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ABSTRACT: A novel experimental method has been developed that enables the direct observation of bridge formation between
urea particles under very carefully controlled climatic conditions ((<0.2 °C, (1% humidity) providing new insight into the
fundamental system behavior. Results demonstrate that liquid bridges are formed rapidly between urea prills, often within 30 min,
when exposed to conditions close to the critical relative humidity and following adsorption of water at the surface of the prills.
Observations over a longer time period show that a time-dependent mass transfer into the liquid bridge takes place, transforming it
into a solid bridge. This complies with earlier experimental results reported elsewhere [Wahl, M.; Kirsch, R.; Br€ockel, U.; Trapp, S.;
Bottlinger, M. Chem. Eng. Technol. 2006, 29, 674]. Elucidation of the mechanism shows that the phenomenon cannot be considered
a simple crystallization of dissolved urea by evaporation of water in a distinct drying step, as widely assumed in the past. We report
here evidence of the time dependence of solid-bridge formation on mass transfer. These observations present a new challenge for
future studies seeking to develop appropriate models to describe the bridge formation in urea.

1. BACKGROUND
The consolidation of bulk solids over time is a universal phenomenon that aﬀects most of the powder and granule processing
industries. Parameters such as temperature, humidity, or pressure
can have a negative impact on the ﬂow and handling behavior of bulk
solids, often aﬀecting their processing or impeding the delivery of
required product speciﬁcations (size, shape, roughness, etc.).1 Since
about 60% of all goods produced all over the world are solids,2 most
industries, such as the chemical, food, feed, and pharmaceutical
industries, must face this problem. Given enough time, a signiﬁcant
number of products presented as solid particles will form agglomerates or lumps or even solidify completely, forming a strong cake.
This eﬀect of time consolidation is often called “caking”.1 Caking is
almost always deleterious to the product or particulate process and
results in additional costs caused through production delays or plant
downtime. Caking can also result in a reduced value of the end
product or, in the worst case, render a product completely worthless to the customer, yielding a disposal cost to the manufacturer.
Our work focuses upon this important phenomenon, which has been
the basis of several anecdotal investigations but few scientiﬁc studies.
This paper addresses this gap in knowledge by providing new
instrumental capabilities to enable the underlying crystallization
phenomena to be elucidated.
A caked bulk solid is the result of forces acting between
individual particles or agglomerates. The mechanisms that cause
interparticle forces depend on the material properties and can
also be heavily inﬂuenced by local environmental conditions
(temperature, humidity, pressure, etc.). The formation and
strength of interparticle bridges has been the subject of a number
of investigations over past decades. The early investigations
consisted of experiments conducted on adhesion forces between
particles alone3 and the inﬂuence of parameters such as temperature, relative humidity, and time on those forces. Later on,
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the research was extended to liquid and solid bridges and their
microstructures.4 6 Our research combines force measurement
with simultaneous, three-dimensional visualization of the particles and their microstructure, providing a new approach to derive
data and develop a more coherent understanding of the caking
behavior.

2. CAKING OF UREA PRILLS
A classical material for caking studies is urea. Urea is an
important material since, in the form of prills, it is produced worldwide in quantities exceeding 100 million metric tons per year7
for the fertilizer industry. It is well-known for exhibiting caking
problems, mostly occurring during transport or storage.8,9
Wahl et al.10 and Br€ockel et al.11 carried out fundamental
experiments with double-particle systems of urea prills (1 2 mm
in diameter) to investigate the caking behavior at diﬀerent
temperatures and relative humidities (RH). From these studies,
it is believed that caking of urea prills occurs when they are stored
at conditions near the critical relative humidity. Water vapor is
adsorbed at the particle surface and forms a liquid meniscus
around the contact area. Urea dissolves in the liquid until
saturation is reached. After the relative humidity is lowered, the
water in the liquid bridge evaporates, and the dissolved urea
recrystallizes. Figure 1 shows the critical relative humidity values
of urea for diﬀerent temperatures, and Figure 2 shows the
sorption isotherm of urea prills at 30 °C recorded using a
moisture sorption tester (SPS, Projekt Messtechnik). At RH
values below 67% almost no water adsorption takes place.
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Figure 1. Critical relative humidity values of urea.7
Figure 3. Video recording equipment for use at elevated temperatures
and relative humidity: (1) conditioned casing with cable feed-through;
(2) CCD camera; (3) macro-zoom objective; (4) mounting for a cold
light emitter (10 mm in diameter) to illuminate specimens.

only slowly from a value of 0.9 mm on average after a storage time
of 4 h to 1.0 mm after 150 h storage. The diameter of the particles
used in these experiments was 1.6 1.7 mm. This discrepancy in
bridge diameter and tensile-strength increase leads to the hypothesis that a time-dependent mass transfer into the contact area
between the particles takes place during storage, leading to a
stronger solid bridge.
The subject of the new research described in this paper is to
continue these investigations to focus on the key issues and gain a
scientiﬁc understanding of the time-dependent processes taking
place at the contact point of the urea prills.
Figure 2. Equilibrium moisture sorption curve for urea prills (1.6 1.7
mm, 30 °C).

Signiﬁcant adsorption can be observed at RH values just below
the critical relative humidity. Experiments in this project were
performed at RH values at which signiﬁcant adsorption and
hence bridge formation can be observed.
The inﬂuence of four variables (temperature, relative humidity, contact force, and storage time) on the solid-bridge formation
between urea prills have been investigated in the studies mentioned above. A detailed description of the experimental setup
used previously can be found elsewhere.12 It was found that
temperature and relative humidity have a strong inﬂuence on the
solid-bridge diameter as well as on the solid-bridge strength.
A contact force was applied to the particle contacts in order to
mimic a real storage pressure in a bulk solid. Tests with diﬀerent
contact forces showed no inﬂuence of the contact force on the
bridge diameter or its strength.
The eﬀect of storage time on the caking of urea prills is an
important and intriguing topic and was also considered in this
earlier work. During storage it is presumed that the bridge
between the particles gets stronger with increasing storage time,
whereas the diameter of the bridge shows no signiﬁcant increase.
In the earlier study, the solid-bridge diameter and its strength
were measured after storage periods ranging from 4 to 150 h.
After a storage time of 4 h the measured tensile strength was
about 25 mN on average, and this increased to a value of about
100 mN within 150 h. The measured bridge diameter increased

3. EXPERIMENTAL METHODS
The kinetics of liquid-bridge formation and how systems
respond to small ﬂuctuations in relative humidity over long time
periods (up to 72 h in the case of this work) are crucial elements
when investigating bridge formation between urea prills. The
visual observation of these processes is achieved by a video
recording of the particle systems during storage.
Video recording performed in previous investigations10,11
could not deliver satisfactory results due to the low frame rate
and magniﬁcations used. In addition, there was no cable connection from the camera in the sealed climatic chamber, thus preventing control of the camera focus without opening the chamber.
Further, the climatic chamber could not provide suﬃciently
accurate or precise environmental conditions for detailed scientiﬁc
work. A redesign of the equipment was adopted to address speciﬁc
requirements, hence housing the camera and equipment in a
controllable environment within a climatic chamber to ensure an
accuracy of better than (0.2 °C and 1 percentage point deviation
from the set point for the relative humidity.
The new video recording equipment consists of a motorized
zoom objective (Navitar 6.0 zoom, 12 mm ﬁne focus) with
attached CCD camera (IDS imaging, type uEye). The remote
motor control enables adjustment of the magniﬁcation and focus
of the zoom without opening the climatic chamber. In order to
avoid negative eﬀects of temperature and humidity on the optical
and electronic components (e.g., fungal growth), the microscope
is kept in a conditioned casing. The casing is surrounded by
11729
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Figure 4. Climatic glovebox for constant temperature and relative
humidity with glove ports (1), front window (2), cable feed-through
on the left side (3) and antechamber (4) to the right. The dimensions of
the conditioned space inside the box are 550 mm  550 mm  700 mm.
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Figure 6. Mounting device to bring two particles in direct contact for
video observation inside the climatic glovebox.

Figure 5. Accuracy of relative humidity inside the commercial climatic
chamber (gray line) and the newly developed climatic glovebox (black
line) over 2 h.

suﬃcient insulation. An electronic control keeps the conditions
inside the casing at 25 °C and the RH below 30%.
The schematic drawing in Figure 3 shows a detailed description of the macro-zoom objective in its casing. The insulation
around the casing is not shown in the drawing. The camera is
placed on a rack inside the special climatic glovebox. In this box,
environmental conditions can be set that meet the requirements
mentioned above. Figure 4 shows a schematic drawing of the box.
Measurement equipment can be easily placed inside. A sealed
connection feeds connection cables and data cables out of the
box. The front window and the glove ports facilitate handling the
equipment inside without opening the door, and an antechamber
allows the exchange of specimens without disturbing the constant climatic conditions inside. The temperature inside the box
is regulated by a heat exchanger inside the box, which is
connected to a thermostat. Constant humidity values are
achieved by a controlled inlet of conditioned air into the box.
A homogeneous plug ﬂow inside the box ensures constant
conditions over the whole volume.
Figure 5 shows humidity proﬁle curves from the climatic
glovebox compared to a commercial climatic chamber that was
used in previous studies.
The diagram in Figure 5 shows how the humidity inside the
two chambers approaches the set value after increasing the setpoint RH from 30 to 68% in the case of the commercial chamber
and from 30 to 70% in the case of the climatic glovebox. Diﬀerent
set values were chosen for this diagram in order to avoid an
overlap of the proﬁle curves. The humidity curve of the commercial chamber shows signiﬁcant deviations from the set point

of up to 2 percentage points. The climatic glovebox approaches
the set point of 70% more quickly than the commercial chamber.
After a small overshoot (still in the range of the prescribed
accuracy of (<1%), the further deviations from the set point are
always in the acceptable range. After 1 h the set point for the RH
was increased to 71%. The proﬁle curve in Figure 5 shows that
even such small changes can be perfectly realized with the
humidiﬁcation system of the new climatic glovebox.
Once assembled, this new equipment enables the direct
observation of water adsorption at the surface of urea particles,
liquid-bridge formation, and changes to the particle system on a
time scale of ∼100 h under constant climatic conditions.
The urea prill surface in the contact region between the particles was investigated by scanning electron microscopy (SEM;
Jeol, JSM-6610). This enables visualization of solid structures
formed during storage in the climatic glovebox. Since the particles must be dry for SEM analysis, the liquid was carefully and
rapidly removed using compressed air to avoid crystallization by
evaporation. Bridge formation can also be followed through the
use of X-ray microtomography (XMT; Skyscan 1072 micro-CT).
This technique was deployed in the work reported here to visualize
the inner structure of double-particle systems after diﬀerent
storage times. Therefore, at the end of the storage period, a drying
step at low RH was performed to achieve a stable state of the
particle system for XMT analysis. From the XMT data, twodimensional images through the contact area of a double-particle
system can be reconstructed (see Figure 13 below).
The sample preparation for both video recording experiments
and XMT analysis was the same. First, the urea prills were sieved
in order to achieve a narrow particle size distribution for all
experiments. The sieve fraction used in this study was 1.6 1.7
mm. Particles were mounted in direct contact between two pins
of a particle holder that is depicted in Figure 6. The pins are 4 mm
in diameter and 50 mm long. To create double-particle systems, one
particle was glued on each of the two pins. The pin to the right is ﬁxed
with a screw and the one to the left is movable. It can be adjusted in
order to ensure direct contact between the particles.
For video recording this particle holder was placed inside the
climatic glovebox right under the microscope. To perform XMT
analysis, the caked double-particle systems were carefully removed from the particle holders and glued vertically on a pin that
can be inserted into the specimen chamber of the tomography
equipment.
The urea prills used in this study were industrial products produced in a prilling tower from the melt (urea technical grade,
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Figure 7. Liquid-bridge formation between two urea prills stored at 25 °C
and constant 74% RH for 72 h.
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Figure 9. Liquid-bridge formation at 71% RH and response to further
increase to 72% after 1 h at constant RH (at constant 30 °C).

Figure 8. Liquid bridge between urea particles stored at constant
temperature of 25 °C and constant RH of 74% at its maximum extension
(A) and after 72 h of storage (B).

BASF SE, Germany). Therefore, the urea prills are of spherical
shape, but each particle has small individual shape characteristics.
These small shape diﬀerences tend to have a minor inﬂuence on
the water-adsorption kinetics, the resulting liquid-bridge diameter, and, ﬁnally, the solid-bridge formation and hence introduce
only small deviations in the experimental results. Nevertheless,
only prills that were close to an “ideal” spherical shape were
selected for sample preparation.

4. RESULTS AND DISCUSSION
4.1. Kinetics of Bridge Formation. Video recording experiments of the urea double-particle system were carried out under
different climatic conditions at which significant bridge formation can be observed.
Figure 7 shows the liquid-bridge-diameter growth over time
for a double-particle system stored at 25 °C and 74% RH. After a
period of equilibration at a low RH of 40%, the RH was increased
to 74%. A liquid bridge formed very quickly between the particles
by water adsorption from the surrounding air. The bridge
reached its maximum extension of about 670 μm after 30 min.
The climatic conditions were then kept constant for the rest of
the experiment. Deviations from the set-point RH were not
larger than (1 percentage point. However, under constant
conditions the liquid-bridge diameter was observed to reduce
slowly by water desorption from the particle surface during the
next 72 h, approaching a stable diameter of about 570 μm. This
indicates that the liquid bridge is not in thermodynamic equilibrium

Figure 10. Response of a stable liquid bridge to a small decrease in RH
from 72 to 71% (at constant 30 °C).

with the surrounding air after it reaches its maximum extension, but
the rate of desorption is much smaller than the rate of adsorption.
Figure 8 shows two images of the double-particle system with the
liquid bridge at its maximum extension (Figure 8A) and at the end
of the experiment after 72 h (Figure 8B) with the liquid bridge
decreased in diameter. Further on in time, it is evident that the liquid
bridge was transformed to a more solid one. In Figure 8A the liquid
bridge is almost transparent. In Figure 8B the bridge between the
particles is still wet as can be seen by the light reﬂections at the
surface of the particles, but not transparent anymore, leading to the
hypothesis that urea has been transported into the bridge during
storage and then crystallized.
The measurements of the liquid-bridge diameter at diﬀerent
time steps during storage show, besides the overall decrease, small
ﬂuctuations in the bridge diameter. To investigate the impact of
small changes in RH on the water adsorption/desorption processes, further video recording was performed.
The changes in liquid-bridge diameter of a double-particle
system exposed to small changes in RH were measured. The
measured bridge diameter is plotted versus the storage time,
showing the bridge response on a small RH increase in Figure 9
and decrease in Figure 10 by 1 percentage point in both cases.
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Figure 11. SEM image of contact area of a double-particle system
stored at 30 °C and 70% RH for 4 h.

Figure 13. X-ray microtomography images of double-particle systems
stored at 30 °C and 70% RH and reconstructed cross sections through
the contact area: (a) 4 h storage time; (b) 72 h storage time.

Figure 12. SEM image of contact area of a double-particle system
stored at 30 °C and 70% RH for 72 h.

At ﬁrst, the particles were equilibrated at 30 °C and 40% RH.
Under these conditions no water adsorption and hence no liquidbridge formation take place. Subsequently, the RH was increased
to 71% (refer to Figure 9). A liquid bridge formed very quickly,
approaching a diameter of about 570 μm. A further increase in
RH to 72% triggered further liquid-bridge growth to a diameter
of 920 μm. Then the RH was kept constant overnight. A subsequent
decrease of RH back to 71% (refer to Figure 10) caused desorption of water and hence a decrease in the liquid-bridge diameter.
It should be noted that the water desorption stopped at a bridge
diameter of about 800 μm. This is 200 μm larger than 24 h before
at the same RH. Therefore, it can be assumed that the system
was not at thermodynamic equilibrium with the surrounding air
during the period of time the RH was increased from 71 to 72%
or that crystallization of dissolved urea during the desorption
process changed the geometry of the contact region between the
particles, resulting in the observation of a larger bridge diameter
under the same conditions. In general, it can be noted that there
is a very rapid response of the liquid-bridge diameter to small
changes in RH.
Since urea prills were real particles with individual shape
characteristics, the amount of water adsorbed/desorbed and
the resulting bridge diameters diﬀered in a limited range, but
the observed processes described above are reproducible.
4.2. Solid-Bridge Structure. The results with the new equipment have shown that the liquid bridge between urea particles

seems not to be in equilibrium with the surrounding air since a
maximum extension is observed even under constant climatic
conditions. A slow desorption of water from the surface takes place
over a time scale of approximately tens of hours, causing a decrease
in the liquid-bridge diameter. Further, the outer shape of the
bridge leads us to deduce that the liquid bridge is transformed to a
more solid one during storage, forming a circular annulus of urea
around the contact point of the particles. These observations could
not be achieved with earlier instrumentation and they are significant findings, countering conventional assumptions.
Since the video recording experiments allow only the observation of the outer geometry of the particle systems during storage,
the inner structure of the bridge between the particles was
analyzed using SEM and XMT with regard to possible solidbridge formation by transport of solid urea into the contact
region between the particles.
Figure 11 shows an SEM picture of the contact area of one
particle from a double-particle system stored at 30 °C and 70%
RH for 4 h. An annulus of crystallized urea formed during the
desorption process is clearly visible around the contact point in
the middle. From the small crystal features inside the annulus, it
cannot be deduced categorically whether the solid material was
deposited during the period in which a liquid bridge was present
under ambient conditions or rapidly during removal of the liquid
with compressed air. Solid structures formed inside the liquid
bridge during storage are not aﬀected by the treatment with
compressed air.
The contact area between two prills from a double-particle
system stored for 72 h at 30 °C and 70% RH is shown in
Figure 12. The shape of the particles has changed signiﬁcantly
during the long storage time. The original particle surface inside
the contact area is not recognizable anymore. Larger crystals have
grown inside the crystal annulus.
These results support the assumption of a continuous mass
transport from the particles into the liquid bridge.
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In addition to the SEM images after the remaining liquid was
removed, XMT images of caked double-particle systems were taken.
Figure 13 shows X-ray pictures of caked particle systems together
with a reconstructed cross section through the contact area.
The images were taken after 4 and 72 h storage at 30 °C and 70% RH
with a subsequent 1 h drying phase. The images taken after a storage
time of 4 h show a contact region geometry comparable to the
SEM image in Figure 11. Signiﬁcantly, it should be noted that the
contact point of the particles and a porous crystallized annulus
around the contact point can be clearly recognized. The same applied
for the images taken after 72 h. The particle system geometry has
changed to a more cylindrical shape, and the contact region has
become less porous. This ﬁts well with the observations arising
from the SEM image in Figure 12. Therefore, it can be assumed
that a time-dependent mass transfer from the particles into the contact
area is mainly responsible for solid-bridge growth, rather than
crystallization of the dissolved urea by evaporation of water caused
in the drying step after storage at high humidity.
There is a need to develop an appropriate model that describes
the time-dependent mass transfer into the contact area. Our ﬁrst
contribution to this challenge is through the result of this paper
that provides the direct observation of the outer particle-system
geometry. In future the mass transfer rate of urea from the particles
into the contact area must also be quantiﬁed. This can be approached
experimentally by using imaging methods such as XMT to visualize
the mass transfer rate at diﬀerent time steps during the formation of
the solid bridge. This will form the basis of future work.

5. CONCLUSIONS
We have demonstrated the application of a new experimental
apparatus developed to enable the direct observation of bridge
formation between particles under controlled constant climatic
conditions. Urea prills were used as a test material, since urea is
well-known for caking problems and has already been subject to
recent caking studies. The experimental results have led to several
new ﬁndings. First, it is seen that water adsorption to the particles
near the critical relative humidity and formation of a liquid bridge
between the particles is fast and takes place within 30 min. Second,
these liquid bridges respond even to small changes of ∼1 percentage point in relative humidity by further adsorption or desorption
of water. Third, for a reason that is unknown so far, water is
desorbed again from the particle system after the liquid bridge
reaches a certain extent. Fourth, a time-dependent mass transfer
takes place into the liquid bridge, solidifying the bridge.
The investigation of the unexpected adsorption/desorption
behavior and the time-dependent quantiﬁcation of the mass
transfer into the bridge is subject to further research in the solidbridge formation between urea prills. The experimental observations have opened up new questions that challenge some previous assumptions.
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