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While much work has been devoted to thermal convection and radiation, studies concerning the modelling of contact heating of food products remain rare in the literature. To deal with this, a 2D model based on a moving boiling-front approach was developed to deal with the case of contact heating of sliced potatoes (with or without oil below the product). This model allowed a better understanding of limiting phenomena during contact heating as well as the determination of contact heat transfer coefficient between the product and the heating surface. In view of the relatively large number of model parameters, a sensitivity analysis was realised in parallel of the validation of the model coupling Morris method and Sobol sensitivity analysis. This analysis allowed to significantly reduce the number of unknown parameters of the model by drawing up a list of parameters having a lesser influence on the measured values used for validation and whose values could therefore be fixed by considering bibliographical data.

INTRODUCTION

While much literature is devoted to the study of convective and radiative heat transfer during heating of food products, studies concerning contact heat transfer are rare. That seems surprising given the facts that (i) contact heat transfer is the major mode of heat transfer for unit operations such as grilling in industrial or out-ofhome catering applications or pan-frying in domestic applications and that (ii) this mode of heat transfer (where food products which can be considered thermal insulators are exposed to very high heating flux) is expected to lead to drastic product quality changes particularly in the zone of the product close to the heating surface. [START_REF] Haak | Effec of pan-frying in different culinary fats on the fa y ac d prof le of pork[END_REF]Boskou et al. 2007;[START_REF] Flaskerud | Effec s of cook ng ec n ques on fa y ac d and oxyl p n content of farmed rainbow trout (Oncorhynchus mykiss)[END_REF].

In this context, mechanistic modelling of heat and mass transfer phenomena occurring during contact heating seems to be an attractive approach to improve our understanding of couplings between elementary transfer phenomena, to identify limiting phenomena and to determine rational strategies in order to improve the sensory and nutritional qualities of products heated by contact.

A key step in the modelling approach to be developed is to determine as precisely as possible the value of the contact heat transfer coefficient between the product to be heated and the heating surface, bearing in mind that (i) this coefficient can vary drastically during cooking due to the high reactivity of food products during heat treatments and that (ii) its direct and non invasive experimental measurement is very delicate [START_REF] Viné | Exper men al and numer cal s udy of ea and mass ransfer dur ng con ac ea ng of sl ced po a oes[END_REF]. Its indirect determination by identification using a mathematical model of transfer phenomena is therefore unavoidable. The accuracy of the identified value of the transfer coefficient by contact is therefore closely linked to the accuracy of the model used to describe the heat and mass transfer phenomena within the heated product and in particular at the interface between the product and the heating surface. Recent experimental works [START_REF] Cernela | Exper men al s udy of heat and mass transfer phenomena during the contact heating of sol d food models[END_REF][START_REF] Viné | Exper men al and numer cal s udy of ea and mass ransfer dur ng con ac ea ng of sl ced po a oes[END_REF]) has demonstrated that it is necessary when describing the transfer phenomena of concern to take into account a strong coupling between heat transfer and (possibly intense) evaporation of water exuding from the product at its lower surface. Only three authors have proposed models that take this coupling into account (Ou and Mittal 2006;[START_REF] Dhall | Transport in deformable food materials: a poromechanics approach[END_REF][START_REF] Feyissa | Modell ng of coupled ea and mass ransfer dur ng a con ac bak ng process[END_REF]. This was done: (i) by describing the drying of the product lower surface using a formalism specific to convective drying although the existence of a boundary layer relative to mass transfer is questionable in the interfacial zone (Ou and Mittal 2006;[START_REF] Dhall | Transport in deformable food materials: a poromechanics approach[END_REF] or (ii) by considering the rate of liquid water removed from the product and the rate of water vapour generated at the interface both equal to the rate of evaporation [START_REF] Feyissa | Modell ng of coupled ea and mass ransfer dur ng a con ac bak ng process[END_REF]. In these works, water evaporation is also considered in the whole product. To describe it, Ou and Mittal (2006) and [START_REF] Feyissa | Modell ng of coupled ea and mass ransfer dur ng a con ac bak ng process[END_REF] assumed that liquid water was in equilibrium with water vapour in the product whereas [START_REF] Dhall | Transport in deformable food materials: a poromechanics approach[END_REF] opted for a non-equilibrium formulation.

In [START_REF] Viné | Exper men al and numer cal s udy of ea and mass ransfer dur ng con ac ea ng of sl ced po a oes[END_REF], a 2D mathematical model based on a moving boiling-front approach was developed and validated. This model aimed at reaching a better understanding of all coupled heat and mass transfer phenomena during the contact heating of solid food product (case of sliced potato). Given the large number of parameters involved in the development of the model (fine description of the transfers in the product and at the interface between the product and the heating surface), particular care was taken in the calibration phase of the unknown parameters of the model. To this end, a global sensitivity analysis of the measured variables to the unknown parameters was carried out by combining Morris method and Sobol sensitivity analysis and is presented in this paper. This is part of a current trend to streamline the process of identifying the unknown parameters of a model. In the case of transfer models applied to food products (often heavily parameterized), the recent works of [START_REF] Dimov | Monte Carlo algorithms for evaluating Sobol' sensitivity indices[END_REF][START_REF] Feyissa | Uncer a n y and sens v y analys s: ma ema cal model of coupled ea and mass ransfer for a con ac bak ng process[END_REF] and [START_REF] Rabeler | Modell ng of food processes under uncertainty: Mechanistic 3D model of c cken mea roas ng[END_REF], for example, are noteworthy.

The paper is organized as follows. In Section I, the mathematical model is recalled. In Section II, the sensitivity analysis is performed and the results are presented. In Section III, the results and the methodology are discussed. Finally, a conclusion sums up the main results of the paper. 

MAIN PART

Nomenclature

I) Mathematical Model

A moving boiling-front approach is chosen to describe coupled heat and mass transfer phenomena during contact heating of sliced potatoes. In a first heating stage and due to the very high contact flux exchanged with the heating surface, the temperature of the lower surface of the product is expected to increase rapidly to reach the boiling temperature of water at atmospheric pressure (100°C). At this point, a second stage of heating occurs and a boiling front at 100°C and atmospheric pressure is formed on this surface and propagates towards the interior of the product during the remaining time of the heating. This front divides the product in two zones: (i) a so called crust below the boiling front where the concentration of liquid water can be assumed negligible and where the temperature can be higher than 100°C and (ii) a so called moist region above the boiling front. To simplify the mathematical formulation of the transfer phenomena, further assumptions were made:

(1) Given the geometry of the potato sample, heat and mass flux are expressed in 2D cylindrical system of coordinates.

(2) In the moist region, the product is constituted by dry matter and liquid water whereas in the crust region, the product is only constituted by dry matter and water vapour (produced at the boiling front)

(3) Given the low thickness and the high porosity of the crust, the resistance to water vapour transfer in this zone is assumed negligible.

(4) Heat transfer in the crust is considered to occur in quasi-steady-state regime since the energy consumed by the crust to raise its temperature is very small compared to the energy consumed by water evaporation at the position of the boiling front. According to this assumption, the temperature profile in the crust is assumed linear. The heat flux through it is calculated using a global thermal resistance adding the resistance induced by thermal conduction within the crust and the thermal contact resistance (5) The shrinkages of the porous solid network constituting the crust and of the rest of the moist product are assumed negligible

Stage 1: Initial heating stage During initial heating, heat and water transfers in the moist region of the product are described using the following conservation equations:

where refers to the total enthalpy by unit-mass of dry matter and is calculated according to:

At the upper and lateral surfaces of the disk of product, the product is in contact with ambient air and some convective heating and drying occurs described according to the boundary conditions:

where the influence of and on values of water activity needs the values of two parameters and to be determined (see Tab. 1) and where the values of (on lateral and upper surfaces) and corresponding values of were calculated using the Nusselt correlations for free convection in flat and cylindrical geometries at the upper and lateral surfaces respectively. During this stage, the drying of the produc 's lo er surface s assumed negl g ble. A e same interface, the heat flux transferred to the product by the heating surface is given by the boundary condition:

Note that the contact heat transfer coefficient is supposed to be constant throughout the process. This hypothesis, made in [START_REF] Viné | Exper men al and numer cal s udy of ea and mass ransfer dur ng con ac ea ng of sl ced po a oes[END_REF], has consequences on the sensitivity analysis that will be discussed in Section III.

Stage 2: Formation and propagation of a boiling front

Governing equations in the moist region and boundary conditions at the upper and lateral surface are identical for both stages. Considering assumptions made previously, no boundary condition is required for the crust layer formed below the product. Considering the definition of the boiling front, the boundary condition for heat transfer at this boiling front (lower surface of the moist region of the product) is:

The water diffusion from the moist region to the boiling front is neglected in comparison with the local evaporation rate due to boiling. The liquid water of the crust being assumed equal to zero, the advance of the boiling front is hence used to calculate the instantaneous water loss at this location:

The boundary condition for the heat balance is used to calculate the local velocity of the boiling front within the product. This local velocity is assumed to be only on the z-axis but depends on the radial position. It is calculated according to: where is the conductive heat flux in the moist region at this location and is the conductive heat flux through the crust calculated by using an thermal resistance globalising the thermal contact resistance between the product and the heating surface and the crust thermal resistance :

II) Sensitivity Analysis

The model developed in Section I has been validated in [START_REF] Viné | Exper men al and numer cal s udy of ea and mass ransfer dur ng con ac ea ng of sl ced po a oes[END_REF] with experimental data. In this section, a sensitivity analysis of this model is performed. The aim of this section is twofold. The first goal consists in checking that the relative influence of the parameters appearing in the equations established in Section I is as expected from physical considerations. In particular, it is expected that the contact transfer coefficient h ct plays a key role in the model of heat and mass transfer previously presented; it should therefore naturally be very sensitive. The second objective is to split the parameters appearing in the equations in two subsets. On the first hand, those which need to be determined carefully in order to ensure the predictive ability of the model and on which all the effort should be focused. The precise determination of these so called "cr cal parame ers" can ence be carr ed n ree different ways: by off-line experimental measurements, analysis of data found in the literature or calibration during the validation process, keeping in mind that the number of parameters to be calibrated must be as low as possible for this procedure to be successful. On the other hand, those which value can be selected with less accuracy without any notable deterioration of the predictive ability of the model. This allows to select the latter parameters from the literature or from correlations while keeping satisfactory predictions from the model.

The list of parameters involved in the model developed in Section I is summarized in Table 1, together with their unit and the a priori probability distribution selected to performed the sensitivity analysis. For each of the 15 parameters, the distribution has been selected according to physical sense. Normal distributions have been chosen when a given value, or values close to it, were supposed to be much more likely than distant values, whereas uniform distributions have been taken when only a range of values was presupposed.

Table 1: To better understand and describe the complex interactions between the parameters, multiple outputs were selected corresponding to experimental measurements. They are summarized in Table 2. Five physical quantities are listed: three temperatures and two mass flux densities (one at the bottom surface and one for the lateral and upper surfaces of the product). Each of these quantities are observed at 4 instants, leading to a total of 20 outputs. In practice, apart from the three temperatures, only the total mass loss is measured. However, the mass flux has been split into bottom flux and lateral and upper flux because they represent different physical mechanism: boiling and convective drying, respectively. 

Quantity

Unit Instants

The mathematical model described in Section I is simulated using Comsol Multiphysics (version 5.3). Each simulation takes between 1 and 10 minutes, depending on the selected precision. Given the high number of parameters involved, the following methodology has been adopted in order to achieve the sensitivity analysis in a reasonable time. First, the Morris's elementary effects screening method (Morris 1991) is applied, using the R function morris from the sensitivity library (with , which leads to 480 model calls). This method is not as precise as other methods can be, but in return is not too computationally demanding. Using this method first is a way to simplify the analysis by first detecting the parameters which have a negligible influence on the selected outputs and hence do not need to be investigated further. An excerpt of the results is presented in Figures 1 and2. In Figures 1 and2, the x-axis represents the overall first order effect of a parameter, while the y-axis represents interaction or nonlinear effects of a parameter. Hence, a parameter situated on the bottom left corner of the graph has a weak influence on the output, that is, is weakly sensitive. As can be seen, several parameters are clustered in the bottom left corner, leaving only, when considering the outputs and the parameters , , and as sensitive for these outputs. This visual analysis is performed for each of the twenty outputs; keeping only the parameters which never cluster on the bottom left corner, we end up with , , , , and as the only remaining parameters.

The next step consists in computing the Sobol indices [START_REF] Sobol | Sensitivity analysis for non-linear ma ema cal model[END_REF][START_REF] Martinez | Analyse de sensibilité globale par décomposition de la var ance[END_REF] for the six remaining parameters, using the R function sobolmartinez from the sensitivity library (with , which leads to 1600 model calls). The results for the the outputs and are presented in Figures 3 and4. For each of the six remaining parameters, the main and total effects are estimated together with a 95% confidence interval, this confidence interval being estimated by a bootstrap method with 100 replicates. Remark first that, given that the indices are only numerically approximated, the main effects often appear to be greater than the total effect; however, in view of the confidence intervals (omitted here), the values seem consistent. Remark also that the different effects do not add up to 1 as they should, again due to numerical errors, but again this discrepancy is acceptable given the confidence intervals.

The results of the sensitivity analysis are summed up in Tab. 3. For each quantity and each time, the sensitive parameters are listed in descending order or importance. To summarize only has an influence on at 100 s and 300 s;

only has an influence on at 600 s and 900 s;

only has an influence on at 900 s; the three other parameters have an influence on almost every output and at any time, with the influence of decreasing when time goes on, while the influence of is increasing when times goes on. The three most sensitive parameters are therefore , and ; is sensitive only on the initial times for only one observed quantity and and are weakly or not sensitive at all, depending on the considered output.

III) Discussion

From the results of the sensitivity analysis, it is first important to notice that the parameter is among the most sensitive parameters of the model. This was expected given the physical significance of this parameter. Another result concerning is that its influence decreases with time. This implies that, in order to accurately estimate this parameter, it is important to get as much experimental data as possible during the first minutes of the heating.

The second consequence of the sensitivity analysis is that and are of very sensitive throughout the heating. Although this was expected from the physical meaning of these parameters, it turns out that they are crucial to the modeling of heat and mass transport phenomena and are even sometimes more important than . This highlights the need for a meticulous determination of these two parameters for a good understanding of the heating process. For the determination of for instance, an experimental characterization of its structure at microscopic scale and the determination of the influence of this structure upon heat and mass transfer phenomena could be a great help.

The third takeaway is that is sensitive for at initial times. This shows the need for a careful determination of its value. Indeed, even though is only a fraction of the total mass flux density, even a small discrepancy in the value of could lead to a non-negligible error in the energy balance and hence a degradation of the predictions of the model.

The fourth takeaway is that the other parameters are either weakly or almost not sensitive taking into account the outputs considered (cf. Tab. 2). This justifies taking references values in the literature for these parameters and not spending too much time in experimental estimations, which would be almost useless for the predictive abilities of the model. For instance, it is well known that the initial water content of the potato slice may vary depending on the variety and/or on the storage conditions and duration. However, given that the parameter is almost not sensitive, there is no need to determine it with a high precision for each experimental trial.

Although the methodology adopted here allows to better understand the system and the relative influence of the parameters, it also has some limitations. First, the a priori probability distributions taken for the parameters and presented in Table 1 are somehow arbitrary. They have been selected considering the underlying physical meaning, but the exact bounds (for uniform distributions) or the mean value and standard deviation (for normal distributions) could have been selected differently. For instance, the prior distribution on was taken as uniform between the conductivity of air and the conductivity of lipids. This choice reflects the incertitude on the structure and composition of the crust. Similarly, the bounds on the prior distribution of were selected considering the values found in the literature (Viné et al., 2019). These values were found in fact to vary in a very wide range even for similar food products. This reflects that the determination of the value of this parameter is always very delicate either (i) by direct experimental measurement or (ii) by comparison between measured and predicted data using a model. Indeed, the value determined by this latter method often incorporates misunderstanding or misdescription of the mechanisms occurring during contact heat transfer. Furthermore, it is worth noting that a different choice of the distributions could lead to different results for the sensitivity. However, studying the sensitivity of a parameter outside of its typical variation range is not physically relevant. The distributions have been selected to be representative of the expected possible range of the parameters and therefore the obtained results can reasonably be taken as representative enough.

Another limitation of the method appears after applying the Morris method, when selecting the parameters which will be kept for the computation of the Sobol indices and those which will be left. This step has been performed graphically, keeping in mind the contradictory needs of (i) reducing the number of parameters to get exploitable results, and (ii) not eliminating parameters that could end up being sensitive and therefore important. However, when looking at the values of the Sobol indices, it turns out that only a few parameters account for nearly all the variations of all the considered outputs. Hence it seems unlikely that a very sensitive parameter was left behind after the Morris method.

The third limitation of the methodology is the initial choice of the set of parameters to study. Indeed, the only considered parameters are those appearing explicitly in the model equations and other factors could be considered. Some might have an even bigger impact on the process than , or as for instance the exact geometry of the potato slice, the sharpness of the cut for the product in particular at its lower surface or the heating surface covering. However, these factors are easily controlled in experimental setups, which limits the interest of studying their relative effect on the outputs.

The fourth limitation consists in the interpretation of the sensitivity of . Indeed, as stated above, this parameter was supposed to be constant. However, in reality, is not constant and its variations reflects the drastic changes of structure in the contact surface. Therefore, the value of is an average value throughout the process and the analysis of its decreasing sensitivity refers to the decreasing sensitivity of this average value.

Last, but not least, given that the Sobol indices represent percentages of the outputs, when comparing the effect of a given parameter on a given quantity at different instants, it is worth noting that the percentages do not refer to the same absolute value. For instance, the temperature of the product is increasing and thus it is possible that a parameter is responsible of the same amount of variation in degrees at different times, meaning its relative influence is decreasing, and thus we see its Sobol indices is decreasing as well. This remark does not contradict the interpretation of the effects of the parameters but it is important to keep in mind that these interpretations consider only the relative influence on the outputs.

CONCLUSION

In this paper, a sensitivity analysis of a heat and mass transfer model for the contact heating of potato slices has been performed. It has shown that a large number of the parameters appearing in the model equations are weakly or almost not sensitive for a number of outputs representing the evolution process. Only three parameters have been shown to be very sensitive, namely the thermal conductivities of the crust and the moist product , as well as the contact heat transfer coefficient . This has in turn consequences, as the need to get meticulous estimations of these parameters on one hand and the lack of interest of a precise estimation of the other considered parameters on the other hand. The sensitivity analysis performed on this model has shown useful in understanding the relative importance of the parameters. In future works, different approaches for estimating the sensitivity which reduce the sampling required may be tried, as in [START_REF] Bhonsale | Global Sensitivity Analysis of a Spray Drying Process[END_REF] 
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