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a b s t r a c t

The sensitivity of modeling choices to obtained results for Eulerian–Lagrangian CFD simulations of urea-
SCR systems has been investigated for a system consisting of an AdBlue-spray located at the exhaust pipe
wall, directed into the exhaust gas flow. The decomposition of urea is modeled as being heat transfer
limited and taking place at a constant temperature (425 K). It is shown that modeling choices may affect
the predicted extent of wall hit, which types of droplets that are predicted to hit the wall, and also where
they will do so.

The influence of the different forces due to drag, buoyancy, lift effects, thermophoresis and history
agrangian
rea decomposition
ass transfer
eat transfer

effects was investigated, proving that only the forces due to drag and buoyancy are necessary to correctly
describe droplet motion within this system. It is necessary to use a droplet drag coefficient that takes the
current level of droplet distortion into account.

A stochastic particle tracking model will describe the effects of turbulent dispersion, but also make the
simulation results sensitive to the quality of the turbulence model’s prediction of the turbulent fluctuating
velocities. Using such a model will also resolve some of the enhancement of heat and mass transfer caused
by the continuous acceleration/deceleration of droplets by turbulent eddies.
. Introduction

The increasing demand on the automotive industry to reduce
missions from diesel engines entails more knowledge about the
odeling of exhaust gas after treatment systems. One of the major

ollutants in diesel exhaust is nitric oxides (NOx). NOx has adverse
ffects on both human health and the environment.

A promising technique for reducing NOx emissions is selec-
ive catalytic reduction (SCR) with urea. With this approach, a
ater–urea solution is sprayed into the exhaust pipe in front of the

atalyst. Urea will decompose into ammonia, which is the reducing
gent needed to transform NOx to N2 on the catalyst.

Computational fluid dynamics (CFD) simulations will most
robably play a crucial role in the design and optimization of
uture urea-SCR systems. The work presented here has investi-
ated droplet–flow interactions in a urea-SCR-spray originating
rom nozzle located at the exhaust pipe wall, using commercial CFD
oftware (Fluent 6.3.26). The main body of this work is devoted

o determining the most suitable and least complex models for
ulerian–Lagrangian CFD simulations of urea-SCR systems, and to
ritically assess the actual impact of choosing a specific model on
ll studied results.

∗ Corresponding author. Tel.: +46 31 772 30 26; fax: +46 31 772 30 35.
E-mail address: bengt.andersson@chalmers.se (B. Andersson).

385-8947/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2008.12.003
© 2008 Elsevier B.V. All rights reserved.

In order to identify the main characteristics of the urea-SCR sys-
tem from a modeling perspective and – equally important – identify
what that is too poorly known to be accurately modeled, a short
description of the chemistry and physics of the urea-SCR system is
necessary, and will follow below.

1.1. Urea decomposition

In the urea-SCR system, a solution of 32.5 wt% urea in water
(AdBlue) is sprayed into the pipe ahead of the SCR catalyst. Water is
evaporated and the resulting solid urea melts and starts to decom-
pose thermally [1]:

NH2–CO–NH2(s) → NH3(g) + HNCO(g), �H = 185.5 kJ/mol

(1)

This results in release of gaseous ammonia that can take part
in the SCR reactions. The resulting isocyanic acid will also produce
ammonia, through hydrolyzation on the SCR catalyst (or in the gas
phase at high temperatures) [1]:

HNCO(g) + H2O(g) → NH3(g) + CO2(g) (2)
This reaction, being limited mainly by external and internal mass
transfer [2], is much faster than the SCR reactions, which means
that it is believed that every mole of urea will result in two moles
of ammonia for the SCR reactions.

http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:bengt.andersson@chalmers.se
dx.doi.org/10.1016/j.cej.2008.12.003
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Nomenclature

Latin letters
BM mass transfer number
BT heat transfer number
Cb TAB model constant
CB history force coefficient
CD drag coefficient
Cd TAB model constant
CF TAB model constant
Ck TAB model constant
CL lift coefficient
Cm constant in the expression for the thermophoretic

force
Cs constant in the expression for the thermophoretic

force
Ct constant in the expression for the thermophoretic

force
cp specific heat (J/kg K)
D pipe diameter (m)
DAB diffusion coefficient of vapor in the bulk (m2/s)
d̄ Rosin–Rammler diameter (m)
d diameter (m)
F force (N)
F force vector (N)
FM film thickness correction factor
FT film thickness correction factor
g gravitational acceleration (m/s2)
h heat transfer coefficient (W/K)
�H enthalpy change depending on subscript: heat of

sublimation, reaction, decomposition or vaporiza-
tion (J/kg)

I turbulence intensity
k thermal conductivity (W/m K)
k turbulent kinetic energy (m2/s2)
K spray/wall-interaction model parameter
K0 constant for determination of the lift coefficient
K1 constant for determination of the lift coefficient
kc mass transfer coefficient (m/s)
m mass (kg)
M molar mass (moles/kg)
n Rosin–Rammler exponent
P total pressure (Pa)
p partial pressure (Pa)
r undisturbed droplet radius (in the TAB model) (m)
R universal gas constant (J/kg mol)
t time (s)
T* spray/wall-interaction model parameter
T temperature (K)
∂T/∂x gas phase temperature spatial gradient (K/m)
u′ instantaneous (turbulent) velocity fluctuation (m/s)
ū resolved (mean) velocity (m/s)
u velocity (m/s)
u velocity vector (m/s)
Uc relative velocity between droplet and gas on the

streamline through the centre of the droplet (m/s)
∂U/∂y velocity gradient over droplet that is perpendicular

to direction of droplet motion (1/s)
Y mole fraction
y normalized droplet distortion

Greek letters
˚ material property
˛* dimensionless shear rate

� factor in iterative calculation of BT

� mean free path of the gas (m)
� ratio between particle and fluid viscosities
� molecular viscosity (kg m/s2)
� density (kg/m3)
	 surface tension between droplet and gas (N/m)

 integration variable
� uniformly distributed random number
� normally distributed random number

Superscripts and subscripts
◦ saturation
AdBlue AdBlue
c corrected
f film composition
film film
g gas
H2O water vapor
i coordinate direction (i = x, y, z)
p particle (droplet)
r relative
ref film (reference) temperature
s surface
sat saturation
urea urea
vap vapor
w wall
wall-normal wall-normal direction
x subscript for identification of forces act-

ing on droplets D = drag, B = buoyancy, L = lift,
T = thermophoresis, H = history

0 initial

Dimensionless numbers
Kn Knudsen number, 2�/dp

Nu Nusselt number, hdp/kg

Pr Prandtl number, cp,g�g/kg

Re Reynolds number, �gDug/�g

Rep droplet Reynolds number, �gdpUc/�g

Sc Schmidt number, �g/�gDAB

Sh Sherwood number, kcdp/DAB
We Weber number, �gdpU2

c /	

It has been proposed that, since urea ideally decomposes into
ammonia, ammonia will be the active reducing agent [1], and thus
the SCR reactions for the urea-SCR system will be the same as for
an NH3-SCR system.

1.2. Uncertainties in the urea decomposition process

When the water has more or less fully evaporated from the
AdBlue droplet, it is not yet completely known what the droplet
looks like. The various suggestions in the literature include a
particle of solid urea [1–3] or molten urea [2–4] or just a very
concentrated water solution of urea [5]. Urea has a melting tem-
perature of approximately 406 K [6]. There are many suggestions
in the literature for the temperature when urea starts to decom-
pose thermally, for example: 406 K [7], 416 K [8], 425 K [9] and 433 K

[10,11]. In fact, urea decomposition has been observed at low rates at
temperatures as low as 353 K [12]. In previous studies, urea decom-
position has been modeled (in order of decreasing complexity)
either as evaporation with a saturation pressure curve determined
from experimental data [13], with an Arrhenius expression [7,14],
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The most straightforward approach when doing CFD simulations
of the urea-SCR system is to do it in the Eulerian–Lagrangian frame-
work, which allows for detailed descriptions of individual droplet
fates and interactions with the continuous phase.

Table 1
Properties of the “high” and “low” gas flows used in the simulations. All properties
are calculated using weight-averaged mean values.

Flow property “Low” gas flow “High” gas
flow

“Extreme”
gas flow

Linear gas velocity (m/s) 25 75 100
Temperature (◦C) 300 400 500
H. Ström et al. / Chemical Eng

s controlled by the turbulent mixing process [3], or simply with
conversion efficiency factor determined from experimental data

2]. The Arrhenius expression approach has resulted in urea decom-
osition modeled as taking place at temperatures as high as above
00 K [14]. For the modeling in this work, given the above-presented
ackground, it was decided to model urea decomposition as a heat
ransfer limited process at a constant temperature of 425 K. This
pproach evades the need for empirical parameters that need to be
rimmed to experimental data from a specific system.

The conversion efficiency of urea into ammonia changes with
emperature. This is believed to be caused by the fact that urea
ecomposes in at least two stages [7]. The first stage, which is the
ne starting somewhere above 406 K, results in the formation of
socyanic acid and ammonia. Further heating will cause polymer-
zation into biuret (from 433 K) and cyanuric acid and ammelide
from 448 K) [9]. The second stage starts at 523 K, where decompo-
ition into ammonia and isocyanic acid stops. Urea may thereafter
orm cyanurates, ammeline, ammelide and melamine [9]. Ammo-
ia can even be consumed during these transitions [15]. For these
easons, urea should ideally decompose at temperatures close to
he start of the first stage of decomposition, in order to gain maxi-

um urea conversion efficiency into ammonia. It is also of interest
o notice that contact with the catalyst is reported to speed up the
rst stage, so that there will be almost no decomposition of urea at
emperatures of 523 K and above [15].

Even if the thermal decomposition of urea starts already in the
xhaust pipe just after injection, it will most probably not be com-
lete by the time it reaches the catalyst entrance. Depending on
he temperature of the exhaust gases, as little as 20% conversion
f reaction (1) can be expected (at 330 ◦C), while isocyanic acid is
table enough in the gas phase to remain totally unreacted until
eaching the catalyst surface [16]. In one study, no more than 65%
f the injected urea had decomposed before the catalyst entrance at
flue gas temperature of 440 ◦C and a residence time in the exhaust
ipe of 90 ms [1]. As urea decomposition only liberates half of the
otal molar amount of ammonia, the maximum total conversion
fficiency prior to the catalyst is theoretically 50% (unless there
s substantial hydrolyzation in the gas phase); this has also been
upported by experimental observations [2].

.3. Wall wetting

Deposits in the exhaust pipe in front of the catalyst have been
bserved in many urea-SCR systems [1,17], and the formation of
elamine could be one major explanation for this [15]. It is gener-

lly believed that deposit formation is the result of a poorly adjusted
dBlue-spray [1,18]. However, it is still unclear what happens if and
hen the spray hits the walls, and this has been addressed only

ecently [13]. Depending on temperatures and droplet deforma-
ion, the effects may range from film formation (which could lead
ither to finalized decomposition and hydrolyzation or to deposit
ormation) to splashing. Today, CFD softwares often include wall-
lm models that can be used to predict the interaction between
spray and a wall, but these could produce ambiguous results if
ot all aspects of the complex pathways of urea decomposition are
aken into account. Hence, the work presented here is only directed
owards estimating the extent of wall hit and to clarify the under-
ying reasons.

. Modeling
.1. The system

Since the aim of the current work has been to study the influ-
nce of different modeling choices for CFD simulations of urea-SCR
Fig. 1. Illustration of the modeled urea-SCR system.

systems, it was decided to use a very simple and basic system setup,
so as to not overshadow the implications of the choices made by the
effects of an unnecessarily complex system design.

The system simulated in this work is depicted in Fig. 1. It is a
straight exhaust gas pipe with a diameter of 120 mm. A single-phase
(i.e. not air-assisted) AdBlue-injector is situated at the pipe wall,
directed into the flow at 45◦ angle. It is a pulsating injection, forming
a hollow cone spray (mean half cone angle is 10◦), and the distance
between the injection point and the pipe outlet is 1 m. Droplets
injected into the system had a number-average diameter of 93 �m
and were sampled from a Rosin–Rammler diameter distribution:

dp = d̄(− ln[1 − �])1/n (3)

using random numbers � and with d̄ = 100 �m and n = 1.21. The
droplet size distribution in a real-world urea-SCR system is heavily
dependent on the injection system. Smaller droplets could be cre-
ated by using an air-assisted injection device, for example. Although
smaller droplets are generally favorable from a decomposition effi-
ciency perspective, the use of a realistic droplet size distribution
which also produces some larger droplets will allow for the inspec-
tion of the faith of both smaller and larger droplets; this approach
thus gives information on the larger droplets from a single-phase
injection as well as all smaller sizes of droplets (as all droplets
evaporate and decompose and eventually vanish). The aim of the
study is thus not to find an optimal droplet size distribution, but
rather to study all occurring droplet sizes in existing urea-SCR
applications. The flow rate of the injection was 2.5 g/s and the sim-
ulations each track the entire faith of one spray pulse of 10 ms.
All droplets are injected with the same velocity (17.75 m/s). 10,000
computational parcels were used to represent the droplets in the
spray.

Two different gas flows are considered; a typical “high” gas flow
and a typical “low” gas flow. Their respective properties are sum-
marized in Table 1. The gas is modeled as a mixture of nitrogen
(75%), oxygen (10%), carbon dioxide (10%) and water (5%). The gas
inlet boundary conditions are those for fully developed turbulent
flow. The pressure is set to 1 atm at the pipe outlet.

To facilitate referencing to the different simulation results in this
article, they are summarized and numbered in Table 2.

2.2. Eulerian–Lagrangian modeling
Reynolds number ∼64,000 ∼150,000 ∼158,000
Streamwise turbulent intensity (%) 6.4% 5.8% 5.8%
Integral length scale (mm) 4.8 4.8 1.3
Taylor microscale (mm) 2.7 1.9 0.95
Kolmogorov length scale (�m) 150 84 57
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Table 2
List of performed Eulerian–Lagrangian CFD simulations.

Case name Case description

Case 1 High gas flow base case
Case 2 High gas flow case with detailed drag law
Case 3 High gas flow case with turbulent dispersion model
Case 4 High gas flow case with detailed drag law and

turbulent dispersion model
Case 5 Low gas flow base case
Case 6 Low gas flow case with detailed drag law
Case 7 Low gas flow case with turbulent dispersion model
Case 8 Low gas flow case with detailed drag law and turbulent

dispersion model
Case 9 Extreme gas flow base case
Case 10 Extreme gas flow with detailed drag law
Case 11 Extreme gas flow with turbulent dispersion model
Case 12 Extreme gas flow with detailed drag law and turbulent

dispersion model

Table 3
The most commonly encountered forces in the Eulerian–Lagrangian modeling
approach.

Force Due to

Drag force Relative velocity between droplet and gas
Buoyancy force Gravitation
Virtual mass force Acceleration of the surrounding gas at droplet

acceleration
Brownian motion Collisions with individual molecules of the gas phase
Lift force Velocity gradient in the normal direction to the

particle trajectory
Rotational force Rotation of the droplet
T
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Fdrag,with internal circulation 2 + 3 �p/�g
hermophoretic force Temperature gradient over droplet
istory force Build-up of continuous phase boundary layer at

acceleration of droplet

The gas phase flow is highly turbulent and is solved for with a
wo-equation turbulence model in order to provide a fast and robust
imulation environment. The RNG k–ε model was chosen since it is
nown to better respond to the higher strain rates associated with
pray-generated turbulence compared to the standard k–ε model
19], although these effects might not be large for dilute sprays, e.g.
dBlue-injections. The equations solved and the model constants
nd underlying assumptions are all available in full detail in [20].
NG k–ε has been used in previous studies on exhaust gas flow
21,22]. Standard wall functions were used and the computational

esh contained approximately 168,000 hexahedral cells.
Droplet motion is then coupled to continuous phase motion via

ewton’s second law of motion, where the net momentum transfer
etween the phases can be calculated from the sum of all relevant
orces acting on the droplet (Eq. (4))

p
dup

dt
=

∑
x

Fx (4)

This means that it is necessary to determine which forces to
nclude in the computations a priori (in order to reduce complexity
nd time needed), based either on previous experience or sensitiv-
ty analysis.

The most commonly encountered forces are listed in Table 3.
he drag force is normally the most dominating force in spray sys-
ems and should thus always be included. The buoyancy force will
lways be present, its influence being greater for longer retention
imes and heavier droplets. The virtual mass force can be safely
eglected considering that the continuous phase is almost 2000

imes lighter than the droplets [23]. Brownian motion becomes rel-
vant when the size of the droplets approaches the mean free path
f the continuous phase, but with the simulation setup used in the
urrent work, droplets evaporate very fast when they reach the size
here Brownian effects start to become important (approximately
ng Journal 150 (2009) 69–82

1–2 �m), and Brownian motion need not be modeled [23]. If, how-
ever, such a simulation setup is not used, it is necessary to include
corrections of the drag force as the droplets approach the mean free
path of the gas. A suitable correction is in that case the so-called
Cunningham correction [24].

The last four forces are more difficult to dismiss in advance, and
have therefore been examined in more detail. They were excluded
from the force balance in the simulations, but their size relative to
the current drag force was logged at all times in order to verify this
assumption afterwards.

2.2.1. The drag force
The drag force is calculated as

FD = CD
�d2

p

4
�g|Uc|Uc

2
(5)

This approach calls for a sub-model to describe the drag coeffi-
cient, CD. Since the drag force is the most important force acting on
the droplets in the spray, great care must be taken to choose a suit-
able model for the drag coefficient. This will therefore be discussed
in detail in the following section.

2.2.2. The drag coefficient for spherical droplets
Sub-models for the droplet drag coefficient are herein referred

to as drag laws. A common way to obtain a drag law is to use a corre-
lation based on empirical data for the geometric shape in question.
For (perfect) spheres, one such well-known equation is available in
[25]:

CD,sphere = 24
Rep

(1 + 0.2 Re0.63
p ) (6)

which is valid for 20 < Rep < 260. This drag law is from here on
referred to as the spherical drag law. The droplet Reynolds number,
Rep, is evaluated at the free stream density and the film viscosity
using the 1/3 rule (explained in Section 2.4), as this procedure has
been shown to be the most accurate [26].

Different physical phenomena relating to the fluid nature of the
droplet particles may necessitate corrections or alterations of the
drag coefficient correlation. Such phenomena include internal cir-
culation, droplet deformation and continuous phase turbulence.

2.2.3. The drag coefficient—effects of internal circulation
Since the surrounding fluid will exert a viscous shear on the

droplet interface, internal circulation will occur to some extent. The
tendency for internal circulation is governed by the viscosity ratio
between the particle and the surrounding fluid:

� = �p

�g
(7)

A fluid particle will have little tendency for internal circula-
tion due to a high � value or surface contaminants [25,27]. Internal
circulation can reduce the drag coefficient to 1/3 of the correspond-
ing drag coefficient of a solid particle with the same radius and
Reynolds number [28]. Small impurities induce surface tension gra-
dients that hinder the internal circulation and give drag coefficients
reminiscent of those for solid particles.

To evaluate if AdBlue droplets will experience an effect of
internal circulation which might alter their drag coefficient, the fol-
lowing expression was used to estimate the deviation in drag force
from that of a solid sphere [27]:( )
Fdrag,solid sphere
=

3 + 3�p/�g

×
(

1 − 0.03

(
�g

�p

)
Re0.65

p

)
(8)
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a displacement using three measurement locations. However, no
H. Ström et al. / Chemical Eng

This was done for AdBlue droplets in the gas flow temperatures
isted in Table 1. Since the exhaust gas temperature variation will
ie mainly within these ranges, and droplet viscosity will tend to
ncrease when water is evaporated but decrease as temperature
ncreases, � will vary accordingly. Because of the rapid heating of
njected droplets the viscosity ratio will start to decrease and pass
rough a minimum value of 30 and then increase to above 95 due
o the effects of water evaporation.

Three free stream velocities were examined (20, 50, 70, and
00 m/s) for six different initial droplet sizes (25, 75, 100, 150, 200,
nd 300 �m). The maximum deviation from a solid sphere was
ound to be within 5% for the largest free stream velocity and the
argest droplet size at the highest temperature. However, this devi-
tion is only seen at the beginning of the droplet lifetime and is very
hort-lived. Also, for a typical AdBlue-spray the droplets will be of a
uch smaller size than 300 �m. This shows that the effect of inter-

al circulation is of minor importance when predicting drag for the
rea-SCR system. It is therefore neglected in the current work.

.2.4. The drag coefficient—effects of droplet deformation
Deformation of droplets is another phenomenon that will affect

he drag coefficient. Droplets remain spherical as long as surface
ension and/or viscous forces are much larger than the inertial
orces exerted by the surrounding fluid. For high Reynolds num-
ers (Rep > 600) almost all droplets will deform [25]. Droplets will
xperience greater drag if their shapes are distorted (up to 2 or 3
imes greater), although for the lower range of particle Reynolds
umbers (Rep < 1000) this effect is not always as pronounced [28].

If a measure of the droplet distortion is available, it is possible to
alculate the drag coefficient as a simple linear variation between
he spherical drag coefficient and the constant 1.54 (which corre-
ponds to the drag coefficient of a disk at the prevailing particle
eynolds numbers [20], and also has been found to be an approx-

mate value for fragmenting drops in incompressible flow [28]), as
function of the normalized droplet distortion, y:

D,dynamic = (CD,disk − CD,sphere)y + CD,sphere (9)

Note that this drag law needs yet another sub-model to supply
he current level of droplet distortion. The Taylor analogy breakup
TAB) model can help estimate the normalized droplet distortion
y solving the following equation, based on the analogy between
n oscillating droplet and a spring-mass system [20]:

d2y

dt2
= CF

Cb

�g

�p

U2
c

r2
− Ck	

�pr3
y − Cd�p

�pr2

dy

dt
(10)

A value of y = 0 corresponds to an undisturbed droplet, whereas
= 1 means the droplet distortion is equal to half of the undis-

urbed droplet radius, which would make the droplet look like a
isc. The approach of using the TAB model to vary the drag coeffi-
ient was originally introduced into the KIVA CFD code [22]. One
mportant difference between this approach and regular correla-
ions is that it supplies time resolved values for the droplet drag
oefficient, thus also capturing effects of droplet viscosity on the
eformation process. It could be speculated that this additional
istorical information may be important for transient behavior of
he droplets. However, the spring-mass analogy on which the TAB

odel is based limits the reliability of these time resolved effects,
s it implies restrictions on the oscillation mode undertaken by
he droplet and is of course dependent on the initial deformation
pecified.
Another drag coefficient is reported in [29] which accounts for
roplet oscillation/deformation as well as effects of evaporation
the so-called “blowing” effect [30]). The correlation in [29] does
ot account for droplet internal circulation, since only contami-
ated systems and high kappa ratios were considered. In [27], both
ng Journal 150 (2009) 69–82 73

the change of droplet shape/aspect ratio and internal circulation
was taken into account, but effects of evaporation were not consid-
ered.

When adjusting the correlation from [29] for internal circu-
lation, it has been shown that this correlation over-predicts the
sensitivity to the Weber number in the small Reynolds number
range (Rep < 20) [27]. For the 20 < Rep < 200 range, good agreement
with computational results was found [27]. This range includes the
most representative particle Reynolds numbers for a urea-SCR sys-
tem (in the limit of the largest droplets in the system, Rep may be
as high as ∼300).

One possibility could be to use the correlation from [29] and
adjust it for internal circulation using the procedure developed in
[27]. However, since the range of simulation conditions used in
[27] seems to lie well outside the range for the urea-SCR system,
we choose not to speculated whether such an approach would be
beneficial or not.

The correlation examined in this work for the urea-SCR system
is thus the one suggested in [29]:

CD = CD,sphere(1 + BT )−0.2(1 + 0.06Re−0.12
p We1.4) (11)

It uses the drag coefficient of a sphere (as calculated by Eq. (6))
and adjusts it for evaporation (via the heat transfer number, BT;
further discussed in Section 2.4) and droplet deformation (via the
particle Reynolds number and the Weber number, We). Once all
water has left the droplet and pure solid urea is left, the droplet is
assumed not to distort and the correction for droplet deformation is
dropped (i.e. the droplet is treated as a perfect evaporating sphere
from this point on). This drag law is from here on referred to as the
detailed drag law. The assumption of a non-distorting urea droplet
is justified by the fact that the relative velocity between the droplet
and the gas will be small at the start of urea decomposition, in
combination with the high viscosity of the urea melt, which will
effectively slow down any incipient droplet deformation.

It should be noted that the correlation above was developed
for evaporating droplets of n-heptane and not AdBlue. However,
experiments have shown that the reduction in drag is very similar
between evaporating droplets of water and heptane at the current
Reynolds numbers [26]. The droplet Reynolds number is still eval-
uated at the free stream density and the film viscosity [29,26].

2.2.5. The drag coefficient—effects of continuous phase turbulence
Lastly, also the effects of gas phase turbulence on droplet drag

coefficient may be taken into account. On smaller scales, compara-
ble with the droplet size (typically on the Kolmogorov scale), the
effects of turbulence may be seen as an increase in drag coefficient.
Usually the drag coefficient increases with increasing relative inten-
sity (i.e. fluctuating velocity over particle relative velocity) [31].
Increasing drag coefficients for increasing relative intensity mea-
sured for rigid spheres in liquids was reported in [32]. These results
were however not deemed applicable for sprays due to experiments
being conducted at low-density ratios �p/� and spatial scales of
turbulence not comparable to those found in a typical combus-
tion spray [31]. Later, Anderson and Uhlherr [33] attributed the
increase in drag with relative intensity to the previous method used
in [32] for computing the relative velocity between the dispersed
and continuous phase. For low intensities (<10%), the drag coeffi-
cient was found to decrease [34]. In [31], drag coefficients applicable
for spray conditions are calculated from average drag forces over
conclusive and systematic deviation from the drag-coefficient cor-
relation given by [25] can be noticed. Because of the uncertainties
in the correlations for the effects of continuous phase turbulence
on particle drag coefficients, this effect has not been considered in
the current work.
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.2.6. The buoyancy force
The buoyancy force is modeled as

B,i = mp
gi(�p − �g)

�p
(12)

The buoyancy force is expected to be second largest force after
he drag force. However, since the injector is situated at the wall in
he investigated injection system, inclusion of the buoyancy force
ould create an innumerable set of system setups—since the posi-

ion of the injector relative to the gravity vector will influence the
imulation results. It was therefore decided to remove the buoyancy
orce from the computations and instead only estimate its influence
n terms of droplet displacement.

In the simulations performed, the droplet retention times in the
ipe ranges approximately from 20 to 40 ms. This translates to a dis-
lacement of the droplets by the buoyancy force that is in the range
–7% of the pipe diameter. It is evident that neglecting the buoyancy
orce has little effect for the shortest retention times, whereas for
he longer retention times the predicted results will be influenced.
eglecting the buoyancy force can be justified based on the very
urpose of the current investigation, but this force should otherwise
lways be included in simulations of AdBlue-sprays.

.2.7. The lift force
A droplet moving parallel to a velocity gradient will experience

lift force often referred to as the Saffman lift force. For the AdBlue-
pray droplets, it is obligated to use an expression that can handle
igh particle Reynolds numbers (Rep � 1). One such expression is
resented in [35].

In order to investigate whether the lift force should in fact be
ncluded in the Lagrangian force balance during simulations of an
dBlue-spray, all simulation cases 1–12 were performed with an ad
oc routine that logged the size of the lift force of all droplets at all
imes. The lift force was calculated from:

L = 1
8

CL�gU2
c �d2

p (13)

A simplified version of the expression suggested by Kurose and
omori was used for the lift coefficient CL [35] (the simplification
eing that the droplet is assumed not to rotate):

L(Rep, ˛∗) = K0˛∗0.9 + K1˛∗1.1 (14)

here K0 and K1 are constants linearly interpolated from Table 3
n [35], and ˛* is the dimensionless shear rate of the fluid. The
xpression (13) is valid for 1 ≤ Rep ≤ 500 and 0 ≤ ˛* ≤ 0.4, and the
imensionless shear rate is defined as

∗ = 1
2

dp

Uc

∂U

∂y
(15)

To simplify the code in order to speed up the computations, the
elocity gradient ∂U/∂y was taken as the largest velocity gradient
ver the droplet in any direction, rather than the actual velocity
radient in the plane perpendicular to the droplet motion direction,
s in the definition of the lift force. This leads to an estimation of the
imensionless shear rate that is always equal to or larger than what

s actually experienced by the droplet, and thus most probably an
verestimation of the current lift force.

.2.8. The rotational force
Droplet rotation produces a lift force known as the Magnus lift

orce. The direction of this force is dependent on the direction of

roplet rotation relative to the gas flow. Resolving rotational effects
ecessitates the solving of one more equation per computational
arcel (for the rotational speed) and is thus computationally expen-
ive. It has been shown that rotational effects can be expected to be
nimportant if lift force effects also are negligible, as the lift force
ng Journal 150 (2009) 69–82

by rotation is often less by an order of magnitude than that due to
shear [36].

2.2.9. The thermophoretic force
Temperature gradients are known to exist in the pipe at the point

of evaporation and decomposition of the spray, so thermophore-
sis (the force on a particle due to a temperature gradient) is a
potentially important effect. In order to investigate whether the
thermophoretic force should be included in the force balance dur-
ing simulations of an AdBlue-spray, all simulation cases 1–12 were
performed with an ad hoc routine that logged the size of the ther-
mophoretic force for all droplets at all times. The expression used
to calculate the thermophoretic force was taken from Talbot et al.
[37]:

FT = − 6�dp�2
gCs((3.75�gR/kp) + CtKn)

�g(1 + 3CmKn)(1 + (7.5�gR/kp) + 2CtKn)
1
Tg

∂Tg

∂x
(16)

The gas phase temperature gradient over the particle was always
taken to be the largest present gradient, so as to always obtain the
magnitude of the largest thermophoretic force.

2.2.10. The history force
The history force (sometimes known as the Basset force) is the

force arising from the build-up and/or rearrangement of the bound-
ary layer around the droplet at acceleration/deceleration. It is only
important at very short times during acceleration of the particle
in large velocity gradients [23], and its importance decreases with
increasing particle density and/or increasing particle size.

It is, as previously stated, necessary to use an expression that is
valid for high particle Reynolds numbers. The influence of history
effects between times tp0 and tp was therefore estimated using the
expression in [38]:

FH = 3
2

d2
p

√
��g�g · CB ·

∫ tp

tp0

(d/d
)(ug − up)√
tp − 


d
 (17)

with

CB = 0.48 + 0.52

((|ug − up|2)/(dp|(d/dt)(ug − up)|) + 1)3
(18)

Assuming a linear change in relative velocity, the size of the his-
tory force relative to the current drag force could be calculated a
posteriori for all time steps of all performed simulation cases. Since
this means that the history force is not solved for explicitly, this
approach will only provide an approximation of the magnitude of
the history force.

2.3. Turbulent effects on droplet trajectories

Another prioritized area of interest in the present work has been
to investigate the sensitivity of the simulation results to whether
stochastic tracking of droplets was used or not. To estimate the
importance of turbulence on particle drag, it is possible to calculate
the relative turbulence intensity, Ir [30]:

Ir =
√

〈u′2〉
|〈u〉 − up| (19)

It is obvious that Ir is augmented as the droplet is accelerated
by the gas flow, and therefore turbulence effects will be large so as

to require modeling in the urea-SCR system. Stochastic tracking is
one way to take into account the effect of turbulent eddies inter-
acting with the droplets. A popular model is known as the Discrete
Random Walk (DRW) model. In the DRW model, eddies are charac-
terized by a pseudo-random velocity fluctuation and a time scale.
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uring the integration of the trajectory equations for the individ-
al droplets, the gas phase velocity is taken as the sum of the mean
resolved) part and an instantaneous velocity fluctuation:

= ū + �
√

〈u′2〉 (20)

ere, � is a normally distributed random number, as it is assumed
hat the velocity fluctuation obeys a Gaussian distribution. For the

–ε models the fluctuating component
√

〈u′2〉 is equal to
√

2k/3
n all coordinate directions, since they are based on the assumption
f isotropic turbulence.

This piecewise constant velocity fluctuation of the gas phase is
ssumed to prevail for the shortest of the eddy lifetime and the
ime it would take for the particle to cross through the eddy. The
ddy lifetime is calculated as a random variation about the fluid
agrangian integral time. At the end of the shortest of the eddy
ifetime and the particle eddy crossing time, the droplet is assumed
o enter a new eddy, and the process is repeated, starting over with
ew random numbers in Eq. (20).

.4. Droplet heat and mass transfer

Two-way coupling is employed for the heat and mass trans-
er between the continuous and dispersed phases, and dispersed
hase evaporation and decomposition is simulated as a three-step
rocess:

As a first step, water leaves the droplet through evaporation.
aporization is assumed to be governed by gradient diffusion,
here the partial pressure of water vapor at the droplet surface

s assumed to be equal to the saturation pressure of water over an
dBlue solution of the current composition and temperature. In the
eat balance, the sensible heat change in the droplet is related to the
onvective and latent heat transfer between the droplet and the gas.
he heat and mass transfer coefficients are determined from Nus-
elt and Sherwood correlations, respectively (Eqs. (31) and (32)),
hich during this evaporation phase are adjusted to account for

he effect of mass transfer, in accordance with the method used in
14]. The heat and mass balances thus become:

dmp

dt
= −�dp�f,refDAB,refShc ln[1 + BM] (21)

dTp

dt
= (−dmp/dt)cp,vap,ref(Tg − Tp)/BT − �Hvap

mpcp,AdBlue
(22)

here BM is the mass transfer number and BT the heat transfer
umber, as defined by:

M = Yvap,s − Yvap,g

1 − Yvap,s
(23)

T = (1 + BM)� − 1 (24)

The dimensionless surface concentration of water vapor is

vap,s =
p

◦
H2O

P
(25)

hereas Yvap,g is the gas bulk concentration.
Since

= cp,vap,ref

cp,f,ref

Shc

Nuc

Prf,ref

Scf,ref
(26)

nd
uc = 2.0 + Nu0 − 2.0
FT

(27)

hc = 2.0 + Sh0 − 2.0
FM

(28)
ng Journal 150 (2009) 69–82 75

with

FT = (1 + BT )0.7 log[1 + BT ]
BT

(29)

FM = (1 + BM)0.7 log[1 + BM]
BM

(30)

the solution procedure is iterative for BT.
The Nusselt and Sherwood correlations used are from Frössling

[39]:

Nu0 = 2.0 + 0.552 Re0.5
p Pr1/3 (31)

Sh0 = 2.0 + 0.552 Re0.5
p Sc1/3 (32)

where Rep is evaluated at the free stream density and the film
viscosity, as this has been shown to improve the predictions [40].

Material properties in the film are evaluated using the 1/3 rule
[40] and the Herning and Zipperer model [41] as the mixing rule,
since this model has exhibited very good performance in calculating
physical properties of gas films surrounding droplets in turbulent
evaporating sprays [42]:

Tfilm = Tp + 1
3

(Tg − Tp) (33)

Yfilm = Yvap,s + 1
3

(Yvap,g − Yvap,s) (34)

˚film = Yfilm˚vap

Yfilm + (1 − Yfilm)(Mg/Mvap)1/2

+ (1 − Yfilm)˚g

Yfilm(Mvap/Mg)1/2 + (1 − Yfilm)
(35)

After all water is gone, the remaining part of the droplet is
assumed to be pure solid urea, which is then heated to a tempera-
ture of 425 K. There is no mass exchange with the gas phase during
this stage. The sensible heat change in the droplet is assumed to be
equal to the convective heat transfer from the surroundings:

dTp

dt
= �dpkg,refNu0(Tg − Tp)

mpcp,urea
(36)

As soon as a computational parcel reaches above 425 K, urea is
assumed to start to decompose, and the temperature is then held
constant. Instead of a normal heat of vaporization, a fictive heat of
decomposition is used, i.e. urea sublimation and decomposition are
assumed to proceed in one fast step:

�Hdecomposition = �Hsublimation + �Hreaction (37)

where �Hsublimation is the heat of sublimation of urea, and �Hreaction
is the heat of reaction for the reaction where urea decomposes into
ammonia and isocyanic acid in the gas phase. The mass balance is

dmp

dt
= −�dpkg,refNu0

cp,f,ref
ln

[
1 + cp,f,ref(Tg − Tp)

�Hdecomposition

]
(38)

This means that the hydrolyzation of isocyanic acid is not consid-
ered; the simulations deal only with the decomposition and mixing
of the AdBlue spray in the exhaust gas flow.

A typical droplet fate is illustrated in Fig. 2.

2.5. Wall-film modeling
Since no wall-film model is used in the present study, whereas
such models have been incorporated into earlier work on the urea-
SCR system (for example, in [13]), it is also of interest to evaluate the
possible influence of the sensitivity to the model choices presented
here on the performance of a wall-film model. In [13], a wall-film
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Table 4
Material data for the gas phase. All material data properties are functions of tem-
perature. The values reported in this table refer to those valid at the temperature of
the flow listed in Table 1. All gas phase data was taken from [46].

Material data property “Low” gas
flow

“High” gas
flow

“Extreme”
gas flow

Density (kg/m3) 0.61 0.52 0.46

is seen when the stochastic tracking model is turned on or off (com-
pare cases 3–4, 7–8 and 11–12 with their respective base cases in
Table 7). The order of magnitude of the decomposition efficiencies
matches what has been reported in earlier studies (see Section 1.2).

Table 5
Material data for the AdBlue droplets. Numbers in brackets refer to references con-
taining functions or data points that have been used. A star (*) implies data for pure
water has been used. A diamond (�) implies data was calculated from that of pure
water at the saturation temperature and pressure of Adblue. A line (–) implies data
Fig. 2. Typical droplet fate.

odel based on the work by Kuhnke [43] is used. The outcome of
pray/wall-interaction is determined from a regime map through
he use of two parameters, K and T*:

=
(�pdp)3/4u5/4

p,wall-normal

	1/2�1/4
p

(39)

∗ = Tw

Tsat
(40)

The highest value of T* would correspond to a well-insulated
ection of the wall hitherto unaffected by any cooling effects from
mpacting droplets. This would correspond to 1.70 and 1.45 for the
igh and low gas flow simulations, respectively.1 For these values of
*, the parameter K would be used to differentiate between rebound
nd thermal breakup of droplets. However, the critical transition
emperature between hot and cold wall behavior was estimated to
* ≈ 1.4 in [14]. It could very well be possible to reach such condi-
ions in the present study, as it would only require a local cooling
f the wall with about 20 K in the low gas flow case.

The parameter K can be calculated from our simulation data
or all droplets upon collision with the wall. The two critical K
umbers between rebound and thermal breakup at high T*, and
etween deposition and splashing at low T*, range within 40–45
nd 130–200, respectively [43]. The balance between the numbers
f droplets above and below the critical K values as a function of
odeling choices will be investigated and discussed.

. Material data

When droplets are injected and transported by the exhaust gas
tream they are heated and water evaporates until only pure urea is
eft. During the evaporation phase droplets will contain a mixture
f urea and water. Since material properties depend on both tem-
erature and mass fraction of urea, good material data is needed to
ake good model predictions.
The material data used is summarized in Table 4 for the gaseous
hase and Table 5 for the droplet phase. This is the – to the authors’
nowledge – best existing data for the urea-SCR system. For droplet
iscosity we carried out measurements of our own. AdBlue satura-
ion pressure and density were taken from [44].

1 The saturation temperature of AdBlue is in reality not a constant but a function
f the mass fraction of urea in the droplet. For this estimation, a representative value
f 395 K was used (corresponding to circa 70% urea).
Molecular viscosity (Pa s) 2.93 × 10−5 3.23 × 10−5 3.55 × 10−5

Thermal conductivity (W/m K) 0.045 0.052 0.059
Specific heat (J/kg K) 1050 1069 1091

4. Results

4.1. Typical Eulerian–Lagrangian simulation results

In order to discuss changes in the simulation results due to differ-
ent modeling choices, the typical results from Eulerian–Lagrangian
simulations of the AdBlue-spray should first be established.

The smaller droplets will be dragged away by the main flow
more quickly and will thus appear on the side of the pipe closest to
the injector. Since the smallest droplets also are the ones that will
lose their water and start to decompose first, most of the ammonia
released ahead of the catalyst entrance will be present in this part
of the pipe. These results can be seen in Figs. 3 and 4.

4.2. Sensitivity of wall hit predictions to modeling choices

A considerable number of droplets will hit the wall somewhere
before they reach the pipe outlet. When discussing the wall hit
results, it was found convenient to classify the droplets by where
they hit the wall, and the droplet mass fraction of water at doing so.
The droplets can then schematically be divided into seven groups,
which are listed in Table 6.

The simulation results concerning droplet fates are presented in
Fig. 5 for the high gas flow simulations, in Fig. 6 for the low gas flow
simulations and in Fig. 7 for the extreme gas flow simulations. Wall
hit results are specially depicted in Fig. 8.

An illustration of the extent of droplet wall impaction on the
pipe walls can be found in Fig. 9 for two different simulation cases.

4.3. Sensitivity of decomposition efficiency predictions to
modeling choices

The predicted decomposition efficiency, measured as the per-
centage of total injected mass of urea that has undergone thermal
decomposition into ammonia and isocyanic acid, is presented in
Table 7. The largest effect on the predicted decomposition efficiency
not being used in simulations and therefore not supplied. Pure water data has been
taken from [47].

Material data property AdBlue Urea

Density (kg/m3) [44] 1330.0
Thermal conductivity (W/m K) * –
Specific heat (J/kg K) * [39]
Vapor pressure (Pa) [44] –
Heat of vaporization (J/kg) � 3,095,995 (explained in Section 2.4)
Surface tension (N/m) * –
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Fig. 3. Mass fraction of water in droplet. Droplet parcels are scaled by droplet diameter and magnified by a factor of 30. The parcels are colored by the mass fraction of water
in the droplets. The picture is taken from the case 1 simulation and is a snapshot at 10 ms after injection.

Fig. 4. Mass fraction of ammonia in pipe. The picture is taken from the same simulation and at the same time and with the same view as the picture in Fig. 3. The plane
perpendicular to the main gas flow direction is colored by the mass fraction of ammonia.

Table 6
Droplet fates at wall hit.

Group Droplet fate

i Droplets hitting the side of the pipe wall
opposite the injector, which still contain water
(i.e. they are still AdBlue droplets)

ii Droplets hitting the side of the pipe wall
opposite the injector, which have lost all water
and are pure urea

iii Droplets hitting the side of the pipe wall where
the injector is located, which still contain
water (i.e. they are still AdBlue droplets)

iv Droplets hitting the side of the pipe wall where
the injector is located, which have lost all
water and are pure urea

v Droplets reaching the pipe outlet, which still
contain water (i.e. they are still AdBlue
droplets)

v

v

4

(

F
d
i
c
w

Fig. 6. Simulation results for the low gas flow simulations (cases 5–8). The different

i Droplets reaching the pipe outlet, which have

lost all water and are pure urea
ii Droplets totally evaporated and decomposed

within the pipe
.4. Relative sizes of neglected forces

Since the integrated transferred momentum via the
over)estimated lift force over the droplet lifetime is approxi-

ig. 5. Simulation results for the high gas flow simulations (cases 1–4). The different
roplets fates listed in the legend at the top are presented as percent of the total

njected mass when collected at the wall or the outlet or fully evaporated. In this
ontext, droplet fate (vii) “Mass release to gas phase” refers to the total mass of
ater and urea that has left the droplets within the pipe during the simulation.
droplets fates listed in the legend at the top are presented as percent of the total
injected mass when collected at the wall or the outlet or fully evaporated. In this
context, droplet fate (vii) “Mass release to gas phase” refers to the total mass of
water and urea that has left the droplets within the pipe during the simulation.
mately three orders of magnitude smaller than the integrated
transferred momentum via drag for all droplets in the system,
neglecting the lift force is justified. This also supports the decision
of neglecting the rotational force (see Section 2.2.8). These results

Fig. 7. Simulation results for the extreme gas flow simulations (cases 9–12). The
different droplets fates listed in the legend at the top are presented as percent of the
total injected mass when collected at the wall or the outlet or fully evaporated. In
this context, droplet fate (vii) “Mass release to gas phase” refers to the total mass of
water and urea that has left the droplets within the pipe during the simulation.
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Fig. 8. Wall hit results for simulation cases 1–12. Droplets hitting walls in the sim-
ulations are classified and the four different classes are depicted as percent of the
total mass of droplets with the fate in question.

Table 7
Decomposition efficiency for the high and low gas flow cases, respectively. Decom-
position efficiency is defined as the percentage of total injected mass of urea that
has undergone thermal decomposition into ammonia and isocyanic acid.

Decomposition efficiency Relative change

High gas flow cases
Case 1 (reference case) 15.04%
Case 2 15.05% +0.07%
Case 3 13.12% −12.8%
Case 4 12.82% −14.8%

Low gas flow cases
Case 5 (reference case) 17.01%
Case 6 16.51% −2.9%
Case 7 19.31% +13.5%
Case 8 19.28% +13.3%

Extreme gas flow cases

a
t
t

b

F
t

Case 9 (reference case) 16.53%
Case 10 16.59% +0.4%
Case 11 13.84% −16.3%
Case 12 14.23% −13.9%
re illustrated in Fig. 10. It should however be kept in mind that
he drag and lift forces are always perpendicular to each other, and
rajectories may therefore still be influenced by a small lift force.

The thermophoretic force is somewhat larger at lower gas flows,
ut always so small that it can be neglected. It is also generally

ig. 10. Influence of the lift force relative to the drag force for simulation cases 1–12. The
hat transferred via the drag force integrated over the droplet’s lifetime (in percent).
Fig. 9. Areas of droplet wall hit: (a) droplet wall hit on the injector side of the pipe
for case 2; (b) droplet wall hit on opposite side for case 2; (c) droplet wall hit on the
injector side of the pipe for case 4; and (d) droplet wall hit on opposite side for case
4.

smaller than the (over)estimated lift force. These results are illus-
trated in Fig. 11.

History effects are sensitive to other modeling choices, most
notably whether turbulent dispersion of droplets is also modeled at
the same time or not. Fig. 12 illustrates how turning on the turbulent
dispersion model for the droplets (cases 3–4, 7–8 and 11–12) will
change the importance of history effects relative to the respective

base case. History effects are also much larger than lift effects or
the effects of thermophoresis, but still only a few percent of the
drag force in terms of total transferred momentum. The history
force will also always be acting in the same direction as the drag
force.

histograms illustrate the transferred momentum to the droplet via the lift force to
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Fig. 11. Influence of the thermophoretic force relative to the drag force for simulation cases 1–12. The histograms illustrate the transferred momentum to the droplet via the
thermophoretic force to that transferred via the drag force integrated over the droplet’s lifetime (in percent).

F 1–12.
f percen

4

K
t

ig. 12. Influence of the history force relative to the drag force for simulation cases
orce to that transferred via the drag force integrated over the droplet’s lifetime (in
.5. Wall-film modeling

In Fig. 13, it is illustrated how the wall-film model parameter
is affected by the modeling choices in the gas phase. Both the

otal number of parcels within the different regimes of K, as well

Fig. 13. Wall-film model value of parameter K for the different cases.
The histograms illustrate the transferred momentum to the droplet via the history
t).

as the balance between the regimes, is changed with the different
modeling choices. The pure urea particles have been omitted from
this analysis.

5. Discussion

The first and most important observation is of course that
the choice of models influences the simulation results. Thus, the
anticipated droplet fates in this system are also a function of the
different sub-models used for the discrete phase in the performed
Eulerian–Lagrangian simulations. It is therefore of high priority to
understand what is causing these differences, both in order to be
able to perform accurate simulations, as well as to be able to cor-
rectly assess the value of the different sub-models available. It is
also generally desired to perform as fast calculations as possible,
reducing the level of complexity to a minimum without affecting
the quality of the predictions.
5.1. The Lagrangian force balance

It has been shown that it is justified to neglect the lift and rota-
tional forces, as well as the thermophoretic force, in simulations



8 ineeri

o
c
n
s
f
a
e
s
t
t
w
i

a
b
h
T
f
h

5

l
d
i
t
t
a
p
a
a
t
l

s
l
d

5

i
7
a

F
t

0 H. Ström et al. / Chemical Eng

f the urea-SCR system. Although it may look as if the history force
ould be of some importance at times, this is most probably an erro-
eous conclusion. Since the history force will always be acting in the
ame direction as the drag force, the relative influence of the two
orces can easily be compared. The integrated effect is in this case
pproximately two orders of magnitude smaller, and thus history
ffects may be neglected. It may in fact be more open for discus-
ion whether lift force effects will have a negligible influence, as
hey will always act in a plane perpendicular to the drag force, and
hus a direct comparison is more difficult. In this case the lift force
as deemed negligible because of its very low relative importance

n terms of integrated transferred momentum.
If stochastic tracking is turned on, the droplets will continuously

ccelerate and decelerate due to the simulated interaction with tur-
ulent eddies. The droplets will never fully adapt to the gas flow and
istory effects will thus become more prominent (as seen in Fig. 12).
hese effects are however still small when compared to the drag
orce. Based on this reasoning, it should be acceptable to neglect the
istory force in the Lagrangian force balance for urea-SCR systems.

.2. Effects of using a detailed drag model

Performing the high gas flow simulations with a detailed drag
aw instead of a spherical drag law will decrease the overall pre-
icted wall hit with 42% (compare cases 1 and 2 in Fig. 5). The effect

s even stronger for the extreme gas flow cases (cases 9 and 10), but
he overall wall hit is very low already to start with. The explana-
ion for this decrease lies in the fact that the detailed drag law will,
s it takes into account the fact that the droplets will be distorted,
redict higher drag coefficients and thus speed up the droplets’
daptation to the gas flow velocity. This will allow the gas to drag
way more droplets, and will thus decrease the number of droplets
hat hit the wall on the opposite side of the injector, which is the
arge group of droplets hitting the wall.

For the low gas flow simulations, the changes in results are very
mall when using the detailed drag law instead of the spherical drag
aw. This is mainly due to the fact that the droplets are much less
istorted in the lower gas flow.

.3. Effects of using a model for stochastic tracking
Using a model for stochastic tracking (i.e. the DRW model) will
ncrease the predicted wall hit in the high gas flow simulations with
6% and in the extreme gas flow simulations with 165%. It is also
pparent (from Figs. 5, 8 and 9) that this is in great part due to a

ig. 14. Droplet velocity and relative velocity between droplet and gas for a 5 �m droplet
he detailed drag coefficient.
ng Journal 150 (2009) 69–82

phenomenon not seen in the simulations without the DRW model:
the collision of droplets with the wall on the injector side of the
pipe. This is the part of the pipe where most of the smaller droplets
will be present (see Fig. 3). Using the DRW model will thus not only
increase the extent of wall hit predicted, but also add new areas for
wall hit, as well as new droplet types (i.e. droplets that have lost
all their water and are pure urea particles), which were not earlier
predicted to hit the wall in the base case simulation.

It can be seen (Table 7) that the decomposition efficiency seen in
the simulations is decreased for the high gas flow simulations when
using the DRW model. This is mainly caused by the wall boundary
condition for droplets, which removes droplets that reach the pipe
walls from the simulation. Increased wall hit is thus related to a
decrease in decomposition efficiency, which is also the main expla-
nation for the low overall decomposition efficiencies seen in this
study. However, the differences in wall hit within the pairs of high
gas flow simulation cases with and without the DRW model (i.e.
cases 1–2 and 3–4) do not reflect in different decomposition effi-
ciencies, since the differences in wall hit stem from large AdBlue
droplets opposite the injector which do not have time to decom-
pose within the pipe anyway, irrespective of whether they reach the
wall or not. It is likely that these droplets, if forming an AdBlue film
on the wall, would contribute to higher decomposition efficiencies
than predicted in these simulations.

It can also be seen from Table 7 that the decomposition efficiency
is increased for the low gas flow simulations when using the DRW
model. This effect is attributed to that the rates of heat and mass
transfer, which will determine the decomposition process, are taken
from Nusselt and Sherwood number correlations which are depen-
dent on the droplet Reynolds number. The lowest heat and mass
transfer rates will then be predicted for droplets that have been
accelerated to the gas velocity without using the DRW model. If the
droplets are simulated to interact with turbulent eddies, which will
accelerate and decelerate the droplet continuously, the correlations
will predict higher rates and thus an increased decomposition effi-
ciency. This is illustrated in Fig. 14, where the relative velocity of a
5 �m droplet is given for simulations of its entire lifetime within
the exhaust pipe both with and without the DRW model. Both the
higher relative velocities and the shorter lifetime for a droplet sim-
ulated with the DRW model are clearly visible. It is of great interest

to note that since the correlations used for heat and mass transfer
are affected by the use of the DRW model, this will most proba-
bly resolve some of the effect of turbulent droplet dispersion on
heat and mass transfer that actually takes place within the sys-
tem. The part that will not be resolved, however, is the part that

in high gas flow with and without stochastic tracking. Both simulations have used
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tems from the acceleration/deceleration taking place in changing
irections, which will influence the rearrangement of the bound-
ry layer—something not included in the steady state heat and mass
ransfer correlations used. For the high and extreme gas flows, the
horter retention time in the pipe and the effects of wall hit on the
njector side overshadows these heat and mass transfer effects.

Because of the sensitivity to whether stochastic tracking is used
r not, it is of interest to estimate the correctness in the predictions
f the DRW model. It is the changes to the droplet velocity in the
lane perpendicular to the main gas flow direction (i.e. in the wall-
ormal directions) that will increase the risk of wall hit in the upper
art of the pipe. In the RNG k–ε model, all coordinate directions are
qual since the turbulence is assumed to be isotropic. The assump-
ion of isotropy in fully turbulent pipe flow is however not correct,
s the magnitude of the fluctuating velocity components will be
ifferent in the streamwise direction from the perpendicular direc-
ions [45]. Other geometries (bends, branches, diffusers, etc.) will
lso exhibit similar or even more pronounced deviations from the
sotropic turbulence assumption. Great care should thus be taken

hen deciding on what turbulence model to use in order not to con-
use the results when it comes to droplet motion in the gas phase if
imulating using a stochastic tracking method. The understanding
f the inherent limitations of the turbulence model of choice is thus
crucial modeling component.

The main conclusion must be that the DRW model is sensitive to
he quality of the prediction of the turbulent velocity fluctuation by
he turbulence model used, and that its inclusion therefore should
e carefully evaluated for each new flow situation simulated.

.4. Wall-film modeling

It was found that the balance between the number of droplets
elow and above the critical K (40–45) was changed in the different
imulation cases, especially for the high gas flow cases. Modeling
hoices for droplet motion in the gas phase will thus affect not only
ow many droplets that reach the wall, but also the types of colli-
ions and the cooling effect on the wall. It is therefore very probable
hat the predictions of a spray/wall-interaction model will also be
ffected by these modeling choices.

. Conclusions

The aim of the presented work has been to assess the
delity and influence of the most commonly used models for
ulerian–Lagrangian CFD-simulations of urea-SCR systems. It has
een shown that:

Modeling choices may affect the predicted extent of wall hit,
which types of droplets that are predicted to hit the wall, and
also most possibly the simulated effects of wall-wetting if a
spray/wall-interaction model is to be included in the simulations.
In Eulerian–Lagrangian modeling of the urea-SCR system, the
drag force and the buoyancy force are enough to correctly
describe droplet motion. If submicron-scale behavior is to be
resolved, Brownian motion must be modeled and the Cunning-
ham drag correction must be employed.
The distortion of the droplets will affect their drag coefficients,
which can be accounted for through the use of a dynamic par-
ticle drag law, where the current level of droplet distortion is
taken into account. As the simulation results will depend on the
predicted momentum transfer from the gas to the droplets, this

must be accurately modeled. The larger the droplets are, the more
pronounced the distortion effects will become.
Turbulent effects on droplet trajectories are large enough to
require modeling. Inclusion of a stochastic model such as the
DRW model will help describe these turbulent effects, but also

[

[
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makes the simulation results sensitive to the quality of the tur-
bulence model’s prediction of the turbulent fluctuating velocities.
It might very well be necessary to employ a more advanced tur-
bulence model than a k–ε variant, depending on the geometry of
the system. Using the DRW model will also help resolve some of
the enhancement of heat and mass transfer due to the continu-
ous acceleration/deceleration of droplets by the interaction with
turbulent eddies.
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