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a b s t r a c t

In order to design efficient Urea Decomposition Chamber (UDC) for the Low Pressure (LP) Selective
Catalytic Reduction (SCR) system, numerical simulations were conducted with respect to various design
parameters. The design parameters examined in this simulation include the chamber diameter, inlet and
outlet shape of chamber, and urea injection point. Reaction kinetics for the urea decomposition was
proposed and validated with the experimental data in the range of 300~450oC. The effects of design
parameters on the performance of UDC were evaluated by the calculated urea conversion and pressure
drop. As a result, the local optimum design values were derived by the parametric study.
© 2018 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The environmental problems caused by global warming and air
pollution have led to the stringent regulations of exhaust gas. Ac-
cording to the International Maritime Organization (IMO) NOx Tier
III regulation, the new vessels constructed since 2016 must emit
nitrogen oxide (NOX) less than 3.4 g/kWh in NOx Emission Control
Area (NECA). To meet Tier III regulation, inwhich NOx level is about
75% reduced from the value in Tier II regulation, new vessels need
an additional de-NOx device. There have been many attempts to
develop NOx reduction technologies for marine diesel engines.
Among these technologies, SCR is one promising option because it
is a commercially proven and expected to have over 90% reduction
efficiency of NOx (Koebel et al., 2000; Cooper, 2001; Magnusson
et al., 2012). For the marine SCR application, Urea Water Solution
(UWS) is preferred as a reducing agent because of toxicity and
storage problems of gaseous ammonia (NH3).

In general, the installation of marine SCR systems is limited in
the engine room because the SCR reactor is located before the

engine turbocharger. For that reason, this SCR system operates at
high temperature and pressure, thereby increasing the NOx
removal efficiency. However, due to the large volume of SCR system
when the engine's power and amount of exhaust gas increase, it
becomes difficult to install the SCR system in the engine room. To
overcome this installation problem, the Low Pressure (LP) SCR
system has been developed byHyundai Heavy Industries (HHI). The
LP SCR system is installed at the downstream of the engine tur-
bochargers and thus, applicable to large marine engines. However,
the installation location leads to the operation of SCR reactor at low
exhaust gas temperatures below 250 �C. In this reason, the LP SCR
system contains the Urea Decomposition Chamber (UDC), which is
an apparatus for the effective decomposition of urea to NH3.
Additional heat is supplied by the burner to set the optimized
temperature for urea decomposition. Because the performance of
UDC affects the entire system performance such as de-NOx effi-
ciency and the catalyst durability, the UDC has to be carefully
designed with considering effects of design parameters as well as
the operation condition.

There are previous researches on the urea decomposition model
and chamber design. Wu et al. conducted CFD studies to find the
optimum shape of chamber for the application on the coal fired
power station and introduced the proper baffle design to minimize
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debris formation (Wu et al., 2014). Park et al. and Choi et al. per-
formed CFD simulations focused on effects of mixer and mixing
chamber on the flow characteristics and urea decomposition into
ammonia, and suggested the design guidelines for compact marine
SCR system (Park et al., 2014; Choi et al., 2015). In automotive
application, some spraymodels were proposed to simulate the urea
decomposition phenomena (Birkhold et al., 2007; Strom et al.,
2009).

The operating condition of the LP SCR system is different from
that of conventional SCR system. To aid the optimum design of UDC
for the LP SCR system, the effects of design parameters on the
performance of UDC were numerically investigated using a three-
dimensional CFD code; FLUENT (version 15.0). The design param-
eters examined in this analysis include the chamber diameter, inlet
and outlet shape of chamber, and urea injection point. For the exact
simulation, reaction kinetic parameters for the urea decomposition
was proposed and validated with the experimental data. The
calculated urea conversion and pressure drop were evaluated to

investigate the effects of these design parameters.

2. Numerical methods

2.1. Overall description

The main considerations for the design of UDC are the
ammonia conversion efficiency over 70% and the compact size for
the installation in the engine room. The cylindrical chamber was
designed according to the conventional design criteria of HHI as
shown in Fig. 1. The chamber length and diameter can be designed
according to the engine type and its installation space. For the
‘Type A’ engine considered in this study, the chamber length and
outlet diameter were determined as 5m and 600 A through the
design criteria of HHI. The urea injector was installed at 2 points at
the inlet nose without injection lance and the guide vane was
removed in order to minimize the wall deposition inside the
chamber.

Fig. 1. UDC geometry and design parameters.
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With these design guidance, the parametric studies were
numerically conducted using FLUENT (version 15.0) to investigate
the optimal ranges of the design parameters such as the chamber
diameter, inlet/outlet nose length and urea injection point. To
show the effect of design parameters, the ammonia conversion
efficiency and pressure drop were calculated at the constant value
of chamber length and outlet diameter. In this study, all calculated
values were plotted based on the averaged mass flow value. The
right side of Fig. 1 shows design parameters considered in the
present analysis.

The computational grid was generated by meshing function of
Fluent and ICEM CFD. It was composed of approximately 9,000,000
hexahedral and polyhedral meshes. The denser meshes were used
in adjacent cells to the wall and injection region because of the
rapid transition of physical values such as velocity, temperature,
phase and concentration of species. The boundary conditions
applied in this study are shown in Table 1. These values were
derived from the previous calculation of heat and mass balance for
the LP SCR system. Also, for the application in CFD analysis, the
conditions of urea injection were simplified from the injector
company data. Ureawater solutionwhich contains 40wt% ureawas
considered in this work.

Table 2 shows the numerical models used in this simulation. To
predict the strong turbulent flow inside the chamber, 3-D
Reynolds-averaged Navier-Stokes (RANS) equation for mass, mo-
mentum, species concentration and energy were solved. The real-
izable keε turbulent model was also applied to consider turbulent
quantities. The droplet injection of UWS was modeled by
Lagrangian discrete particle tracking method, commonly used for
the dispersed two-phase flow. The multicomponent model was
used to consider the dispersion, drag and evaporation of urea
droplet. The drop breakup and collision models were not applied
for the calculation efficiency.

2.2. Reaction model for urea decomposition

The exact modeling of urea decomposition rate is important
factor for the prediction of chamber performance. While a
comparatively large number of models have been suggested, there
is still doubt about the reliability of the model and its kinetic co-
efficients. In this study, we tried to find a proper decomposition
model with reliable kinetic coefficients based on the validation
with the experimental data.

When UWS is sprayed into the hot exhaust gas stream, the
subsequent generation of NH3 proceeds in three steps; evaporation
of UWS droplets, thermolysis of urea, and hydrolysis of isocyanic
acid (Koebel et al., 2000; Kim et al., 2004; Yim et al., 2004; Birkhold
et al., 2007).

(NH2)2CO(aq) / (NH2) 2CO(s or l) þ 6.9H2O(g) (1)

(NH2)2CO(s or l) / (NH3) (g) þ HNCO(g) (2)

HNCO(g) þ H2O(g) / NH3(g) þ CO2(g) (3)

2.2.1. Evaporation of UWS
For the simulation of vaporization and boiling of discrete phase

UWS droplets, the multicomponent model was applied. This model
assumes that droplet particles contain several species such as urea
and water. The vaporization rate of each species component was
calculated from the diffusion-controlled vaporization model, in
which the reaction rate is a function of droplet surface area, species
concentration and mass transfer coefficients. The total vaporization
rate of the droplet was calculated by the sum of the vaporization
rates of individual components. The droplet particles start to boil
when the total vapor pressure at the droplet surface exceeds the
surrounding pressure calculated in the control volume. The prop-
erty of the urea vapor pressure was obtained from Design Institute
for Physical Properties (DIPPR) data. The boiling rate was calculated
by the boiling rate equation which has a correlation with the vol-
ume fraction of droplet components, the droplet diameter and fluid
properties of the surrounding gas and droplet. The radiation heat
transfer was not applied, but the convective heat transfer and
vaporization were considered for the calculation of the droplet
temperature.

2.2.2. Thermolysis of urea and hydrolysis of isocyanic acid
Several reaction models and its coefficients for the urea

decompositionwere suggested in the literature (Koebel et al., 2000;
Kim et al., 2004; Yim et al., 2004; Birkhold et al., 2007; Sahu et al.,
2008; Mahalik et al., 2010). In this study, it is assumed that the
vaporized urea converts to ammonia through the 2-step reaction,
the thermolysis of urea and the hydrolysis of isocyanic acid, as
shown in equations (2) and (3). Each reaction rate was modeled to
follow a simple Arrhenius kinetics expression (Koebel et al., 2000;
Kim et al., 2004; Yim et al., 2004; Birkhold et al., 2007):

ki ¼ Ai exp(-Ei/RT) (4)

where ki is forward rate constant for reaction i. Ai, Ei, and T are the
pre-exponential factor, activation energy, and temperature.

The reaction kinetic coefficients used in the present simulations
are given in Table 3. The pre-exponential factor and the activation
energy values for thermolysis and hydrolysis were set to the same
values derived from the experimental data in a dual-reactor system
with 350e400 �C temperatures (Yim et al., 2004). For the ther-
molysis rate, the correction factor was used to match with the

Table 1
Boundary condition for CFD analysis.

Section Value

Chamber Domain Inlet mass flow: 3.86 kg/s, temp.: 773 K
Outlet total pressure: 0 Pa
Wall adiabatic/no-slip

Urea Injection Material 40wt% UWS (298 K)
Velocity 90m/s
Angle/radius 10 deg/0.05m
Droplet size mean dia 60 mm (max 120 mm, min 10 mm)
Injection type single hole, cone injection
Mass flow total 0.11 kg/s (2 Injector)

Table 2
CFD sub-models used in simulation.

Model

Turbulent keε Realizable
Droplet evaporation multicomponent model
Reaction finite-rate/eddy dissipation
Urea injection discrete particle tracking model

Table 3
Reaction kinetic coefficients (Yim et al., 2004).

Reaction k ¼ A exp (-E/RT)

A (1/s) E (kJ/mol)

Thermolysis of urea 4900 23.0
Hydrolysis of HNCO 250,000 62.2
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measured rate in our previous study (Kim et al., 2004).

2.3. Model validation

To evaluate the reliability of the numerical model used in this
study, the experimental measurement of urea decomposition rate
conducted by Kim et al. (2004) was numerically simulated. As
shown in Fig. 2, Kim et al. measured the ammonia concentration
at several points after injecting the urea-water droplets into the
high temperature exhaust gas flows. The extent of NH3 conversion
from the injected urea solution was calculated based on the same
geometry and operating conditions as in Kim et al.’s experiment,
in which gas temperature and velocity are 300e400 �C and 6.7m/
s, respectively. Fig. 3 shows the calculated NH3 conversion
contour.

The calculated NH3 conversion efficiency was compared with

themeasured value as a function of residence time as given in Fig. 4.
For a given residence time range, the NH3 conversion efficiency
increases about 50% when the gas temperature increases from
300 �C to 400 �C. Also, it seems that the NH3 conversion efficiency
converges to the certain value as the residence time increases. As
shown in figure, the calculated value (lines) matched well with the
measured value (symbols) for two different gas temperatures. This
numerical model has about 90% accuracy for predicting the con-
version of urea to ammonia.

3. Results and discussion

3.1. Optimum diameter of chamber

In order to obtain the optimal diameter of UDC, the parametric
studies were numerically conducted with the predetermined

Fig. 2. Schematic diagram for thermal decomposition experiments of urea solution (Kim et al., 2004).

Fig. 3. NH3 concentration contour calculated from the CFD analysis.

Fig. 4. Calculated and measured (symbols) NH3 conversion efficiency for two different
gas temperatures as a function of residence time.

Fig. 5. Calculated NH3 conversion efficiency for two different inlet diameters as a
function of reactor diameter.
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design parameters such as chamber length, inlet/outlet nose
length, and outlet diameter. Fig. 5 shows the calculated NH3 con-
version efficiency for two different inlet diameters (700 A, 900 A)
when the reactor diameter increases from 1m to 2.4m. For a given
reactor diameter, there is one particular reactor diameter which
leads to the high NH3 conversion efficiency. In the case of 700 A
inlet diameter, the chamber shows 73% conversion efficiency with
the reactor diameter of 1400 A. In the case of 900 A inlet diameter,
the highest conversion efficiency of 88% is shown with the reactor
diameter of 1600 A.

In general, the higher NH3 conversion in the larger sized
chamber is expected simply on the basis of longer residence time of
the injected droplet. Due to the larger cross-sectional area of the
chamber, the same volumetric reactant flows slowly and thus has
more time for the reaction. However, as shown in Fig. 5, the
simulation results showed that the NH3 conversion efficiency de-
creases at some diameter ranges even if the chamber volume be-
comes larger. To establish the cause of this phenomenon, flow
characteristics inside the chamber was investigated through the
simulated contours of vertical velocities as shown in Fig. 6. When
increasing the chamber diameter from 1600 A to 1700 A at the

Fig. 6. Contours of vertical velocities for two different reactor diameters: (a) 1600 A; (b) 1700 A.

Fig. 7. Calculated pressure drop for two different inlet diameters as a function of
reactor diameter.

Fig. 8. Calculated NH3 conversion efficiency and pressure drop as a function of outlet
nose length. Inlet, outlet, and chamber diameters are 700 A, 600 A, and 1600 A,
respectively.

Fig. 9. Calculated NH3 conversion efficiency and pressure drop as a function of inlet
and outlet nose length. Inlet, outlet, and chamber diameters are 700 A, 600 A, and
1600 A, respectively.
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constant inlet diameter (900 A), the calculated sectional area of the
forward direction flow near the outlet part decreased from 2.01m2

to 1.74m2.
This decrease of the forward flow area is associated with the

recirculation region generated by the rapid transition of the cross
sectional area at the outlet nose part as shown in Fig. 6-(b). In
general, the generation of recirculation area increases the residence
time of flow in the chamber, thereby increasing the reaction rate,
such as the NH3 conversion efficiency. However, in this case, the
recirculating flow generated in the latter part of the chamber is a
small part of the entire flow and most of flow passes through the
chamber more quickly than the flow without the recirculation re-
gion. The decrease of NH3 conversion efficiency despite the
increased reactor diameter may result from the decreased

residence time of the total flow as mentioned above. Therefore, the
chamber diameter has to be carefully designed according to the
pipe diameter to avoid the generation of the recirculation zone
which reduces the forward flow area, thereby decreasing the NH3
conversion efficiency.

Fig. 7 shows the calculated pressure drop inside the chamber as
a function of reactor diameter. The pressure drop increases when
increasing the chamber diameter. Also, the pressure drop decreases
with the increase of inlet pipe diameter. This analysis shows that
the pressure drop mostly occurs by the sudden changes of cross
sectional flow area.

3.2. Optimum inlet and outlet nose length of chamber

To seek the optimal deign point of chamber nose length, the
parametric studies were performed with variation of the inlet and
outlet nose length. The inlet, outlet, and chamber diameters used as
fixed design values are 700 A, 600 A, and 1600 A, respectively. Fig. 8
presents the NH3 conversion efficiency and pressure drop calcu-
lated with changing the outlet nose length when the inlet nose
length is fixed as 0. The maximum pressure drop (118 Pa) occurs
when the outlet nose length is zero. With the increase of outlet
nose length, the pressure drop decreases due to the decreasing slop
of the nose sectional area variation. In general, the chamber volume
decreases with the increase of the nose length at the fixed chamber
length, as displayed in the chamber geometry (see Fig. 1). As a
result, the NH3 conversion rate lowers when increasing the
chamber volume by extending the outlet nose length, as shown in
Fig. 8.

Fig. 9 summarizes the calculated NH3 conversion efficiency and
pressure drop according to the inlet and outlet nose length. The
pressure drop shows a slight decrease (~110 Pa) with increasing
both inlet and outlet nose length from zero to 1200mm. However,
with the variation of both inlet and outlet nose length, there is a big

Fig. 11. Contours of particle diameters and vertical velocities for three different injection points: (a) upper; (b) middle; (c) lower.

Fig. 10. Calculated NH3 conversion efficiency according to the urea injection point.
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difference (~22%) in the calculated NH3 efficiency. Similar to the
results for the optimum chamber diameter as stated in Section 3.1,
there is a local optimum design point for the effective decompo-
sition of urea to NH3. Applying 600mm in both inlet and outlet
nose length induces the maximum NH3 conversion efficiency
(88.2%). Although the detailed design guidelines were not pro-
posed, the present simulations show a specific design correlation
between the nose length and NH3 conversion performance.

3.3. Effect of urea injection point

To investigate the effect of urea injection point on the NH3
conversion performance, simulations were conducted with three
different injection points at the inlet nose. The chamber design
parameters such as inlet pipe diameter, chamber diameter and
inlet/outlet nose length were set to 700 A, 1400 A and 600mm,
respectively. Fig. 10 shows the calculated NH3 conversion efficiency
according to the urea injection point. There is clearly a steady
decline of NH3 conversion efficiency with increasing the vertical
distance of urea injector from the inlet plane. This tendency can be
explained simply by the decreasing residence time of injected
droplets with the increasing vertical distance of urea injector as
shown in Fig. 11. So, it is important to locate the urea injector as
close as possible to the inlet pipe in this type of UDC.

Wu et al. (2014) insisted the possible accumulation of the res-
idue in the recirculation region, which would be generated at the
bottom part of urea injector because of the increased static pres-
sure, by contact with the wall surface. This article demonstrates the
necessity of additional simulation to investigate the effects of the
urea injection point on the accumulation of residue.

4. Conclusion

To assist the optimum design of UDC for the LP SCR system,
numerical simulations were conducted with respect to various
design parameters such as chamber diameter, inlet and outlet
shape of chamber, and urea injection point. The present results
suggested the guidelines for the UDC conceptual design, especially
the local optimum values. The main results are summarized as
follows:

ㆍ The numerical model for the simulation of the urea decom-
position was developed and its reliability was checked with

the experimental data. The present model has about 90%
accuracy for predicting the conversion of urea to ammonia.

ㆍ For a given condition, there was the local optimum design
point for the chamber diameter and nose length, which leads
to the high ammonia conversion efficiency. Larger chamber
volume did not always guarantee higher ammonia conver-
sion. Also, the rapid transition of (outlet) nose sectional area
generated the recirculation region and this could have a
negative effect on the ammonia conversion efficiency.

ㆍ The installation of the urea injector near the chamber inlet
showed the higher performance of ammonia conversion.
However, additional check may be needed to verify the
possible accumulation of residue at the bottom part of urea
injector.
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