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Abstract

Selective Catalytic Reduction (SCR) systems are 
nowadays widely applied for the reduction of NOx 
emitted from Diesel engines. The typical process is 

based on the injection of aqueous urea in the exhaust gases 
before the SCR catalyst, which determines the production of 
the ammonia needed for the catalytic reduction of NOx. 
However, this technology is affected by two main limitations: 
a) the evaporation of the urea water solution (UWS) requires 
a sufficiently high temperature of the exhaust gases and b) the 
formation of solid deposits during the UWS evaporation is a 
frequent phenomenon which compromise the correct opera-
tion of the system. In this context, to overcome these issues, 
a technology based on the injection of gaseous ammonia has 
been recently proposed: in this case, ammonia is stored at the 
solid state in a cartridge containing a Strontium Chloride salt 
and it is desorbed by means of electrical heating.

In this work, an after-treatment system based on the 
injection of gaseous ammonia in the SCR system is considered. 

Numerical 1D and 3D CFD simulations are applied in order 
to optimize the NOx reduction process. In particular, CFD 
methodology is applied to study in details the process of injec-
tion of the gaseous ammonia in the main exhaust gas stream 
and the effectiveness of the mixing process. Different geomet-
rical layouts are compared to evaluate their performances in 
terms of uniformity of the NH3 distribution across the inlet 
section of the catalyst and pressure drop introduced in the 
exhaust line. Moreover, a 1D simulation tool is applied to 
evaluate the performances of the entire exhaust after-treat-
ment system. The 1D model is calibrated on the basis of the 
information coming from detailed CFD simulations, in 
particular for what concerns the modeling of the effects of the 
different mixer geometries in terms on NH3 distribution. In 
this case, a simplified 3D catalyst is simulated, to take into 
account the maldistribution of ammonia at the inlet cross 
section and to evaluate its impact on the global deNOx perfor-
mance of the system for different dosing strategies and for 
different levels of the ammonia maldistribution.

Introduction

In the last years, as a response to the increasing environ-
mental concern in many countries worldwide, the legisla-
tion has become more and more restrictive on pollutant 

and greenhouse emissions from the automotive sector [1]. In 
particular, testing and homologation procedures have been 
progressively revised, leading to the introduction of the 
WLTP cycle and the new RDE assessment. The new testing 
procedures, introduced in Europe with the Euro 6d-temp 
regulation, aim at making the homologation procedure more 
representative of the effective conditions experienced by the 
vehicle on the road, reducing the deviation between lab 
measurement and real drive emissions. In this context, many 
factors could contribute to determine the overall emissions 
from the vehicle: these includes driver attitude, environ-
mental conditions, specific features of the urban track where 
the test is performed.

In this context the design of the after-treatment system 
has become a very challenging task, since it requires to act at 

different levels for the optimization of the system. The design 
process consists of the optimization of each single component 
and of their interaction in the system, taking into account the 
wide range of operating conditions which can occur under 
real operation. However, nowadays this task can be supported 
by a large variety of simulation models which have been 
proposed over the years. These includes 1D numerical codes, 
which allow the simulation of the engine system [2, 3, 4], and 
CFD simulation models, which are usually applied for the 
detailed analysis of the single component [5]. The optimization 
of the after-treatment system is therefore a process which 
should integrate the information coming from different tools. 
In particular, 1D tools could provide the overall prediction of 
the performances of the system, identifying the critical 
components which need to be optimized and the parts of the 
system which are not crucial for the achievement of the target. 
On the basis of these information, a detailed CFD analysis 
can be set up for the components which need to be optimized, 
eventually applying automatic optimization strategy to 
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improve their design. At the same time, the detailed CFD 
analysis could provide the necessary information needed to 
improve the simplified 1D model of the component, on the 
basis of more advanced quasi-3D model which need a 
proper calibration.

In this work, a methodology which integrates 1D and 
CFD models to achieve the optimization of the after-treat-
ment system will be described and applied. The study will 
be focused on a modern light-duty Diesel engine, equipped 
with a state-of-the-art after-treatment system including 
electrical heating, Diesel oxidation catalyst, two stages for 
NOx reduction, Diesel particulate filter, ammonia slip 
catalyst. Peculiarity of this system is the injection of gaseous 
ammonia instead of traditional urea water solution [6] to 
achieve the NOx reduction in the SCR stages. This alterna-
tive technology is based on the storage of the ammonia at 
the solid state in a cartridge containing a Strontium Chloride 
salt. The desorption and production of gaseous ammonia, 
to be injected before SCR section, is controlled by electrical 
heating on the basis of the instantaneous request. Few 
examples of this technology are already in production for 
bus and truck applications, while a large scale application 
on the automotive sector seems to be limited by the size of 
the ammonia storage and delivery system. However, this 
technology shows interesting features, since the injection 
can be  performed even at low temperature, not being 
affected by the problem of the evaporation as for UWS injec-
tion. Moreover, it is not affected by the phenomenon of the 
formation of solid deposits, which is a typical problem 
which could compromise the correct operation of the system 
based on the UWS.

The present paper is structured as follow. At first an 
overview of the methodology applied in this work will 
be provided, describing the different simulation approaches 
adopted and how the information is exchanged between the 
different level of the analysis. Then the case study will 
be described, highlighting the target of the optimization. 
Finally simulation results will be analyzed, pointing out the 
main achievements in terms of component optimization and 
its influence on the overall system performances.

Methodology
The optimization of an after-treatment system requires to 
analyze the problem at different levels. In particular, the 
process should focus at the first stage on the analysis of each 
component, in such a way to characterize its physical behavior 
and identify the main guidelines for its optimization. Then, 
when a proper characterization is available for each device, 
a more integrated approach can be applied in order to inves-
tigate the performances of the overall system. In this work, 
the analysis has been carried out considering two different 
simulation approaches, namely CFD and 1D model. The first 
has been adopted for detailed simulations focused on the 
single device considered as stand-alone, the latter has been 
applied for the overall study of the entire after-
treatment system.

Detailed CFD Model of the 
Single Component
The CFD model adopted for detailed component analysis was 
based on the open-source finite-volume code OpenFOAM [7, 
8]. This has been widely extended, in previous works by the 
authors, by means of the implementation of specific libraries 
for the thermal and reacting simulation of the catalytic devices 
(TWC, DOC, SRC) commonly present on the exhaust lines 
of modern ICEs [5]. Moreover, the code includes a flexible and 
automatic mesh generator, named snappyHexMesh, which 
provides a body fitted grid, predominantly consisting of hexa-
hedral cells, with a small percentage of polyhedral elements 
near the boundary walls. Hexahedral/prism boundary layers 
can be added in order to accurately describe near wall gradi-
ents. The capability of directly providing a high quality grid 
starting from the CAD geometrical description of the compo-
nent makes this tool a good candidate to be embedded in an 
automatic geometrical optimization procedure, as will 
be explained in the following section.

Geometrical Optimization 
Strategy
In order to optimize the design of the mixer a CFD guided 
optimization procedure has been implemented. The method-
ology is based on the integration of different tools as reported 
in Figure 1. The optimization procedure is controlled by 
Dakota [9], which is a general purpose optimizer, developed 
at Sandia National Labs, which implements many optimiza-
tion algorithms and can be easily integrated with other tools. 
In this framework, Dakota run an iterative procedure, deter-
mining the values of the variables to test on the basis of the 
responses of the model. At each iteration, a novel geometry is 
generated by means of FreeCAD, which is a open-source and 
free CAD modeler which can manage parametrized models 
and it is able to automatically change the geometry on the 

 FIGURE 1  Overview of the optimization procedure based 
on the integration of Dakota, FreeCAD and OpenFOAM.
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basis of the updated list of geometrical variables. Then, when 
the updated geometry is available, the determination of the 
responses of the model is managed by OpenFOAM, which 
handle the generation of the computational grid, the execution 
of the fluid-dynamic simulation and the post-processing. On 
the basis of the actual responses of the CFD model, Dakota 
creates a surrogate model, which basically consists of an inter-
polation of the actual responses in order to provide a more 
detailed approximated response function. The optimization 
is run on the surrogate model by means of suitable optimiza-
tion algorithm (e.g.: genetic algorithm). The optimum solution, 
determined on the surrogate model, is then verified computing 
the actual response of the model and evaluating the error: if 
this is higher of the desired tolerance the surrogated model is 
updated and novel iterations are performed up to convergency. 
In this work Gaussian process method (Kriging) has been 
applied to generate the surrogate model, which is at first 
created on the basis of 50 actual responses of the CFD model.

Overall 1D Modeling of the 
Entire ATS System
The modeling of the entire after-treatment system was 
performed on the basis of the code Axisuite, which imple-
ments a quasi-steady state approach to simulate the emission 
abatement of complex after-treatment systems considering 
generic test cycle (e.g. NEDC, WLTP, RDE). The code is able 
to deal with any reaction scheme and rate expressions 
(“elementary” and “global” reactions) [2, 10, 3] and includes 
pre-defined libraries for the modeling of a large set of common 
catalytic devices. It allows 1D, 2D or 3D discretization at the 
device level and 0D, 1D and quasi-2D in the wall direction, 
used when washcoat diffusion limitations need to be accounted 
for. Moreover, in order to take into account the non-unifor-
mity of the flow velocity and concentration at the inlet of the 
monoliths, it could integrate the information coming from 
detailed CFD modeling of the connecting pipe systems, as it 
will be shown in a next section.

Case Study
In this study a standard after-treatment line for a 1.6L Euro 6 
Diesel engine was considered. The system consists of four 
emission abatement stages: a) Diesel Oxidation Catalyst 
(DOC), where unburned compounds are oxidized; b) Diesel 

Particulate Filter with SCR coating (SDPF), which is both a 
filter for particulate matter and the first catalytic stage for 
nitrogen oxides (NOx) reduction; c) Selective Catalytic 
Reduction catalyst (SCR), where NOx reduction occurs; d) 
dual layer Ammonia Slip Catalyst (ASC), where excess 
ammonia is oxidized in order to prevent ammonia slip to the 
environment and further NOx reduction takes place. The first 
section of the system, located in close-couple position, is 
shown in Figure 6.

Specification for the different catalytic elements inserted 
on the exhaust line are reported in Table 1. The devices 
includes commercial catalysts which have been modeled 
considering standard reaction schemes.

Results and Discussion

CFD Simulation of the 
Baseline Configuration
The detailed CFD analysis was applied to the study the process 
of injection of the gaseous ammonia in the main exhaust gas 
stream and the effectiveness of the mixing process. At first 
the model has been validated considering three different 

 FIGURE 2  First section of the after-treatment system (eHC, 
DOC, SDPF) located in close coupled position.
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TABLE 1 Specifications for the different catalytic devices on the exhaust line.

eHC DOC SDPF SCR ASC
Volume [l] 0.113 1.390 3.039 2.000 0.5

Length [mm] 9.0 110.5 177.8 145.9 31.9

Material Metallic Metallic Ceramic Ceramic Ceramic

Cell density [cpsi] 130 400 350

Wall thickness [μm] 50 40 11

Washcoat type γ-Al2O3 γ-Al2O3 Cu Zeo Cu Zeo Cu Zeo γ-Al2O3

Washcoat loading 
[g/l]

180 180 106 145 145 / 20
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steady-state operating conditions and comparing the results 
with experimental measurements. Then, the effects of the 
mixing elements included in the baseline configuration, 
namely pre-mixer and mixer, have been evaluated, in order 
to characterize their effects in terms of uniformity of the NH3 
distribution at the inlet of the SDPF and pressure drop.

Computational Model The computational grid gener-
ated for the simulation of the injection process is reported in 
Figure 3. It consists of around 8 · 105 cells, with an average cell 
size of 3 mm. The mesh is refined to 1.5 mm cell size in the 
bend connecting DOC and SDPF, where gaseous ammonia is 
injected and the mixing with the exhaust gas take place. 
Moreover, additional refinement is applied to capture the 
geometrical details of specific components, e.g. on the thin 
walls of the mixer.

Three different steady state operating conditions are 
simulated, as reported in Table 2. These are defined by a 
combination of operating parameters such as: gas flow rate, 
gas inlet temperature, NOx concentration, ammonia dosing. 
For these conditions, the experimental characterization of the 
uniformity of the NH3 distribution at the inlet of the SDPF 
was available for the validation of the model.

Numerical simulations were run employing a standard 
SIMPLE algorithm, solving for the transport of the different 
species involved in the gaseous system [11]. Chemical reactions 
in the catalyst regions were not taken into account, since the 

analysis was purely focused on the description of the mixing 
process before the SDPF in order to predict the degree of 
uniformity of the NH3 entering the catalyst. With regards to 
the turbulence modeling, a standard k-ω SST model was 
applied [12]. Moreover, the description of the pressure drop 
in the catalyst region was managed by means of a non-isotropic 
Darcy-Forchheimer model, which assumes a quadratic depen-
dency of the pressure drop on the axial flow velocity. On the 
other hand, the flow permeability is assumed as negligible in 
the transversal directions. The coefficients of the model are 
calibrated on the basis of experimental correlations available 
in the literature for similar catalyst.

Model Validation Computed flow streamlines are reported 
in Figure 4 for two operating conditions OP1 and OP2, which 
are characterized by a different mass flow. It can be noticed that 
the particular shape of the duct connecting the DOC and SDPF, 
characterized by a spiral design, contributes significantly to 
distribute quite uniformly the gas flow at the entrance on the 
SDPF. The gas flow path is similar for the two conditions at low 
and high mass flow rate, except for some flow recirculation 
which can be noticed in the bottom part of the bend for OP1.

With regards to the mixing process, it can be seen that 
the combination of the effect of the pre-mixer plate and the 
mixer are quite effective in promoting the mixing of the 
exhaust gas stream and the gaseous ammonia stream injected 
in the upper part of the connecting duct. Maldistribution on 
the inlet section of the SDPF was evaluated considering a 
uniformity index defined as:

 UI
X X A

X A

i i

i

= -
å -

å
1

2
 

where Xi is the local ammonia molar fraction, X  is the 
average molar fraction and Ai the discretization area. The 
calculations show that the uniformity index of the NH3 distri-
bution on the inlet section of the SDPF ranges between 
83%-87% for all the operating conditions. The visualizations 

 FIGURE 3  Computational grid for the CFD simulation of the 
ATS, including DOC and SDPF sections: a) overview and b) 
detail of the mesh of the internal components in the 
injection section.
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TABLE 2 Steady-state operating conditions simulated

OP1 OP2 OP3
Gas flow rate [kg/h] 100 300 300

Gas temperature, post-DOC [°C] 260 260 410

NOx concentration, post-DOC [ppm] 200 699 794

NH3 dosing [mg/s] 2.95 30.57 58.18

NH3/NOx [-] 0.9 0.9 1.5 ©
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 FIGURE 4  Visualization of the flow streamlines in the 
connecting bend for two operating conditions at different 
mass flow.
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of the ammonia distribution in front of the SDPF, reported 
in Figure 5 - Figure 7, show the occurrence of two separate 
zones in terms of ammonia concentration: in particular, NH3 
concentration is higher in the upper-left part while it is lower 
in the bottom-right one. In order to assess the validity of the 
computational model, results from a preliminary experi-
mental campaign were considered. Ammonia distribution 
was estimated from the gas concentration measured in 65 
points uniformly distributed over the outlet section of the 
SCR catalyst substrate, considering a test configuration where 
the downstream ATS components were removed. These exper-
imental findings are in agreement with the simulation predic-
tions, confirming the two-zones distribution of the NH3 on 
the SDPF inlet section. Moreover, the quantitative comparison 
of the uniformity index of the ammonia distribution confirms 
a very good agreement between calculations and experiments 
for operating conditions OP2 and OP3. On the contrary for 

OP1, despite the fact that the overall distribution is qualita-
tively well captured, the calculated uniformity index signifi-
cantly underestimates the experimental value. However, 
further investigations need to be carried out on this particular 
operating point, since experimental uncertainties may have 
affected the final measurement, especially in relation of the 
low mass flow rate (if compared to OP2 and OP3) that has 
been applied.

Investigation of the Effects of the Mixer/
Pre-Mixer Components As a last step of the preliminary 
numerical characterization of the baseline configuration, the 
role of the mixer and pre-mixer components has been inves-
tigated. In particular, the analysis focused on the study of the 
effects of these components in terms of enhancement of the 
uniformity of the NH3 distribution on the inlet section of the 
SDPF and in terms of the additional pressure drop introduced 
on the exhaust line. Two additional configurations, which 
consist of variations with respect to the baseline, were analyzed 
and compared:

 • variation 1: the configuration in which the mixer is 
removed, while the pre-mixer plate is still present;

 • variation 2: the configuration in which mixer and pre-
mixer are both removed, leaving fully opened the gas 
flow path between the DOC and the SDPF.

 Figure 8 shows the effects of the these variations in terms 
of gas flow streamlines, considering operating conditions OP2. 
Comparing with the baseline (Figure 4 - OP2), it can be seen 
that, removing the two mixing components, the vorticity of 
the flow is significantly reduced as well as the induced mixing 
between the exhaust and ammonia stream. Moreover, it can 
be noticed that the presence of the premixer is even disadvan-
tageous in terms of ammonia distribution if not suitably 
coupled with the effect of the mixer: Figure 9 highlight that, 
in this condition (variation 1) a significantly high concentra-
tion of ammonia is found near the walls in the left part of 
the catalyst.

 FIGURE 6  Operating condition OP2: comparison between 
calculated and experimental NH3 distributions on the inlet 
section of the SPDF catalyst.
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 FIGURE 5  Operating condition OP1: comparison between 
calculated and experimental NH3 distributions on the inlet 
section of the SPDF catalyst.
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 FIGURE 7  Operating condition OP3: comparison between 
calculated and experimental NH3 distributions on the inlet 
section of the SPDF catalyst.
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Figure 10-Figure 11 report the detailed results in term 
of ammonia distribution and pressure drop calculated for 
the three configuration considering the three operating 
conditions OP1, OP2, OP3 (as detailed in Table 2). It can 
be seen that, for all the operating conditions, the baseline 
configuration exhibits the better performances in terms of 
uniformity index. On the other hand, the pressure drop 
introduced by this configuration is significantly higher with 
respect to the others. Comparing configuration 2 and 3, it 
can be noticed that the removal of the mixing components 
determines a progressive and significant reduction of the 
pressure drop. Instead, for what concern the uniformity 
index, the effect of the pre-mixer seems to be negligible or 
even disadvantageous in high flow conditions (OP2 and OP3). 
This suggests that the mixing function of these two elements 
is strictly coupled and their design should be conducted 
considering their interaction in order to optimize the unifor-
mity of the NH3 distribution.

CFD Optimization of an 
Alternative Mixer Design
In the previous step the CFD model has been validated and a 
first characterization of the behavior of the mixing compo-
nents has been provided, both in terms of effectiveness of the 
mixing promoted and pressure drop introduced on the 
exhaust line. On this basis, the second step of the CFD activity 
focused on the design and the optimization of an alternative 
configuration characterized by enhanced mixing and reduced 
pressure drop. In this section the design process of the alterna-
tive configuration will be described. At this stage, the opti-
mization will be  focused on the stand-alone component, 
evaluating the performances of the device (mixing and 
pressure drop) under steady-state representative conditions.

Design of an Alternative Configuration and 
Overview of Its Main Geometrical Parameters The 
baseline configuration analyzed in the previous section was 
designed for the specific case of the injection of a spray of 
liquid Urea Water Solution (UWS) and it was then adapted 
for the adoption in a system based on injection of gaseous 

 FIGURE 8  Comparison of gas streamlines highlighting the 
effect of the mixer and pre-mixer components, for operating 
conditions OP2: var. 1) configuration with only the pre-mixer, 
without mixer; var. 2) configuration without mixer and pre-
mixer.
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 FIGURE 9  Comparison of NH3 distribution on the SDPF 
inlet section, for operating conditions OP2: var. 1) configuration 
with only the pre-mixer, without mixer; var. 2) configuration 
without mixer and pre-mixer.
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 FIGURE 10  Investigation of the effect of mixer and pre-
mixer components on the uniformity of the NH3 distribution on 
the inlet section of the SDPF catalyst.
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 FIGURE 11  Investigation of the effect of mixer and pre-
mixer components on the pressure drop related to the 
mixing section.
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ammonia (ASDS system). Therefore, it results in a quite 
flexible design which allows to operate the same ATS system 
alternatively with UWS and ASDS, just changing the injection 
section and the delivery system. However, looking towards a 
final configuration in which ASDS will be  the preferable 
system, given its multiple advantages over the UWS (e.g.: 
superior behavior during low temperature operation, absence 
of deposits), it becomes interesting to study an alternative 
mixer specifically designed only for ASDS operation. Its opti-
mization can take advantage by the fact that the mixing 
process between two gaseous stream is a much easier process 
to be realized, if compared to the physics of the UWS injection 
(which includes: droplet formation, evaporation, deposition, 
stripping, etc). Therefore, the optimum mixer design, which 
guarantee the desired level of mixing, can be simpler and less 
penalizing in terms of pressure drop.

The alternative configuration which has been proposed 
is reported in its base design in Figure 12. It can be seen that 
the proposed alternative is characterized by a very simple 
design, consisting in a single perforated plate, curved in the 
middle and mounted with a certain angle. The mixing is 
promoted by the deflection of the gaseous streams in the three 
directions. The holes, which are realized on the plate, have 
both the function to enhance the mixing and to keep low the 
pressure drop. Three geometrical parameters (Figure 13) have 
been identified to be the most significant for the determination 

of the behavior of the mixer (i.e.: angle with which the device 
is mounted, angle determining the lateral deflection of the 
streams, width of the device) and will be used as variable for 
the optimization process which will be  described in the 
next sections.

Design Optimization and Final Configuration The 
optimization strategy described in the previous section 
“Methodology” was applied to the optimization of the 
proposed alternative configuration. A Latin Hypercube 
Sampling (LHS) strategy was selected as method for 
performing the Design of Experiment (DOE) phase, which is 
the initial step for the construction of the surrogate model. 
The combination of geometrical variables chosen by Dakota 
on the basis of the aforementioned LHS strategy is reported 
in Figure 14.

In Figure 15-Figure 16 the responses of the model, for 
each LHS test point, is reported. In particular, two objective 
functions (uniformity index of the ammonia distribution and 
pressure drop introduced by the mixing device) are evaluated 
considering two operating points (operating point OP2 and 
OP3, as detailed in Table 1). Therefore, the total number of 
objective functions considered in the optimization is four, 
while the optimization variables are three. The DOE phase 
allowed already to find out which are the best configuration, 
characterized by high uniformity index and low pressure drop: 
this correspond to iteration #10, which has been highlighted 

 FIGURE 12  Comparison of the baseline mixer configuration 
and the alternative design which has been proposed.
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 FIGURE 13  Detail of the alternative design: it is 
parametrized with respect to three geometrical parameters in 
order to address its geometrical optimization.
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 FIGURE 15  Responses of the model for each iteration, in 
terms of uniformity index of the ammonia distribution 
introduced by the mixing device.
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 FIGURE 14  Combination of values of the geometrical 
variables for each iteration, chosen by means of LHS and used 
for the construction of the first surrogate model.
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in green. On the other hand, some worst configurations can 
be identified, for example #40.

The 50 points calculated in the DOE phase are exploited 
to build the first surrogate model consisting of additional 1000 
points, as exemplified in Figure 17 - Figure 18 considering oper-
ating conditions OP2 and angle α0 and width variables. The 
surrogate functions allow to identify the regions in the space 
of the variables which are more favorable in relation to the 
objective of the optimization. For example, the regions high-
lighted in green in the graphs are characterized by low pressure 
drop and non-uniformity, suggesting that lower values of width 
and angle α0 are preferable to obtain an optimum design. On 
the other hand, increasing the width of the mixer and the angle 
α0, the pressure drop and the non-uniformity increase.

An example of optimum design is reported in Figure 19. 
This configuration is characterized by high uniformity of the 
ammonia distribution associated to a low pressure drop 
(included in the green region in Figure 17-Figure 18). This is 
obtained reducing the width of the mixer and adopting a quite 
small angle α0 and a high angle α1. On the other hand, in 
Figure 20, it can be seen that increasing the width of the mixer 
not only the pressure drop increases, as one would expect, but 
also the mixing performances are penalized.

 FIGURE 16  Responses of the model for each iteration, in 
terms of pressure drop introduced by the mixing device.
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 FIGURE 17  Surrogate model built for operating condition 
OP2, reporting the normalized pressure drop of the mixing 
section as a function of the angle α0 and width variables.
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 FIGURE 18  Surrogate model built for operating condition 
OP2, reporting the coefficient of variance of the ammonia 
distribution on the inlet section of SDPF as a function of the 
angle α0 and width variables.
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 FIGURE 19  Optimal configuration: high uniformity index on 
the inlet section of the SDPF is obtained with low pressure 
drop, reducing the width of the mixer.
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 FIGURE 20  Worst configuration: this design is not efficient 
in promoting the mixing and it is associated to high 
pressure drop.
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Figure 21 - Figure 22 report the detailed results in term 
of uniformity of the ammonia distribution and pressure drop 
calculated for two alternative configurations (#10 - optimized 
and #40 - not optimized) considering two operating condi-
tions (OP2 and OP3, as detailed in Table 2). These are 
compared with the results calculated for the baseline configu-
ration. It can be noticed that the alternative configuration, if 
properly optimized as for configuration #10, is characterized 
by better overall performances if compared to the baseline. 
As a matter of the fact it is able to obtain a higher uniformity 
index with lower pressure drop for both the operating condi-
tions tested. On the other hand, if not optimized, as in the 
case of configuration #40, the uniformity index is still compa-
rable to that of the baseline configuration, while the pressure 
drop is significantly higher.

1D Analysis of the System
The optimization process described in the previous section 
was focused on the stand-alone device, in order to improve 
its performances in terms of NH3 mixing and reduction of 

the pressure drop. However, in order to achieve the target of 
an overall optimization of the system, it is important to 
evaluate how the single device interacts with the other 
components. This target can be achieved considering a 1D 
simulation model extended to the entire exhaust line. In this 
framework, the components which exhibit a particular tridi-
mensional behavior (e.g. the SDPF which is affected by a 
particular NH3 inlet maldistribution) can be  properly 
modeled with the support of the information coming by 
detailed CFD simulation.

Simulation Model The 1D simulation model of the after-
treatment system was created using axisuite, including all the 
components already detailed in the previous section “Case 
study” as shown in Figure 23.

The model was adopted to simulate a WLTC cycle, for 
which experimental measurement of raw emissions from the 
engine were available. Two different approaches were applied 
for the modeling of the NH3 injection section and SDPF 
component. The first approach was to assume that a perfect 
mixing was reached at the inlet of the SDPF (i.e. NH3 unifor-
mity index equal to 1): in this conditions the SPDF can 
be  modeled resorting to a simple 1D approximation. The 
second approach was to take into account the NH3 maldistribu-
tion, which can be imposed considering the 2D NH3 distribu-
tion maps coming from 3D simulation (e.g. Figure 5 - Figure 7) 
for different mass flows. In this case, the SPDF catalyst is 
modeled with a 3D macro-scale approach, where the compu-
tational cells are representative of a group of channels with 
different locations in the space. The instantaneous ammonia 
concentration at each location of the catalyst inlet section is 
determined on the basis of a specific procedure, which takes 
as input a set of ammonia distributions predicted by CFD simu-
lation at different mass flows. CFD computed ammonia distri-
butions are normalized to obtain weight factors at each location 
of the catalyst inlet section. In order to obtain the actual distri-
bution for a certain mass flow rate, the model computes the 
actual weight factors by applying an interpolation of the weight 
factors available for the input mass flow rates. Once the weight 
factors have been determined, the actual ammonia concentra-
tion at each location is imposed on the basis of the total 
ammonia mass flow which should be injected depending on 
the prescribed dosing. Figure 24 shows the ammonia concen-
tration at the inlet of the SDPF computed by the model for 
different instantaneous conditions during the WLTC cycle, 
with different average mass flow and NOx concentrations.

 FIGURE 21  Comparison between baseline configuration 
and alternative configurations #10 and #40, in terms of 
uniformity of the NH3 distribution at the inlet section of the 
SDPF catalyst.
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 FIGURE 22  Comparison between baseline configuration 
and alternative configurations #10 and #40, in terms of 
pressure drop related to the mixing section.
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 FIGURE 23  1D simulation model of the 
after-treatment system.

©
 S

A
E 

In
te

rn
at

io
na

l.

Downloaded from SAE International by Politecnico di Milano, Sunday, November 22, 2020



 10 NUMERICAL OPTIMIZATION OF A SCR SYSTEM BASED ON THE INJECTION OF PURE GASEOUS AMMONIA

Preliminary Validation Preliminary validation was 
addressed considering a configuration with electrical heating 
switched off. For this first comparison a simple 1D approach 
was adopted for the modeling of the SDPF component, there-
fore the effect of the NH3 maldistribution was neglected. 
Comparison between simulation results and measurement of 
tailpipe NOx emission is reported in Figure 25.

It can be seen that the overall trend is well reproduced by 
the computational model, despite a slight overestimation of 
the prediction of the total NOx emission. This is related to an 
overestimation occurring in the first 50 s, when the experi-
mental data show an abatement of the NOx which, conversely, 
is not predicted by the model. However, apart from this initial 
mismatch, the conversion efficiency is correctly captured over 
the cycle. Therefore, the model can be considered sufficiently 
accurate for the purpose of the analysis, which is the investiga-
tion of the effect of the NH3 maldistribution on the overall 
NOx abatement efficiency. Moreover, the fact that a quite 
accurate prediction can be obtained neglecting the maldistri-
bution effects can prefigure that these have a secondary impor-
tance on the overall phenomena, as will be discussed in the 
next section.

Effect of the NH3 Maldistribution at the SDPF 
Inlet In order to evaluate the impact of an alternative design 
of the mixing section, capable to reduce the NH3 maldistribu-
tion at the inlet of the SDPF, the 1D simulation was run 
adopting the 3D approach for the modeling of the SDPF. In 
this case, the information provided by the detailed CFD model 

of the mixing section were exploited to provide a map for the 
non-uniform distribution of the NH3 at the SDPF for different 
operating conditions. As first step, the baseline configuration 
was considered, which is characterized by a uniformity index 
in the range 85%-95%. The analysis was repeated for different 
ratio between injected NH3 and NOx content in the exhaust 
gas, in the range 0.8 - 1.5. Figure 26 reports the decay of the 
NOx conversion passing from a uniform ammonia distribu-
tion to a realistic non-uniform distribution imposed on the 
basis of the CFD results. It can be seen that the maximum 
reduction of the NOx conversion is below the 2.5% after the 
SDPF and below 1.5% at the tailpipe. Moreover, the conversion 
reduction decreases with the increase of the ammonia dosing.

The fact that the effect of the NH3 maldistribution is quite 
limited (around 1% at the tailpipe for stoichiometric dosing) 
is due to the storage of ammonia on the catalyst washcoat, 
which amount continuously varies during the test cycle. The 
presence of ammonia stored on the washcoat allows to 
partially compensate the eventual instantaneous lean 
ammonia feeding of some parts of the SDPF. The storage on 
SDPF is possible, even in stoichiometric conditions, because 
this catalyst receives an excess of NH3 compared to the 
maximum conversion which is achieved on average during 
the cycle, taking into account that the full reduction process 
is completed in the second SCR underfloor. Ammonia storage 
varies during the test cycle and increases when the activity of 
the catalyst is low, for example at the cold start, while it 
decreases during the high speed part of the cycle, remaining 
however always present.

Moreover, the second factor which compensates the 
maldistribution is related to the presence of the second SCR 
in underfloor position, which receives the ammonia well 
mixed with the exhaust gas flow and therefore contributes to 
the further reduction of the residual NOx.

This analysis suggests that the effort towards the increase 
of the mixing efficiency could be not justified in this configu-
ration, since the presence of the second SCR stage allows to 
mitigate in a quite effective way the effects of the eventual 
maldistribution. On the other hand, it points out that the 
optimization of the device should be addressed considering 
not only the stand-alone component but also taking into 
account its interaction with the system.

 FIGURE 24  Ammonia concentration computed at different 
timesteps during the WLTC cycle.
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 FIGURE 25  NOx emission at the tailpipe on the WLTC 
cycle: comparison between calculation and measurements. 
Data are non-dimensionalized with respect to a 
reference value.
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 FIGURE 26  DeNOx performance after SDPF and at the 
tailpipe, for different ratio NH3/NOx: decay of the performance 
passing from uniform ammonia distribution (1D SDPF model) 
to the realistic distribution predicted by CFD model for 
baseline mixer configuration.
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Conclusions
In this paper, the modeling of an after-treatment system for 
a Diesel light-duty engine has been addressed. The study has 
been conducted with a suitable integration of 1D and CFD 
numerical tools, in order to characterize the system at different 
level of details. In particular, a detailed CFD model was 
applied to simulate the behavior of the mixer, which is crucial 
for promoting the mixing between ammonia and exhaust gas 
and, therefore, the overall DeNOx performance of the system. 
The role of the CFD model was, primarily, to provide the 
information to be exploited in the 1D code to improve the 
model and to embed a more detailed characterization taking 
into account the effective distribution of the ammonia at the 
SDPF inlet. Moreover, the CFD model was adopted to perform 
the optimization of the mixing device in order to obtain a 
more uniform ammonia distribution. To this purpose, an 
optimization framework was setup, suitably coupling 
OpenFOAM with Dakota, in order to modify some key 
geometrical parameters of the mixer in such a way to minimize 
the objective functions, namely pressure drop and NH3 mald-
istribution. This procedure led to a new optimized design, 
characterized by significantly better performances with 
respect to the baseline. However, the analysis of the impact of 
this improvement on the overall system DeNOx performance 
showed a negligible contribution. In this framework, the 1D 
analysis was fundamental to clarify the reasons of this unex-
pected behavior, which is related to the presence of two NOx 
reduction stages and to the effects of the ammonia storage on 
the SDPF. Therefore, this case study showed the importance 
of adopting an integrated approach to guide the optimization, 
in order to exchange information at the different level of detail 
(component and system) in such a way to evaluate the impact 
of the component behavior on the overall system performances.
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