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Abstract

The interaction of single droplets with hot solid surfaces is a fundamental process for a wide range of technical
applications, such as urea-water solution (UWS) injection in selective catalytic reduction (SCR) systems.
Specifically, the chemical evolution and film topology and state of UWS after its deposit on a hot surface are still
not well known, although these phenomena are important for the SCR efficiency.

In this work, we have experimentally and numerically investigated the behaviour of solid urea after being
deposited on a heated surface. The experimental apparatus consists of a metal saucer whose surface can be
heated up to 750K, on which a solid urea crystal is gently deposited. The evolution of the deposit is monitored
with two cameras, showing top and side views, to record the dynamics and thermal behaviour of the urea.

The images have shown four different urea thermolysis regimes. First, urea ball melts with a melting rate
increasing with wall temperature (Tw). It forms a sessile droplet at the saucer bottom that maintains its shape for
a long time indicating a very small thermolysis rate. Second, at a relatively low Ty, but higher than 406K, some
bubbles appear in the molten sessile droplet due to urea thermolysis gaseous products (ammonia and isocyanic
acid). These bubbles nucleate at the wall, especially near the meniscus of the liquid urea lens. This phenomenon
is similar to nucleate boiling of hydrocarbons liquid film. In the third stage, the urea thermolysis rate reaches a
maximum critical value for T, between 600K and 650K. Then, the images show the formation of a deposit having
a very small thermolysis rate. The evolution time to reach this final state has been measured from the images. In
the fourth and final stage (Tw>650K), no deposit is formed on the wall and the molten urea droplet levitates and
rebounds on the wall very similarly to a hydrocarbon droplet in the Leidenfrost regime. Therefore, T,=650K may
be considered as a Leidenfrost-like temperature for the urea. This temperature has been used to define the
Leidenfrost regime for the urea in the map of the spray-wall interaction model. Finally, several CFD simulations
have been carried in the third and fourth thermolysis stages. Thereby, the different measured evolution times
have been used to check the thermolysis mechanism numerical results and to reveal the solid deposits
composition that has proved to be composed of Cyanuric acid and Ammelide.
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Introduction

Urea/SCR system is currently an efficient method of NOx control for diesel engines. In a typical SCR system, urea
is typically being used as an aqueous solution at its eutectic composition (32.5% wt. urea, marketed as Adblue ™).
This urea-water solution (UWS) is sprayed into the hot engine exhaust upstream of the SCR catalyst. It is
commonly believed that water evaporates first, often after impingement of the spray on the wall as a liquid film.
The remaining urea precipitates and completely melts at wall temperature higher than 406K, then decomposes
into gas phase ammonia (NHsz) and isocyanic acid (HNCO) and solid/liquid phase resulting from urea
polymerization (such as biuret, cyanuric acid and ammelide). The amount and the state of these by-products
depends mainly on the wall temperature. Previous studies has investigated these different processes [1-7].
However, these studies were considering UWS as the initial state. In this case, both the water evaporation and
the decomposition of urea are occurring simultaneously. Especially, water evaporation potentially leads to the
apparition of film boiling or Leidenfrost regime [8-11], when a vapor cushion prevents the droplet from wall
wetting and therefore strongly affects thermal transfers and urea decomposition. In addition, once the water has
completely evaporated, there is a need for an analysis of the decomposition of urea in the absence of water.
Indeed, the thermolysis of a pure liquid urea film has not so far been studied at high wall temperature, especially
during strong releases of NHz; and HNCO. Particularly, it would be interesting and useful for CFD models to know
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if the thermolysis (NH3 and HNCO) gaseous products are able to lift the liquid urea from the wall similar to the
well-known vaporous Leidenfrost effect. This study proposes an experimental and numerical analysis of the
evolution of a urea crystal deposited on a heated surface. The experimental results are used to validate, in the
CFD code, our previously developed urea thermolysis mechanism [1, 2]. The numerical results are in turn used to
discuss the assumptions proposed on the basis of experimental results regarding the mechanisms of urea
decomposition. This paper is organized as follows. Next section includes the experimental and numerical
methodology. Followed by the results discussion and the conclusions.

Material and methods

Experimental methodology

The schematic diagram of the experimental apparatus used to study the thermolysis of solid urea is presented in
Figure 1. A hot plate is used to heat a metallic saucer, whose diameter is 30mm and depth is 4.5mm. Thermal
paste between the saucer and the hot plate helps limiting the thermal barrier at the interface. The wall
temperature of the saucer is measured by a type K thermocouple placed at distance approximately equal to 1mm
below the surface, as depicted in Figure 1. This temperature T is considered to be a relevant estimation of the
saucer wall temperature. When T, reaches the desired stable value, an urea crystal ball is deposited, which
corresponds to the initial time t=0. The urea crystals are selected to be 5mg +/- 0.5mg and are manually
deposited on the saucer bottom using a wedge clamp. After deposit, the urea crystal ball will evolve differently
when Ty is increased, mainly because of chemical reactions. Two high-speed CMOS cameras are used to track
this temporal evolution. Camera 1 has a spatial resolution of 896x784 px| corresponding to approx. 21x18 mm
(42.5 pxl/mm). Camera 2 has a spatial resolution of 512x512 pxl corresponding to 14x14 mm (35.6 pxl/mm). Both
cameras operate between 1 and 1000Hz, depending on the wall temperature and therefore on the rate of
evolution of the urea. The acquisition is stopped after the deposit has reached its final state, i.e. when no more
evolution of the deposit is observed.
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Figure 1 - Schematic representation of the experimental apparatus (left), and picture of the heated saucer.

This experimental setup brings information on two levels. Firstly, it gives access to the delay between the deposit
on the saucer bottom surface and the final state. This is linked to the urea thermolysis physics and especially, it
can show the apparition a nucleate boiling-like and a Leidenfrost-like regimes, as Ty is increased. Secondly,
through the observation of the aspect of the deposit, it also gives insight into the chemical reactions taking place
at different wall temperatures.

Computational methodology

In this work, the CONVERGE CFD software package [12] is used as the computational framework for simulating
the above experiments of pure urea thermal decomposition on a heated solid surface. CONVERGE is a general
purpose CFD code for the calculation of three-dimensional, incompressible or compressible, chemically-reacting
fluid flows in complex geometries with stationary or moving boundaries. This code can handle an arbitrary number
of species and chemical reactions, as well as transient liquid sprays and films, and laminar or turbulent flows. An
innovative modified cut-cell Cartesian method is used that eliminates the need for the computational grid to be
morphed with the geometry of interest while still precisely representing the true boundary shape. This approach
allows for the use of simple orthogonal grids and completely automates the mesh generation process. Recently,
Ebrahimian et al. [1] have proposed a set of coupled models that allows multidimensional simulation of the
exhaust system upstream of the SCR monolith [2]. The kinetic mechanism that has been developed is named
UWS-12R because it uses a semi-detailed mechanism including 12 reactions (Figure 2). It predicts the formation
of ammonia (NHs) and isocyanic acid (HNCO) upon decomposition of the urea, and the formation of deposits
resulting from the polymerization thereof (such as biuret, cyanuric acid and ammelide). According to the authors'
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knowledge, these models differ from the previous models in the literature on the two following points: (1) The
UWS-12R mechanism considers the competition between thermo-hydrolysis and polymerization in agueous
phase during the UWS temperature growth at the end of water evaporation in the droplets or liquid films. (2) The
UWS-12R mechanism models the formation of urea deposits and main polymerization by-products. Our kinetic
scheme involves reactions between condensed phase species that have been well documented by Schaber et al.
[13]. The resulting kinetic scheme has proved to be a suitable basis for direct coupling with a CFD code [2, 3]. An
overview of by-products formation pathways postulated in this mechanism is presented in Figure 2. In this study,
the different models described in detail in [1, 2] and already implemented in the CONVERGE CFD software
package [12] are verified, based on the above experiments.
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Figure 2. Main reaction pathways (R1) - (R12) to apply for the decomposition of urea in the semi-detailed mechanism UWS-
12R. Here only (R1) - (R9) are applied to pure dry urea. The melting temperatures (Tr) of by-products (biuret, cyanuric acid and
ammelide) are also shown.

In the above experiments, a rather big solid urea ball (D, = 2 mm and M, = 5mg) is deposited on a heated
aluminium plate. Once deposited gently in the saucer, the ball melts and spreads as a liquid film and takes a
sessile droplet shape. In this work, we model such sessile droplet as a cylinder with radius 7 and height h¢. In
order to compute 7y and hy, Nagaoka et al. [14] model is used, as described in [15]. A sub-grid liquid film is indeed
considered when the obtained area S¢;, = nrfz is smaller than the wall-cell face area S,,, where the liquid film is
located. In this case, the wall heat flux is accounted for only through Sg;;,,,, thereby avoiding its overestimation by
using S,,. The SGS liquid film height is also taken equal to h; as this value is more accurate than the one usually
computed as hy = Parcels Volume/S,,, which value is often underestimated.

In this work, six simulations have been carried out. Five of them are in the third stage of urea thermolysis regimes
as described earlier in the above experimental Section. The last simulation (Case 6) uses a wall temperature (Tw)
greater than the urea Leidenfrost-like temperature, which have been revealed experimentally in the current work
around 650 K. The initial conditions and the physical properties are summarized in Table 1. In addition, the melting
period has been ignored in the current simulations, as measured experimentally in the third and fourth stages of
thermolysis regimes (see next Section). In order to make the simulation thermal conditions close to the
experiments at the urea ball deposition, the metallic saucer, whose diameter is 30mm and depth is 4.5mm, has
been included in mesh. A relatively coarse grid is used to simplify the liquid film initial condition specification.
Indeed, according to the Nagaoka et al. [14] model, the molten urea forms a sessile droplet with diameter
dr = 6mm, as shown by the image depicted in Figure 6 at low wall temperature. Therefore, dx=dy=6mm have
been used in order to ensure the condition: S;;, < S, for the SGS liquid film modelling. It is also important to note
that using a resolved liquid film with a smaller grid size is possible in the current case. But, the setup of the initial
urea liquid film will necessitate several parcels on several wall-faces, as the authors have already performed and
validated in [16].

The six simulations are carried out in two steps. First, a simulation is run for two seconds in order to reach thermal
equilibrium between the heated saucer and the gas, which was initialized to 300 K, and thereby ensuring the most
accurate thermal condition inside the saucer. Figure 3 shows the thermolysis initial thermal conditions including
the urea ball initial location on the saucer surface (Case 2: Tw=570K) in the beginning of the second step
simulation. Figure 4presents an example of the NH3 distribution around the urea liquid film in the central cut-plane
at time t=0.4s for Case 5. The non-symmetric NH3z cloud is due to initial position of the liquid film (Figure 3) and the
velocity field also shown in Figure 4.
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In Table 1 are also summarized the different gas temperature at the bottom of the saucer (Tsaucer) Obtained by the
first step simulations. Finally, typical time-step used in these simulations is 10°s.

Time = 0.40s

Time = 0.00
film_mass [kg]
1.60e-06
1.20e-06
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Figure 3. Thermolysis initial thermal conditions showing the | Figure 4. NH3 distribution around the urea liquid film at time
urea ball initial location on the saucer bottom surface (Case 2: | t=0.4s (Case 5: T,,=644K)). The velocity field in also shown.
Tw=570K)

Table 1. Cases operating conditions and urea physical properties

Case # Units 1 2 3 4 5 6
Wall temperature (Tw) | [K] 540 570 595 619 644 669
Urea ball mass (M,) [mg] 5.3 5.1 4.9 4.5 4.8 5.2
Gas Tsaucer K] 495 522 543 563 585 607
Viscosity [N*s/mz] 1.01E-04 | 9.10E-05 | 8.21E-05 | 8.02E-05 | 8.02E-05 | 8.02E-05
Surf tension [N/m] 2.21E-02 | 1.50E-02 | 9.43E-03 | 3.76E-03 | 0.81E-03 | 0.35E-03
Conductivity [W/(m*K)] | 2.85E-01 | 2.76E-01 | 2.68E-01 | 2.60E-01 | 2.51E-01 | 2.44E-01
Density [kg/m3] 1.28E+03 | 1.28E+03 | 1.28E+03 | 1.28E+03 | 1.28E+03 | 1.28E+03
Specific heat [J/(kg*K)] | 1.50E+03 | 1.50E+03 | 1.50E+03 | 1.50E+03 | 1.50E+03 | 1.50E+03

Results and discussion

The experimental and numerical results as a function of wall temperature Ty, are presented in Figure 5 concerning
the evolution time (i.e. the time needed to reach the final state), and in Figure 6 concerning the evaporation
regimes and final products. Ty, was varied between 406K and 716K for the experiments, and between 540K and
669K for the simulations. Additionally, the numerical results in terms of urea and by-products (biuret, cyanuric acid
(CYA) and ammelide) mass are depicted in Figure 7 and Figure 8.

The first analysis consists in measuring the time needed to reach the final state (also referred to below as
evolution time or teva), as a function of the wall temperature. The results are presented in Figure 5, for 2
repetitions of the experiment, and for 2 parametrisations of the simulation (black curves). For wall temperatures
below 460K, the evolution time corresponds to the fusion of urea only. Indeed, no visible chemical reactions (or
bubbles) appear for Tw<460K. At T,>460K, the evolution time corresponds to fusion and urea decomposition,
explaining the sudden increase of tevo around 460K.. Figure 5 also shows that the evolution time reaches a
minimum value of less than 1s between approx. 620K and 650K. This behaviour is similar to what has previously
been observed for single component liquids [8, 11] or urea-water solutions [17]. On the simulation results, since
the ammelide mass reaches a quasi-constant value for Case 1 to Case 5, the numerical evolution time tevol has
been seeked out based on the ammelide production rate defined as ¢ = Ammelide mass production rate/M ,
where M, is the initial urea mass. The numerical evolution time has been defined from Figure 8 as the time when
the ammelide production rate is smaller than a specified value, denoted &evwl. Two values for €wevo have been
tested, 2.10° and 4.10°. For cases 1 to 5, both CYA and ammelide reach a quasi-constant mass, as shown in
Figure 7. This is not the case for Case 6 (Tw=669K), therefore no evolution time is computed, neither numerically
nor experimentally because of the observed violent thermal breakup expelling the urea droplet outside of the
camera’s fields. For both values of &wevol, the numerical results are in very good agreement with the experimental
results, as shown in the zoom of Figure 5 This means that the UWS-12R thermolysis mechanism depicted in
Figure 2 is able to follow the strong variation of the evolution time when increasing the wall temperature for cases
1to 5.
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Figure 5. Effect of wall temperature on the evolution time of the deposit.

The evolution of the deposit is also analysed between the initial and the final state, using the same terminology as
in [8, 10, 11].

For wall temperatures between 460K and 630K, the experimental results show that some gas bubbles appear
inside the deposit, which is thus in nucleate boiling-like regime. The final products appear to be a white foam that
tends to turn into a white crystal for Tw>540K, as described in Figure 6. Interestingly, although wall temperature is
above the biuret fusion temperature (463K), the final products seem to be completely under solid form. So, it can
be assumed that the observed final deposit is a mixture of by-products heavier than biuret, such as CYA and
ammelide. This is confirmed by the numerical results as shown in Figure 7. As can be seen in this Figure, biuret is
always formed first, followed by CYA. Then, ammelide production starts at the biuret thermolysis end, which
lifetime is short. It is important to note that only the heaviest by-products (CYA and ammelide) are always present
at the end of the simulation, whatever is the wall temperature. Ammelide is formed from CYA as depicted in the
semi-detailed thermolysis mechanism UWS-12R (Figure 2).

For wall temperatures between 630K and 650K, the experimental results show that the evolution seems to be in a
transition regime. The final products seem to slightly change colour, becoming a brownish crystal. This can be an
indication that the final product contains more and more ammelide, as shown by the numerical results in Figure 7.
But, it can also be an indication that other species (like Ammeline and melamine) are formed, although not

specifically modelled in the CFD code. Indeed, UWS-12R mechanism assumes that ammelide represents all urea
by-products heavier than CYA.

At last, for wall temperatures above approx. 650K, a clear Leidenfrost-like regime is revealed experimentally. This
behaviour is similar to what has previously been observed for single component liquids [8, 11] or urea-water
solutions [17]. In those UWS cases, the film boiling regime is created by the evaporation of the liquid film [15]. In
the case of the urea crystal, though there is almost no urea evaporation phenomenon, this Leidenfrost regime
also appears, but is governed by urea gasification into ammonia (NHs) and isocyanic acid (HNCO). It must be
noted that, because of the Leidenfrost-like regime, the evolution time shown in Figure 5 is difficult to identify
because the levitating droplet suffers from explosions leading to the formation of several smaller droplets, some of
them exiting the field of view. In the CFD code, a Leidenfrost-like behaviour is therefore considered for Tw>650K
using the same Leidenfrost model as for hydrocarbons. More details about the Leidenfrost model may be found in
Habchi et al. [16]. During the levitation of the urea droplet in Case 6, urea thermolysis evolution is similar to urea
liquid films in the third thermolysis regime. However, because of higher T, in this case, CYA and ammelide does
not reach a quasi-constant mass (see Figure 7), and theirs values are decreasing as they are decomposed in their

turn to NHz and HNCO. Noteworthy, the much higher time (>100 s) that urea thermolysis takes in the Leidenfrost-
like Case 6.
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Figure 7. Thermolysis numerical results in terms of urea and its by-products mass evolution after the urea ball is deposed at the
saucer bottom.
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Figure 8. Numerical results in terms of ammelide production rate (g). The dashed lines at &wevo=2x107 and &tevoi=4x107
correspond to the range in which the time (tevol) to reach a solid deposit is observed experimentally. Table 2 summarizes the
experimental and numerical (tevo) results.

Table 2. Time (teval) for solid by-products are reached. When the logarithm of ammelide rate of production is less
than Etevol

Case # 1 2 3 4 5
Wall temperature 540 570 595 619 644
(K]

(tevor) 83+1.7 1.85+05 0.95+0.5 0.55+0.5 0.55+0.3
experiments [s]

(tevol) Simulations 9.1 1.8 1.45 1.2 1.0

[s]

With geevol = 108

(tevol) Simulations 7.1 15 1.2 1.0 0.85
[s]
With gevol = 2.10°

Conclusions

In this work, the behaviour of solid/liquid urea after being deposited on a heated surface have been investigated
experimentally and numerically..

The experiments have revealed the existence of a Leidenfrost-like temperature for urea at around 650K. Contrary
to standard Leidenfrost regimes governed by the evaporation of the liquid film, the Leidenfrost-like regime of solid
urea is controlled by the different thermolysis reactions producing gaseous NHz and HNCO. This Leidenfrost-like
regime is modelled in the CFD code which has been demonstrated very useful for the accuracy of wall/urea
interaction in CFD modelling of SCR systems. In addition, the numerical and experimental results compare quite
well in terms of the time needed to reach a final state, which shows the good behaviour of the recently developed
UWS-12R thermolysis mechanism when the thermal conditions are properly simulated. Additional experiments
where the composition of the final products is analysed would be required to further validated the UWS-12R
mechanism.
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