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The current work aims to develop a reliable theoretical model capable of simulating
the depletion process of urea-water-solution (UWS) droplets injected in a hot exhaust
stream as experienced in an automotive urea-based selective catalytic reduction sys-
tem. A modified multicomponent vaporization model is presented and implemented in
the current study to simulate the behavior of UWS droplet in heated environment.
Although water depletion is modeled as a vaporization process, urea depletion is mod-
eled using two different approaches: (i) vaporization and (ii) direct thermal decompo-
sition. The suitability of both depletion approaches is assessed in the current study by
comparison with experimental data of the decay of a single UWS droplet in a quies-
cent heated environment. The decay rate of UWS droplet is accurately predicted with
the multicomponent vaporization model. The possibility of internal gasification is dem-
onstrated. Based on the complex decomposition behavior of urea, the current study
proposes a decomposition mechanism for UWS droplet. The suitability of implementing
the rapid mixing approach is assessed through comparison with the diffusion limit
approach at various operating conditions and initial UWS droplet sizes. VVC 2011 Ameri-

can Institute of Chemical Engineers AIChE J, 57: 3210–3225, 2011

Keywords: urea decomposition mechanism, multicomponent droplet vaporization,
internal gasification, automotive SCR system

Introduction

Automobile direct injection diesel engines are recognized
for their durability, high torque density, relatively low car-
bon dioxide emission, and fuel economy. However, the
appearance of regions of high flame temperatures during the
combustion process promotes the formation of nitrogen
oxides (NOx).

1–3 Introducing new engine technologies, such
as cooled exhaust gas recirculation and electronically con-
trolled fuel injection systems, can reduce NOx emission lev-

els from 1000 ppm to about 200–300 ppm.4 An efficient
exhaust after treatment system is required to reach the strict
NOx regulations of 30 ppm imposed by EUVI in Europe and
Tier2 Bin5 in the United States. However, the highly oxidiz-
ing environment of diesel/biodiesel engine exhausts resulting
from the normal lean operating conditions presents difficulty
in designing an efficient reduction mechanism. While three-
way catalyst is ineffective in such oxidizing environment,5

lean NOx traps are limited to light duty vehicles due to dura-
bility, cost, and packaging issues.6,7 The current preferred
technology to comply with the ever-stricter NOx emission
standards of automotive diesel engines is the use of selective
catalytic reduction (SCR) system with ammonia as the
reducing agent.7–12 Over a suitable catalyst, ammonia
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reduces NO to nitrogen through the standard SCR reaction
mechanism9,13

4NH3 þ 4NOþ O2 ! 4N2 þ 6H2O: (R1)

If the exhaust gas contains equimolar amounts of NO and NO2,
NOx reduction occurs at a faster rate through the fast SCR
reaction mechanism9,13

4NH3 þ 2NOþ 2NO2 ! 4N2 þ 6H2O: (R2)

Difficulties associated with storage, handling, transportation,
and toxic properties of ammonia prohibit its direct use in
automotive applications.4,8,14 Instead, ammonia is generated
onboard using a suitable precursor. Urea is currently the
preferred precursor for automotive applications because
ammonia is produced directly from urea through thermal
decomposition.14 Furthermore, urea is nontoxic and commonly
available.15 To avoid the problems associated with the dosing
of solid urea, a urea-water-solution (UWS), containing 32.5 wt
% urea, brand name: AdBlue, is used as the reducing agent for
all SCR in diesel vehicles.12,14,15

A basic automobile urea-based SCR system is schemati-
cally presented in Figure 1. The figure also shows the vapor-
ization and decomposition mechanisms of a typical UWS
droplet. Johnson12 indicated that urea-based SCR is capable
of achieving EPA-2010, Euro VI, and final Tier-4 emission
legislations. In general, both light duty and heavy duty
vehicles use the same SCR technology.16 However, some
differences concerning the dimensions and operating specifi-
cations exist. In an automobile urea-based SCR system,
UWS is sprayed into the exhaust stream upstream of the
SCR catalyst. Heat from the hot exhaust gas is transferred to
the injected UWS droplets resulting in the generation of the
reducing agent to proceed in the following steps:

1. Evaporation of the majority of water content because
of its relative high volatility.17

H2NACOANH2 aq: sol:ð Þ�!heat H2NACOANH2 conc: sol:ð Þ
þxH2O gð Þ; ðR3Þ

2. Evaporation and decomposition of urea into ammonia
and isocyanic acid.9,17,18

H2NACOANH2 conc: sol:ð Þ�!heat H2NACOANH2 gð Þ
�!heat NH3 gð Þ þ HNCO gð Þ; ðR4Þ

3. The hydrolysis of isocyanic acid into ammonia and
carbon dioxide.9,17,18

HNCO gð Þ þ H2O gð Þ ! NH3 gð Þ þ CO2 gð Þ: (R5)

The in situ-generated ammonia reduces NOx gases into
nitrogen through the standard and fast SCR DeNOx reduction
mechanisms presented in reactions (R1) and (R2). In that
sense, effective DeNOx reduction mechanism requires equi-
molar amounts of generated ammonia and NOx. Although
the introduction of insufficient amount of ammonia deterio-
rates the efficiency of the SCR system,19 ammonia slip is
expected if the molar ratio of ammonia to NOx exceeds
one.9 The main design criterion for an efficient urea-based
SCR system is to ensure the injection of sufficient amount
of UWS capable of generating the required amount of
ammonia.

In automotive applications, the continuous variations in
load and engine speed combined with spatial limitations add
to the complexity of the requirements of an efficient urea-
SCR system. Variations in load and engine speed alter the
exhaust gas temperature and space velocity, which subse-
quently affect the decomposition efficiency of UWS drop-
lets. Although water vaporization rate is directly related to
the exhaust temperature, urea thermolysis exhibits a very
complex temperature dependent pathway.19,20 Heating urea
to temperatures above 573 K can result in the consumption
of a considerable amount of the generated ammonia and iso-
cyanic acid to produce melamine complexes,19,20 which de-
grade the structural and thermal properties of the catalyst
surface. Automotive spatial restrictions can result in incom-
plete decomposition of UWS and/or inhomogeneous distri-
bution of reductant and exhaust gaseous mixture at the en-
trance of the catalyst. The residence time between the injec-
tion of UWS and the catalyst entrance for a typical
automotive SCR system is less than 0.1 s. By measuring the
relative amounts of urea, ammonia, and isocyanic acid at
the catalyst entrance in a typical SCR system with urea resi-
dence time around 0.09 s, Koebel et al.9 reported that am-
monia conversion efficiency increases from 15% to only
50% as the exhaust gas temperature increases from 528 to
713 K.

Improving the DeNOx efficiency of an automotive urea-
SCR system requires: (i) maximizing the evaporation and
decomposition efficiency of UWS droplets, (ii) efficient con-
trol system to maintain a mean equimolar ratio between the
generated ammonia and NOx at varying operating conditions,
and (iii) optimized injection system to minimize wall deposi-
tion while providing uniform distribution of exhaust gases
and reductant mixture at the entrance of the catalyst. Numer-
ical modeling can provide major contribution toward the de-
velopment of highly efficient urea-SCR system. Reliable
computational model can be implemented to test various
design features at relatively low financial and time costs.

Figure 1. Schematic illustration of a typical urea-based
selective catalytic reduction (SCR) after treat-
ment system in exhaust pipe.

The magnified view shows the decomposition mechanism of
a typical urea-water-solution (UWS) droplet in the exhaust
pipe environment.
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Furthermore, a reliable computational model complements
experimental investigations by providing detailed flow and
thermal analysis. Developing a reliable numerical model for
the UWS injection system and decomposition process is a
complex task because it needs to accurately represent the
atomization process of the injected liquid jet, the vaporiza-
tion and thermolysis processes of UWS droplets in the
heated exhaust gas environment, and spray/wall interaction.
Although standard atomization and spray/wall interaction
models can be implemented,21 the complexity of the vapori-
zation and thermolysis processes of UWS prohibits the direct
application of standard depletion models. The developed nu-
merical model should estimate accurately the duration of the
depletion of UWS droplet under different operating condi-
tions because of the short residence time in automotive SCR
systems. In that sense, precise mathematical description of
the depleting mechanism of UWS droplet is the foundation
for developing a numerical model capable of representing an
automotive urea-based SCR system.

Various techniques have been proposed to model the
UWS decomposition process. The simplest model estimates
the gas concentration of ammonia, isocyanic acid, and water
vapor at the catalyst entrance through an experimentally
determined efficiency conversion factor.22 Although the con-
version efficiency factor model accounts for the temperature
and flow rates of both the exhaust gaseous and UWS, it can-
not estimate the reducing gas spatial distribution at the cata-
lyst entrance. The conversion factor model does not provide
enough information about UWS spray and decomposition
processes to optimize the UWS dosing system, because it
neglects the effects of UWS injection angle and location on
ammonia conversion efficiency and the uniformity of the
concentration distribution at the catalyst entrance. For design
optimization purposes, Chen and Williams23 proposed the
use of Eddy-dissipation model to simulate urea thermolysis.
However, neglecting of chemical kinetic data may lead to
ambiguous results. The mechanism for urea thermolysis is
strongly dependent on the exhaust gas temperature. Urea
droplets are required to heat up to a critical temperature, Tl
� 425 K, before effective thermolysis occurs.20 This crite-
rion of critical temperature and also the water vaporization
process seem to be missing in the model proposed by Chen
and Williams.23

As UWS droplet is essentially a bi-component mixture,
some researchers suggested to divide the decomposition pro-
cess of UWS droplet into two consecutive stages; (i) com-
plete evaporation of water followed by (ii) urea depletion
through vaporization and/or decomposition.21,24–29 Although
the vaporization process of water content can be modeled
using a well-established vaporization model,30,31 the deple-
tion of urea requires the development and implementation of
special model. Ström et al.21 proposed to model urea deple-
tion as a heat transfer limited process at a constant tempera-
ture of 425 K. This model assumes that after the water con-
tent is completely evaporated, pure solid urea droplets are
heated to a temperature of 425 K with no mass exchange
with the gas phase. Once the droplet reaches 425 K, all of
the convective heat transferred from the surrounding gas
phase to the droplet surface is used to vaporize urea with no
sensible heat change in the droplet. However, urea can be
heated to temperatures higher than the critical temperature of

425 K assumed by Ström et al.21 as observed experimentally
by Lundström et al.32 In particular, all of the differential
scanning calorimeter curves presented in Ref. 32 showed
continuous fluctuations in the heat flux of a 32.5 wt % UWS
for temperatures lower than 573 K. These fluctuations indi-
cate phase changes and are expected to cease once the sam-
ple reaches its thermal equilibrium. The conditions for ther-
mal equilibrium should be calculated rather than being
imposed for accurate estimate of the depletion duration.

Two other computational models describing the depletion
process of urea were proposed by Birkhold et al.25,26 After
the complete evaporation of water, urea depletion was mod-
eled either as an evaporation process with an experimentally
determined saturation pressure curve,25 or with an extended
Arrhenius expression.26 On comparison with the experimen-
tal measurements of Kim et al.,24 both models overpredicted
the calculated conversion to ammonia at relatively high gas
temperatures, T1 ¼ 673 K. The reason for deviation could
be associated with the overestimation of saturation pressure
and the kinetic parameters. Comparison with urea saturation
pressure correlation measured by Emel’yanenko et al.33 con-
firms that Birkhold et al.25 overestimated urea saturation
pressure. Although the use of a chemical kinetic model is
required to estimate the effect of temperature on urea ther-
molysis, accurate parameters and reaction mechanisms are
necessary for reliable simulations. Based on the observation
that gaseous urea is unstable at elevated temperatures, Birk-
hold et al.26 concluded that the evaporated urea decomposes
immediately into ammonia and isocyanic acid. The interme-
diate vaporization step in Reaction (R4) was neglected, and
urea thermolysis was modeled directly from solid/molten
urea to ammonia and isocyanic acid.26 In that sense, Birk-
hold et al.26 used a seemingly appropriate reduced reaction
mechanism with reaction enthalpy equals to the vaporization
and decomposition enthalpies. The reduced reaction mecha-
nism implemented by Birkhold et al.26 is an improvement
over the oversimplified reduced reaction mechanism used by
Yi.27 The hydrolysis of isocyanic acid was modeled in Ref.
26 as a subsequent reaction. Modeling reactions (R4) and
(R5) individually is valid throughout the SCR system. How-
ever, comparison with the kinetic parameters measured from
the experimental data of Yim et al.18 shows that Birkhold
et al.26 overestimated the activation energy. Overestimating
the activation energy leads to an overestimation of the drop-
let temperatures and, consequently, the decay rate.34 Mun-
nannur and Liu28,29 improved the predictability of Birkhold
et al.26 model by using different kinetic parameters.

The exact water content in the UWS droplet at the start of
effective decomposition of urea is not exactly known. The
water evaporation process leads to a spatial urea concentra-
tion gradient with a maximum at the droplet surface. As
water continues to evaporate, urea concentration at the sur-
face increases until a urea shell is formed at the droplet sur-
face. The shell is expected to form before the droplet
reaches the boiling temperature of water as experimentally
demonstrated by Wang et al.35 The trapping of higher vola-
tile components inside the droplet interior is well-established
phenomenon both numerically and experimentally.36,37 It
should be noted that Ström et al.21 and Birkhold et al.25,26

assumed that UWS droplet remains at the standard saturation
temperature of 373 K until the droplet water content
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vanishes to handle the trapped water inside a heated UWS
droplet. Such assumption violates the boiling point elevation
phenomenon. In particular, Sirignano and Wu38 demon-
strated that the effective boiling point of individual droplet
components in a multicomponent droplet is exponentially
correlated with its local concentration. In that sense, as water
evaporates from UWS due to droplet heating, water concen-
tration in the droplet decreases, which results in an exponen-
tial increase in the effective boiling point of water beyond
373 K. Violating the boiling point elevation phenomenon
will affect the calculated depletion time, and consequently
the design of the SCR system. The exact water content at
various stages of the UWS droplet decomposition/vaporiza-
tion process can be predicted using a validated multicompo-
nent vaporization model instead of separating the decompo-
sition process into two distinct and consecutive processes.

Developing a reliable mathematical model describing the
depletion mechanism of a typical UWS droplet for automo-
tive SCR De-NOx systems is the main objective of the cur-
rent work. As indicated from the analysis of the reviewed lit-
erature, achieving this objective requires the implementation
of: (i) a validated multicomponent droplet vaporization
model with separate depletion law for each component, (ii)
urea decomposition mechanism that is suitable for automo-
tive SCR system, and (iii) reliable material data of the
involved species. A modified version of the recently pro-
posed semianalytical model for multicomponent droplet va-
porization of Saha et al. (submitted) is presented in details in
the model formulation section to describe the behavior of
UWS droplet in a heated environment. Although water va-
porization rate is calculated using the saturation pressure cor-
relation presented in Saha et al., submitted, urea depletion is
modeled either as a vaporization process or a direct thermol-
ysis process from molten urea to ammonia and isocyanic
acid. The presented mathematical model accounts for the
temporal variations of the material properties, and more
importantly the inequalities in the gas phase diffusivity. The
validity of the developed model and the implemented mate-
rial and transport properties are assessed in the results and
discussion section through comparison with experimental
data of the decay rate of an individual UWS droplet in
heated environment to exclude the interactions among drop-
lets and turbulence effects. The presented theoretical investi-
gation aims to provide an understanding of the complicated
urea decomposition mechanism, which is essential for the
design of an efficient urea-based SCR DeNOx system.

Model Formulation

Physical description and assumptions

Theoretical description of the behavior of a spherically
symmetric UWS droplet in a stagnant heated environment is
presented in this section. The presented theoretical model
combines the simplicity of Sirignano’s model39 and the ac-
curacy of the model developed by Renksizbulut et al.40

Maintaining the spherical symmetry of the droplet reduces
the mathematical model to a one dimensional transient prob-
lem. Initially, the UWS droplet is characterized by a speci-
fied initial diameter, and uniform distribution of temperature
and species, such that

d t ¼ 0ð Þ ¼ d0; Tl r; t ¼ 0ð Þ ¼ Tl;0 and

Yi;l r; t ¼ 0ð Þ ¼ Yi;l;0: ð1Þ
The heated environment is represented by a hot gas mixture with
uniform temperature, pressure, and species of T1, P1, and Yi,1,
respectively. Physically, the heat transported from the hot
environment to the droplet is used to heat the droplet and deplete
its components. In addition to spherical symmetry, the outlined
mathematical model is based on the following assumptions:

1. The gas phase surrounding the droplet is in a quasi-
steady state because the thermal diffusivity of the gas phase
is much higher than that of the liquid phase,

2. the surrounding gas mixture is insoluble in the liquid drop-
let, which leads to one-way diffusion, or the so-called Stefan flow,

3. both liquid and gaseous phase at the droplet surface
are at thermodynamic equilibrium,

4. secondary effects such as Soret and Dufour effects and
pressure diffusion are negligible, and

5. the formation of biuret and high molecular complexes
are neglected.

Multicomponent Vaporization Mechanism

Gas phase analysis

The evaporation process of a multicomponent droplet con-
taining n vaporizing components into the hot exhaust gas mix-
ture is described in this section. Analyzing the heat and mass
transfer processes in the gas phase near the droplet surfaces
determines the amount of heat transferred to the droplet liquid
phase and the instantaneous vaporization rate of any of the
droplet vaporizing component. The heat transferred from the
gas phase to the droplet surface is consumed by droplet heat-
ing and phase change. This physical behavior is expressed
using the energy conservation at the droplet surface, such that

_Qg;s þ _Qrad ¼ _Ql;s þ
Xn
i¼1

_miLvap;i: (2)

The convective heat transfer rate to the droplet surface is
expressed in terms of heat transfer coefficient, hg,s, which is
nondimensionalized by the surrounding gaseous film Nusselt
number, Nug,s, as follows

_Qg;s ¼ pd2hg;s T1 � Tl;s
� � ¼ pdNug;skg;s T1 � Tl;s

� �
: (3)

The rate of radiation heat transfer transferred to the droplet
from the exhaust walls is computed from

_Qrad ¼ pd2re T4
wall � T4

l;s

� �
: (4)

The contribution of radiation heat transfer is included here to
make the model general, and it is important in the automotive
exhaust SCR systems. The sensible heat transferred to the
droplet surface is

_Ql;s ¼ mlCpl
@Tl;s
@t

: (5)

Conservation of vaporizing species across the droplet surface
is implemented to evaluate the evaporation rate of vaporizing
components. Assuming the evaporation process to be quasi-
steady, the species conservation equation is expressed as
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_mi ¼ Yi;g;s
Xn
j¼1

_mj þ ji;g;s: (6)

As the only species crossing the droplet surface are the liquid
droplet vaporizing components, the total evaporating mass
flow rate from the droplet surface becomes

_m ¼
Xn
i¼1

_mi ¼
Pn

i¼1 ji;g;s
1�Pn

i¼1 Yi;g;s
: (7)

The mass diffusion of specie i is expressed in terms of mass
transfer coefficient, hm,i, which is nondimensionalized by the
surrounding gaseous Sherwood number, Shi,g,s, as follows

ji;g;s ¼ pd2hm;i Yi;g;s � Yi;1
� � ¼ pd�qg;sCi;g;sShi;g;s Yi;g;s � Yi;1

� �
:

(8)

Gaseous-liquid interface analysis

The subscript g,s denotes the gaseous film surrounding the
droplet. In this region, both liquid and gaseous phase at the
droplet surface are at thermodynamic equilibrium. Hence,
the vapor fraction of the evaporating species at the droplet
surface can be determined from Raoult’s law, such that

Xi;s ¼ Xi;l;s

Psat Tl;s
� �
P1

; Yi;s ¼ xi;sMWiPN
j¼1 Xj;sMWj

: (9)

The physical properties of the surrounding film is evaluated
using the 1/3 rule, such that

Tg;s ¼ Tl;s þ 1

3
T1 � Tl;s
� �

and Yi;g;s ¼ Yl;s þ 1

3
Yi;1 � Yi;s
� �

:

(10)

The surrounding gaseous film Nusselt number, Nug,s, and the
vaporizing component Sherwood number, Shi,g,s, are expressed as

Nug;s ¼ Nu0
FT

; Shi;g;s ¼ Shi;0
FM

: (11)

where Nu0 and Shi,0 are evaluated by the well-known
correlations of Clift et al.,41 which is valid for Rel \ 400

Nu0 ¼ 1þ 1þ RelPrð Þ1=3max 1;Re0:077l

� �
; (12a)

Shi;0 ¼ 1þ 1þ RelSci;g;s
� �1=3

max 1;Re0:077l

� �
; (12b)

where Rel ¼ vreld/ug,s is zero in the current analysis because
vrel ¼ 0. The correction factors, FM and FT can be estimated
using the empirical correlation42

FT ¼ 1þ BTð Þ0:7; FM ¼ 1þ BMð Þ0:7 (13)

where BT and BM are the heat transfer and global mass transfer
numbers

BT ¼
Pn

i¼1 _miCpi;g;s
� �

T1 � Tl;s
� �

Pn
i¼1 _miLvap;i þ _Ql;s � _Qrad

; (14a)

BM ¼
Pn

i¼1 Yi;g;s �
Pn

i¼1 Yi;1
1�Pn

i¼1 Yi;g;s
; (14b)

It should be noted that the logarithmic term appearing in most
of the droplet vaporization modeling papers cancels out on
implementation (see, e.g., Eqs. 8, 10, and 17 in Ref. 30).

Liquid phase analysis

The instantaneous distribution of temperature and species
concentrations inside the UWS droplet falls between the lim-
iting ranges of rapid mixing (RM) and diffusion limit (DL)
models. Both models are presented in this section.

RM model

The RM model postulates infinitely high diffusivities for
the liquid phase. This results in spatially uniform and tempo-
rally varying temperature and species concentration distribu-
tion in the droplet. In that sense, Tl (r,t) ¼ Tl,s (t) and Yi,l
(r,t) ¼ Yi,l,s (t). Temporal variation of the droplet tempera-
ture is evaluated by using the energy balance at the droplet
surface as described by Eq. 5. Temporal variations of vapor-
izing species concentrations are evaluated using the conser-
vation of vaporizing species across the droplet surface as
described by Eq. 6. If urea is assumed to be decomposing
directly from the liquid phase to gaseous ammonia and iso-
cyanic acid, both Eqs. 6 and 22 or 23 will be used simulta-
neously to evaluate the decay rate of the UWS droplet.

DL model

The roles of the thermal and interspecies liquid diffusiv-
ities are considered in the DL model. The greater the inter-
species liquid diffusivity of the component in a multicompo-
nent droplet, the faster it diffuses to the droplet surface. The
governing equations in dimensional forms for DL approach
for energy and species in the droplet liquid phase in terms of
moving boundary of the droplet are

@Tl
@t

� r

rs
_rs
@Tl
@r

¼ al
r2

@

@r
r2
@Tl
@r

8>: 9>;; (15)

and

@Yi;l
@t

� r

rs
_rs
@Yi;l
@r

¼ Ci;l

r2
@

@r
r2
@Yi;l
@r

8>: 9>;; (16)

with the following boundary conditions at the droplet center

@Tl r ¼ 0ð Þ
@r

¼ 0; and
@Yi;l r ¼ 0ð Þ

@r
¼ 0 (17)

At the droplet surface, the energy balance and the species
conservation are used to obtain

@Tl r ¼ rsð Þ
@r

¼ 1

pd2kl
_Ql;s; (18a)

and

@Yi;l r ¼ rsð Þ
@r

¼ 1

pd2qlCi;l
Yi;s
Xn
j¼1

_mj � _mi

 !
: (18b)

The DL model presented here accounts for property variations
with temperature in the liquid phase by updating the transport
properties of the droplet at each time step.
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Mathematical modeling of urea depletion

In the current study, urea depletion from the UWS droplet
is modeled either as a vaporization process or a direct ther-
molysis process from molten urea to ammonia and isocyanic
acid. Mathematical descriptions of both depletion techniques
are presented here.

Vaporization approach

The presented multicomponent droplet vaporization model
is used to model urea evaporation process. Urea latent heat
of vaporization is computed from the steady-flow form of
the first law of thermodynamics, such that

Lvap;u Tl;s
� � ¼ Lvap;u Tstdð Þ þ

Z Tl;s

Tstd

Cpu gð ÞdT �
Z Tl;s

Tstd

Cpu lð ÞdT;

(19)

where Lvap,u (Tstd ¼ 298K) ¼ 1.4553 � 103 KJ/kg. The
correlations for gaseous and liquid urea specific heat will be
discussed in the material properties section. The vaporized
urea is then thermally decomposed into ammonia and
isocyanic acid. As the decay rate of urea is modeled as an
evaporation process, this approach will be referred to as
‘‘Vap.’’

Direct thermolysis approach

The second technique models urea depletion as a thermal
decomposition directly from molten urea to gaseous ammo-
nia and isocyanic acid. In this case, the phase change of
urea is neglected. This technique is based on the observation
that urea does not seem to be stable in the gaseous phase.
Based on the thermal gravimetric analysis (TGA), Schaber
et al.20 reported that heating urea to temperatures higher
than 425 K results in rapid mass decay of urea sample. The
mass decay is associated mainly with the release of ammonia
and isocyanic acid as indicated by the Fourier transform-
infrared (FTIR) analysis.20 In that sense, it can be assumed
that urea decomposition rate is much faster than urea vapori-
zation rate, and both vaporization and decomposition can be
reduced to one reaction mechanism.

In the direct decomposition approach, the energy trans-
ferred to the UWS droplet surface is calculated from

_Qg;s þ _Qrad ¼ _Ql;s þ _mwLvap;w þ _muHth;u lð Þ: (20)

where

Hth;u lð Þ Tlð Þ ¼ Hth;u lð Þ Tstdð Þ þ
Z Tg

Tstd

CpNH3 gð ÞdT

þ R TlTstd
CpHNCO gð ÞdT � R Tl;sTstd

Cpu lð ÞdT; ð21Þ

and Hth,u(l)(Tstd ¼ 298K) ¼ 3.0888 � 103 kJ/kg. It should be
noted that Eq. 20 can be reduced to Eq. 2 by replacing Hth,u(l)

with Lvap,u. _Qg,s, _Qrad, and _Ql,s are evaluated from Eqs. 3–5,
respectively. Although the species conservation equation is
applied to calculate _mw, the decomposition rate of urea is
calculated by using a kinetic model similar to the one
originally developed for thermolysis of pulverized coal
particles,43 such that

_mu ¼ �Ath exp
�Eth

R �Tl

8>: 9>; �Yu;lml; (22)

It can be argued that because urea vapor is a prerequisite for
the decomposition to occur, the decomposition takes place
only at the boundary layer region of the droplet. The decay
rate of urea may be better presented using a surface expression
rather than the volumetric expression described by Eq. 22. A
modified version of the surface decay rate of urea originally
developed by Birkhold et al.26 is presented in the current study
to account for the presence of water in the boundary layer of
the droplet. The modified expression is

_mu ¼ �Ath;s exp
�Eth;s

RTl;s

8>>: 9>>;Yu;s 2pr2s
� �

; (23)

For comparison purposes, both expressions will be used in the
current study. Although urea depletion rate obtained from the
volumetric expression, Eq. 22, will be referred to as ‘‘Kinetics-
V,’’ urea depletion rate obtained from the surface expression,
Eq. 23, will be referred to as ‘‘Kinetics-S’’. However, one has
to be careful in the selection of the kinetic parameters. The
decomposition parameters must be based on the volumetric
reaction of liquid urea for Eq. 22 and surface reactions for Eq.
23 because Ath and Ath,s have different units.

Once the decay rate of urea is determined through either
Eq. 22 or 23, the production rates of ammonia and isocyanic
acid can be obtained from

_mNH3
¼ �MWNH3

MWu
_mu; _mHNCO ¼ �MWHNCO

MWu
_mu: (24)

This expression is deduced from the fact that 1 mol of
thermally decomposed urea produces 1 mol each of ammonia
and isocyanic acid.

Material and Transport Properties

All the properties of the individual components of both
liquid and gaseous materials are temperature dependent.
Aside from urea, temperature-dependent properties for all
materials are readily available in the literature Saha et al.,
submitted. For the properties of gaseous urea, no experimen-
tally validated correlation or tabulated data could be located.
The reason could be the instability of urea in the gaseous
phase as discussed. Due to the lack of experimental data, the
kinetic theory is implemented to determine the viscosity,
thermal conductivity, and diffusivity. A correlation for the
specific heat of gaseous urea is extracted from the tabulated
data in Fluent 6.3.2 package.45 Although the experimental
source for the extracted specific heat could not be located.
The extracted correlation for the specific heat of gaseous
urea is implemented in the in-house built code for the deple-
tion of UWS droplet. Reliable values for the specific heat of
gaseous urea could not be found in the literature. The reason
could be the difficulties associated with accurately measuring
the properties of gaseous urea due to the instability of urea
in the gas phase. In that sense, it is proposed to simply use a
constant value for urea latent heat of vaporization. As urea
decomposes immediately into ammonia and isocyanic acid,
the energy balance will not be affected. The results from this
approach will be labeled as ‘‘Vap1,’’ and the results obtained
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with the varying latent heat of vaporization will be labeled
as ‘‘Vap2.’’

For liquid urea, the specific heat correlation is extracted
from the tabulated data.46 Other material properties, includ-
ing density, viscosity, and thermal conductivity are extracted
from the AdBlue manufacturer’s specifications.47 For the liq-
uid phase analysis, the most significant parameter is the spe-
cies diffusivity of urea in water. The variation of binary spe-
cies diffusivity of urea in water used in the current study
was obtained from the experimental findings of Longs-
worth.48

The saturation vapor pressure of urea is required if the va-
porization approach is implemented. The vapor pressure of
urea was measured by Emel’yanenko et al.33 However, the
measurements were limited to the range Tu [ [358K,
376.5K]. Instead of extrapolating the empirical correlation of
Emel’yanenko et al.,33 Clausius–Clapeyron equation is
implemented, such that

Psat;u Tl;s
� � ¼ Psat;ref Trefð Þ exp

Z Tl;s

Tref

Lvap;u
RT

dT

8>>: 9>>;; (25)

where Psat,ref(Tref ¼ 376.5K) ¼ 2.96Pa as measured by
Emel’yanenko et al.33

The current study models the direct thermal decomposition
of urea using either a volumetric model described by Eq. 22
and referred to as Kinetics-V or a surface model described by
Eq. 23 and referred to as Kinetics-S. In addition to the kinetic
models, these approaches differ in the values of the kinetic pa-
rameters for urea decomposition. The decomposition parame-
ters must be based on the volumetric reaction of liquid urea
for Eq. 21 and surface reactions for Eq. 22 because Ath and
Ath,s have different units. Table 1 presents the volumetric ki-
netic parameters extracted from the experimental results of
urea decomposition by Yim et al.,18 indicated by Kinetics-V1,
and Aoki et al.,49 indicated by Kinetics-V2. As the volumetric
reaction occurs at the droplet level, the kinetic parameters
should be based on the decomposition rate of molten urea
rather than urea concentration. The authors extracted the ki-
netic parameters for urea decomposition from the experimen-
tal decay rate of urea sample, which was presented in Figure 2
in Ref. 20. The extracted parameters are also presented in
Table 1, and referred to as Kinetics-V3. The parameters for
Kinetic-S were deduced by Birkhold et al.26 No other parame-
ters for Kintics-S could be found in the literature.

The evaporation and decomposition processes of UWS drop-
lets alter the thermophysical properties of the gaseous and liquid
mixtures. Correlations used for the calculations of thermophysi-
cal properties of the gaseous and liquid phase mixtures are pre-
sented in Table 2. The parameter uij is calculated from

uij ¼
1þ hi

hj

8: 9;1=2
MWi

MWj

8: 9;1=4
� �2

8 1þ MWi

MWj

8: 9;h i1=2 : (26)

where hi is the individual species property of the mixture
property being calculated.

Solution Procedure

The temporal and spatial evolutions of species and tem-
perature distributions within the droplet are evaluated in the
current study using two Matlab codes developed in-house:
one for the vaporization approach, and another for the direct
thermolysis approach. The solution procedure adopted in this
study is presented below:

Outline for the vaporization approach

1. Use Yi,l,s and Tl,s from the initial conditions or the
results of previous time step to determine the gaseous film
composition and temperature through Eqs. 9 and 10;

Table 1. Kinetic Parameters of the Reaction Rate Constants
for Urea Thermolysis Used in This Study

Model Kinetics-V1 Kinetics-V2 Kinetics-V3 Kinetics-S

Based on Yim et al.18 Aoki et al.49 Schaber et al.20 Birkhold
et al.28

Ath/Ath,s 4855.1 s�1 12676 s�1 48595.2 s�1 0.42 kg/s m
Eth/Eth,s 2.3 � 104

J/mol
6.5 � 104

J/mol
6.6 � 104

J/mol
6.9 � 104

J/mol

Figure 2. Comparison between the experimental data
of Daif et al.50 and the present numerical pre-
dictions for the time evolution of the surface
temperature, Ts, and size, r2, of a fuel mixture
droplet (25% heptanes and 75% decane).

The ambient and initial conditions are: T1 ¼ 348 K, P1 ¼
1 atm, U1 ¼ 3.1 m/s, Td,0 ¼ 294 K, and rd,0 ¼ 0.743 mm.

Table 2. Physical Properties for the Gaseous and Liquid
Mixtures Used in This Study

Gaseous mixture Droplet mixture

Density qg ¼ Pg

RTg
PN

i¼1

Yi;g
MWi

ql ¼ 1Pn

i¼1

Yi;l
qi;l

Thermal conductivity kg ¼
PN
i¼1

Xi;gki;gP
j
Xj;guij

kl ¼
Pn
i¼1

Yi;lki;l

Specific heat Cpg ¼
PN
i¼1

Yi;gCpi;g Cpl ¼
Pn
i¼1

Yi;lCpi;l

Viscosity lg ¼
PN
i¼1

Xi;gli;gP
j
Xj;guij

ll ¼
Pn
i¼1

Yi;lli;l

Diffusion coefficient Ci,g ¼ Ci,air (Tg) Longsworth49
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2. Use Yi,g,s and Tg,s to calculate the physical properties
of the gaseous film mixture as outlined in Table 2, and the
dimensionless parameters, Nu0 and Shi,g,s;

3. Calculate _m from Eq. 7;
4. Use the calculated _m to calculate _mi from Eq. 6;
5. Apply an iterative procedure to calculate _Qg,s from Eq.

3, _Qrad from Eq. 4, and _Ql,s from Eq. 2 with BT acting as the
control parameters;

6. For the RM model, a numerical time integration
scheme is applied to solve Eq. 2 and (3) to update the drop-
let temperature and composition at each time step;

7. For the DL model, the results from steps (1)–(5) are
used as the boundary conditions at the droplet surface as
described by Eq. 18. The governing equations for the DL
model are nondimensionalized and discretized using the time
implicit finite difference method. The nondimensional equa-
tions are presented in Appendix A.

Outline for the direct thermolysis approach

Applying the direct thermolysis technique reduces the
multicomponent droplet vaporization model to a single com-
ponent model. A similar outline to the one presented above
is implemented here with the following modifications;

1. Omit step 3;
2. Calculate _mw from Eq. 6,
3. For Kinetics-V, calculate _mu from Eq. 22 if Tl �

425K,
4. For Kinetics-S, calculate _mu from Eq. 23 if Tl,s � 425K.

Results and Discussion

Algorithm validation

The validity of the proposed multicomponent vaporization
model is established by comparing its predictions to bench-
mark experimental data. Figure 2 shows a comparison between
the experimentally measured data of Ref. 50 and the predictions
of the multicomponent vaporization model presented in the
current study for the vaporization behavior of a suspended
25% heptane and 75% decane (volume percentage) droplet
subject to the conditions of T1 ¼ 348 K, P1 ¼ 1 atm, and
U1 ¼ 3.1 m/s. The droplet initial conditions are Td,0 ¼ 294 K
and rd,0 ¼ 0.743 mm. The experimental investigations were
conducted in a thermal wind-tunnel fitted with a video record-
ing system and an infrared camera to monitor the changes in
the size and temperature of an individually suspended multi-
component droplet in forced convection environment. The nu-
merical predictions are obtained using the DL approach. Figure
2 demonstrates that the multicomponent vaporization model is
capable of accurately predicting the temporal evolution of the
radius and surface temperature of the multicomponent droplet.
The maximum relative errors for radius and temperature pre-
dictions are �4.43% and þ1.75%, respectively. The multicom-
ponent vaporization model is thus validated. It will be applied
in the current study to analyze the vaporization behavior UWS
droplet at various operating conditions.

Depletion model assessment

The suitability of the urea depletion modeling technique
and properties is assessed through comparison with experi-

mental data of the decay rate of an individual UWS droplet
in heated environment to exclude the interactions among
droplets and turbulence effects. Recently, Wang et al.35

recorded the temporal change of the size of a suspended
UWS droplet in a heated chamber using a high-speed
charge-coupled device (CCD) camera. Radiation effects were
minimized in the experimental study of Wang et al.,35 by the
use of radiative shields. Comparison between the experimen-
tally extracted data of Wang et al.35 and the numerical pre-
dictions of the current study for the temporal reduction of
the diameter of a UWS droplet in a quiescent-heated envi-
ronment is presented in Figure 3. The numerical predictions
are obtained using the DL approach. To imitate the experi-
mental conditions, radiation heat transfer is neglected in the

Figure 3. Comparison between the experimental data
of Wang et al.35 and the present numerical
predictions for the temporal evolution of a
UWS droplet size, d2/d2

0, under the following
conditions: (a) T1 ¼ 573 K, P1 ¼ 1 atm, Yu,1
¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 0.920 mm, and
Yu,0 ¼ 0.325; and (b) T1 ¼ 623 K, P1 ¼ 1 atm,
Yu,1 ¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 0.869 mm,
and Yu,0 ¼ 0.325.
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model calculations. The ambient and initial droplet condi-
tions are; T1 ¼ 573 K, P1 ¼ 1 atm, Yu,1 ¼ Yw,1 ¼ 0, Tl,0
¼ 300 K, d0 ¼ 0.920 mm, Yu,0 ¼ 0.325 in Figure 3a, and
T1 ¼ 623 K, P1 ¼ 1 atm, Yu,1 ¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K,
d0 ¼ 0.869 mm, Yu,0 ¼ 0.325 in Figure 3b.

Figure 3 demonstrates that the numerically predicted and
experimentally extracted time evolution of the size of a
UWS droplet exposed to hot ambient conditions can be di-
vided into two stages resembling a batch distillation process
governed by volatility differentials. In that sense, droplet
components vaporize in sequence starting from the compo-
nents with higher vapor pressure. For a UWS droplet, water
is expected to vaporize first, because it is the component
with the higher vapor pressure. This is affirmed by the coin-
cidence of all the numerical results during the first stage of
droplet depletion because the modeling of water vaporization
is the same for all numerical approaches. Qualitatively and
quantitatively, the numerical results match the experimental
data over the first depleting stage very well for both ambient
conditions as illustrated in Figures 3a and 3b. However, a
small deviation is observed in the duration and the rate of
droplet depletion of the first stage. In particular, the numeri-
cal results overestimate the duration of the first decomposi-
tion stage by about 5 and 11% for the conditions in Figures
3a and 3b, respectively. Such deviations are accepted given
the relatively large initial droplet sizes. As the depletion of
water is governed by the well-known d2 law, the quantitative
deviation is expected to be reduced by 100 times for the
practical Sauter mean diameter (SMD) of a UWS droplet.

Although the numerical results overestimate the droplet
decay rate for the conditions in Figure 3a, an underestimate
of the droplet decay rate is observed in Figure 3b. The devi-
ation can be attributed to the uncertainty associated with the
diffusivity of urea in liquid water and the inherent errors in
the experimental data measured from the CCD camera. In
the absence of internal circulation, vaporization is governed
by the volatility of individual components and the rate of
species diffusion. Water vaporization from the droplet sur-
face leads to a spatial water concentration gradient with
maximum at the droplet center. During the first depletion
stage, inner species diffusivity plays an important role in
replenishing the evaporated water from the droplet surface
by smoothing the concentration gradient. Overestimation of
the diffusion coefficients results in an underestimate of the
concentration gradient. This leads to an overestimate of the
water content at the droplet surface, which leads to an over-
estimate of the droplet regression rate during the first stage
as observed in Figure 3a. Furthermore, the duration of the
first stage is expected to be prolonged to vaporize the excess
surface water content. Further deviation can be attributed to
experimental uncertainties. In particular, Wang et al.35 expe-
rienced ambient temperature fluctuations due to the flow of
fresh air at room temperature to the heated chamber. Inevita-
bly, temperature fluctuations decrease the droplet decay rate.
Such fluctuations can explain partly the slight overestimation
of the numerically predicted droplet decay rate in Figure 3a.
Furthermore, Wang et al.35 stated that the suspended droplet
does not maintain its spherical shape while depleting because
of gravitational effects and droplet/fiber interactions. Devia-
tions from the purely spherical shape result in an increase in
the surface area of the droplet and, consequently, an increase

in the evaporation rate. Shape deviation seems to be the
main reason behind the underestimation of numerically pre-
dicted droplet decay rate in Figure 3b.

Once the droplet surface water content is completely vapor-
ized, the second depletion stage commences, during which the
remaining water content vaporizes and urea depletes. The sec-
ond stage is characterized by a deceleration of the droplet
decay rate, followed by a seemingly constant decay rate. The
noticeable deviations among the numerical results of the drop-
let decay rate affirm that the second decomposition stage repre-
sents urea depletion because of the variations in the modeling
approaches of urea depleting. For the models based on the
direct decomposition approach, the rate of urea depletion is
directly related to thermolysis activation energy. Hence, for the
direct decomposition approach, the descending order of the
numerically predicted urea depletion rate should be; (1)
Kinetics-V1, (2) Kinetics-V3, (3) Kinetics-V2, and (4)
Kinetics-S. Such order is clearly depicted in Figures 3a and
3b. As urea saturation pressure for Vap1 is higher than that for
Vap2, the numerical results predicted by Vap1 shows a higher
depleting rate of urea. Comparison with experimental data
reveals that Vap1 is the most suitable model capable of captur-
ing the experimentally observed depletion behavior quantita-
tively and qualitatively. The superiority of the results of Vap1
over Vap2 indicates that urea latent heat of vaporization, Lvap,u,
is being underestimated in the Vap2 approach. Such behavior
indicates that the correlation for Cpu(g) implemented in Fluent
6.3.2 software45 is much smaller than the actual one. Rigorous
experimental studies are required to accurately measure the
properties of gaseous urea. Following the suggestion of Birk-
hold et al.,26 the specific heat of urea was modified to repre-
sent the specific heat of equimolar mixture of ammonia and
isocyanic acid. Such modifications results in an increase of the
value of Cpu(g) compared with the one specified in Fluent 6.3.2
software.45 Although this modifications result in an improve-
ment in the predictability of Vap2, such modifications could
not predict superior results to the Vap1 approach.

Further insight into the applicability of the modeling
approach can be depicted from the temporal evolution of the
droplet surface temperature, which is presented in Figures 4a
and 4b for the same conditions in Figures 3a and 3b, respec-
tively. Unfortunately, no experimental data regarding the
temperature history of UWS droplet was reported. Figure 4
shows that initially the droplet rapidly heats up to the wet
bulb temperature of water. Comparison with Figure 3 shows
that no noticeable droplet depletion occurs during the heat-
ing period. The droplet maintains its wet bulb temperature
over a sustainable portion of the first depletion stage. The
decrease of the water content in the droplet surface leads to
a decrease in water vaporization rate, which leads to an
increase in the droplet surface temperature to maintain the
energy balance at the droplet surface as indicated in Eq. 2.
The increase in temperature is demonstrated in Figure 4 for
both ambient conditions. The rate of temperature elevation
rapidly increases due to the rapid decrease in the water con-
tent at the droplet surface. Rapid temperature elevation can
be referred to as second heating stage, and it is correlated to
the decrease in droplet decay rate at the beginning of the
second depleting stage. The temperature increases until it
reaches urea wet bulb temperature, which varies according
to the modeling approach, parameters, and ambient
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conditions. The striking feature of Figure 4 is that the wet
bulb temperature of Kinetics-V1 is 425K, which is the criti-
cal temperature for the onset of urea decomposition. Such
behavior is unrealistic for the current conditions because the
experimental data of Wang et al.35 demonstrate that solidi-
fied deposits remain at the end of droplet depletion period
for the conditions in Figures 4a and 4b. Such deposits
require the droplet temperature to be higher than 463 K.
Given the analysis presented above, it is further confirmed
that Vap1 model is the most suitable model to describe urea
depletion from UWS droplet.

Internal gasification

One of the most striking features of the experimental data
of Wang et al.35 is the sudden increase of the droplet size at

the beginning of the second depleting stage. The entrapment
of water inside the droplet due to diffusion resistance was pro-
posed as the reason behind the droplet swelling. During this
period, the droplet core temperature can be increased beyond
the effective boiling point of water, resulting in water gasifica-
tion, and consequently size enlargement. The validity of such
explanation is explored in the current section.

Figure 5 shows the temporal variations of the mass fractions
of water, Yw and urea, Yu at the surface and center of the
UWS droplet for the same conditions as in Figures 3a and 3b.
As expected all models predict the same history of Yw and Yu
because it is governed by the water vaporization process. The
only deviation occurs for Kinetics-V1 near the end of water

Figure 4. Numerical predictions of the temporal evolu-
tion of the surface temperature, Ts, of a UWS
droplet size, under the following conditions: (a)
T‘ 5 573 K, P‘ 5 1 atm, Yu,‘ 5 Yw,‘ 5 0, Tl,0

5 300 K, d0 5 0.920 mm, and Yu,0 5 0.325; and
(b) T‘ 5 623 K, P‘ 5 1 atm, Yu,‘ 5 Yw,‘ 5 0,
Tl,0 5 300 K, d0 5 0.869 mm, and Yu,0 5 0.325.

Figure 5. Numerical predictions of the temporal evolu-
tion of the species concentration of a UWS
droplet size at the droplet surface, Yi,s, and
center, Yi,c, under the following conditions: (a)
T‘ 5 573 K, P‘ 5 1 atm, Yu,‘ 5 Yw,‘ 5 0, Tl,0

5 300 K, d0 5 0.920 mm, and Yu,0 5 0.325; and
(b) T‘ 5 623 K, P‘ 5 1 atm, Yu,‘ 5 Yw,‘ 5 0,
Tl,0 5 300 K, d0 5 0.869 mm, and Yu,0 5 0.325.
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presence because of the apparent increase in the urea depleting
rate. Regardless of the deviation, a noticeable amount of water
is trapped inside the droplet at the beginning of the second
decomposition stage. Comparison with Figure 4 shows that the
local temperature of the entrapped water is higher than 373 K,
which is the boiling temperature of pure water at standard
atmospheric conditions. Evident water entrapment triggers the
question whether the trapped water reaches the effective boil-
ing point and, consequently, experiences phase transition inside
the droplet. As the highest water content is expected to be at
the core of the droplet, and the uniform temperature distribu-
tion within the droplet during the second depletion stage
because of high thermal diffusivity, the critical conditions for
the onset of internal gasification should be examined at the
center of the droplet. As suggested by Sirignano and Wu,38 the
effective boiling point of entrapped water can be estimated
from Raoult’s law, such that

T�1
w bð Þ;c � T�1

w bð Þ;pure ¼
R lnXw;c

Lvap;w
: (27)

Figure 6 indicates that the effective boiling point of the
entrapped water is lower than the droplet center temperature,
Tl,c, for both ambient conditions at the beginning of the second
depletion stage. In other words, the droplet center temperature
is high enough to cause phase transition of entrapped water.
Density differences between liquid and gaseous states cause
droplet swelling as experimentally observed by Wang et al.38

It is interesting to note that apart from Kinetics-V1, all
modeling approaches predicted the same gasification period.
Such behavior is expected because the droplet temperature
reaches urea wet bulb temperature much earlier in the case of
Kinetics-V1. Furthermore, the dominator for Kinetics-V1 is
considerably smaller than the dominators for other modeling
approaches as depicted from Figure 4.

Internal gasification does not necessarily lead to the onset
of microexplosion, which is governed by the rates of both
nucleation and species diffusion. Figure 5 demonstrates that
during the interior gasification region, droplet water content
rapidly depletes from the entire droplet composition as indi-
cated by the rapid decay of Yw,c. In other words, diffusional
transport is significantly improved during the interior gasifi-
cation region because the droplet size becomes comparable
with the characteristic diffusion length.36 Surface regression
due to urea depletion results in exposing more water content
at the surface. The exposed water content is expected to rap-
idly deplete because of its high temperature. In that sense,
one can deduce that the nucleation rate is much smaller than
the diffusional transport rate, which reduces the occurrence
probability of microexplosion. In particular, the experimental
results of Wang et al.35 demonstrated no evidence of disrup-
tive fragmentation of the droplet because its decay rate
remains constant during and after the interior gasification pe-
riod for the conditions examined in the current study.

Proposed decomposition mechanism for UWS droplet

Another interesting phenomenon in the experimentally
extracted depletion mechanism is the rapid fluctuation of
droplet size during the second depletion stage. Interior gasifi-
cation of water content cannot be blamed for such fluctua-

tions mainly because hardly any water content remains after
the internal gasification period. Furthermore, the cause of the
fluctuations seems to emerge from the region close to the
droplet surface because the droplet maintains its presence. If
the cause emerges from the region near the center, disruptive
fragmentation of the droplet would occur. The fluctuation
seems to occur due to the fragmentation of the droplet shell
only.

To explain the reason behind such fluctuations, one has to
correlate the complex mechanism of urea decomposition to
the temporal evolution of droplet depletion, temperature, and
concentration. Schaber et al.20 proposed a plausible tempera-
ture-dependent reaction scheme for the thermal decomposi-
tion of urea in an open reaction vessel using TGA, high-per-
formance liquid chromatography, FTIR, and an ammonium
ion-selective electrode. Urea thermal decomposition was di-
vided into four temperature-dependent reaction regimes. The
first reaction region extends from room temperature up to
463 K and corresponds to urea vaporization and subsequent
decomposition as indicated by reaction (R4). Noticeable
mass loss due to urea vaporization starts around 413 K. Sig-
nificant mass loss seems to result mainly from thermal
decomposition, and it starts around 425 K. This is the reason
behind selecting 425 K as the critical temperature for the
onset of urea depletion according to the direct decomposition
approach. Biuret production starts around 433 K due to the
reaction of HNCO with the intact urea, such that

H2NACOANH2 lð Þ þ HNCO gð Þ
�!heat NH2ACOANHACOANH2 lð Þ; ðR6Þ

The second reaction region extends from 463 to 523 K. During
this stage, urea decomposition according to (R4) continues,
and biuret decomposes into cyanuric acid (CYA), ammelide,
and ammeline

2NH2ACOANHACOANH2 lð Þ�!heat CYA sð Þ þ HNCO gð Þ
þ2NH3 gð Þ; ðR7Þ

2NH2ACOANHACOANH2 lð Þ�!heat ammelide sð Þ þ HNCO gð Þ
þNH3 gð Þ þ H2O gð Þ; ðR8Þ

NH2ACOANHACOANH2 lð Þ þ HNCO gð Þ�!heat ammeline sð Þ
þ2H2O gð Þ; ðR9Þ

The remaining solid mass at the end of the second reaction
regime is mainly composed of CYA and ammelide with 2:1
molar ratio. The remaining solids are expected to be thermally
stable during the third reaction regime, which extends from
523 to 633 K. Heating the sample above 633 K, which
corresponds to the fourth reaction regime, will result in the
rapid decay of the remaining solid mass through sublimation
and decomposition.

The numerical results presented in Figure 4 demonstrate
that the droplet wet bulb temperature for Vap1 is higher
than the critical temperatures for biuret formation of 433 K
and decomposition of 463 K. Furthermore, urea mass frac-
tion at the surface is almost unity during the second deple-
tion stage. The high mass fraction of urea and surface
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temperature combined with the absence of convection in the
quiescent environment compose an ideal situation for biuret
formation according to reaction (R6). The formed biuret
readily decompose into the solid components of CYA,
ammelide, and ammeline according to reactions (R7)–(R9).
These solid components form a shell around the molten
urea. The entrapped urea vaporizes and readily decomposes
into gaseous ammonia and isocyanic acid according to reac-
tion (R4). The rapid gasification of urea near the solid shell
results in a sudden swelling of the droplet. Pressure buildup
due to urea gasification causes the thin shell to shatter and,
consequently, a reduction in the droplet size. This mecha-
nism will be repeated until the interior pressure buildup is

not large enough to crack the solid shell. In this case, more
urea will be transformed into biuret, which will rapidly
decompose into the solid deposits. The shell thickness will
consequently increase until it occupies the whole droplet.
The solidified deposits were observed experimentally by
Wang et al.35

Comparison between DL and RM approaches

In a typical urea-based SCR system, UWS is introduced
as a spray composed of thousands of droplet parcels. The
implementation of the DL approach is computationally too
costly. The RM approach is an attractive alternative due to
the elimination of the discretization of the droplet interior.
However, the question regarding the reliability of the simpli-
fied RM approach to represent the decay mechanism of
UWS droplet arises. Answering this question requires direct
comparison between the predictions of RM and DL. Ambient
and droplet initial conditions should represent the exhaust
pipe conditions, and the SMD of the UWS spray injected in
practical urea-based SCR systems. The exhaust pipe operates
near atmospheric pressure conditions, and the temperature
range varies between 400–1000 K. The practical range of
SMD varies from 20–150 lm. It should be noted that the
practical SMD is about 10 times smaller than the initial
droplet size implemented in the experimental study of Wang
et al.35

Figure 7 shows the temporal variations of the diameter
and surface temperature of a typical UWS droplet using both
RM and DL approaches, and Vap2 for urea depletion.
Although the results presented in Figure 3 shows the superi-
ority of Vap1 approach, Vap2 approach is physically more
appropriate because it incorporates the thermal variations of
Lvap,u. Implementing accurately measured Cpu,g in Vap2
approach will ultimately improve the predictability of Vap2
over Vap1. The ambient and initial droplet conditions are
T1 ¼ 573 K, P1 ¼ 1 atm, Yu,1 ¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K,
d0 ¼ 70 lm, and Yu,0 ¼ 0.325 in Figure 7a and T1 ¼ 673
K, P1 ¼ 1 atm, Yu,1 ¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 70
lm, and Yu,0 ¼ 0.325 in Figure 7b. As depicted from Figure
8, both RM and DL approaches show the same qualitative
behavior. Noticeable deviations between the RM and DL
approaches occur in the wet bulb temperature of water and
the droplet depletion rate during the second heating period.
The deviations between these two approaches can be
explained by correlating Figures 7 and 8, which show the
temporal variations of species concentrations.

The RM approach is a limiting case postulating infinitely
high diffusivities for the liquid phase. In that sense, surface
water depleting mass becomes replenished at an infinitely
high rate to smooth out the concentration gradient within
the droplet. Hence, the RM approach predicts higher water
content at the droplet surface as clearly illustrated in Figure
8. This will lead to a higher evaporation rate as shown in
Figures 7a and 7b. The increase in the evaporation rate
results in a lower wet bulb temperature as required by the
energy balance. Figure 7 shows that the wet bulb tempera-
ture of the RM approach is slightly lower than that of the
DL approach for both ambient conditions. Furthermore, the
duration of the water vaporization stage is expected to be
prolonged for the RM approach to vaporize the excess

Figure 6. Numerical predictions of the temporal varia-
tions of the trapped water effective boiling
temperature, Tb,loc, with respect to the drop-
let center temperature, Tl,c, under the follow-
ing conditions: (a) T‘ 5 573 K, P‘ 5 1 atm,
Yu,‘ 5 Yw,‘ 5 0, Tl,0 5 300 K, d0 5 0.920 mm,
and Yu,0 5 0.325; and (b) T‘ 5 623 K, P‘ 5 1
atm, Yu,‘ 5 Yw,‘ 5 0, Tl,0 5 300 K, d0 5 0.869
mm, and Yu,0 5 0.325.

The interior gasification region is highlighted.
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surface water content as illustrated in Figures 7a and 7b.
During the second heating stage, the droplet water content is
much smaller for the RM approach as depicted from Figures
8a and 8b. Hence, the droplet depletion rate is smaller for
the RM approach during the second heating stage. In fact,
Figure 7 shows that the droplet depletion rate almost van-
ishes during the second heating stage for the RM model.
Some water content is expected to be entrapped for the DL
approach because of the finite value of diffusivity. Conse-
quently, urea wet bulb temperature predicted by the DL
approach is lower than the one predicted by the RM
approach, as demonstrated in Figures 7a and 7b. It is inter-
esting to note that the difference between the RM and DL
predictions of wet bulb temperature is higher for the

conditions in Figure 7b. This is due to the excess energy in
the higher temperature region, which results in a larger heat-
ing rate and, consequently, more water entrapment.

For design purposes, the important parameters are the urea
depletion rate and the required duration for complete droplet
depletion. Figure 7 shows that the RM approach overesti-
mates the droplet depletion rate and, consequently, underesti-
mates the depletion duration. Although the droplet duration
was underestimated by 10% for the conditions in Figure 7a,
it was underestimated by only 5% for the conditions in Fig-
ure 7b. In that sense, the deviations among RM and DL vary
according to the operating conditions. It seems that the
higher the ambient temperature, the lower the deviation. The
influence of the initial droplet size on the depleting duration,

Figure 7. Comparison between the numerical results of
the diffusion limit (DL) and rapid mixing (RM)
approaches for the time evolution of the sur-
face temperature, Ts, and size, d2/d2

0, of a
UWS droplet.

The ambient and initial conditions are: (a) T1 ¼ 573 K,
P1 ¼ 1 atm, Yu,1 ¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 70 lm,
Yu,0 ¼ 0.325; and (b) T1 ¼ 673 K, P1 ¼ 1 atm, Yu,1 ¼
Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 70 lm, Yu,0 ¼ 0.325.

Figure 8. Comparison between the numerical results of
DL and RM approaches for the time evolution
of the species concentration of a UWS drop-
let size at the droplet surface, Yi,s, and cen-
ter, Yi,c.

The ambient and initial conditions are: (a) T1 ¼ 573 K,
P1 ¼ 1 atm, Yu,1 ¼ Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 70 lm,
Yu,0 ¼ 0.325; and (b) T1 ¼ 673 K, P1 ¼ 1 atm, Yu,1 ¼
Yw,1 ¼ 0, Tl,0 ¼ 300 K, d0 ¼ 70 lm, Yu,0 ¼ 0.325.
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as shown in Figure 9, indicates that an increase in the initial
droplet size results in a slight increase in the deviation
between RM and DL approach. This is expected because dif-
fusivity effects become more pronounced as the droplet size
increases. Such small deviation is encouraging to apply the
RM approach for spray modeling.

Conclusions

Two theoretical models describing the depleting process
of a typical UWS droplet in a heated environment as expe-
rienced in an automotive urea-based automotive SCR sys-
tem are proposed and implemented in the current study. In
accordance with experimental data, both theoretical models
show that the depletion of UWS droplet in heated environ-
ment can be divided into two stages; water vaporization fol-
lowed by urea depletion. Comparison with the experimental
data of the decay rate of an individual UWS, droplet in
heated environment reveals the superiority of modeling urea
depleting process as a vaporization process. Because of dif-
fusion resistance, the entrapment of water inside the droplet
at the beginning of urea depletion stage is demonstrated.
Hence, at the beginning of urea depletion stage, the UWS
droplet should be represented as a highly concentrated urea
droplet rather than a pure urea droplet for better estimate of
the temporal evolution of droplet size and temperature. The
effective local boiling point of entrapped water is calculated
to be higher than 373 K. The critical conditions for the
onset of droplet swelling due to internal gasification of
entrapped water are identified. Although internal gasification
will occur for the conditions examined in the current study,

it will not lead to microexplosion because of the relatively
small water content and the rapid depletion rate of water.
The experimentally observed fluctuations in the droplet
decay rate in the quiescent environment are found to be
due to the formation and fragmentation of solid complexes
at the droplet surface. Finally, the current study demon-
strates the suitability of implementing the RM approach to
model the depletion process of UWS through comparison
with the results of DL approach at various operating condi-
tions.
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Notation

A ¼ pre-exponential factor (1/s) or (kg/m s)
BM ¼ global mass transfer number
BT ¼ global heat transfer number
Cp ¼ specific heat (J/Kg K)
D ¼ droplet diameter (m)
E ¼ activation energy (J/mol)

FM, FT ¼ correction factors
h ¼ heat transfer coefficient (W/m2K)

hm ¼ mass transfer coefficient (m/s)
H ¼ molar enthalpy of reaction (J/kg)
j ¼ mass diffusion rate (kg/s)
K ¼ thermal conductivity (W/m K)

Lvap ¼ latent heat of vaporization (J/kg)
m ¼ mass (kg)

MW ¼ molecular weight (kg/kmol)
Nu ¼ Nusselt number
P ¼ pressure (Pa)
Pr ¼ Prandtl number
_Q ¼ heat-transfer rate (W)
r ¼ radial location
R ¼ universal gas constant (J/mol K)

Rel ¼ droplet Reynolds number
Sci,g ¼ Schmidt number
Sh ¼ Sherwood number
t ¼ time (s)
T ¼ temperature (K)
v ¼ velocity (m/s)
X ¼ mole fraction
Y ¼ mass fraction

Greek letters

a ¼ thermal diffusivity (m2/s)
e ¼ emissivity
m ¼ dynamic viscosity (m2/s)
q ¼ density (kg/m3)
r ¼ Stefan–Boltzmann constant (5.67 � 10�8 W/m2 K)
C ¼ mass diffusion coefficient (m2/s)

Subscripts

0 ¼ initial condition
1 ¼ ambient
B ¼ boiling point
c ¼ center
g ¼ gas phase
i ¼ species index
l ¼ liquid phase

rad ¼ radiation
rel ¼ relative
s ¼ surface

sat ¼ saturation
std ¼ standard conditions (T ¼ 298 K and P ¼ 1 atm)
th ¼ thermolysis

Figure 9. Comparison between the numerical results of
DL and RM approaches for the variation of
the duration of UWS droplet depletion with
droplet initial diameter, d0, under two differ-
ent ambient conditions, namely; (i) T‘ 5 573
K, P‘ 5 1 atm and (ii) T‘ 5 673 K, P‘ 5 1
atm.

The droplets initial conditions are Yu,1 ¼ Yw,1 ¼ 0 and
Tl,0¼ 300 K.
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u ¼ urea
w ¼ water

wall ¼ exhaust wall

Other notations

�¼ spatial average
. ¼ temporal rate of change

[i] ¼ molar concentration of species i (kmol/m3)
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Appendix: Nondimensional Governing Equations

Energy equation for the droplet:
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Species equation for the droplet:
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where rs ¼ rs/ro, s ¼ alt/r2o, g ¼ r/rs, �v ¼ ðv� voÞ=vo, T ¼
(T � To)/To, ro, and To are the initial radius and temperature.
al is the liquid thermal diffusivity, LeL is the liquid phase
Lewis Number, v is the solute mass fraction, and rs is the
instantaneous radius.
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