box insulation and PCM melting point. Moreover, it can predict the
effect of emissivity of internal walls. The zonal model gives the product temperature
evolution at different positions inside the box exposed to time-temperature
fluctuations during delivery.

In fact, it is possible to develop a zonal model for other configuration such as a box
with PCM at the top but other assumptions of heat transfer and airflow are required
to develop such model.

CFD model

CFD model of an insulated box equipped with PCM was developed by using ANSYS
FLUENT. The model takes into account airflow, conduction, convection and radiation
inside the box. The model predicted well the air velocity, air temperature, and product
temperature evolution in the box with PCM on a sidewall. However, it gave less
accurate results when PCM was located at the top due to flow instability and symmetry
rupture, which makes the comparison between measurements (average values) and
predictions (instantaneous fluctuating fields) challenging. Nevertheless, this model
allows better understanding of the effect of box configurations, e.g., box geometry,
box insulation and supply chain conditions (ambient temperature). By including PCM
melting model, it can also predict amount of melted PCM evolution.

Model comparison

The three validated thermal models described above (lumped, zonal and CFD models)
demonstrated their ability to answer several practical questions arising during food
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5.2

5.2.1
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transport in an insulated box with PCM. It is possible to link one of this thermal models
with food quality or microbiological models enabling the evaluation of product quality
and safety evolution along a real supply chain. To predict such evolutions, the practical
objectives must be well defined since different models provide different insights and
have different limitations.

PERSPECTIVES
Experimental study

The measurement of air velocity and temperature in an insulated box was undertaken
separately to avoid the airflow perturbation by thermocouples. The experimental
device and the instrumentation technique to be developed in the future should allow
the measurement of these two parameters simultaneously to assure the same
experimental conditions.

Using the current experimental setup, the air velocity could not be measured in the
gap beneath and at the right side of the load due to the inaccessibility of the laser
sheet at these positions. This experimental device should be modified to allow a
complete air velocity field, thus, better understanding the physical phenomena,
especially when PCM is at the top.

The evolution of melted PCM (temperature and liquid velocity field) should be
extensively studied to precisely determine the surface temperature of the PCM slab,
thus, product temperature at different positions. The influence of the other air gap
thickness should be further investigated: between PCM and load, between lateral and
top walls and load.

The studied configuration, allowing heat diffusion through all box walls, represents the
worst scenario. In practice, the boxes are stacked together in the transport facility, thus,
less exchange surface area with air. Further investigation on the influence of the box
position in a stack is proposed since this aspect is interesting for the stakeholders.

Modelling

Lumped model

A lumped model considering also water permeability of box walls would be of interest.
Regarding reusable boxes, it could be important to verify if the wall physical properties
change over time.

Zonal model

The zonal approach developed in this Ph.D. thesis is a 2D model. From the
experimental data, the airflow is generally in 3D, so further 3D model should be
developed for more accuracy in temperature prediction. Moreover, the warmest
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position is often located at the corner of a rectangular shape product, so, including 3D
effect is useful for determining the maximum temperature.

CFD model

In practice, food product shapes are irregular and more or less porous, further study
including this factor may be useful. By the aid of alternative CFD approach, e.g.
immersed boundary condition, the simulation with these irregularities could be more
accurate.

These three thermal models were developed assuming homogeneous heat flux from
ambience. As cited previously, the model for a stack of boxes should be developed for
more precision in temperature prediction.

Other modeling approach

To assess the sanitary risk, probabilistic models should be combined with the thermal
models to predict the occurrences of temperature abuse of the whole lot. This
approach would help the operators to make decision of actions to be implemented
when temperature abuse occurs.

Other technical aspects

To improve the thermal performance, a box equipped with a fan could be used. To our
knowledge, it has not yet been commercialized. This type of box would allow airflow
by forced convection inside the box, and the temperature would be more
homogeneous. A mobile rechargeable battery should supply power to the fan in order
to assure its continuous running along the supply chain. After arrival at the end-user’s
premises, the box could be returned to the distribution center (or the departure site),
then the battery could be recharged with optimal power prior to the following delivery.
The rechargeable battery and fan design need future development.

For the sake of cold chain sustainability, the extensive use of polystyrene and
polyurethane as insulating materials should be replaced by biodegradable materials
(cellulose-based and chitosan-based for example), thus exerting less impact on the
environment. Also, reusable boxes and a recycling logistic chain should be developed
to a greater extent taking into consideration both the economic cost and the
environmental impact.

Apart from the box material, PCM also exerts environmental impacts because of the
PCM production itself, the production of the insulating material and the energy
consumption required for charging the PCM before each use, along with PCM waste
etc. Consequently, additional specific studies on these issues are necessary for the
sustainability of the use of PCMs.
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Chapitre V : Conclusions générales et perspectives
5.1 Conclusions générales

Cette thése visait a caractériser expérimentalement le transfert de chaleur et I'écoulement d'air dans un
caisson isotherme équipé d'un matériau a changement de phase (PCM) chargé de produits. Trois
modeéles thermiques, de complexité croissante, ont également été développés afin de prédire I'évolution
de la température du produit en fonction des caractéristiques du caisson (conductivité thermique et
épaisseur de la paroi), du type de PCM (capacité de stockage de froid et point de fusion), de la masse
de PCM et de sa position, des caractéristiques du chargement (nature, masse et disposition des
aliments) et des conditions de fonctionnement (température ambiante et durée). Les approches
expérimentales et de modélisation développées pourraient aider les fabricants dans la conception des
équipements et les professionnels intervenant dans la chaine du froid a mieux préserver la qualité des
aliments.

5.1.1 Etude expérimentale

A notre connaissance, cette étude est la premiére qui caractérise |'écoulement d'air par convection
naturelle dans un caisson isotherme équipé de PCM grace a la Vélocimétrie par Image de Particules
(Particle Image Velocimetry PIV) en plus des mesures de température. Peu de données aérauliques
étaient disponibles dans la littérature dans une telle configuration en raison de la difficulté a mesurer
des vitesses trés faibles dans des systémes non isothermes. L'étude a été menée sur des cas de
complexité progressive : vide, chargé de polystyréne extrudé (faible conductivité et quasi-absence
d'inertie thermique), et chargé de produit test (Tylose, propriétés thermiques proches de celles de la
viande). L'influence de plusieurs parametres a été étudiée : conditions d'utilisation, forme géométrique
de la boite (hauteur/largeur), quantité et position du PCM, température ambiante, température initiale
du produit et espacement sous le produit. Une bien meilleure compréhension des phénomenes a pu
étre obtenue en analysant conjointement les champs de vitesse d'air et de température.

Quelles que soit la configuration, les vitesses d'air mesurées les plus élevées étaient de |'ordre de 0,1
m.s™'; ainsi, la convection ne peut étre négligée par rapport a la conduction dans I'air (nombre de Peclet
> 100). Cette observation expérimentale a été utile pour le développement des modéles numériques
qui doivent considérer a la fois convection naturelle et conduction.

Lorsque le PCM était sur la paroi latérale, un flux d'air circulaire a été observé : I'air circule vers le bas le
long de la surface du PCM et vers le haut le long des parois latérales. Dans le cas vide, le schéma
d'écoulement peut étre approximé par une cellule de recirculation 2D, mais la présence du chargement
conduit a un schéma d'écoulement 3D (en présence comme en absence d'espace sous le produit). La
position la plus froide est en bas, pres de la surface du PCM, et la plus chaude est en haut, prés de la
paroi verticale opposée. Lorsque le PCM est en haut, le flux d'air est refroidi apres avoir été en contact
avec la surface du PCM et s'écoule alors vers le bas. Un flux d'air instable a été observé dans le cas vide
et des chemins préférentiels (avec rupture de symétrie) dans le cas chargé. La température de produit
la plus basse était toujours située en haut, tandis que la plus élevée était en bas. Les températures d'air
et de produit [égerement inférieures ont été observées avec PCM sur le haut plutot que sur le coté.

Dans tous les cas, apres refroidissement a proximité du PCM, la température de l'air augmente
progressivement le long des trajectoires jusqu'a revenir a proximité du PCM. Les températures de
surface du produit sont proches de la température de I'air adjacent. En régime permanent, la conduction
dans le chargement a un effet mineur sur le schéma d'écoulement, ainsi, le chargement alimentaire réel
peut étre remplacé par un obstacle de faible conductivité ce qui permet une manipulation plus simple.
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D'un point de vue pratique, il est recommandé de placer le PCM en haut de la boite pour une meilleure
uniformité de température et la forme géométrique de la boite (hauteur/largeur) du caisson ne doit pas
étre trop élevé. Pour maintenir la température du produit tout au long d'une chaine
d'approvisionnement, le PCM peut étre placé sur toutes les parois (haut, bas, cOtés); cependant, le
volume disponible est alors considérablement réduit et le co(t logistique par kg de produit plus élevé.
Notre étude démontre qu'il est possible de placer le PCM sur une seule paroi (supérieure ou latérale) si
une masse de PCM appropriée est utilisée. La masse de PCM requise peut étre estimée en fonction de
la température ambiante sur la base de deux mesures simples pour un caisson donné.

Il est a souligner que I'extrapolation linéaire des résultats obtenus pour une température ambiante a
une autre n'est pas recommandée en raison d'un comportement non linéaire. Ainsi, des modéles
physiques prenant en compte la convection naturelle devraient étre développés.

L'ajout d'un espace d'air de 20 mm sous le produit a tester ne réduit ni la température moyenne du
produit ni son hétérogénéité, bien que cet espace permette une meilleure circulation de I'air. Il est
suggéré de laisser un espace entre le PCM et le chargement (pour favoriser la convection naturelle) et
entre les parois latérales et le chargement (pour permettre I'évacuation de la chaleur de I'ambiance a
travers les parois par conduction). L'écart doit étre du méme ordre de grandeur que les épaisseurs de
la couche limite, c'est-a-dire environ 2 a 3 cm.

En pratique, il existe de nombreuses conceptions de caissons et conditions de fonctionnement et les
interactions entre les différents facteurs sont complexes. Pour éviter de nombreuses expériences dans
des conditions spécifiques, des modeéles numériques sont nécessaires pour étudier I'influence de ces
facteurs sur les variations spatiales et temporelles de température.

5.1.2 Modélisation

Trois modéles thermiques (global, zonal et CFD : Computational Fluid Dynamic) ont été développés et
validés pour prédire la variation spatiale et temporelle de la température de l'air et du produit,
I'évolution du PCM (température et taux de fusion) et la vitesse de l'air. Ces modeles ont une complexité
différente et conviennent donc a différents utilisateurs.

Modele global

Le modeéle global est basé sur des résistances thermiques entre I'ambiance, le produit et le PCM. Il
considére que le produit a une température uniforme (lumped objet) et fournit les évolutions de la
température moyenne et de la masse de PCM fondu sous des températures externes constantes ou
variables. Il donne la masse de PCM requise en fonction de la température du produit recommandée,
de l'isolation de la boite et des caractéristiques du PCM pour une condition de transport donnée. Il peut
étre utilisé pour prédire les effets de différents parameétres tels que I'isolation du caisson (coefficient de
transmission thermique) et le point de fusion du PCM.

Modele zonal

Un modele zonal a été développé pour un caisson isotherme équipé de PCM sur une paroi latérale et
chargée d'un produit de forme rectangulaire. Le modéle considére que le produit est composé de 4
blocs avec une partie superficielle et un coeur dans chaque bloc. Une comparaison avec les résultats
expérimentaux en régimes permanent et transitoire a démontré un bon accord en termes de variations
spatiales et temporelles de température. Ce modéle montre une bonne applicabilité pratique avec un
temps de calcul court (moins de 10 s avec un ordinateur avec 64 Go de RAM). Comme le modele global,
il peut prédire les effets de différents parametres tels que I'isolation du caisson et le point de fusion

231



PCM. De plus, il peut prédire l'effet de I'émissivité des parois internes. Il donne I'évolution de la
température du produit a différentes positions a l'intérieur du caisson.

Modele CFD

Un modele CFD d'un caisson isotherme équipée d'un PCM a été développé en utilisant ANSYS FLUENT.
Le modele prend en compte le flux d'air, la conduction, la convection et le rayonnement a l'intérieur du
caisson. Le modele a bien prédit I'évolution de la vitesse de I'air, de la température de I'air et de la
température du produit dans le caisson avec du PCM sur une paroi latérale. Cependant, il a donné des
résultats moins précis lorsque le PCM était situé en haut en raison de l'instabilité de I'écoulement et de
la rupture de symétrie, ce qui rend difficile la comparaison entre les mesures (valeurs moyennes) et les
prévisions (champs fluctuants instantanés). Néanmoins, ce modéle permet de mieux comprendre |'effet
des configurations des caissons (géométrie). En incluant le modéle de fusion du PCM, il peut également
prédire la quantité fondue.

Comparaison de modéles

Les trois modeéles thermiques validés décrits ci-dessus (modéles global, zonal et CFD) ont démontré leur
capacité a répondre a plusieurs questions pratiques se posant lors du transport de denrées alimentaires
en caisson isotherme avec PCM. Il est possible de coupler I'un de ces modéles thermiques avec des
modeéles d'évolution de certains criteres de qualité des aliments ou microbiologique permettant
d'évaluer l'évolution de la qualité et de la sécurité des produits tout au long d'une chaine
d'approvisionnement réelle. Pour prédire de telles évolutions, les objectifs pratiques doivent étre bien
définis car différents modéles fournissent des informations différentes et ont des limites différentes.

5.2 Perspectives
5.2.1 Etude expérimentale

Les mesures de la vitesse de l'air et de la température dans un caisson isotherme ont été entreprises
séparément pour éviter la perturbation de I'écoulement d'air par les thermocouples. Le dispositif
expérimental et la technique d'instrumentation a développer dans le futur devront permettre la mesure
simultanée de ces deux parametres pour assurer les mémes conditions expérimentales.

En utilisant la configuration expérimentale actuelle, la vitesse de l'air n'a pas pu étre mesurée dans
I'espace sous et sur le coté droit du chargement en raison de I'inaccessibilité de la nappe laser a ces
positions. Le dispositif expérimental devrait étre modifié pour permettre un champ complet de vitesse
de l'air, permettant ainsi de mieux comprendre les phénomeénes physiques, notamment lorsque le PCM
est en haut.

L'évolution du PCM fondu (champ de température et de vitesse du liquide) doit étre étudiée de maniére
approfondie pour déterminer avec précision la température de surface de la plaque de PCM (qui elle-
méme influence la température du produit).

L'influence de la présence de lames d'air doit étre étudiée plus avant : entre le PCM et le chargement,
entre les parois latérales et supérieures et le chargement.

La configuration étudiée, permettant la diffusion de la chaleur a travers toutes les parois du caisson,
représente le pire scénario. En pratique, les caisses sont empilées dans l'installation de transport, d'ou
moins de surface d'échange avec l'air. Une étude plus approfondie sur l'influence de la position du
caisson dans un empilement est proposée car cet aspect est intéressant pour les utilisateurs.
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5.2.2 Modélisation
Modéle global

Un modéle global prenant également en compte la perméabilité a I'eau des parois du caisson serait
intéressant. En ce qui concerne les caissons réutilisables, il pourrait étre important de vérifier si les
propriétés physiques des parois changent avec le temps.

Modele zonal

L'approche zonale développée dans cette theése est un modéle 2D. D'apres les données expérimentales,
le flux d'air est généralement en 3D, donc un modéle 3D devrait étre développé pour plus de précision
dans la prédiction de la température. De plus, la position la plus chaude est souvent située dans un coin
du produit, I'aspect 3D est donc utile pour déterminer la température maximale.

Modele CFD

En pratique, les formes des produits alimentaires sont irréguliéres et plus ou moins poreuses, une étude
plus approfondie incluant ce facteur peut étre utile. A I'aide d'une approche CFD alternative, par ex.
condition aux limites immergées, la simulation avec ces irrégularités pourrait étre plus précise.

Ces trois modéles thermiques ont été développés en supposant un flux de chaleur homogéne provenant
de l'ambiance. Comme cité précédemment, un modéle pour un empilement de caissons serait
intéressant a développer

Autre approche de modélisation

Pour évaluer le risque sanitaire, des modeéles probabilistes doivent étre combinés avec les modeles
thermiques pour prédire les occurrences de rupture de la chaine du froid. Cette approche aiderait les
opérateurs a prendre des décisions sur les actions a mettre en ceuvre.

5.2.3 Autres aspects techniques

Pour améliorer les performances thermiques, un caisson équipé d'un ventilateur pourrait étre utilisé. A
notre connaissance, ceci n'a pas encore été commercialisé. Ce type de caisson permettrait une
circulation d'air par convection forcée a l'intérieur du caisson, et la température serait plus homogeéne.
Une batterie rechargeable mobile devrait alimenter le ventilateur afin d'assurer son fonctionnement
continu tout au long de la chaine d'approvisionnement. Apres I'arrivée dans les locaux de I'utilisateur
final, le caisson pourrait étre retournée au centre de distribution (ou au site de départ), puis la batterie
pourrait étre rechargée avant la livraison suivante. La conception de la batterie rechargeable et du
ventilateur nécessite un développement futur.

Dans un souci de durabilité de la chaine du froid, I'utilisation intensive du polystyréne et du
polyuréthane comme matériaux isolants devrait étre remplacée par des matériaux biodégradables (a
base de cellulose et de chitosane par exemple), exercant ainsi un impact moindre sur I'environnement.
De méme, des cartons réutilisables et une chaine logistique de recyclage devraient étre davantage
développés en tenant compte a la fois du colt économique et de I'impact environnemental.

Outre le matériau du boitier, le PCM exerce également des impacts environnementaux du fait de la
production du PCM lui-méme, de la production du matériau isolant et de la consommation d'énergie
nécessaire pour recharger le PCM avant chaque utilisation, ainsi que des déchets de PCM, etc. Par
conséquent, des études spécifiques supplémentaires sur ces aspects sont nécessaires.
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10.17632/r79j93tvz9.1
10.17632/yjbpwitx3c4.1

Direct URL to data:
https://data.mendeley.com/datasets/r7gj93tvz9/1
https://data.mendeley.com/datasets/yjbpwtx3c4/1

Repository name: GitHub
Data identification number:
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https://data.mendeley.com/datasets/r7gj93tvz9/1

10.5281/zen0do.6900688

Direct URL to data:
https://github.com/Tanathepl/Temperature-contour.git.

Related Leungtongkum, T., Laguerre, O., Flick, D., Denis, A., Duret, S., &
research Chaomuang, N. (2022). Experimental investigation of airflow and heat
article transfer by natural convection in an insulated box with a Phase

Change Material using a Particle Image Velocimetry technique. J. of
Food Engineering, 111207.
https://doi.org/10.1016/j.jfoodeng.2022.111207

Value of the data

o The experimental data of air velocity, temperatures of air, and product enable
an understanding of the relation between heat transfer and airflow by natural
convection in a closed cavity with a cold source.

« The different loading conditions (no load, load with extruded polystyrene, and
load with test product) allow the understanding of the impact of loading and
the heat exchange between the load and the internal air.

e These data are rare in literature for food transport in an insulated box because
the methodology of low air velocity measurement is complicated, i.e,
appropriate tracer, laser lighting power, and the time interval between image
acquisitions.

e Data can be used/reused to compare with the CFD (Computational Fluid
Dynamic) simulation results.

1 Data description

Data presented in this article include raw data of air velocity and temperature
measurement, figures of air velocity field and temperature contour field in an insulated
box equipped with a Phase Change Material (PCM) under various PCM position and
loading condition. Table 1 describes all experimental conditions, only the
corresponding figures of the conditions 1 to 4 are presented in this data paper, the
ones of the conditions 5 and 6 can be found in Leungtongkum et. al. [1].
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Table 1 Experimental conditions

Condition | PCM position | Loading condition Corresponding
figures
1 Side wall No load 1to3
2 Top No load 4106
3 Side wall XPS (4 slabs) 7to 10
4 Top XPS (4 slabs) 11to 14
5 Side wall Test product (16 |10 and 12  of
packs) Leungtongkum et. al.
[1]
6 Top Test product (16 |13 to 14 of
packs) Leungtongkum et. al.
[1]

XPS = extruded polystyrene slabs

The air velocity component, its magnitude and uncertainty in the insulated box under
these conditions are shown in Dataset 1: Experimental investigation in an insulated
box (Air velocity) (https://data.mendeley.com/datasets/yjbpwtx3c4/1)

The average temperature in the insulated box under these conditions are shown in
Dataset 2: Experimental investigation in an insulated box (Average temperature)
(https://data.mendeley.com/datasets/r7gj93tvz9/1)

The temperature contour field was drawn via MATLAB by interpolating the measured
temperature at different positions during stable conditions. The codes of this drawing
are shown in Tanathepl/Temperature-contour

(https://github.com/Tanathepl/Temperature-contour.git.)

The air velocity field at Y = 145 mm and 15 mm in the unloaded box with PCM on a
side are shown in Figure 1 and 2. The temperature field at Y = 145 mm is shown in
Figure 3, due to the symmetry of this plane, only a half of the results is shown. Air
velocity field at X = 250 mm and 15 mm and temperature field at X = 250 mm are
shown in Figures 5a, 5b and 6a of Leungtongkum et.al [1].
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Figure 1: Air velocity field at Y = 145 mm in an unloaded horizontal box with PCM on

a side
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Figure 2: Air velocity field at Y = 15 mm in an unloaded horizontal box with PCM on a

side
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Figure 3: Temperature field at Y = 145 mm in an unloaded horizontal box with PCM
on a side

Air velocity field at Y = 165 mm and 15 mm and temperature field at Y = 165 mm (half
of the plane) in an unloaded box with PCM at top were shown in Figure 4 to 6. Air
velocity field at X = 250 mm and 15 mm and temperature field at X = 250 mm are
shown and discussed in Figures 7a, 7b and 8a of Leungtongkum et.al [1].
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Figure 4: Air velocity field at Y = 165 mm in an unloaded horizontal box with PCM at
top
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Figure 6: Temperature field at Y =

Air velocity field at Y =

X =

Air velocity field for X =

165 mm in an unloaded horizontal box with PCM
at top

145 mm and 15 mm and temperature field at X = 250 mm and

15 mm in a box loaded with XPS and PCM on a side were shown in Figure 7 to 10.

250 mm and 15 mm are shown and discussed in Figures 10a

and 10b of Leungtongkum et.al [1].
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Figure 7: Air velocity field at Y = 145 mm in a box loaded with XPS and PCM on a
side. White area on the right represents the unmeasurable zone because of the

inaccessibility of laser sheet.
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Figure 8: Air velocity field at Y = 15 mm in a box loaded with XPS and PCM on a side
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Figure 9: Temperature field at X = 250 mm in a box loaded with XPS and PCM on a
side
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Figure 10: Temperature field at X = 15 mm in a box loaded with XPS and PCM on a
side

Air velocity field at Y = 165 mm and 15 mm and temperature field at X = 250 mm and
X =15 mm in a box loaded with XPS and PCM at top were shown in Figure 11 to 14.
Air velocity field for X = 250 mm and 15 mm are shown and discussed in Figures 13a
and 13b of Leungtongkum et.al [1].
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Figure 11: Air velocity field at Y = 165 mm in a box loaded with XPS and PCM at top.
White area on the right represents the unmeasurable zone because of the
inaccessibility of laser sheet.
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Figure 12: Air velocity field at Y = 15 mm in a box loaded with XPS and PCM at top
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Figure 14: Temperature field at X = 15 mm in a box loaded with XPS and PCM at top

2. Experimental design, materials and methods

2.1 Material

Figure 15 shows the materials and experimental setup. Two boxes were used, for the
thermal study, the commercialized multilayer insulated box (Manutan SA, Gonesse,
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France) with 500 mm x 310 mm x 300 mm internal dimensions and 570 mm x 380 mm
x 370 mm external dimensions is used. The side and bottom walls contain expanded
polystyrene (25 mm thickness), polypropylene (inner and outer layers of 3.5 mm
thickness), and an air gap is expected between the expanded polystyrene and the inner
layer (estimated thickness: 5 mm). The other box is for the airflow study and has the
same dimensions and wall structure, but two side walls are replaced by triple-glazed
windows (3 glass panes, each with a thickness of 4 mm, two argon-filled 10-mm gaps).
The illustration of these two boxes is shown in Figures 1 of Leungtongkum et. al [1].
The box was positioned on a 50-mm height wooden support to ensure homogeneous
heat exchange with the ambient air around the box (Figure 15a). This box was placed
on a 0.7-m height table in the center of the 3.4 m x 34 m x 2.5 m temperature-
controlled test room. The PCM container (Figure 15c), made of polypropylene (2.5-mm
thickness) and filled with 3.5 kg of tap water (melting point ~ 0°C), has external
dimensions of 460 mm x 280 mm x 50 mm. The extruded polystyrene slab (XPS) has a
dimension of 400 mm x 200 mm x 50 mm (Figure 15d). The test products (with 200
mm x 100 mm x 50 mm pack dimensions — Figure 15e) contained 23%
methylhydroxyethylcellulose, 76.4% water, and 0.5% NaCl (Refrigeration Development
and Testing Ltd., North Somerset, UK).

70 cm

(a)
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© @

Figure 15: Materials and experimental setup (a) the box with wood support on the
table, (b) experimental setup, (c) PCM container, (d) extruded polystyrene slab, and
(e) test product pack

Thermal conductivity (k) of each box wall was determined by calculation using
thermal conductivity and thickness of each layer as in eq.1

k = 1

— yn Xi
2i=1k_i

(1)

Wherek is thermal conductivity of material (W m™" K"

X is thickness (m)
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Table 2 shows thermal conductivity at 300 K of each material

. k(Wm'K Reference
Material 1y

Polypropylene 0.12 [2]
Expanded 0.029 [2]
polystyrene

Air 0.026 [3]
Argon 0.018 [4]
Glass 1.4 [3]

Thus, the thermal conductivity of the insulated wall and the glass-pane wall is 0.90 W
m K"and 0.89 W m™ K™, respectively.

The experiment using the internal heating method (adapted from ATP [5]) was also
conducted to measure the heat transmission coefficient (K) with 20 W and 30 W
heating. Firstly, 14 thermocouples were placed inside the box (8 at 50 mm from each
corner and 6 at 50 mm from the center of each surface). The other 14 were put outside
the box in the same manner. The heating unit consisted of adjustable resistance and a
fan. After setting the heating power, the system was left until reaching a steady state
(temperature fluctuation is less than +0.3°C for 12 h with less than +1.0°C during the
preceding 6 h.

Data over at least 6 h was averaged to get the mean temperature at each position.
Next, mean data of either inside or outside the box was averaged to get internal and
external temperature, respectively. The heat transmission coefficient can be calculated

by eq.2
N
K= (2)

Where K is heat transmission coefficient (W m= K™
Q is heating power (W)
A= m is mean surface area between internal surface and external
surface (m?)
AT = T, — T,y is temperature difference between inside and outside of the
box (K)

The experimental value of heat transmission coefficient is shown in Table 3.
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Table 3 Experimental value of heat transmission coefficient

Box type Power (W) | A (m?) Tin (°C) | Tout (°C) | K (W m2 K™
Box A 20 1.027 37.52 5.53 0.61
(Insulated box)

30 1.027 46.76 | 5.44 0.71
Box B 20 1.027 36.21 6.13 0.65
(Glass-pane box)

30 1.027 439 6.22 0.78

2.2 Thermal study
2.2.1 Experimental setup

The temperature was measured by T-type thermocouples linked to the Agilent 34972A
data acquisition unit (Agilent Technologies, CA, USA). These thermocouples were
calibrated at -10°C, 0°C, 10°C, 20°C and 30°C with a precision of +0.2°C.

PCM slab was placed horizontally in a freezer set at -2°C for at least 48 h before each
experiment.

Sixteen packs of test product were put in a polystyrene box and stored in a domestic
refrigerator set at 4°C or 10°C for at least 24 h before each experiment to assure the
homogeneous product's initial temperature.

2.2.2 Temperature measurement in an unloaded box

Firstly, all thermocouples were placed in the box. Air temperature distribution was
measured at the middle plane of the YZ plane (X = 250 mm) with various y and z
positions and around half of the XZ plane (Y = 145 mm for the box with PCM on the
side and Y = 165 mm for that with PCM at the top). Two stands, each equipped with
12 thermocouples spreading over the height (z-axis), were displaced inside the box in
x and y direction to obtain the air temperature field. Thermocouples were also put
inside the PCM (at half thickness), on the surface of the PCM container, and the box’s
internal walls. The diagram showing thermocouples positions is in Figure 2a of
Leungtongkum et. al. [1].

Ninety minutes after the box was closed (when the steady state was reached),
temperatures were recorded for at least 5 min. (acquisition interval 15 s). Then, the box
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was opened in order to move the stands prior to closing the box again. This process
took less than 1 min. to avoid disturbances caused by external air to the greatest
possible extent. Fifteen minutes later (when the steady state was reached again),
temperatures were recorded over 5 min. before re-opening the box. Then, the position
of the stands was changed in y direction (18 to 21 positions), allowing 200
measurement points in total. A temperature contour map was plotted by MATLAB with
interpolation from these measurements.

Figure 16 illustrates the temperature evolution of some locations in an unloaded
horizontal box with PCM on a side under 20°C ambient during the first measurement
(Figure 16a) and the following measurement (Figure 16b). These figures show the
period during which the average temperature was calculated: 135 min. to 140 min.
after box closing for the first measurement and 17 min. to 22 min. for the following
measurement. Then, these average temperatures were used to present the
temperature field in stable condition in the following figures (Figures 1, 2, 4, and 5).
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Period of average temperature calculation
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Figure 16: Temperature evolution of some locations in an unloaded horizontal box
with PCM on a side under 20°C ambient) of (a) the first measurement and (b) the

following measurement

2.2.3 Temperature measurement in a loaded box

For loaded boxes, it was loaded with four slabs of XPS or 16 test product packs. The
temperature measurement was carried out at fixed positions with 29 thermocouples
on the surface of the XPS slab, and the test product and core of the test product
located at the middle plane (x = 250 mm) and with ten thermocouples at the lateral
plane (x = 15 mm). The diagram showing thermocouples positions is in Figure 2b of
Leungtongkum et. al. [1]. The measurement started after the box closing until complete
PCM melted without the box opening during the experiment. The temperatures at the
middle plane (x = 250 mm) were recorded continuously (every 30 s). The results of the
period ranging from 400 min. to 600 min. were analyzed and compared. The
temperature contour map was drawn by MATLAB with interpolation.

Figure 17 shows temperature evolution at the bottom of a loaded horizontal box with
PCM on a side under 20°C ambient, product initial temperature = 4°C. This figure
shows the period from 400 min. to 600 min. during which the average temperature
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was calculated. Then, these average temperatures were used to present the
temperature field in stable condition in the following figures (Figures 7, 8, 11, and 12).
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Figure 17: Temperature evolution at the bottom of a loaded horizontal box with PCM
on a side loaded with test product
2.3 Airflow study

2.3.1 Instrumentation

The oil-based smoke tracer with a 0.3 pm mean diameter was precooled in a container
containing four PCM packs, reducing the smoke temperature from about 50°C to
around 10°C. A small fan guided smoke to the box through a connecting duct while a
valve controlled its flow rate.

A 2D-PIV system (LaVision, FlowMaster 2D) comprised three main components: a
double-pulsed Nd:YLF laser (527 nm wavelength, 10 mJ pulse energy), a high-speed
12-bit CMOS video camera (Photron, FASTCAM SA3; 1024 x1024 pixels in resolution)
connected with a lens (Sigma; 105 mm, f/1:2.8) and a programmable timing unit (PTU-
X) for the synchronization of laser and camera. Smoke particle scattering during laser
pulses visualized the airflow pattern inside the cavity.

The camera and the laser were mounted on a three-dimensional displacement system
(precision of displacement +1 mm). This system makes the perpendicularity between
the camera view and the light sheet (1-mm thickness) possible. The diagram and
photograph of the experimental setup for the airflow study are shown in Figure 3 of
Leungtongkum et. al. [1].
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2.3.2 Image acquisition

For each measured window, 500 pairs of images were recorded every 20 ms with a
time interval of 900 ps between two images of the same pair, in other words, between
two pulsed laser illuminations. The total duration of measurement was 10 s.

2.3.3 Image post-processing

A multi-pass correlation algorithm was applied to calculate the instantaneous airflow
vector. The cross-correlation between each image in the pair was accomplished by
decreasing interrogation window sizes: 64 x 64 pixels with 50% overlap for the first
pass and 32 x 32 pixels with 75% overlap for the three following passes. In each pass,
all interrogation windows at the same position on the paired images were cross-
correlated and independently produced a single displacement vector, then were later
merged to produce a 2D vector field of the whole image. After 500 instantaneous
vector fields had been attained, the mean velocity field of each measured window was
calculated by Equation 3.

_ 1 onN
) @

where N is the total number of measured images of the same windows (N = 500 in our
study) and vy and v, are the horizontal and vertical velocity components in m s,
respectively.

The mean velocity fields of all measured windows were then combined to construct
the velocity field of the entire measurement plane. It should be highlighted that the
out-of-plane regions and the regions near the reflection surface in the images (e.g.,
the surfaces of PCM, walls, and the load) were excluded prior to the vector calculation.

The DaVis software employs the correlation statistics method to estimate the
uncertainty of the PIV measurement. As discussed in Wieneke [6], the uncertainty is
quantified based on the statistical analysis of the correlation process using differences
in the intensity pattern of the two images.

2.3.4 Experimental protocol

Air velocity measurements were conducted under stable conditions: after 90 min. for
unloaded boxes, and after 4 hours for loaded boxes. The PIV measurement was started
30 min. afterward. It is to be emphasized that the standard deviations of the air
temperatures at different positions in the box did not exceed 0.3°C during PIV
measurement.
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The PIV measurements were performed on the middle plane of the YZ plane (x = 250
mm), on the lateral plane of the YZ plane (x = 15 mm), on the middle plane of the XZ
plane (y = 145 mm for the condition with PCM on a side and y = 165 mm for that with
PCM at the top) and a lateral plane of XZ plane (y = 15 mm). Based on the image
calibration using a ruler and the DaVis software, a magnification factor of 0.108
mm/pixel was defined, and the image size was 115.5 mm x 115.5 mm. The positions
of the measured windows were changed by using the displacement system as
explained above. Several measured windows with partial overlapping were applied to
cover the whole area of the plane.
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Abstract

This article contains a description of protocol to measure air velocity field (by Particle
Image Velocimetry - PIV) and temperature field (by T-type thermocouples) in an
insulated box equipped with Phase Change Material (PCM) of melting point 0°C. The
influence of various conditions was studied: i) PCM position (at sidewall and at top), ii)
aspect ratio of the box (height/width ~ 1 and 1.7), iii) ambient temperature (10°C, 20°C
and 30°C), iv) test product initial temperature (4°C and 10°C) and vi) spacing beneath
the load (0 mm and 20 mm). This article is related to a published research paper, it
provides the dataset of all experiments which can be useful for experimenter to
understand the phenomena and for expert in numerical model to validate the
developed model e.g., by Computational Fluid Dynamic.

Specifications table

Subject Bioengineering

Specific Air velocity and temperature fields measured in an empty and loaded
subject area |insulated box with cold source generated by Phase Change Material
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Type of data

Table

Image

Graph
MATLAB code
Dataset

How the data
were
acquired

Air velocity measured by Particle Image Velocimetry (PIV)
Temperature measured by calibrated thermocouples T-Type.

Data format

Raw
Analysed

Description
of data
collection

Air velocity (at middle plane and lateral plane) and temperature (at
middle plane) in insulated boxes equipped with PCM (melting point
0°C) under various conditions:

e PCM position (at sidewall and at top),

e aspect ratio of box (height/width = 1 and 1.7),

e ambient temperature (10°C, 20°C and 30°C),

e test product (Tylose, TYL) initial temperature (4°C and 10°C)

e space beneath the load (0 mm and 20 mm).

Data source

e INRAE (FRISE Research unit)

location e Antony
e France
Data With the article

accessibility

Repository name: Mendeley Data
Data identification number:
10.17632/ggmkzk634h.1
10.17632/sz5dgkz7k8.1

Direct URL to data:
https://data.mendeley.com/datasets/ggmkzk634h/1
https://data.mendeley.com/datasets/sz5dgkz7k8/1

Repository name: GitHub

Data identification number:

10.5281/zeno0d0.6900688

Direct URL to data:
https://github.com/Tanathepl/Temperature-contour.git
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Related Leungtongkum, T., Flick, D., Chaomuang, N., Denis, A., & Laguerre, O.
research (2023). Influence of use conditions on heat transfer in an insulated box
article equipped with a phase change material. Journal of Food Engineering,
357, 111644. https://doi.org/10.1016/j.jfoodeng.2023.111644

Value of the data

e The experimental data of air velocity field, temperatures of air and product at
different positions enable the understanding of the relation between heat
transfer and airflow by natural convection in a closed cavity with a cold source.

e These data are rare in literature because the methodology of low air velocity
measurement as in food transport in an insulated box is complicated i.e.,
appropriate tracer, laser lighting power and time interval between image
acquisitions.

e Data would be useful for understanding phenomena, insulated box design
and optimal operating conditions to maintain product temperature at a
recommended value along the supply chain.

e Data can be used to compare with the results of CFD (Computational Fluid
Dynamic) simulation.

1. Data description

Data presented in this article include raw data of air velocity and temperature
measurement, figures of air velocity field and temperature contour field in an insulated
box equipped with a Phase Change Material (PCM) under various PCM position, aspect
ratio of the box, ambient temperature, initial load temperature (test product, Tylose)
and space beneath the load. Table 1 summarizes all experimental conditions presented
in this article and their corresponding figures.

Table 1 Experimental conditions

Condition | Pictogram PCM Aspect ratio | Ambient Initial  load | Spacing Corresponding
position (height/width) | temperature temperature beneath figures
o) (O load
(mm)
1 20°C Side 1.0 20 4 20 1
. |

wall

4

o
.

2 20°C Top 1.0 20 4 20 2
I
3 20°C Side 1.7 20 4 20 3

wall

.
ey
-
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4 30°C Side
‘ wall

1.0

30

20

4and 5

5 10°C Top

1.0

10

20

6 30°C Top

1.0

30

20

7 20°C Side
wall

1.0

20

10

20

8and 9

Top

1.0

20

10

20

10

Side
wall

1.0

20

11

Top

1.0

20

12

The air velocity component, its magnitude and uncertainty of measurement under
these conditions are shown in Dataset 1: Air velocity in an insulated box

(https://data.mendeley.com/datasets/ggmkzk634h/1)

The average temperature in the insulated box under these conditions are shown in
Dataset 2: Average temperature in an insulated box
(https://data.mendeley.com/datasets/sz5dgkz7k8/1)

The temperature contour field was drawn via MATLAB by interpolating the measured
temperature at 30 positions during stable conditions. The codes of this drawing are

shown in Tanathepl/Temperature-contour

(https://github.com/Tanathepl/Temperature-contour.git)

The air velocity field at X = 15 mm in a loaded horizontal box (aspect ratio ~ 1) with
PCM on a sidewall under 20°C ambient, product initial temperature = 4°C with 20 mm
gap below (condition 1) are shown in Figure 1. Air velocity and temperature fields at X
= 250 mm are not shown here, they can be found in Leungtongkum et al. [1] (Figures

2a and 2a’).
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Figure 1: Air velocity field at X = 15 mm in a loaded horizontal box with PCM on a
sidewall under 20°C ambient, product initial temperature = 4°C with 20 mm gap

below. Note: unmeasured air velocity in white areas on
the refraction from PCM surface behind the laser sheet.

the right can be explained by

The air velocity field at X = 15 mm in a loaded horizontal box with PCM at the top

under 20°C ambient, product initial temperature

4°C with 20 mm gap below

(condition 2) are shown in Figure 2. Air velocity and temperature fields at X = 250 mm
are not shown here, they can be found in Leungtongkum et al. [1] (Figures 2b and 2b’).
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Figure 2: Air velocity field at X = 15 mm in a loaded horizontal box with PCM at the
top under 20°C ambient, product initial temperature = 4°C with 20 mm gap below

The air velocity field at X = 20 mm in a loaded vertical box (aspect ratio = 1.7) with
PCM on a sidewall under 20°C ambient, product initial temperature = 4°C with 20 mm
gap below (condition 3) are shown in Figure 3. Air velocity and temperature fields at X
= 250 mm are not shown here, they can be found in Leungtongkum et al. [1] (Figures
2c and 2c').

279



X =20 mm

N 0.130
480
0.120
460
440
] 0.110
420 | b
400
| 0.100
380
360
| 0.090
340
320
| 0.080Z
300 E
-~
280 e
| 0.0708
260 § <
"240 1 z
3 | 0.060%;
0q 220 A |
200 [ 13} 1l | 0.050
5t L
180 [ 3% 7
A
160 } {1 | 0.040
140 [4 7
120 1;‘ 4 0.030
;.
100 [} d
\’ »i
o | 0.020
TYL
60 ]
0.010
40
20 7
- 0.000 z -
0 Y
0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 -
Y [mm] X

Figure 3: Air velocity field at X = 20 mm in a loaded vertical box with PCM on a
sidewall under 20°C ambient, product initial temperature = 4°C with 20 mm gap
below

The air velocity and temperature fields at X = 250 mm in a loaded horizontal box with
PCM on a sidewall under 30°C ambient, product initial temperature = 4°C with 20 mm
gap below (condition 4) are shown in Figure 4 and 5.
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Figure 4: Air velocity field at X = 250 mm in a loaded horizontal box with PCM on a
sidewall under 30°C ambient, product initial temperature = 4°C with 20 mm gap
below. White area on the right represents the unmeasurable zone because of the

inaccessibility of laser sheet.
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Figure 5: Air temperature field and core temperature of test product (°C) at X = 250
mm in a loaded horizontal box with PCM on a sidewall under 30°C ambient, product
initial temperature = 4°C with 20 mm gap below

The air velocity field at X = 250 mm in a loaded horizontal box with PCM at the top
under 10°C ambient, product initial temperature = 4°C with 20 mm gap below
(condition 5) are shown in Figure 6. Temperature field at X = 250 mm are shown in
Figures 3a of Leungtongkum et al. [1].
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Figure 6: Air velocity field on the middle plane in a loaded horizontal box with PCM
at the top under 10°C ambient, product initial temperature = 4°C with 20 mm gap
below. White area on the right represents the unmeasurable zone because of the
inaccessibility of laser sheet.

The air velocity field at X = 250 mm in a loaded horizontal box with PCM at the top
under 30°C ambient, product initial temperature = 4°C with 20 mm gap below
(condition 6) are shown in Figure 7. Temperature field at X = 250 mm are shown in
Figures 3c of Leungtongkum et al. [1].
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Figure 7: Air velocity field on the middle plane in a loaded horizontal box with PCM
at the top under 30°C ambient, product initial temperature = 4°C with 20 mm gap
below. White area on the right represents the unmeasurable zone because of the

inaccessibility of laser sheet.

The air velocity field and temperature field at X = 250 mm in a loaded horizontal box
with PCM on a sidewall under 20°C ambient, product initial temperature = 10°C with
20 mm gap below (condition 7) are shown in Figure 8 and 9.
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Figure 8: Air velocity field on the middle plane in a loaded horizontal box with PCM
on a sidewall under 20°C ambient, product initial temperature = 10°C with 20 mm
gap below. White area on the right represents the unmeasurable zone because of the

inaccessibility of laser sheet.
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Figure 9: Air temperature field and core temperature of test product (°C) on the
middle plane in a loaded horizontal box with PCM on a sidewall under 20°C ambient,
product initial temperature = 10°C with 20 mm gap below

The air velocity field at X = 250 mm in a loaded horizontal box with PCM at the top
under 20°C ambient, product initial temperature = 10°C with 20 mm gap below
(condition 8) are shown in Figure 10. Temperature field at X = 250 mm are not shown
here, it can be found in Leungtongkum et al. [1] (Figures 3d).
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Figure 10: Air velocity field on the middle plane in a loaded horizontal box with PCM
at the top under 20°C ambient, product initial temperature = 10°C with 20 mm gap
below. White area on the right represents the unmeasurable zone because of the

inaccessibility of laser sheet.

The temperature field at X = 250 mm in a loaded horizontal box with PCM on a sidewall
under 20°C ambient, product initial temperature = 4°C without gap below (condition
9) are shown in Figure 11. Air velocity field at X = 250 mm are shown not shown here,

it can be found in Leungtongkum et al. [1] (Figures 4d).
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Figure 11: Air temperature field and core temperature of test product (°C) on the
middle plane in a loaded horizontal box with PCM on a sidewall under 20°C ambient,
product initial temperature = 4°C without gap below

The temperature field at X = 250 mm in a loaded horizontal box with PCM at the top
under 20°C ambient, product initial temperature = 4°C without gap below (condition
10) are shown in Figure 12. Air velocity field at X = 250 mm are not shown here, it can
be found in Leungtongkum et al. [1] (Figures 4b).
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Figure 12: Air temperature field and core temperature of test product (°C) on the
middle plane in a loaded horizontal box with PCM at the top under 20°C ambient,

product initial temperature = 4°C without gap below

2. Experimental design, materials and methods

The material and methods described in detailed in Leungtongkum et al. [2] are shown
succinctly below.

2.1 Material

The details of material and experimental setup description can be found in
Leungtongkum et al. [2].

2.2 Thermal study

The box was loaded with 16 test product packs previously conditioned at 4°C or 10°C
and a PCM slab whose initial temperature was at -2°C. The temperature
measurement was carried out with 34 thermocouples (T-type thermocouples) on the
surface and core of product located at the middle plane (x = 250 mm). The diagram
showing thermocouples positions is in Figure 1 of Leungtongkum et al. [1]. The
measurement started after the box closing until complete PCM melted without the
box opening during the experiment during which the temperatures were recorded
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continuously (every 30 s) using Agilent 34972A data acquisition unit (Agilent
Technologies, CA, USA). The results of the stabilization period ranging from 400 min.
to 600 min. were analyzed and compared. The temperature contour map was drawn
by MATLAB with interpolation. More details of experimental setup for temperature
measurement can be found in Leungtongkum et al. [2].

Figure 13 shows an example of temperature evolution at the bottom of a loaded
horizontal box with PCM on a sidewall under 20°C ambient, product initial
temperature = 4°C (condition 1). The average temperatures calculated from 400 min
to 600 min were shown in Figures 5, 9, 11 and 12 to present the temperature field in
stable condition.

Period of average temperature calculation

—
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E| ®
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X-e ) z=20mm

P L
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Figure 13: Temperature evolution at the bottom of a loaded horizontal box with PCM
at sidewall under 20°C ambient, product initial temperature = 4°C with 20 mm gap
below.

2.3 Airflow study
2.3.1 Instrumentation

The PIV device is constituted of three components: a double-pulsed Nd:YLF laser
(527 nm wavelength, 10 mJ pulse energy), a high-speed 12-bit CMOS video camera
(Photron, FASTCAM SA3; 1024 x 1024 pixels in resolution) fitted with a lens (Sigma;
105 mm, f/1:2.8) and a programmable timing unit (PTU-X) to ensure synchronization
of the laser and the camera. Visualization of the airflow pattern is possible by the
scattering of smoke particle during laser pulses. Oil-based particles (mean diameter
0.3 um) were generated using a smoke machine (Antari, F-80Z). More detail on PIV
system can be found in Leungtongkum et al. [2].
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More details of image acquisition, image post-processing and experimental protocol
can be found in Leungtongkum et al. [2].
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Abstract

This code presents a simplified heat transfer model based on zonal approach. It allows
the temperature prediction (air and product) inside an insulated box with PCM (Phase
Change Material as cold source) to maintain product at low temperature during food
transport to assure its quality. The model involves airflow, conduction, convection and
radiation. The studied geometry is a rectangular insulated box, with PCM on a sidewall
and loaded with test product. The code requires a short calculation time and can be
useful to researchers and stakeholders to study the effect of box design, PCM/product
properties and mass and ambient temperature.

Keywords
Insulated box, Phase change material, Simplified model, Heat transfer, Temperature

Code metadata

Nr | Code metadata description Please fill in this column
C1 | Current code version V1
C2 | Permanent link to | https://github.com/Tanathepl/temp-predict-

code/repository used for this | box-pcm-side
code version

C3 | Permanent link to reproducible | https://codeocean.com/capsule/1172946/tree

capsule
C4 | Legal code license MIT License
C5 | Code versioning system used None

C6 | Software code languages, tools | Python
and services used
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C7 | Compilation requirements, | Package manager needed: conda

operating environments and
dependencies Package needed: numpy and

matplotlib.pyplot

C8 | If available, link to developer | -
documentation/manual

C9 | Support email for questions tanathep.leungtongkum@inrae.fr

1. Motivation and significance

Insulated boxes equipped with a phase change material (PCM) are commonly used
to transport temperature-sensitive products. They are often used in the last-mile
delivery of small product quantities when refrigeration equipment is unavailable.
However, temperature abuse (spatial and temporal temperature variation) in the
product loaded in an insulated box equipped with PCM is often observed mainly due
to poor insulation, insufficient PCM mass and inappropriate PCM positioning.

An empirical approach is still mainly used in practice. To understand the real
phenomena in the system, Computational Fluid Dynamic models can be used to
predict the temperature field and its evolution with time. However, this requires
significant calculation time and expertise in fluid mechanics. As an alternative, the
simplified thermal model relating to this code can provide spatial and temporal
temperature variation in an insulated box equipped with PCM with a short calculation
time (less than 10 s using a computer with 64 GB of RAM). This short calculation time
is vital to detect temperature abuse when it occurs in the cold chain. The stakeholders
can immediately determine the impact on product temperature; thus, quality and
safety and the appropriate actions can be implemented to reduce the damage. This
code paper is linked with the research paper (Leungtongkum et al. 2023).

2. Simplified thermal model description

This model can be applied to an insulated box loaded by the product with PCM located
at a side wall. During PCM melting, it releases cold and this allows to maintain low
temperatures inside the box and assure sanitary quality throughout the supply chain.
The code allows the prediction of air and product temperature evolution with time at
different positions inside the box. The code can be used to study the effect of box
dimension, insulation, product mass and its physical properties, PCM mass and its
properties and ambient temperature in the supply chain.

The model considers a temperature heterogeneity inside the box, i.e., the difference
between air, product surface and core, top and bottom, cold side (near the PCM), and
warm side (near opposite wall). The product is considered as four blocks of length C
with shell (C/4 length) and core (3C/4 length), Fig. 1. Airflow and heat transfer
(conduction, convection, and radiation) in two dimensions (y and z directions) were
considered. The model was validated by comparing the predicted air and product
temperatures with the ones measured in a rectangular box loaded with test product
(Tylose).
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Fig. 1: Simplified 2D heat transfer and airflow diagram in an insulated box with PCM
on a side wall (a) Front view and (b) Perspective view of a quarter of product

The model is based on the following assumptions:
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- Heat transfer coefficient between internal air and solid surfaces (box walls,
PCM container wall, product surface) is constant and is applied for the whole
simulation period

- Air flows downward along the PCM container wall and then circulates in a
clockwise loop along the other box walls. A mass flow rate of air is assumed
as approximately proportional to the heat transfer coefficient.

- Thermal inertia of air (mass multiplied by the heat capacity) is assumed as
negligible.

There are 12 solid zones and the following state variables describe the system at a
given time:

- Average temperature in product shell: Tsh.nwhen n € [1,4]

- Average temperature in product core: Tcn When n € [1,4]

- Wall temperature: Twn wWhen n e [1,4] where Tw1 is the PCM surface
temperature and Tw.2to Tw.4 are of the internal walls

PCM is characterized by its temperature (Tpem) and its ice fraction (¢). Air temperature
evolves along the air circulation loop from Tan to T'anwhen n e [1,4] by exchanging
with the product shells and from T’anto Tan+1 When n e [1,3] and from T4 to Taa by
exchanging with the internal walls.

Some of the equations representing air or product heat balances and radiative heat
exchanges are presented here.

Air temperature estimation from product shell and wall temperatures

The air at the top of the box (position | in Figure 1a) exchanges heat with wall 1 (PCM
surface) and its temperature changes from T’a1 to Ta2. The equation governing the
heat balance between the adjacent air and wall 1 can be written in the same manner
as that in a heat exchanger.

man.adTa = hy(Tyw1 — T)dA

In < Ta.2 - Tw.l ) — _ thw.l
Tla.l - Tw.l macp.a

. ' . hwAw.

Finally, (Taz = Twi1) = aw1(T'a1 — Tw1) with a,, 1 = exp <_ TCP:> (1)

where m, is the mass flow rate of air [kg-s™]
Cp.a is the specific heat capacity of air [J-kg?-K1]
hw is the heat transfer coefficient between air and internal wall [W -m-2-
K]
Aw.1is the area of wall 1 [m?]

This approach is also used when air exchanges heat with the product shell, for

example from Ta2 to Ta2. This leads to eight equations involving the eight air
temperatures. They can be expressed in a matrix form.
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ATa=B = Ta=Al-B )

[—Qp 1 0 0 0 0 0 0
0 -a,; 1 0 0 0 0 0
0 0 —ay, 1 0 0 0 0
1o 0 0 -a,, 1 0 0 0
Whered=1f69 o 0o 1 -a 1 0 0
0 0 0 0 0 -a,; 1 0
o o o o0 0 0 -a 1
| 1 0 0 0 0 0 0 —ay.
T [(1—a,)Tsny |
T’a_1 (1 - aw.l)Tw.l
Tqo (1 - ap)Tsh-Z
Tas3 (1 - ap)Tens
77:‘1-3 (1—ay3)Tws
T,aA (1— ap)Tona
oo L(1 — ay.a)Twal

where a,, is the dimensionless convective heat transfer coefficient between internal air
and product shell [-]

This allows to estimate the air temperatures from the product shell and box’s wall
temperatures.

Convective heat transfer coefficient can be estimated from free convection correlations
or local temperature measurements. Air mass flow rate can be determined from a
developed relation with heat transfer coefficient. More detail can be found in
Leungtongkum et al. (2023).

Radiative heat exchange

The radiative heat exchange between the lateral surface of product block 1 (Ts.1 in K)
and wall 1 (PCM surface, Tw.1in K) is shown in Eq. 3.

Qrsiwl = EW_16(T5_14 - Tw.14)CL (3)

Whereqgrsiw1 is the radiative heat exchange between surface of product block
1 and wall 1 [W]
Ew.1 IS the surface emissivity of wall 1 [-]
o is the Stefan-Boltzmann constant = 5.67 x 108 W-m2-K*
C is the length of the cross-section of the product block [m]
L is the length of the product block [m]

More details can be found in Leungtongkum et al. (2023).
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Temperature evolution of product, walls, and PCM, and PCM ice fraction
evolution

Eqg. 4 is the unsteady heat balance equations for the shell of product block 1 (Tsh.1).

dTsp1

. TC. _TS .
MCp.sh dr man.a(Ta.l - T,a.l) + ;Tchl ~— Qrsiwl — Qrsiwa (4)

where MCp sh is the thermal inertia of product shell [J-K1]
Rsh.c is the heat transfer resistance from shell to core of product [K-W-1]

qr.s1.w1 IS the radiative heat exchange between surface of product block
1 and wall 1 [W]

qr.s1.wa IS the radiative heat exchange between surface of product block
1 and wall 4 [W]

More details can be found in Leungtongkum et al. (2023).

The same approach was applied to the 12 solid zones: shell of product blocks, core of
product blocks and box internal walls.

Energy balance of PCM can be written for three different PCM states starting from
solid state when its initial temperature is lower than melting temperature to liquid state
after PCM is completely melted as follows.

- if PCM is completely frozen (Tpcm < Tm and ¢ = 1) or completely melted (Tpcm > Tim

and ¢ =0);
dar; Tw1—T, Text—T,
pcm _ ‘wi1i” {pcm ext” Ipcm
MCp.pcm dt R R (5)
pcmwil w.ext.1

- if PCM is partially melted (Tpem=Tmand 0 < ¢ < 1);

de Twl_Tpcm Text_Tpcm
Mpem =2 MHyys = — +-= (6)
pcmwil w.ext.1

Where MCppem [J-K 1] is the thermal inertia of PCM (different for frozen or
melted state)
Rpem.wi IS the heat transfer resistance from PCM to its container wall [K+
W]
Rw.ext.1 IS the heat transfer resistance from internal wall to the external [K
Wl]
@ is the ice fraction of PCM [-]
AHyys is the Latent heat of fusion [J-kg™]

Numerical solving
At a given time t, firstly, the eight air temperatures were deduced from the wall and

product shell temperatures (Eq. 2). To solve the eight linear algebraic equations, the (8x8)
matrix A was inverted with the numpy.linalg library. Then, the eight radiative heat
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exchanges (example in Eq. 3) were calculated. Finally, the thirteen heat balance
equations, i.e., 4 wall temperatures, 4 product shell temperatures, 4 product core
temperatures (example in Eq. 4) and 1 PCM (temperature or ice fraction, Eq. 5 and 6,
respectively) were applied with an explicit scheme with 5 s time intervals (shorter time
intervals led to the same results).

3. Code application

This code serves two purposes, first, for a simulation under a transient state, i.e.,
temperature evolution with time which is the case from the beginning of delivery (PCM
partially melted) to its end (PCM completely melted). Second, for a simulation under
steady state, i.e., when temperatures in the box reach equilibrium values while PCM
is not entirely melted.

The code allows the users to adjust the input parameters as follows:

- Box dimension and thermal conductivity

- PCM dimension, mass and fusion temperature

- Product dimension and physical properties

- Supply chain conditions, i.e., ambient temperature and duration

This code can be applied to a rectangular box loaded with the product of the same
form and a PCM slab on a side wall. It can be applied to other configurations, but
some modifications of the code are necessary.

The developed code was validated by comparing with the air and product
temperatures measured (1-minute intervals) in an insulated box loaded with a test
product made of methylcellulose. The experiment was undertaken in a test room with
several controlled ambient temperatures. More detail on constitutive equations and
experimental validation can be found in Leungtongkum et al. (2023).

4. Impact and conclusions

Food safety and security has become an urgent issue for several years. A way to
maintain food quality is to store it under low temperature along the cold chain.
Transportation using insulated boxes with Phase Change Material (PCM) can play an
important role, particularly when cooling devices are not available (Robertson et al.,
2017). Although food transport in an insulated box is practical and cost-effective,
spatial and temporal temperature variations were observed (Laguerre et al., 2013;
Mercier et al., 2017) and may cause temperature abuse. This is due to insufficient
PCM mass or inappropriate PCM positioning while an empirical approach is still
mainly used in practice.

This software paper presents a code of simplified thermal model to predict air and
load temperatures in an insulated box equipped with PCM and exposed to different
time-temperature profiles as in a supply chain. This simplified model based on a zonal
approach and coded in Python language, is original comparing to the finite elements
or finite volumes CFD models. This model gives good precision as it involves all three
heat transfer modes, i.e., conduction, convection, radiation, and airflow inside the box.
The simulation takes less than 10 s using a computer with 64 GB of RAM comparing
with more than 3 days by CFD for the box with the same configuration. This model
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can be easily used as a real-time prediction tool to estimate the food temperature
inside an insulated box in a real supply chain. This code also allows the researchers
and the stakeholders to investigate the effect of box configurations and operating
conditions on spatial and temporal temperature variations. It is possible to couple this
model with microbial growth models to quantify the contamination load in a supply
chain until consumption. It can help stakeholders to limit food loss and waste and
assure food safety.
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