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A multi-scale approach can be used to simulate the drying beha-
vior of microparticles in packed-bed. Data outcomes from discrete
element method (DEM) and computational fluid dynamics (CFD)
simulations can be used to estimate some relevant product char-
acteristics, such as the porosity, tortuosity, voids in the bed and
permeability which are required by the multi scale model. Data
from DEM simulations are presented, with a particular focus on
the influence of the model parameters, packing characteristics and
inhomogeneities (wall effect and particles segregation); compu-
tational costs and scala

bility are also considered. Data on the properties of packings as
modeled at the macroscale are presented with regard to the
thermal conductivity of gases in the Knudsen regime and effective
properties of packed-beds modeled as a pseudo-homogeneous
medium. A mathematical model of the freeze-drying of single
microparticles and its outcomes are first presented. Data outcomes
from the mathematical model at the macroscale concerning the
drying behavior of microparticles in a tray and in a vial are then
presented and can be used for process design. Some further data,
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with detailed interpretation and discussion of the presented data,
can be found in the related research data article, “A multi-scale
computational framework for modelling the freeze-drying of
microparticles in packed-beds” (Capozzi et al., 2019).
© 2019 The Authors. Published by Elsevier Inc. This is an open
access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Specifications table

Subject area Chemical and pharmaceutical engineering

More specific subject area Discrete element method, Fluid dynamics, Freeze-drying, Mathema-
tical modeling, Multi-scale modeling, Packed-bed, Pharmaceutical
technology, Spray-freeze drying

Type of data Model details, table, image of packing, video (mp4), text file, graph,
figure

How data were acquired DEM simulations, CFD simulations, FEM simulations, Paraview

Data format Analyzed

Experimental factors DEM simulation: particle dimension, polydispersity and number. CFD
simulations: mesh refinement. Mathematical model at the macro-
scale: porosity, tortuosity, particle diameter, polydispersity, tempera-
ture, pressure.

Experimental features Generation of packings of micro-granules, extraction of representative
elementary volumes (REVs), evaluation of packing properties (por-
osity, tortuosity, particle diameter, mean pore diameter, permeability),
evaluation of drying duration, product temperature, vapor flux, mass
transfer resistance, modeling packed-beds as pseudo-homogeneous

media
Data source location Politecnico di Torino, Torino, Italy
Data accessibility Data available with article

Related research article L. C. Capozzi, A. Barresi, R. Pisano, A multi-scale computational fra-
mework for modelling the freeze-drying of microparticles in packed-
beds, Powder Technology 343 (2019) 834-846. [1]

Supplementary material related to this article can be found online at https://doi.org/10.1016/j.dib.
2018.12.061.

Value of the data

e Data show how multi-scale modeling can be used as a support to better understand the freeze-
drying behavior of micro-particles in vials and trays.

® The open source code LIGGGHTS is used for creating packing of microparticles.

® The open source code OpenFOAM is used for studying packing properties.

® Mathematical models are implemented in COMSOL Multiphysics for studying the drying behavior
of a single granule or granules in trays and vials.

® Data can be used for choosing optimal process conditions and developing robust freeze-drying
cycles in the framework of Quality by Design and continuous freeze-drying context [2].
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Nomenclature I; momentum of inertia of particle i,
kg m?
Bg permeability, m? Jab heat flux at product bottom,
C parameter expressing the depen- Jm=?s~!
dence of K, from radiation and the ~ Jap heat flux at product upper surface,
contact between vial bottom and Jm=2s7!
tray surface, J s ' m~2 K~ Jas heat flux at vial side, Jm~2 5!
G parameter expressing the pressure  Jqt heat flux at vial top, Jm~2 s™!
dependence of K, Jso ' m2 K! K. heat transfer coefficient due to
Pa—! direct conduction from the shelf to
Cs parameter expressing the pressure the glass at the points of contact,
dependence of K, Pa~! Js 'm2K!
c molar concentration, mol m—3 K heat transfer coefficient between
Cp specific heat capacity, JK~! kg~! the technical fluid and the shelf,
Dy binary diffusion coefficient, m? s~ JsT'm 2 K™!
Dy effective binary diffusion coeffi- Ky overall heat transfer coefficient
cient, m? s~ ! between the heating fluid and the
pin Knudsen diffusion coefficient, m? s product at the bottom of the vial,
D;, Dj transport coefficients of DGM Js7im2K!
equation for molar flux of species-i, K, overall heat transfer coefficient
m2s! between the heating shelf and vial
D, particle diameter, m bottom, s~ ' m~2 K~!
dp pore diameter within the bed, m kn normal elastic constant, Nm™'
dp” pore diameter  within the ke tangential elastic constant, Nm~!
particle, m Ly constant effective distance between
e emissivity for radiation heat the bottom of the vial and the
exchange, - shelf, m
e, restitution coefficient, - L, thickness of the packed-bed, m
F generic view factor, - M; molecular weight of the i-compo-
F.; vector of total force contact acting nent, kg kmol
on particle i, N m* equivalent mass, kg
Fpi vector of normal force contact act- m; mass of particle i, kg
ing on particle i, N N molar flux, molm~2s~!
Fi vector of tangential force contact n; normal vector
acting on particle i, N P pressure, Pa
Fyp view factor between the lower  Pc chamber pressure, Pa
heating shelf and the vial side, - Di partial pressure of component i, Pa
Fup view factor between upper shelf to  Pw' vapor equilibrium pressure, Pa
the top boundary of the packed- R* equivalent radius, m
bed, - Rgi vial inner radius, m
Fus view factor between the chamber  Rg ideal gas constant, Jmol ' K
wall and the vial side, - R; radius of particle i, m
Fut view factor between chamber wall r radial coordinate, m
to the top boundary of the packed- I vector position of particle i, m
bed, - Sn normal stiffness, Nm~!
G* equivalent shear modulus, N m~2 St tangential stiffness, Nm~'
g gravity vector, m s~ 2 Sgl thickness of the vial wall, m
H position of the  sublimation T temperature, K
interface, m t time, s
Hy(t) position of the sublimation inter- T average temperature, K
face within the particle, m t vector of total torque acting on
AHg enthalpy of sublimation, J kg ' particle i, Nm

tangential vector




tHertz
tRayleigh
Vmax
VUnr

Vs
Ver
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Herz time, s

Rayleigh time, s
maximum velocity, ms~
normal component of relative velo-
city, ms~!

velocity of sublimation front, ms~
tangential component of relative
velocity, ms™!

friction coefficient, -

equivalent Young's modulus, Nm~
Young's modulus of particle i,
Nm~2

molar fraction of component i

axial coordinate, m

1

1

2

Greek letters

6n
St
=)
€p
£t

Ks,eff

Kn
gas

gas

Ao

=

Vi

energy accommodation coefficient, -
constant defined in Eq. (11)
temperature jump distance
particle dried layer

particle frozen layer

heat capacity ratio

normal viscoelastic constant, Nsm™
tangential viscoelastic constant,
Nsm™!

normal displacement, m

tangential displacement, m

bed porosity

particle porosity

total porosity

thermal conductivity, Wm~™! K~!
effective  thermal conductivity,
Wm~!'K™!

thermal conductivity of gases in
rarefied conditions, Wm~! K~!
thermal conductivity of gases at
atmospheric pressure, Wm~' K~!
free molecular heat conductivity at
0°CJs 'm'K!

viscosity of gas mixture, kgm~!s~!
ratio of the gas to solid atomic
masses, -

Poisson ratio of particle i, -

density, kgm~3

1

o Steﬁan—Boltzmann constant, Wm ™2
K~

5 particle tortuosity, -

@s frozen fraction function defined in
(Eq. (12) [1])

¢ volume fraction, -

Q layer of  completely dried
microparticles

Qp layer of completely or partially fro-
zen/dried microparticles

Qi vial wall

®; angular velocity vector, rads !

Subscript

LILIII referring respectively to Q;, Q; and

Q
d dried layer
f frozen layer
gas gas
gl glass vial
ij saturation index
ice ice
in inert gas
int interface
p particle
sol solid
w water
ap referring respectively to I', and Iy

Adimensional numbers

Kn Knudsen number

Re Reynolds number

Pr Prandtl number

Acronyms

CFD computational fluid dynamics

DEM discrete element method

DGM dusty-gas model

QbD Quality by Design

REV representative elementary volume

TMDD trehalose, mannitol, dextran (10
kDa) and dextran (150 kDa) mixture
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1. Data

Data concerning the multi-scale modeling of microparticles in vials and trays are presented, which
were generated by Discrete element method (DEM), computational fluid dynamics (CFD) and
mathematical modeling at the macro-scale.

The computational cost and scalability of the DEM simulations (performed using the open source
code LIGGGTHS) are presented. The effect of the time-step used in the simulations, the REV size, and
the packing inhomogeneities are also documented.

The effect of mesh refinement in CFD simulations (carried out using the open source code
OpenFOAM) is presented.

The simulations at the macroscale were carried out using COMSOL Multiphysics. Data presented in
the following sections concern freeze-drying of a single micro-granule or packed-beds of micro-
granules in a vial (see also [1]) or a tray. They refer to the (i) model parameters for describing micro-
granules as a pseudo-homogeneous medium, (ii) heat transferred to the product during freeze-dry-
ing, (iii) outcomes of the models in terms of drying duration, maximum product temperature, vapor
flux and the position of the sublimation interface. Table 1 summarizes the available data.

2. Experimental design, materials, and methods

2.1. Set-up of DEM simulations

DEM simulations solve Newton's second law of motion for translation and rotation for any particle
i at any time t:

dzl','
mi@ = ZCFc,i"‘mig (1)
do:
I T;;l =t 2)

where m; is the mass of particle i, r; its position, F.; the total force acting on it. I; is the moment of
inertia, w; the angular velocity, and t; the total torque.

2.1.1. Contact model

The Hertz-Mindlin contact algorithm has been used to simulate the falling of micro-particle and,
so, the generation of random packings [3]. The basis behind the soft spheres model is that it allows
two particles to deform during a collision by means of an overlap. The overlap then allows the cal-
culation of the frictional, plastic and elastic forces resulting from this collision; the magnitude of these
forces depends on the size of the deformation or overlap, see Fig. 1.

The Hertz-Mindlin model describes the total force on each particle after a collision between
particle i and particle j as follows [4]:

Fei = (knén +7n VoM + (keSe 47 Ve o)t 3

where k;, and k; are the elasticity constants, y, and y, are viscoelastic damping constants, v, and v,
are the normal and tangential component of relative velocity, &, is the normal displacement and &, is
the tangential displacement vector between the two particles. The first term in this equation governs
the normal force and the second one accounts for the tangential forces. The tangential displacement
vector satisfies the Coulomb frictional limit:

Fii <x,Fp; 4

The associated parameters of k;, and k. are evaluated from the elastic theory:

Ky = %lY* VR, )



Table 1
Synopsis of simulation conditions adopted, variables considered, and data presented.

Investigation

Variables investigated

Data available

DEM simulations (LIGGGTHS)

CFD simulations
(OpenFOAM)

Macro-scale modeling

(COMSOL Multiphysics)

Contact model

Computational cost and scalability

Particles extraction

Packing inhomogeneities (wall effects, particles
segregation)

Mesh refinement

Mathematical formulation of drying behavior of a
single micro granule

Mathematical formulation of drying behavior of
micro granules in vials or trays

Integration time - step
Number of cores

Dimension of REV

Position in the packings

Number of particles
Particle polydispersity
Number of cells

Particle diameter
Temperature

Container (vial or tray)
Shelf temperature
Chamber pressure
Particle dimension

- Model description

- Model parameters

- Runtime

- Speedup

- Timesteps/h

- Porosity

- Number of particles

- Porosity

- Mean pore diameter

- Particle diameter

- Model description

- Permeability
coefficient

- Model description

- Drying duration

- Particle temperature

- Vapor flux

- Position of the sub-

limation interface
- Model description
- Drying duration
- Product temperature
- Frozen fraction

§S2-zz/ (6102) zz Joug ut ving / v 32 1zzodp) DT

- Particle polydispersity - resistance to
water vapor
- Thermal conductivity
Parameters evaluation of the macro-scale model - Thermal conductivity of gases in the Knudsen regime

- Heat transfer through a porous medium
- Effective properties of a particle (effective density, effective heat

capacity, effective thermal conductivity)
- Effective properties of packed-bed (effective density, effective heat

capacity, effective thermal conductivity)

LTL



728 L.C. Capozzi et al. / Data in Brief 22 (2019) 722-755

friction
ﬂ coefficient
£ before the
impact v,
F, .
particle i f .
durin F F
(m;, 1) impac o
particle j ‘' Soverlap

(m;. 1)
after th?
Impac
Pact vk, vy,

Fig. 1. Schematic of Hertz-Mindlin contact model between two particles.

ki =8G*\/R*5, (6)

where Y, G and R’ are the equivalent Young's modulus, the equivalent shear modulus and the
equivalent radius of the two contacting bodies.
The values of the viscoelastic parameters y,, and y are:

5
Yn= —2\/%/”\/ Sam* >0 @)
5
Y= —2\/%ﬁx/5tm* >0 ®)
where 3, S, and S; are evaluated from the contact collision theory as follows:
Sa=2Y*/R*6, 9)
St =8G*/R*5y (10)
In(er)
_ 11
p VIn%(ey)+n? an

where e, is the coefficient of restitution.
The values of Y', G, R" and m" are:

1 1—1/% 1—1/%

A 2 0
g* _ 2(2%;/)](1“1) N 2(271/;)2(1+v2) (13)
11 1 (15)

ms . om; | my

where v is the Poisson ratio, and m* is the equivalent mass of the two bodies in contact.

Hertz-Mindlin contact model requires five key parameters, i.e., particle radius R, particle mass m,
Young's modulus Y, shear modulus G, Poisson's ratio » and the coefficient of restitution e,. These
parameters are provided in Table 2. It should also be noted that this contact model was also used to
describe both particle-particle and particle-wall collisions. The demonstrative video shows generation
of a packing of microgranules.
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Table 2
Parameters used in DEM simulations for particle-particle and wall-particle interactions.

Parameter Value Unit Refs.
Density of particles 926.7 kgm—3

Young's modulus of ice particles 93.3 x 108 Nm~—2 [5]
Young's modulus of wall 65.0 x 10° Nm~? [5]
Poisson ratio of ice particles 0.325 - [5]
Poisson ratio of wall 0.210 - [5]
Friction coefficient particle-particle 0.33 - [6]
Friction coefficient particle-wall 0.50 - [6]
Restitution coefficient particle-particle 0.4 - [7]
Restitution coefficient particle-wall 0.5 - [7]

2.1.2. Computational cost and scalability

DEM simulations were performed on the Galileo supercomputer located in CINECA and equipped
with 516 nodes containing two Intel Haswell 8-core processors each, with a clock of 2.40 GHz and a
RAM of 128 GB/node [8].

LIGGGHTS is an open-source DEM code derived from the molecular dynamics code LAMMPS and
used for simulating granular materials. LIGGGHTS supports the addition of mesh geometries and
includes granular models for modeling particle-particle and particle-walls collisions. LIGGGHTS can
be run as a serial or in a parallel environment through MPI. Dynamic MPI domain decomposition was
used to mitigate the load-imbalance of DEM simulations.

The speedup of a parallel implementation reads,

serial runtime

speedup = parallel runtime

(16)

Table 3 reports the test cases used for evaluating the simulation speedup. Table 4 shows the test
cases used for evaluating the computational costs related to the integration timestep adopted for the
simulations.

Data in Fig. 2a and b refer to simulation runtime and speedup relative to serial runs varying the
number of cores from 1 (serial) to 512. The simulations refer to 100,000 monodisperse falling particles
of 30 um and a timestep of 25 ns. Increasing the number of cores from 1 to 4 did not have a dramatic
impact on the runtime, and equivalently on the speedup, because of the geometry of the system. On
the other hand, from 4 to 512 cores, the scalability was very strong.

Data in Fig. 2c show that the computational cost strongly depends on the integration time step
used in the simulation and the number of falling particles.

2.1.3. Selection of the time-step

For DEM simulations, time step should be small enough to avoid instability and provide a reliable
and stable set of particle spatial location data during the simulation as a whole. A rule of thumb states
that the maximum acceptable time step must be set to a value between 0.1 and 0.3 of the minimum
value of the semi-empirical parameters, Hertz time and Rayleigh time [4].

The Hertz time can be evaluated from:

4/3pn(Dy/2)°

t =287
Hertz (Dp /2) Y2 Vi

17)

The Rayleigh time reads:

o 7(Dp/2) P
fRayteigh = 7631, +0.766 \ Y20 +0v)] (18)

Each simulation has been performed using a time-step equal to 10% of the Rayleigh time; to give
you an example, for monodisperse microparticles of 10 um, the time-step was 8.62 ns, whereas for
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Table 3
Test case: 100 k monodisperse (St. Deviation = 0) falling particles of 30 um as diameter; total simulated time = 1.1 s, no. of
cores = 4.

Test Integration time step No. of time steps Runtime Timesteps/h
1 250 4,400,000 19.9 241,540
2 200 5,500,000 253 237,287
3 100 11,000,000 47.0 255,234
4 50 22,000,000 96.0 250,002
5 25 44,000,000 186.8 256,894
6 10 110,000,000 644.8 186,094
Table 4

Test case: 100,000 monodisperse (St. Deviation = 0) falling particles of 30 um as diameter; integration time step = 25 ns, total
simulated time = 1.1's (48 - 10° timesteps).

Test case No. of cores Runtime Timesteps/h
1 1 257.0 186,747
2 2 2524 190,207
3 4 186.8 256,894
4 8 89.5 536,471
5 16 434 1,105,375
6 32 34.1 1,407,494
7 48 219 2,194,135
8 64 16.7 2,867,110
9 128 12.2 3,926,460
10 512 32 15,204,827

microparticles of 90 um, was 77.60 ns. In the case of polydisperse microparticles, the time-step was
usually lower, because it was chosen considering the smallest particles of the distribution.

2.14. Selection of the REV size

REV needs to be chosen sufficiently extended to catch global properties and avoid local fluctua-
tions. If the REV was small, porosity, which was chosen as the reference property, fluctuated for
different REVs located one near each other. On the other hand, if the REV size is sufficiently large, the
fluctuations in the proximity of a certain point in the bed become negligible.

Data shown in Fig. 3 refer to the case of frozen microparticles consisting of a water mixture 35%
w/w of trehalose, mannitol, dextran (10 kDa) and dextran (150 kDa) (TMDD) in the ratio 3:3:3:1
atomized at 48 kHz (experimental data [9] and simulation results [1])

Data shown in Fig. 4 refer to the packings of monodisperse and polydisperse microparticles of 50 p
m as mean diameter. The data show that REV volume should contain at least 1000 particles to avoid
local fluctuations of the porosity in the proximity of a certain position in the bed, which corresponds
to a REV of 0.06 mm?>.

Fig. 5 show a packing of 100,000 polydisperse micro-particles and REVs with different volume
(from 10 x 107> mm> to 1 x 10~ ! mm?>).

2.2. Set-up of CFD simulations for estimating packing properties

In this section, the set-up of CFD simulations used in [1] for estimating packing properties is
presented.

2.2.1. Simulation set-up

The fluid flow within the packed-bed was simulated by solving the continuity and Navier-Stokes
equations, imposing a pressure drop in the z-direction between the inlet and outlet sections. The no-
slip boundary condition was imposed at the particle surface and the symmetry condition at the
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Fig. 2. (a) Simulation runtime. (b) Speedup relative to serial run by varying the number of cores used in the parallelization.
Dashed line refers to the ideal speedup. (c) Simulation runtime as a function of the timestep used.
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Fig. 3. 35% w/w water-TMDD (3:3:3:1) atomized at 48 kHz. (a) Number of particles as a function of REV size and (b) porosity
value as a function of the number of particles. REV was chosen in the vicinity of the center of the packing, with small deviations
of its center coordinates randomly chosen within the range + 0.1 mm; each dot represents a value of these neighbors REVs.
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Fig. 4. Microparticles of (Q) monodisperse and ([J) polydisperse microparticles (¢ = 5 um) with a mean diameter of 50 um.
(a) Number of particles as a function of the REV size and (b) porosity as a function of the number of particles. REV was chosen in
the vicinity of the center of the packing, with small deviations of its center coordinates randomly chosen within the range
+ 0.01 cm; each dot represents a value of these neighbors REVs.
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Fig. 5. Packing of polydisperse microparticles (¢ = 5um) with a mean diameter of 50 pm and extracted REVs of different
volumes.

remaining sides of the REV. The pressure drop across the REV was set sufficiently low to guarantee
that Re < 0.1, and so Stokes regime occurs. In that conditions, the inertial term is negligible, and
the estimated permeability corresponds to the true permeability of the medium.

2.2.2. Mesh refinement
The independence of the solution from the mesh was obtained by successive refinement of the
grid within the REV. We performed this analysis by varying the number of cells from about 20,000 to
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Fig. 6. Value of permeability coefficient as obtained from successive mesh refinement of the REV, in the case of monodisperse
microparticles of 50 pm as diameter.

35,000,000. To give you an example, Fig. 6 shows the permeability as a function of the number of cells
within the computational domain in the case of monodisperse microparticles of 50 um. In this case,
mesh independency of the solution was reached using 20,000,000 cells.

2.3. Modeling of freeze-drying of single microparticles

The heat and mass transfer in a single particle during the primary drying step have been described
using a one-dimensional, axisymmetric, unsteady state model (Fig. 7). The computational domain is
divided into two subdomains, namely, the dried layer I', and the frozen layer I', divided by the
sublimation interface Hp(t).

2.3.1. Heat transfer within the particle
The heat balance equation in the dried layer reads,

PpdCpye 3t =V (kpaVTa) —Cp M- VT, in T, (19)

where pp, 4, Cpp.a,and «p g are respectively the effective density, heat capacity and thermal conductivity
of the dried particle (see Section 2.5.3), and M = MN,, + M;,Nj, is the total mass flux.
The heat balance equation in the frozen layer is expressed as follows,

PoiCry 5t =V (peVTy) in Ty (20)
where pp 1, Cppand «p ¢ are respectively the effective density, heat capacity and thermal conductivity
of the frozen particle (see 2.5.3).

The heat transfer initial conditions are,

T(,,:Tﬁ:TO for f:O, vr (21)
The boundary condition at the surface of the particle can be written as:

Jap=—1(=xYT), _p, 1 = 08F(Tshers* = T¢ _ p, 2)

22
for t>0, r=Dp/2 (22)
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Fig. 7. Schematic of the computational domain for the freeze-drying of a single microparticle.

2.3.2. Mass transfer within the particle
The conservation of species equations on a molar basis for water vapor and inert gas in the dried
layer I', can be expressed as:

=V N @3)
o in
2 p;t‘ml =-V- Nin,rl *

The frozen core in the particle is considered compact, so that no mass flux occurs within that
subdomain.

Rarified conditions and the micrometer magnitude of pores in the particle lead to the transition
regime (0.1 < Kn < 10). In this case, the expression of flux of the i-component can be obtained from
the Dusty-Gas Model as follows:

N;= - ﬁ (Dé,prﬁD;fpinP ) (24)

where Dj, and D), (i = w,in) are the transport coefficients depending on concentration and pressure
gradients respectively, and can be written as:

D, DFSD% i i
= By oy I ®
DX (DEM 4 DK™ B ; i
D/ = —eipTipe 4 20§y in
1P = (BT +y,D +y, 0P o

The effective binary diffusion D§ is defined as:

ff €
Df, = TP%Dij (27)
where ¢, and 7, are the particle porosity and tortuosity, respectively. The effective Knudsen diffusivity
for the i-component is:
£
D= —F (28)

o dp*  [BRT
D" 3\ M,

where dp* refers to the pore diameter within the particle.
The initial conditions for mass transfer are:
°d (T,
Cwalto) = B!

_pt
Cina(to) = % 29

for t=0, Vr
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The boundary conditions on the particle surface read:

__ 0.95P
Cwa = RgTCC
0.05P,
Cing = Rg'rcc (30)

for t>0, r=D,/2

2.3.3. Mass and heat balance at the moving interface
A moving interface divides the dried layer I', and the frozen layer I';. The mass balance across the

interface gives:
*n‘Nw|z:HP(t)= 7V5(pp,d7pp,f) (31)
The heat balance across the moving boundary reads:

n- (Kp,dVToz*Kp,fVTﬁ)|z=H‘,,(t)ﬁL 3
+(0p.dCppa = Pp Vs Tine =M (Cpgas Ting+AHONwl; — i = 0 (32)

Combining Egs. (31-32) the velocity of the interface is:

N (kpq VT —xpVTp)
v ' . 33
s (ACpTint +AHS)(/’p,d _/’p,f) >

where Acy = Cpgy — (PuCpy — PiCpp)/ (P11 — PD-

Freeze-drying in a vial
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Fig. 8. Schematic illustration of the freeze-drying process of a particle-based material within a vial and in a tray.
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2.4. Modeling of freeze-drying of a packed-bed of micro-particles in vials or trays

In this section, model details of freeze-drying of micro-particles in a vial or in a tray are reported;
the schematics of these models are shown in Fig. 8.

The model of packed-beds of microparticles in a vial is discussed in [1].

This model involves the following assumptions:

The sublimation interface between Q; and Qy; is assumed to be sharp and regular;

There is no mass neither energy accumulation at the sublimation interface;

Water vapor and ice are in thermodynamical equilibrium at the interface;

The layer Q; and Q; are considered as a pseudo-homogeneous medium:

In the layer Q;, temperature and vapor pressure gradients within the particles are neglected,

whereas temperature and vapor pressure gradients within the bed are considered;

e [n the layer Qy;, vapor within the pores in the bed is in thermodynamical equilibrium with the ice in
the particles, and the mass transfer resistance of the particles itself is neglected;

® Water vapor and inert gas behave as ideal gas;

® Water desorption during primary drying is neglected, and only ice sublimation is considered.

2.4.1. Heat transfer
The energy balance in the subdomain Q; and Qy is given by:

piCp D=V - (VT —Cp, M- VT; in a9

PuCp“%=V'(KIIVTII)*CpgasM'VT11+AH5(Pf*Pd)%S in (35)

where M = M,,N,, + M;,Nj, is the total mass flux.
In the case of microparticles in vial, the energy balance in the subdomain Qy; reads:

PCpy S =V (cuVTw) in Qp (36)

The heat transfer initial conditions are:
T\=Ty=Ty=Ty for t=0, Vvr,z 37

The boundary conditions are:

Jap= -1 (=«VT), _ g = Kv(Tiia — Tz = 0)

for t>0, vr, z=0 (38)

and:

Jop=—1(—=xVT),_ 1 =08Fup(Tsherr” — T*) +o8Fuwt(Twan* = T*)

39
for t>0, vr, z=1L, (39

In the case of micro-particles in a vial:

Jq,s =-n-(—«VD), _ Ry +5g — O'BFlp(Tshelf4 - T‘l)"‘O'BFWS(Twall4 - T4)

40
for t>0, r=Ry, Vz “0)

2.4.2. Mass transfer
Mass transfer equation in the dried subdomain Q; reads:
Ltgw'l =-V: NW,I

Jet)Cin .
o = VN

in Q (4])
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and in the frozen subdomain Q is:

OeqiCw - i
Sr.l{;? . N — ___x-pd  jp Qp (42)

Mwaftsﬁf’:.[;in,u — VN
where:
N;=— % (D;Vp; + D{p;VP) (43)

The concentration of water vapor in Q is determined from the local thermodynamic equilibrium
between particles and the vapor within the interstitial voids of the bed:

Conll = Pa ()
’ RgTH

in Qq (44)

where pi(Ty) is determined from Marti-Mauersberger correlation [10]. For s > 0, the variation of
vapor concentration within the bed reads:

dcwn __d (pW'(Tw) oTu 45)
ot dTy \ RgTy ) ot
Initial and boundary conditions for mass transfer are given as:
_PWTo) ., Pc—pATo) _
cw(to) = ReTo Cin(to) = TRTy for t=0, Vr,z (46)
and:
= 0.95P Cin = 0.05Pc for t>0, vr, z=IL, (47)

W= ReTe © "= R,T.

2.4.3. Mass and heat balance at the moving interface
The velocity of the interface is given combining mass and heat balance at the moving interface:

n - (kVT—xgVTy)

Ve =
S (AcpTine+ AH) (o — p)

(48)
ACp = Cpgys — (PuCpy — P1Cp)/ (P11 — PD-

2.5. Parameters of the macro-scale model

2.5.1. Thermal conductivity of gases in the Knudsen regime

The thermal conductivity of an unconfined gas is independent of its pressure, whereas strongly
depends on pressure if the gas is confined in small gaps (Smoluchowski effect). The thermal con-
ductivity of gases in rarefied conditions were calculated according to the Kaganer model:

0
Kn __ Kgﬂs
K& = 11 24Kn (49)

where Kgas is the thermal conductivity at atmospheric pressure, Kn is the adimensional Knudsen
number and g is defined as follows:

P=a 0)

a is the so-called accommodation coefficient which considers the effectiveness in the energy transfer
in the molecule-wall collision, y is the heat capacity ratio and Pr is the adimensional Prandtl number.
B" is the temperature jump distance, derived from the Smoluchowsky's temperature jump condition
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applied to the Fourier's heat conduction equation [11]:
LoT
Tgas - Tsol =p E (5])

where Tg,s and Ty are the temperature of the gas and the solid surface respectively.

The thermal accommodation coefficient accounts for the effectiveness of the energy and momentum
exchanged because of the interaction between the gas molecules and the solid surface. The accom-
modation coefficient was calculated using the Baule formula [12] as modified by Goodman [13]:

2. 4ux
a= 72
(1+px)
where p* is the ratio of the gas to solid atomic masses.

The thermal conductivity calculated for water vapor at 250K as a function of its pressure in
confined gaps of different size is shown in Fig. 9.

(52)

2.5.2. Heat transfer through a porous medium

The mathematical model at the macroscale describes the frozen and the dried product as pseudo-
homogeneous media, which require the knowledge of effective properties.

As shown in Fig. 10, the effective thermal conductivity can be depicted as a function of many heat
transfer mechanisms [14,15]:

Ks eff =f(K501a Kgas, Kconv, Krad) (53)

where kg0 and kg, are respectively the thermal conductivity of the solid and gas, kcony is due to the
convective contribution and «;,q4 due to the scattering at interfaces and grain boundaries; these last
two terms are considered negligible in the presented simulations.

Table 5 shows the main models for estimating the effective thermal conductivity through a porous
medium, and Fig. 11 reports the normalized effective thermal conductivity values calculated
according to those models [16].

2.5.3. Particle properties

The value of physical properties used in the simulation of freeze-drying at the macroscale is shown
in Table 6. The effective properties of the dried layer are considered as an average of solid and gas
properties, using the particle porosity ¢, as a weight. Effective density pp,q, heat capacity c,,, and
thermal conductivity x, 4 of the dried particle can be expressed as follows:

Pp.d = Pgas€p +psoi(1—ep) (54)
Cpp,d = Cpgasel) +Cp501(1 - EP) (55)

_ 2Ks01 +Kgas _pr(Ksol _Kgas)
= Ksol )
Ksol +Kgas +&p(Ksol —Kgas)

Kp.d (56)

where pg,s is the density of gas mixture in the particle pores, ¢, its specific heat capacity and «p 4 its
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Fig. 10. Schematic of the heat transfer mechanism in a porous medium.

Table 5

Summary of the main models for estimating the effective thermal conductivity through a porous medium.

Model

Schematic

Effective thermal conductivity

Parallel model

Maxwell-Eucken (con-
tinuous solid phase,
dispersed gas phase)

Effective Medium theory
model

Maxwell-Eucken (con-
tinuous gas phase,
dispersed solid phase)

Series model

e 0 o
oooo
OO0
0 9050

L L L L

K = @s01Ksol + PgasKgas

=K. 2K50l +Kgas — 2¢pgas (Kol — Kgas)
= K50l Zicgor F Kigas + Pgas (Kol —Kgas)

Kgas —K Ksol =K __
Pgas epm 725 T Psol 5oz =0

K Ko ZXaas  Ksol 20501 (kgas —Ksol)
838 Zgas + Ksol + Psol (Kgas —Ksol)

L R—

x Ksol Kgas

Pgas
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Fig. 11. Normalized effective thermal conductivity of the porous medium as a function of the gas fraction ¢g,s according to the
(M) parallel model, («+) Maxwell-Eucken (continuous solid phase, dispersed gas phase), (A) EMT, (w) Maxwell-Eucken (con-
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Table 6
Values of physical properties and parameters.

Parameter Value Unit

Psol 1514 kgm~3

Pice 920 kg m~>

el 2600 kgm—3

Ksol 0.2014 Wm 'K !
Kice 2.56 Wwm'K!
Kgl 1.0014 Wm-K!
o, 1383 Jkg ' K!
Co. 2100 Jkg TK!
Cp,, 1617 Jkg 1K'
Cpy 840 Jkg= ' K!
My, 18 kg kmol ~!
Min 28 kg kmol ~!
AH; 2.84 MJ kg !

Ry 8314 Jkmol =1 K1
op 567 x 10~8 Wm-2K 4
Rg1 12.0 mm

Sgl 12 mm

K 6.354 Wm2K!
[y 3.80 x 1074 m

thermal conductivity. psol, Cp_, and ks are respectively the density, the heat capacity and the thermal
conductivity of the solid.

The effective properties of the frozen layer are considered as an average of solid and ice properties,
using particle porosity ¢, as a weight. The effective density p,r, heat capacity c, . and thermal con-
ductivity «p ¢ of the frozen particle can be expressed as follows:

Pp.f = Pice€p +ps01(1 _Sp) (57)
Cops = Cpicetp +Cpso(1—¢p) (58)

Kp,f = Kice€p +xso1(1 _gp) (59)
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where pice, Cp, . and «ice are respectively the density, the heat capacity and the thermal conductivity of
the ice.

2.5.4. Packed-bed properties

The packed bed can be considered a bidisperse porous medium, as it is characterized by the
particle porosity e, and bed porosity e,. The dried subdomain Q; consists of a bed of completely dried
particles, thus the total porosity is:

er1 =¢ep+(1—ep)ep (60)

The volume-averaged properties of the dried subdomain Q; can be determined from the following
expressions:

1= ppd(1—ep)+pgasen (61)
Cp = Cpp,d(l —Sb)—‘GCgasé‘b (62)
ki = kp d(1—ep) +Kgasép (63)

where ppd, ¢y, kp.a are respectively the effective density, heat capacity and thermal conductivity of
dried particles and pgas, Cp,, and xgas the properties of gas flowing through the packed-bed.

The subdomain Q; consists of a bed of particles that can be completely frozen, completely or
partially dried, or frozen with condensed ice over the particle surface. Those situations are described
using the frozen fraction function ¢s (see Eq. (12) in Ref. [1]), and the effective particle properties are
functions of the frozen fraction function ¢s. The total porosity in Q can be written as:

ernr = ep+(1—ep)ep(1—os) (64)

The volume-averaged properties of subdomain Q; can be determined from the following
expressions:

P :pp(l _eb)"‘pgasgb (65)
Cpp = Cpp(l _Eb)+cpgasgb (66)
iy = kp(1 —&p) +Kgasep (67)

where py, ¢, &p are respectively the effective density, heat capacity and thermal conductivity of dried
particles and pgas, ¢ and xgas the properties of gas flowing through the particle bed. The value of pp,
¢pp and x, depends on the function ¢s as follows:

Pp =pp,f¢5 +/’p,d(] 7¢S) (68)
Cpp = Cpp s +Cpp a(1—bs) (69)
Kp = Kp s +Kpa(1—gbs) (70)

where ppf, ppd, Cp, o Cp, o kpf and kpa are calculated as reported in 2.5.3.

2.5.5. Heat transfer at the vial bottom

Heat transfer between the heating shelf and product is due to the heat conduction by direct
contact between shelf and vial, the thermal radiation and the conduction through the rarefied gas in
the gap between the vial and the shelf. According to the literature [17], the heat transfer coefficient
between the shelf and the vial varies with temperature and in particular with chamber pressure, as
follows:

K,=Ci+ (71)
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where:

Cy = Kc+4ogeT’

_ _a  [27315
CZ_Z*(I T Ao

= Do _a /27315
C3—[V(K2A52,,1 T )

The terms K. and /vy are respectively the heat transfer coefficient due to the direct contact between
the shelf and the vial and the effective separation distance of the vial, which are independent of both
temperature and pressure and can be estimated experimentally for the individual type of vial. The
overall heat transfer coefficient can be expressed as follows:

C(Sg 1 1\
K, = (@+K+K> (73)

(72)

where K is the heat transfer coefficient between heating fluid and shelf and i—j is the glass vial

resistance.

2.5.6. Heat transfer by radiation

Radiative heat transfer during freeze-drying involves the radiation from the heating shelves and
chamber walls to the vials in the chamber. Heat flux due to radiation depends on the temperature of
the product and radiant surfaces, and the view factors between these surfaces and each vial. The view
factors used in this work were: F,, = 0.86, F,, = 0.06, F,,s = 0.0, F;, = 0.0203 [18].

3. Data analysis
3.1. Packing inhomogeneity

Packings of particles can show inhomogeneities due to the wall effects but also to particles seg-
regation; in Fig. 12 porosity has been mapped within the entire packed-bed.

3.1.1. Wall effects

Data in Fig. 13 show the typical wall effects that characterize the packing in a confined container.
These data refer to the simulation of packings of microparticles in a container with a diameter of 0.4
mm for particles of 10 pm, 1.2 mm for 30 um, 2 mm for 50 um, 2.8 mm for 70 um and 3.6 mm for 90 um.

2.0 [ g 0-4005
e B 0.3960
E 1.5 L 4 Ho.301s
% 1 [{o3870 b
s 10F 1 [103825 3
ks [ 1 |H03780 &
£ o05F 4 |{o3735
£ 1 | 0.3690
0oL i . 1 03645

—-04 —-02 00 02 04
Radial coordinate, mm

Fig. 12. Value of porosity within the bed for a packed-bed of polydisperse microparticles of 30 um and ¢ = 5 pm.
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Fig. 13. Porosity value in the axial direction across the diameter of the packed bed for different particle sizes in a monodisperse
packed-bed (—@— 30 pm, —{l— 50 pm, ——— 70 pm, —¥— 90 pm).
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On the other hand, the freeze-drying of microparticles is usually done in vials with a diameter of
5 to 20 mm; in that context, the wall effects are negligible as the ratio of vial diameter to particle
diameter is usually higher than 100.

3.1.2. Particles segregation

Particle segregation can occur because of (a) sifting, (b) fluidization, (c) entrainment of particles in
the airstream, (d) flotation due to vibration and (e) agglomeration [19]. The data in Figs. 14 and 15
show the particle segregation in a packed bed of granules of 50 um, monodisperse and polydisperse
(¢ = 5 um) respectively; the packings were obtained by simulating 100,000 particles falling into a
cylinder of 2 mm as diameter.

In Fig. 16 the data of porosity along the packing height are compared for packings obtained by
simulating the falling of 100,000, 200,000 and 500,000 monodisperse particles of 50 um and poly-
disperse particles (¢ = 5 um).

3.2. Freeze-drying of a single microparticle

Results concerning the behavior of a single particle during freeze-drying are reported for an
aqueous solution of mannitol (21.5% w/w) used as model product. Primary drying was performed at
10 Pa and has been supposed that the particle is completely irradiated from a surface at 253 K. Par-
ticles from 10 to 100 pm and having pore diameters from 0.5 to 10 um have been considered. As
shown in Fig. 173, drying time for a single micro-particle depends on both particle diameter and pore
diameter within the particle. In the case of a particle of 10 um, drying time is below one minute, no
matter the dimension of pores within it. On the other hand, in the case of bigger particles, the
dimension of pores is relevant. In fact, particles of 100 um and having pores of 10 um showed drying
time of 78 min, whereas the same particles with pores of 2 um were completely dried in about 380
min. The data in Fig. 17b refer to the drying time of a particle with a diameter of 50 um and having
pores of 5 um; drying time is plotted as a function of the temperature of the radiant surface.

Fig. 18 shows the data of temperature, vapor flux and position of the sublimation interface during
drying of a microparticle of 50 pm and having pores of 5 um at different temperature of the radiant
surface (253 K, 258 K, and 263 K) and a chamber pressure of 10 Pa.
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253 K. (b) Drying time of a single micro-particle (D, = 50 um, dp* = 5pm) as a function of the temperature of the radiative

surface.
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Table 7
Variables of the test cases.

Case (i) Case (ii)
Tshelf 263K 247 K Shelf temperature
P 15 Pa 15Pa Chamber pressure
L, 7 mm 7 mm Product height
Dy 15um 15 um Mean particle diameter
£p 0.785 0.785 Particle porosity
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243 K. (@) experimental data [20] and (Jll) model outcomes; temperature is measured at a product depth of 2 mm.

3.3. Freeze-drying of microparticles in packed-bed

3.3.1. Case studies: microparticles in a tray

The data presented in this section refer to freeze-drying of packed-beds of microparticles in a tray
and have been obtained using the model described in Section 2.4. The data presented in this section
were compared with the experimental data published by Song and Yeom [20]. The condition of the
experimental runs are reported in Table 7. Data refer to the atomization of albumin 3% w/w atomized
by using a flow rate of 25 ml/min using compressed air at 2 bar; the particles are frozen in a pool
containing liquid nitrogen.

Data shown in Fig. 19 refer to the product temperature as measured by using T-type thermo-
couples placed 2 mm depth in the product and the corresponding outcome from the mathematical
model. Experimental data and model outcomes are also in agreement concerning the primary drying
duration: case (i) 10 h, and case (ii) 25 h.

3.3.2. Case studies: microparticles in a vial

The data presented in this section support the results presented in [1] and refer to freeze-drying of
packed-beds of microgranules in vials. These data elucidate some peculiar aspects of freeze-drying of
micro-particles such as the formation of a dried layer in the bottom part of the granular packing.
Moreover, these data can be also useful for the process design in the framework of Quality by Design
context.

3.3.2.1. Prediction of a bottom sublimation interface. During primary drying of frozen solutions in a vial,
ice sublimates creating a single sublimation front that recedes downward until the product is com-
pletely dried. In that case, the frozen layer is usually compact and there is no formation of further
sublimation interfaces, except in the case of shrinkage of the product. If the product shrinks, the cake
being dried breaks away from the vial walls, and a new lateral interface might form.

Contrary, a frozen particle-based material is typically a bidisperse medium, where two porosities
are present, i.e., bed porosity and particle porosity. In this case, each particle has its own sublimation
interface, but sublimation can only occur if the vapor partial pressure at the particle interface is lower
than the vapor equilibrium pressure; if the vapor partial pressure is higher than the vapor equilibrium
pressure, the deposition of ice over the particles occurs.

The model presented in [1] describes this behavior through the frozen fraction function. The
model predicts the formation of a dried layer at the bottom of the vial, due to the fact the particles at
the bottom receive a sufficient amount of heat for sublimation to occur. At the same time, the vapor
from the bottom particles moves upwards, increasing the local partial pressure in upper locations in
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Fig. 20. Contour plot of the (a) frozen fraction function and (b) thermal conductivity in the bed of microparticles in a vial. Data
refer to microparticles of 50 pm, Tgper = 253 K and P. = 10 Pa.

the bed. At that point, the vapor pressure becomes higher than the vapor equilibrium pressure, and
the vapor starts depositing over particles; the frozen fraction function is higher than 1. This behavior
is clearly shown in Fig. 20a. Moreover, as a bottom dried layer is formed, the thermal conductivity
decreases, creating a further resistance to heat transferred to the particles being dried, see Fig. 20b.

3.3.2.2. Drying behavior. In this section, the data of temperature and frozen fraction within the
packing in the vial are reported for microgranules of 10 pm (Fig. 21), 30 um (Fig. 22), 50 um (Fig. 23),
70 um (Fig. 24) and 90 um (Fig. 25); the figures also show the sublimation interface going downwards
during drying. The simulations were performed using a Tgneir Of 253 K and a chamber pressure of 10
Pa. Simulations refer to central vials in the batch.

3.3.2.3. Process design. The effect of shelf temperature and chamber pressure on drying time of
microparticles packed in vials was evaluated for a Tgner in the range 238-273 K. Three cases were
analyzed, i.e., monodisperse microparticles having (i) 10 (ii) 50 and (iii) 90 um as diameter, using the
structural parameters shown in the previous section.

As shown in Fig. 26a, drying time decreased sharply as the shelf temperature increased, especially
for the smallest particles. For microparticles having 50 pm as diameter, drying time decreased from 56
to about 13 h as shelf temperature rose from 243 to 273 K. In the same range of temperature, for
microparticles of 10 pm, drying time fell from 161 to 23 h, and from 47 to 10 h for microparticles of
90 um. At higher temperatures, e.g., 273 K, drying time was roughly the same for the case (ii) and (iii),
indicating that, at such high-temperature, the mass transfer was not the controlling mechanism in the
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Fig. 21. Contour plot of the (a) product temperature and (b) frozen fraction during primary drying of microparticles of 10 um.
The simulation was performed setting Tspeir = 253 K and P = 10 Pa.

drying process. Fig. 26b also shows the effect of shelf temperature on the maximum product tem-
perature during primary drying. As the Tg,er increased, the maximum product temperature increased
as well, and the difference in temperature among the three cases can be imputed to the differences in
the product structure.

The effect of chamber pressure on drying time is shown in the range 2-30 Pa, for a shelf tem-
perature equal to 253 K. As shown in Fig. 27, case (ii) and (iii) displayed an optimal value of drying
time in correspondence of chamber pressure set at 10 Pa. For lower pressures, drying time was
slightly longer, e.g., at 2 Pa drying time was about 30 min longer than in the case of chamber pressure
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Fig. 22. Contour plot of the (a) product temperature and (b) frozen fraction during primary drying of microparticles of 30 um.
The simulation was performed setting Tpeir = 253 K and P. = 10 Pa.

equal to 10Pa. On the other hand, increasing the pressure over the optimal pressure of 10 Pa,
simulations showed a sharp increase of drying time, e.g., 2 h longer at 15 Pa and 4 h longer at 20 Pa.
That is a typical behavior in lyophilization of products in vials, where chamber pressure plays a
double role; it affects the driving force for mass transfer within the dried product, but also the heat
transfer coefficient for the heat transferred from the shelf to vial bottom. In fact, lowering pressure in
the chamber, the pressure difference between sublimation interface and the upper surface of the
product increased. In contrast, decreasing chamber pressure, the value of K, decreased as well, and
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Fig. 23. Contour plot of the (a) product temperature and (b) frozen fraction during primary drying of microparticles of 50 pm.

The simulation was performed setting Tspeir = 253 K and P. = 10 Pa.

the heat flux to the bottom felt down. For instance, Ky, as referred to the central vials simulated in this
work, at 2Pa was about 11.5Wm~2 K, 1728 Wm~2 K at 10Pa, and rose to 23.9Wm~2 K when
chamber pressure was 20 Pa. In the case (i), the optimal value of pressure was 5 Pa; this is due to the
fact that the packing of microparticles of 30 um showed a mass transfer resistance much higher than
that of the case (ii) and (iii). In the case (i), the optimal value of pressure was 5 Pa; this is due to the
fact that the packing of microparticles of 30 um showed a mass transfer resistance much higher than
that of the case (ii) and (iii) and, although the heat supplied to the product was much lower, a further

reduction of pressure was still beneficial for reducing drying duration.
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Fig. 24. Contour plot of the (a) product temperature and (b) frozen fraction during primary drying of microparticles of 70 um.
The simulation was performed setting Tgpeir = 253 K and P. = 10 Pa.
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Fig. 25. Contour plot of the (a) product temperature and (b) frozen fraction during primary drying of microparticles of 90 um.
The simulation was performed setting Tspeir = 253 K and P = 10 Pa.
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3.3.2.4. Conventional vs granules in packed-bed. In this section, particle-based lyophilized products are
compared with bulk products in vials in terms of resistance to vapor flow. Data in Fig. 28 show a
comparison of the resistance to vapor flow for particle-based material and bulk products. The
mannitol-based bulk products were produced using the conventional freezing [21], using suspended-
vial freezing [22] and vacuum-induced surface freezing (VISF) [23,24]. For the particle-based material,
the frozen microparticles consisted of a water mixture 35% w/w of TMDD atomized at 48 kHz and 24
kHz [1].

In the case of mannitol solution, conventional freezing produced lyophilized products with a mean
pore diameter of 30 to 50 um; usually, high variability in the product structure is exhibited because of
the intrinsic stochasticity of nucleation phenomena. In the case of suspended-vial freezing, the mean
pore diameter ranges between 80 and 100 um. On the other hand, using VISF, nucleation temperature
is controlled, and consequently, the product structure; here, VISF was performed using a nucleation
temperature of 253 K and a holding time of 2 h.
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