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CFD Prediction of the Air Velocity Field in Modern Meat Dryers

I. INTRODUCTION

No other technology results in such an aromatic and desired flavour of meat products as fermentation and drying [START_REF] V Kottke | Engineering aspects in fermentation of meat products[END_REF]. Dry sausages are one of the most important fermented meat products. In Europe, total production of non-smoked moulded dried sausages is about 350,000 tonnes a year, a significant proportion of which comes from southern European countries including Italy, Spain and France (90,000 tonnes a year). In northern European countries such as Germany, Denmark, Sweden and Norway, almost all dry sausages produced are smoked during processing. In Hungary, the traditional salami is even smoked in a first drying step, before being moulded in a second ripening step [START_REF] V Kottke | Engineering aspects in fermentation of meat products[END_REF].

In the successive operations involved in dry sausage manufacture, namely grinding of lean meat and fat, mixing with additives, stuffing in casings, and drying, the drying process is crucial. Indeed, to obtain a well-balanced drying of all sausages, airflow patterns and indoor climate (temperature and relative humidity) should be homogeneous throughout the drying room. In practice, water loss differences between sausages are observed in the dryer which result from local heterogeneities in the air velocity distribution. This problem is partially addressed through the rearrangement of the trolleys of sausages in the room during the drying process. Nevertheless, many authors have reported that poor control of drying conditions is the main raison for low quality [START_REF] Noel | Etude du processus de séchage des saucissons en vue d'éviter le croûtage, accident de fabrication préjudiciable à la qualité[END_REF][START_REF] Dabin | Le Saucisson Sec[END_REF]. During drying, the water content of the sausages should decrease homogeneously. When the rate of water evaporation from the surface of the sausage is higher than the rate of water migration from inside the sausage, a dry crust (also called "dry rim") is formed which adversely affects sausage texture and flavour; conversely, when the evaporation rate is lower, the surface remains too moist, which favours the growth of undesirable moulds that can impair product texture, flavour and safety. Hence, the drying process consists in continuously fitting the drying rate to a product undergoing perpetual biochemical and biological evolution, and maintaining water activity at the product surface at an ideal value in order to develop the desirable flora. In other words, ripening has an influence over the main physical, chemical and microbiological transformations that take place inside the products and which define the final organoleptic properties of dried products. As water exchanges at the product surface are directly related to the characteristics of the surrounding air (temperature, velocity and relative humidity), it is of paramount importance to identify global airflow patterns inside the dryer.

In Europe, dry sausage and especially ham were originally manufactured in mountainous highlands, since the outside air could be used inside the meat dryers all almost year round without conditioning, due to the fresh temperature and high relative humidity. More recently, static dryers equipped with cooling batteries level with the ceiling and heating batteries level with the floor have appeared in geographic areas with a less favourable natural climate. They operate by mixing descending fresh air volumes with ascending hot air volumes, thus generating natural ventilation with very low air velocity.

Hygrometric control was achieved by condensation of water on the cooling batteries. This type of meat dryer was used to manufacture hams and low-diameter dry sausages [START_REF] Dabin | Le Saucisson Sec[END_REF]. To reduce ripening time, fans were introduced into the meat dryers to force air to circulate around the products at a velocity of 0.1 m.s -1 . At the very beginning, blowing ducts were placed level with the floor while suction ducts were placed level with the ceiling. Although the direction of air movement could be inverted in this type of dryer, heterogeneity in air distribution remained in the full volume filled with the products, causing strong heterogeneity in drying between the upper and lower part, thus compelling professionals to regularly move their products. To even out the drying conditions, and thereby product processing, throughout the entire volume of the plant, modern meat dryers were created where air distribution was time-dependent. This chapter reports on scientific studies aimed at analysing the significance and effects of the specific operation of modern meat dryers through numerical modelling, with particular emphasis on dryers of large height which are currently increasingly used in industry.

II. OPERATION OF MODERN MEAT DRYERS

Figure 1 shows the layout of a typical modern meat dryer with a schematic description of the airflow pattern. The geometry of this type of meat dryer is simple; the airflow is generally supplied through two stainless steel ducts of rectangular cross-section fitted with plastic conical jets placed on each side of the plant, and is extracted level with the ceiling by means of two or three stainless steel ducts fitted with adjustable plastic extraction apertures. These modern meat dryers are characterized by a main upward airflow generated by two downstream airflows generated by conical jets which merge over the plant floor. As indicated earlier, when attempting to create homogenous drying conditions throughout the entire volume of a plant, it is important to take into account the fact that the operation of a modern meat dryer is time-dependent, and this for two reasons.

Firstly, as regards air distribution, the airflow supplied by two lateral blower ducts ranges from a high to a low rate in the first duct in a few tens of seconds while it reciprocally ranges from a low to a high rate in the second duct, thus giving rise to a periodic ventilation cycle (Figure 2). However, the overall blower airflow rate remains steady at any given time, at 100%. Figure 2 highlights that the ventilation cycle has a sinusoidal form, since the distribution of airflow rate in the two blower ducts is generally set by adjusting a regulation valve placed on the duct supplying air to the two blower ducts. The two inlet airflows are then directed downstream, descending along the lateral room walls before merging over the floor in a location that depends on the value of the ventilation cycle. The more unbalanced the ventilation cycle, the more distant the location of the merging area from the middle of the dryer. Once merged, the airflow then moves upward towards the extraction ducts, at the same time bathing the meat products filling the plant and exchanging heat and moisture with them. This ventilation cycle means that the merging location of the upward airflow moves cyclically over the drying floor. All meat products are consequently bathed by the same airflow during full periods of the ventilation cycle, and a priori are thus dried in a homogeneous way. Furthermore, during ventilation, air velocity ranges from 5 to 20 m.s -1 at the output of the conical jets of the blower ducts, and is on average 0.4 m.s -1 around the products.

Secondly, the specific ventilation pattern previously described and which is intended to supply air to the dryer alternates rapidly with a rest sequence in which there is no ventilation, depending on the level of relative humidity in the volume filled with the products; this relative humidity increases due to water evaporating from the surface of the sausages. Ventilation is reactivated once a high level of relative humidity is reached, in order to reduce relative humidity until a low level is reached. Periods of ventilation generally correspond to around 1/3 of total ripening time (Figure 3).

A modern meat dryer therefore works by a series of ventilation cycles and rest sequences (Figure 3) managed by an operator who generally uses empirical rules to adjust the drying conditions. In practice, these rules are known to be affected by the design (dimensions, location of the blower and extraction ducts, etc.), and filling level of the dryer, as well as by the amplitude of the ventilation cycle. In other words, both the design of modern meat dryers and the optimal process conditions are based more on the practical experience accumulated by plant designers and dried meat manufacturers over the years than on the results of academic research.

III. AIR VELOCITY FIELDS IN MODERN MEAT DRYERS

The majority of research on the processing of dried sausages or hams reported in the literature deals with fermentation, transfers from inside the product, or drying kinetics as a function of air properties [START_REF] V Kottke | Engineering aspects in fermentation of meat products[END_REF][START_REF] Lenges | Etude des processus de séchage des saucissons[END_REF][START_REF] Baldini | Détermination de l'activité de l'eau a w des produits ensachés crus en fonction de la teneur en eau[END_REF][START_REF] Stiebing | Influence of the pH on the drying pattern in dry sausage[END_REF][START_REF] Lucke | Starter cultures for dry sausages and raw ham[END_REF][START_REF] Jd Daudin | Water and salt transfers analysis in drying of sausages[END_REF][START_REF] Baldini | Dry sausages ripening: influence of thermohygrometric conditions on microbiological, chemical and physico-chemical characteristics[END_REF][START_REF] Bolumar | Acidity, proteolysis and lipolysis changes in rapid-cured fermented sausage dried at different temperatures[END_REF][START_REF] Ai Andrés | Sensory characteristics of Iberian ham: influence of salt content and processing conditions[END_REF]. For example, Daudin, Kondjoyan and Sirami [START_REF] Jd Daudin | Water and salt transfers analysis in drying of sausages[END_REF] highlighted steep gradients in water content in the first 10 mm close to the surface of drying sausages; they also indicated that accurate control of the air characteristics around the sausages was essential in order to control water activity at the sausage surface [START_REF] Jd Daudin | Water and salt transfers analysis in drying of sausages[END_REF].

A. Experimental Investigation

There are few experimental and numerical studies available on the overall operation of modern meat dryers [START_REF] Ps Mirade | Analyse expérimentale de l'aéraulique d'un séchoir à saucisson[END_REF][START_REF] Braconnier | Etude des écoulements d'air dans une étuve de séchage de charcuterie[END_REF][START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF][START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]. Experimental analyses carried out in modern meat dryers are understandably rare since the measurements are particularly laborious and time-intensive due to the natural unsteadiness of the airflows and especially the ventilation cycle which continuously modifies the air velocities at the output of the conical jets. The only method that can be used to measure air velocities in this kind of plant is the standard average procedure that consists in averaging velocity measurements over a sufficiently long length of time (over one or several ventilation cycles at each measurement point) to obtain a constant value for mean velocity [START_REF] Ps Mirade | Analyse expérimentale de l'aéraulique d'un séchoir à saucisson[END_REF][START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF].

In a 134 m 3 small-scale sausage dryer filled with 108 objects made of polystyrene (1.70 m x 0.25 m x 0.15 m) arranged in 6 rows in order to reproduce industrial filling levels, Mirade and Daudin [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF] measured air velocity distribution in five configurations, corresponding to two different steady distributions of the ventilation cycle, namely 50%/50% and 20%/80% per blower duct. The first airflow distribution gave a large area with air velocities reaching 2 m.s -1 in the middle of the dryer, but a wider airflow than expected as a result of slow and slight time-variations in the blower airflow rate from each duct. Moreover, the authors noted that changing the distribution of the airflow rate from 50%/50% to 20%/80% completely disrupted airflow patterns, with the appearance of a poorly ventilated area at the centre of the dryer and air velocities of about 1.5 m.s -1 close to the blower ducts. In the 20%/80% configuration, the authors concluded that the large airflow blown in from the right-hand side duct to the floor moved along the floor and up the opposite wall, drawing in the airflow from the left-hand side duct.

B. Steady-state Numerical Investigation

Numerical studies of airflows in modern meat dryers have often been performed using CFD techniques.

With the development of cheaper, more powerful computers and commercial packages, over the years CFD has been increasingly applied to assess airflow patterns in modern meat dryers [START_REF] Braconnier | Etude des écoulements d'air dans une étuve de séchage de charcuterie[END_REF][START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF][START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF], ever since the pioneering studies performed by EDF, the French producer of electricity, and cited by Dabin and Jussiaux [START_REF] Dabin | Le Saucisson Sec[END_REF], that aimed to optimize air circulation inside the drying room in order to obtain more regular product-drying.
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From two calculations using steady-state boundary conditions and corresponding to two different distributions of airflow rate between the two blower ducts of the room (50%/50% and 30%/70%), these original studies indicated a complex air circulation pattern including two swirls that shifted laterally as a function of the air distribution between the two blower ducts. Consequently, the velocities of air in contact with dried sausages ranged from 0.4 m.s -1 to 0.6 m.s -1 , and were threefold to fivefold higher than the theoretical velocity determined from the total airflow rate blown in the room divided by its surface [START_REF] Dabin | Le Saucisson Sec[END_REF].

A similar approach, namely three steady-state and two-dimensional CFD simulations corresponding to airflow rate distributions between the two blower ducts of 50%/50%, 59%/41% and 67%/33%, respectively, identified a strong heterogeneity in airflow pattern in a salami dryer, with air velocities ranging from 0.2 to 0.8 m.s -1 in the volume filled with the products [START_REF] Braconnier | Etude des écoulements d'air dans une étuve de séchage de charcuterie[END_REF].

The heterogeneity in air velocity magnitudes in the volume filled with the products was confirmed by 3D numerical results obtained by Mirade and Daudin [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF] using the commercially-available CFD code Star-CD [START_REF]Star-CD Manuals[END_REF], in the case of a 134 m 3 small-scale sausage dryer, for two steady-state ventilation cycle configurations between the two blower ducts (50%/50% and 20%/80%). Calculations were made on a Sun Sparc 10/41 workstation with 128 Mo of RAM. Airflow was considered as steady, incompressible and isothermal. Main flow turbulence was taken into account using the tried and tested k-ε model [START_REF] Be Launder | Mathematical Models of Turbulence[END_REF] when far from the walls -which were assumed to be smooth -and where the standard wall function was applied [START_REF] Hirsch | Numerical Computation of Internal and External Flows: Computational Methods for Inviscid and Viscous Flows[END_REF]. Even though the k-ε model is known to perform poorly in a variety of important cases, such as some unconfined flows or flows with large extra strains, it is currently widely used for turbulence modelling since it is robust, time-efficient and fairly accurate. The SIMPLE algorithm [START_REF] Sv Patankar | A calculation procedure for heat, mass and momentum transfer in three-dimensional parabolic flows[END_REF] was chosen for coupling pressure and velocity and to introduce pressure into the continuity equation. A first-order upwind differencing scheme was incorporated into the computational model as discretization scheme for the convection terms of each governing equation. First-order schemes are known to increase numerical diffusion due to discretization errors, especially when the flow is not aligned with the grid [START_REF] Hirsch | Numerical Computation of Internal and External Flows: Computational Methods for Inviscid and Viscous Flows[END_REF]. Although they therefore yield less accurate results, first-order schemes give better convergence of calculation than second-order schemes. Complete convergence of the discretized differential equations ranged from 5 to 8 days, reaching 8 days when using 300,000 vertices for meshing the 134 m 3 small-scale sausage dryer [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF].

Figures 4a-b show the distribution of the simulated air velocity patterns according to a vertical section located approximately in the middle of the dryer, for inflow distributions of 50%/50% and 20%/80%, respectively [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF]. When the distribution of the airflow rate was balanced between the two blower ducts (50%/50%), calculations revealed that the higher air velocities were located level with the floor and in the middle of the dryer. On either side of this central area, poorly ventilated areas with air velocities lower than 0.6 m.s -1 were highlighted (Figure 4a). Conversely, unbalancing the distribution of the airflow rate from 50%/50% to 20%/80% completely disrupted the airflow patterns, as illustrated in Figure 4b, where the lower air velocities were concentrated in the middle of the dryer whereas the higher air velocities were found close to the two blower ducts.

Using 2D CFD modelling, Mirade and Daudin [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF] also highlighted a very unsteady airflow pattern when the airflow rate was closer to 50%/50%. An imbalance of only 4% between the left (54%) and the right-hand side (46%) blower duct greatly modified the location of the well-ventilated central area, which shifted over 60 cm towards the right, as indicated in Figure 4c, thus confirming the findings of the original studied carried out by EDF [START_REF] Dabin | Le Saucisson Sec[END_REF]. Furthermore, and again using the Star-CD code, Mirade and Daudin [START_REF] Ps Mirade | Etude numérique en 2 dimensions du cycle de ventilation d'un séchoir à saucisson moderne[END_REF] studied the effect of changes in airflow structure in relation to amplitude from 50%/50% to 10%/90% and dissymmetry of +/-5% in the ventilation cycle; it was assumed that the ventilation cycle was linear and that this non-steady-state problem (due to the ventilation cycle) could be numerically approached as a series of steady-state problems. By integrating the air velocities simulated between a low level and high level during one period of the ventilation cycle, they identified 60%/40% as the amplitude giving the most homogeneous airflow inside the area filled with the sausages, despite the fact that there was a gradient in air velocity distribution in relation to the height within the plant (Figure 5a). They also highlighted the need for controlled regulation of the ventilation cycle in modern meat dryers, since a slight variation of +/-5% in the airflow rate at a distribution of around 60%/40% markedly disrupted the airflow pattern, which became strongly dissymmetric (Figure 5b). On account of the simplicity of the system regulating and distributing airflow between the two blower ducts, and due to the marked unsteadiness of the airflow around the 50%/50% blower conditions, dysfunction in the ventilation cycle frequently occurs in industrial settings, leading to slight variations around the low and high levels with no change in the overall blower airflow rate. Hence, in practice, there is greater heterogeneity in sausage product treatment between different locations in the plant. Figure 5b indicates the appearance of a poorly ventilated area with velocities lower than 0.4 m.s -1 on the left-hand side of the sausage dryer, i.e. where the air velocities at the output of the conical jets were the highest. The slight variation in airflow rate distribution between the two blower ducts globally increased the air velocity gradients.

All these simulations were performed using the same modelling procedure as previously [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF], i.e. the kε model [START_REF] Be Launder | Mathematical Models of Turbulence[END_REF] for modelling turbulence, the SIMPLE algorithm [START_REF] Sv Patankar | A calculation procedure for heat, mass and momentum transfer in three-dimensional parabolic flows[END_REF] for coupling pressure and velocity, and a first-order upwind differencing scheme [START_REF] Hirsch | Numerical Computation of Internal and External Flows: Computational Methods for Inviscid and Viscous Flows[END_REF] as discretization scheme for the convection terms in the governing equations. Without using CFD, Rizzi [START_REF] Rizzi | Development of a numerical model for the fluid dynamic simulation of an ascending flow ripening chamber[END_REF] developed a parametric model to rapidly predict airflow velocity patterns in ascending flow ripening chambers, with the idea of improving the operation and design of these industrial plants by means of dynamic ripening simulation software coupling a fluid dynamics model to a numerical model of the sausage drying process. The fluid dynamics model was built to give the air velocity module as output and to give direction as a function of the geometrical characteristics of the drying chamber (dimensions, location of the blower and extracting ducts, number and location of the products loaded) and of the inlet airflow conditions (overall mass flow rate and inflow sharing ratio between the two blower ducts).

Several assumptions (incompressible fluid, steady and uniform motion) have been made in order to construct an accurate, flexible and computationally "light" fluid dynamics model. Moreover, the main idea upon which this model is based consisted in defining an imaginary 2D pipe network inside the drying room, thus assuming all parameters to be constant along the room depth. Once both geometrical and fluid dynamics parameters have been set, the pipe network was then solved using an iterative technique specially developed to solve hydraulic problems, i.e. the Hardy-Cross method [START_REF] Jm Martinez-Benet | A powerful improvement on the methodology for solving largescale pipeline networks[END_REF][START_REF] Djuric | Numerically oriented improved Hardy-Cross method[END_REF]. This specific method makes it possible to determine the airflow rates in each network duct as defined by the room walls and product surfaces from the mass flow rate at the boundary conditions. However, as the Hardy-Cross method neglected fluid momentum and considered that pressure gradients were the basic driving forces within the network, a customization of pressure drop coefficients was set up in order to avoid the solving of additional partial differential momentum equations which would have compromised both the computational simplicity and the rapidity of the model. Indeed, as it was well known that in some areas of a modern ripening chamber -above all the inlet and downwards areas and level with the room floor and the extraction region -fluid momentum took precedence over pressure gradients, this phenomenon had to be taken into account when modelling the evolution of the airflows. The customization of pressure drop coefficients amounted to introducing factors to artificially increase or decrease certain head drop coefficients to force the airflows to follow preferential paths inside the pipe network.

The first step in using the fluid dynamics model consists in defining the degree of precision required and assessing both the main geometrical and fluid dynamic characteristics of each duct in the pipe network as a function of the room's geometrical characteristics and of the type, number and relative location of the products. Pressure drop coefficients are then calculated from the classical rules of hydraulics and calibrated by means of corrective factors determined from relations established on the basis of general information obtained from experimental data processing. For each mesh of the pipe network, the model checks whether the energy balance equation is satisfied with a degree of precision lower than that actually required, and if necessary adds a corrective mass flow rate. The process is iterated throughout the entire pipe network until the energy balance equation is satisfied for every mesh with the required degree of precision. When considering a network configuration corresponding to a single rack filled with 18 salamis (3 rows per 6 columns) with degree of precision set to 50 Pa, Rizzi [START_REF] Rizzi | Development of a numerical model for the fluid dynamic simulation of an ascending flow ripening chamber[END_REF] indicated that the resulting network made of 90 nodes and 72 cells was solved in about 600 iterations, with an average computation time of about 5 seconds when using a Pentium II 400 MHz processor.

The fluid dynamics model satisfactorily predicted air velocity distribution as a function of overall mass flow rate entering the drying room and, above all, as a function of steady-state sharing of the airflow rate between the plant's two blower ducts [START_REF] Rizzi | Development of a numerical model for the fluid dynamic simulation of an ascending flow ripening chamber[END_REF].

Together, these numerical studies [START_REF] Braconnier | Etude des écoulements d'air dans une étuve de séchage de charcuterie[END_REF][START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF][START_REF] Ps Mirade | Etude numérique en 2 dimensions du cycle de ventilation d'un séchoir à saucisson moderne[END_REF][START_REF] Rizzi | Development of a numerical model for the fluid dynamic simulation of an ascending flow ripening chamber[END_REF] have provided useful information on air circulation during the ventilation cycle, but have not accurately analysed the dynamic operation of the meat dryers since only steady-state numerical models were built.

C. Unsteady Numerical Investigation

The ability of CFD to dynamically predict airflow patterns inside in a modern sausage dryer by means of 2D numerical models using time-dependent boundary conditions (i.e. an unsteady model) to accurately reproduce real operating conditions was recently assessed [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]. Mirade [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF] studied the effect on ventilation homogeneity of modifying amplitude (four levels tested: 80%/20%, 70%/30%, 65%/35% and 60%/40%) and form (linear [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF] or sinusoidal [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]) during one period of the ventilation cycle. In the case of a sinusoidal form, Mirade [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF] also numerically evaluated the change in airflow structure due to dissymmetry of 2%, 5% or 10% of the ventilation cycle due to a dysfunction of the plant, which could occur in industry due to the simplicity of the system regulating airflow rate distribution between the two blower ducts and the marked unsteadiness of the airflow around a 50%/50% distribution.

The layout of the small industrial sausage dryer used in the studies of Mirade [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF] for building the dynamic CFD model was absolutely identical to that of Figure 1, with a height of 2.96 m and a width of 2.45 m. In this plant, the air was blown in through two stainless steel ducts placed on each side that were fitted with eight plastic conical jets 0.195 m long and 0.063 m in diameter. The air was extracted at the top through two other stainless steel ducts set 0.50 m apart and fitted with ten plastic extraction apertures of 0.08 m in diameter. The height of the free space from the ends of the conical jets to the floor was 2.32 m and the air velocity at the output of the jets was 5 m.s -1 when the ventilation corresponded to a 50%/50% configuration. The filling of the dryer in the numerical models was represented using 24 sausages of rectangular cross-section (0.50 m x 0.05 m), with eight sausages set 0.15 m apart at each of the three heights. The distance between two consecutive heights was 0.3 m, and the distance between the first rack of sausages and the floor was 0.35 m.

Features of Unsteady Modelling

Starting with the geometrical configuration presented in Figure 1, the CFD code Fluent v.5.1.1 and 5.4.8. [START_REF]Anonymous. Fluent 6: User's Guide[END_REF] was used to build a numerical model based on an unstructured 2D mesh of 25,500 tetrahedral cells. From the previous mesh, several variants of the 2D numerical model were constructed that corresponded to different forms and amplitudes of the ventilation cycle [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]. Given that 2D modelling was used, the results had to be viewed with caution, not due to the 2D representation of a presumably 3D airflow blown by the conical jets, but rather due to the representation of the objects filling the device. Indeed, in 2D calculations, objects can act as a barrier, since the airflow cannot skirt around them as it does in reality, which almost certainly contributes to an increase in the heterogeneity of the airflow patterns. On the other hand, despite being performed in 2D, an unsteady CFD model has be particularly useful for assessing the dynamic operation of modern meat dryers.

To account for time-dependent boundary conditions due to the ventilation cycle, specific user-defined functions (UDF) were written in C++ programming language and applied to the inlet areas of the CFD models. In all calculations [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF], airflow was considered as incompressible, isothermal and -unlike the previous studies [START_REF] Braconnier | Etude des écoulements d'air dans une étuve de séchage de charcuterie[END_REF][START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF][START_REF] Ps Mirade | Etude numérique en 2 dimensions du cycle de ventilation d'un séchoir à saucisson moderne[END_REF][START_REF] Rizzi | Development of a numerical model for the fluid dynamic simulation of an ascending flow ripening chamber[END_REF] -unsteady. From preliminary tests, the time step increment was evaluated at 0.02 s so that the convergence of the calculations obtained for residuals lower than 10 -3 needed no more than 25-30 iterations at each time step [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF]. A total 3,000 time steps was therefore required to fully simulate just one period of the ventilation cycle that lasted 60 s.

More complex and costly -in terms of computation time -modelling procedures were used than in the previous studies [START_REF] Braconnier | Etude des écoulements d'air dans une étuve de séchage de charcuterie[END_REF][START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF][START_REF] Ps Mirade | Etude numérique en 2 dimensions du cycle de ventilation d'un séchoir à saucisson moderne[END_REF][START_REF] Rizzi | Development of a numerical model for the fluid dynamic simulation of an ascending flow ripening chamber[END_REF]. Indeed, main flow turbulence was taken into account by means of the Reynolds-stress model [START_REF] Zua Warsi | Fluid Dynamics: Theoretical and Computational Approaches[END_REF] -which needed the resolution of 6 equations instead of two for the k-ε model [START_REF] Be Launder | Mathematical Models of Turbulence[END_REF] -far from walls and objects, where a 'non-equilibrium' wall function was applied.

Moreover, a second upwind-differencing scheme [START_REF] Hirsch | Numerical Computation of Internal and External Flows: Computational Methods for Inviscid and Viscous Flows[END_REF] and the PISO algorithm [START_REF] Issa | Solution of the implicitly discretized fluid flow equations by operator-splitting[END_REF], instead of the SIMPLE algorithm, were also necessary in order to obtain accurate results.

Calculations were performed either on a 266 MHz Pentium II PC with 384 Mo of RAM or on a 2.2 GHz Pentium IV PC with 1.5 Go of RAM. Calculation time ranged from 55.2 to 59.6 hours on the Pentium II PC and from 8.3 to 9 hours on the Pentium IV PC, depending on the variant of the numerical model being solved.

Given that unsteady modelling was used, an initialisation of the calculations, i.e. the air velocity patterns at time zero, was required; this was obtained from a preliminary calculation where the inlet boundary conditions were steady and equal to 50% of the overall airflow rate in each of the two blower ducts. However, as this preliminary calculation needed unsteady modelling to reach convergence owing to the strong unsteadiness of the airflow in a 50%/50% configuration, it generated many air velocity patterns, thus forcing the author to check that the mean airflow structure determined over the full period of the ventilation cycle was not sensitive to initial conditions [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]. To do this, Mirade [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF] performed three different simulations corresponding to different initial conditions and noted that the three mean airflow patterns obtained on the full period were the same.

Influence of the Amplitude of the Ventilation Cycle

Regardless of the form of the ventilation cycle, i.e. whether linear or sinusoidal, the influence of the ventilation cycle on airflow patterns can be summed up as follows [START_REF] Ps Mirade | Assessment of ventilation homogeneity in a modern sausage dryer by a dynamic CFD approach[END_REF][START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]: (i) air velocity distribution truly varies with the amplitude of the ventilation cycle; consequently, modern meat dryer has an optimum amplitude depending on its geometry (dimensions and location of the blower and extraction ducts) and filling level; (ii) above this optimal amplitude, there appears a marked heterogeneity in the ventilation, mainly according to the height between the lower part that is poorly ventilated and the upper part of the plant; and (iii) below the optimal amplitude, the heterogeneity also exits, but more according to the width of the plant, with high velocities concentrated towards the centre.

Figures 6a-d give the distribution of the air velocity means calculated on a vertical section of the dryer for a ventilation cycle of linear form, thus illustrating the influence of the amplitude of the ventilation cycle on airflow patterns [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]. Before analysing Figures 6a-d, it should be noted that the symmetrical air velocity distribution in relation to the median plane of the plant proves that the unsteady CFD models correctly took into account the dynamic operation of the dryer induced by the ventilation cycle. 6a-d shows large differences in the distribution of air velocity means according to the linear ventilation cycle studied, with the best homogeneity corresponding to an amplitude of 65%/35% (Figure 6c), even though air velocity means ranged from 0.6 to slightly higher than 1.2 m.s -1 in the area filled with objects and despite the fact that a significant stratification of air velocities with height appeared in the plant, with air velocities higher than 1.2 m.s -1 for widths ranging from 975 to 1475 mm and for heights ranging from 1050 to 2250 mm [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF]. These findings are consistent with numerous industrial observations indicating that, in this type of dryer, the driest meat products are very often located in the upper part.

Comparison of Figures

Over and above this amplitude considered as an effective value to even out the air velocity distribution in the dryer, numerical results accounted for a marked heterogeneous distribution of air velocities with means ranging from 0.3 to more than 1.2 m.s -1 , as well as poorly ventilated areas in the lower part of the plant and at half-height at the left and right of the area filled with the objects, together with a highly-ventilated upper part of the dryer, with air velocity means peaking at 1.5 m.s -1 locally. Below the amplitude of 65%/35% (Figure 6d), air velocity means higher than 0.9 m.s -1 appeared in the lower part of the dryer compared with the three other cases (Figures 6a-c), thus giving rise to heterogeneity in ventilation according to the width of the dryer, with an area in the middle that was more ventilated than on either side.

Influence of the Form of the Ventilation Cycle

Unlike the cycle of linear form, with a sinusoidal form of the ventilation cycle that is certainly closer to industrial reality, a large poorly ventilated area with means lower than 0.6 m.s -1 appears in the lower part of the plant (Figure 7a) at an amplitude of 65%/35%, i.e. the value identified as the best amplitude for evening out the drying conditions in the case of a linear ventilation cycle. The airflow structure given by Figure 7a resembles that of a linear ventilation cycle of 70%/30% (Figure 6b). In view of the marked heterogeneity in the distribution of the airflow, an amplitude of 65%/35% was not optimal for a sinusoidal ventilation cycle [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF], meaning that, in addition to amplitude, the form of the ventilation cycle also has an influence on airflow patterns inside modern meat dryers.

Scaling down the amplitude of the ventilation cycle from 65%/35% to 60%/40% (Figure 7b) made the airflow patterns more homogeneous, as the poorly ventilated area in the lower part of the plant disappeared, leading to an airflow structure identical to the best one obtained for a linear ventilation cycle (Figure 6c).

The best results in terms of ventilation homogeneity were obtained for an amplitude of 65%/35% with a ventilation cycle of linear form, and for an amplitude of 60%/40% with ventilation cycle of sinusoidal form. This difference due to the form of the ventilation cycle can be explained from the findings of a previous 2D CFD study [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF]. Indeed, in an empty sausage dryer of similar geometry, Mirade and Daudin [START_REF] Ps Mirade | A numerical study of the airflow patterns in a sausage dryer[END_REF] demonstrated that for steady-state conditions of ventilation, (i) slight variations of +/-4% around 50%/50% in the low and high levels of the ventilation cycle provided adequate ventilation of the whole width of the dryer where the products are usually placed, and (ii) a strong imbalance between the airflow rates of the two blower ducts caused poor ventilation around the sausages. As the sinusoidal form leads rapidly to stronger imbalances than the linear form, the same ventilation homogeneity thus logically occurred with a ventilation cycle of lower amplitude [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF].

P.S. Mirade

Consequences of Dissymmetry in the Ventilation Cycle

As mentioned earlier, dysfunction in the ventilation cycle frequently occurs in industry as a result of the simplicity of the system distributing the airflow between the two blower ducts, and due to the marked unsteadiness of the airflow around the 50%/50% blower conditions.

Figures 8a-c show the unsteady numerical model results achieved for a sinusoidal ventilation cycle of amplitude 60%/40%, when a dissymmetry of 2% (Figure 8a), 5% (Figure 8b) or 10% (Figure 8c) is taken into account. The air velocity means were calculated over five full ventilation cycles, i.e. for a length of time (5 minutes) that is truly representative of what occurs in a real industrial setting when the ventilation is activated [START_REF] Ps Mirade | Prediction of the air velocity field in modern meat dryers using unsteady computational fluid dynamics (CFD) models[END_REF].

Figures 8a-c can be compared with Figure 7b to evaluate the change in airflow patterns due to dissymmetry. According to Figure 8a, a dissymmetry of 2% did not really affect the airflow distribution since the results were quite similar to those of the numerical model with no dissymmetry.

The higher air velocities were still concentrated at half-width and half-height in the modern sausage dryer. The only significant difference was an increase in air velocity means in the lower part of the dryer, for widths ranging from 1175 to 1275 mm and heights ranging from 450 to 850 mm.

Increasing the dissymmetry of the ventilation cycle from 2% to 5% clearly affected airflow patterns, leading to the appearance of dissymmetry between the two sides of the plant together with poorly ventilated areas with means lower than 0.6 m.s -1 in the lower part on each side (Figure 8b). The stratification of air velocity means according to height in the dryer also increased, almost certainly contributing to heterogeneity in product drying not only between top and bottom but also between the left and the right of the dryer. Predictably, a further increase in the dissymmetry of the ventilation cycle strongly disrupted means distribution for air velocity (Figure 8c). In the area filled with objects, air velocity means ranged from 0.3 m.s -1 in the lower part, where they formed a large area, to over 1.2 m.s -1 in the upper part.

According to Figures 8a-c, beyond 2% dissymmetry in the high and low levels of the ventilation cycle, it is essential to carefully regulate the ventilation cycle in order to prevent unwanted changes in airflow patterns that will almost certainly impair meat product drying.

IV MODERN MEAT DRYERS OF LARGE HEIGHT

A. Problematic

In the race to increase the competitiveness of dried meat products, production has been mechanized excessively in recent years with the introduction of robots to automatically move the trolleys filled with products from the manufacturing area to the drying area, and then, when dried, from the drying area to the packaging area. Consequently, modern meat dryers have become higher, reaching and sometimes exceeding 6 m, thus allowing the manufacture of the same quantity of dried meat products with a lower floor surface. Many manufacturers have reported poor meat drying in this type of dryer, particularly in the upper half just above the lateral blower ducts, where sausages appear too moist and too moulded during the drying process, thus revealing insufficiently ventilated areas. To cope with this problem, some plant designers have installed a specific system in order to invert airflows during the ventilation periods. Some systems blow air with a steady airflow rate without ventilation cycle via the ducts placed level with the ceiling and extract it via ducts fixed to the lateral walls of the plant. All the difficulty lies in adjusting the duration of the periods where the airflow is inverted in relation to the periods where the air is introduced through the lateral blower ducts according to the ventilation cycle.

Chanteloup [START_REF] Chanteloup | Implémentation de la notion d'âge moyen de l'air à l'aide d'une "User-Defined Function" dans le code Fluent[END_REF] recently studied the airflow patterns in two modern 6 m-high industrial sausage dryers based on unsteady 2D CFD modelling performed with the CFD code Fluent [START_REF]Anonymous. Fluent 6: User's Guide[END_REF], highlighting heterogeneity in airflow patterns in the case of standard dryer configurations. With the aim of evening out the airflow distribution, the author then tested the effects of modifying the amplitude and duration of the ventilation cycle, changing the height of the blower ducts, adding deflectors to force the air to penetrate inside the area filled with the sausages, adding a third extraction duct level with the ceiling, and inverting the airflow inlet.

B. Mean Age of Air

To investigate the effect of the previous modifications on the airflow patterns, the notion of Mean Age of Air (MAA) was introduced into the CFD models. MAA, which is widely used in building or cleanroom ventilation sciences, can be defined as the average lifetime of air at a particular location, giving an indication on the "freshness" of the air. In the framework of a ventilated room with a single inlet and a single outlet, local MAA corresponds to the average time it takes for air to travel from the inlet to any point inside the room [START_REF] Fisk | Air change effectiveness and pollutant removal efficiency during adverse mixing conditions[END_REF][START_REF] Federspiel | Air-change effectiveness: theory and calculation methods[END_REF][START_REF] Abanto | Airflow modelling in a computer room[END_REF][START_REF] Lin | Comparison of performances of displacement and mixing ventilations. Part II: indoor air quality[END_REF][START_REF] Rouaud | Numerical investigation on the efficiency of transient contaminant removal from a food processing clean room using ventilation effectiveness concepts[END_REF]. Moreover, MAA can be solved by CFD codes as an additional userdefined transported scalar following the equation corresponding to steady-state configurations:
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where τ is the MAA scalar, ρu i is the mass flow rate (ρ is the air density and u i is the air velocity), Γ is the diffusion coefficient of τ for the air mixture, and S τ is the source term of τ which depends on the density of the air mixture.

Several authors have reported that the diffusion coefficient and the source term of τ could be written following the two equations [START_REF] Fisk | Air change effectiveness and pollutant removal efficiency during adverse mixing conditions[END_REF][START_REF] Federspiel | Air-change effectiveness: theory and calculation methods[END_REF][START_REF] Abanto | Airflow modelling in a computer room[END_REF][START_REF] Lin | Comparison of performances of displacement and mixing ventilations. Part II: indoor air quality[END_REF][START_REF] Rouaud | Numerical investigation on the efficiency of transient contaminant removal from a food processing clean room using ventilation effectiveness concepts[END_REF][START_REF] Gan | Effective depth of fresh air distribution in rooms with single-sided natural ventilation[END_REF]:
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where µ EFF is the effective viscosity, which is related to both molecular viscosity and turbulent viscosity.

The boundary conditions for the solution of Eq. ( 1) are zero value at the air inlet and zero gradient at the air outlet and wall surfaces. Furthermore, age of air is a passive quantity which does not affect airflow patterns; hence, the local MAA is obtained from the solution of the airflow equation [START_REF] Gan | Effective depth of fresh air distribution in rooms with single-sided natural ventilation[END_REF].

By solving this scalar transport equation by means of a user-defined function incorporated into the Fluent code, Chanteloup [START_REF] Chanteloup | Implémentation de la notion d'âge moyen de l'air à l'aide d'une "User-Defined Function" dans le code Fluent[END_REF] calculated MAA distribution in different configurations of two modern sausage dryers of large heights with the aim of identifying a technical solution that evens out at best ventilation. In the standard dryer configuration, i.e. for one period of the ventilation cycle (amplitude of 90%/10%) and without air inlet inversion, the calculations indicated a lack of ventilation in the upper half of the plants compared with the lower half, with air velocities locally lower than 0.1 m.s -1 and an MAA peaking at 80 s at the level of the two rows immediately located just above the lateral blower ducts. Air velocities in the lower half of the dryer were higher, ranging from 0.3 to 0.6 m.s -1 , and the MAA values were lower, ranging from 58 to 70 s. These findings undoubtedly corroborate the observations made in industry, i.e. the appearance of over-moist and excessively moulded sausages just above the lateral blower ducts during the drying process in modern sausage dryers of large height.

Figure 9 displays the local MAA calculated in a 4.3 m-wide sausage dryer, taking into account an air inlet inversion of 2 min (Figure 9a), 3 min (Figure 9b), 4 min (Figure 9c) or 5 min (Figure 9d) during 10 minutes of ventilation [START_REF] Chanteloup | Implémentation de la notion d'âge moyen de l'air à l'aide d'une "User-Defined Function" dans le code Fluent[END_REF]. Even though numerical results revealed few differences in the air velocity distribution between the four configurations (air velocity means ranged from 0.17 to 0.24 m.s -1 in the area filled with the sausages), analysis of Figure 9 shows marked differences in local MAA distribution. Increasing the inversion of the air inlet led to marked gradients in MAA distribution in relation to height; when the inversion reached 5 min (Figure 9d), local MAA values ranged from less than 55 s level with the ceiling near the extraction ducts to over 105 s (exactly 130 s) in the lower part of the dryer (giving a mean of 79 s with a standard deviation of 27 s), whereas the heterogeneity of MAA distribution was much lower when using an inversion time of 2 min (Figure 9a), i.e. a mean of 67 s and a standard deviation of below 5 s between the top and bottom of the dryer. In light of these results, local MAA seems to be a better and a more sensitive parameter than air velocity for highlighting pockets of inadequate ventilation and thus for assessing ventilation efficiency in industrial food plants.

From the analysis of the local air velocity in combination with the local MAA distribution, Chanteloup [START_REF] Chanteloup | Implémentation de la notion d'âge moyen de l'air à l'aide d'une "User-Defined Function" dans le code Fluent[END_REF] numerically demonstrated that changing the height of the lateral blower ducts between 2 m to Finally, the numerical investigation carried out revealed that the best distribution of local MAA (mean value of 18 s and standard deviation below 1 s) was obtained when a 0.35 m-long horizontal deflector was fitted just above each lateral blower duct in the 5.3 m-wide modern sausage dryer, for an air inlet inverted for 2 min for every 10 min of ventilation (Figure 10). On the other hand, the air velocities were not homogeneously distributed around the sausages, since standard deviation reached 0.17 m.s -1 for a mean of 0.37 m.s -1 . In addition, the strong impact on the homogeneity of MAA distribution was much lower when the same deflectors were added in the numerical model corresponding to the second sausage dryer which was less wide. Taken together, these numerical conclusions confirm that airflow patterns are very difficult to assess a priori; they also underline that numerical results absolutely must be validated by experimental results.

V. CONCLUSION

This chapter clearly shows that CFD techniques can be very useful tools for assessing and improving airflow patterns in modern industrial meat dryers of medium or large height, particularly those operating due to the ventilation cycle. The effect of the amplitude and form of the ventilation cycle on the homogeneity of the distribution of the air velocity means has been illustrated, together with the effect of a dissymmetry in the ventilation cycle. The results obtained confirmed the industrial observations on poor process efficiency in some parts of the plants, such as, for example, that the driest products are often located in the upper part of medium-height meat dryers. The need for controlled regulation of the ventilation cycle was also highlighted. Calculations performed in modern sausage dryers of large height proved that local mean age of air (MAA) distribution was a highly promising and very useful parameter for assessing ventilation efficiency compared with the usual air velocity, even if numerical results needed to be validated by experimental data.

With CFD techniques, the significance and effects of operating conditions and design parameters can therefore be analysed to gain a better understanding of the dynamics of the meat drying. Furthermore, more recent studies assessing airflow patterns via unsteady modelling will shortly provide professionals with a rational approach to help them in the operation and design of modern dryers, once they will have been validated by experimental data However, a full numerical model of how a modern meat dryer operates would be ideal, i.e. a model describing the homogeneity of the drying conditions and the interaction between the meat products being dried and the indoor atmosphere (velocity, turbulence, temperature and relative humidity). This remains difficult because very refined meshes will need to be constructed, yielding 3D numerical models requiring immense memory size. However, further progress can be expected in the years to come as the CFD codes become more and more flexible in use while the calculating power of computers currently used in practice continues to increase. 
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 1 had a very poor effect in evening out the ventilation in the area filled with the sausages, whatever the width of the dryer: 4.3 m or 5.3 m. The air velocity means ranged from 0.38 to 0.44 m.s -1 (with a standard deviation of 0.19/0.20 m.s -1 ), and MAA means ranged from 33 to 35 s with a standard deviation below 5 s in all cases. Halving the duration of the ventilation cycle from 60 s to 30 s combined with the addition of a third extraction duct level with the ceiling slightly affected airflow patterns inside the large-height dryers studied. As indicated in Figure9, inverting the air inlet in the dryer significantly modified air distribution in the plant, even improving ventilation homogeneity around the sausages compared with a standard operation without air inlet inversion, provided that the inversion time did not exceed one fifth of the total ventilation time. On the other hand, scaling down the amplitude of the ventilation cycle from 90%/10% to 60%/40% without inverting the air inlet during ventilation logically led to an increase in air velocities around the sausages located in the lower half of the plant to the detriment of the upper half, thus increasing the height stratification phenomenon, particularly in terms of local MAA distribution.
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 4 Figure 4. Distribution of the air velocities calculated from 3D CFD modelling on a vertical section located at half-length of a 134 m 3 small-scale sausage dryer corresponding to three steady-state
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 5 Figure 5. Distribution of the air velocity means calculated from 2D CFD modelling on a vertical section of a 134 m 3 small-scale sausage dryer for a ventilation cycle of linear form at amplitude
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 9 Figure 9. Distribution of the local mean age of air (MAA) calculated from 2D unsteady CFD
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 10 Figure 10. Distribution of the local mean age of air (MAA) calculated from 2D unsteady CFD

  Figure 1