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A B S T R A C T

The injection of urea-water-solution sprays in the exhaust pipe of modern diesel engines eliminates NOx emis-
sions in a very great extent. However, as water evaporates from the solution, urea is crystallized and causes wall-
deposit formations hindering the performance of selective-catalytic-reaction. In this study, the crystallization of
urea from an evaporative aqueous solution droplet placed on a heated wall is experimentally investigated,
aiming to understand macroscopically the morphology of crystal growth at various conditions. Using optical and
thermal imaging, urea crystallization patterns are examined at sub-boiling temperatures and substrates with
different wettability. In all cases, the macroscopic initiation of crystal growth starts at the solid-liquid interface
when urea concentration has reached supersaturated conditions. The experiments indicate two different crys-
tallization modes depending on surface temperature and wettability as well as a significant heat release at the
solidification front due the exothermic character of the process.

1. Introduction

Selective-catalytic-reaction (SCR) is the most promising technique
for reducing NOx emissions of automotive diesel engines [1–3]. Using
ammonia (NH3) as a reducing agent, the NOx emissions can be con-
verted into harmless diatomic nitrogen (N2) and water. For safety
reasons, the source of ammonia for mobile engines is supplied by the
thermal decomposition of urea (CH4N2O) [4–8], which is injected in the
exhaust pipes as an aqueous solution. Apart from the mixing efficiency
between the reducing agent and the exhaust gases, where a number of
studies focused on fluid dynamic aspects of SCR-sprays injected in a
crossflow [9–15], another crucial factor for optimal DeNOx perfor-
mance of an urea-dosing system is the mitigation of solid-deposit for-
mation [16–22]. The latter is a direct consequence of the spray/wall
interactions which are unavoidable due to the modern compact design
requirements [23]. Under certain circumstances, as water evaporates
supersaturated urea-water-solution (UWS) droplets are generated
causing solidification of urea decomposition products on the pipe walls.
Depending on the engine load (pressure and temperature), these in-
clude compounds such as biuret, cyanuric acid, ammelide, ammeline,
melamine as well as more complex polymerisation products [16,21].
Apart from material damage, wall deposits impede the flow of exhaust
gases, and hence the uniformity of UWS supply, reducing the SCR
performance over time [24]. In order to control such mechanisms, a

very good knowledge of crystallization process at a fundamental level is
required. Previous studies focused on solid deposit formation [15–22]
examined the amount and type of deposition under different engine
loads, demonstrating actually a “before-after” injection condition of the
exhaust pipes. Although several molecular dynamic simulation studies
investigated the onset of nucleation and growth morphology of crys-
talline urea from aqueous solutions at a molecular scale [25–29], ex-
perimental investigations of urea crystallization on engineering sur-
faces are limited in literature. Lodaya et al. [30] observed needle-like
and dendritic growth urea crystals from supercooled water solutions at
a macroscopic level, providing also a correlation for the nucleation rate.
Garetz et al. [31] demonstrated a new photo-physical phenomenon in
which laser pulses are able to induce crystallization in supersaturated
solutions. Using infrared spectroscopy (IR) methods, Groen and Roberts
[32] detected the onset of crystallization associated with the depletion
of the solution concentration, while Sun and Xue [33] showed that the
formation of crystalline urea is proceeded via the assembly of urea
molecules, which allows the formation of 1D molecular chains, prior to
their further aggregation into 2D plane-like and 3D net-like clusters. In
addition, Lai et al. [34] used a reaction calorimetric technique and
observed that the heat released upon crystallization is directly pro-
portional to the amount of crystals formed, thus enabling measurements
of urea solution supersaturation. Apparently, contrary to salt-solutions
[35–39], the crystallization process of urea from an evaporative water
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solution on engineering surfaces at a macroscopic level is far from being
well understood.

The behaviour of an urea-water-solution (UWS) droplet placed on a
heated surface is therefore investigated, aiming to understand macro-
scopically the crystallization process of urea from an aqueous solution.
Using optical and thermal imaging, the solidification front is examined
over a range of sub-boiling temperatures and surfaces with different
wettability. The results show two different crystallization modes de-
pending on wall temperature and contact angle as well as a significant
heat release, demonstrating the exothermic character of the process.

2. Methods and materials

2.1. Experimental apparatus

Fig. 1 shows a 3D representation of the experimental arrangement.
The setup consists of an optical Table (1) placed on vibrational iso-
lators, a hot plate (2) where the urea-water-solution droplets (3) were
deposited onto interchangeable copper cylinders with the desirable
surface finishing (4), as well as optical and thermal instrumentation.
The hot surface was produced by a constant temperature plate from
Harry Gestigkeit GmbH (Model PZ28-2SR) with a spatial thermal uni-
formity of ±1 K over the complete temperature range (293–623 K). Due
to the high thermal conductivity, 385W/(m K), the use of copper cy-
linders ensured an accurate control of temperature based on the hot
plate. Temperature variations between the two surfaces were measured
with a K-type thermocouple on the copper surface (5) to be less than
0.1 K. The top and side view of the crystallization process were optically
recorded with two CCD cameras (UI-3180CP, 2592× 2048) in the

monochrome mode (6). Magnification filters were also used in the lens
in order to further enlarge the obtained resolution. The thermal videos
performed only from the top view with a FLIR-SC7600 infrared camera
(640× 512) equipped with a micro-lens (MW-G1/3.0) providing a
close-up view (7). The cameras were placed in such a distance from the
droplet resulting a field-of-view with a spatial resolution of about
10μm and 30μm per pixel for the optical and thermal videos, respec-
tively. For all videos, and due to the rapid crystal growths, the frame
rate was varied between 40 Hz and 70 Hz depending on the experiment.
Illumination was obtained with two white fluorescent lamps (8). In
order to reduce reflections from the drop surface, the light was diffused
by a double-layer of transparent diffusive paper (9). Therefore, the
droplet was uniformly illuminated significantly reducing mirroring ef-
fects from the liquid surface. Some remaining reflections had no in-
fluence on the evaluation of the final result.

2.2. Experimental procedure

All experiments were carried out at atmospheric pressure and
temperature and repeated three times showing excellent repeatability.
In order to avoid boiling phenomena at the solid-liquid interface
[40,41], the hot surface was maintained at sub-boiling temperatures
varied between 323 K and 368 K. All droplets were formed at the end of
an 1.2 mm× 40mm cannula which was attached to a 10ml sterile
syringe. The sessile drops were generated by placing the cannula very
close to the solid before the dispense process was initiated. During the
dispense process, the tip of the cannula was slowly traversed upwards
producing as symmetric droplets as possible. Therefore, possible dis-
tortions from the dosing process [42] that could influence the final
result are eliminated. Both the syringe and the cannula were regularly
replaced in order to avoid possible nuclei formation as well as con-
tamination. The mean initial volume, Vo, of the droplet was 12μl
(±3%), while the initial droplet diameter was varied between 2mm and
4mm depending on the surface wettability. The contact angles were
evaluated by post-processing individual images of recorded videos from
the side view. The geometric post-processing of the images was per-
formed with various polynomial fitting approaches [43–45], depending
on the wettability of the droplet. The image processing analysis was
initiated a couple of frames after the separation from the cannula taking
also into consideration the droplet spreading time [46]. The contact
angle analysis was carried out until the onset of crystal growth using an
in-house program implemented in MATLAB. The crystallization process
was observed simultaneously from the top and side view. For the
thermal imaging, the top CCD camera was replaced by the IR camera
and the experiments were repeated at the same conditions.

2.3. Surface finishing

The influence of wettability on the crystallization process was in-
vestigated with four different surface finishes of the copper cylinders.
These included, two plain copper surfaces polished and cleaned with

Nomenclature

Latin symbols

Rz surface roughness, μm
T temperature, K
t time, s
V volume, m3

Greek letters

θ contact angle [degr]

Subscripts

1 macroscopic onset of crystal growth
2 end of crystallization process
o droplet deposition

Abbreviations

UWS urea-water-solutions

Fig. 1. Schematic 3D representation of experimental setup.
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(1) ethanol and (2) pentane, (3) a surface where a hydrophobic coating
(Ultra Protect FX) from Nansolid™ Nanoversiegelung Xpertco GmbH
was applied, and (4) a surface with a temperature resistant black paint
layer of silicon resin binder basis from Dupli-Color, with an emissivity
of about 0.88 for the thermal imaging. Some characteristics of the
surfaces are summarised in Table 1. The UWS droplets on the plain
copper (eth-pen) resulted a hydrophilic situation while the use of sur-
face coatings (hpb-pnt) provided initial contact angles of more than 90°.

2.4. Urea-water-solution (UWS)

The urea-water-solution used in the present study is the commercial
AdBlue, a mixture of 32.5% urea and 67.5% demineralised water (w/
w). The density of AdBlue was measured 1083 kg/m3 using a MAUL-
16405 balance with an accuracy of ±1 g. Optical images, shown in
Fig. 2, on PDMS (nearly apolar solid) and borosilicate glass (polar solid)
resulted in similar contact angles between distilled water and AdBlue.
This indicates that urea-water-solution surface tension is not greatly
different than water at ambient conditions. Birkhold [23] reported a
slightly higher surface tension for AdBlue compared to water, while
Halonen [47] indicated that UWS surface tension slightly increases with
urea concentration.

3. Results and discussion

3.1. Introductory remarks

In order to facilitate the later discussion, Fig. 3 shows a timeline of
the overall experimental process. Each experiment is initiated with the
deposition of the droplet at the time to. Then, the evaporation phase
takes place until urea reaches a critical concentration causing the
crystallization of the UWS droplet. The crystallization phase consists of
two major events: Initiation of crystal growth at t1, and evolution of
crystal growth, which is the time duration until the complete solidifi-
cation of the droplet at t2. The two timeline phases are individually
discussed in the next sections. It should be also noted that, the onset of
crystallisation at to is caused by nucleation. However, due to limitations
in spatial and temporal resolution, this point cannot be captured.
Therefore, we will refer as “initiation of crystal growth” the point where
the first crystal structures could be macroscopically observed (t1).

3.2. Time evolution of contact angle

Fig. 4 shows the temporal evolution of the contact angle during
evaporation for all substrates at 363 K. Due to the different wettability,
the initial contact angle, θo, is also varied between the surfaces with a
hydrophilic situation for the plain copper (pen and eth), and hydro-
phobic conditions for the two coatings (hpb and pnt). For all surfaces,
the contact angle is significantly reduced at the initial evaporation
stage, up to ≈t t/ 0.41 , while the reduction is more pronounced for the
hydrophilic surfaces. At later evaporation times, for all surfaces the
reduction rate of θ is gradually reduced and eventually leads to a re-
latively constant contact angle in agreement with literature [48–50].
The contact angle remains constant until crystal growth starts at t1 while
the level of θ1 lies over a wide range of angles varied between 17° for
the plain copper and 75° for the hydrophobic coating. This indicates
somehow that there is no critical wettability level that promotes crys-
tallization of the UWS droplet.

3.3. Evaporation and onset of crystallization phase

Fig. 5 shows the evolution of the normalised droplet volume for a
hydrophilic and hydrophobic surface at two different temperatures. For
all cases, the volume of the droplet is reduced while urea concentration

Table 1
Characteristics of the different substrates including their wetting with AdBlue at 333 K.

Notation Finish process Rz [μm] θo [°]

eth Cleaned with ethanol 0.9 46
pen Cleaned with pentane 0.9 61
hpb Hydrophobic coating 1.1 103
pnt Black paint spray 9.8 95

Fig. 2. Contact angle of water and AdBlue on borosilicate glass and PDMS
at ambient conditions, 293 K.

Fig. 3. Sequential process of the experiment. to: droplet deposition, t1: macroscopic onset
of crystallization, t2: droplet is solidified.

Fig. 4. Evolution of contact angle for all substrates at 363 K. The time is normalised by
the onset of crystallization moment at t1.
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increases gradually with time as water in the solution evaporates. As
expected, the evaporation rate of UWS is increased with temperature
following initially a linear relationship in agreement with literature
[7,51–55]. At 333 K, the volume of the droplets on the hydrophilic
(pen) and hydrophobic (hpb) surfaces is reduced with the same slope,
however, at 363 K the droplet on the hydrophilic surface evaporates
faster, which is attributed to the higher solid–liquid interfacial area that
leads to a higher evaporation mass flux near the triple contact line
[56–58]. Note also that when a critical urea concentration is reached,
e.g. 0.35, the slope of the curve is decreased to slower evaporation rates
similar to Mussa et al. [55].

Assuming that only water is evaporated from the solution, all ex-
periments indicate that when crystallization starts at t1, the concentra-
tion of urea in the droplet is above its initial value at Vo. This is a fair
assumption since evaporation rates of urea at sub-boiling temperatures
are very small, and hence, can be neglected. Furthermore, there is a
tendency of increasing urea concentration at higher temperatures at t1.
This means that when the crystal growth is initiated, the droplet is still
an aqueous solution of urea. The concentrations of urea can be easily
calculated assuming that solely water evaporates and the initial mass of
urea in the droplet remains unchanged. Fig. 6 shows the phase-diagram
of urea-water-solutions including all experimental data points for t1. It is
visible that when the crystal growth process starts, all droplets are

around the liquid and solid urea line, which indicates the super-
saturated character of the UWS droplets at the moment of nucleation.

3.4. Crystallization morphology

Fig. 7 shows the crystallization patterns for a hydrophilic surface at
333 K from the top and side views. The first image (a) shows a snapshot
at t1 where the droplet is relatively flat with a θ1 contact angle of 15.5°.
The phase change of the UWS droplet is initiated on the left side of the
droplet at about 270°, and it is directly visible on the second image (b).
The solidification front, marked with the red arrows, propagates rela-
tively fast around the perimeter of the droplet on both sides, as shown
from (c) to (f), and clashes together on the opposite side (g) about
200ms after the first crystal growths could be observed. As soon as the
perimeter of the droplet is crystallised, the formation of a skin in the
middle of the droplet can be identified (h). However, the material
below the skin still contains the liquid phase. The crystallization of the
liquid inside the droplet causes a slow repetitive moving process for
several seconds, and eventually breaks the skin forcing the crystal
growths towards the points of fracture (i). The last image (j) show the
droplet after the complete solidification which takes place about 2min
after nucleation and it is characterised by a white fine crystal structure.
At this time, no further movements are observed and the deposition
consists only of the solid state. Over the same timespan, the snapshots
of the side view indicate that the solidification is barely moving towards
the top of the droplet. This clearly indicates that the process is more
pronounced near the contact line of the sessile droplet. This could be
attributed to the higher evaporation rates in this region which may
cause a non-uniform distribution of the dissolved urea in the droplet
resulting in higher concentrations around the perimeter. The above
crystallization process will be referred to as Mode-I. On the other hand,
Fig. 8 shows the crystallization patterns for a hydrophobic surface at
333 K. However, due to evaporation, the contact angle at the first phase
change appearance is about 50°, as shown in image (a). The first crystal
growths takes place again at the solid-liquid interface and it is followed
by a fast solidification front that spreads around and over the droplet,
from (b) to (f), including the liquid-gas interface similar to water
freezing [59]. The solidification fronts come across at the top of the
droplet (g) and eventually cover the complete surface of the droplet at
the liquid-gas interface (h) in only 250ms. However, the reflection of
the light on the right side of the droplet still signifies the existence of
some liquid under the solid skin (i). Nevertheless, a few seconds later,
the reflection is no longer visible and the complete liquid droplet has
been changed to solid state. Contrary to the Mode-I crystallization, in
this pattern, referred to as Mode-II, the shape of the droplet at t2 (solid
state) remains the same as t1 (liquid state). This crystallization mor-
phology is very similar to a rapid supercooling of a droplet [59–63]. In
addition, the time required for the complete solidification of the droplet
is much smaller compared to Mode-I indicating the significantly faster
crystal growths.

Fig. 9 shows the location of the first crystal growths for the above
crystallization modes, including all surfaces and over the complete
temperature range. Clearly, the solidification front starts propagating at
random positions around the triple line of the droplet demonstrating
the heterogeneous character of nucleation. No relation between the
location of the first crystal growths and temperature level or wettability
of the surface can be observed. However, as shown in Fig. 10, the
surface temperature and wettability influence significantly the crystal-
lization mode. Although at higher temperatures, e.g. ⩾T 353 K, the
crystallization morphology is solely characterised by the Model-II pat-
tern, a clear transition to Mode-I can be observed at lower temperatures
and as the contact angle at t1 decreases below 30°. Therefore, high
wettability and low surface temperatures promote a relatively slow
crystallization process where the complete solidification of the droplet
may be achieved after several minutes. On the other hand, larger
contact angles and surface temperatures indicate a supercooling-like,

Fig. 5. Temporal evolution of drop volume during evaporation for a hydrophilic (pen)
and hydrophobic (hpb) case at two different surface temperatures. The instantaneous
volume, V, is normalised by the initial droplet volume, Vo. The evaporation time is nor-
malised by the onset of crystal growth at t1.

Fig. 6. Phase diagram of urea-water-solutions (UWS). The calculated urea concentrations
at t1 are also included. The temperature of the droplet was estimated according to the
surface temperature and the infrared measurements (see 3.5).
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rapid solidification obtained within a few seconds, while maintaining
the initial spherical shape of the liquid droplet.

Regarding the duration of crystallization, which is the timespan
between t1 and t2, an evaluation for Mode-I patterns was difficult to be
obtained due to the slow repetitive movement of the solid–liquid phases
in the middle of the droplet, which resulted in extreme uncertainties in
the determination of t2. On the other hand, due to the rapid crystal
growths over the complete droplet for the Mode-II patterns, the soli-
dification time was determined with reasonable accuracy. Fig. 11 shows

the crystallization time, −t t2 1, for the filled points of Fig. 10, where it
can be clearly observed that there is a faster crystallization process as
the surface temperature increases. This can be explained as follows: As
derived from the phase diagram in Fig. 6, the concentration of urea in
the droplet at t1 increases at higher surface temperatures. Therefore, the
UWS droplets are more oversaturated and stay in a metastable condi-
tion. For the crystallization, this means that the higher over-saturation,
or the higher concentration of urea in the droplet is, the easier the
crystals grow. Therefore, the lower solidification times at higher surface

Fig. 7. Top and side view of crystallization patterns for an initially hydrophilic surface (pen) at 333 K. θo =62° and θ1 =15.5°.

Fig. 8. Top and side view of crystallization patterns for an initially hydrophobic surface (hpb) at 333 K. θo =97.5° and θ1 =50°.
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temperatures are attributed to the higher urea concentration in the
droplet which facilitate the crystal growths leading to higher solidifi-
cation speeds.

3.5. Thermal imaging

Fig. 12 shows thermal images of the solidification process for an
initially hydrophobic surface at 343 K. The solidification morphology is
characterised by a Mode-II crystallization pattern. Although the initia-
tion of the crystal growth is formed in a different location compared to
Fig. 8, as a direct consequence of its random occurrence, the crystal-
lization morphology is found to be the same to the optical images.
Before solidification, at image (a) at 0ms, the complete droplet is still in
liquid phase and its boundaries can be easily identified by the light blue
colour since the temperature of the droplet still at a slightly lower
temperature level compared to the surface wall. The temperature of the
droplet before solidification is about 337 K, which means that its tem-
perature has continuously increased from the ambient conditions of the
dosing process. Therefore, the influence of water evaporation can be
neglected since the heating up process dominates the temperature le-
vels of the liquid. Furthermore, apart from the Marangoni and free
convection flow inside the droplet, the small temperature difference
compared to the surface wall could be also attributed to the slightly
different emissivity of the liquid water compared to the black paint.
Since crystallization is an exothermic reaction, the initiation of crystal
growth can be clearly observed at the triple line in the perimeter of the
droplet at 15ms (b), as a region where a significant heat is released. As
the crystals grow in the perimeter of the droplet, from (c) to (h), a
thermal peak in the order of 20K is observed on the solidification front.

In addition, the spatial evolution of temperature rise on the surface of
the droplet (liquid-gas interface) indicates excellent agreement with the
morphology of the crystal growths in the optical images, e.g. see Fig. 8.
However, the obtained temperature rise is lower compared to the triple
line. The higher temperature rise in the perimeter of the droplet could
be attributed to the convection flow and the higher evaporation rate in
this region that possibly results in higher concentrations of urea.
Therefore, larger amount of crystals are formed, which are directly
proportional to the amount of heat released [34]. The above findings
clearly demonstrate that the temperature rise is the result of the crys-
tallization process driven by the heat of solidification.

Fig. 13 shows quantitative information regarding the temporal
temperature evolution for two different locations. The point where the
first crystals could be observed as well as its diametrically-opposed
point, where the merging of the clock- and anti-clockwise crystal
growths takes place. These points are illustrated by the letters A and B
in Fig. 12(b) and (g), respectively. Before crystallization, and when the
droplet is still in the liquid phase, the temperature is constant for both
locations. However, as the phase change takes place, the temperature is
significantly increased reaching a maximum in a fraction of a second,
similar to the recalescence of freezing water droplets [63] where the
fast rise of temperature was assigned to the percolation of the hy-
drogen-bonded network in supercooled water structure [64]. In this
moment, the droplet has been transformed to the solid phase, and
subsequently, its temperature is gradually reduced reaching asympto-
tically the surface temperature level, as shown also in Fig. 12(i). Similar
temperature spikes were also observed at the wetting front during
spontaneous imbibition [65,66], and evidently, they also dominate the
interface of a solidification front. The time difference between the two

Fig. 9. Location of crystal growth initiation for all experiments over
the complete temperature range. ∘: Mode-I, x: Mode-II.

Fig. 10. Dependency of crystallization pattern with the contact angle at t1 and surface
temperature. Open-points ∘: Mode-I, Closed-points •: Mode-II.

Fig. 11. Crystallization time on the initially hydrophobic surface as a function of surface
temperature.
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thermal peaks of points A and B is about 200ms which is the duration
in order for the crystals to spread around the perimeter of the droplet.

Fig. 14 shows the maximum temperature rise in the perimeter of the
droplet as a function of surface temperature for the locations A and B. It
can be clearly seen that the amount of heat released is independent of
the location and is increased with surface temperature reaching an
enormous, for the given length scale, level of 40 K. This can be ex-
plained as follows. At higher temperatures, the concentration of urea in
the solution increases, as shown also in the phase diagram in Fig. 6.
Therefore, a higher amount of crystals, which is directly linked to the
amount of heat release [34], will be solidified while the heat of soli-
dification is closer to that of pure urea. It should be also pointed out,
that the increased solidification speeds may also have an influence on
the amount of heat release based on basic mass and energy balances.

4. Concluding remarks

The minimisation of wall-depositions for future urea-SCR systems is
essential in order to ensure proper functionality of future automotive
engines, that have to be optimised for compactness and durability.

However, in order to control the mitigation of solid-deposit formation,
a very good knowledge of urea crystallization process at a fundamental
level is required.

In this study, the crystallization of urea from an evaporative aqu-
eous solution droplet of about 12μl has been examined at sub-boiling
temperatures using optical and thermal imaging. The experiments
showed that crystallization is always initiated at random positions
around the triple line of the droplet. Nevertheless, two different crys-
tallization patterns have been observed depending on the surface
temperature and wettability. At low contact angles and temperatures,
e.g. below 30° and 353 K respectively, a relatively slow crystallization
process was observed where the crystals grow initially fast around the
perimeter of the droplet. However, the middle of the droplet remains in
a viscous liquid state characterised by a boiling-like repetitive move-
ment that lasts for several minutes before immobilisation and complete
phase transformation to a white fine crystal structure. On the other
hand, higher contact angles and surface temperatures indicated a rapid,
freezing-like crystallization, where the droplet is solidified within a
second, maintaining its initial shape. The crystallization time was found
to be reduced with increasing surface temperature which is attributed
to the higher urea concentrations in the super-saturated droplet that

(a) 0ms (b) 15ms

A

(c) 45ms (d) 75ms (e) 90ms

(f) 120ms (g) 180ms

B

(h) 360ms (i) 1s (j) 3s

330 335 340 350 355 360T [K]

Fig. 12. Thermal images of the crystallization process for an initially hydrophobic surface (pnt) at 343 K. θo =98° and θ1 =50°.

Fig. 13. Temporal evolution of temperature during crystallization for two different lo-
cations: First phase change or onset of crystal growth point (A) and diametrically-opposed
point (B).

Fig. 14. Temperature rise at two different locations in the perimeter of the droplet as a
function of surface temperature.

J. Schmid et al. Experimental Thermal and Fluid Science 91 (2018) 80–88

86



facilitates the crystal growths, and hence, leads to higher solidification
speeds. Furthermore, the thermal imaging indicated a significant heat
release at the solidification front, as a direct consequence of the exo-
thermic character of the process. The temperature rise, which is en-
ormous for the given length scale, was higher in the perimeter of the
droplet reaching 40 K at temperatures close to the boiling point of
water.

Apart from the fundamental interest, the above findings can be used
for the development of more accurate crystallization models since they
contain quantitative and high-resolution optical and thermal informa-
tion of the solidification process for a relatively un-explored aqueous
solution behaviour with great industrial interest. Since the current work
is limited at sub-boiling temperatures, further research will be con-
ducted at higher temperatures in order to understand the crystallisation
patterns of urea sub-products, e.g. biuret, cyanuric acid, melamine etc.,
which dominate the deposits in actual SCR systems.
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