

  processes-12-00480




processes-12-00480







Processes 2024, 12(3), 480; doi:10.3390/pr12030480




Article



Describing the Drying and Solidification Behavior of Single Suspension Droplets Using a Novel Unresolved CFD-DEM Simulation Approach



Moritz Buchholz 1,*, Dominik Weis 1, Riccardo Togni 2, Christoph Goniva 2 and Stefan Heinrich 3





1



BASF SE, 67056 Ludwigshafen, Germany






2



DCS Computing GmbH, 4020 Linz, Austria






3



Institute of Solids Process Engineering and Particle Technology, Hamburg University of Technology, 21073 Hamburg, Germany









*



Correspondence: moritz.buchholz@basf.com







Citation: Buchholz, M.; Weis, D.; Togni, R.; Goniva, C.; Heinrich, S. Describing the Drying and Solidification Behavior of Single Suspension Droplets Using a Novel Unresolved CFD-DEM Simulation Approach. Processes 2024, 12, 480. https://doi.org/10.3390/pr12030480



Received: 22 January 2024 / Revised: 19 February 2024 / Accepted: 23 February 2024 / Published: 27 February 2024



Abstract

:

With increasing computational capacities and advances in numerical methods, a simulation-based process and product design approach for spray dried products has become the focus of many researchers. In this context, a novel unresolved CFD-DEM simulation approach for single suspension droplets is presented, which models the drying and solidification process in a hot gas environment. The solidification process is described by the formation of bonds between the primary particles in the suspension droplet, showing a plausible solidification behavior, which starts when a critical solid concentration is reached at the droplet surface. The drying conditions for the single-droplet simulations are determined from a large-scale spray dryer simulation for different droplet size classes. The resulting solid particles from the CFD-DEM simulation show a higher tendency to form hollow particles at high drying rates when the locking point is reached at earlier stages of the drying process. Using these results, suitable operating conditions for the spray dryer can be determined, which favor the formation of particles with a targeted morphology.
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1. Introduction


Spray drying processes are widely used in industry to produce large amounts of granular material from liquid solutions or suspensions. Due to the increasing demand for materials with different granule properties, size distributions and particle morphologies, the use of computational methods for the design and optimization of spray drying processes has gained a significant scientific interest [1].



The spray drying process can be divided into three main stages: (1) the atomization step, in which a spray of small droplets is created from a liquid feed; (2) the drying and solidification process of the single droplets; and (3) the separation of the granular material from the drying gas. From a phenomenological perspective, the drying process is often divided into two distinct stages. During the first drying stage, the droplet shrinks due to the unhindered evaporation of the solvent material until the droplet solidifies and forms a wet particle [2]. This drying stage is also called constant rate period as the droplet surface decreases at a constant rate, which is also expressed by the so-called d2-law [3]. The second drying stage, also called the falling rate period, consists of the drying of the residual solvent in the wet particle, which is limited by the transport processes of the solvent vapor within the particle itself [2].



For over a hundred years, spray dryers have been operated with a focus on dairy and detergent applications [1]. More recently, the focus has also shifted towards the production of more specialized granular materials like catalysts that require a specific particle morphology to achieve optimal performance. The development and design of spray drying processes for such materials poses a great challenge [4]. On the one hand, the mechanisms of particle formation occurring at droplet scale are difficult to model due to their inherent complexity, and on the other hand, during the scale-up of laboratory and pilot scale experiments to production scale, changing flow-patterns and changing atomization behavior may severely impact the resulting product properties [5].



During the last decades, several methods for the numerical modeling of granular flows have been developed. Since most industrial processes involving granular materials include a secondary fluid phase (typically air or water), the effect of solid–fluid interactions must be accurately modeled. A promising approach for simulating granular-fluid systems is the coupled CFD-DEM method, with which the motion of the particles is resolved by means of the Discrete Element Method (DEM), while the Computational Fluid Dynamics (CFD) method is used to calculate the interstitial fluid flow [6]. Reviews on DEM and CFD-DEM methodologies have been published by Zhu et al. [7,8] and recently by El-Emam et al. [9].



The coupled CFD-DEM method became a crucial tool for understanding the physics of particulate systems and for optimizing industrial process design, as described in the works of Golshan et al. [10]. In this work, a novel methodology for predicting the average granule size and morphology in spray drying applications for suspensions is presented, as shown in Figure 1. On the one hand, this approach consists of an unresolved CFD-DEM simulation of a single evaporating spray droplet containing a suspension of solid primary particles, and on the other hand, of a CFD simulation of the spray dryer. The latter is used to evaluate the average drying conditions that the single droplets may experience within the spray dryer.



The CFD-DEM simulation used for droplet-scale simulation is of an unresolved type, meaning that the flow around each individual particle is not resolved since the particle sizes are much smaller than the computational grid. This unresolved approach drastically reduces the computational time in comparison with resolved CFD-DEM, albeit at the cost of losing access to small-scale flow structures.



The information obtained from the macroscopic spray-drying simulation is used to set the time-dependent boundary conditions for the microscopic droplet-scale simulation. The microscopic simulation resolves the mass, momentum and energy exchange between a single spray droplet and the surrounding gas, modeled as two distinct fluid phases using a Volume of Fluid (VOF) method. Furthermore, the momentum and energy exchanges between the single droplet and the suspended solid primary particles, which are modeled as DEM particles, are resolved. The interface between the liquid droplet and the gas deforms due to the balance between drag and surface tension forces, while it recedes due to the solvent evaporation. The primary solid particles recirculate inside the droplet, are repulsed by the liquid–gas interface and agglomerate to form a crust or a full solid granule. Due to the high number of primary particles inside the droplets, a coarse-graining approach is used. A detailed description of the model employed for the microscopic simulation is presented in Section 2.



The internal circulation of the primary particle depends on many factors such as the droplet size, the surface tension and the viscosity of the liquid–solid mixture, as well as the evaporation rate. The constant rearrangement of the solid suspension might affect the formation of coherent solid structures inside the droplet such as shells at the surface. However, this behavior depends also on the material’s properties, such as the concentration and nature of the binder present in the slurry. These complex and interwoven dynamics, which determine the size and the morphology of the dried granules in spray drying processes, have been investigated in this work using unresolved CFD-DEM simulations at a droplet scale.



In the literature, there are different approaches that deal with the detailed modeling of the evaporation process of single droplets. Breinlinger et al. [11,12] used coupled CFD-DEM simulations for this purpose and derived a capillary force model that is based on the Young–Laplace and Young equations. The model neglects the local curvature of the solid–liquid contact line. For their simulations, a coarse-graining of the particles from 1 µm to 20 µm was used to reduce the computational cost. From the simulation results, the authors showed the influence of the cohesive and capillary forces on the resulting granule morphologies. As a first indicator for the validity of the model, the simulation results were compared with results for dried particles from the literature.



Nishiura et al. [13] combined the VOF and DEM methods, along with the Constrained Interpolation Profile (CIP) method, introduced by Yabe et al. [14]. The CIP method, a semi-Lagrangian approach, calculates the motion of individual particles within a gas–liquid multiphase flow. The authors employed the liquid immersion technique to observe the internal structure of granules and investigated the impact of drying conditions on granule morphologies, considering the drying rate distribution around the droplet under varying air flow conditions. They found that increased friction and vertical capillary forces in the top part of the droplet led to the formation of particles with depressions. In another study by Miyazaki et al. [15], the coupled DEM-CIP simulations were used to examine the binder segregation during the drying process. They observed that adding binder material resulted in hindered particle movement due to increased viscosity and reduced surface tension, leading to the formation of more hollow particles. Washino et al. [16] employed the CIP method in their study to solve the liquid–gas two-phase flow and used the VOF method to account for the multiphase nature of the system. They introduced a novel approach, known as the continuous capillary force (CCF) model, to consider the stresses between suspended particles induced by capillary forces. Instead of explicitly tracking the contact line, they considered a transition region of finite thickness. The interaction force between the fluid and solid was modeled using the immersed boundary method. The authors demonstrated that the CCF model allows the evaluation of the capillary force at low computational costs, even in the case of an inexact determination of the location of the contact line.



The novel simulation framework presented in this study makes use of the possibilities offered by CFD and DEM to reproduce physical systems at different length and time scales. At the macroscale, the trajectories and temperature histories of droplets in the whole apparatus are determined using pure CFD simulations. The data are then used as input for the boundary conditions on the microscale in highly resolved coupled CFD-DEM simulations of individual droplet drying. This approach allows linking of the operating conditions of a spray drying process with the resulting particle properties, like size and morphology, which is crucial for operating and optimizing spray drying processes.




2. Materials and Methods


2.1. Model Structure


In this section, the models used for the microscopic simulations are described in more detail. The microscopic single-droplet simulation, on which this work is focusing, is a 4-way coupled CFD-DEM simulation of a single evaporating droplet containing a suspension of solid particles. Due to the presence of three phases, namely gas, liquid and solid, a VOF solver (cfdemSolverInterDyMPC from CFDEM®couplling 5.3.0) has been coupled to the Aspherix® DEM solver (version 5.3.0). CFDEM®couplling is an extension of the open-source software package OpenFOAM® [17] designed for coupled CFD-DEM simulations. In this work, the OpenFOAM® version 8 is used.



cfdemSolverInterDyMPC is a coupled CFD-DEM solver based on InterDyMFoam, which is a VOF solver from OpenFOAM® for numerically solving the Navier–Stokes equations in cases of two incompressible, isothermal, and immiscible fluids. In contrast to InterDyMFoam, cfdemSolverInterDyMPC also considers a discrete solid phase with the continuity, momentum, and energy equations, as expressed in Equations (1)–(4). Detailed information on the numerical procedure of a coupled CFD-DEM simulation can be found in [18].



A cubic simulation domain, in which the center corresponds to the center of mass of the droplet at every time point, has been selected, as shown in Figure 2a. The hot gas enters the computational domain from the bottom and may leave the system at the top or sides of the cubic domain. The inlet velocity and temperature in the microscopic simulation correspond to the average relative velocity between the droplets and the gas, and to the average gas temperature at the droplets, respectively. The latter information is obtained by performing and post-processing a macroscopic simulation of the entire spray dryer [19,20].



The gas and liquid phase are both incompressible and have constant thermophysical properties. Furthermore, both phases consist of a single species, namely nitrogen for the gas and pure water for the liquid. Here it should be remarked that the vapor concentration has not been explicitly modeled. Nonetheless, the overall fluid mass is conserved, since the liquid lost by the droplet through evaporation is converted into an equal mass of the surrounding gas.




2.2. The CFD Model


The governing equations for the two-phase system are the following [21,22]:


    ∂     ε   f     α   l       ∂ t   + ∇ ·     ε   f     α   l   u   = −     m  ˙      ρ   l      



(1)






    ∂     ε   f     α   g       ∂ t   + ∇ ·     ε   f     α   g   u   =     m  ˙      ρ   g      



(2)






    ∂     ε   f     ρ   u     ∂ t   + ∇ ·     ε   f     ρ   u ⊗ u   = −   ε   f   ∇ p   + ∇ ·     ε   f     ν   ∇ u   +   ε   f     ρ   g +   ε   f     f   σ   −   R   p f    



(3)






    ∂     c   p   ρ T     ∂ t   + ∇ ·     c   p   ρ T u   = ∇ ·   k ∇ T   −   m  ˙  Δ   h   v    



(4)







Equations (1) and (2) are the continuity equations for the two fluid phases.     ε   f     is the fluid volume fraction, and     α   l     and     α   g     are the liquid and gas volume fractions, respectively. u is the velocity vector,     m  ˙    is the volume specific mass transfer between the two phases, and     ρ   l     and     ρ   g     are the density of the liquid and gas, respectively. Equations (3) and (4) are the Navier–Stokes and the energy equations. Here, the fluid density, kinematic viscosity, specific heat capacity and thermal conductivity of the fluid mixture are defined as follows:


   ρ =   α   g     ρ   g   +   α   l     ρ   l     ,   ν =   α   g     ν   g   +   α   l     ν   l     ,     c   p   =   α   g     c   p , g   +   α   l     c   p , l     ,   k =   α   g     k   g   +   α   l     k   l    .  











The other terms in the Navier–Stokes equation are the pressure p, the gravitational acceleration vector g, the surface tension force     f   σ     and the tensor representing the momentum exchange between the fluid and the particulate phase     R   p f    . Finally, the temperature T and the latent heat of vaporization   Δ   h   v     can be found in Equation (4).



The mass transfer     m  ˙    between the two fluid phases is due to the evaporation of the liquid phase of the droplet. This term has been modeled by assuming a linear relation between the fluid temperature and the evaporation rate, as shown in the formula below:


    m  ˙  =   C   e v       max  ⁡    T −   T   r e f   ,   0       f o r         α   l   ∈ [ 0 , 0.5 [ ,  



(5)






    m  ˙  = 0       f o r       α   l   ∈   [ 0.5 ,   1 ] ,  



(6)




where     T   r e f     is a reference temperature, below which the evaporation does not occur, and     C   e v     is the evaporation constant. As can be seen from Equation (6), the evaporation in the droplet bulk is prevented by setting the mass transfer term equal to zero for     α   l   ≥ 0.5  , where     α   l   = 0.5   denotes the interface between the gas and liquid, as shown in Figure 2b. A verification of the CFD model in terms of mass and energy conservation is presented in Appendix A.



The shear force exerted by the gas on the droplet surface results in an internal recirculation of the primary particles. The momentum exchange between the droplets and fluid is calculated by applying the drag correlation of Koch and Hill [23]. At the droplet surface, the primary particles experience a capillary force which pushes them towards the center of the droplet. This interaction has been modeled based on the approach from Breinlinger et al. [11]. The internal circulation and the receding movement of the droplet surface determine the collisions between the primary particles, which are resolved by the DEM part of the model.




2.3. The DEM Model


The DEM was introduced by Cundall and Strack [24]. A description of the fundamentals is provided in this section. Further details on the contact physics and implementation issues are available in the literature [6,25,26].



Since the DEM is a Lagrangian method, the equations of motion are solved for all particles in the computational domain to track their trajectories. The force and momentum balances for a generic particle with index   i   can be derived from Newton’s second law and read as follows:


    m   i       x  ¨    i   =   F   i , n   +   F   i , t   +   F   i , f   +   F   i , b   ,  



(7)






    I   i   ·     ω  ˙    i   =   T   i , t   +   T   i , r   ,  



(8)




where     F   i , n     is the normal particle–particle contact force vector and     F   i , t     is the tangential particle–particle contact force vector.     F   i , f     is the force caused by the interphase interaction of the particles with the surrounding fluid, including the drag, pressure gradient, buoyancy, and capillary effects. Other body forces like gravity, electrostatic or magnetic forces are summarized by     F   i , b    . In Equation (8) for the rotation of a particle,     T   i , t     is the torque caused by the tangential force acting on the particle in the point of contact, while     T   i , r     is an additional torque on the particle that can be used to model non-sphericity by means of a so-called rolling friction model [27]. The moment of inertia, and linear and angular accelerations are denoted as     I   i    ,       x  ¨    i     and       ω  ˙    i    , respectively.



In the soft-particle DEM approach used in this study, the particles can overlap with each other or with the walls. The simplest contact model is a linear spring-dashpot system, which models the normal and tangential contact forces as follows [24]:


    F   n   =   − k   n     δ   n   +   c   n       δ  ˙    n   ,  



(9)






    F   t   = min       c   t         δ  ˙    t   +   k   t     ∫    t   c , 0       t   c          δ  ˙    t   d t     ,   μ     F   n     .  



(10)







Here,     k   n    ,     k   t     and     c   n    ,     c   t     are the normal and the tangential spring and damping coefficients, respectively.     δ   n     and       δ  ˙    n     are the normal overlap and the relative normal velocity of the particles, and       δ   t    ˙    is the relative tangential velocity of the particles. The tangential overlap     δ   t     is truncated to fulfill the Coulomb friction criterion, where   μ   is the coefficient of friction. The integral term represents an incremental spring that stores energy from the relative tangential motion, representing the elastic tangential deformation of the particle surface during contact. The dashpot part accounts for the energy dissipation of the tangential contact.



To describe the drying and solidification process of a single suspension droplet, additional force models are included to account for the capillary force acting on the primary particles in the vicinity of the droplet surface as well as the solidification mechanisms occurring via the formation of solid bonds between two particles. While the capillary force on particles at the droplet surface is considered as a body force, the solid bond model has the form of a contact model. Both models are introduced in the following paragraphs.



2.3.1. The Capillary Force Model


The capillary force     F   c     acts on the primary particles due to the receding liquid surface. According to Breinlinger et al. [11], a simple capillary force model can be obtained by integrating the surface tension along the line of contact. This leads to the following expression for the capillary force:


    F   c   = 2 π r σ   sin  ⁡    ω       sin  ⁡    ω + Θ   n   ,  



(11)




where   r   is the radius of the sphere,   σ   and   Θ   are the surface tension and contact angle of the liquid,   ω   is the wetting angle, and   n   is the unit vector normal to the droplet–gas interface and directed from the droplet to the gas, as shown in Figure 3. The wetting angle can be expressed as   ω = −   arccos  ⁡    −     h   c     r        , where     h   c     is the distance of the DEM particle center from the droplet–gas interface. If the particle center is outside the droplet, then     h   c   > 0  , otherwise     h   c   ≤ 0  .



The original model from Breinlinger et al. [11] has been modified by the authors as follows:


    F   c   =   2   β   π r σ   sin  ⁡    ω       sin  ⁡    ω + Θ     n         f o r   − β r   <     h   c   < β r ,  



(12)




where   β   is the interface scale parameter. If   β = 1  , then Equation (12) corresponds to Equation (11), which means that the modified Breinlinger model corresponds to the original one. For   β > 1  , the capillary force starts acting before the particle intersects the interface and its magnitude is scaled by the factor   β  .



In the absence of other external forces, the change in energy that a particle experiences while crossing the interface can be calculated as the integral of the capillary force along the particle trajectory. It can be mathematically demonstrated that the work performed by the capillary force on the particle does not depend on interface scale parameter; see Equation (13):


    E   c   =   ∫  − r   r        F   c       d h   =     ∫  − β r   β r          F   c       β   d h   =   8   3   π σ   r   2     cos  ⁡    Θ     .  



(13)







Hereafter, the formulation in Equation (12) is considered as it allows stable CFD-DEM simulations with larger CFD-DEM coupling times due to lower oscillations of the capillary force. The implementation of the capillary force model in CFDEM®coupling has been verified by measuring the change in kinetic energy of a solid particle crossing the liquid–gas interface for different contact angles, as described in Appendix A.




2.3.2. The Particle Bond Model


The DEM particles inside the droplet can form bonds with each other according to the model proposed by Potyondy et al. [28]. The bond formation and breakage are schematized in Figure 4. If two initially unbound DEM particles come in contact and their distance drops below a certain threshold, then a bond is formed. By introducing the relative distance at which bonds form, hereafter indicated as     d   b , m i n    , the condition for bond creation reads as follows:


    d     r   1   +   r   2     <   d   b , m i n   ,  



(14)




where   d   is the distance between the particle centers, and     r   1     and     r   2     are the particle radii.



The bond, modeled as a cylindrical beam, reacts to normal, tangential, and torsional deformations with elastic and damping forces and torques, which depend not only on the size of the bond but also on material properties like, for example, the Young’s modulus and the Poisson ratio of the bond. The bond can break either because the stress, either normal or tangential, surpasses a critical value or because the distance between the particles is larger than a critical bond distance. The microscopic simulations performed for this work have been performed considering the critical relative distance as a breakage criterion, which means that the bond between two particles breaks if the following condition is met:


    d     r   1   +   r   2     >   d   b , m a x   ,  



(15)




where     d   b , m a x     is the maximum relative distance between bonded particles. In the following section, the simulations for different values of     d   b , m i n     and     d   b , m a x     are presented, showing the important impact of this parameter on the resulting granule morphology.






3. Results


3.1. Model Analyis


In this section, an analysis of the single-droplet model behavior is first presented to show the plausibility of the modeling approach. In a sensitivity analysis regarding the bond parameters, the impact on the resulting particle morphology is investigated and finally, the influence of different drying conditions on the particle formation processes is shown.



Simulation Setup


The simulation setup for the model analysis is shown in Figure 5. The remaining model parameters are listed in Table A1. The first property to be investigated is the evaporation rate of the single suspension droplet. The first drying stage of a droplet can be described by the d2-law, which states that the droplets surface decreases linearly in time as follows:


    d   2   =   d   o   2   − β t ,  



(16)




with the initial droplet diameter     d   0     and the evaporation coefficient   β   [29].



The d2-laws for two different gas inlet temperatures are shown in Figure 6. Here, the evaporation constant     C   e v     was adjusted to match the experimental findings of two single-droplet experiments in an acoustic levitator presented by Buchholz et al. [30]. The initial droplet sizes for the experiments are 1.15 mm for the experiment at 60 °C and 1.54 for the experiment at 140 °C. The resulting evaporation coefficients have values of 8300 and 31,800 µm2/s, respectively.



As illustrated in Figure 6, the model follows the d2-law reasonably well. Thus, the chosen approach to model the evaporation process within the CFD-DEM framework is suitable for describing the evaporation process in a plausible way.



A moving droplet in a surrounding gas environment experiences a drag force which leads to an internal circulation of the fluid bulk [31]. An analytical solution for a moving liquid droplet in a gas, neglecting a possible evaporation process, is given by the similarity with the Hadamard–Rybczynski solution [32]. The resulting velocity magnitude of the single-droplet simulation is compared with this theoretical solution at the center point of the droplet, shown as a black dot in Figure 7. The velocity magnitude of the center point in the simulation equals 0.0957 mm/s, which is in good agreement with the value of 0.0729 mm/s from the Hadamard–Rybczynski solution. The deviations may be explained by the numerical error from the simulation mesh and the additional deformation of the droplet, which is neglected in the analytical Hadamard–Rybczynski equation. In the unresolved CFD-DEM model, the minimum size of the numerical grid is limited by both the simulation time and the size of the primary particles in the suspension droplets. The cells should be roughly an order of magnitude larger than the largest primary droplets for the hypothesis of an unresolved CFD-DEM simulation to hold.



As mentioned above, the simulated droplet shows a deformation due to the drag and pressure forces that act from the surrounding gas flow on the droplet surface. The surface tension acts in return against this deformation such that a constant deformation is shown from the simulation results, when the evaporation is negligibly small or switched off. An empirical finding by Hsiang & Faeth [33] shows a correlation of the droplet deformation with respect to the Weber number   W e =   ρ     u   2     d   σ     as follows:


  Ψ = 1 + 0.19    W e  .  



(17)







Here,   Ψ   is the droplet aspect ratio, i.e., the ratio of the length of the major axis to the minor axis of the ellipsoid body of the deformed droplet. For the CFD-DEM simulations, the Weber number has been adjusted by adjusting the velocity of the entering gas accordingly. The comparison of the simulation results with this empirical correlation of the aspect ratio is given in Figure 8, showing a good agreement of the simulations with the empirical findings of Hsiang & Faeth [33].



As described in Section 2.3, the solidification of the suspension droplet is captured in the model by allowing the formation of bonds between the primary particles in the droplet when the particles come into contact. These bonds may break if the relative distance between the bonded particles becomes too large due to counteracting forces on the particles. In two exemplary simulations, the solidification behavior of the droplets is investigated over time for different settings of the bond parameters     d   b , m i n     and     d   b , m a x    , as shown in Figure 9. For case (a), the bond parameters are     d   b , m i n   = 1.8   and     d   b , m a x   = 2.4  , and the inlet gas temperature is 80 °C. For case (b),     d   b , m i n   = 1.8   and     d   b , m a x   = 3.5  , with an inlet gas temperature of 170 °C. A bigger value of     d   b , m i n     leads to an earlier bond formation at a smaller overlap of the two primary particles. A bigger value for     d   b , m a x     results in stronger bonds, meaning the primary particles need a larger relative distance from each other before the bond breaks.



As can be seen in Figure 9, weaker bonds (i.e., low     d   b , m a x    ) lead to the formation of an overall spherical and dense agglomerate, while stronger bonds (i.e., high     d   b , m a x    ) lead to an earlier start of the solidification of the suspension droplet (1.7 s vs. 4 s). The formed particle also shows a hollow structure as a strong crust forms at the droplet surface. Regarding the overall solidification behavior, the bonds tend to form in the vicinity of the droplet surface when a critical solid concentration is locally reached, leading to more overlap between the DEM particles. This behavior mimics the actual particle formation behavior very well when binder material is present. As the binder does not evaporate during the drying process, it accumulates in the surface region when the droplet shrinks, leading to stronger binding forces between the primary particles and, thus, also to a tendency for early crust formation at the droplet surface.



The solidification behavior of the model can also be quantified by the evaluation of the Mean Coordination Number (MCN), which is defined as the mean number of bonds per primary particle in the suspension droplet. The temporal change in the MCN is shown for both simulation cases in Figure 10.



In the first case (blue line), the MCN shows a rather steady increase after 1.5 s and a sharp increase after 4.5 s, where the latter event indicates the reaching of the locking point. At the locking point, the droplet forms the dense spherical particle structure seen in the far right of Figure 9a. For the second case (green line), the MCN sharply increases already after 0.5 s. Here, the primary particles start to quickly form bonds at the droplet surface, which leads to the formation of a strong shell at the droplet surface and, thus, to the formation of a particle with a hollow core structure.





3.2. Particle Morphologies


The impact of the bond parameters on the resulting particle morphology is further investigated for different pairs of bond parameters. The morphology map of the resulting solidified suspension droplets is shown in Figure 11. The model parameters are listed in Table A1. Except for the bond parameter pairs, the remaining simulation parameters and the drying conditions are identical for all simulations in this parametric study.



As shown in Figure 11, particles with a hollow core are always formed at     d   b , m a x     = 4  , namely for the highest value of the bond strength. In the case of a medium bond strength, namely     d   b , m a x     = 3  , the hollow particles form only when the bonds have the tendency to form earlier, i.e., for     d   b , m i n     = 1.85   and     d   b , m i n     = 1.9  . The shell obtained in the last two cases is thicker than the one for     d   b , m a x     = 4  . This can be phenomenologically explained by the lower bond strength between the primary particles (    d   b , m a x     = 3  ), which leads to more breakage events until the crust reaches a certain thickness at which it can sustain the capillary forces imposed by the liquid–gas interface. Furthermore, the hollow particles with a thicker crust also take longer to form a stable crust and are, therefore, smaller than the hollow particles in the right column, which form a stable crust earlier. A dense spherical particle forms only in the top-left case, where the bonds between the primary particles only form when the primary particles are densely packed within the droplet. For the remaining cases, the bonds form earlier or are slightly stronger, such that irregular particle structures form, which have a higher porosity than a densely packed spherical particle.




3.3. Drying Rate


As shown before in the literature, the drying rate of the droplets has a strong impact on the resulting particle morphologies [34]. The drying rate influences the speed at which the droplet surface shrinks, which may lead to a fast accumulation of primary particles at the droplet surfaces, i.e., a critical solid concentration is reached locally, and therefore, to an earlier start of the solidification process at the droplet surface.



To investigate the impact of the drying rate on the particle morphology, the evaporation of zeolite suspension droplets in a Niro Minor pilot-scale spray dryer was simulated. This application scenario has been investigated experimentally and numerically by Buchholz et al. [20]. In their spray drying experiments, it could be seen that the resulting zeolite particles showed both dense and hollow structures. In numerical investigations, a pure CFD simulation was performed to evaluate the drying conditions for the differently sized droplets and particles within the spray dryer [19,20]. For this purpose, the authors set up an extended CFD model, which also considered the different drying kinetics of the droplets before and after the solidification. The evaluation of the mean drying conditions for the different droplet size classes in terms of the mean values and the standard deviations for the evaporation coefficient   β   according to the respective     d   2    -laws are shown in Figure 12. The evaporation coefficients of the smaller droplets show larger standard deviations as the smaller droplets may move on very different trajectories through the spray dryer, leading to the strong deviations in the actual drying conditions of the single droplets [19].



From the diagram in Figure 12, three cases for the evaporation coefficients are defined for the single-droplet simulations to account for the mean and extreme points of the drying rates, namely   β =   3000, 5000 and 7000 μm2/s. The simulations are conducted for two cases of initial droplet size,     d   0   = 25   µ m   and     d   0   = 40   µ m  . The main model parameters are listed in Table A1, and the resulting particle morphologies are shown in Figure 13.



For both droplet sizes, the resulting particles show denser structures at lower drying rates and hollow structures for higher drying rates, i.e., larger values of the evaporation coefficient   β  . This is explained by the faster-receding droplet surface at higher evaporation rates, which leads to an accumulation of DEM particles in this region. Due to the high solid concentration, these particles then have a higher tendency to overlap and form bonds.



For smaller droplets, the resulting particles show a denser structure for lower drying rates and a hollow structure for higher drying rates. The larger particles show more irregular structures, such as mushroom-cap morphology, at the lowest value of the drying rate. The mushroom-cap morphology may be explained by primary particles that may sediment or accumulate at the lower part of the droplets when the drying process takes longer. The overall particle formation behavior shown by the simulation, especially the tendency to form hollow structures at higher drying rates, shows the suitability of the applied modeling approach to describe the resulting particle morphologies of spray dried granules.





4. Conclusions


In this work, a modeling approach based on coupled CFD-DEM simulations is presented to capture the evaporation of a suspension droplet its solidification process. The model, implemented in CFDEM®coupling and Aspherix® (version 5.3.0), has been thoroughly verified (see Appendix A) and validated using experimental (see Figure 6), analytical (see Figure 7), and empirical results (see Figure 8). The time and size-dependent boundary conditions for the droplet-scale CFD-DEM simulations have been obtained from CFD simulations of lab-scale spray drying experiments [20,21].



The CFD-DEM simulations of the evaporating droplet show a strong dependency between the final granule morphology and the parameters of the bond model, which can be phenomenologically linked to the properties and concentration of a binder material in the spray suspension. It was shown that strong and early-forming bonds between the primary particles lead to the formation of hollow granules with thin crusts, while intermediate and weak bonds lead to hollow granules with thicker crusts and densely packed spheres, respectively. Furthermore, the simulation framework has been proved a valuable tool for relating the drying conditions that the droplets experience in a spray dryer to the average final granule morphology. It was shown that the drying rate influences both the internal circulation of the primary particles inside the droplet, as well as the center-directed capillary force from the droplet surface, which in turn leads to different particle morphologies. The main findings can be summarized as follows:




	(1)

	
Simulations and experiments on different scales are combined to describe and investigate the particle formation mechanisms in spray dryers, both on a droplet and apparatus scale.




	(2)

	
The CFD-DEM model is thoroughly analyzed for its physical plausibility, and the impact of the main model input parameters has been determined. The internal flow field and the droplet deformation due to the surrounding gas flow show comparable results to analytical and empirical results from the literature.




	(3)

	
The droplet simulations illustrate the complex behavior of particle–particle–liquid movement and interactions, which influence the particle formation process.




	(4)

	
The results from the droplet-scale simulation show that the morphology of spray dried particles is influenced both by the effective drying conditions and the material properties.









In future work, the parameters of the bond model could be calibrated by performing controlled experiments in an acoustic levitator [30,35] or by drying single falling droplets [36] and by comparing the resulting granule morphology with the simulation results. By using different types and/or amounts of binder, the authors could aim to find a correlation with the parameters of the bond model and, potentially, derive an empirical closure that will simplify future applications of the CFD-DEM simulation framework.
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Appendix A. Model Verification


The CFD model (Equations (1)–(4)) has been verified by performing a simulation of a suspended droplet of 1 mm radius undergoing evaporation over 40 s; see Figure A1. The inlet velocity is 1 cm/s and the inlet gas temperature is 360 K. The initial temperature of the system, i.e., the droplet and surrounding air, is 300 K. The mass and energy budgets for this simulation are represented in Figure A2. As can be seen in Figure A2a, the decrease in liquid mass (magenta line) perfectly balances the gas outflow (green line), while all other terms are negligible. The energy budget, displayed in Figure A2b, shows that the system is cooling down over time (see negative value of the internal energy variation shown by the blue line). This occurs because the thermal energy sink due to the evaporative cooling (see green line) is higher than the heat entering the system from the bottom inflow (see magenta line).
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Figure A1. CFD simulation of an evaporating droplet. Vertical cross-section of the domain colored by (a) the liquid volume fraction     α   l     and (b) the temperature. The arrows denote the velocity field, while the white line represents the droplet interface for     α   l   = 0.5  . 
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Figure A2. (a) Mass and (b) energy budgets from the CFD simulation of an evaporating droplet. 
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The capillary force model (see Equation (11)) has been verified by measuring the velocity jump of a solid particle crossing the fluid–gas interface for different contact angles   Θ  . In the absence of other external forces like gravity, the change in kinetic energy that a solid particle experiences when crossing the fluid–gas interface can be calculated as the integral of the capillary force along the particle trajectory, see Equation (13). Hence, the theoretical final velocity can be calculated from the initial kinetic energy and the work performed by the capillary force as follows:


    v   f   =    v   0   2   +   16 π σ   r   2     cos  ⁡  Θ     3 m     



(A1)







Figure A3 shows the particle velocity as a function of time for different values of the contact angle. The CFD-DEM simulations have been performed in the setup shown in Figure A4. The particle, which is initially immersed in water and has a velocity of 1 m/s, begins to cross the interface to air after 1 μs. Depending on the value of   Θ  , different behaviors are observed. For very hydrophilic solid materials (e.g.,   Θ = 0   and   30 °  ), the particle’s velocity rapidly increases as the interface is crossed. For a less hydrophilic material (  Θ = 60 °  ), the particle first decelerates and then accelerates again as its center crosses the interface. For a neutral material (  Θ = 90 °  ), the particle does not cross the interface and bounces back. The final velocities obtained from the DEM simulation correspond to the theoretical values obtained from Equation (A1). A similar behavior can be seen in Figure A3b for an initial particle velocity of 5 m/s.
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Figure A3. Particle velocity as a function of time obtained from the CFD-DEM simulation (solid lines), where the particle has an initial velocity of (a) 1 m/s and (b) 5 m/s. The dashed lines denote the particle’s final velocity derived analytically from Equation (A1). 
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Figure A4. CFD-DEM simulation of a solid particle (radius equal to 10 μm) crossing the interface from water (red) to air (blue) for     v   0   = 1   m / s  ,   σ = 0.07   N / m   and   Θ = 0 °  ; (a) before and (b) after crossing the interface. 
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Appendix B. Simulation Parameters




 





Table A1. Overview of model parameters for different simulation cases.
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	Parameter
	Model Analysis

(Section 3.1)
	Particle Morphologies

(Section 3.2)
	Drying Rate

(Section 3.3)





	Boundary/initial conditions
	
	
	



	    u   i n     [m/s]
	0.1
	0.01
	0.01



	    T   i n     [K]
	360
	353
	343



	    u   0     [µm]
	2000
	200
	25/40



	Material properties
	
	
	



	    ρ   w     [kg/m3]
	1000
	1000
	1000



	    c   p , w     [J/(kg K)]
	4186
	4186
	4186



	    k   w     [W/(m K)]
	0.6089
	0.6089
	0.6089



	    σ   w     [N/m]
	1 × 10−5
	0.07
	0.07



	    ρ   a i r     [kg/m3]
	1
	1
	1



	    c   p , a i r     [J/(kg K)]
	1852
	1852
	1852



	    k   a i r     [W/(m K)]
	0.04353
	0.04353
	0.04353



	  Δ   h   v     [kJ/kg]
	2256
	2256
	2256



	    d   p     [µm]
	10
	4
	1



	  E   [Pa]
	5 × 106
	5 × 105
	1 × 107



	  ν   [-]
	0.45
	0.45
	0.45



	Numerical Parameters
	
	
	



	  Δ   t   C F D     [s]
	1 × 10−3
	5 × 10−6
	2.5 × 10−7



	  Δ   t   D E M     [s]
	1 × 10−5
	2.5 × 10−7
	2.5 × 10−9



	    N   p     [-]
	2000
	11,400
	1420/5820



	    C   e v a p     [kg/(K s)]
	−1 × 10−10
	−1 × 10−14
	−5 × 10−16/−2 × 10−15/−4 × 10−15
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Figure 1. Schematic representation of the (a) macroscopic CFD and (b) microscopic single-droplet CFD-DEM simulations. 
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Figure 2. (a) Calculation domain of CFD-DEM simulation and interactions between primary particles, the liquid and surrounding gas to describe the drying process of a single suspension droplet in a hot gas environment. (b) Schematic representation of the liquid volume fraction field     α   l     inside the droplet (dark blue), outside the droplet (white) and at the interface (light blue). 
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Figure 3. Schematic illustration of the relevant properties determining the capillary force, according to Breinlinger et al. [11]. 
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Figure 4. Schematic illustration of the bond creation at a certain overlap of two particles and the breakage mechanism between two particles. 
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Figure 5. Simulation setup for the analysis of the modeling approach. 
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Figure 6. d2-laws of the single-droplet simulation in comparison with two single-droplet drying experiments at 60 °C and 140 °C [30]. Simulation 1 and 2 have been performed with evaporation coefficients of 8300 and 31,800 µm2/s, respectively. 
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Figure 7. Simulation results for the velocity profile of a single droplet moving in a gas environment. The vectors are shown in the center cut plane through the droplet. In the simulations, the droplet has a diameter of 2 mm. The inlet gas velocity for the simulation scenario is     u   i n   = 1   c m / s   and the gas temperature is   360   K  . 
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Figure 8. Comparison of the aspect ratio between the single-droplet simulation and the empirical correlation by Hsiang & Faeth [33]. In the simulations, the droplet has a diameter of 2 mm. The inlet gas velocity for the simulation scenarios is     u   i n   =  3  ,  5  , 3,5 , 10,20,30   c m / s  , and the gas temperature is   360   K  . 
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Figure 9. Time series of simulation results for two simulations with different bond parameters and gas inlet temperatures: (a)     d   b , m i n   = 1.8   and     d   b , m a x   = 2.4   at 80 °C gas inlet temperature, (b)     d   b , m i n   = 1.8   and     d   b , m a x   = 3.5   at 170 °C gas inlet temperature. The images show a vertical cut through the center of the droplet. The particles that are further away from the center plane are colored in darker grey. The formed bonds are colored in white. 
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Figure 10. Change in the MCN over time for two values of the bond parameter     d   b , m a x    , leading to a dense spherical particle in the case of     d   b , m a x   = 2.4   for a gas inlet temperature of 80 °C (blue line), and to a hollow particle in the case of     d   b , m a x   = 3.5   for a gas inlet temperature of 170 °C (green line). 
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Figure 11. Morphology map of solidified suspension droplets for different pairs of bond parameters. The images show a vertical cut through the center of the droplet. The particles that are further away from the center plane are colored in darker grey. The formed bonds are colored in white. 
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Figure 12. Mean evaporation coefficients   β   and their respective standard deviations according to the     d   2    -law for different droplet size classes of a CFD simulation of a Niro Minor spray dryer experiment [20]. 
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Figure 13. Morphology map of solidified suspension droplets for different drying rates, indicated by the evaporation coefficient   β  . The images show a vertical cut through the center of the droplet. The particles that are further away from the center plane are colored in darker grey. 
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