
Characterization of Lyophilization of Frozen
Bulky Solids

Two methods to study the primary freeze-drying behavior of bulky solids are pre-
sented, namely, lyomicroscopy and neutron imaging. The applicability of both
methods to visualize the evolution of the sublimation front is tested for maltodex-
trin particles with different sizes and solid concentrations. Exemplary results for
both methods are reported and the applicability of both methods to study freeze-
drying behavior of bulk solids is described. To estimate the impact of particle size
and bed height for the freeze-drying of bulky solids, a modified Biot number is
introduced to estimate the optimum particle size for a given bed height and for-
mulation. The applicability of the two methods with regard to the modified Biot
numbers is discussed.
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1 Introduction

Lyophilization or freeze-drying is commonly applied since
many years to stabilize (bio-)pharmaceutical substances and
high-value foods for long-term storage. Even though it is an
industrially established technique, the impact of the pore struc-
ture on mass transport through the porous structure and final
product quality is still an actual subject of research [1–3]. Espe-
cially the drying behavior of particle beds is not yet fully under-
stood [4]. Two cases are distinguished: lyophilization of solu-
tions in vials or other containers (Fig. 1a) and frozen
particulate matter (Figs. 1b, c). The process is carried out in
frozen state of the product and below the triple point of the sol-
vent. For amorphous substances such as amorphous sugars, the
temperature of the maximally freeze-concentrated solution
Tg¢1) is the decisive maximum product temperature [5].

During primary drying, the solvent (in dark gray in Fig. 1) is
removed by sublimation. The evaporated solvent is then trans-
ported through the porous dry part of the sample (in light gray
in Fig. 1). Most commonly, the latent heat of sublimation is
supplied by a heated shelf at the bottom of the sample [5]. In
the theoretical description of freeze-drying of solutions, it is
assumed that a planar drying front evolves at the open surface
of the frozen solution and then travels to the bottom (Fig. 1a).

For particulate substances such as fruits, frozen starter cul-
tures, or spray-frozen particles, the freeze-drying behavior is
much less well understood. Only a few models exist so far to
predict the freeze-drying behavior of particulate substances
[6–8].

For the evolution of the sublimation front in particulate sol-
ids, different model assumptions exist. Trelea et al. [6] devel-

oped a model applicable to starter culture pellets in a size range
of several millimeters. They assumed that the mass transfer
resistance lies in the pellets and the outer mass transfer resis-
tance in the bed is neglected. Therefore, a radial sublimation
front evolves in each pellet and the sublimation rate strongly
decreases when the sublimation front recedes within the parti-
cle (Fig. 1c).

The model assumptions by Trelea et al. [6] are quite different
to the model proposed by Liapis and Bruttini [7]. They devel-
oped a model for spray-frozen pharmaceutical powders in a
much smaller size range (particle size < 20 mm). Due to the
small size of the particles, the heat and mass transfer resistance
inside the particles is neglected and only the voids between the
particles are considered. Their simulation yielded a sharp main
sublimation front moving from the top to the bottom of the
particle bed and a small front evolving after 8 h from the bot-
tom to the top of the sample.

Chitu et al. [8] modeled the freeze-drying of spray-frozen
small particles (particle size » 100mm) by an advancing phase-
change approach. According to this approach, due to the
porous (permeable) nature of the particle bed, the main drying
front started from the bottom of the bed, and the sublimation
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rates were mainly controlled by the heat conduction through
the formed dried layer (Fig. 1b).

However, a direct experimental validation for the different
models is still missing. Furthermore, no direct observation of
the sublimation front exists so far. Especially the role of particle
size on freeze-drying behavior is not well understood. No com-
prehensive model for a large range of particle sizes and no lim-
iting particle size for the applicability of the existing models are
available. Furthermore, the impact of the ratio of inner to outer
porosity and pore size is not understood.

Therefore, it is the aim of the paper to present two different
methods to study freeze-drying behavior in situ and to visualize
sublimation fronts of particle beds, namely, by lyomicroscopy
and neutron imaging. The lyomicroscopy is a light microscopic
technique where the sublimation front can be assessed two-
dimensionally under defined conditions [10–12]. Neutron
imaging is a powerful technique to visualize drying fronts in
convective drying since neutrons are very sensitive to water
[13, 14]. Recently, it has been shown that sublimation fronts in
packed particle beds during freeze-drying can also be visualized
by neutron imaging [9]. Both techniques will be described for
their application to study the freeze-drying behavior of particle
beds and their advantages and disadvantages will be discussed.
In addition, a modified Biot number for the mass transport in
particle beds is introduced. The dimensionless Biot number
should help to decide whether the main mass transport
limitation is inside the particles or in the particle bed, and to
identify suitable particle sizes and/or bed heights for the given
process.

2 Materials and Methods

2.1 Materials

Maltodextrin (Glucidex 12D, Roquette, France) was used as a
model substance. Two different solid concentrations were
tested (c = 0.05 and 0.2 (w/w)). For the lyomicroscopic mea-
surements, the solutions were prepared with ultrapure water
(filtered with Millipak� Express 40 Filter; Merck, Germany).
The solutions for the neutron imaging were prepared with D2O
(99.9 % D; VWR Chemicals, USA) due to the high attenuation
coefficients of water for neutrons.

2.2 Particle Generation

For the study of packed particle beds, frozen particles were pre-
pared. For the neutron imaging experiments, two different parti-
cle sizes were produced. Particles were generated by spray-freez-
ing of the solution with an ultrasonic nozzle (narrow spray
atomizer nozzle; sonaer ultrasonics, USA). The particle size was
adjusted by both ultrasound intensity and the flow rate through
the nozzle. The flow rate was adjusted with an injection pump
(Standard Infuse Pump 11 Elite, Harvard Apparatus, Canada).

For neutron imaging, large particles with a size of 3.55 mm
were produced by switching the ultrasound off and dropping
the solution with a low rate of 2.5 mL min–1 driven by gravita-
tion into liquid nitrogen. Small particles with a size of 70 mm
were generated with a 40 % ultrasound intensity and a flow rate
of 5 mL min–1. For lyomicroscopy, two particle sizes were pro-
duced in the range of 70–140 mm. Larger particles were not
made due to the limited size of the sample chamber. The
70-mm particles were generated with 51 % ultrasound intensity
and 4 mL min–1 flow rate. The 140-mm particles were created
with 20 mL min–1 and 11 % ultrasound intensity. The particles
were stored at –80 �C until use.
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a) c)b)

Figure 1. Schematic illustration of basic model assumptions for lyophilization of solutions and particulate
solids [2]. Dark gray: frozen region; light gray: dried porous region. (a) Solution; (b) fixed particle bed with
two planar drying fronts; (c) fixed particle bed with drying fronts evolving within each particle as suggested
by Trelea et al. [6]. Notice that vial and particles are initially fully saturated with ice, while the interparticle
space (in white) is initially free of ice. Tsub, temperature at the sublimation front; Theat, temperature of the
heating plate; _Msub, sublimed water vapor; _Qheat, heat flow provided by the lower plate.
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2.3 Lyomicroscopy

2.3.1 Sample Slicing

In lyomicroscopy, a thin slice of the sample was placed in the
microscope in frozen state in a thin slice (schematic drawing in
Fig. 2a). To be able to visualize drying fronts in particle pack-
ings, particle beds were cut into thin slices. Before cutting, the
frozen particles were compacted with a pressure of 109 kPa for
24 h at –20 �C and then stored at –80 �C until use. The slices
were prepared with a cryotome (CryoStar HM 560 MV;
Microm GmbH, Germany). The samples were frozen with
Cryogel (Leica, Germany) at –45 �C to the sample holder. Both
the sample and the knife (Microtom Blades DB80; Leica,
Germany) were cooled to –20 �C. The thickness of the slices
was 50 mm. The cooled sample was placed between a precooled
quartz crucible and a precooled cover slip and placed into the
cool-stage of the microscope. The placement of the sample as
well as a picture of the slice are given in Figs. 2a and b.

2.3.2 Freeze-Drying Runs

The experimental setup for the visualization of the sublimation
front in the lyomicroscope is displayed in Fig. 2c. An evacuable
cool-stage specifically designed for freeze-drying (FDCS196
Linkam, UK) was placed on the object table of a light micro-
scope (BX51; Olympus, Germany). The pressure in the cool-

stage was adjusted with a vacuum pump (E2M1.5; Edwards,
Germany) and controlled with a pressure controller (CVC 3000;
Vacuubrand, Germany). The temperature in the cool-stage was
controlled by an electrical heating block and liquid nitrogen.
The pictures were recorded with a camera (PL-A662; Pixelink,
USA). For a controlled drying temperature ramps could be pro-
grammed within the software LinkSys 32 (Linkam, UK).

After placing the sample onto the heating block of the cool
stage (Fig. 2a), the sample was frozen to –30 �C with a defined
cooling rate of 20 K min–1 and further to –50 �C with a cooling
rate of 5 K min–1. After freezing and a holding time of 5 min, the
cool-stage was evacuated to a pressure of (10 ± 3) Pa. The subli-
mation process was started by heating the sample again with a
rate of 2 K min–1 to –42 �C and pictures were taken every 30 s. The
sublimation front inside the particles was observed with transmit-
ted light with a magnification factor of 100 for the large and 200
for the small particles. For the observation of the sublimation
front through the particle bed, a magnification of 50 was chosen.

The sublimation front becomes visible by a step change in
light transmittance. The dried region appears darker than the
frozen region due to stronger scattering in the dried region.
The drying front was assessed manually by a polygon tool
within the software Linksys 32 (Linkam, UK). With this tool,
the area of the frozen fraction is obtained. From the area of the
frozen fraction, the equivalent diameter xpm (diameter of a
circle with same frozen area) was evaluated.

2.4 Neutron Imaging

The neutron imaging facility ANTARES [15, 16] is
located at the cold neutron source of the FRM II
reactor at Heinz Maier-Leibnitz Zentrum, Gar-
ching, Germany. The experimental procedure for
the neutron imaging experiments is described in
[4]. Neutron imaging offers good contrast for
hydrogen and deuterium while providing good
penetration for aluminum. Therefore, the freeze-
drying cell was constructed of aluminum [17]. The
effective spatial resolution of the setup was esti-
mated to be » 100 mm. The sample was placed in a
container as described below in a standard FRM II
closed cycle cryostat.

To prepare the setup, particles were prefilled in a
custom-built vacuum cell shown in the photograph
in Fig. 3b. The setup of the cell is described in [17].
Briefly, a small circular freeze-drying cell made
from aluminum (inner diameter 2.5 cm, height
6 cm) was designed to carry out in-situ freeze-dry-
ing experiments in the beamline. The particles were
filled in precooled freeze-drying cells (for particle
sizes and filling heights see Tab. 1) and the freeze-
drying cells were connected to the sample stick as
described in [4]. The pressure inside the freeze-
drying cell was set to 10 Pa and controlled with a
rotary vane pump and a controller (CVC3000,
Vacuubrand, Germany). The pressure was mea-
sured with a pirani pressure sensor (VSP 3000,
Vacuubrand, Germany).
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Figure 2. (a) Schematic picture of the sample and placement in the freeze-dry-
ing cell; (b) microscopic view of the sample; (c) setup of the lyomicroscope with
(1) PC with Linksys software, (2) pressure control, (3) temperature control,
(4) cool-stage under the light microscope, (5) rotary vane pump with control
valve, (6) camera.
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The bottom of the cell is equipped with a Kapton heating foil
(Allectra GmbH, Germany) and the temperature of the bottom
was set to –18 �C. The temperature in the bottom of the cell
was measured with a PT 1000 sensor (Innovative Sensor Tech-
nology, Switzerland) and controlled with a lakeshore controller.
The walls of the freeze-drying cell are thermally insulated from
the bottom by a silicon rubber seal (height 3 mm; Telle, Ger-
many) from the bottom to prevent radial drying. The wall of
the freeze-drying cell was cooled by a closed cycle cryostat to
–42 �C, which corresponds to the sublimation temperature of
pure water at 10 Pa.

Radiographic images with a fixed sample position were taken
every minute. The field of view in the setup had a width of
75.5 mm and a height of 89.5 mm. The maximum duration of
the experiment was 26 h due to limitations in beamline access,
i.e., all experiments were stopped before the end of primary
drying. The exposure time was 2 s for the large particles with a
100-mm scintillator and 16 s for the small particles with a
50-mm scintillator. The experimental process conditions are
listed in Tab. 1. Particle size refers to the mean particle size.

The image analysis and identification of the sublimation
front is described in [4]. Briefly, the images (IM) at time t
(IM(t)) that correspond to the relative transmission T¢ were
corrected with the dark field image DF. The DF image is an

image taken without test setup and without neu-
tron beam. To evaluate the sublimation front dur-
ing the process, the image at time t (IM(t)) is
related to the image at time t0 at the start of the
process.

T ¢ ¼ IM tð Þ � DF
IM t0ð Þ � DF

(1)

For neutron tomography, the cell was rotated by
180� by a rotation table and 700 projections were
taken for reconstruction of the 3D image. To pre-
vent further drying during tomographic measure-
ments, the bottom of the freeze-drying cell was
cooled to 225 K and the cryostat was cooled to
190 K until all projections were completed.

2.5 Estimation of Mass Transfer
Coefficients and Drying Times

Effective diffusion coefficients inside single par-
ticles Din as well as inner porosity of the particles ein can be
estimated as described in [18]. In brief, freeze-dried particles
were produced and the 3D pore structure was evaluated by
X-ray microtomography. The images were analyzed by GeoDict
(version 2017, Math2Market, Kaiserslautern) and effective
diffusion coefficients were computed on the binarized
images by a random walk method. It was shown that for
freeze-drying of frozen sugar samples Knudsen diffusion is
dominant [18].

For the calculation of the outer diffusion coefficients Dout in
the packed bed, GeoDict (version 2017, Math2Market, Kaisers-
lautern) was also employed. For that, virtual packed particle
beds from solid monodisperse particles were created by Grain-
Dict (version 2017, Math2Market, Kaiserslautern). The outer
porosity eout of the packed bed was also determined by Grain-
Dict and is 0.42 ± 0.01 independent from the particle size. The
effective outer diffusion coefficient through the packed bed was
calculated for different particle sizes in the range between 20
and 5000mm. For Knudsen numbers Kn > 1, Knudsen diffusion
was assumed as main diffusion mechanism. This was valid for
all particle sizes up to 1000 mm. For the particle sizes 2000 and
5000 mm, the Bosanquet approximation (GeoDict version 2017,
Math2Market, Kaiserslautern) was employed. As total outer
mass transfer is composed of the contribution of diffusion and
viscous flow, the total mass transfer coefficient is calculated
according to as follows:

Dt ¼ Dout þ
K
m

p* (2)

Here Dt is the total outer mass transport coefficient, Dout the
outer diffusion coefficient, K the Darcy permeability, m the vis-
cosity of water vapor, and p* the saturation pressure. The
Darcy permeability was calculated with the Carman-Kozeny
correlation according to [19].

When the inner and outer effective diffusion coefficients as
well as the porosities are known, the drying times can be
calculated for the case that the process is fully mass transfer-
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Figure 3. (a) Setup of the experiment. (1) Neutron beamline, (2) pressure sensor,
(3) sample stick with rotation motor, (4) cryostat, (5) location of measurement
cell, (6) scintillator. (b) Freeze-drying cell connected to sample stick, PT 1000 sen-
sor, and heating foil. (c) Schematic view of region of interest inside the freeze-
drying cell.

Table 1. Experimental conditions during the in situ freeze-dry-
ing experiments in neutron source at FRM II.

No. Particle size
[mm]

Conc. [–] Bed height
[mm]

Duration of
experiment [h]

1 3550 0.05 14 15

2 3550 0.20 15 16

3 3550 0.05 25 21

4 3550 0.05 17 26

5 70 0.20 14 10

6 70 0.05 13 22
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limited [18]. The drying time for a single particle with radius r
in the bed is estimated according to:

tparticle ¼ r2 einriceRT
4MWDinp*

(3)

Here, rice is the density of the ice, T the temperature of the
heated shelf, R the universal gas constant, MW the molecular
weight of water, and p* the saturation pressure. In analogy to
single spheres, the mass transport through the particle bed
(only diffusion through outer pores is considered) with a given
bed height h can be calculated with Eq. (4):

tbed ¼ h2 eoutriceRT
2MWDt*

(4)

3 Results

3.1 Visualization of Drying Fronts in the
Lyomicroscope

As already mentioned, the visualization of the drying front is
only possible for thin slices which are cut out from packed bed
(see Fig. 2). Depending on the chosen magnification, sublima-
tion fronts inside the particles or in the bed could be observed.
Fig. 4 illustrates the sublimation front inside a single maltodex-

trin particle (x = 70 mm; c = 0.05). It is shown that intraparticu-
lar drying fronts are formed, visible by the radially growing
darker area, and that drying of the particle is completed after
180 s. The sublimation fronts can be quantitatively evaluated
and the particle-based drying kinetics extracted. It is found that
larger particles have a longer drying time (data not shown). In
addition to the sublimation front inside the particles, a front
through the bed is also detected. As this front is quite blurred,
it is so far not possible to quantitatively evaluate this front.

3.2 Visualization of Drying Fronts with Neutron
Imaging

With neutron imaging, it is possible to detect local changes in
water content [4]. The change in relative gray values (Eq. (1)) is
related to a change in water content. Brighter regions inside the
particle bed refer to drier regions, relative to the initial image.
In order to investigate exemplarily the impact of the particle
size, two different particle sizes (70 and 3550mm, see Tab. 1)
were chosen to achieve different outer pore sizes in the bed.
Furthermore, two different solid concentrations were employed
to achieve different inner pore sizes [18]. By choosing combi-
nations of these parameters, the ratio of inner to outer pore size
can be varied.

Figs. 5a–c present a time series of radiographic images of the
sublimation front in the large particle bed with low maltodex-

trin concentration (c = 0.05). In com-
parison, the radiographic image after
8 h drying for the small particles is
given in Fig. 5d.

The time series in Fig. 5 shows a sub-
limation front for large particles evolv-
ing from the bottom to the top of the
bed indicated by the brighter region
close to the bottom of the bed. This
confirms the model developed in [8].
Besides the main sublimation front, is
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Figure 4. Sublimation front inside a maltodextrin particle (x = 70mm, c = 0.05) at different
time steps observed under the lyomicroscope (T = –42 �C; p = 10 Pa). For better visualization,
the drying front is marked with a blue line in the lower half of the circle.

Figure 5. Neutron radiographic images after different drying times to show the evolution of the drying front for the large
particle bed (x = 3500 mm, c = 0.05). (a) 0 h, (b) 8 h, (c) 15 h, (d) radiographic image after 8 h drying for small particles
(x = 70mm, c = 0.05). Images are transformed according to Eq. (1). Dry regions appear white, frozen regions and the back-
ground black. In the right picture, the dried area is indicated with a green line as the dried zone from the bottom is very tiny.
Note that the bright horizontal lines in the images are an artefact and related to ice sublimation at the outside flange of the
freeze-drying cell and therefore do not belong to the sublimation front of the particle bed (see [4, 17]). The position of the
particles in the freeze-drying cell is depicted in Fig. 3c.
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also visible that the gray value decreases through-
out the particle bed. This means that sublimation
occurs at multiple locations in the bed. This gives a
hint on intraparticle sublimation fronts as sug-
gested by [6].

For the small particles in the image in Fig. 5d,
only a very tiny dry area (brighter region) becomes
visible at the bottom of the bed, also showing a
sublimation direction from the bottom to the top
of the bed. This means that the sublimation of fine
particles is proceeding much slower than the subli-
mation of large particles. Furthermore, the gray
value outside the main sublimation front seems to
decrease less strongly than for the bed of large par-
ticles, suggesting that radial sublimation fronts
inside the particles are less pronounced.

To validate the evolution of multiple sublimation fronts
inside the single particles, tomographic measurements were
carried out for the large particles to get the full 3D information.
The tomographic reconstruction in the equatorial plane of the
lowest layer of particles is illustrated in Fig. 6. This figure dem-
onstrates the evolution of the drying front in the equatorial
plane of the lowest particle layer and confirms the assumption
that radial fronts are evolving in each particle. This is visible as
the decrease of the frozen area (light gray) over drying time.
This result supports the model suggested by Trelea et al. [6] for
large particles and supports the hypothesis that for the large
particles, the main resistance to mass transfer lies within the
particles. For small particles, intraparticular sublimation fronts
could not be observed due to insufficient resolution of the scin-
tillator.

3.3 Estimation of the Biot Number

To estimate whether the inner or outer mass trans-
fer resistance is dominating, a modified Biot num-
ber is introduced which includes the particle size x,
the bed height h, the outer total mass transfer coef-
ficient Dt, and the effective diffusion coefficient Din

inside the particle. As both Dt and Din are influ-
enced by the porosity, the pore size, and the tor-
tuosity, the modified Biot number also includes the
influence of inner to outer pore size ratio. The
modified Biot number is defined as:

Bim ¼
Dtx2

Dinh2 (5)

Large Bim numbers (Bim >> 1) mean that the
mass transfer process is mainly limited inside the
particle, which is the case in the model of Trelea
et al. [6]. Small Bim numbers (Bim << 1) indicate
that the mass transfer process is mainly limited in
the bulk, and the mass transfer resistance inside the
particles can be neglected. This means that depend-
ing on the bed height and the ratio of the inner
to outer mass transfer coefficient there exists a
limiting particle size where the mass transfer resis-

tance transforms from internally to externally controlled.
Bi = 1 indicates that the stationary diffusion time for the radial
diffusion through the particle is in the same time scale as the
mass transfer through the bed. The modified Biot number can
therefore be used (i) to identify suitable particle size for a given
bed height and (ii) to identify the most suitable model for
freeze-drying of bulky solids. The modified Biot number for
different particle sizes was calculated for the given bed heights
with the inner and outer mass transport coefficients. The outer
mass transport coefficient was calculated as described in
Sect. 2.5. The inner mass transport coefficient was taken from
[18]. Fig. 7 shows the dependence of the modified Biot number
for two different bed heights and solid concentrations on the
particle size.

To demonstrate the impact of particle size on the total drying
time under the assumption of stationary mass transfer and
under mass transfer-limiting conditions, the primary drying
time is plotted as a function of particle size (Fig. 8). The
primary drying times for the two limiting cases was calculated
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Figure 6. Cross section of tomographic reconstruction of the equatorial plane of
the particle layer at the bottom of the bed showing the evolution of radial intra-
particle drying fronts after different drying times (c = 0.05, d = 3500 mm). Light
gray: frozen area; medium gray: dried part; dark gray: voids. For better visualiza-
tion of drying fronts, the difference between the first and third picture was cal-
culated with imageJ (version 1.52a, NIH, USA).

Figure 7. Calculated modified Biot number Bim for the mass transfer in malto-
dextrin particles as a function of particle size for two different formulations
(c = 0.05 and 0.2) and two different bed heights (h = 5 and 15 mm).
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according to Eqs. (3) and (4). It is shown that for very small
particles, such as employed in spray freeze-drying in the phar-
maceutical industry, the drying time is longer compared to
compact solutions due to the expanded bulk volume and there-
fore bed height. For particle beds, the drying time decreases
with increasing particle size and reaches the level of the com-
pact solution again at a particle size x > 100 mm. On a single
particle level, the drying time increases with larger particle size.
The minimum possible drying time is given by the intercept of
the single particle curve with the curve for the packed bed. The
intercept depends on the bed height and the solid concentra-
tion in the particle which determines the pore size.

4 Summary and Discussion

Two methods have been introduced to investigate sublimation
fronts during freeze-drying of bulky solids. Both methods are
suitable to visualize sublimation fronts but they have different
limitations.

4.1 Lyomicroscopy

In lyomicroscopy, sublimation fronts can mainly be visualized
on a particle scale. For that, a slice of the frozen packed bed has
to be prepared by a microtome. Depending on the magnifica-
tion, also pore-scale effects on the sublimation front can be
studied. However, quantification of sublimation fronts in the
particle bed is difficult. Therefore, lyomicroscopy is most
advantageous for the study of the sublimation front on a parti-
cle and pore scale level, e.g., for the purpose to develop and val-
idate pore network models [20]. Furthermore, due to the mini-
aturized setup of the cool-stage, the sample diameter is less
than 5 mm which means that maximum bed dimensions are

limited and fixed leading to higher Bim numbers.
In addition, the maximum particle size in the
bed is also limited to a few hundred microns. In
lyomicroscopy, the bed height of the particle bed
refers to the radius of the sliced sample (see Fig. 2).
Another aspect of the investigation of sublimation
fronts in lyomicroscopy is that due to the 2D setup
and the investigation in a thin slice of sample, the
drying process is mass transfer-limited [18]. There-
fore, it is possible to determine intraparticle diffu-
sion coefficients [12].

4.2 Neutron Imaging

Due to the high sensitivity of neutrons to hydro-
gen, neutron imaging is considered to be a very
suitable technique to visualize sublimation fronts
in situ in packed particle beds [4]. With neutron
radiography, only the main sublimation front can
be studied in a broad range of particle sizes (see
Fig. 5). With neutron tomography, it is also possible
to study particle-based sublimation fronts three-
dimensionally for the large particles (see Fig. 6).

However, the process has to be stopped for tomographic
evaluation. Therefore, for large particles, neutron imaging is
appropriate for both the investigation of sublimation fronts
inside particles and through the packed particle bed. For small
particles, only sublimation fronts through the bed can be visu-
alized with neutron radiography with the current resolution.

The investigation with neutron imaging is possible on a larg-
er scale under real process conditions, i.e., coupled heat and
mass transfer, and a larger range of particle sizes and bed
heights as compared to the lyomicroscope. Therefore, a broad
range of Biot numbers can be achieved. This makes neutron
imaging a powerful technique to study freeze-drying processes
of bulk solids. However, as the neutron imaging experiments
are bound to large-scale research facilities, the available beam
time is restricted and care has to be taken to identify the most
interesting process conditions and best preparation and plan-
ning is needed to get the most out of the experiments.

It has to be noted that for particle beds – in contradiction to
frozen solutions – the process is often heat transfer-limited due
to the decrease of thermal conductivity with increasing porosi-
ty and the fact that a dry insulating layer occurs at the heated
bottom of the freeze drier (see Fig. 5) [6, 8]. Therefore, in a fur-
ther step, the considerations made here for the mass transfer
have to be extended to the heat transfer to (i) identify an opti-
mum particle size and bed height depending on the formula-
tion and (ii) to identify the most suitable model for modeling
freeze-drying of bulky solids.
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Symbols used

Bim [–] modified Biot number
c [–] concentration
D [m2s–1] effective diffusion coefficient
DF [–] dark field
h [m] bed height
IM [–] image
K [m2] Darcy permeability
Kn [–] Knudsen number
M [kg mol–1] molecular weight
_Msub [kg h–1] sublimed water vapor

p [Pa] pressure
p* [Pa] saturation pressure
_Qheat [W] heat flow provided by the lower

plate
r [m] radius
R [J mol–1K–1] universal gas constant
s [m] thickness of dry layer
t [s] time
t0 [s] time at the start of the process
tparticle [s] drying time for a single particle
T [K] shelf temperature
T¢ [–] relative transmission
Tg¢ [K] temperature of the maximally

freeze-concentrated solution
Theat [K] temperature of the heating plate
Tsub [K] temperature at the sublimation

front
x [m] particle size
xpm [m] equivalent diameter

Greek letters

e [–] porosity
m [Pa s] viscosity
r [kg m–3] density

Sub- and superscripts

in inner
out outer
t total
W water
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