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Introduction

The freeze-drying for particle-based materials is becoming of growing industrial relevance because ensures the production of dry powder drug products in the micron range, suitable for many pharmaceutical purposes. The use of particle-based material (commonly produced by spray-freezing[1]) has grown in recent years especially for the production of drugs designed for both oral and parenteral administration.

Mathematical modelling can provide insights on the effect of structural parameters and operating conditions on the process behaviour, which can then be used to control the process ensuring the highest quality standards.

As first step, mathematical modelling was used to investigate the effect of particle size distribution on the mass transport resistance of packed-bed made of frozen micro-particles. In particular, the structural properties of different packings (porosity and tortuosity) have been estimated by coupling bullet physics and Computational Fluid Dynamics. These results have then been used by a mechanistic model of the process in order to describe the product dynamics during primary drying and, thus, evaluate the impact of process conditions on process performances.  
Methods
As shown in Fig.1, the starting point to simulate a packed bed of particles is the choice of a realistic geometry of packings. To this purpose, an in-house software (running under Blender architecture) has been developed for the simulation of particle falling (having different size) within a confined volume. This software allows the reconstruction of random packing[2]. The Bullet Physics Library allows to manage the dynamics of rigid bodies and to account the rigid collisions between a great number of rigid body elements. The packed-bed model obtained by Blender can be considered as a realistic geometry and can be used in the finite volume CFD solver OpenFOAM. The mesh utility snappyHexMesh (included in OpenFOAM) has been used to generate the computational domain of an internal portion of the packed-bed.

Once the computational domain has been defined, pore-scale CFD simulations have been performed under Stokes regime to estimate those geometrical parameter of the packed beds (porosity, tortuosity, pore diameter and permeability) that are essential to describe the heat and mass transfer during the freeze-drying process. The last step of the method presented in this paper consists in the use of these parameters in a two-dimensional, axisymmetric, unsteady state model that includes the heat and mass balance equations for the freeze-drying of granular beds within a vial.
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Fig. 1. Workflow to estimate the properties and the freeze-drying behaviour of packed-beds of uniform and non-uniform micro-particles within a vial.
Results
Results show that the packed-bed structure can have a great impact on the behaviour of freeze-drying of granular materials. Uniform packings show larger values of porosity and of mean pore diameter that lead to the reduction of dried cake resistance and primary drying time. By contrast the values of tortuosity of packed beds is almost identical to that calculated by Carman[3]. Smaller values of porosity can be obtained in the case of non-uniform spheres. 
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