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Abstract
The evaporation of water from a single droplet of urea water solution is investigated theoretically by a Rapid Mixing model and a Diffusion

Limit model, which also considers droplet motion and variable properties of the solution. The Rapid Mixing model is then implemented into the

commercial CFD code Fire 8.3 from AVL Corp. Therein, the urea water droplets are treated with Lagrangian particle tracking. The evaporation

model is extended for droplet boiling and thermal decomposition of urea. CFD simulations of a SCR DeNOx-system are compared to experimental

data to determine the kinetic parameters of the urea decomposition. The numerical model allows to simulate SCR exhaust system configurations to

predict conversion and local distribution of the reducing agent.
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1. Introduction

Selective catalytic reduction (SCR) of NOx is an effective

technique for the reduction of nitrogen oxides emitted from

various sources. In automotive applications, the urea-water-

solution based SCR is a promising method for control of NOx

emissions.

Urea-water-solution (UWS, contains 32.5 wt.% urea; brand

name: AdBlue) is sprayed into the hot exhaust stream [1].

The subsequent generation of NH3 in the hot exhaust gas

proceeds in three steps [2,3]:
(i) e
* C

E

0926

doi:1
vaporation of water from a fine spray of UWS droplets,

ðNH2Þ2COðaqÞ ! ðNH2Þ2COðs or lÞ þ 6:9H2OðgÞ;
(1)
(ii) th
ermolysis of urea into ammonia and iso-cyanic acid,

ðNH2Þ2COðs or lÞ ! ðNH3ÞðgÞ þ HNCOðgÞ; (2)
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(iii) a
nd hydrolysis of isocyanic acid,

HNCOðgÞ þ H2OðgÞ ! NH3ðgÞ þ CO2ðgÞ: (3)
As the evaporation and spatial distribution of the reducing

agent upstream the catalyst are crucial factors for the

conversion of NOx, the dosing system has to ensure the proper

preparation of the reducing agent at all operating conditions.

Table 1 gives an overview of the different exhaust gas and spray

characteristics occurring in passenger cars and trucks.

Appropriate spray properties of the urea solution will also

avoid deposition of urea on walls, which could lead to

melamine complexes [4].

To our knowledge, there are no studies published on the

influence of urea on the evaporation of water from a UWS

droplet. Van Helden et al. [5] used water instead of UWS in a

CFD study and estimated the concentration of the reducing

agent from the water vapor concentration. Wurzenberger and

Wanker [6] modeled the thermal decomposition as a homo-

geneous gas phase reaction, which followed the evaporation of

UWS to water vapor and gaseous urea. Chen and Williams [7]

and Deur et al. [8] assumed the thermal decomposition to occur

mailto:felix.birkhold@de.bosch.com
http://dx.doi.org/10.1016/j.apcatb.2005.12.035


F. Birkhold et al. / Applied Catalysis B: Environmental 70 (2007) 119–127120

Nomenclature

a thermal conductivity, m2/s

A frequency factor, kg/s m

BM,T Spalding numbers

c molar concentration, mol/m3

cp heat capacity, J/kg K

D diameter, m

Ea activation energy, J/mol

h specific enthalpy, J/kg

H molar enthalpy, J/mol

Le Lewis number

m mass, kg

ṁ mass flow, kg/s

Nu Nusselt number

P pressure, Pa

r radius, m

r rate of reaction, mol/m3 s

R unversial gas constant, J/mol K

Sh Sherwood number

t time, s

T temperature, K

u velocity, m/s

v volume fraction

w dimensionless radius, r/rd

Y mass fraction

Greek symbols

l heat conductivity, W/m K

r density, kg/m3

G diffusion coefficient, m2/s

Subscripts

0 initial

* characteristic

1 ambient

d,g droplet, gas

hy hydrolysis

l,vap liquid, vapor

u urea

ref reference

rel relative

s droplet surface

th thermolysis

Table 1

Exhaust gas properties and spray parameters for urea dosing system using UWS

in automotive applications

Exhaust

Exhaust velocity 5–100 m/s

Exhaust temperature 400–1000 K

Wall temperature 350–900 K

Spray

Sauter mean diameter 20–150 mm

Injection velocity 5–25 m/s

Injection temperature 300–350 K
instantaneously relative to the evaporation rate. Kim et al. [9]

used a single kinetic rate de-volatilization model neglecting the

appearance of isocyanic acid. Cremer et al. [10] assumed a fast

decomposition of urea after the evaporation of pure water,

because their focus was the selective non-catalytic reaction

with temperatures above 1100 K.

Analyzing the literature it does not seem to be clear in which

state of aggregation urea appears after the evaporation of water

and during the thermal decomposition. Yim et al. [2] indicated

liquid or gaseous urea, Schaber et al. [11,12] reported that

molten urea evaporates to gaseous urea at temperatures above
413 K, but mainly decompose directly to NH3 and HNCO

above 425 K. Schmidt [13] excluded the existence of molten

urea when urea particles are exposed to temperatures above

553 K in a fluidized bed reactor. Koebel et al. [3] revealed that

atomization of UWS in hot exhaust stream yields to solid or

molten urea. The relevance of the physical condition of urea

depends on the different inertia and tracking of gaseous and

solid/molten urea in the gas stream and the differences in

enthalpy. It is essential to know about spatial enthalpy

variations due to evaporation, thermolysis, and hydrolysis,

which will be discussed in this article.

As the behavior of an UWS droplet in a heated environment

is presently not well understood, a theoretical investigation of

the evaporation of UWS droplets is presented. Differences in

the evaporation between UWS and water are shown and a

model to describe the thermal decompostion of urea is

developed. The model containing both evaporation of water

and the following thermal decomposition of urea is imple-

mented into the CFD code Fire v8.3 [14]. The kinetic

parameters for the decomposition model are determined

comparing numerical simulation with experimental data from

Kim et al. [9]. The model derived in the present study allows to

judge different SCR exhaust system configurations with respect

to conversion and local distribution of reducing agent.

Furthermore the behavior of droplets which impinge on the

walls or catalyst can be estimated, because the physical

conditions such as temperature and urea concentration of the

droplets are determined from the simulation.

2. Evaporation of urea-water-solution droplet

The influence of urea on the evaporation of water from a

UWS droplet is investigated theoretically by different

evaporation models considering droplet motion and variable

properties of UWS and the ambient gas phase.

2.1. Liquid phase

To evaluate the influence of solved urea on the evaporation

of water, three different evaporation models are used:
- R
apid Mixing model (RM model): Within the RM model

infinite high transport coefficients are assumed for the liquid

phase, resulting in spatial uniform temperature, concentration

and fluid properties in the droplet, but the quantities will
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change in time [15,16]. The variation of urea concentration of

the droplet can be evaluated by

dYu

dt
¼ � ṁvap

md
Yu: (4)

Mass flow from liquid to gaseous phase is defined to be

negative.
- D
iffusion Limit model (DL model): Neglecting internal

convection only diffusive transport of energy and mass are

assumed. The diffusion equation for species and energy in the

droplet is solved, considering variable fluid properties [17]:
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with

ad ¼
ld

rdc p;d
: (7)

ur denotes a radial convective velocity which accounts for

the variable density field within the droplet. The derivation

of this approach has been described in detail by Schramm

[18].
- E
ffective Diffusion model (ED model): The ED model

accounts for internal circulation due to forced convection. It is

based on the DL model and additionally considers internal

circulation by an empirical correction of the transport

coefficients Gu and ld [19].

The RM and DL models describe the physical limits

of infinite high and only diffusive transport. It can be assumed

that the real droplet behavior is within the range of their

solutions.

As the temperature and the urea concentration change

strongly during evaporation it is obvious to use variable fluid

properties. In Table 2 the sources for the used correlations

applied for the liquid fluid are summarized. For the calculations

it is additionaly assumed that no crystallization of urea occurs.

The droplets are assumed to be spherical throughout the

evaporation and decomposition processes.
able 2

hermophysical properties of liquid phase

roperty Correlation

ensity Perman and Lovett [20]

eat capacity Gmelin [21]

ynamic viscosity Jaeger et al. [22]

hermal conductivity VDI-Wärmeatlas [23]

nthalpy of evaporation VDI-Wärmeatlas [23]

iffusion coefficient Longsworth [24], Gmelin [21]
2.2. Phase change

The water vapor concentration on the droplet surface is

influenced by the surface urea concentration. This vapor

concentration has a decisive impact on the evaporation. For the

calculations the correlation from Perman and Lovett [20] is

used. The evaporation enthalpy is taken for pure water, because

our measurements with UWS show no significant deviaton

from the values for water given in literature [23].

2.3. Gas phase

For the gas phase the quasi-steady model [15] is used. This

approach is suitable to describe the evaporation process in the

range of the present conditions even in a free convection

situation [25] using the 1/3-rule [26] for the reference values for

fluid properties. Integration of the transport equations for mass

and enthalpy outside the droplet yields analytical expressions

for the diffusive transport fluxes. The differential equations for

droplet mass and temperature can be derived from mass and

energy balances [19,15]

dmd

dt
¼ �pDdrg;refG g;refSh�lnð1þ BMÞ (8)

dTd

dt
¼ � ṁvap

mdc p;d

�
c p;vap;refðTg � TdÞ

BT
� hvap

�
(9)

The Spalding heat and mass transfer numbers BM and BT are

calculated as

BM ¼
Yvap;s � Yvap;g

1� Yvap;s
(10)

and

BT ¼ ð1þ BMÞx � 1; x ¼ c p;vap;ref

c p;g;ref

Sh�

Nu�
1

Le
(11)

If boiling temperature is reached during the evaporation, it is

assumed that the droplet remains at this temperature. Thus the

evaporating mass can be determined from

dmd

dt
¼ �pDd

lg;ref

c p;vap;ref

Nu�lnð1þ BTÞ (12)

with

BT ¼
c p;vap;refðTg � TsÞ

hvap

(13)

The approach accounts for non-unit Lewis number and the

effect of Stefan flow on heat and mass transfer. Convective

transport is considered by a modified Sherwood and Nusselt

number using the well-established Frossling correlations [27].

3. Thermal decomposition of urea particle

Urea melts at 406 K [28] and the thermal decomposition of

urea into ammonia and isocyanic acid [Eq. (2)] starts.

Thermolysis becomes fully evident above 425 K [29,12].
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Fig. 1. Two possible ways for thermal decomposition of an urea particle with

reaction rates ri and corresponding enthalpies DH (denoted for solid urea, at

standard conditions, 298 K and 1 bar): with gaseous urea (a) and without

gaseous urea (b).
The RM model, describing the evaporation, is extended to

calculate the following thermal decomposition of urea.

From literature two different ways for the thermal

decomposition can be derived, as outlined in Fig. 1:
(a) e
vaporation of molten/solid urea to gaseous urea, which

decomposes in the gas phase into NH3 and HNCO or
(b) t
he direct way from molten/solid urea to gaseous NH3 and

HNCO.
Fig. 2. Decrease of droplet mass. Conditions: Dd0 = 70 mm, Td0 = 300 K,

T1 = 673 K, urel = 0 m/s, p = 0.11 MPa. Calculations stopped at Ts = 373 K.
These two ways differ mainly in the way how the heat of the

reaction is provided. Furthermore, the inertia and thus the

particle tracking of solid or molten urea is quite different to the

behavior of gaseous urea in the exhaust stream. In the first case,

the sublimation enthalpy of +87.4 kJ/mol (at standard condi-

tions, 298 K and 1 bar) yields a cooling of the particle (reaction

rate r1), whereas the following decomposition (r2) with an

enthalpy consumption of +98.1 kJ/mol results in a direct

decrease of the gas phase temperature.

The results shown below reveal, that the thermal decom-

position of urea is limited by kinetics. Thus, urea must be

present for a certain time during decomposition in the solid/

liquid or gaseous state. But gaseous urea does not seem to be

stable at elevated temperatures, because there is no report on the

presence of gaseous urea. Therefore, we assume a very fast

reaction from gaseous urea to NH3 and HNCO for the first case

(r2 >> r1). Thus, if this reaction occurs, it takes place in the

boundary layer of the particle only. The enthalpy change due to

evaporation of solid urea and reaction of gaseous urea is

+185.5 kJ/mol in total and has to be transported to the particle

surface via the boundary layer.

Hence, we have the same situation concerning heat transfer

as in the second way where the complete reaction enthalpy of

thermolysis of +185.5 kJ/mol affects the particle (r3). From

energetic aspects it is not important if urea melts first or not,

since molten urea likely remains spherical, resulting in the

same heat transfer condition. We modeled the direct decom-

position from solid/molten urea to NH3 and HNCO and simply

included the melting process with the modest urea melting

enthalpy of +14.5 kJ/mol in the thermolysis.

As there is no reasonable condition for the phase change of

urea, an alternative way as used for the evaporation of water

must be taken to calculate the decomposition rate:
For the description of the decomposition an extended

Arrhenius expression is used,

dmu

dt
¼ �pDdAeð�Ea=RTdÞ: (14)

The heat transfer to the particle is calculated using

qd ¼ pDdlg;refNu�ðTg � TdÞ þ
dmu

dt
hth (15)

as a result of heat balance.

4. Modeling of of urea-water-solution spray

For the calculation of the injection of UWS, the models for

evaporation and thermal decomposition are implemented into the

CFD code Fire v8.3 from AVL [14]. In Fire the UWS droplets are

treated with Lagrangian particle tracking, which solves the

equation of motion for parcels of droplets with identical

properties using the Discrete Droplet Method of Dukowicz [30].

Turbulence dispersion is defined by the Eddy-Lifetime model

[31]. Between droplets and gas phase two-way coupling is

considered for momentum, mass and heat. For turbulence kinetic

energy and dissipation one-way coupling is applied.

Hydrolysis of HNCO [Eq. (3)] is considered as a

homogeneous gas phase reaction using the coupling interface

of Fire to the CHEMKIN chemistry solver [32].

5. Results and discussion

5.1. Evaporation modeling

When UWS is atomized into a hot gas stream, the droplets

are heated up and, due to the low vapor pressure of urea

compared to the vapor pressure of water [21], water evaporates

first from the droplets. The evaporation of water leads to a

spatial urea concentration gradient with a maximum at the

droplet surface. Convection and diffusion smooth out the

concentration gradients inside the droplet. Thus solved urea at

the droplet surface causes a decrease of the vapor pressure of

the water. This effect is heightened during the evaporation. The
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Fig. 3. Droplet surface temperature during evaporation for H2O and UWS

droplet: effect of vapor pressure change due to increase of urea surface

concentration, predicted by different models. Conditions: Dd0 = 70 mm,

Td0 = 300 K, T1 = 673 K, urel = 0 m/s, p = 0.11 MPa. Calculations stopped at

Ts = 373 K.

Fig. 5. Comparison of evolution of UWS droplet mass with DL, ED and RM

model with forced convection at elevated temperature. Conditions:

Dd0 = 70 mm, Td0 = 300 K, T1 = 900 K, urel = 100 m/s, p = 0.11 MPa. Calcu-

lations stopped at Ts = 373 K.
decrease of vapor pressure results in a lower evaporation rate

[33]. Fig. 2. shows the slower decrease of droplet mass during

the evaporation for UWS compared to pure water. For UWS

both models DL and RM predict a similar mass change, with a

little smaller rate for the DL model.

The results for the droplet surface temperature are depicted in

Fig. 3. While the temperature of a water droplet remains constant

after the heating period the UWS droplet surface temperature

increases continuously. The decrease of vapor pressure at the

UWS droplet yields a smaller evaporation rate. Identical heat

transfer to the droplet and less cooling due to evaporation

enthalpy at UWS results in an increase of droplet temperature and

therefore vapor pressure. But as the droplet temperature rises, the

heat transfer decreases, because the temperature difference,
Fig. 4. Urea concentration during evaporation, predicted with DL model. Con-

ditions: Dd0 = 70 mm, Td0 = 300 K, T1 = 673 K, urel = 0 m/s, p = 0.11 MPa.
Tg � Ts, decreases. Slower evaporation as shown in Fig. 2 is the

result. For UWS a difference between DL and RM model in the

heating behavior of the droplet is observed. However, there is no

significant difference in the evolution of droplet mass, although

the DL model predicts concentration gradients. Fig. 4 shows the

time evolution of the urea concentration inside the droplet, from

the center (w ¼ 0) to the surface of the droplet (w ¼ 1). Since the

characteristic heating time t� r2
d=ad � 7� 10�3 s is much

shorter than the evaporation time no significant gradients in

droplet temperature appear.

For a droplet in a free convection situation the RM and DL

models predict almost the same evaporation rates. The strongest

influence of diffusion resistance inside the droplet is expected at

elevated ambient temperature and forced convection, because

both yield in high evaporation rates. So the different

evaporation models, including the ED model, are tested for

UWS at these conditions. Fig. 5 shows the decrease in droplet

mass for the three evaporation models for an ambient

temperature of 900 K and a relative velocity of 100 m/s.

As expected the result for the ED model is between the

prediction of RM and DL model; as in the free convection

situation, there is no significant difference between the models.
Fig. 6. Mass flow for water vapor and urea during evaporation and decom-

position. Conditions: Dd0 = 70 mm, Td0 = 300 K, T1 = 673 K, urel = 0 m/s,

p = 0.11 MPa, A = 0.42 kg/sm, Ea = 6.9 � 104 J/mol.
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Fig. 8. Evolution of squared droplet diameter: change of slope after complete

evaporation of water due to higher reaction enthalpy compared to evaporation

enthalpy of water. Conditions: Dd0 = 70 mm, Td0 = 300 K, T1 = 673 K,

urel = 0 m/s, p = 0.11 MPa, A = 0.42 kg/sm, Ea = 6.9 � 104 J/mol.
Without the need of discretization of the droplet interior and

without a time consuming solution of transport equation, the

RM model is a numerically effective method to predict the

evaporation of water from UWS droplets. Since it is based on

algebraic equations, about 10 times less computational time is

required compared to the DL and ED model.

The results reveal that the RM model for UWS is suitable for

the use in a multi-phase CFD code and a good compromise

between accuracy and numerical effort. In technical applica-

tions, the calculation of a few thousand droplet packages is

usually needed to simulate realistic spray propagation.

5.2. Thermal decomposition

After the evaporation of water urea melts at 406 K and

thermal decomposition starts. In Fig. 6 the calculated mass

fluxes of water vapor and urea due to evaporation and

decomposition are shown. The evaporation mass flow increases

as the droplet heats up and decreases as the droplet diameter

decreases. The small peak at the end of the evaporation occurs

when boiling temperature is reached since the droplet

temperature remains constant. The decomposition of urea

occurs at lower rates than the evaporation of water. This is a

combination of the higher particle temperature and thus a lower

heat transfer, the higher reaction enthalpy (hth � 3088 kJ/

kg > 2300 kJ/kg � hvap) and the limiting kinetic.

The model for the decomposition rate [Eq. (14)] results in a

constant particle temperature during decomposition since both

convective heat transfer to the droplet and decomposition rate

are proportional to the droplet diameter. As the decomposition

temperature and thus the rate increases, the heat transfer to the

particle decreases, until transferred heat and enthalpy of

decomposition are balanced. Fig. 7 shows the evolution of the

droplet/particle temperature during the evaporation and

decomposition process. We can assume that the urea is molten

since the particle stays for a certain time at a temperature above

the melting temperature of 406 K.

Fig. 8 depicts the associated D2-ratio with the different

slopes for evaporation and decomposition.
Fig. 7. Droplet/particle temperature during evaporation and decomposition.

Conditions: Dd0 = 70 mm, Td0 = 300 K, T1 = 673 K, urel = 0 m/s, p = 0.11

MPa, A = 0.42 kg/sm, Ea = 6.9 � 104 J/mol.
5.3. Simulation of urea-water-solution-injection

To evaluate the Arrhenius parameters of the decomposition

[Eq. (14)] the simulation is compared to an experimental

investigation of Kim et al. [9] studying the conversion from

injected UWS to ammonia. The UWS (here a solution with

40 wt% urea is used) was directly injected at the axis of a tube

(Fig. 9) at gas temperatures of 573 K, 623 K and 673 K and

average velocities varying from 6.0 to 10.8 m/s. The average

conversion rates were measured at distances of 3 m, 4.5 m and

6 m downstream the injection, yielding to residence times

between 0.3 s and 1.0 s.

The droplets are initialized with a Rosin-Rammler

distribution

vðDÞ ¼ 1� eð�D3:27=44Þ (16)

an injection velocity of 10.6 m/s and an UWS flow rate of

3.3 � 10�4 kg/s.

The rate of hydrolysis of HNCO [Eq. (3)] is given by Yim

et al. [2] by

rhy ¼ cHNCO2:5� 105 eð�62220=RTÞ: (17)

Evaporation and thermolysis of the droplets is calculated using

the RM model. The kinetic paramters of the thermal decom-

position, frequency factor A and activation energy Ea [Eq. (14)]

are fitted to match the experimental data using least squares

method. The activation energy of 7.3 � 104 J/mol proposed by
Fig. 9. Sketch of the experimental setup of Kim et al. [9] (not to scale).
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Fig. 10. Numerical results of spray propagation (the droplets are colored with urea fraction), gas temperature, water vapor concentration and NH3 concentration in

gas phase (Tg = 623 K, ug = 9.1 m/s).

Fig. 11. Calculated conversion to NH3 for different gas velocities and gas

temperatures compared to experimental data of Kim et al. [9].

Fig. 12. Predicted conversion to NH3 and NH3 equivalent at different gas

temperatures.
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Buchholz [34] is used as initial guess. The fitting procedure

yields

A ¼ 0:42 kg=sm

Ea ¼ 6:9� 104 J=mol:
(18)

Fig. 10 exemplary depicts the results of the numerical

calculation for Tg = 623 K and ug = 9.1 m/s. Small droplets

show a minor radial penetration and evaporate and decompose

faster than the bigger droplets. Therefore, the main drop in

temperature and the maximum concentrations of water vapor

and NH3 appear in the middle part of the tube. While the highest

water vapor concentrations occur near the nozzle the

production of NH3 occurs further downstream due to the

kinetic of the thermal decomposition.

Fig. 11 shows the calculated urea conversion to NH3

compared to the experimental data for Tg = 573 K, Tg = 623 K,

Tg = 673 K and varying average gas velocity. Conversion is

defined as the ratio of the amount of NH3 measured or

calculated to the maximum concentration when urea is

transformed completely into NH3.

The simulations agree well with the experimental data at

623 K. While at 573 K the calculation underestimates the

experiment the simulation predicts slightly higher conversion

rates at 673 K. One should consider that the conversion to NH3

is a result from both thermal decomposition of urea and

hydrolysis of HNCO in the gas phase. Uncertainties could occur

in the description of both reactions. The hydrolysis reaction

does not occur significantly at temperatures below 573 K [9].

So conversion at this temperature is only due to thermal

decomposition resulting in approximately the same amount of

both gaseous products at all positions. Fig. 12 shows the

calculated conversion to NH3 and HNCO at varying gas

temperature as a function of the residence time. At 673 K most

of the HNCO is already hydrolyzed at the highest residence

times. The decrease of conversion rate with increasing

residence time is due to slow evaporation and thermolysis of

large droplets. This effect is pronounced at high temperatures.

6. Conclusions

The influence of urea on the evaporation of urea water

solution has been studied. The decrease in vapor pressure due to

increasing concentration of urea in the droplet results in a

continuous increase of the droplet temperature and a slower

evaporation compared to pure water. Describing the evapora-

tion process with different physical models, the Diffusion Limit

model predicts a higher urea concentration at the surface than

the Rapid Mixing model due to gradients in the droplet.

Nevertheless the Diffusion Limit and Rapid Mixing models

predict a similar variation in droplet diameter during

evaporation at exhaust conditions.

The Rapid Mixing model has been extended to describe the

thermal decomposition of urea using an Arrhenius formulation

after the evaporation of water is completed. The kinetic

parameter for the decomposition has been determined by

comparing numerical CFD simulations with experimental data

from Kim et al. [9]. The results agree sufficiently.
The CFD model predicts the urea concentration and the

temperature of the urea water solution droplets and urea

particles, which is important for the understanding of their

impingement on catalyst and wall. Furthermore, the conversion

into gaseous reducing agents, NH3 and HNCO, serves as

boundary condition for dimensioning of the catalyitc converter,

in which the reduction of the nitrogen oxides by ammonia will

be conducted.

The results reveal that in real exhaust configurations the urea

water solution does not evaporate and decompose completely.

The catalyst must have a sufficient capability for the hydrolisis

reaction, especially at temperatures below 573 K, at which no

significant hydrolysis in the gas phase occurs. Catalyst or

surfaces of the exhaust gas system will be important parts for

spray mixing and reducing agent preparation.
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