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A simplified model for predicting shrinkage during low temperature air drying of porous food materials

Abstract
Food materials shrink when they are air-dried. However, owing largely to the complexity of modelling, most drying models so far have neglected this shrinkage, leading to inaccurate predictions. The empirical nature, inability to yield data on location-specific deformations and computational cost of detailed poro-mechanistic analyses and complex deformation modelling approaches make them unattractive for models that could be used in real-time process control algorithms. In this work, we develop a simplified transport model to predict spatial and temporal shrinkage during low temperature air drying process, and validate the model with experiments. In such drying, volumetric change is dominated by moisture loss; therefore the role of gas induced porosity is neglected. This model predicts shrinkage, temperature and moisture content at each spatial location at time intervals during the drying process. The model agrees well with experiments conducted by us (reported in this paper) as well as with those conducted by others (taken from the literature) on food samples.  We expect that this generalized model will find wide applications in the food processing industry. 
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1. Introduction

Drying is an important process in the quality preservation of food materials. Air drying or convection drying refers to the removal of moisture from food materials by passing hot air over it. The process involves complex heat and mass transport with in the porous structure of hygroscopic food materials, leading to shrinkage. Modelling of air drying phenomena facilitates prediction and optimization of thermo-physical changes and final quality of processed food materials. Neglecting shrinkage during modelling may lead to poor understanding of the underlying mechanisms and inaccurate predictions of material behaviour and its quality [1]. 
The shrinkage deformation has been investigated experimentally for various food materials by various researchers in the past. However, numerical studies that model shrinkage behaviour are limited. Some researchers modelled shrinkage by developing empirical and semi-empirical relations [2]. The major challenge associated with such models is their lack of replicability, especially in case of food materials, due to their organic nature. Various physics-based models such as linear elastic models, hyper-elastic models and viscoelastic models for modelling shrinkage in food materials have also been developed [3,4 5 6]. These models require information about the constitutive relation, Young’s modulus and Poisson’s ratio of the material of interest. Lack of these information due to change in material properties and behaviour owing to geographical variations, different harvest cycles etc. may lead to limited applicability of the model. Further, application of such models are complex, computationally costly and also sometimes involves empirical relations for Young’s modulus. This poses a need of a simplified modelling strategy for capturing shrinkage behaviour during drying.
Wang and Brennan [7] showed experimentally that during low temperature drying, the porosity induced due to the excessive vapour formation (called as gas induced porosity) is negligible and thus shrinkage solely depends on moisture loss for maximum period of drying. Further, modelling studies have also demonstrated that when the food material is in rubbery stage, the net shrinkage is due to moisture loss only and thus gas porosity effect is negligible [5]. Since low temperature drying results in near uniform heating, thus rubbery state is more likely to exist for most of the drying process [8]. Based on these findings in the literature, the current work focuses on developing a simple porous media based prediction tool that could predict transport phenomena and deformation behaviour during low temperature dying, without any need of solving deformation models. 
The manuscript is arranged as follows. Firstly, drying experiments are explained. Then, the model development for the drying process is described, followed by simulations and their validation for two cases viz. conducted experiments as well as with that of other reported literature. Parametric sensitivity analysis is then performed to identify sensitive input parameters. Finally a brief discussion about the quantification of assumption criteria for low temperature drying is done.
2. Materials and methods

Potato (Solanum tuberosum) was used as the subject of study. Potatoes were bought from local market and were kept in local storage.  Before experiments, the potatoes were bought to room temperature, washed, peeled and then cut into cubes of 14 mm edge length using a mechanical cutter. Any excess moisture that surfaced due to washing and cutting was removed gently using dry paper napkins. Drying was carried out in a convection oven (Nova Instruments, India) maintained at a temperature of  60oC by passing hot and dry air (zero relative humidity) at a velocity of 1 m s-1.Three variables viz. moisture content, temperature and shrinkage were analysed during the experiments.
The initial moisture content of the potato was measured using gravimetric method. In this method, food material is dried at 103oC for 24 hours and the difference in weight before and after drying is recorded. The change in weight corresponds to the amount of moisture that was originally present in the sample. Ratio of change in weight to the final sample weight is defined as the dry basis moisture content of the food material. Similarly, for capturing variation in average moisture content during drying, food samples were dried for different intervals ranging from 1 min to 300 min. Samples were weighed before and after drying and using difference in weight and initial moisture content, average moisture content was calculated. For temperature measurement, thermocouples were attached to the centre and surface of the food sample and drying was performed under the conditions stated earlier. Temperature was thus recorded as the function of time for whole process. Shrinkage analysis was performed using toluene displacement method [9]. 
In each of the above-mentioned experiments, three trials of each experiment were performed, each time with a new sample. Sample once used was discarded and not used for other trial or other set of experiment.
3. Modelling and simulation

A simplified porous media based transport and deformation model to predict spatial and temporal thermo-physical changes during low temperature air drying processes is developed. The hygroscopic and porous behaviour of food materials is taken into account. Heat transfer is modelled using modified heat diffusion equation whereas moisture and vapour transport is modelled using porous media based mass diffusion models. Darcy’s law is considered for modelling momentum based mass transfer. Water vapour and air is considered as a binary ideal gas mixture [5]. As a novel approach, gas induced porosity was neglected and volumetric changes and shrinkage is predicted using volume balance and mass conservation equations.  Spatial variation in temperature and the moisture content of the samples are predicted over time. The transition in shrinkage characteristics from crust to core and its variation over time is also captured.
The following assumptions were considered in the model:
1. Total mass of food material is equal to the sum of mass of dry solids, free water), water vapour and air.
2. Mass of solid remains constant throughout the process.
3. Water vapour and air together makes a binary ideal gas mixture (referred as gas).
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4. Dry solids in the food make a porous .matrix and the water and gas are present in the porous volume.
5. Representative volume approach (REV) is valid and properties remain constant properties within an REV.
6. Non equilibrium evaporation.
7. Gas porosity is neglected.
The governing equations used in the model are as follows:

	
	(7)

	Shrinkage estimation: For each element in the food sample, the local shrinkage at any instant  is calculated using the following formulae:
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Computational domain
 Two three-dimensional computational domains as mentioned in figure 2 were considered. Case1 (Figure 1(a)) corresponds to the drying of a cubic potato sample of size 14x14x14 mm3 by passing completely dried air at a temperature of 60oC, 1 m.s-1 velocity and zero relative humidity. Validation of case 1 is done by conducting experiments described in section 2. Case2 (Figure 1(b) corresponds to the drying of potato slab of size 45x20x10 mm3 by temperature of  and  , 4 m/s velocity and zero relative humidity. Case 2 conditions are taken from the literature [7] and thus validated with the same.
Simulation details
A porous media based multi-physics model was developed and solved for the two cases by changing the geometry, input parameters and boundary conditions as and when required. . Input data for various thermo-physical parameters and fundamental transport model were selected from one of the literature [5]. Modelling was done using a commercial finite element based, software Comsol5.3a.Free tetrahedral mesh was generated with coarser mesh towards the centre and larger densities of mesh elements at the edges. Grid convergence analyses were performed for mesh refinement and accordingly, number of elements were chosen for case 1 and 2 respectively. Figure 1(c) and 1(d) show the meshed domain. Figure 2 shows the schematic representation for all the phenomena captured and their coupling with each other. 
Table 1 shows the meshing parameters for selected mesh structures for both the cases.
4. Results and discussions

 Results for each of the considered cases are describe in the following order. Firstly, temperature and moisture variation is first described. Observed shrinkage behaviour and spatial shrinkage profile are demonstrated. This is followed by the validation of the proposed model with experiments. Then parametric sensitivity of the model is explained. Finally, some insights are given about the development of a quantification criteria for low temperature drying.
Case 1:
In case 1, size of the sample is kept small (14x14x14 mm3) and air temperature was kept 60oC and the transport and deformation behaviour is then studied. Figure 3(a) shows the variation of centre and surface node temperature with time. The heat transfer is near uniform in the structure and centre and surface temperature difference is not very high. This is due to small size of sample and low air velocity. The details of the effect of these parameters is also discussed in a later section.
Figure 3(b) shows the variation in average moisture in the sample with time. Initially, the moisture loss is rapid due to large moisture content with in the sample. As drying proceeds, surface evaporation becomes rapid and drying rate gets limited by the rate of internal diffusion thus slowing down the drying process. Figure 4 shows the contour plots for temperature at moisture at selected intervals.
Figure 5(a) shows the spatial shrinkage profile observed at the intermediate step and end of drying process and Figure 5(b) shows the modelled shrinkage behaviour in the sample with respect to time.
Validation: Model is validated with experiments conducted for potato sample. Figure 3(b) and Figure 5(a) shows the comparison of predicted temporal moisture and shrinkage variation with experimental results.
Case 2:
 In this case, the behaviour was studied for two air temperature. Therefore, the role of different air temperature on transport and deformation behaviour in a given sample is addressed.
Figure 6 shows the temperature and moisture variation for convection oven drying of a potato slab of dimension 45 mm × 20 mm × 10 mm at air temperature of 40℃ and 70℃ respectively. It is observed that for a drying temperature of 40℃, the spatial temperature is near uniform and there is not much variation in centre and surface temperature at any instant. As the drying temperature increases, surface drying dominates and the temperature at surface increases at a faster rate. Further, due to moisture loss, conductivity of the material in the dehydrated region decreases which impedes heat transfer from core towards the surface. 
Near uniform drying also results in uniform shrinkage within in the sample. This corresponds to a more uniform shrinkage with in the sample for low temperature. As we increase the drying air temperature, the spatial variation in temperature becomes significant, leading to different rate of moisture loss within the sample and thus induces non uniform shrinkage. Figure 7 shows the variation in shrinkage ratio with average moisture content. 
Parametric sensitivity analysis
Sensitivity of the drying process to all the properties except air and water properties was analysed .Initial porosity (), initial water content () and solid density () were found to be the most sensitive input parameters for the developed physics based model.  Figure (9),(10) and (11) show the effect of these parameters on moisture content, temperature and average shrinkage ratio.
Also, the physics based modelling show that pressure change during low temperature drying is almost negligible. Thus, the proposed low temperature drying model could be further simplified by considering constant ambient pressure throughout the process and thus mitigating the need of implementing Darcy’s law for pressure induced flow.

Quantification of criteria for assuming uniform heating and uniform shrinkage:
 From the current study, it is clear that small sample and low air temperature are crucial parameters in assuring near uniform heating of sample; which in turn ensures uniform shrinkage and negligible gas induced porosity. Similarly, it can be studied that keeping the velocity of passed air low could also contribute to meet the near uniform conditions. Thus, there is a need to define criteria that takes into account the cumulative effect of these parameters. From the fundamental of heat transfer, we can analyse this by utilising the concept of lumped capacitance and Biot number (Bi) [9]. However the analysis here becomes complex due to the variation in properties and sample shrinkage resulting due to moisture loss.
In this case, Bi at any instant can be defined as:

For lumped capacitance to be valid, Bi<0.1
In the above equation h takes in to account the effect of air velocity. With increase in air velocity h increases resulting in increase in Bi. Similarly as the sample shrinks (decreasing Lc), the heat transfer per unit surface area increases resulting in higher rate of heat transfer at surface as compared to conduction from inner core This results in higher Bi. 
Analysis of effect of conductivity here is less straight forward for drying. The net thermal conductivity of any element in a food material is taken as the weighted average of conductivity of starch and moisture. Due to low thermal conductivity of polymers, heat conduction is mainly due to moisture only. At higher drying temperature, the rate of moisture loss from the surface is higher thus the moisture content decreases leading to lower thermal conductivity in the sample’s dried region (also explained in earlier sections). Due to decrease in thermal conductivity, rate of heat conduction slows down as compared to that of surface convention. This corresponds to higher Biot number and thus non applicability of lumped capacitance analysis. A more detailed analysis of these parameters could lead to the development of empirical relations for developing the validity criteria for different sample geometries, dimensions and set of operating conditions.
Conclusions
A simplified model to capture transport and deformation phenomena during drying of food materials is developed. The major findings and contributions of the work are as follows:
· Need of complex constitutive models for capturing deformation is mitigated due to negligence of gas porosity, without any significant compromise in the accuracy of predicted thermo-physical parameters.
· Moisture content remains near uniform for low temperature drying and thus modelling could be further simplified for commercial applications by considering same temperature across the whole domain, at any instant.
· The spatial as well as overall shrinkage behaviour is captured over time and the phenomena is in agreement with reported microstructural changes.
The proposed work could be used as a prediction tool for analysis and optimization of dryer conditions, process parameters and sample geometry and dimensions during low temperature drying processes for commercial applications. Further, the effect of air velocity and air humidity on the thermo-physical behaviour could also be studied and the criteria for the applicability of model could be quantified.
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Tables

Table 1 Mesh statistics
	Attribute
	Case 1
	Case 2

	Number of elements
	21566
	9628

	Maximum element size(m)
	2.66e-3
	0.0255

	Minimum element size(m)
	5.6e-4
	3.15e-3

	Maximum element growth rate
	1.7
	2
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Figure 1. Selected computational domains and their meshing.
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Figure 2.  Flow chart showing the details of various sections of developed computation model and their     coupling.
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Figure 3. Variation in centre and surface temperature and average moisture content with time.
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Figure 4. (a) Temperature and (b) moisture contours across a diagonal cross section of food sample at 150 and 300 min.
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Figure 5. (a) Shrinkage variation across a diagonal cross section of food sample at 150 and 300 min (b) Shrinkage ratio variation with average moisture content ratio.
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Figure 6.  Variation in (a) centre and surface temperature (b) centre and surface moisture content and 
(c) average moisture content with time for drying at 40℃ and 70℃.
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Figure 7. Obtained characteristic drying rate curves for drying at 40℃ and 70℃
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Figure 8. Shrinkage ratio variation with average moisture content ratio for (a) 40℃ and (b) 70℃ 
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Figure 9. Effect of variation in solid density on a) centre temperature (b) and surface temperature and 
(c) average moisture content with time for drying of 14 mm cube at 60℃.
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Figure 10. Effect of variation in solid density on a) centre temperature (b) and surface temperature and (c) average moisture content with time for drying of 14 mm cube at 60℃.
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Figure 11. Effect of variation in solid density on a) centre temperature (b) and surface temperature and (c) average moisture content with time for drying of 14 mm cube at 60℃.
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