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This paper reviews the results of frosting, defrosting and frost management research that have been reported over the past fifty years. The literature can be split into three categories: frost formation and properties, frost effect and frost management techniques, and those for different geometries and under different conditions. The aim is to provide an overview of the studies made over recent years that have targeted frost management, so researchers, manufacturers, designers and any concerned party can quickly obtain essential and sufficient information about the frosting phenomenon, allowing them to develop and complete ongoing studies. Emphasis is placed on analyzing available experimental, theoretical and numerical studies in industrial food freezing conditions. The specificities, constraints and challenges of industrial freezing are discussed in each section. Under industrial freezing conditions, several sources of humidity are involved and a third mechanism of frost formation in the air, may occur, resulting in less dense and more insulating frost. Numerical modeling has shown promising results in frosting/defrosting but other major parameters still need to be modeled in order to represent the real behavior of industrial systems. Evaporator-fan coupling must be taken into account as well as the need for a dynamic system approach. Many frost formation retardation and defrosting strategies may not provide the same effectiveness in these conditions compared to others. Several preventive, technical and research solutions have yet to be found. In this review, the gaps existing in research on frost in industrial food freezing conditions are identified, and recommendations are provided.

Nomenclature

A Area (m²) Aw water activity (= ) specific heat capacity of air (J.kg -1 .K -1 ) Cvap-eq water vapor concentration in equilibrium with the product surface (kg.m -3 ) Cvap-sur water vapor concentration in the surrounding air (kg.m -3 ) hydraulic diameter (m) E energy transfer coefficient (W.m -2 . K -1 )

Fourier number (F = ) hm external mass transfer coefficient (m.s -1 ) ∆ℎ latent heat of condensation or sublimation of water vapor (J.kg -1 ) 2 thermal conductivity (W.m -1 .K -1 ) mass flow rate (kg.s -1 ) " mass concentration (kg.m -²) " mass flux (kg.s -1 .m -2 ) MRI frost mass reduction Index P pressure (Pa) Qv air volume flow rate (m 3 .s -1 ) coil air-on absolute humidity (kg.kg -1 ) coil air-off absolute humidity (kg.kg -1 ) sensible heat ratio (=

∅ !" ∅ !" #∅ $ ) T temperature (K) U
heat transfer coefficient (W.m -2 . K -1 ) UA sensible capacity rating (W.K -1 ) V velocity (m.s - 

Introduction

The use of refrigeration in the food sector is continually expanding to meet the needs of the population [START_REF] Coulomb | Refrigeration and cold chain serving the global food industry and creating a better future: two key IIR challenges for improved health and environment[END_REF]. Most existing refrigerating equipment is based on the compression and expansion of a refrigerant.

However, this compounds environmental issues. Indeed, refrigeration consumes about 15% of all electricity consumed worldwide, and the latter is mostly produced using fossil fuels [START_REF] Coulomb | Refrigeration and cold chain serving the global food industry and creating a better future: two key IIR challenges for improved health and environment[END_REF]. Refrigeration is the major energy-intensive process of the food chain and, in high-income countries, it is the major contributor of GHG emissions in the postproduction food chain [START_REF] Vermeulen | Climate Change and Food Systems[END_REF]. As promoted by IIR, reducing the energy consumption of refrigerating equipment must become a key environmental priority throughout the sector. The growth of the frozen food industry has also fueled the need for new technologies to improve freezing process efficiency and reduce its cost [START_REF] Sutariya | Food Freezing: Emerging Techniques for Improving Quality and Process Efficiency a Comprehensive Review[END_REF].The freezing and storage of products at negative temperatures (below 0°C), are very widespread in the food industry because they contribute to maintaining product quality over long periods. Since a single-stage vapor-compression refrigeration system is insufficient for these low-temperature applications, refrigeration units are usually designed in two stages or in cascade.

In industrial and commercial practices, two temperature categories are adopted to describe either frozen food or deep-frozen food. The term frozen food is used for products which are maintained at a steady temperature of -10 °C or colder. These products are frozen by a technique which involves a slow decrease in temperature. The term deep frozen food is used when the products temperature rapidly reaches -18 °C and is maintained at this temperature or colder. These products are frozen by different techniques which involve rapid and sudden freezing, exposing them intensely to temperatures from -30 °C to -196 °C until the product core temperature reaches -18 °C. Thanks to this process, the water contained in the cells of the products is finely crystallized [START_REF] Sadot | Microwave assisted freezing part 2: Impact of microwave energy and duty cycle on ice crystal size distribution[END_REF][START_REF] Schudel | Comparison of freezing and convective dehydrofreezing of vegetables for reducing cell damage[END_REF]. Thus, the treated products retain their freshness, textures and flavors, keeping their essential nutrients and vitamins. The deep-freezing process requires specific equipment which may be divided into the following main groups according to the heat transfer medium [START_REF] Bøgh-Sørensen | Recommendations for the Processing and Handling of Frozen Foods[END_REF]: Direct contact (plate, band and drum freezers), air or other gaseous media (blast freezers), liquid (immersion freezers) and liquid/solid evaporation (liquid nitrogen and solid or liquid carbon dioxide freezers).

Air-blast freezers are the most common type of food freezer in which individual product items or cardboard products are placed in a forced air stream within a cabinet or tunnel. When the products are unpackaged, they release moisture due to the evaporation of water. Moreover, moist air can also enter into the freezer, especially from the freezer openings designed for the entry and exit of products (Figure 1). To ensure freezing, air is cooled through the evaporator and pulsed onto the product by fans at high-speeds ranging from 3 m/s to 6 m/s and at a temperature ranging from -25 °C to -40 °C or less, then it is recycled to be cooled again. Air blast freezers operate with an evaporator in the form of a finned tube heat exchanger. Frost formation occurs when the air is in contact with the surfaces of cold coils whose temperature is below the dew point temperature of this air and the freezing point of water.

Whatever the engineering application, this frost deposition reduces the heat transfer between the air and the outer surface of the evaporator [START_REF] Marinyuk | Heat and mass transfer under frosting conditions[END_REF][START_REF] Hosoda | Effects of Frost on the Heat Transfer Coefficient[END_REF], decreases the airflow rate by up to 80% [START_REF] Aganda | Airflow maldistribution and the performance of a packaged air conditioning unit evaporator[END_REF][START_REF] Sanders | Frost formation: The influence of frost formation and defrosting on the performance of air coolers[END_REF], greatly reduces the refrigeration system capacity [START_REF] Guo | Experimental study on frost growth and dynamic performance of air source heat pump system[END_REF] and may increase its energy consumption [START_REF] Heim | Etude du givrage et du degivrage d'evaporateurs de chambre froide -Optimisation experimentale[END_REF].

Subsequently, the impact of this energy consumption leads to an economic impact.

To avoid these negative consequences of frost formation, several frost management strategies and defrosting methods have been proposed and implemented [START_REF] Amer | Review of defrosting methods[END_REF]. Nevertheless, if these methods are not well conducted, they can penalize the efficiency of the systems used instead of improving their performance [START_REF] Mader | A new method of defrosting evaporator coils[END_REF] .

Optimizing defrost systems means adapting technologies to the type of frost formed and controlling their starting and stopping times. To do this, most researchers have focused on the formation mechanisms [START_REF] Ma | Experimental and numerical investigations of frost formation on wavy plates[END_REF][START_REF] Wu | Experimental study of frost formation on cold surfaces with various fin layouts[END_REF][START_REF] Piucco | A study of frost nucleation on flat surfaces[END_REF] and properties of frost [START_REF] Song | Review on the measurement and calculation of frost characteristics[END_REF]. Understanding the frost formation process and being able to predict the properties of the frost layer are both key elements required when proposing effective frost management solutions. The more the designers of heat exchangers are able to predict the dynamic of frost layer growth, the more they will be able to design a system to slow frost growth as much as possible and/or minimize the impact of frost on the energy performance of the whole unit.

In the last few decades, many studies have been conducted on these different frosting and defrosting issues, but very few of them have placed this topic in the context of industrial food freezing. Most of them dealt with refrigeration and heat pump applications.

An industrial deep-freezer is more sensitive to frost phenomena compared, for example, to a heat pump or a simple domestic fridge. This is due to the combination of many different factors such as: very low temperatures, numerous sources of humidity, the complex geometry of the evaporators and also many constraints that can limit the application of frost management solutions. In addition, it should be noted that food quality is another important factor that has to be considered when evaluating the harmful consequences linked to the presence of frost in an industrial agri-food freezer.

Many interesting reviews have been written, summarizing and analyzing the literature on the frost formation process, frost characteristics [START_REF] Song | Review on the measurement and calculation of frost characteristics[END_REF], and defrosting technologies [START_REF] Amer | Review of defrosting methods[END_REF][START_REF] Wang | Research of anti-frosting technology in refrigeration and air conditioning fields: A review[END_REF]. However, most of these reviews focused on one or two points or even on a particular case like a specific geometry [START_REF] O'neal | A review of frost formation in simple geometries[END_REF] or specific and limited conditions [START_REF] Song | Review on improvement for air source heat pump units during frosting and defrosting[END_REF].

The purpose of this article is not only to make an exhaustive presentation of the literature, but also to conduct, in a synthetic and clear way, a thorough study of all the issues linked to both frosting and defrosting processes. This review will help researchers, manufacturers, designers and any concerned party to obtain an overview of the various efforts made over the last 50 years in the area of frost management. These reported efforts include those concerning the frost formation process, frost growth and properties, the frost effect, and defrosting technologies. For each topic, attention is given to industrial food freezers to highlight their particularities and challenges. Finally, conclusions are drawn and the outlook for the future is presented.

The present review is divided into four main sections. First, a synthetic database is proposed to know how the literature deals with frost issues in industrial freezing processes. In the second section, the frosting process is explained, focusing on the studies that have been carried out to examine the properties of frost and its growth under different conditions and for different applications. The third section is devoted to studies related to frost thermal and hydraulic effects. The last section is devoted to studies aimed at managing the problem of frost. At the end of each section, and by combining elements from the literature with the author's knowledge, the particularities of the deep-freezing process are pointed out. 

Preliminary overview of research on industrial freezing conditions

Based on the existing literature from the 1957 to 2020, a database of around 130 papers has been generated in order to categorize the studies carried out under freezing conditions and on an industrial scale compared to those carried out under other conditions (heat pump, HVAC, cryogenic, etc.) and at other scales (laboratory, domestic, etc.).

In the framework of the objective of this review, the literature which reported frosting and defrosting research in any conditions or applied to any field was selected. Then, the appropriate literature was classified by year of publication. Next, the literature was classified by:

-Type of studies: experimental or numerical/ theoretical; -Type of geometry: simple geometry (flat plate, cylinder, parallel plates, vertical plate) or complex geometry (finned-tube, microchannel, etc.); -Range of wall temperature and air inlet temperature;

-Range of air inlet velocity;

-Fan control mode: constant airflow (variable fan speed) or variable airflow according to fan curve.

Despite the clear progress made with the number of theoretical and numerical studies between 1957 and 2020 (Figure 2), experimental studies remain predominant and make up about 60% of the total studies. Different experimental configurations ranging from laboratory apparatus to industrial evaporators led to better understanding of many aspects of the phenomena involved. However, there are still some challenges and progress to be made relating to certain measurements (frost thickness, mass, distribution) and on data acquisition [START_REF] Janssen | Experimental strategies for frost analysis[END_REF]. The lack of numerical studies, especially in the 20 th century, may be explained by the complexity of the phenomena which are non-linear, transient and need the appropriate coupling of heat and mass transfer models with a wide range of boundary conditions. With the progress achieved in numerical tools, efforts have been made in recent years to take into account the maximum physical phenomena in modeling, adopt several approaches [START_REF] Qiao | Transient modeling of two-stage and variable refrigerant flow vapor compression systems with frosting and defrosting[END_REF] and model complex geometries. The type of surfaces that have been studied is shared almost equally between the simple surfaces and the complex surfaces of heat exchangers. However, in the latest review [START_REF] Song | Review on the measurement and calculation of frost characteristics[END_REF] reporting the literature up to around 2018, the authors noted that most studies prior to 2010 were focused on flat plate surfaces which are more basic. The review also showed that during the last decade the heat exchangers have received more interest.

Figure 3 (a) and Figure 3(b) clearly point out that, in the literature, the wall temperature and the air temperature mostly range between -15 to -5 °C and 0 to 20 °C, respectively. These ranges are easier to reproduce experimentally, but above all it confirms that most of the applications studied target heat pump applications.

It should be noted that low wall temperatures are not neglected in the same way as in recent decades.

Recently, frost properties, the thermo-hydraulic behavior of the heat exchanger and defrosting have been investigated at temperatures below -30 °C. However, these wall temperatures have always been coupled to high air inlet temperatures in order to enrich the input data to understand the dynamics of frost. Nevertheless, they are not representative of real freezing conditions.

By categorizing studies by range of air velocity (Figure 4), it can be seen that around 60% of the total studies focused on low velocity < 2 m/s whereas only 20% of them focused on higher air velocities (> 3 m/s) such as encountered in industrial freezers.

To better examine the presence of freezing conditions in the frosting and defrosting literature, we selected only the studies that satisfy three conditions at the same time. These are: low wall temperature (<-30 °C), low air temperature, and high air velocity (>3 m/s). Doing this, some typical studies from the 1957 to 2020 and their operational geometries, temperature ranges, and air velocities are listed in Table 1; the data from the table are illustrated in Figure 5. Only 13% of all the research from 1957 to 2020 has investigated the problem of frosting/defrosting in freezing conditions, with simple and complex geometries. Adding complex geometry as the fourth condition, only 7% of total research has investigated a whole heat exchanger in freezing conditions. Despite the major challenges involved in controlling frost during deep freezing conditions, these figures indicate that the literature is rather poor in this area, therefore encouraging investigation.

In addition, almost all industrial freezing systems are equipped with a fixed-speed motor driven fan coil unit. But, the behavior of frost and its effects on evaporator thermal hydraulic performance will not be the same when operating with a variable fan speed to maintain a constant airflow [START_REF] Zhang | A comparative study of frosting behavior on finned tube heat exchanger under different fan control modes[END_REF].

Therefore, we have classified the literature by fan control mode. More than 80% of the studies were carried out at constant airflow (variable fan speed). Nonetheless, most of the studies, especially those using models, did not consider the decrease airflow that actually takes place in fan-supplied evaporators under frost conditions, which is one of the primary causes of cooling capacity reduction.

Taking into account the fan-supplied airflow reduction, the air convective thermal resistance (due to frost blocking effect) in a heat exchanger may be 6 times higher than the conductive counterpart (due the frost thermal resistance) after 75 minutes operating time [START_REF] Silva | First-principles modeling of frost accumulation on fansupplied tube-fin evaporators[END_REF]. Indeed, this condition of constant fan speed has been added to the selection criteria of industrial freezing conditions. According to the authors knowledge, only one existing study [START_REF] Aljuwayhel | Numerical and Experimental Study of the Influence of Frost Formation and Defrosting on the Performance of Industrial Evaporator Coils[END_REF] has been carried out on the large air cooling evaporator coils typically used in an industrial ammonia freezing system operating under low air and refrigerant temperature conditions with a finned tube heat exchanger and high air velocity.

However, this study does not enrich the literature with complete data on the occurrence of frost under these conditions. It is only recently in 2020, that dynamic modeling and simulation were performed on a laboratory air blast freezer and showed promising results in this field [START_REF] Badri | Dynamic modeling and simulation of frost formation on blast freezer heat exchanger[END_REF]. Badri et al. [START_REF] Badri | Dynamic modeling and simulation of frost formation on blast freezer heat exchanger[END_REF] used a simple frost model based on a constant frost density (128 kg/m 3 ). Such simplification allows the prediction of adequate trends of frost properties. However, the frost effect on the thermo-hydraulic performance of the freezer would likely be confounded since assuming a constant frost density may cause an under-prediction of frost thickness especially during the early stage. Therefore, the model must be completed with other phenomena, mainly the water vapor diffusion inside the frost layer. 

Frost formation process, frost growth and frost properties

Frost formation has received varying degrees of attention over the last 50 years. A large number of experimental, theoretical and numerical investigations have been reported relative to frost formation mechanisms, frost growth and frost properties. The different stages involved are studied sequentially to understand the whole frosting process and the factors affecting this phenomenon. Moreover, numerical models and empirical correlations have been proposed to predict frost properties in order to develop effective defrosting and anti-frosting technologies.

Frost formation process

Whatever the use of the heat exchanger, the two main factors that provoke frost formation on its surface are humidity and temperature. The difference resides in the transformation mechanism of the vapor contained in the air into ice crystals and the way it is deposited on the cold coils of the heat exchanger. Two studies by Hermes et al. [START_REF] Piucco | A study of frost nucleation on flat surfaces[END_REF][START_REF] Hermes | A study of frost growth and densification on flat surfaces[END_REF] investigated frost formation on a cold plate and found that two types of transformations can occur:

-Either the vapor condenses in contact with the cold wall if the surface temperature is below the dewpoint but higher than the triple point of water. Then, the droplets formed can freeze if the temperature of the surface decreases to 0 °C.

-Or the vapor turns directly into ice crystals (desublimation) in the case where the temperature of the surface and the dew-point are both lower than the triple point of the water.

Brian et al. [START_REF] Brian | Frost Deposition on Cold Surfaces[END_REF] discussed another mechanism of frost formation. The air vapor may freeze in the air without any contact with a wall, thus forming a fog, before being deposited on the different cold surfaces in the freezer. These researchers explained that this phenomenon is due to the large temperature difference between the bulk air and the evaporator walls. The properties of the frost formed under these conditions are different from those of the frost formed by the two mechanisms described previously. This phenomenon will be discussed in more detail in section 3.3.

Moreover, as the way frost occurs on the plate can significantly influence its growth, some researchers have focused in particular on the analysis of the aspect of the ice crystals formed as a function of the air humidity and the temperature of the cold surface. Kobayashi [START_REF] Kobayashi | On the Habit of Snow Crystals Artificially Produced at Low Pressures[END_REF] proposed a map of the different shapes of ice crystals formed under different temperature and super-saturation degree conditions. Qu et al. [START_REF] Qu | Local variation of frost layer thickness and morphology[END_REF] took this idea further by adding that the shape of crystals subsequently influences the growth rate in the early stage of frost formation.

In Figure 6, a graph proposed by Wu et al. [START_REF] Wu | Mesoscale investigation of frost formation on a cold surface[END_REF] shows the initial frost crystals classified into five groups according to their occurrence and shape. This classification has been obtained by observing the mesoscale frost formation process on a horizontal flat copper surface exposed to an airflow at 22 °C.

As mentioned by Kobayashi [START_REF] Kobayashi | On the Habit of Snow Crystals Artificially Produced at Low Pressures[END_REF], the appearance of crystals is not identical, reinforcing the idea that there is a relationship between crystal morphologies, the temperature of the cold plate and air humidity. We highlight that, using microscopy, some authors have observed that the shape of ice crystals is primordially affected by surface temperature and less affected by relative humidity.

Nevertheless, it should be noted that their experiments were carried out on surfaces ranging from -20 to 0 °C and in air at 22 °C. This means that at much lower temperatures the appearance of the crystals may be different, likewise for the effects of temperature and humidity.

Some researchers have studied frost formation on other different geometries. The studies of Lee et al.

[48] on a vertical plate, Tajima et al. [START_REF] Tajima | Frost Formation on Air Coolers, Part I : Natural Convection for a Flat Plate Facing Upwards[END_REF] on a vertical plate air cooler, Cremer and Mehra [START_REF] Cremers | Frost Formation on Vertical Cylinders in Free Convection[END_REF] on a cylinder, and Han and Ro [START_REF] Han | The characteristics of frost growth on parallel plates[END_REF] on parallel plates, have all enhanced the previous results relating to frost formation mechanisms. Moreover, these authors added that frost can be formed even under low humidity with a dew point below 0 °C, in agreement with the results of Wu et al. [START_REF] Wu | Mesoscale investigation of frost formation on a cold surface[END_REF]. According to Han and Ro [START_REF] Han | The characteristics of frost growth on parallel plates[END_REF], location is an important factor to take in account during studies of frost formation mechanisms in complex geometries and especially for a finned tube geometry which is more disadvantageous regarding this aspect. Frost distribution is not homogeneous and therefore the test location cannot always be representative of the whole geometry.

Leoni [START_REF] Leoni | Etude Experimentale et modelisation de la formation et du developpement du givre sur une plaque refroidie[END_REF] reinforced this idea and estimates that it is easier to study or visualize the frost formation process on flat plates microscopically and determine the key parameters involved in it. Other geometries were more difficult to study; this is due to several constraints, mainly the uniformity and the distribution of frost on these types of geometry as well as the difficulty of carrying out measurements on these evaporators.

Frost growth and properties

Frost growth is a complicated process because of the characteristics of frost that change depending on several environmental and technical parameters; they are also influenced by time and history during this process. Nevertheless, Hayashi et al. [START_REF] Hayashi | Study of frost properties correlating with frost formation types[END_REF] demonstrated that the process itself, independently of Surface temperature (°C) Vapor concentration difference between the bulk air and the surface (g/Kg)

Figure 6: Effect of surface temperature and air humidity on the shape of the earliest ice crystals; I: super-cooled water droplets, II: irregular crystals, III: flake crystals, IV: needle

and pole crystals, V: feather crystals [START_REF] Wu | Mesoscale investigation of frost formation on a cold surface[END_REF].

frost properties, can be considered as a common process that can be divided generally into three periods:

• Crystal growth period: at this stage, frost crystals form on the cold surface and, as they are generally distant from each other, they begin to develop vertically. This period can be considered as one-dimensional growth.

• Frost layer growth period: branches are generated around the top of the crystals so they interact with each other, forming a more uniform layer where the growth becomes more threedimensional.

• Full growth of the frost layer: at this level, the crystals stop changing size and shape, the frost layer becomes flatter, then the surface begins to melt allowing the condensed water to diffuse inside the frost layer, thereby increasing its density. Then the deposition of frost begins again and the cycle; melting, freezing, deposition continues.

Experimental studies

Several experimental studies have been performed to understand how frost dynamics vary the major parameters affecting frost on a heat exchanger surface; these parameters appear to be air humidity and velocity, plate temperature, the location on the heat exchanger, and the location of the heat exchanger itself. Certain experimental studies have led to the proposal of empirical relationships that can be used to predict the thickness of frost, its density and its thermal conductivity as a function of several parameters. These correlations will be discussed in the next paragraphs.

All the studies that have been conducted on flat plates [START_REF] Leoni | Frost formation and development on flat plate: Experimental investigation and comparison to predictive methods[END_REF], parallel plates and cylinders [START_REF] O'neal | A review of frost formation in simple geometries[END_REF], microchannels [START_REF] Moallem | Experimental measurements of the surface coating and water retention effects on frosting performance of microchannel heat exchangers for heat pump systems[END_REF] and finned tube heat exchangers [START_REF] Amini | Experimental study of frost formation on a fin-and-tube heat exchanger by natural convection[END_REF], agree that the frost thickness increases as the humidity of the air increases and the temperature of the cold surface decreases. A large temperature difference between the air stream and the plate surface, and high air humidity, respectively, allow increasing of the mass transfer flow and raise the driving force of deposition, thus accelerating frost thickening. However, experimentally, the effect of air inlet velocity has revealed a considerable contradiction in the literature regarding the dependency of frost thickness on air velocity [START_REF] Léoni | State-of-the-art review of frost deposition on flat surfaces[END_REF]. Based on experimental measurement of frost thickness on a cooled cylindrical tube at -25 °C, Schneider [START_REF] Schneider | Equation of the growth forming on cooled surfaces[END_REF] found that varying the air velocity from 1.2 to 10 m/s had no effect on the frost thickness. Schneider suggested a correlation to predict the frost thickness depending on time and the temperature difference between frost surface and cooled wall excluding the air velocity. In contrast, results from Hosoda et al.

[8], and Barzanoni et al. [START_REF] Barzanoni | Experimental investigation of frost formation on a horizontal cold cylinder under cross flow[END_REF], showed a great dependence between the frost thickness and air velocity.

According to them, increasing the air velocity increases the frost thickness.

Lee and Ro [START_REF] Lee | Frost formation on a vertical plate in simultaneously developing flow[END_REF] experimentally examined the effect of operating conditions on the growth of frost on a vertical aluminum plate. Lee and Ro found that the effect of velocity is minor compared to that of air humidity and of cooling surface temperature on frost thickness. At -15 °C wall temperature and 15 °C air temperature, the frost thickness seems to increase slightly from 3 to 3.2 mm for Reynolds numbers ranging from 1000 to 2000, respectively.

Recently, Leoni et al. [START_REF] Leoni | Etude Experimentale et modelisation de la formation et du developpement du givre sur une plaque refroidie[END_REF] made a test bench to propose new data on frost formation on a flat plate exposed to a humid airflow inside a closed-loop wind-tunnel. At -14.3 °C wall temperature, 12 °C air temperature, and an air relative humidity of 80% and by varying the air velocity from 2 m/s to 4 m/s; frost seems a little bit thicker at low air velocity. In Table 2, the three evaluations of the relationship between frost thickness and air velocity and their interpretations are grouped together. O'Neal and Tree [START_REF] O'neal | Measurement of frost growth and density in a parallel plate geometry[END_REF] explained this contradiction by showing the existence of a critical Reynolds number of approximately 13000 above which frost growth on a flat plate is independent. This conclusion was confirmed experimentally by Lee et al [START_REF] Lee | A one-dimensional model for frost formation on a cold flat surface[END_REF]. The latter investigated the effect of varying the operating conditions on frost thickness and noticed that there is little difference in frost thickness if the inlet air velocity is over 2 m/s (Reynolds number > 1000).

In the same way, the variation of frost density has been analyzed experimentally by many authors. A parametric study of the literature data of a flat plate performed by Leoni et al. [START_REF] Léoni | State-of-the-art review of frost deposition on flat surfaces[END_REF], showed that the increase of the Reynolds number causes the occurrence of a denser frost layer. When the air velocity is high, mass and heat transfer increase, leaving less space for air in the porous layer [START_REF] Hermes | A study of frost growth and densification on flat surfaces[END_REF]. In addition, high wall temperatures favor frost densification; the mass flow that contributes to the increase in the layer mass is higher than that contributing to the increase in thickness [START_REF] El Cheikh | A mathematical model for frost growth and densification on flat surfaces[END_REF].

As for humidity, its effect on frost density remains to be clarified because some disagreements continue in the literature [START_REF] Leoni | Etude Experimentale et modelisation de la formation et du developpement du givre sur une plaque refroidie[END_REF]. On one hand, Hermes et al. [START_REF] Hermes | A study of frost growth and densification on flat surfaces[END_REF] investigated experimentally the frost densification on a flat surface (100 mm × 100 mm) cooled at -15 °C by a thermoelectric cooling device including the aluminum plate on the cold side and an air source heat exchanger on the hot-side.

The plate was exposed to an airflow at 22 °C that was driven by an axial fan at velocity of 0.7 m/s.

Hermes et al. [START_REF] Hermes | A study of frost growth and densification on flat surfaces[END_REF] noticed that two hours after starting the test, the frost density was 2 times higher at an air relative humidity of 80% compared to 50%. On the other hand, frost growth experiments were conducted by Wang et al. [START_REF] Wang | A generalized simple model for predicting frost growth on cold flat plate[END_REF] on a cold flat plate (40 mm × 40 mm) under variant frosting conditions.

By maintaining constant the air temperature at 0 °C, the plate temperature at -16 °C, and the air velocity at 5 m/s; the average frost density after one hour was around 200, 250 and 220 kg/m 3 for air relative humidities of 42%, 53% and 72%, respectively. This means that the frost density was higher for medium relative humidity.

Lee et al. [START_REF] Lee | The Effects of Frost Formation in a Flat Plate Finned-Tube Heat Exchanger[END_REF] performed an experimental study on the effect of air temperature, air humidity, and air velocity on frost growth on a finned-tube heat exchanger. They found that increasing the air inlet relative humidity leads to a thicker frost layer with a lower frost density and thus a higher thermal resistance. Increasing the air velocity leads to a reduction in frost thermal resistance, an increase in frost thickness, and an increase in frost density. Increasing the inlet air temperature results in a reduction of frost thickness, an increase in frost density, and a decrease of thermal resistance. It should be noted that the relative humidity was not held constant during certain tests. As a result, the conclusions of this parametric study were likely inconclusive. Recently, a series of experiments were carried out by Liping et al. [START_REF] Liping | Experimental Study of Frost Growth Characteristics on Surface of Fin-tube Heat Exchanger[END_REF] in order to investigate the effect of ambient conditions on the frost growth characteristics on a single row fin-tube heat exchanger. The experiments were conducted in a psychometric room where the air temperature and relative humidity were controlled to vary between -3 °C and 0 °C and between 65% and 85%, respectively. All their results were consistent with those of Lee et al. [START_REF] Lee | The Effects of Frost Formation in a Flat Plate Finned-Tube Heat Exchanger[END_REF]. Liping et al. [START_REF] Liping | Experimental Study of Frost Growth Characteristics on Surface of Fin-tube Heat Exchanger[END_REF] also added that for their cases, the effect of air inlet velocity on frost thickness was very low.

Finally, it seems difficult to decide and generalize the effect of each independent parameter on frost growth and densification. It depends on several parameters that have to be combined to precisely determine their effects.

Theoretical and numerical studies

Theoretical and numerical studies have been also conducted to clearly understand frost growth dynamics. Three main categories of frost models exist in the literature:

Models based on empirical correlations: They aim at predicting frost characteristics, mainly frost thickness, density and thermal conductivity [START_REF] Song | Review on the measurement and calculation of frost characteristics[END_REF] over time and as a function of operating conditions.

However, these models are specific to particular cases and the operating conditions used for their development. They are not always applicable in other operating conditions and different contexts. An interesting recent review [START_REF] Song | Review on the measurement and calculation of frost characteristics[END_REF] listed the frost layer properties (thickness, density, and thermal conductivity), heat transfer and mass transfer correlations that have been investigated since 1970.

Under freezer operating conditions, and according to the author's knowledge, only one correlation developed by Mao et al. [START_REF] Mao | Frost characteristics and heat transfer on a flat plate under freezer operating conditions: Part I, Experimentation and Correlations[END_REF] has been able to predict frost properties for low wall and air temperatures, high air humidity and large air velocity intervals. Based on an experimental investigation of frost growth on a cold plate, the authors survey the frost characteristics variation over a large surface (600 mm × 200 mm) using special measurement techniques. The laser beam method was used to measure the frost height and many removable disks flush mounted in the cold base plate permitted the measurement of frost mass concentration. Twenty tests were done for steady operating conditions; each were run for two hours. Depending on the cold plate temperature and the relative humidity of the supply air, Mao et al. [START_REF] Mao | Frost characteristics and heat transfer on a flat plate under freezer operating conditions: Part I, Experimentation and Correlations[END_REF] found that the frost could appear either smooth or rough.

Depending on these two parameters, the authors suggested a map showing the frost surface characteristics. Doing this, they propose three groups of correlations. Ones for the rough frost surface, ones for the smooth surface, and more general correlations for both of them. In each correlation, frost characteristics were correlated as a function of five independent variables expressed as follow:

QR " , T QR , U QR , QR = ( (% * ) VW (I) VX (Y * ) VZ [ V\ V] (1) 
Where % * is the ratio of the distance from the leading edge and the inlet hydraulic diameter, I is the inlet air humidity ratio, Y * is a cold plate temperature ratio, Re is Reynolds number, and is Fourier number. These correlations are available for the operating conditions reported in Table 1 and that are typical of many industrial and commercial freezers. Table 3 summarizes the resultant correlations classified on each frost surface type. [START_REF] Mao | Frost characteristics and heat transfer on a flat plate under freezer operating conditions: Part I, Experimentation and Correlations[END_REF]. Computational Fluid Dynamics (CFD) based models have been developed mainly to accurately predict detailed phenomena like the frost layer structure and the distribution of absolute humidity inside the frost layer [START_REF] Cui | A new model for predicting performance of fin-and-tube heat exchanger under frost condition[END_REF][START_REF] Cui | A new time-and space-dependent model for predicting frost formation[END_REF][START_REF] Kim | Frosting model for predicting macroscopic and local frost behaviors on a cold plate[END_REF][START_REF] Kim | Frost behavior on a fin considering the heat conduction of heat exchanger fins[END_REF][START_REF] Yang | Frost formation on a cold surface under turbulent flow[END_REF]. These models can be used to predict and simulate the macroscopic behavior of the frost layer. Computational fluid dynamics method could be classified intro three categories. The first type does not take into account the airflow side, focusing only on frost. The heat and mass transfer from the air to the frost region are then calculated using empirical correlations assuming either the humid air near to the frost surface was saturated [START_REF] Lee | A one-dimensional model for frost formation on a cold flat surface[END_REF][START_REF] Jones | Frost formation with varying environmental parameters[END_REF] or supersaturated [START_REF] Na | New model for frost growth rate[END_REF][START_REF] Na | Mass transfer on and within a frost layer[END_REF].

Table 3: Correlations of Rough and Smooth frost surface for frost properties under freezer operating conditions

The second group uses models based on Eulerian multi-phase representation and they considered two phases: the primary one is gas (air side), and the secondary one is ice. Such dual phases had been Recently, a CFD based three dimensional model has been performed [START_REF] Wu | Numerical simulation of frosting on fin-and-tube heat exchanger surfaces[END_REF] including the fin, the two airflow passages (over and under the fin), and an inlet and outlet section in the computational region.

Implementing the model in FLUENT, the numerical results show the frost distribution on a finned tube heat exchanger, the temperature distribution and the airflow pressure drop. The simulation conditions were -5 °C as an initial wall temperature, and 2 °C, 80% and 1 m/s as air inlet temperature, relative humidity and velocity, respectively. Running 50 min, the frost appeared to be thicker and denser on the windward side of the heat exchanger and the pressure drop has practically doubled.

In contrast to these approaches, the third category uses the same Eulerian method but solves the governing equations in a single domain [START_REF] Armengol | Modeling of frost formation over parallel cold plates considering a two-dimensional growth rate[END_REF]. Kim et al. [START_REF] Kim | Frosting model for predicting macroscopic and local frost behaviors on a cold plate[END_REF] used CFD to proposed a new water vapor mass transfer rate by modifying Sauter mean diameter and validated the model against experimental data of Lee et al. [START_REF] Lee | Prediction of the frost formation on a cold flat surface[END_REF]. Compared to existing models, Kim et al. [START_REF] Kim | Frosting model for predicting macroscopic and local frost behaviors on a cold plate[END_REF] have eliminated the two assumptions related to initial frost thickness and density. Cui et al. [START_REF] Cui | A new time-and space-dependent model for predicting frost formation[END_REF] proposed frosting mass transfer model based on the theory of nucleation and they focus not only on the frost behavior but also on the macroscopic description of the initial period of frost formation on a cold plate. Doing this, Cui et al. [START_REF] Cui | A new model for predicting performance of fin-and-tube heat exchanger under frost condition[END_REF] improved this model by taking into consideration the influence of surface structure and they simulate the performance of finned tube heat exchanger under frost conditions.

In fact, under freezing conditions where the surface temperature is too low, the frost formed is highly porous. It means that two quantities of water vapor diffusing in the frost layer should be considered.

The first one diffuse from the frost layer surface. The second one penetrates directly from the airflow through the spaces occupied by air inside the frost layer. However, as illustrated in Figure 7, in CFD based model, the air volume inside the frost layer could be recognized as frost and the airflow into these spaces may be blocked. Such limitations have been reported in details by Lee et al. [START_REF] Lee | Modeling of frost layer growth considering frost porosity[END_REF];

pointing out that CFD approach is still restricted to the analysis of these types of local phenomena.

Moreover, the CFD based models requires a long time although a huge number of complex calculation is processed. Their application for large size industrial geometry is still not up to date.

Finally, the main approach is to develop models based on heat and mass diffusion through the frost layer considered as a porous medium [START_REF] Lee | A one-dimensional model for frost formation on a cold flat surface[END_REF][START_REF] Jones | Frost formation with varying environmental parameters[END_REF][START_REF] Na | New model for frost growth rate[END_REF][START_REF] Kondepudi | Frosting performance of tube fin heat exchangers with wavy and corrugated fins[END_REF][START_REF] Gall | Modelling of frost growth and densification[END_REF]. These models are a good compromise between the physical phenomena taken into account and their simplicity of use for simulation. All the models based on heat and mass diffusion through the frost layer use the same set of basic equations. However, in addition to this basic set, the authors considered many different assumptions. In order to make the numerical modeling more tractable, the physical models in the literature adopt the same assumption that the water vapor transported onto the frost surface from the air stream consists of two parts. Part of this water vapor directly diffuses into the frost layer and then solidifies the frost, while the remainder deposits on the frost surface and then increases the frost thickness.

Since the frost growth period is of primary interest, especially for a system scale analysis, quasi-steady state models are more favorable and more widely used than fully transient models. Admittedly, fully transient models of frost are very interesting since they can take into account the early stage of frost formation and the spatial variation in temperature and density within the frost layer. However, fully transient models are too computationally expensive; also, the early stage of frost formation is thought to be of secondary interest, especially in a dynamic system modeling approach [START_REF] Qiao | Transient modeling of two-stage and variable refrigerant flow vapor compression systems with frosting and defrosting[END_REF]. Figure 8 shows a diagram of all the zones and phenomena considered in the frost models. Three zones are considered:

the air-stream with convective heat and mass transfer, the frost layer with heat and mass diffusion, and the interface between the two zones at the frost surface.

As explained in the previous paragraph, the overall water vapor mass flux received by the frost layer is divided into the growth and the densification mass fluxes. The water vapor mass balance can be written as: Indeed, in the quasi-steady model of frost accumulation, the set of equations cannot be used without specifying different coefficients, adopting some simplifications and defining initial conditions.

Therefore, frost growth is handled by different approaches regarding:

-The water vapor diffusion inside the frost layer. Either to assess the water vapor desublimation rate invariant within the frost layer [START_REF] Fukada | Internal mass flux through frost[END_REF][START_REF] Lee | Analysis of the frost growth on a flat plate by simple models of saturation and supersaturation[END_REF][START_REF] Tahavvor | Experimental and numerical study of frost formation by natural convection over a cold horizontal circular cylinder[END_REF][START_REF] Kandula | Frost growth and densification in laminar flow over flat surfaces[END_REF], i.e. frost has a flat density profile in the perpendicular direction, so the porosity of the frost layer is uniform within the frost layer, or to consider it as proportional to the water vapor density [START_REF] Lee | A one-dimensional model for frost formation on a cold flat surface[END_REF][START_REF] Kim | Frost behavior on a fin considering the heat conduction of heat exchanger fins[END_REF][START_REF] Tso | An improved model for predicting performance of finned tube heat exchanger under frosting condition, with frost thickness variation along fin[END_REF];

-The water vapor saturation at the air-frost interface [START_REF] El Cheikh | A mathematical model for frost growth and densification on flat surfaces[END_REF][START_REF] Na | New model for frost growth rate[END_REF];

-The frost thermal conductivity. This frost property is calculated by empirical correlations proposed in the literature. Most of them correlate the thermal conductivity to the frost density but predict a large discrepancy in thermal conductivity especially for low densities;

-The initial conditions (initial frost density and thickness).

All these approaches have been analyzed and compared to experimental results by Breque and Nemer [START_REF] Brèque | Frosting modeling on a cold flat plate: Comparison of the different assumptions and impacts on frost growth predictions[END_REF]. Thereafter, and through simplification, the temperature Y y at the surface of the frost layer can be determined analytically; also, frost thickness and density at each time step are determined. Since these models do not take into consideration the nucleation process, the equations require initial conditions of frost density and frost thickness. These conditions must be chosen carefully because they have had major impacts on many results in the literature [START_REF] Brèque | Frosting modeling on a cold flat plate: Comparison of the different assumptions and impacts on frost growth predictions[END_REF]. Incidentally, T QR,zEz = 10 e{ and U QR,zEz = 30 |/ Z is the most basic and common approach adopted in the literature.

Most of these modeling studies aimed to examine the effect of frost on the evaporator and not the dependence of frost growth on operating conditions. The few models used in these parametric studies have found roughly the same trends as the experimental ones described below and they have also found the same contradictions [START_REF] Seker | Frost formation on fin-and-tube heat exchangers. Part I -Modeling of frost formation on fin-and-tube heat exchangers[END_REF][START_REF] Yao | A study on the performance of the airside heat exchanger under frosting in an air source heat pump water heater/chiller unit[END_REF].

Industrial freezing specificity

When examining frosting, the main problem in an industrial freezer is to identify how much humidity is actually present inside it. In other words, it is difficult to identify the moisture sources and the humidity that they lead to. These particularities make this kind of industrial application specific in comparison to, for example, a heat pump or a simple domestic fridge.

The interest of knowing the sources of humidity in an industrial freezer is that it allows for controlling the level of undesirable humidity that can generate such frost or condensation.

The most common sources of such moisture-laden air are the products. They are considered as a major

Evaporator source of moisture when there are not packaged. In such cases, freezing induces water loss up to 6% according to the product and the freezing process [START_REF] Mulot | Measurement of food dehydration during freezing in mechanical and cryogenic freezing conditions[END_REF]. The loss of water from food during the freezing process occurs because the vapor pressure of water (or ice) at the surface of food is greater than the vapor pressure of water in the air [START_REF] Ashby | Effects of freezing end packagind methods on shrinkage of hams in frozen storage[END_REF]. So, the water molecules migrate from the product to the coldest surface in the freezer, i.e., evaporator coils [START_REF] Schmidt | How Does the Freezer Burn Our Food?[END_REF]. This phenomenon can be explained by the driving force expressed in terms of pressure as it can be approached in terms of temperature (Figure 9), where Pice/water food > P G•+€ • ' (v) > Prefrigeration coils, or even Tice/water food > Tair > Trefrigeration coils [START_REF] Franks | Freeze-drying of bioproducts: putting principles into practice[END_REF].

Product mass loss variation with time during freezing can be determined from the integral of the water vapor flux at the product surface over time [START_REF] Phimolsiripol | Verification of a simple product weight loss model for refrigerated storage of foods[END_REF]. The water vaporization mass flow rate (evaporation or sublimation) at the product surface ( o ) is expressed by:

o = h " A(C ‡Gˆe‰Š -C ‡GˆeOE•+ ) ( 4 
)
where hm is the external mass transfer coefficient and A is the exchange area. Cvap-eq is the water vapor concentration in equilibrium with the product surface. Cvap-sur is the water vapor concentration in the surrounding gas (air).

Let us focus on a tunnel freezer: food products enter at a high temperature and thus a high vapor pressure at the surface, thus a large gradient will lead to mass loss. Since the freezing process is continuous, equilibrium inside will never be reached. Many authors [START_REF] Landerslev | Weight loss in superchilled pork as affected by cooling rate[END_REF][START_REF] Campañone | Weight loss during freezing and storage of unpackaged foods[END_REF] have highlighted other factors promoting the dehydration of frozen products such as air velocity and temperature, freezing rate and product shape (the more spherical the product, the higher the evaporation rate from its surface [START_REF] Powell | Further experiments on the evaporation of water from saturated surfaces[END_REF]). However, they confirmed that the difference between the pressure of water vapor or ice on the surface of the products and the surrounding air is a major cause of mass loss, which allows the vapor to escape into the air and then condense on the refrigeration coils.

Other researchers have discussed the effect of average temperature in a domestic fridge, the amplitude and frequency of temperature fluctuations on mass loss [START_REF] Laguerre | Frost formation on frozen products preserved in domestic freezers[END_REF][START_REF] Bustabad | Weight loss during freezing and the storage of frozen meat[END_REF][START_REF] Martins | The effect of home storage conditions and packaging materials on the quality of frozen green beans[END_REF], without neglecting the effect of shape, size [START_REF] Doytcheva | Mass transfer from a single grain to a fluid in an inert fixed bed[END_REF] and packaging [START_REF] Tocci | Heat and mass transfer coefficients during the refrigeration, freezing and storage of meats, meat products and analogues[END_REF], and the freezing technique [START_REF] Widell | Energy efficiency of freezing tunnels[END_REF]. All these parameters exert a great influence on the mass transfer at the solid/fluid interface which can be an important source of frost formation.

In addition, the opening of doors/barriers and pressure equalizer set-ups are also considered as major sources of moisture. Figure 10, inspired by [START_REF] Buisard | Le traitement des surgelateurs et congelateurs en industries agro alimentaires[END_REF], explains that in active/dynamic freezers one principal source of moisture load comes from openings as products are moved into and out of freezers.

For example, in the case of an outside temperature (dock area) of 4 °C at 100 % relative humidity (RH), the partial pressure of the water vapor is 0.9135 kPa whereas it is only 0.0345 kPa inside a freezer at -30 °C at 90% RH. This pressure difference will bring the external moisture inside the freezer. This phenomenon is exacerbated when the internal temperature is lower (-40 °C) and the air infiltrating the freezer is higher. In such circumstances, the situation will become more critical.

Furthermore, the internal ventilation airflow pattern plays an important role in this disequilibrium, which makes it almost impossible to balance the pressures.

In the case of cold stores in industrial contexts, it is necessary to regularly open and close doors to move products and even if efforts are made to reduce opening times, this is not a sufficient solution.

Even if the doors are always closed, air will penetrate into the store because of the negative pressure created by the temperature difference and the fans.

The agri-food industry is always looking for more and more efficient equipment, and lately high-performance devices have been developed to increase the heat transfer coefficient between the air and the product (e.g. impingement cooler), but several technical difficulties remain to be solved [START_REF] Lang | Impingement cooler[END_REF], either to avoid frost formation or to preserve food quality.

Moreover, people entering an industrial freezing facility can also be considered as sources of humidity, especially in storage freezer, though it is relatively easy to limit these interventions to a minimum.

Finally, frost formation can be partially avoided or at least reduced by identifying humidity sources, removing the moisture at its source before entering the refrigerated space, designing sealed freezers, controlling temperature and humidity conditions. Consequently, such actions decrease unproductive interruptions, the need to defrost evaporators, and remove ice from conveyors, floors and walls.

Another specificity characterizing industrial deep freezing conditions is the occurrence of a type of frost called unfavorable frost. Indeed, frost has never been favorable for a heat exchanger but compared to another type of frost, the concept of ''favorable'' and ''unfavorable'' can be proposed. [START_REF] Smith | Theoretical cooling coil calculations at freezer temperatures to avoid unfavourable coil frost[END_REF]Smith, -1992 [105,106] [105,106] was the first to create this concept by characterizing unfavorable frost as being less dense, more insulating, and having a greater impact on coil performance. To better understand Smith's theory, let us consider an air-cooling process. When hot air passes through a cold coil, two elementary transformations describe the overall transfer: sensible heat and latent heat transfer.

According to Figure 11, the total rate of heat transfer can be expressed by:

∅ B = (: -: ) t ∆ℎ( -C ) (5) 
∅ B = ∅ CDEC t ∅ B (6) 
Or it can also be expressed in terms of the sensible heat load and the sensible heat ratio SHR:

∅ B = ∅ CDEC (7) 
In general, to describe this heat transfer in a psychometric diagram (Figure 11) a straight line connecting the conditions of the inlet air to the saturation conditions on the surface (:adp) is used. As a result, the slope of this line is related to the SHR ratio. Indeed, Smith's theory says that unfavorable frost occurs when this line crosses the saturation curve of the psychometric diagram.

This situation of crossing the saturation line and then producing an unfavorable frost happens when the sensible heat coefficient SHR is too low, the humidity of the incoming air is too high, and there is a considerable temperature difference between the refrigerant and the air. This may happen in particular in industrial freezing equipment characterized by low temperature relatively confined spaces where the temperature difference between the freezer and the anteroom is greater than in the airconditioning application. Also, the temperature of the freezer is lower than those encountered in heat pump applications [START_REF] Sherif | Psychrometrics in the supersaturated frost zone[END_REF].

Reindl and Jeckl [START_REF] Reindl | Defrosting industrial refrigeration evaporators[END_REF] used a psychometric chart to show a typical situation of what happens in industrial freezers when air infiltrates into a refrigerated space at a lower temperature. In Figure 12, we differentiate three cases of an inlet air at 10°C which mixes with air from the refrigerated space at -12°C before being brought to the coil conditions represented by the apparatus dew-point temperature (ADP) at -23 °C.

-Case 1: illustrates the formation of an unfavorable frost that reflects the case of an evaporator which is located in proximity to the doors and does not give enough time to the inlet air to be mixed with the freezer air;

-Case 2: the process line is close to the saturation curve because of the small humidity value of the inlet air;

-Case 3: illustrates the formation of a favorable frost because the air entering the coil is very close to the freezer condition.

To validate this unfavorable and favorable frost theory, Sherif et al. [START_REF] Sherif | Psychrometrics in the supersaturated frost zone[END_REF] performed a test on a laboratory-size freezer with an industrial-size coil which was a liquid overfeed finned-tube evaporator.

The experiment was performed at a cold coil temperature of -40 °C and started with a predetermined air humidity and SHR ratio, then by injecting a known amount of water vapor, the sensible heat ratio SHR decreased until the cooling process line crossed the saturation curve (Figure 11).

When the crossing occurred, the frost formation in these conditions was more a combination of two processes: a process in which ice crystals formed suspended in the air, creating airborne crystals that tended to deposit on neighboring surfaces, and a process similar to the normal (favorable) frost [START_REF] Reindl | Defrosting industrial refrigeration evaporators[END_REF] .

Figure 12: Unfavorable and favorable frosting conditions on a psychrometric chart, adapted from

formation discussed previously. In addition, the authors confirmed that unfavorable frost can be considered more insulating and less favorable from a heat transfer point of view.

Frost Effects

Like frost growth, the frost effect has been investigated experimentally and theoretically in the literature. Several studies have been oriented towards evaluating the performance of air heat exchangers in order to understand their thermal and hydrodynamic behavior under frosting conditions.

However, most of these studies only concentrated on the phenomena occurring at the heat exchanger level. The entire system behavior under frosting conditions has received relatively modest attention, especially regarding modeling.

Deng et al. [START_REF] Deng | Experimental investigation on the performance of air cooler under frosting conditions[END_REF] studied a wide range of air coolers having industrial sizes, and evaluated the overall heat transfer coefficient U and an energy transfer coefficient E, indicating the performance of heat exchangers under frosting conditions. Figure 13 shows that at an evaporation temperature of -10 °C and an air velocity of 3 m/s, an initial increase of the heat transfer coefficient occurs that can be attributed to an increase in surface roughness with the appearance of the first ice crystals, but it is still difficult to introduce this phenomenon into theoretical models. Then, as the frost continues to grow, air circulation in the air cooler is restricted and the overall heat transfer coefficient decreases. The authors also noticed that small fin spacing leads to a fast drop of the overall heat transfer and energy transfer coefficients and a rapid increase in electric power consumption. In their tests less than 4 mm of frost thickness led to a 50% drop in energy performance.

An experimental and theoretical study was applied to a large-scale industrial evaporator coil as frost grew on the surfaces [START_REF] Aljuwayhel | Comparison of parallel-and counter-flow circuiting in an industrial evaporator under frosting conditions[END_REF][START_REF] Aljuwayhel | Experimental investigation of the performance of industrial evaporator coils operating under frosting conditions[END_REF]. The evaporator was used to reach a space temperature of -29 °C (evaporation temperature -34.4 °C). From this investigation, Aljuwayhel et al. [START_REF] Aljuwayhel | Comparison of parallel-and counter-flow circuiting in an industrial evaporator under frosting conditions[END_REF][START_REF] Aljuwayhel | Experimental investigation of the performance of industrial evaporator coils operating under frosting conditions[END_REF] concluded that the mass flow rate through the evaporator coil and the evaporator cooling capacity both decreased as frost accumulated on the surface. [START_REF] Deng | Experimental investigation on the performance of air cooler under frosting conditions[END_REF].

Figure 13: Variation of overall heat transfer coefficient with frost thickness for different fin spacings (Tevap=-10 °C, Va =3 m/s)

In 2006, Xia et al [START_REF] Xia | Frost, defrost, and refrost and its impact on the airside thermal-hydraulic performance of louvered-fin, flat-tube heat exchangers[END_REF] evaluated the thermal-hydraulic impact of frost, defrost and refrost on five different sizes of louvered-fin, flat tube heat exchangers. They showed that in all cases frost formation induced, in two hours, a reduction of the global heat transfer coefficient and the increase of the air pressure drop, up to 50% and 80%, respectively. These authors developed a thermo-hydraulic model to estimate the performance of this type of louvered exchangers. This model has showed good agreement in terms of heat transfer coefficient but not in air pressure drop, where the discrepancies were close to 52%.

Chen et al. [START_REF] Mao | Frost characteristics and heat transfer on a flat plate under freezer operating conditions: Part I, Experimentation and Correlations[END_REF][START_REF] Chen | Modeling frost characteristics on heat exchanger fins: Part I. Numerical model[END_REF] developed a numerical model where the frost was treated as a transient onedimensional porous medium. The numerical model was validated using the experimental data of a heat exchanger under frosting operating conditions. The authors showed that the effect of frost is more significant on increasing the airflow pressure drop than decreasing the heat rate exchanged. The simulations were performed for surface temperatures lower than -35 °C, air temperatures lower than -15 °C and air relative humidity up to nearly 100%. The presence of frost decreases the airflow but it also leads to its maldistribution, which can reduce the performance of the evaporator by nearly 35% [START_REF] Aganda | Airflow maldistribution and the performance of a packaged air conditioning unit evaporator[END_REF].

Tso et al. [START_REF] Tso | An improved model for predicting performance of finned tube heat exchanger under frosting condition, with frost thickness variation along fin[END_REF] revealed that an uneven wall and air temperature distribution inside the coil of finned tube heat exchangers causes variations of the frost growth rate and densification along the coil; on the leading edge the frost thickness is greater than on the rear. In their study, a model to determine the frost distribution and dynamic behavior of an air cooler under frost conditions was developed and confirmed the previous conclusions regarding the impact of frost on heat transfer and pressure drop.

Wagner [START_REF] Wagner | Frost formation on a Extended Surface Heat Exchanger in Crossflow of Humid Air[END_REF] conducted experimental investigations on a finned tube heat exchanger under frosting conditions and found that the airflow pressure drop across the heat exchanger is the most critical parameter influenced by frost growth. The sharp increase in pressure drop translates into an airflow decrease if this parameter is not maintained constant.

Nonetheless, most of the models available in the literature do not consider the airflow reduction that actually takes place in fan-supplied evaporator coils operating under frost conditions, which is one of the main causes of cooling capacity reduction. Most of the models were validated using experimental data collected under constant airflow conditions. One of the only studies taking into account the fan airflow reduction that occurs in real refrigerating systems due to evaporator blocking was conducted by Da Silva et al. [START_REF] Silva | First-principles modeling of frost accumulation on fansupplied tube-fin evaporators[END_REF]. A mathematical model was developed to analyze the influence of operational parameters on the evaporator's thermo-hydraulic performance. Experimental results collected under variable airflow conditions were used to validate the model and showed good agreement with the experimental data and also a suitable response to changes in operational conditions. It was observed that the thermal resistance due to flow blockage is the main cause for cooling capacity reduction.

Since the effects of frost accumulation are not only limited to the evaporator level, some few research have been interested by the investigation of frost on the whole system performance. These research have shown that, under frosting conditions, the COP of a refrigeration system could be reduced by more than 15% within 40 min [START_REF] Leoni | Etude Experimentale et modelisation de la formation et du developpement du givre sur une plaque refroidie[END_REF][START_REF] Rite | The Effect of Frosting on the Performance of Domestic Refrigerator-Freezer Finned Tube Evaporator Coils[END_REF].

In summary, all the previous researchers agree about the harmful effects of frost accumulation.

However, related researches in this area still need further elaborating in the future, primarily on the effect of frosting on energy consumption and the overall system performance.

Industrial freezing specificity

Following the same approach of unfavorable frost, O'Hagan [START_REF] O'hagan | The Effect of Favourable and Unfavourable Frost on Air Cooling coil performance[END_REF] investigated frost formation in conditions close to those used in industry (high inlet humidity, low SHR, and high TD (air-refrigerant difference) in order to evaluate the specific thermo-hydraulic effect of this kind of frost. The authors developed a test bench which allowed them to first confirm Smith's theory and then measure coil performance under frosting conditions. The evaluation of coil performance was done by comparing the airflow rate (Qv) and the sensible capacity rating (UA) under frosting conditions with Qv,0 and UA0 under dry operating conditions.

Figure 14 shows several results of different SHR values taken in descending order from 0.84 to 0.54 numbered from 1 to 15. The airflow drop and coil performance degradation were greater at low SHR, which is consistent with the results observed by a number of other researchers. High relative humidity and/or a very low coil temperature (low SHR) lead to a faster decline in performance over time [START_REF] Kondepudi | Frosting performance of tube fin heat exchangers with wavy and corrugated fins[END_REF][START_REF] Gatchilov | Characteristics of the frost formed on the surface of the finned air coolers[END_REF]. [START_REF] O'hagan | The Effect of Favourable and Unfavourable Frost on Air Cooling coil performance[END_REF].

Figure 14: Coil performance and airflow rates in frosting conditions as a function of time, adapted from

Furthermore, for the same amount of frost deposited, the airflow and coil performance drop were greater at low SHR, as illustrated in Figure 15. This is also consistent with Smith's theory in the fact that low SHR conditions result in less dense and less conductive frost, called ''unfavorable'' and which would both block the airflow and reduce heat transfer more rapidly.

In summary, and as shown in Figure 16, in industrial conditions another mechanism of frost formation in the air may appear along with frost formed classically, resulting in a less dense frost, a snow fog, thus quickly degrading the system's performance. This conclusion is consistent with Brian's study [START_REF] Brian | Frost Deposition on Cold Surfaces[END_REF] discussed in section 3.1.

Moreover, the presence of frost, as explained in the frost formation mechanism in section 3.1, creates a state of non-equilibrium pressure inside the freezer, so that moisture always migrates from products to the air and then to the coldest wall in the freezer [START_REF] Schmidt | How Does the Freezer Burn Our Food?[END_REF]. This transfer process may be responsible for cold injuries to products and quality losses. [START_REF] O'hagan | The Effect of Favourable and Unfavourable Frost on Air Cooling coil performance[END_REF].

Figure 15: Coil performance and airflow rates in frosting conditions as a function of frost mass, adapted from

Figure 16: Unfavorable frost forming due to the presence of supersaturated air or/and a high coil temperature difference.

In addition, frost formation often requires the freezing production line to stop for periods of defrosting which decreases the competitiveness of large continuous production lines. Furthermore, the frosting, defrosting and refrosting cycle can lead to temperature fluctuations [START_REF] Gin | Effect of door opening and defrost cycle on a freezer with phase change panels[END_REF][START_REF] Zhao | Effect of defrost heat leakage on freezer temperature rise during periodical defrost cycles in a frost-free refrigerator-freezer with an electric defrost heater[END_REF] and to a slowdown of the production line, thereby affecting the products that will be either under or over frozen, so affecting their overall quality, texture and flavor, and ultimately the company inventory [START_REF] Gin | Effect of door opening and defrost cycle on a freezer with phase change panels[END_REF].

Frost on the floor and refrigerator surfaces can cause slippery surfaces dangerous for staff, while lumps of frost on the evaporator or on the roof may alter food products [START_REF] Gaspar | Handbook of research on advances and applications in refrigeration systems and technologies[END_REF].

Frost management techniques

In industry, the food cold chain must not be interrupted during the processing, packaging, storage, transport and marketing of products until they reach the final consumer. The management of this cold chain must be well planned in order to keep the food at an optimal temperature, so as to maintain its quality and ensure food safety, prevent waste and economic losses.

In the literature, many frost management techniques have been employed to tackle frost problems. We can classify these remedies into two main categories: the choice of defrosting system design, and frost formation retardation and defrosting optimization.

Recently, two reviews have been published [START_REF] Song | Review on the measurement and calculation of frost characteristics[END_REF][START_REF] Amer | Review of defrosting methods[END_REF], focusing on the development of defrosting techniques and frost retarding methods applicable for heating, ventilation, air conditioning and refrigeration systems from 1950 to 2017. Repeating the same type of literature review will not greatly contribute to the topic, which is why the purpose of this section is to place this development of frost management methods in an industrial framework. An analytical study allows meaningful conclusions to be drawn on the possibility of applying or adapting one or more of these techniques to industrial freezers characterized by low temperatures, complex geometries, large sizes and many operating constraints (e.g. continuity of production and product quality).

As for defrosting, a variety of methods are used to remove frost including compressor shutdown defrosting, thermoelectric heater defrosting, hot water spraying and hot gas defrosting [START_REF] Song | Review on improvement for air source heat pump units during frosting and defrosting[END_REF]. However, the most widely-used defrosting technique in industry is hot gas defrost (HGD). The HGD technique consists in using the hot gas that comes from the compressor discharge and then injecting it directly into the evaporator tubes, or by inversing the flow in the machine so the evaporator becomes a condenser, an option which is limited in the case of a single evaporator system. Few attempts in experimental or modeling studies [START_REF] Hoffenbecker | Hot gas defrost model development and validation[END_REF][START_REF] Dopazo | Modelling and experimental validation of the hot-gas defrost process of an air-cooled evaporator[END_REF] have been made to optimize the hot gas defrosting process either by minimizing the energy consumed during the process, or by minimizing defrosting time, energy distribution, or to predict the time and energy required to melt a frost layer. The total heat input during a hot gas process is not easily quantifiable because the hot gas is not totally condensed and the quality of the two phases leaving mixture depends significantly on the amount of frost and condensed water adhered to the coil at any instant. The energy that is extracted from the defrosting hot gas is used in many different ways: heating the evaporator coil surfaces, melting the frost, evaporating condensed water, and direct transfer to the environment. Moreover, the energy impacts associated with HGD technique depend mainly on the temperature of the refrigerant supplied for the hot gas defrost process and the defrost duration time. Higher refrigerant temperature results in short defrost periods but greater parasitic heating loads to the space. However, lower refrigerant gas temperature results in lower rate of sensible and latent gains but longer defrosting period is required to melt the accumulated frost.

Because of this complexity, there have been few attempts to investigate the amount of thermal energy required for defrosting, to estimate the time required to complete defrost cycle or to understand the effect of changing some input parameters (e.g. hot gas temperature). According to Neiderer [START_REF] Niederer | Frosting and Defrosting Effects on Coil Heat Transfer[END_REF],

only 15-20% of the total energy supplied for a typical defrosting is actually used to melt the frost.

Niederer evaluated a defrost process to remove 11.6 kg of frost from a coil over a 35 min defrosting period. For this coil, Niederer found that 4330 kJ were used to remove the frost whereas 28043 kJ of heat was required accomplish the defrost cycle. The results of Niederer were numerically confirmed by Hoffenbecker et al. [START_REF] Hoffenbecker | Hot gas defrost model development and validation[END_REF]. Cole [START_REF] Cole | Refrigeration loads in a freezer due to hot gas defrost and their associated costs[END_REF] notes that the energy required to melt 9.1 kg of frost from a heat exchanger weighting 669.6 kg was 4783 kJ using R22 in a hot has bypass defrost system. In this case, 24% of the total energy supplied were used to heat the metal in the evaporator. Since this metal has a large thermal capacity and must be cooled back to the evaporator's normal operating conditions at the end of the defrosting cycle, this energy represents an additional cooling load on the freezing system.

The defrost processes of an evaporator of a cold storage freezer were analyzed by Dopazo et al. [START_REF] Dopazo | Modelling and experimental validation of the hot-gas defrost process of an air-cooled evaporator[END_REF].

The refrigerant used is R507 and the defrost process started for an air freezer temperature measured at -15 °C, an air relative humidity at 70% and a temperature on the cold surface at -28 °C. By collecting experimental data to feed a defrost model, they obtained similar trends. The energy used to melt the accumulated frost represented 29% of the total energy supplied by the refrigerant.

On an industrial ammonia evaporator [START_REF] Aljuwayhel | Numerical and Experimental Study of the Influence of Frost Formation and Defrosting on the Performance of Industrial Evaporator Coils[END_REF], it has been shown that the evaporator coil must pass through several different stages (that generally last 65 min) in order to accomplish the hot gas defrost cycle (pump-down stage, hot gas stage, bleed stage). At each stage the refrigeration system has a specific behavior that must be included in the defrosting efficiency analysis and also in the numerical models. In general, hot gas defrost still represents a complex transient process which continue to pose further challenges in both modeling and optimization.

Surface treatment is one of the solutions that has received the most attention, and the performances of surfaces have been evaluated under frosting and defrosting conditions. Researchers have been interested in surface treatment for two reasons: to improve defrosting performance by facilitating water drainage and frost layer removal, and by delaying frost formation. Three types of surfaces have been proposed in the literature; hydrophilic, hydrophobic and slippery surfaces. These three types have shown good retardation and drainage efficiency [START_REF] Pu | Experimental study of cyclic frosting and defrosting on microchannel heat exchangers with different coatings[END_REF]. Wang et al. [START_REF] Wang | Effects of surface characteristic on frosting and defrosting behaviors of fin-tube heat exchangers[END_REF] Reported that after 80 min of frosting, the energy consumption for defrosting were 258.8, 301.7 and 244.7 kJ for the hydrophilic, bare and hydrophobic heat exchangers, respectively. The frost layer directly detached from the hydrophobic finned tube heat exchanger at the beginning of the HGD process, thereby reducing the defrosting time by 27.2% and the mass of residual water by 48.7% compared to a bare finned tube heat exchanger. Recently, slippery surfaces have shown the excellent drainage property for the melted water during defrosting process, compared to bare, hydrophilic and hydrophobic surfaces [START_REF] Heu | Frosting and defrosting behavior of slippery surfaces and utilization of mechanical vibration to enhance defrosting performance[END_REF]. Since these slippery surfaces are fabricated by injecting oils onto the surface structures, the oil of the surface helps to easily slide the condensed water delaying the frost formation and minimizing the defrost retained water. However, at low temperatures the efficiencies of these type of surfaces are negligible [START_REF] Heu | Frosting and defrosting behavior of slippery surfaces and utilization of mechanical vibration to enhance defrosting performance[END_REF],123]. Under low temperature conditions, the rate of phase change is greater than the rate of drainage and the development of drops on cold surfaces. In other words, the water vapor is rapidly transformed into ice before it can be condensed and then drained from, or slide off, the cold surface.

One well-known method in frost management is the application of an electric field. Using and increasing an electric field results in decreasing the frost growth rate, but raising the voltage to a critical point can lead to a negative effect [START_REF] Liu | An experimental study on minimizing frost deposition on a cold surface under natural convection conditions by use of a novel anti-frosting paint. Part II. Long-term performance, frost layer observation and mechanism analysis[END_REF]. This technique seems to be advantageous in frost delay and removal, but at low temperatures the electric field may lose this frost reduction effect.

Joppolo et al. [START_REF] Joppolo | Experimental analysis of frost formation with the presence of an electric field on fin and tube evaporator[END_REF] conducted several experiments measuring frost mass, air-side pressure drop and cooling capacity for different applied voltages, air velocities and evaporation temperatures on a finned-tube heat exchanger. The results showed that the electric field reduces frost mass and air-side pressure drop whereas it increases cooling capacity. Running 3 h under frosting conditions, the application of the electric field (10 kV) led to a significant energy saving about 11.5% due to the lower frost mass accumulated (lower defrosting energy consumption), lower air pressure drop (lower fan energy consumption), and higher evaporator capacity. The energy used to create the electric field has therefore a negligible effect on the overall energy consumption. As shown in Figure 17, the frost mass reduction index (MRI) is greatly reduced at low evaporation temperature. The electric field is insufficient to oppose the greater driving force of frost formation and the greater chemical potential of the phase change that results from the decrease of evaporation temperature.

Another unusual method was proposed by Wang et al. [START_REF] Wang | Experimental study on frosting suppression for a finned-tube evaporator using ultrasonic vibration[END_REF]. They placed an ultrasonic vibration system on a tube-fin to eliminate frost from fins but it proved ineffective when the evaporator was fully obstructed. However, there were other limitations, in particular power consumption.

Wu et al. [START_REF] Wu | Experimental study of frost formation on cold surfaces with various fin layouts[END_REF] performed frost formation experiments on several complex finned surfaces in cold surface temperatures up to -19 °C and found that heat exchanger geometries had a great effect on frost layer morphology and frost distribution. Also, the influence of fin orientation showed that more frost forms on horizontal fins than on vertical ones. Xia et al. [START_REF] Xia | Frost, defrost, and refrost and its impact on the airside thermal-hydraulic performance of louvered-fin, flat-tube heat exchangers[END_REF] conducted an impact assessment test for frosting and defrosting on louvered-fin, flat-tube heat exchangers but with different geometrical parameters. This study showed that fin depth and pitch have an effect on sequential frost-defrost cycles. The wedge formed by adjacent fins tends to retain water droplets during a defrost process.

These droplets freeze during subsequent re-frosting cycles, causing a considerable effect on pressure drop and heat transfer but also on frost morphology. Lee and Kim [START_REF] Lee | The effects of design and operating factors on the frost growth and thermal performance of a flat plate fin-tube heat exchanger under the frosting condition[END_REF] performed experimental tests of the effects of fin pitch and arrangement on heat exchanger performance under frosting conditions and found that the frost layer is thinner and denser when decreasing fin pitch. The higher air velocity of air flowing between the smaller fin spacing causes higher frost surface temperatures. Therefore, the gradients of temperature and water vapor in the frost layer become higher, and more water vapor is diffused into the frost layer. The authors proposed to determine operating conditions using the maximum allowable blockage ratio for each fin spacing. Da Silva et al. [START_REF] Silva | Optimal defrost cycle for air coolers revisited: A study of fan-supllied tube-fin evaporators[END_REF] also showed that the closer the fins are, the more significant the frost problem is. That means that a higher fin density leads to faster frost blocking and shorter running time [START_REF] Shao | Comparison of heat pump performance using fin-and-tube and microchannel heat exchangers under frost conditions[END_REF]. It is certain that increasing the fin spacing increases the operating time but it also decreases the cooling capacity due to the small heat transfer area [START_REF] Lee | The Effects of Frost Formation in a Flat Plate Finned-Tube Heat Exchanger[END_REF]. Confronted with this problem of maintaining both optimal normal operating and frostingdefrosting performances, Kim and Lee [START_REF] Kim | Frosting and defrosting characteristics of surface-treated louvered-fin heat exchangers: Effects of fin pitch and experimental conditions[END_REF] tested three fin pitches and found that 16 FPI (fins per inch) which is equal to 630 fins per meter showed the best thermal performance even during refrosting cycles, compared to 14 and 18 FPI.

Furthermore, other frost management techniques were proposed via defrosting control strategies, by controlling air pressure difference, refrigerant superheat degree [START_REF] Jiang | A novel defrosting control method based on the degree of refrigerant superheat for air source heat pumps[END_REF], or by measuring and detecting frost formation [START_REF] Buick | Ice detection in heat pumps and coolers[END_REF][START_REF] Li | International Refrigeration and Air Conditioning Conference[END_REF][START_REF] Maldonado | Frost detection method on evaporator in vapour compression systems[END_REF]. But so far, it has not been possible to generalize most of the studies performed and come up with a strong conclusion. Many proposals have been limited by the conditions in which they were tested.

Industrial freezing specificity

As pointed out previously, several frost management solutions have been proposed, but few of them were tested under closed industrial conditions.

-In brief, most companies use hot gas defrost, especially in large installations, whereas electric defrosting is used mainly in small installations.

-Coating or surface treatment does not seem to be very effective at low temperatures and high humidity. Slippery surfaces had the best characteristics during frosting and defrosting but their efficiency decreases at a temperature of -10 °C and it is sure they can be adapted to a temperature as low as -40 °C. Thus, hydrophobic surfaces require further tests in industrial conditions.

-The vibration system does not allow the complete removal of frost but the most important practical limitation in the food industry is mainly the size of the evaporator and its resulting high energy consumption, not to speak of machine fatigue.

-The application of an electrical voltage seems to have a lower effect on frost formation at low temperatures than at higher ones. This aspect requires more research and effort in this field.

In the previous sections (3.1, 3.3 and 4.1), an exclusive frost formation mechanism and consequently a specific type of less dense and more unfavorable frost was determined as a particularity that can occur in industrial freezers. Regarding this, O'Hagan [START_REF] O'hagan | The Effect of Favourable and Unfavourable Frost on Air Cooling coil performance[END_REF] proposed two solutions; if the operation is expected to be very long under low SHR conditions, an evaporator design with large or variable fin spacing must be provided to reduce defrost frequency; and if these low SHR conditions occur only for short periods, the performance drop should not be a concern because it is recovered later.

If product moisture loss is foreseeable at the beginning of the freezing process followed by a decrease in loss-rate during the cooling cycle, the industrial company must choose the optimal defrost timing in the middle of the cycle when moving from a low SHR to a higher one, to prevent the machine from operating for a long time with low performance.

Since product moisture loss is considered as a major source of water vapor in industrial freezers, its control is of the greatest practical interest. At the freezer inlet, the food surface has a higher temperature than the circulating air, thus the surface water vapor pressure is also higher than that of the air. This difference between the water vapor pressure on the food surface and that in the surrounding atmosphere is the driving force for dehydration and it is greater as the product is initially at a higher temperature. In Figure 18, it can be seen that precooling the products from 40 °C to 20 °C before being introducing inside a freezer at -40 °C can reduce the driving force of evaporation by more than 60% when assuming the product water activity Aw is equal to 0.9. Therefore, product pre-cooling could be considered among the solutions which limit the phenomenon of water migration.

Cleland [START_REF] Cleland | Unfavorable frost -What is it, when does it occur and how can it be avoided, Australien Insit Refrig[END_REF] also proposed practical solutions for industry: the evaporator should be logically placed and installed away from doors so that the inlet air has time to mix with the air from the freezer. The author determined that it is difficult to avoid unfavorable frost formation and it is always preferable to have a larger fin spacing to avoid production dead time. In contrast, Chen [START_REF] Chen | Modeling and Measurement of Frost Characteristics on Heat Exchanger Surfaces[END_REF] showed that this solution of large fin spacing causes an overconsumption of 25% which must not be overlooked in an industrial site. A critical SHR can also be determined based on an inlet air temperature or surface temperature to select the right parameters against unfavorable frost.

Another alternative that could be adopted is air inlet and dock area dehumidification [START_REF] Wang | A new method for preventing HP from frosting[END_REF][START_REF] Zhang | Theoretical study on a frost-free household refrigeratorfreezer[END_REF][START_REF] Wang | Experimental analysis on a novel frostfree air-source heat pump water heater system[END_REF][START_REF] Vivekh | Recent developments in solid desiccant coated heat exchangers -A review[END_REF] but this is still limited regarding its price. Physical solutions are also adopted by industry such as the use of curtains at the entry / exit of the freezer to limit air infiltrations, but they have not demonstrated great efficiency in limiting this effect. In addition, they may also constitute an obstacle that limits product movements and possible hygiene problems may occur when there is direct contact between the curtains and products. Moreover, air curtains were also tested and gave satisfactory results only when the pressure imbalance was low [START_REF] Thierry | Systeme ameliorant les problemes de givrage dans les tunnels de surgelation par impaction[END_REF].

Conclusion

Despite the improvements made to refrigeration, freezing and deep-freezing systems, depending on the temperature and hygrometry of the air outside or inside, respectively, frosting may occur when moist air comes into contact with a cold surface whose temperature is below dew point. This frost has a negative effect on the installation energy performance but also possibly on the quality of the products frozen.

This review has covered all the aspects related to this phenomenon by placing it in the context of industrial freezing conditions, since the agri-food industry is characterized in particular by many constraints, specificities and technical difficulties and the possible emergence of other challenges that have to be solved. Based on the reported papers, the following conclusions are made:

(1) First of all, in addition to the two traditional mechanisms of the condensation cycle of the water vapor contained in the air, then freezing or direct desublimation, industrial freezing conditions can lead to a third frost formation mechanism. Ice crystals may be formed in the air before being deposited on the evaporator and freezer surfaces. The kind of frost layer formed in these conditions of very low temperature and medium to high humidity is less dense and more unfavorable compared to the frost formed in refrigeration or heat pump applications.

(2) To determine how frost can influence a heat exchanger's behavior, it is first necessary to determine its key characteristics: thickness, mass, density, morphology, and its distribution on the evaporator. These parameters are still difficult to manage or to estimate because the frost layer is always evolving in time, and it is complicated to determine the nature of frost since several of heat and mass diffusion phenomena come into play, especially in the frost growth phase. All these parameters vary depending on the environmental, technical and operational conditions.

(3) While research has shown great progress, significant challenges remain associated with accurately predicting frosting and defrosting processes under wide ranges of conditions. The equations governing such behavior still remain insoluble by analytical methods. However, numerical approaches have given the most promising results, but they do not yet cover all the physical and technical aspects of a real system.

(4) The determination of frost characteristics allows estimating the effect of frost growth on heat exchanger performance. In summary, frost on the evaporator reduces cooling capacity by increasing the air pressure drop, reducing airflow rates through the evaporator, and reducing heat transfer since the frost layer acts as an insulator.

(5) Most of the models available in the literature were developed at a very small scale to obtain deeper understanding of the frost growth process. On a larger scale, models allow investigation of the frosting process on an evaporator. Nonetheless, most of these models do not consider the reduction of airflow that actually takes place in fan-supplied evaporator coils operating under frost conditions, which is one of the major causes of cooling capacity reduction. Moreover, it is also necessary to develop a model based on a systemic approach to understand the behavior of each component of the freezing system under frosting conditions and to quantify the effects of frost at this global scale. Such a predictive model would permit analyzing different solutions and controlling frost development while conforming to industrial constraints of productivity and quality.

(6) To optimize cooling systems working under frosting conditions, several strategies have been suggested to prevent the formation of frost or to eliminate frost after its formation but few solutions can be generalized or adapted to the different conditions. Very low temperatures and large installations still present challenges regarding this problem of frost management in the agri-food industry.

(7) It is obviously recommended to limit as much as possible the sources of humidity that can occur in an industrial freezer. These sources are product moisture losses, freezer doors, openings and infiltrations. Air curtains and pressure equilibrium systems may be used to limit infiltrations. The products should preferably be precooled before being introduced in the freezer.

(8) A frost delay strategy must be effective at low temperatures and must not lose this efficiency after several frosting-defrosting cycles. To achieve this, the hydrophobic surface seems to be of great interest for future research but no general conclusion can be drawn because of the great diversity of experimental conditions in the literature.

(9) Defrosting sequences should be less frequent to avoid production stoppages. They must be as short as possible, not consume much energy and not allow a large transfer of moisture or heat inside the freezer. Although there is no general method or strategy for any condition, the control of defrost sequences nonetheless definitely plays an important role in quantifying the efficiency of a defrosting system.

(10) Evaporator geometry adjustment was also shown to have a considerable effect on the amount and occurrence of frost and it is considered one of the principle optimization strategies recommended. However, this solution can only be adopted during the first phase of design. On an industrial scale especially, it is always complicated to carry out this kind of intervention later.

(11) Numerical modeling is highly recommended for the investigation of this type of application for which experiments are more complicated. A dynamic model based on a systemic approach may be the best tool for optimization. This optimization may be defined by setting different objectives which could be either productivity objectives or energetic optimization objectives, among others.

(12) Further academic efforts are needed to propose experimental test benches and improve measurement techniques of frost properties in order to satisfy as close as possible the industrial freezing conditions. These experimental investigations may help to generate more local data on the dynamic of frost in these specific conditions that are lacking in the literature.

According to this review, we conclude that several efforts have been made to overcome this problem of frost management. Most of the studies showed satisfactory results. However, they are still limited to a specific range of applications and they propose some technologies that are impractical in cold conditions.

Finally, the food industry is always looking for refrigeration systems that are more efficient economically and energetically but that are also adapted to its technical difficulties and operating conditions, hence the need for advanced experimental works and numerical models.
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 1 Figure 1: Schematic of a spiral air blast freezer under frosting conditions.
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 2 Figure 2: Distribution of numerical and experimental works on frosting and defrosting published from 1950 to 2020.
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 5 Figure 5: Data analysis of Frosting/Defrosting studies (Numerical and Experimental) -Operating Conditions.

  widely used recently. Many researchers have successfully calculated the frost properties by solving governing equations in both sides and by using matching conditions to balance the energy and mass flows between the domains. Lee et al.[START_REF] Lee | Prediction of the frost formation on a cold flat surface[END_REF] developed a CFD based model including partial differential equations for the boundary layer in order to consider the airflow variation. Their model was successfully validated against experimental data conducted on a cold plate at temperature of -15 °C with laminar and turbulent flow[START_REF] Yang | Frost formation on a cold surface under turbulent flow[END_REF][START_REF] Yang | Modeling of frosting behavior on a cold plate[END_REF]. Lenic et al.[START_REF] Lenic | Transient two-dimensional model of frost formation on a finand-tube heat exchanger[END_REF] developed a transient two-dimensional model defining governing equations of air, frost sub-domain and the air-frost interface. The developed model was validated by experimental measurements carried out on a flat plate at a temperature of -19.5 °C and for different inlet air temperatures and relative humidity in the range 19-23 °C and 37-60%, respectively. Thereafter, numerical analyses have been performed and enabled the prediction of the exchanged heat flux degradation in a heat exchanger under the frost growth conditions[START_REF] Lenic | Prediction of an effective cooling output of the fin-and-tube heat exchanger under frosting conditions[END_REF].
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 7 Figure 7: Airflow in a CFD Simulation when a highly porous frost is formed,adapted from[START_REF] Lee | Modeling of frost layer growth considering frost porosity[END_REF].
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 8 Figure 8: Transport phenomena in a porous frost layer.
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 9 Figure 9: Illustration of mass transfer in an industrial freezer.
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 1011 Figure 10: Schematic of freezer air infiltration.
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 17 Figure 17: Frost mass reduction versus applied voltage and evaporation temperature (Ta = 0 °C, RH = 80%, Va = 3 m/s, t = 10800 s) [129].
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 18 Figure 18: Dehydration losses during freezing versus the inlet product temperature.

  

  

Table 1 : Experimental and numerical studies of frosting/defrosting under freezing conditions.
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	Year Scholars	Approach	Geometry	M N (°C)	M ONPP (°C)	Va (m/s)	Fan mode
	Lotz et al. [28]	Experimental	Finned tube	-20 to 0	-30	2.5	Constant
	Patin et al. [29]	Theoretical	-	-26	-30	-	-
	Chen et al. [30]	Numerical	Finned tube -21 to -13	-41 to -31	4.4	Constant
	Mao et al. [31]	Numerical and	Flat plat	-10 to -26	-20 to -41	1 to 4	Constant
		Experimental					
	Chen et al. [32]	Numerical	Flat plate	-21 to -13	-41 to -31	2	Constant
	Sherif et al. [33]	Experimental	Finned tube	-8.3	-40	3.81	-
	Verma et al. [34]	Numerical and	Finned tube	-20	-30	2.2	Constant
		Experimental					
	Aljuwayhel et al. [35]	Experimental	Finned tube	-27	-34.5	3	Variable
	Seker et al. [36]	Numerical	Finned tube	-20	-35	3	Constant
	Seker et al. [37]	Experimental	Finned tube	-20	-35	3	Constant
	Aljuwayhel et al. [38]	Numerical	Finned tube	-27	-34.5	3	Variable
	Piucco et al. [39]	Numerical and	Flat plate	-20 to 30	-30 to 0	0.7 to 2	Constant
		Experimental					
	Hermes et al. [40]	Experimental	Flat plate	-20 to 30	-30 to 0	0.7 to 2	Constant
	Cao et al. [41]	Numerical	Flat plate	-24	-39.22	1 to 4	Constant
	Wang et al. [42]	Numerical and	Flat plate	-8 to 19	-30 to 0	0.5 to 5	Constant
		Experimental					
	Kumala et al. [43]	Experimental	Finned tube	-20	-40	-	-
	Badri et al. [27]	Numerical	Finned tube	-30	-35	3.6	Variable

Table 2 : Frost thickness and air velocity relationship interpretation in the literature.
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