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ABSTRACT 
 

Deliverable D5.5 describes the development of a Computational Fluid Dynamics (CFD) model of mass and 
heat transfer phenomena occurring in SC-drying (supercritical drying) process, which can be used for 
performing process scale-up. The CFD considers mass transfer inside wet gels affected by their internal 
structure. This consideration is organized by utilizing specially developed program module, which includes 
User Defined Functions accessing variables in ANSYS Fluent. 

The developed CFD model was used to simulate supercritical drying process occurring in autoclaves of 
different scale.  

 
 
 
 
 

 
INTEGRATION 

 
This deliverable corresponds to the work achieved in the following tasks: 

• T5.6: Cellular automata (CA) approach for in-depth description of supercritical drying 

• T5.7: Development of mathematical description of production of organic microstructured nanohybrid 
aerogels using tools and techniques of computational fluid dynamics (CFD) and cellular automata 

 
This deliverable use results from the following deliverable: 

• WP2, D2.1: Report on polysaccharide aerogels preparation in form of microparticles and beads 

• WP3, D3.1: Polyurea aerogels available for initial testing 

• WP5, D5.1: Technique for measuring ethanol concentration 

• WP5, D5.3: CA model of CO2 diffusion through the pores of the gel and modelling of aerogel structure 
 

 
The results of this deliverable will be used in the following deliverables: 

• WP5, D5.7: Concept for drying optimization on the pilot and production scale 
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1. MATHEMATICAL MODEL OF SUPERCRITICAL DRYING PROCESS 

A comprehensive model of supercritical drying process describing hydrodynamics, heat and mass 
transfer mechanisms was developed within the project. The model is based on methods and 
principals of Computational Fluid Dynamics (CFD) and utilizing the offered in the project multiscale 
approach, which allows considering micro scale phenomena appearing inside wet gels during drying 
process. Mass transfer inside wet gels is simulated using the developed in the deliverable 5.3 cellular 
automata model, considering an internal structure of a gel.  
 
1.1. Multiscale Approach 

The general scheme of the offered multiscale approach is shown in the Figure 1. 

 
Fig. 1. Multiscale approach 

 
The approach is based on combination of simulation tools in a single framework, where each tool is 
applicable for only one scale (nano, micro, or macro). In this way, influence of gel internal structure 
on drying kinetics can be considered. On the other hand, macro scale simulation gives boundary 
conditions for internal mass transfer modeling making it time-dependent and more precise. So, as it 
can be seen in the Figure 1, data transfer between micro and micro scales is organized in an iterative 
manner, when structure generation is performed only once for each material.  
Cellular Automata (CA) are applied to gels’ structure generation and to calculations of effective 
diffusion coefficient for internal mass transfer. The internal mass transfer itself is described using a 
partial differential equation. Fluid flows, heat and mass transfer occurring at macro scale are 
simulated in the framework of Computational Fluid Dynamics (CFD).  
Since the developed nano and micro scale models do not depend on dimensions of technological 
equipment and the implemented CFD model is based on fundamental physical laws and semi-
empirical correlations applicable for all equipment scales, the offered approach can be reasonably 
(but not exclusively) used for scale-up.   



D5.5: CFD modelling of mass transfer during sc-drying process, and concept for drying optimization on the pilot and 
production scale – V1.0 

NanoHybrids NMP-03-2015 - Public    6/38 

The implemented CFD model is described below. For the detailed information on the used CA 
models please refer to Deliverable 5.3.  
 
1.2. Assumptions of the CFD Model 

For all investigated autoclaves’ designs the model’s space was separated in two domains (Figure 2): 
an autoclave’s “free” volume, where no gels are present (domain Θ), and a volume occupied by gel 
particles (or monoliths) (domain Ω).  

 
Fig. 2. Computational domain 

In the CFD simulation, the following assumptions are made: 
• the process is performed in a periodic mode;  
• pressure increase stage is not considered in the simulation; 
• supercritical fluid is a two-component viscous compressible liquid, consisting of alcohol and 

supercritical carbon dioxide; 
• dimensions of computational domains are constant; 
• autoclave’s wall temperature is constant; 
• gel particles’ concentration is uniform; 
• no mass transfer between gel particles; 
• only diffusion mass transfer is considered inside gel particles; 
• boundary conditions for all particles within one computational cell are equal; 
• continuous phase density inside gel particle is constant.  

Simulations are carried out in a transient way, so that evolution of the modeled system can be 
observed. 
 
1.3. Model’s System of Equations 

The developed mathematical model of the supercritical drying process is a system of partial 
differential equations, which includes the mass conservation of carbon dioxide and alcohol, the 
momentum conservation and the energy conservation. For the domain Θ and transient process these 
equations are expressed by: 
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Eq. 2 

Eq. 3 

Eq. 4 

Fixed bed of 
particles (domain Ω) 

Autoclave’s 
“free” volume 
(domain Θ) 
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 The system of equations for the computational domain Ω is based on the same equations, but it 
considers porosity of the particles layer and includes mass transfer inside gel particles described by 
Fick’s law: 
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Eq. 5 

Eq. 6 

Eq. 7 

Eq. 8 

Eq. 9 

where ρ is mixture density, kg/m3; П is particle layer porosity, m3/m3; v
r

represents mixture velocity 
vector, m/s; T represents mixture temperature, K; P is pressure, Pa; Y1 is carbon dioxide mass 
fraction, kg/kg; Y2 is alcohol mass fraction; Cx,y,z represents mass fraction of alcohol inside of particle 
in local volume of layer with coordinates (x, y, z), kg/kg; Vp is particle volume, m3; K is a coefficient 
characterizing hydraulic resistance, 1/m2; Np represents particle content, 1/m3; ε is particle porosity, 
m3/m3; ρp is mixture density inside of particle, kg/m3; g

r
 represents acceleration due to gravity, m/s2; 

Deff is effective diffusion coefficient, m2/s; λ represents thermal conductivity, W/m·K; τkl is stress 
tensor; µ is viscosity, kg/m·s; Cp is specific heat of mixture, J/kg·K, Dм is molecular diffusion 
coefficient, m2/s. 
The system of governing equations is completed with the following initial conditions: ��9, :, ;, ��<=> �	�@A@< ∀9, :, ; ∈ D���9, :, ;, ��<=> � ��EFEGH  ∀9, :, ; ∈ I���9, :, ;, ��<=> � ��EFEGJ ��9, :, ;, ��<=> � �@A@< 

Eq. 10 

Boundary conditions: ��9@A, :@A, ;@A, �� � 	 �> ��9K, :K, ;K, �� � 	0 ��9L , :L , ;L , ��∀'M,)M,*M∈N �	��9L , :L , ;L , ��∀'M,)M,*M∈O ���9@A, :@A, ;@A, �� � 0 	���9K, :K, ;K, �� � 0 	���9L , :L , ;L , ��∀'M,)M,*M∈N �		���9L , :L , ;L , ��∀'M,)M,*M∈O ��9@A, :@A, ;@A, �� � �> ��9K, :K, ;K, �� � �K 	��9L , :L , ;L , ��∀'M,)M,*M∈N �		��9L , :L , ;L , ��∀'M,)M,*M∈O 

Eq. 11 

where index in corresponds to high-pressure vessel input values; index w corresponds to values on 
high pressure vessel wall; index b corresponds to values on the boundary between computational 
regions. 
Initial and boundary conditions for the Fick’s law: С',),*�+, ��<=> �	С@A@< �С',),*�+, ���� P=> � 0 

С',),*�+, ��P=Q �	���9, :, ;, �� 
Eq. 12 
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where r is gel particles radius, m. 
The main system of equations is completed with a number of additional correlations, such as 
equation of state which is used for calculating the supercritical fluid density. The Peng-Robinson 
equation has been chosen for this purpose: 

� � R�S � T � US�S � T� � T�S � T� Eq. 13 

where ʋ - molar volume, m3/kmol; R – universal gas constant, J/kmol•K; a, b – empirical 
coefficients, which  depend on the nature of the substance and on composition in a multicomponent 
system. 
Coefficients a and b are calculated as follows: 

U � 0.457247R��[P��[P \1 � ] ^1 � 4 ��[P7
>._`a� Eq. 14 

] � 0.37464 � 1.54226d � 0.26992d� Eq. 15 

T � 0.07780R�[P�[P  Eq. 16 

where ω is acentric factor of the mixture. 
 
Van der Waals mixing rules have been used for the calculations of multicomponent systems with the 
state equation. These rules allow to obtain pseudocritical mixture parameters: 

�[P � 39g�[Pg�[Pg� � 9��[P��[P�� 8�

9g�[Pg�[Pg � 9��[P��[P�
, �[P � �[P9g�[Pg�[Pg � 9��[P��[P�

 Eq. 17 

where Tcr – pseudocritical temperature of the mixture, K; Pcr – pseudocritical pressure of the mixture, 
Pa. 
Mixture viscosity is calculated as follows: 1 � 	�g1g � ��1� Eq. 18 
where µ1 is carbon dioxide viscosity, J/(kg∙ 0�; µ2 is alcohol viscosity, J/(kg∙ 0�. 
Specific heat and thermal conductivity are calculated with following equations: �� � �g��,g � ����,� Eq. 19 h � �ghg � ��h�, Eq. 20 
where Cp,1 is carbon dioxide specific heat, J/(kg·K); Cp,2 is alcohol specific heat, J/(kg·K); λ1 is 
carbon dioxide thermal conductivity, W/(m·K); λ2 is alcohol specific thermal conductivity, W/(m·K). 
In the bulk fluid (regions Θ and Ω) molecular diffusion coefficient is used. To obtain this coefficient 
the following equation is used: 

where x2is alcohol molar fraction, mol/mol; D12 is molecular diffusion coefficient of carbon dioxide 
in alcohol, m2/s; D21 is molecular diffusion coefficient of alcohol in carbon dioxide solution, m2/s.  
D12 is calculated with an equation reported by Hi and Yu, and D21 is calculated using Tin-Kalus 
equation. 
 
1.4. Numerical methods 

Since the developed model consists of nonlinear partial differential equations, it is not possible to 
conduct direct integration of equations. Thus, a numerical method was applied for this purpose. In 
this project Finite Volume Method (FVM) was chosen, which is commonly used for solving 
hydrodynamic problems. The biggest advantage of this method is integration of governing equations 
which is performed within small so-called control volumes without incorporating any additional 

�м � �g�gj'k ∙ ��g'k Eq. 21 
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functions, such as in Finite Element Method. So, this method can be considered as a very close to the 
traditional analytical solution. And the developed model was implemented in the ANSYS Fluent 
software. 
Pressure-based segregated solver which algorithm is shown in the Figure 3 was applied for numerical 
solution. 

 
Fig. 3. Pressure-based segregated algorithm 

 
The main feature of the applied algorithm is that momentum and mass conservation equations are 
solved consequently. The solution of the mass conservation is used as a pressure and velocity 
correction. 
Numerical solution of the equation describing mass transfer inside gel particles was performed using 
Finite Difference Method (FDM). An implicit scheme for the Fick’s equation was used: 
  �lAmg � �lA∆� � �566lAmg � �566ljgAmg

∆+ ∙ �lAmg � �ljgAmg
∆+ � 2+l �566lAmg �lAmg � �ljgAmg

∆+
� �566lAmg �lmgAmg � 2�lAmg � �lA∆+�  

Eq. 22 

The implicit scheme was used because it is absolutely stable scheme, so solution convergence is 
guaranteed. The described difference scheme was solved using sweep method. 
 
1.5. Mass Transfer Inside Gels 

For considering mass transfer inside wet gels during supercritical drying affected by internal gels’ 
structure, a toolbox for aerogels modeling based on CA approach was developed (Deliverable 5.3). A 
set of integrated modules for aerogel structures generation using 5 algorithms, properties prediction 
(specific surface area and pore size distribution) and various processes (adsorption, drying, 
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chromatography and diffusion) modeling at microscale are implemented in the form of systematic 
and comprehensive framework (Figure 4). An interface of the developed software is shown in the 
Figure 5. 

 
Fig. 4. Features of the developed software 

 

 
Fig. 5. Software interface for gels’ (aerogels) structure generation and effective diffusion coefficient 

calculations 
The software is realized in a form of web-application. It includes 5 methods for structure generation 
based on Monte Carlo approach: overlapping spheres method (OSM), diffusion-limited cluster 
aggregation (DLCA), ballistic particle-cluster aggregation (BPCA), reaction limited cluster 
aggregation with multiple centres (multiRLA) and random walker method (RW). 
When gel structure is generated the software is used for calculation of effective diffusion coefficient 
which is then utilized by the developed CFD model. For diffusion coefficient calculation a set of 
experimental data is required. In the framework of the project, this information was provided by 
TUHH and KOC. 
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General procedure for effective diffusion coefficient calculation includes three main steps. The 
“D0/Deff” ratio is determined basing on the experimental data for an aerogel with determined 
characteristics. This value is recalculated to the corresponding ration for CA. Then an energy of 
interaction between continuous phase and gel (aerogel) structure is found. At the last step the 
calculated interaction energy is applied to a gel (aerogel) with required structural characteristics to 
calculated its effective diffusion coefficient.   

2. COMPUTER AIDED DESIGN OF AUTOCLAVES AND COMPUTATIONAL MESH GENERATION 

Computer Aided Design (CAD) models and computational meshes dividing CAD models to separate 
so called control volumes are required for performing numerical simulation, which can be used for 
equipment design, process optimization and scale-up. In the framework of the project CAD models 
were created for autoclaves of different volume, starting from the lab scale up to industrial size 
vessels. These models were then split by a mesh which is a base for numerical solution of 
mathematical model equations. 
 
2.1. Computer Aided Design of Autoclaves 

CAD models for autoclaves of different design were created using a DesignModeler software 
integrated in ANSYS Workbrench. This software is dedicated for parametric modeling of 3D objects 
and focused on their topology. During CAD modeling 2D sketches are created at first. Theses 
sketches are then transformed into 3D objects by a set of standard tools such as extruding, revolving 
or sweeping. The created objects can be modified and combined by using Boolean operations. The 
main window of the DesignModeler is shown in the Figure 6. 

 
Fig. 6. DesignModeler’s main window 

The interface of the software consists of five fields: a tools panel place at the top, an objects’ tree and 
sketching tools at the middle-left side, a window for displaying created objects, objects’ properties 
field, software’s and model’s status line at the bottom.  
Created CAD models can be parameterized by assigning certain model’s dimensions as external 
parameters which can be changed outside the DesignModeler. By this, batch simulations with 
variable autoclave’s design can be performed. 
Using the DesignModeler, CAD models for autoclaves of 5, 30, and 500 liters were created. 5-liter 
autoclave with different number of shelves is shown in the Figure 6. 
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a b 

  

c d 

Fig. 6. 5-liter autoclave with different internal arrangement 
 
A CAD model of a 30-liter autoclave is shown in the Figure 7, as well as an appearance of an 
autoclave of the same design which is installed in Hamburg University of Technology (TUHH). This 
autoclave has the following internal dimensions: 250 mm in diameter, 550 mm in height. 

  

a b 

Fig. 7. 30-liter autoclave (a – photo from TUHH, b – CAD model) 
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A number of different CAD models were created for a 500-liter autoclave. Horizontal and vertical 
designs were considered, as well as different “length to diameter” ratio (Figures 8 – 13). 

 
Fig. 8. Horizontal 500-liter autoclave with internal diameter of 600 mm 

 
Fig. 9. Horizontal 500-liter autoclave with internal diameter of 700 mm 
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Fig. 10. Horizontal 500-liter autoclave with internal diameter of 800 mm 

 
Fig. 11. Vertical 500-liter autoclave with internal diameter of 700 mm 
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Fig. 12. Vertical 500-liter autoclave with internal diameter of 800 mm 

 
Fig. 13. Vertical 500-liter autoclave with internal diameter of 900 mm 

These CAD models are considered as a basis for performing numerical simulations. Internal 
arrangement was also preliminary and for some cases all the shelves were replaced with a single bag. 
For the developed model verification, a CAD model of a small autoclave with a volume of 32 ml 
installed at KOC University was created (Figure 14). 
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a b c 

Fig. 14. 32-ml autoclave (KOC University): a – monolith half load, b – monolith full load, c – 
particles 

For simulations half-load with a monolith, full load with a monolith (two monoliths with a direct 
contact between them are considered as a single monolith), and full load with particles cases were 
chosen. 
 
2.2. Computational Mesh Generation 

Since numerical solution of model’s equations is performed using Finite Volume Method (FVM), 
created CAD models have to be split into small cells by a computational mesh. This mesh can consist 
of tetrahedral or hexahedral cells, or both types together. For all CAD models tetrahedral meshes 
were generated since tetrahedral cells better suit complex geometries. The following mesh generation 
methods were used: generation in automatic mode (Method 1), generation using edges and faces 
curvature (Method 2), generation using distances between edges and faces (Method 3). 
All generated meshes were examined using skewness parameter which significantly affects 
solution’s stability and accuracy. Skewness is one of the primary quality measures for a mesh. 
Skewness determines how close to ideal (i.e., equilateral or equiangular) a cell is. Table 1 lists the 
range of skewness values and the corresponding cell quality. 
Table 1. Skewness ranges 

Value of Skewness Cell Quality 
1 degenerate 
0.9 — <1 bad (sliver) 
0.75 — 0.9 poor 
0.5 — 0.75 fair 
0.25 — 0.5 good 
>0 — 0.25 excellent 
0 equilateral 
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According to the definition of skewness, a value of 0 indicates an equilateral cell (best) and a value 
of 1 indicates a completely degenerate cell (worst). Degenerate cells (slivers) are characterized by 
nodes that are nearly coplanar. Highly skewed cells are unacceptable because the equations being 
solved assume that the cells are relatively equilateral/equiangular. 
A method based on the deviation from a normalized equilateral angle was used to measure skewness. 
In this method skewness is defined as: 

opqr]qss � tU9 uvwx' � v5180 � v5 , v5 � vw@Av5 y Eq. 23 

where θmax is largest angle in the cell, θmin is smallest angle in the cell, θe represents angle for an 
equiangular cell (e.g., 60 for a triangle, 90 for a square). 
Computational meshes for the 5-liter autoclave’s CAD model (with 4 shelves) are shown in Figures 
15 – 17. 

 
Fig.15. The mesh for 5-liter autoclave obtained using Method 1 

The mesh shown in the Figure 15 consists of 2 406 063 tetrahedral cells. Skewness maximum value 
is 0.920. 

 
Fig.16. The mesh for 5-liter autoclave obtained using Method 2 
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The mesh shown in the Figure 16 consists of 3 352 410 tetrahedral cells. Skewness maximum value 
is 0.810. 

 
Fig.17. The mesh for 5-liter autoclave obtained using Method 3 

The mesh shown in the Figure 16 consists of 13 777 717 tetrahedral cells. Skewness maximum value 
is 0.807. The obtained using Method s was chosen for further calculations since it has approximately 
the same quality as the mesh generated using Method 3, but consists of much less cells.  
Meshes were also generated for the 5-liter autoclave with 5, 6, and 8 shelves. The corresponding data 
on numbers of cells and maximum skewness values are provided in the Table 2. Best mesh for each 
CAD model is marked with the green color.  
Table 2. Mesh characteristics for the 5-liter autoclave 

Number of shelves Generation method Number of cells Maximum skewness 
5 Method 1 867 212 0.986 
5 Method 2 3 639 010 0.870 
5 Method 3 8 096 618 0.850 
6 Method 1 7 350 283 0.973 
6 Method 2 8 445 948 0.892 
6 Method 3 21 302 075 0.882 
8 Method 1 3 303 668 0.898 
8 Method 2 3 302 179 0.834 
8 Method 3 n/a n/a 

No mesh was generated for the 5-liter autoclave with 8 shelves due to small distances between 
shelves. 
The corresponding characteristics of meshes generated for the 30-liter and 500-liter autoclaves are 
provided in Tables  
 
Table 3. Mesh characteristics for the 30-liter autoclave 

Number of shelves Generation method Number of cells Maximum skewness 
10 Method 1 167 866 0.999 
10 Method 2 423 432 0.987 
10 Method 3 1 601 870 0.849 
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Table 4. Mesh characteristics for the 500-liter horizontal autoclave 
Internal diameter, m Generation method Number of cells Maximum skewness 

0.6 Method 1 272 008 0.997 
0.6 Method 2 628 359 0.986 
0.6 Method 3 1 176 626 0.889 
0.7 Method 1 145 125 0.999 
0.7 Method 2 1 060 421 0.989 
0.7 Method 3 1 410 577 0.849 
0.8 Method 1 672 398 0.981 
0.8 Method 2 849 108 0.997 
0.8 Method 3 1 587 408 0.895 

 
Table 5. Mesh characteristics for the 500-liter vertical autoclave 

Internal diameter, m Generation method Number of cells Maximum skewness 
0.7 Method 1 374 666 0.999 
0.7 Method 2 770 945 0.989 
0.7 Method 3 2 010 428 0.848 
0.8 Method 1 293 930 0.994 
0.8 Method 2 770 511 0.998 
0.8 Method 3 1 883 637 0.843 
0.9 Method 1 315 485 0.989 
0.9 Method 2 596 702 0.996 
0.9 Method 3 1 778 847 0.847 

As can be seen in provided tables automated method is not applicable for mesh generation in all 
cases. Method 2 is more suitable for small autoclaves, when Method 3 is better to use for generating 
meshes with big dimensions. 

 
2.3. Computational Mesh Adaption 

It is worth mentioning that the precision of the numerical solution depends on cells’ sizes. Smaller 
cells give better accuracy. And the best accuracy is reached when all cells are smaller than the 
smallest local phenomena’s scale. This is so-called Direct Numerical Simulation (DNS) which can 
be considered as an exact analytical solution obtained numerically. But each cell requires a certain 
amount of computational resources (and thus time), and this amount does not depend on cell 
dimensions. This leads to a significant increase of required computational resources for processing 
meshes consisting of large number of cells, what is not acceptable for many practical applications. 
On the other hand, it is reasonably desirable to obtain high enough solution’s accuracy for areas 
where flux parameters, such as velocity, pressure, temperature, and concentration, change relatively 
fast, since these areas affect the accuracy of the whole model most of all. 
Thus, it is necessary to find a balance between solution’s accuracy and required computational 
resources. In this project a tool called Mesh Adaption was used to reach this balance.  
The general algorithm of Mesh Adaption is shown in the Figure 18. Adaption is performed using 
steady-state calculations. 
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Fig. 18. Mesh Adaption algorithm  

 
First step is to obtain solution using initial mesh. Then the mesh adaption itself occurs. It means that 
cells in the certain region are split into smaller cells. The region can be identified by many rules. In 
this project gradient adaption rule was chosen. Implementation of this rule requires calculation of the 
gradient of a flow parameter. When gradients are calculated those cells where gradients are higher 
than 10% of the maximum gradient value are divided. The obtained after such division mesh is called 
adapted. The next step is a solution of model’s equations using the adapted mesh. Then results of the 
calculation are compared to results obtained at the previous iteration. The comparison is carried by 
calculation of a standard deviation. If the deviation is lower than a preset value the adaption cycle 
ends, if not – a new iteration of adaption starts. 
By this procedure the solution in the areas where flow parameters are changing faster becomes more 
precise. At the same time the areas with slow changes where precision of initial mesh is sufficient 
enough stay unaffected and do not require additional computational resource.  
The described Mesh Adaption tool was used for all the selected meshes. Examples of velocity vector 
fields calculated for pure supercritical carbon dioxide are shown in the Figure 19. 
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a b c 

Fig. 19. Velocity vector fields calculated for 5-liter (a), 30-liter (b) and 500-liter (c) autoclaves 
Examples of comparison of initial and adapted meshes are shown in Figures 20 – 22. 

 

 

a b 
Fig. 20. Initial (a) and adapted (b) meshes for the 5-liter autoclave 

 

  

a b 
Fig. 21. Initial (a) and adapted (b) meshes for the 30-liter autoclave  
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a b 
Fig. 21. Initial (a) and adapted (b) meshes for the 500-liter autoclave 

As it could be expected, meshes were changed mainly in the region near inlets where supercritical 
carbon dioxide flux has the highest velocity. 
Adapted meshes were used for further calculations. 

3. COMBINATION OF DIFFERENT SCALE SIMULATION TOOLS WITHIN A SINGLE FRAMEWORK 

3.1. Additional Program Module for Considering Mass Transfer Inside Gels 

As it was mentioned above, mass transfer inside gel particles is described by Fick’s law with 
effective diffusion coefficient calculated using the developed CA model. Inclusion of the 
corresponding diffusion equation into CFD model is carried out via customization interface of 
ANSYS Fluent. This interface requires programming additional modules in C language, which 
communicate with ANSYS Fluent via a set of macros. Macros organize direct access to process 
variables. 
Such a model was developed in the framework of the project and successfully implemented in 
ANSYS Fluent. The full listing of the module is provided in Annex 1.  
The module includes User Defined Functions for solution’s initialization, particles’ layer porosity 
calculation and calculation of mass transfer from particles to continuous phase. The module also 
requires usage of User Defined Memory, which allows storing of additional variables in all 
computational cells.  
   
3.2. Combination of CFD and Additional Program Module 

The developed additional program module is combined with the CFD model by calling UDFs in a 
certain sequence which is shown in the Figure 22. 
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Fig. 22. UDFs’ calling sequence 

 
As can be seen in the provided sequence, UDF for initialization is called only once at the beginning 
of calculations. It fills in the allocated UDM. UDFs for porosity ad mass transfer are called at every 
iteration.  

4. NUMERICAL SIMULATION OF SUPERCRITICAL DRYING PROCESS AT DIFFERENT SCALES 

4.1. Simulation of Supercritical Drying of Monoliths 

The proposed model is applicable for numerical simulation of supercritical drying of monoliths. 
However, it is necessary to verify it, what requires experimental studies of drying kinetics. 
An experimental study of the supercritical drying kinetics of alginate-based gel monoliths was 
carried out at KOC University. The used experimental setup is shown in the Figure 23. It includes a 
32 ml cylindrical autoclave, a heating system and a carbon dioxide supplying system. The 
experiment was conducted with the following parameters. The average carbon dioxide volume flow 
rate was 2 normal l/min, its change over time was recorded during the process. Two experimental 
kinetics curves were obtained at different temperatures and pressures (P = 100 bar, T = 45 °C and P 
= 125 bar, T = 58 °C). Temperature and pressure values were chosen so that carbon dioxide had the 
same density in both experiments. Monoliths with a diameter of 9 mm and a length of ~73 mm were 
used for experiments. Curves of solvent’s mass change inside the autoclave were obtained as a result 
of the experiment. 
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Fig. 23. Experimental setup at KOC University 

Numerical experiments were conducted using a created CAD model, which is shown in the Figure 
14a. For this CAD model, the computational mesh was generated and its adaptation was performed. 
The physicochemical properties and the process parameters correspond to the experimental study 
presented above. To set an inlet variable carbon dioxide flow rate, an additional UDF was used. 
The results of calculations are contours of velocity, pressure, temperature, concentration, and 
physicochemical characteristics of the system and their time evolution. Figure 24 shows an alcohol 
mass fraction change in a cross section of the autoclave over time. 

 
Fig. 24. Alcohol mass fraction contours evolution  

Mass fraction values at each point of the cross section in the Figure 24 are indicated with the 
corresponding color. Red color corresponds to the maximum value, blue color - to the minimum 
value. It can be seen that the solvent is quickly removed from the “free” volume of the autoclave 
(this occurs within 2-3 minutes of the process). After this, a diffusion replacement of the solvent 
inside gel pores with carbon dioxide, which takes much more time, begins. 
To quantify the results and compare them with experimental data, process kinetic curves were 
plotted. For example, Figure 25 shows calculated and experimental data for P = 125 bar, T = 58 ° C. 
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Fig. 25. Supercritical drying kinetics 

Relative deviation of calculated data from experimental values does not exceed 13%. 
 
4.2. Simulation of Supercritical Drying of Particles in Lab-Scale Autoclaves 

Numerical simulation of supercritical drying of particles in lab-scale autoclave was conducted in 
comparison with experimental data obtained in MUCTR. 
The experiment was conducted at 40°C and 120 atm with alginate particles. The calculation 
parameters are provided in the Table 6. 
 
Table 6. Parameters of particles’ supercritical drying numerical simulation 
Parameter Units Value 
Isopropyl alcohol heat transfer coefficient W/m·K 0.182 
Carbon dioxide heat transfer coefficient W/m·K 0.079 
Isopropyl alcohol specific heat capacity J/kg·K 2470 
Carbon dioxide specific heat capacity J/kg·K 3150 
Isopropyl alcohol viscosity kg/m·s 0.0012 
Carbon dioxide viscosity kg/m·s 0.00005 
Inlet carbon dioxide velocity m/s 0.0013 
Initial alcohol mass inside particles g 17 
Diffusion coefficient of carbon dioxide in 
isopropyl alcohol 

m2/s 2.37·10-9 

Diffusion coefficient of isopropyl alcohol in 
carbon dioxide 

m2/s 2.83·10-8 

Calculated effective diffusion coefficient m2/s 8.57·10-10 
An average residence time for the experimental setup is 1 hour (carbon dioxide volume flow rate is 
100 normal l/h) and is limited by the equipment’s design.  
Calculated isopropyl alcohol concentration contours at different time steps in the central cross-
section are shown in the Figure 26. 
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a b 

  
c d 

Fig. 26. Isopropyl concentration at different time steps: a – 0h, b – 1h, c – 4h, d – 6h 
The calculated drying kinetics in comparison with the obtained experimental data are shown in the 
Figure 27.  

 
Fig. 27. Calculated and experimental particles’ drying kinetics 

Relative deviation of calculated data from experimental values is 8.8%. 
 
4.3. Simulation of Supercritical Drying of Particles in Pilot-Scale Autoclaves 

A series of numerical experiments at various scales was carried out in order to study the influence of 
parameters on the supercritical drying process. In each case, contours of velocity, pressure, 
concentration, and physicochemical characteristics inside an autoclave were obtained, as well as their 
time evolution. The used CAD models are shown in Figures 6 - 13. They were additionally modified 
by adding a layer of particles so that the volume of the layer occupies 50% of the autoclave volume. 
To figure out main correlations of the process at different scales, particles sizes and carbon dioxide 
consumption were varied. Particles sizes varied from 500 to 1500 µm, and the flow rate was chosen 



D5.5: CFD modelling of mass transfer during sc-drying process, and concept for drying optimization on the pilot and 
production scale – V1.0 

NanoHybrids NMP-03-2015 - Public    27/38 

so that the average residence time in the autoclave varied from 1 to 18 minutes. To summarize and 
analyze the obtained results, they were then respectively processed. A process time to reach 5 wt.% 
solvent’s content inside gels was determined. A normalized carbon dioxide consumption was 
calculated by dividing current consumption by the maximum one (consumption with an average 
residence time of 1 minute). The minimum process time obtained using the maximum flow rate is 
used for nondimensionalization of the process time. Figure 28 shows a correlation between the 
normalized flow and the dimensionless process time during drying of gel particles of different 
diameters. These data were obtained using a CAD model of a 500-liter autoclave. 

 

Fig. 28. Dimensionless process time in relation to normalized carbon dioxide flowrate 
    

As it can be seen, the dependence of the process time on the carbon dioxide consumption varies 
significantly with changing of particles diameter. So, for example, with a reduction in consumption 
by 10 times from the limit, the process time required for drying particles with a diameter of 500 µm 
increases by about 9 times, with a diameter of 1000 µm - by 5.5 times, and with a diameter of 1500 
µm - only by 3 times. In other words, with an increase in particles size, influence of carbon dioxide 
consumption on the process time decreases, which is obvious, since in this case the contribution from 
the diffusion stage of the supercritical drying process increases. The obtained results clearly 
demonstrate the correlation between the process time, the flow rate, and particles diameter. They can 
be used to increase the efficiency of the process: with an increase in carbon dioxide consumption, on 
one hand, we have capital and energy costs for pumping or compressor equipment, a recovery line, 
and, on the other hand, reducing process time, that is, increasing plant capacity. Mutual comparison 
of similar results for equipment of various scale and design allows choosing the most suitable one 
and select the most effective process parameters. 
Results of numerical simulation of 900-liter autoclave are provided below. The used CAD model is 
shown in the Figure 29. 
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Fig. 29. CAD model of 900-liter autoclave 

 
The autoclave  is a horizontal cylinder, which has one inlet and one outlet (marked in the figure). 
Blue color in the figure indicates a layer of particles, which is located on a shelf. The volume of the 
particles layer is 170 liters. For the CAD model, a computational mesh was generated and adapted. 
The temperature of the supercritical drying process is 60 °C and the pressure is 140 bar. Carbon 
dioxide consumption is 1400 kg/h. The consumption value was chosen so that the average residence 
time in the autoclave was 18 minutes. The size of the dried particles is 450 µm. 
Results of calculations are contours of velocity, pressure, concentration, and physicochemical 
characteristics of the system, as well as their time evolution. Figure 30 shows the change of the 
alcohol mass fraction on the cross section of the autoclave and on the surface of the particles layer 
over time. 
As it can be seen, the solvent is at first rapidly removed from the “free” volume of the autoclave and 
then the long-term replacement of the solvent by carbon dioxide inside the particles layer begins. It 
should be noted that drying of 450 µm gel particles should take a short time, since the contribution of 
diffusion transport in such particles is small. However, a significant slowdown of the process inside 
the layer occurs. This is due to the fact that the layer consisting of particles of such diameter creates a 
significant hydraulic resistance for the carbon dioxide flow. In other words, the flowrate of the media 
inside the layer is significantly reduced, and, thus, the mass transfer rate of the process is reduced 
too. 
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Fig. 30. Solvent mass fraction contours’ evolution during first 20 minutes of the process: a, b: on the autoclave’s cross-section; c, d: on the surface of 
particles’ bed  

 
 



           
NanoHybrids NMP-03-2015    Public 

This problem may be important, as it causes a significant increase in time. It can be solved by 
installing special devices to organize the forced movement of a particles layer, their mixing. This will 
increase the porosity of the layer, reduce its hydraulic resistance and speed up the mass transfer. In 
addition, in some cases, by increasing the pressure, the density of carbon dioxide can be increased so 
that it is higher than the density of the solvent. In this case, the particles, which contain a solvent, due 
to the buoyancy force, will be in suspension. This will also reduce the hydraulic resistance of the 
layer. However, this method is associated with an increase in mass flow rate of carbon dioxide and is 
limited to the operating pressure of the equipment used. 

5. CONCLUSIONS 

A comprehensive CFD model describing hydrodynamics, heat and mass transfer of supercritical 
drying and considering mass transfer at micro scale inside wet gels was offered. Micro scale 
processes are simulated using a CA approach developed in Deliverable 5.3, which considers 
influence of gel’s internal structure. The combination of CFD and CA approaches is organized via 
the program model developed in the framework of the project. The developed model was validated at 
laboratory scale. Numerical simulations of pilot-scale equipment were performed, and some 
correlations between process parameters and supercritical drying time are described. 

ANNEX 1 

Listing of additional program module for modeling mass transfer inside gel particles   
#include "udf.h" 
#include "sg_udms.h" 
#include "math.h" 
 
#define ADD_MSG 
//#undef ADD_MSG 
#define ADD_MSG_FICK 
//#undef ADD_MSG_FICK 
 
int * th_ind = NULL; 
int th_cnt = 0; 
 
struct thread_cells_conc { 
 double * conc; 
 double * mass; 
 double * source; 
 int cells_cnt; 
 double time; 
}; 
 
#define C_PER_CELL 100 
#define ARR_LEN (C_PER_CELL + 2) 
#define PARTICLE_D (0.00045) 
#define dr (PARTICLE_D / 2 / C_PER_CELL) 
 
// particles per m3 
#define PARTICLE_C (1.341355E10) 
 
#define D_EFF (1E-9) 
 
#define RHO (541.12) 
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#define C_INIT 0.2 
 
struct thread_cells_conc * concentrations = NULL; 
int is_inited = 0; 
 
double getPorosity() 
{ 
 double particle_v = 4 * M_PI * pow(PARTICLE_D / 2, 3) / 3; 
 double particles_v = particle_v * PARTICLE_C; 
 return 1.0 - particles_v; 
} 
 
int getRealThreadId(Thread * th) 
{ 
 int internal_idx = THREAD_ID(th); 
 int res = 0; 
 char * msg = (char *)malloc(256 * sizeof(char)); 
#ifdef ADD_MSG 
 sprintf(msg, "Resolve th_id %i in th_cnt elements: %i", internal_idx, th_cnt); 
 MyMessage(msg); 
#endif 
 for (; res < th_cnt; res++) { 
  if (th_ind[res] == internal_idx) { 
   break; 
  } 
 } 
#ifdef ADD_MSG 
 sprintf(msg, "Resolved: %i \n", res); 
 MyMessage(msg); 
#endif 
 free(msg); 
 return res; 
} 
 
double * currConc(Thread * th, cell_t cell) 
{ 
 int th_id = getRealThreadId(th); 
 double * res = concentrations[th_id].conc + cell * ARR_LEN; 
 return res; 
} 
 
void setMass(Thread * th, cell_t cell, double mass) 
{ 
 int th_id = getRealThreadId(th); 
 double prevMass = concentrations[th_id].mass[cell]; 
 double cellVolume = C_VOLUME(cell, th); 
 double cellFreeVolume =  cellVolume * getPorosity(); 
 char * msg = (char *)malloc(256 * sizeof(char)); 
#ifdef ADD_MSG 
 sprintf(msg, "prevMass: %e, cellVolume: %e\n", prevMass, cellFreeVolume); 
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 MyMessage(msg); 
#endif 
 concentrations[th_id].mass[cell] = mass; 
 concentrations[th_id].source[cell] = (prevMass - mass) * getPorosity() / cellVolume / 
CURRENT_TIMESTEP; 
 free(msg); 
} 
 
double currMass(Thread * th, cell_t cell) 
{ 
 int th_id = getRealThreadId(th); 
 return concentrations[th_id].mass[cell]; 
} 
 
double currSource(Thread * th, cell_t cell) 
{ 
 int th_id = getRealThreadId(th); 
 return concentrations[th_id].source[cell]; 
} 
 
void initThreads(Domain * d) 
{ 
 Thread *t; 
 int i; 
 th_cnt = 0; 
 thread_loop_c(t, d) 
 { 
  th_cnt++; 
 } 
 th_ind = malloc(sizeof(int) * th_cnt); 
 
 //MyMessage("Thread indexes allocated\n"); 
 
 i = 0; 
 thread_loop_c(t, d) 
 { 
  th_ind[i] = THREAD_ID(t); 
  i++; 
 } 
 //MyMessage("Thread indexes inited\n"); 
} 
 
double calcMass(double * conc, double cellVolume) 
{ 
    double res = 0; 
    int idx = C_PER_CELL; 
    int i; 
 char * msg = (char *)malloc(256 * sizeof(char)); 
    for (i = 1; i < ARR_LEN-1; ++i) 
    { 
     double r_ext = idx * dr; 
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     double r_int = (idx - 1) * dr; 
     double V_ext = 4 * M_PI * pow(r_ext, 3) / 3; 
     double V_int = 4 * M_PI * pow(r_int, 3) / 3; 
     double V = V_ext - V_int; 
     res += conc[i] * RHO * V; 
     idx --; 
    } 
#ifdef ADD_MSG 
 sprintf(msg, "Mass per particle: %e, cell volume: %e\n", res, cellVolume); 
    MyMessage(msg); 
#endif 
 free(msg); 
    return res * PARTICLE_C * cellVolume; 
} 
 
void initConc(Domain * d) 
{ 
 Thread *t; 
 cell_t c; 
 int i,j,k; 
 int sz = ARR_LEN; 
 
 int max_cell_id; 
 int min_cell_id; 
 int curr_sz; 
 double V, V_ext, V_int, r_ext, r_int; 
 
 concentrations = malloc(sizeof(concentrations) * th_cnt); 
 char * msg = (char *)malloc(256 * sizeof(char)); 
 
 thread_loop_c(t, d) 
 { 
  i = getRealThreadId(t); 
  concentrations[i].cells_cnt = 0; 
  concentrations[i].time = CURRENT_TIME; 
  max_cell_id = -1; 
  min_cell_id = 0xFFFFFF; 
  begin_c_loop_int(c, t) 
  { 
   if (c > max_cell_id) max_cell_id = c; 
   if (c < min_cell_id) min_cell_id = c; 
   concentrations[i].cells_cnt++; 
  } 
  end_c_loop_int(c, t); 
 
  curr_sz = sizeof(double) * concentrations[i].cells_cnt * sz; 
  sprintf(msg, "Conc for thread %i allocated\n", i); 
  MyMessage(msg); 
  concentrations[i].conc = malloc(curr_sz); 
  memset(concentrations[i].conc, 0, curr_sz); 
  for (j = 0; j < concentrations[i].cells_cnt; j++) 
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  { 
   for (k = 0; k < sz; k++) 
   { 
    concentrations[i].conc[j * sz + k] = C_INIT; 
   } 
  } 
 
  curr_sz = sizeof(double) * concentrations[i].cells_cnt; 
  concentrations[i].mass = malloc(curr_sz); 
  memset(concentrations[i].mass, 0, curr_sz); 
  for (j = 0; j < concentrations[i].cells_cnt; j++) 
  { 
   double cellVolume = C_VOLUME(j, t); 
   double mass; 
   //sprintf(msg, "Cell %i\n", j); 
   //MyMessage(msg); 
   mass = calcMass(currConc(t, j), cellVolume); 
   concentrations[i].mass[j] = mass; 
   C_UDMI(j, t, 0) = mass; 
  } 
 
  curr_sz = sizeof(double) * concentrations[i].cells_cnt; 
  concentrations[i].source = malloc(curr_sz); 
  memset(concentrations[i].source, 0, curr_sz); 
  for (j = 0; j < concentrations[i].cells_cnt; j++) 
  { 
   concentrations[i].source[j] = 0; 
  } 
 } 
 free(msg); 
}; 
 
void MyMessage(const char * line) 
{ 
#if RP_HOST 
 const char filename[] = "host_messages.txt"; 
#endif 
#if RP_NODE 
 const char filename[] = "nodes_messages.txt"; 
#endif 
#if !PARALLEL 
 const char filename[] = "serial_messages.txt"; 
#endif 
 FILE *fp = NULL; 
 if ((fp = fopen(filename, "a")) == NULL) { 
  Message("\n Warning: Unable to open %s for writing\n", filename); 
 } 
 int node_id = -1; 
#if RP_NODE 
 node_id = myid; 
#endif 
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 fprintf(fp, "%i: %s", node_id, line); 
 fclose(fp); 
} 
 
/* Initialization procedure */ 
DEFINE_INIT(conc_init, d) 
{ 
 MyMessage("Conc Init\n"); 
#if RP_HOST 
 MyMessage("Work on host\n"); 
#endif 
#if RP_NODE 
 MyMessage("Node code\n"); 
#endif 
#if !RP_HOST 
 MyMessage("Start !RP_HOST\n"); 
#if RP_NODE 
 Message("Ok, on node\n"); 
#else 
 MyMessage("Error, !RP_NODE\n"); 
#endif 
 if (is_inited) { 
  deinit(); 
 } 
 MyMessage("Init threads\n"); 
 initThreads(d); 
 MyMessage("OK\nInit concentrations\n"); 
 initConc(d); 
 MyMessage("OK. Init finished\n"); 
 is_inited = 1; 
#endif 
} 
 
void calcFick(Thread * thread, cell_t cell) 
{ 
 // Fick 
 double * conc = currConc(thread, cell); 
 double * newConc = malloc(sizeof(double) * ARR_LEN); 
 int i,j,k; 
 double * alpha = malloc(sizeof(double) * ARR_LEN); 
 double * betta = malloc(sizeof(double) * ARR_LEN); 
 double dr2 = dr*dr; 
 double a_j = -D_EFF * CURRENT_TIMESTEP / dr2; 
 double b_j = 1 + 2 * D_EFF * CURRENT_TIMESTEP / dr2; 
 double c_j = -D_EFF * CURRENT_TIMESTEP / dr2; 
 double mass = currMass(thread, cell); 
 double newMass = 0; 
 double cellVolume = C_VOLUME(cell, thread); 
 char * msg = (char *)malloc(256 * sizeof(char)); 
 
 alpha[0] = 0; 
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 betta[0] = C_YI(cell, thread, 0); 
 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
 MyMessage("Calc alpha/betta\n"); 
#endif 
 for (i = 1; i < ARR_LEN-1; ++i) 
 { 
  alpha[i] = -a_j / (b_j + c_j * alpha[i-1]); 
  betta[i] = (conc[i] - c_j * betta[i-1]) / (b_j + c_j * alpha[i-1]); 
 } 
 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
 MyMessage("Calc newConc\n"); 
#endif 
 newConc[ARR_LEN-1] = betta[ARR_LEN-2]/(1 - alpha[ARR_LEN-2]); 
 for (i = ARR_LEN-2; i >= 0; i--) 
 { 
  newConc[i] = alpha[i] * newConc[i + 1] + betta[i]; 
 } 
 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
 MyMessage("Copy concentration\n"); 
#endif 
 for (i = 0; i < ARR_LEN; ++i) 
 { 
  conc[i] = newConc[i]; 
 } 
 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
 MyMessage("Mass operations\n"); 
#endif 
 newMass = calcMass(conc, cellVolume); 
 setMass(thread, cell, newMass); 
 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
    MyMessage("Free memory\n"); 
#endif 
 free(alpha); 
 free(betta); 
 free(newConc); 
 free(msg); 
} 
 
 
DEFINE_SOURCE(cell_Y_source, cell, thread, dS, eqn) 
{ 
#if !RP_HOST 
 //MyMessage("SOURCE start\n"); 
 double source; 
 cell_t c; 
 int i = 0; 
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 int real_th = getRealThreadId(thread); 
 //MyMessage("getRealThreadId finished\n"); 
 double * conc = currConc(thread, cell); 
 //MyMessage("currConc finished\n"); 
 double V, V_ext, V_int, r_ext, r_int, res0, res1; 
 char * msg = (char *)malloc(256 * sizeof(char)); 
 
 if (concentrations[real_th].time != CURRENT_TIME) 
 { 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
   MyMessage("Calc fick for time step\n"); 
#endif 
  begin_c_loop_int(c, thread) 
  { 
   calcFick(thread, c); 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
   sprintf(msg, "Mass source for cell %i: %e\n", c, currSource(thread, c)); 
   MyMessage(msg); 
#endif 
   C_UDMI(c, thread, 0) = currMass(thread, c); 
  } 
  end_c_loop_int(c, thread); 
  concentrations[real_th].time = CURRENT_TIME; 
 } 
 
 source = currSource(thread, cell); 
 dS[eqn] = 0.0; 
#if (defined(ADD_MSG) || defined(ADD_MSG_FICK)) 
 sprintf(msg, "Source now returns \n, Source: %e ; Conc inside part on the boundary: %e, %e, 
%e \n", source, conc[0], conc[1], conc[2]); 
 MyMessage(msg); 
#endif 
 free(msg); 
 return source; 
#endif 
} 
 
DEFINE_PROFILE(porosity, t, i) 
{ 
#if !RP_HOST 
 cell_t c; 
 double porosity = getPorosity(); 
 char * msg = (char *)malloc(256 * sizeof(char)); 
 //sprintf(msg, "Define profile porosity %e\n", porosity); 
    //MyMessage(msg); 
 begin_c_loop_int(c,t) 
        C_PROFILE(c,t,i) = porosity; 
 end_c_loop_int(c, t); 
 free(msg); 
#endif 
} 



D5.5: CFD modelling of mass transfer during sc-drying process, and concept for drying optimization on the pilot and 
production scale – V1.0 

NanoHybrids NMP-03-2015 - Public    38/38 

 
void deinit() 
{ 
 int th_idx; 
 for (th_idx = 0; th_idx < th_cnt; th_idx++) 
 { 
  free(concentrations[th_idx].conc); 
  free(concentrations[th_idx].mass); 
  free(concentrations[th_idx].source); 
 } 
 free(concentrations); 
 concentrations = NULL; 
 free(th_ind); 
 th_ind = NULL; 
 is_inited = 0; 
} 

 


