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Abstract: To cope with the progressive tightening of the emission regulations, gasoline and diesel
engines will continuously require highly improved exhaust after-treatment systems. In the case
of diesel engines, the selective catalytic reduction (SCR) appears as one of the widely adopted
technologies to reduce NOx (nitrogen oxides) emissions. Thereby, with the help of available heat from
exhaust gas, the injected urea–water solution (UWS) turns inside the exhaust port immediately into
gaseous ammonia (NH3) by evaporation of mixture and thermal decomposition of urea. The reaction
and conversion efficiency mostly depend upon the evaporation and subsequent mixing of the
NH3 into the exhaust gas, which in turn depends upon the engine loading conditions. Up to now,
the aggregation of urea after evaporation of water and during the thermal decomposition of urea is
not clearly understood. Hence, various scenarios for the urea depletion in the gaseous phase that
can be envisaged have to be appraised under SCR operating conditions relying on an appropriate
evaporation description. The objective of the present paper is therefore fourfold. First, a reliable
multi-component evaporation model that includes a proper binary diffusion coefficient is developed
for the first time in the Euler–Lagrangian CFD (computational fluid dynamics) framework to account
properly for the distinct evaporation regimes of adBlue droplets under various operating conditions.
Second, this model is extended for thermal decomposition of urea in the gaseous phase, where,
depending on how the heat of thermal decomposition of urea is provided, different scenarios are
considered. Third, since the evaporation model at and around the droplet surface is based on a
gas film approach, how the material properties are evaluated in the film influences the process
results is reported, also for the first time. Finally, the impact of various ambient temperatures on the
adBlue droplet depletion characteristics as well as the effect of gravity is pointed out. The prediction
capability of the model variants is assessed by comparing the achieved results to each other and
with experimental data. It turns out that satisfactory agreement between experiment and numerical
predictions is achieved for a wide range of operating temperatures by using correlations by “Wilke and
Lee” for urea and by “Fuller et al.” for water. The results are essentially sensitive to gravity.
From subsequent comparisons of different ways to account for the thermal decomposition in the
gaseous urea, a significant difference is observed. Finally, the 1/3 film rule widely used for evaluating
the material properties in the film shows accurate prediction of both evaporation and thermal
decomposition regimes of urea.
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1. Introduction

Apart from improving the in-cylinder design technology and favorable internal engine combustion,
the exhaust gas flow increasingly gains importance in the context of exhaust after-treatment as the
emission regulations are becoming more and more stringent. The injection of urea–water solution (UWS)
commercially known as adBlue® inside the exhaust port of automotive engines is one of the promising
methods. Once UWS is sprayed inside the hot exhaust, the heat and mass transfer process occurs
between the UWS droplets and the hot gas leaving urea that experiences thermal decomposition to form
ammonia (NH3). The gaseous NH3 then reacts with NOx (nitrogen oxides) and converts into harmless
compound that can be finally released into the environment. The reaction and conversion efficiency
mostly depends upon the evaporation and subsequent mixing into the exhaust gas. The evaporation
dynamic is largely dependent on the nozzle flow properties. In most cases, complete evaporation
and thermal decomposition of urea cannot be accomplished in the gas phase and UWS droplets are
then deposited on the system walls leading to a reduction of the NOx conversion efficiency of the
selective catalytic reduction (SCR) system. Therefore, the SCR process requires precise control of the
ammonia injection rate. An insufficient injection may result in an unacceptably low NOx conversion.
An injection rate that is too high results in the release of undesirable ammonia into the atmosphere
known as ammonia-slip. This increases at higher NH3/NOx ratios. Due to this reason, designing an
efficient reactor for such a catalytic process is a challenging task that requires a careful consideration of
various physical phenomena involved during the catalytic process, such as exhaust gas flow, UWS spray
dynamics, evaporation, thermal decomposition, and chemical reaction (e.g., [1,2]).

In this respect, extensive research and development activities are going on in both experimental
and numerical areas to improve the performance of SCR systems. A recent review of the state-of-the-art
technologies of selective catalytic reduction of NOx from diesel engine exhaust can be found in [3].
In particular, computational fluid dynamics (CFD) modeling and simulations have become established
techniques to carry out detailed analysis of individual ongoing processes in SCR systems and
subsequently to perform design optimization and modification in catalytic chamber. It turns out
that a comprehensive CFD analysis requires a complete mathematical description of all the relevant
processes involved right from the engine exhaust to the final release into the ambient as mentioned
above [4–13].

Regarding the evaporation dynamics of UWS, two different scenarios may happen for the urea
depending on the rapidity of the water evaporation [8]. When the droplet size is small and/or the
vaporization of water is slow, the concentration of urea throughout the droplet increases uniformly,
which finally leads to the formation of a solid particle. However, when a rapid water vaporization
occurs on the droplet surface, the urea concentration increases at the droplet surface, which builds up a
urea shell around the droplet. This may lead to the boiling of water inside the urea shell and even to the
explosion and fragmentation of the droplet as it has been observed experimentally. In fact, the droplet
sizes are relatively large (2.4–3.0 mm) in the experiments carried out by Musa et al. [14] who reported
about extreme behavior of urea solid-crust formation, subsequent evaporation and entrapment of
gaseous phase, which ultimately explode the droplets. Such a behavior can be interpreted as a combined
effect of droplet heating, evaporation rate, segregation of urea composition at the droplet surface,
which ultimately results in solidification of urea and formation of solid crust at the droplet surface and
micro-explosion of droplets. In [14], the authors concluded that this behavior is predominant for larger
droplets due to longer evaporation time-scale.

Focusing on the numerical modeling, the adBlue droplet depletion can be modeled by three
different scenarios [2,5–7,9,10,15]: an overall evaporation process, an Arrhenius expression, or a
conversion efficiency factor. In particular, a two-stage model is suggested in [5,6], in which it is
assumed that urea decays after water is evaporated completely, while, in [2,12], the urea decomposition
is modeled as a heat transfer limited process at a constant temperature of 152 ◦C. In [7,9], the UWS
depletion is not separated in two distinct and consecutive processes, rather it is described by a
multicomponent evaporation model. Thereby, the influence of various body forces on the overall
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droplet dynamics has been investigated, especially in [2]. The reported CFD analysis showed that the
drag and gravity forces only are important to be taken into account.

To describe the urea decomposition, the ways of heat reaction are provided [16] play a great role
in the overall mass transfer dynamics. The first way (W1) consists of an evaporation of molten/solid
urea to the gaseous urea, which decomposes in the gas phase in ammonia and isocyanic acid (HNCO).
The second (W2) models the urea depletion as an overall evaporation model that includes both the
enthalpy of evaporation and that of the reaction in the gaseous urea. The third (W3) considers a direct
decomposition from molten/solid urea to gaseous ammonia and isocyanic acid. In most contributions
dealing with a single UWS droplet, e.g., [5,6,12], a detailed analysis was performed. The evaporation
model used usually consisted of a random mixing (RM) or a diffusion limit (DL) model for the liquid
phase description and in a film based model for the gas phase. It was found out that the RM model
could provide a good compromise between accuracy and simulation time. However, it should be
noted that the heat/mass diffusion resistance within the droplet is zero for the RM approach, making
the model capable of providing reasonable results only for slow evaporation processes in situations
where the heat conduction and diffusion within the droplet do not affect significantly the internal
concentration and temperature distribution [17].

With respect to multi-component evaporation approaches, Sazhin et al. [18,19] recently reviewed
the state-of-the-art evaporation model for hydrocarbon fuel droplets. For adBlue applications,
ref. [4,8,9] extend either the Sirignano’s model or the Renksizbulut et al. [20] evaporation formulation,
and mostly assume the droplet surface to be equal to the mean droplet temperature. For the liquid
phase analysis, the RM model is favored. In [4], two possible approaches (multi-component droplet
and a wet-solid particle) for the representation of UWS in a CFD simulation have been evaluated. It was
concluded that the wet-solid approach provides greater accuracy. In all these studies, the diffusion
of species that plays a determinant role in evaporation dynamics was widely described relying on
a prescribed correlation, among them the Wilke et al. formulation [21]. While [8] employed the
Hirschfelder law instead of the Fick’s ansatz, the impact of these diffusion coefficient correlations on
adBlue depletion has not yet been numerically addressed. Furthermore, in most studies, material
properties in the film are evaluated usually using the 1/3 film rule and the Herning and Zipperer
model as the mixing rule [2,7]. The effect of other film rules has not yet been evaluated on evaporation
process predictions in SCR systems.

The objective of the present paper is therefore fourfold. First, a reliable multi-component
evaporation model that includes a reliable binary diffusion coefficient will be developed for the
first time in the Eulerian–Lagrangian CFD framework to account properly for the distinct evaporation
regimes of adBlue droplets under various operating conditions. It is based on a 1D heat and mass
transport equation along the droplet radius to describe the droplet heating and species diffusion
inside the droplet, and on a film modelling approach according to [22,23] to capture the droplet
evaporation and species mass fraction at and around the droplet surface. Second, this model will
be extended for thermal decomposition of urea in the gaseous phase, where, depending on how the
heat of thermal decomposition of urea is provided, different scenarios are considered. Third, since the
evaporation model at and around the droplet surface is based on a film approach, how the material
properties in the gas film along with the minimum and maximum temperatures expected at the drop
surface are evaluated and influences the process results will be investigated. Fourth, the effect of
ambient temperature as well as the impact of gravity on the UWS droplet depletion will be pointed out.
The prediction capability of the model variants will be assessed by comparing the achieved results to
each other and with experimental data. Since the droplet sizes in actual SCR scenarios are much smaller
(droplet size 20–200 µm), the available experimental data by Wang et al. [24], who considered relatively
smaller droplet size among other experiments [14,25,26], will be considered for model validation.

In the next section, the multicomponent evaporation modeling is provided. Thereby, a description
of various binary diffusion coefficients to be used within the formulated evaporation model is outlined.
To complete this section, various scenarios for thermal decompositions are introduced. In Section 3,
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the numerical configurations for the respective experiments are presented. The achieved results are
reported and discussed in Section 4 in terms of model validation and various sensitivity analysis with
respect to diffusion coefficient correlations, scenarios for thermal decomposition and gas film rule.
The last section is devoted to conclusions.

2. Numerical Modeling

A single evaporating adBlue droplet is numerically investigated by applying the KIVA-4mpi CFD
software (Los Alamos National Laboratory (LANL), Los Alamos, NM, USA). A Lagrangian particle
description is employed to track the adBlue droplet whilst a two-way coupling between the gas phase
and the liquid phase for energy, momentum and mass exchange [27,28] is accounted for within an
Eulerian–Lagrangian framework.

In particular, the multi-component evaporation model suggested in the present paper consists in
the liquid phase heating and species diffusion inside the multi-component droplet and in the droplet
evaporation in the gas phase.

2.1. Droplet Heating and Species Diffusion inside the Droplet

Assuming that the processes inside the droplet are spherically symmetric (no flow recirculation
within the droplet), the thermal evolution and species fraction distribution within the droplet are
achieved by solving a 1D heat and mass transport equation along the droplet radius r as [23]:
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Thereby, ρl , Cp,l and vl are the species mass averaged liquid density, specific heat and velocity,
respectively. Dl stands for the species diffusion coefficient of liquid, while λi, hl,i and Yi express the
thermal conductivity, enthalpy and mass fraction of species i, respectively. The interface conditions
including the determination of the surface droplet temperature are provided in details in [23].

2.2. Droplet Evaporation and Species Mass Fraction at and around the Droplet Surface

The designed multi-component evaporation model relies on the film modeling approach according
to [22,23]. In this respect, the evaporation rate or mass transfer of a multi-component droplet is
given by:

ṁ =
dmd
dt

=
n

∑
i

ṁi =
n

∑
i

[
πdp(ρ̄D̄)i,gShi

?ln (1 + BM,i)
]

, (4)

and the heat balance can be formulated based on averaged droplet properties as:

dTd
dt

=
−ṁCp,g (T∞ − Td)/BT − hevap

mdCp,d
, (5)

where ṁ represents the total evaporation rate of droplet, ṁi the evaporation rate of individual species i,
dp the droplet diameter, Di,g the binary diffusion coefficient of component i in the gas. This will be later
denoted as DAB in Equations (10)–(12). In Equation (5), Td represents the averaged droplet temperature,
Cp,g, and Cp,d stand for the specific heat capacity of vapor phase and droplet liquid, respectively,
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while hevap expresses the latent heat and BT, the Spalding heat transfer number. The dimensionless
Sherwood number Shi:

Shi = −
2rd

∂Yi
∂r |r=rs

Yi,s −Yi,∞
, (6)

defined as the ratio of the mass fraction gradient at the droplet surface and the average mass fraction
gradient in the gas film surrounding the droplet is introduced based on the correlation [22]:

Sh0i = 2.0 + 0.6Re1/2Sc1/3
i , (7)

to account for the convection of the species due to gas flow. The quantities Re, and Sci represent the
Reynolds and Schmidt number defined, respectively, as:

Re =
ρg,∞ureldp

µg
and Sci =

µg

ρg,∞Dg,i
. (8)

To account further for the Stefan effect, the modified Sherwood number, Shi
?, is considered. It is

defined as a function of the Spalding mass transfer number of component i, BM,i following [22] as:

Shi
? = 2 +

Sh0i − 2
F (BM,i)

with BM,i =
Yi,s −Yi,∞

1−Yi,s
and F (BM,i) = (1 + BM,i)

0.7 ln(1 + BM,i)

BM,i
, (9)

where Yi,s and Yi,∞ are the mass fraction at the droplet surface and far from the droplet
surface, respectively.

Focusing on UWS as a bi-component mixture, it is vital to have reliable thermo-physical properties
for the individual liquid components. These properties are summarized in Tables 1–5. Apart from
these thermo-physical properties, the binary diffusion coefficient plays a critical role on evaporation
rate, especially in the case of static droplet. It helps in renewal of droplet interface by diffusing away
the liquid vapor. The theory describing diffusion of binary gaseous mixtures especially at atmospheric
pressure has been well developed based on solution of Boltzmann equation. Initial works from
Chapman and Enskog (see in [29]) provide basic framework in calculation of diffusion coefficient.
In this aspect, Marrero and Mason [30] proposed for a binary diffusion coefficient between species
A and B the following relation:

DAB =
0.00266T1.5

pM0.5
ABσ2

ABΩD
, (10)

where T is the temperature (in K), p the pressure (in bar), σAB the characteristic length of molecule
(in A◦) , ΩD the diffusion collision integral (dimensionless) and MAB = 2

[
M−1

A + M−1
B

]
the averaged

molecular weight of binary components.

Table 1. Liquid density-(g/mL) [31].

ρ = AB−(1− T
Tc )

n

A B Tc n

Urea 0.56982 0.337 705.00 0.28571
Water 0.34710 0.274 647.13 0.28571

Table 2. Vapor pressure-(Pa).

Urea [32] ln(pvap) = 32.472 − 11,755.0/T
Water pvap = [−7.76 + 1.46(1− Tr)0.5 − 2.78(1− Tr)2 − 1.23(1− Tr)5](1− Tr)/Tr
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Table 3. Latent heat-(kJ/mol).

hevap = A + BT + CT2 A B C

Urea [32] 87.4 (M0,M3), 185.1 (M1,M2) 0 0
Water 50,600.0 −9.298× 10−1 −6.519× 10−2

Table 4. Thermal conductivity-(W/mK) [31].

λ = A + BT + CT2 A B C

Urea 0.2888 1.1326× 10−5 −4.5537× 10−7

Water −0.2758 4.6120× 10−3 −5.5391× 10−6

Table 5. Heat capacity-(J/mol K) [31].

Cp = A + BT + CT2 + DT3 A B C D

Urea 965.507 −5.0993 1.0028× 10−2 −6.3799× 10−6

Water 92.053 −3.9953× 10−2 −2.1103× 10−4 5.3469× 10−7

There are several proposed methods to estimate DAB in low pressure binary gas systems retaining
the general form by Chapman and Enskog with empirical constants based on experimental data.
One of the widely used binary diffusion correlations is the modification by Wilke and Lee [21] given as:

DAB =

[
3.03−

(
0.98/M0.5

AB
)]

10−3T1.5

pM0.5
ABσ2

ABΩD
, (11)

where σAB = (σA + σB) /2 with σ = 1.18V1/3
b . Thereby, Vb expresses the liquid molar volume at

normal boiling point temperature. In the present study, the diffusion collision integral ΩD is calculated
by a more accurate relation proposed by Neufeld et al. [33]. Another famous estimation of DAB is
based on atomic diffusion volume as proposed by Fuller et al. [34]:

DAB =
0.00143T1.5

pM0.5
AB

[
(∑v)

1/3
A + (∑v)

1/3
B

]
,

(12)

where ∑v is found for each component by summing atomic diffusion volumes tabulated in [34] and
obtained by regression analysis of many experimental data.

Since the diffusion coefficient plays a significant role in evaporation dynamics of static droplet
with zero or micro-gravity, numerical studies are performed in this work to analyze the influence of
the three correlations in Equations (10)–(12). Figure 1 shows the diffusion coefficient of water and urea
in N2 environment as function of temperature. Since both water and urea vapor can exhibit entirely
different mechanism for mass diffusion (see Figure 1), various combinations of these correlations are
applied for adBlue system. These will be named throughout the paper as case studies C11, C22, C33
and C31, respectively, as clearly listed in Table 6.

Table 6. Diffusion correlation Dig used for water and urea species.

Correlation/Dig C11 C22 C33 C31

Water Wilke et al. [21] Marrero et al. [30] Fuller et al. [34] Fuller et al. [34]
Urea Wilke et al. [21] Marrero et al. [30] Fuller et al. [34] Wilke et al. [21]
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Figure 1. Diffusion coefficients of water and urea vapor in N2 used in the present work marked as C1,
C2, and C3 individually for both water and urea.

The evaporation rate can further be defined by introducing the heat transfer correlation as [22];

ṁ = 2πrd
λg

Cp,g
Nu∗ ln(1 + BT), (13)

where rd is the droplet radius, λg and Cp,g are the thermal conductivity and specific heat capacity of
gaseous media, respectively. Nu∗ the modified Nusselt number as a function of Spalding heat transfer
number BT is provided in Equation (16). Note that the classical dimensionless Nusselt number Nu is
defined as [22]:

Nu = −
2rd

∂T
∂r |r=rs

Td − T∞
. (14)

To account for the convective heat transfer between the droplet and the gas phase, the Nusselt
Number Nu0 is introduced based on correlations as:

Nu0 = 2.0 + 0.6Re1/2Pr1/3 with Pr =
Cp,gµg

λg
. (15)

Further accounting for the Stefan effect, the modified Nusselt number is also introduced as:

Nu? = 2 +
Nu0 − 2
F (BT)

with BT =
Cp,g (T∞ − Td)

hevap
and F (BT,i) = (1 + BT)

0.7 ln(1 + BT)

BT
, (16)

where Pr is the Prandtl number , µg the viscosity of carrier gas, respectively. Le represents the Lewis
number taken as 1 in the present study. It should also be noted here that in the case of static and
zero-gravity evaporation with no droplet relative velocity, the value of correlations for both Sh and Nu
becomes 2.

In order to take into account the influence of natural convection on the droplet evaporation,
the Sherwood number correlation in Equation (9) and Nusselt number in Equation (16) are modified
following [35] as:

Sh0i = 2.0 + 0.6Re1/2
eq Sc1/3

i and Nu0 = 2 + 0.6Re1/2
eq Pr1/3, (17)
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with Reeq a new equivalent Reynolds number introduced to account for the competitive contribution
from the forced and natural convection. It is given as:

Reeq = max (Re, max (Gr, 0.0)) with Gr =
ρg,∞

(
Tg,∞ − Ts

)
d3

pg0

µgTg,∞
. (18)

In this equation, the quantity g0 is the gravitational constant.

2.3. Evaluation of Material Properties in the Film

The material properties for urea and water used in this work are taken from [31] and listed in
Tables 1–5. The mass fraction of urea in a UWS droplet increases with water evaporation. According
to the film modelling approach, it is assumed that a gaseous film surrounds the droplet where both
liquid and gaseous phases are in a thermodynamic equilibrium. The mass fractions Ygs,i and Yls,i at the
droplet surface can be determined according to the Raoult’s law as:

pgs,i = Xls,i p0
vap,i , (19)

where pgs,i and Xls,i are the partial pressure in the gas phase and mole fraction at the droplet surface for
species i, respectively. p0

vap is the equilibrium vapor pressure for a pure species i at the droplet surface
with temperature, Ts. The variable Xls,i and Ygs,i can be expressed by following relations between mole
and mass fractions,

Xls,i =
Yls,i/Mi

∑j Yls,j/Mj
, and Ygs,i =

Xgs,i Mi

∑j Xgs,j Mj
=

pgs,i Mi

∑j pgs,j Mj
, (20)

where Mi is the molecular weight of species i.
Within the film, gas film properties are evaluated at a mean/reference temperature Tg,r

and composition Yg,r according to:

Tg,r = Ts + Ar(Tg,∞ − Ts) and Yg,r = Yg,s + Ar(Yg,∞ −Yg,s) with Ar = 1/3; 2/3; 0 , (21)

where the averaging factor Ar = 1/3, 2/3, 0 represents the so-called 1/3, 2/3 and 0 film rule,
respectively. In this work, two expressions (the 1/3-rule and the zero-rule) are applied in order
to assess how the qualitative temperature and species mass fraction in the film impacts the adBlue
depletion process. The physical properties, like viscosity and thermal conductivity of the film mixture,
are calculated using the Wilke mixing rules [36]. Throughout the paper, all the reported results are
obtained by using “1/3” film rule, unless otherwise explicitly specified in figures.

2.4. Determination of UWS Vapor Pressure

Even though the adBlue is vastly being used in diesel engine SCR, the complete thermo-physical
properties of binary-mixture, especially the vapor pressure of urea when it is dissolved with water is
still unavailable. It has been largely reported that urea undergoes thermolysis (converting directly into
gas from solid). Moreover, the urea has a melting point temperature of 407 K, and the corresponding
vapor pressure is very low (see in [5]). Nevertheless, different vapor pressures are used in various
studies [2,5,8,12].

In contrast to [1], in the present study, simulations are performed with the urea vapor pressure
according to experimental data from [32], which is listed in Table 2. The vapor pressure of both water
and urea is depicted in Figure 2. The difference among the vapor pressure is thereby clearly visible.
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2.5. Scenarios for Urea Thermal Decomposition

With the help of available heat from exhaust gas, a solution of 32.5% urea in water (adBlue) is
sprayed into the exhaust duct ahead of the SCR catalyst. Thereby, water is evaporated as

CO(NH2)2(aq) CO(NH2)2(s,l) + H2O(g), (22)

and the resulting urea, if in solid state first melts (melting point of 407 K) and starts to decompose
thermally. According to Koebel et al. [37], the decomposition produces ammonia accompanied by
the formation of biuret, triuret and ammonium isocyanate. Above 453 K, cyanuric acid and other
compounds of higher molecular weight are produced. In particular, if the urea heating is very fast,
the above reactions under loss of ammonia are suppressed and the following thermal decomposition
is the preferred reaction (thermolysis):

CO(NH2)2(s,l) NH3(g) + HNCO(g), (23)

in which urea decomposes into ammonia (NH3) and isocyanic acid (HNCO). Due to the high reactivity
of HNCO, it was observed that its primary formation may subsequently lead to the formation of
the compounds of higher molecular weight mentioned above [37]. In particular, the reaction with
urea will lead to biuret, the reaction with itself (trimerization) will lead to cynuric acid, etc. (see [37]).
To avoid these compounds, fast heating process is recommended to get only ammonia and isocyanic
acid. As pointed out in [37] and elsewhere, this reaction is endothermic by +185.5 kJ/mol at standard
conditions (298 K, 1 bar). The released gaseous ammonia can take part in the SCR reactions while the
resulting isocyanic acid (HNCO) will produce ammonia (NH3), through hydrolyzation on the SCR
catalyst (or in the gas phase at high temperatures) following

HNCO(g) + H2O NH3(g) + CO2(g) . (24)

While water evaporation and thermolysis processes are endothermic, the hydrolysis reaction
is exothermic by −95.9 kJ/mol at standard conditions. As pointed out above, a key issue faced by
SCR systems is inefficient performance resulting from incomplete thermolysis of urea ahead the SCR
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catalyst, among others. This incomplete thermolysis can be due to incomplete water evaporation
or/and due to thermolysis process itself, which may lead to undesirable urea deposition on the walls
and substrates inlets. In order to appraise the capability of the methodology to accurately describe
the two involved endothermic reactions, we restrict ourselves to processes Equations (22) and (23).
The hydrolysis (Equation (24)) is therefore not considered in the present work assuming that the
HNCO formed during the process is stable enough in the humid gas phase as pointed out in [37].

As the aggregation of urea after the evaporation of water and during the thermal decomposition
is not clearly known, various scenarios for the thermal decomposition of urea in the gaseous phase
are envisaged from the literature. As already mentioned in introduction, two ways to treat urea
decomposition can be depicted depending on whether the urea is directly decomposed at the droplet
surface or first evaporates into the gaseous phase and then decomposes according to a chemical
reaction [5,16]. Relying on the film evaporation model, the second alternative is first adopted in the
present paper. Thereby, two single step scenario mechanisms and two two-step scenario mechanisms
are considered. The reference one, referred to as M0, consists in an evaporation process in which the
heat of evaporation corresponds to the latent heat of urea (+87.4 kJ/mol). The second (M1) considers
the evaporation of urea in which the heat of evaporation corresponds to the total heat of evaporation
and of a fictive heat of decomposition of urea (87.4 + 98.1 = 185.5 kJ/mol). The mechanisms M0
and M1 are not followed by a subsequent chemical reaction. The next two mechanisms proceed in
two steps in which the scenarios M0 and M1 are extended by consideration of subsequent reaction
kinetics (Equation (23)), respectively. Hence, the third mechanism (M2) considers subsequently to
M1, a decomposition reaction according to an Arrhenius law that does not contribute to any thermal
evolution (hdec = 0.0 kJ/mol). The fourth (M3) separates the heat contributions in both evaporation
(hevap = 87.4 kJ/mol) and decomposition (hdec = 98.1 kJ/mol) by considering them individually.
It extends “M0” by considering the thermal decomposition, which is described by an Arrhenius law,
which, in turn, is accompanied by a gas phase reaction. All these scenarios are summarized in Table 7.

3. Numerical Configurations and Experiments

In the present work, the evaluation of the adopted multi-component evaporation model is
performed in various stages. First, the model is assessed to ensure its predictability on simple single
component water droplet since water is one component of adBlue droplet. In particular, the influence of
gravity or natural convection is taken into account following the experiment in [24]. Second, the model
is applied to predict the evaporation process of adBlue droplet, first at lower temperature of 423 K.
This case is devoted to ensuring the correctness of initial droplet condition as experiment reports about a
delay time associated with generating droplet and bringing the furnace chamber environment to static
droplets. Finally, configurations under various operating temperature conditions as experimentally
studied in [24] are investigated where the prediction capability of the mechanisms M0–M3 is evaluated.
In [24], the adBlue droplets were suspended in thin optic-fiber wire and the preheated furnace at desired
temperature was then brought up to heat-up the droplets. More details about the measurement technique
can be found in [24]. However, it is essential to note that the measurements were also performed for
relatively lower temperature, where the urea residue could be easily observed as well.

In order to retrieve the thermal and species evolution inside the droplet, 1D transport Equations
(1)–(3) are discretized spatially along the droplet radius and solved for. A high mesh resolution
close to the droplet surface is needed in case of intense heat and mass transfer. For the present case,
a discretization with 10 equidistant control volumes along the droplet radius was found to be sufficient
to capture the evaporation dynamics properly.

4. Results and Discussion

In this section, the results of the various investigations as already stated in the previous section
are reported. They are correspondingly discussed.
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4.1. Model Validation on Single Component Water Droplet under Gravity

As already mentioned before, the pure urea is in a solid state at room temperature, and adBlue,
which is a mixture of water and urea, forms a binary liquid mixture. Such a system is complex in
terms of evaporating behaviour. The vapor pressure of both pure water and pure liquid urea is shown
in Figure 2 according to [32]. The large difference in the vapor pressure inevitably makes water a
preferred candidate for evaporation in a binary system: once water is fully evaporated, urea can then
evaporate depending on the gas-phase temperature (while undergoing thermolysis).This is addressed
in detail in subsequent sections.

First, the influence of natural convection is evaluated on an evaporating a single component
water droplet at 573 K with an initial diameter size of 0.92 mm. This size corresponds to one of
the adBlue droplet diameters to be investigated later. A significant effect is observed on the droplet
evaporation rate in Figure 3a. This influence is twofold. First, the heat and mass transfer is enhanced
due to natural convection around the droplet (see Equations (17) and (18)). Second, the droplet
interface is continuously renewed by convecting away the evaporated mass, thus maintaining the
higher mass fraction gradient at droplet interface, which, in turn, enhances the mass transfer rate.
Therefore, in order to carry out a consistent study of single standing droplets under gravitational
influence, evaporation models should include the heat and mass transfer correlations that especially
account for natural convection (see e.g., Equation (17)). The present numerical study uses the available
experimental data by Wang et al. [24], which were gathered under normal gravitational influence.
Figure 3b underlines this effect on the evaporation rate of adBlue droplet (60% water + 40% urea) at
lower temperature 423 K at which urea mass transfer is not observed.
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Figure 3. Influence of gravity on evaporation dynamics of (a) pure water droplet at Tg = 573 K,
and (b) adBlue droplet (60% water + 40% urea) at Tg = 423 K.

4.2. Adaptation of Initial Droplet Condition Related to adBlue Experiment

The model including natural convection effect with “C31” diffusion coefficient correlation is now
applied to track the evaporation of adBlue droplets. Figure 4 shows the evaporation behavior and
temperature evolution of adBlue at 423 K. It is worth noting here that the melting point of pure urea
is 407 K. Therefore, only water evaporates as depicted in Figure 4a in accordance with experimental
observations. Since the decomposition gets fully evident slightly above 407 K, there is no visible
thermolysis of the remaining urea (also in experiments) at this temperature. The droplet diameter
remains constant once water is completely evaporated. However, it is reported in experiments that
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there is a finite time associated with generating droplets and bringing the furnace chamber environment
to static droplet. Therefore, part of water gets evaporated before the actual measurement is performed
and droplet becomes enriched with urea. Thus, in the present study, urea–water mass is corrected to
40% urea + 60% water (instead of 32.5% urea + 67.5% water). Figure 4a shows the results for both
corrected and uncorrected mass fraction plotted against experimental data. Since there is less water
to be evaporated in the corrected mass case, the evaporation of water is completed earlier and the
respective final drop size is higher and close to experimental results (see also Figure 3b, (with gravity)).
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Figure 4. Evaporation behavior of adBlue droplet with corrected and un-corrected initial mass
fraction at 423 K ambient temperature. (a) evaporation rate (experiment from [24]); (b) droplet
surface temperature.

The droplet surface temperature profile shows four distinct stages (see Figure 4b). At the start
of evaporation, a droplet extracts heat from the gaseous environment and its temperature rises
until the equilibrium corresponding to the wet-bulb temperature of water is reached. In the second
stage, the droplet starts to shrink as water evaporates (due to its higher vapor pressure compared
to that of urea) causing the urea mass fraction to increase at the droplet surface. This phenomena
can easily be also observed in Figure 5a. This leads to a slight increase in the droplet temperature.
The increase in urea mass fraction at the surface slows down further evaporation as the vapour pressure
of water at the surface drops while that of urea increases. Once the water inside the droplet is fully
evaporated, the temperature further rises to reach the thermal equilibrium corresponding to that of
urea (third stage). The slope of the droplet surface area vs. time changes after a short transitional
period. Since in this particular case the gas temperature is lower than the equilibrium temperature
of urea, the final droplet temperature nearly reaches the gas phase temperature (fourth stage) while
the urea mass fraction becomes maximal. This is also clearly depicted in Figure 5b. In fact, to gain
more insight into the urea distribution inside the droplet, the time evolution of urea mass fraction
and temperature inside the droplet is plotted along the droplet radius in Figure 5 exemplary at 573 K.
Because the heating up period of the droplet is much shorter than the evaporation time, there is no
significant thermal gradient along the droplet radius. From Figure 5b, it is also apparent that the urea
concentration rather displays a three-stage behavior away from the droplet surface as no visible effect
on the urea concentration is observed during the initial heating process of water.
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(a) (b)

Figure 5. Evolution of (a) urea mass fraction, and (b) droplet temperature for Tg = 573 K.

Further validation results at various temperatures are provided in the next section together with
the effect of binary diffusion coefficients on the evaporation rate.

4.3. Influence of Binary Diffusion Coefficient Correlations

Once ensuring the correctness of the initial droplet condition, the influence of the diffusion
correlations (see Table 6) on the droplet evaporation dynamics is now investigated. For that purpose,
simulations are performed for further chamber temperatures, namely 473 K, 523 K, 573 K and 623 K.
Figure 6a shows a comparison of the evaporation rates with experiments for gas phase temperature
of 473 K. Four sets of diffusion coefficients are considered. The case “C11” applies the diffusion
correlation proposed by Wilke et al. [21] to both water and urea. “C22” uses that suggested by
Marrero et al. [30] while “C33” employs the diffusion coefficient by Fuller et al. [34] also to both
water and urea. The case “C31” combines the best diffusion correlation for water (Fuller et al. [34])
and that for urea (Wilke et al. [21]). A realistic evaporation rate can be clearly seen in all these cases.
There are two distinct regimes of evaporation as clearly exhibited by two different slopes. The first
sharp slope represents the evaporation of water (due to lower boiling point temperature) and the
second one stands for the urea mass transfer. The difference in evaporation rate is visible for case
C33, while cases C11 and C22 display almost the same profile. The correlation C33 exhibits lower
evaporation rate as compared to cases C11 and C22. The corresponding droplet temperature evolution
is depicted in Figure 6b, showing clearly the influence of binary diffusion coefficient correlations.
The droplet temperature is higher for C33 case due to lower evaporation rate. However, four stages of
droplet thermal dynamics are also clearly evident. Similar evaporation rate and droplet temperature
trend are also observed under other temperature conditions 523 K, 573 K and 623 K as shown in
Figure 7. Moreover, the distinction between the two regimes of evaporation becomes lesser with
higher gas temperature. It turns out that the combined DAB correlation “C31” enables an evaporation
rate prediction relatively closer to experimental data, while at higher temperature slight deviation
occurs. This finding is summarized in Figure 8a. The slight deviation at high temperature can be partly
attributed to radiation effect or to the reliability of thermo-physical properties at higher temperature
and partly due to chemical kinetics in the gas phase at higher temperature. Focusing on Figure 8b,
it is evident from the temperature evolution that the droplet reaches its maximum temperature earlier
with increasing gas phase temperature.
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The influence of gas phase temperature on both water and urea mass transfer rate is displayed
in Figure 9. Thereby, the evaporation rate is plotted at 473 K and 573 K as gathered by using both
the 1/3 and zero film rules, respectively. At the end of a short initial heating, the mass transfer rate
reaches its maximum for both gas phase temperatures, followed by a gradual reduction in rate with
decreasing drop size (or drop surface area). Note that the maximum transfer rate is 1.8 times higher
for water evaporation and four times for urea evaporation for case 573 K once compared to case 473 K.
This is reflected in the total time taken to evaporate water completely. However, the urea mass transfer
rate is considerably lower in the case of 473 K where it takes relatively longer time to evaporate urea
completely. A discussion of results obtained with the different film rules is provided in Section 5.2.
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Figure 6. Evaporation dynamics of adBlue droplet (d0 = 0.87 mm) for the four diffusion coefficient
correlations at ambient gas temperature of 473 K. (a) evaporation rate (experiment from [24]); (b) droplet
surface temperature.
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Figure 7. Evaporation rate (left, experiment from [24]) and droplet surface temperature (right) for the
four diffusion coefficient correlations at ambient gas temperatures of 523 K, 573 K and 623 K, respectively.
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Figure 8. Evaporation dynamics of adBlue droplet under various gas temperatures for only evaporation
mechanism case “M0” with combined diffusion coefficient correlation “C31”. (a) evaporation rate
(experiment from [24]); (b) droplet surface temperature.
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Figure 9. Evaporation rate of water and urea with “0” and “1/3” rules. (a) Tg = 473 K; (b) Tg = 573 K

5. Thermal Decomposition of Urea

5.1. Effect of Scenarios for Urea Thermal Decomposition

As it has been pointed out earlier, once the water evaporates completely from a droplet,
the remaining urea mass transfer is thought to proceed in conjunction with various thermo-chemical
processes [5,16]. In addition to the two one-step scenario mechanisms defined as M0 and M1,
two two-step scenario mechanisms (M3 and M2) are applied in which gas phase reaction kinetics for
decomposition of urea into ammonia (NH3) and isocyanic acid (HNCO) is considered. They extend
the scenarios M0 and M1 by accounting for subsequent reaction kinetics as summarized in Table 7.
In the first mechanism “M2”, urea is evaporated in the gaseous phase with a total heat of evaporation
that includes both latent heat and decomposition enthalpy of urea; the decomposition reaction does
not contribute to any thermal evolution. In the second mechanism “M3”, the heat contribution in
both evaporation and decomposition is considered individually. In order to assess the influence
of these approaches on the droplet depletion dynamics under gravitational effect, simulations are
performed by using the reliable diffusion correlation case “C31” together with a 1/3 film rule for
determining thermo-physical material properties in the film. The results from mechanisms M2 and M3
are compared to those obtained by applying the evaporation mechanisms M0 and M1 (without any
reaction) and to experimental data [24], respectively.

Table 7. Scenario mechanisms during evaporation and decomposition.

Case/Mechanism Latent Heat Urea Decomposition Gas Reaction

M0 D(hevap = 87.4 kJ/mol) - -
M1 D(hevap = 185.5 kJ/mol) - -
M2 D(hevap = 185.5 kJ/mol) D(hdec = 0.0 kJ/mol) D

M3 D(hevap = 87.4 kJ/mol) D(hdec = 98.1 kJ/mol) D
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Figure 10 shows the comparison of the evaporation dynamics for mechanisms M0–M3 against the
experimental data for gas phase temperature 473 K. While there is no influence of these mechanisms on
water evaporation rate, the aforesaid decomposition mechanism is expected to influence the evaporation
dynamics in three folds. First, the droplet interface will be renewed due to the consumption of urea
resulting in a higher mass transfer and subsequent concentration gradient. Secondly, due to lower latent
heat especially in M3 case, the mass transfer rate is further higher. Finally, since the decomposition
process is endothermic, it absorbs heat from the gas phase resulting in the reduced mass transfer of
urea. Since at lower temperatures, especially 473 K, the evaporation rate of urea is very small due to
lower vapor pressure, the corresponding contribution from both decomposition mechanisms is not so
visible in overall evaporation dynamics. This influence is more dominant at higher ambient temperatures
as seen in Figure 11 for 523 K, 573 K and 623 K cases, respectively. It is worth noting that at higher
temperature the simulated results with thermal decomposition scenario model “M3” compared well
against experiments, while “M0” emerges as a reliable evaporation scenario.
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Figure 10. Evaporation dynamics of adBlue droplet (d0 = 0.87 mm) for four mechanisms with combined
diffusion coefficient correlations (C31) at ambient gas temperature of 473 K. (a) evaporation rate
(experiment from [24]); (b) droplet surface temperature.

In order to get further insight about these mechanisms and their influence under various ambient
gas temperatures, Figure 12 shows water and urea mass transfer rate in conjunction with conversion
dynamics of NH3 and HNCO. As observed above, the water mass transfer rate is only influenced
by the gas phase temperature, and not by the reaction mechanisms, while urea mass transfer is
significantly influenced by both ambient temperatures and reaction mechanisms (Figure 12a). The total
converted mass of NH3 and HNCO is the same in both mechanisms while noticeable delay in case “M2”
(Figure 12b) owing to lower urea evaporation rate is initially observed. This suggests the importance
of considering the right mechanism to simulate such SCR system. The conversions are considerably
small for low gas phase temperature of 473 K.
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Figure 11. Evaporation rate (left, experiment from [24]) and droplet surface temperature (right) for
four mechanisms with combined diffusion coefficient correlation (C31) at ambient gas temperatures of
523 K, 573 K, and 623 K, respectively.
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Figure 12. (a) Evaporation rate, and (b) conversion rate of HNCO and NH3 at ambient temperature of
473 K and 573 K.

5.2. Effect of Material Properties in the Film

In order to assess the influence of the gas film rule on the prediction of the evaporation outcome,
simulation results achieved by applying the zero-rule are compared in Figure 9 to those obtained with
the 1/3 film rule for determining thermo-physical material properties in the film using mechanism M0.
In Figure 13, their effects on the evaporation with and without thermal decomposition are compared to
experimental data [24] when the two best mechanisms M0 and M3 are employed, respectively. In both
cases (see Figures 9 and 13), the influence of the film rule is very small. However, the 1/3 rule provides
results that are slightly close to experiment.
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Figure 13. Influence of “1/3” and “0” film rules on evaporation dynamics for mechanism;
(a) evaporation rate—M0, and (b) evaporation rate—M3.
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6. Conclusions

In this work, various scenarios for thermal decomposition have been investigated and assessed
under SCR operating conditions relying on an appropriate multi-component evaporation model that
includes a reliable binary diffusion coefficient. Such a model has been designed for the first time in
the Eulerian–Lagrangian CFD framework to account properly for the distinct evaporation regimes of
adBlue droplets under various operating conditions. First, the effect of diffusion coefficient correlations
on the droplet thermal dynamics has been especially pointed out. It turned out that satisfactory
agreement between experiment and numerical predictions was achieved for a wide range of operating
temperatures by using the correlations by “Wilke and Lee” for urea and by Fuller et al. for water.
The results are especially sensitive to gravity effect.

This model has been extended for thermal decomposition of urea in the gaseous phase. Depending
on how the heat of thermal decomposition of urea is provided, four scenarios have been considered.
The predictions of the resulting model variants have been assessed in terms of droplet evaporation
rate, water and urea mass fraction inside and outside the droplet, conversion rate of isocyanic acid
and ammonia as well as of droplet temperature evolution, whereby available experimental data by
Wang et al. [24] have been used for validation.

For the case of single adBlue droplet investigated in the present work, the following conclusions
can be drawn:

• Two evaporation regimes of urea have been observed as usual, while four stages for the thermal
droplet evolution and three for the urea mass fraction inside the droplet have been pointed out.

• The mass transfer rate for water is only influenced by the gas phase temperature, but not by the
scenario mechanisms of thermal decomposition of urea. The urea mass transfer is significantly
influenced by both ambient temperatures and reaction mechanisms. The total converted mass
of NH3 and HNCO is comparable in the mechanisms implying gas reaction, “M2” and “M3”,
while a noticeable delay in the case “M2” owing to lower urea evaporation rate is initially observed.
The conversions are considerably small for low gas phase temperature. In particular, at higher
temperature, the simulated results with “M3”, which includes the scenario “M0” for evaporation
(see Table 7) compared well against experiments.

• The impact of material properties evaluation has been highlighted: the “1/3” film rule provides
acceptable results compared to the zero-film rule, even though the difference in overall prediction
is very small.

• Under natural convection operating conditions, the suitable model should include the effect of
gravity that has been found to be significant.

• The model set “M3” together with the “1/3” film rule and the gravity effect emerges as the best
scenario for thermal decomposition below 600 K.
Above this value, some deviations to experiments have been observed due probably to the
radiation which can be significant. This effect has not been considered in the heat transfer
description in this work.

At low gas temperature, crystallization or solidification of urea can be observed due to its higher
sublimation temperature. However, in SCR context, urea particle solidification should be avoided
as it blocks the SCR circuit. In the context of numerical simulation, it is therefore of great interest to
include the formation of solid particles together with deposition processes in a complete modeling.
This requires extra effort that is not addressed here. This is left for future work.
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Nomenclature

ṁ evaporation rate, kg/s
Ar film rule

BM Spalding mass transfer number
BT Spalding heat transfer number
Cp heat capacity, J/kg K

d droplet diameter, m
Dl liquid diffusion coefficient, m2/s

Di,g binary diffusion coefficient, m2/s
g gravitational acceleration, m/s2

Gr Grashof number
h enthalpy, J/kg

hevap Enthalpy of evaporation, J/mol
M molecular weight, kg/mol

Nu Nusselt number
p pressure, Pa

Pr Prandtl number
r droplet radial coordinate, m

Re droplets Reynolds number
Sc Schmidt number
Sh Sherwood number

t physical time, s
Tc critical temperature, K
Td droplet temperature, K
Tr reduced temperature

urel relative velocity of droplet, m/s
vl liquid velocity inside droplet, m/s
X mole fraction
Y species mass fraction

Greek Symbols

λ thermal conductivity J/mK
µ dynamics viscosity kg/ms
Ω dimensionless diffusion collision integral
ρ density, kg/m3

σ characteristics length of molecule, A◦

∑v atomic diffusion volume, m3

Subscripts

∞ carrier phase far field
d droplet
g gas phase
i species
l liquid phase
s droplet surface
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