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Abstract: The uniformity of ammonia is very crucial for reducing the NOx emissions in a selective
catalytic reduction system since the uniformity highly affects the chemical reaction between the
ammonia and NOx emission. However, increasing ammonia uniformity in a short time period while
injecting a urea solution is not a trivial task. Therefore, in this study, the uniformity of various
urea injector designs is compared and an optimal design for the urea injector angle and direction
is selected. The uniformity index (UI) was calculated using numerical analysis and compared with
experimental result to achieve high reliability. The boundary condition of the analysis is extracted
from the dominant operating region of the non-road transient cycle (NRTC) to guarantee a realistic
analysis result. The design candidates were generated from the combination of three urea injection
angles and eight urea injection directions and thoroughly compared to provide an insightful analysis.
The conclusion is that injecting urea in the opposite direction to the main stream of exhaust gas
increases the kinetic energy and thus the uniformity is highly increased. For example, urea injection
in the opposite direction and angle to the mainstream flow could increase the Ul to 0.966, which is a
16.7% improvement compared to the same direction and angle injection.

Keywords: design optimization; numerical analysis; selective catalytic reduction; uniformity index;
urea injector design

1. Introduction

Diesel engines have the advantages of a high thermal efficiency and reliability com-
pared to other internal combustion engines. Furthermore, application of the material
properties of the fuel and the high-pressure injector technology, Common Rail Direct In-
jection (CRDI), resulted in the simultaneous increase in these engines’ performance and
their market [1]. However, despite the high thermal efficiency of compression ignition
engines, these engines have the disadvantage of producing a large amount of exhaust
gas compared to spark ignition engines. Recently, with increasing attention toward the
environmental pollution of automobiles, strengthened emissions regulations were adopted,
making the installation of additional aftertreatment equipment inevitable [2,3]. For diesel
engines, three-way catalyst devices cannot be installed due to the low exhaust gas temper-
ature and operating air—fuel ratio; numerous aftertreatment equipment installations are
necessary [4,5].

Currently, rather than pretreatment, regulations are satisfied through the use of af-
tertreatment equipment for most of the automobile exhaust gas. Beginning with the
adoption of the off-road exhaust gas regulation Euro 6 in 2014, the off-road engine regu-
lation Tier 4 Final was implemented in 2015, requiring the development of exhaust gas
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aftertreatment technologies [6]. The existing aftertreatment equipment satisfied the exhaust
gas regulations by installing a diesel oxidation catalyst (DOC), diesel particulate filter
(DPE), or lean NOx trap (LNT), which operate without an additional injection system.
Installation of selective catalytic reduction (SCR) devices became inevitable on all diesel
vehicles with the enforcement of Euro 6 D [7,8]. Simultaneously, strengthening of the off-
road emissions regulations made SCR installation necessary for diesel internal combustion
engines regardless of whether they were on-road or off-road. The biggest reason for the
delay in SCR applications is the need to additionally install a urea injection device and
management system necessary for the reaction, unlike the conventional catalyst system.
The SCR system is evaluated as an environmentally friendly exhaust gas aftertreatment
device because it can reduce most of the carbon monoxide and NOyx emissions produced
from combustion [9].

SCR is largely composed of a storage tank, urea injection nozzle, control module,
and catalyst. SCR requires a supply of urea for the catalyst reaction; an additional thawing
module is necessary due to the risk of freezing in cold weather as the freezing point of urea
is —11 °C. The NOx exchange rate increases for exhaust gas temperatures of 250 °C and
higher, facilitating the reaction of the SCR catalyst. The exchange efficiency of the catalyst is
proportional to the urea injection amount and catalyst urea distribution. Generally, a mixer
is added to the outlet of the injection nozzle to increase the catalyst efficiency and improve
the urea distribution and evaporation amount. Double-layered catalyst structure SCR
development is being actively carried out to collect residual ammonia from the reaction
through AOC coating of the outlet of the catalyst [10].

The SCR catalysts can be largely categorized into the primary catalyst that the urea and
exhaust gas react to and the secondary catalyst with an AOC coating added to prevent the
residual ammonia from the reaction with the primary catalyst from entering the atmosphere.
Ammonia is an irritant substance that can affect biological tissue. Exposure to 10 ppm or
more of ammonia can cause eye and respiratory problems. Thus, along with the adoption
of the Euro 6 standard, additional catalyst (AOC coating) installation is mandatory to
reduce slip ammonia in the SCR-installed vehicle. For the urea used in SCR, urea is diluted
in distilled water (urea 32.5%, distilled water 67.5%) and this aqueous solution is injected
for vaporization and interaction in the catalytic reaction. Ammonia, an alkaline substance,
has the problem of negatively impacting the catalyst durability when the urea that did not
vaporize at the inlet of the catalyst is transported. Accordingly, development companies
are carrying out research in urea evaporation amount and distribution improvement by
installing a device with a mixer shape between the catalyst and nozzle [11-13].

The NOx uniformity index (UI) results of the SCR catalyst outlet play an important
role in the prediction of the catalyst exhaust gas reduction performance and slip ammonia
predictions. Most SCR-related studies have conducted SCR part analyses or single tests
rather than reflecting actual engine test results [14,15]. The aftertreatment device in an
actual internal combustion engine has numerous design parameters depending on the
engine room space and, in the case of exhaust gas flow testing, the results are significantly
influenced by the inlet and outlet design of the catalyst. Additionally, systematical perfor-
mance prediction and investigation of the aftertreatment system is required. The design
layout of the exhaust gas and aftertreatment system should be clearly determined, and the
same design has to be used for the numerical analysis to analyze the NOx emission and
ammonia slip under the same conditions.

In this study, SCR performance prediction and improvement were made and examined
for the actual Tier 4 Final-applied off-road engine. The determination of the test conditions
utilized the exhaust gas temperature and flowrate conditions of the most dominant operat-
ing range in the exhaust gas assessment method used in certification testing. The test results
were applied to increase the reliability of the governing equation and boundary conditions,
and a numerical analysis was additionally conducted under the determined conditions.

In this paper, Section 2 explains the structure of this paper and Section 3 details the
engine test conditions and numerical analysis boundary conditions and design. Section 4
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discusses the numerical analysis performed for performance enhancement and the NH3
uniformity index result, followed by a summary of the results in Section 5.

2. Overview

Figure 1 shows the structure of this paper. This study was carried out in the following
order. For the experimentation, a 3.8 L Tier 4 Final-compliant development engine from
Daedong, Korea, was used. The non-road transient cycle (NRTC) test method was refer-
enced for the exhaust regulation evaluation. The exhaust flow rate and temperature of
the engine were determined taking into consideration the actual operation conditions and
the most dominant operating range conditions in the evaluation standard. Under these
conditions, the experimental and numerical analysis results for the urea uniformity index of
the outlet of the SCR were compared. A numerical analysis was carried out and its results,
which were investigated by varying the urea injection angle in the boundary conditions,
were determined to be reliable through comparison with the experimental results.

Schematic diagram and experlmental
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Figure 1. Design optimization procedure of the urea injection angle and direction of the selective
catalytic reduction system.

3. Boundary Condition Determination and Verification
3.1. Target Aftertreatment Device

The target aftertreatment device was the Tier 4 Final-compliant aftertreatment device
of the new 3.8 L engine from Daedong, Korea, shown in Figure 2. A numerical analysis was
conducted referencing the actual design dimensions. The plate and DOC were used first
for improved flow uniformity, followed by the DPF and then the SCR. A perforated plate
and mixer were applied to improve the catalyst durability and efficiency by increasing
the flow uniformity and urea uniformity index. Urea injection occurs at the outlet of the
DPF and the mixer is placed approximately 120 mm after the injection nozzle for increased
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urea evaporation and distribution uniformity. The SCR catalyst without AOC coating,
the primary catalyst, and the SCR catalyst with AOC coating, the secondary catalyst,
were installed in this order.

Figure 2. Target aftertreatment device, including a diesel oxidation catalyst (DOC), diesel particulate
filter (DPF), and selective catalytic reduction (SCR).

3.2. Boundary Condition Determination

The inflow rate and temperature need to be determined because they are important
boundary conditions in the numerical analysis of the exhaust gas reduction device. Veri-
fication of reliability was done through comparison of the NH3 uniformity index of the
outlet of the SCR for the NRTC mode test results and the numerical analysis results of
the Daedong 3.8 L engine. Figure 3 provides a schematic diagram of the experimental
setup; the obtained results are plotted in Figure 4. The most important variables of exhaust
gas temperature and flow rate in the numerical analysis are scatter plotted in Figure 5
and shown in Table 1. The exhaust gas temperature and flow rate of the most dominant
operating range in the NRTC test results were 200-300 °C and 200-300 kg/h, respectively,
covering more than 50% of the entire operating range. The target engine was designed for
agricultural machinery, so a 10% increase in the exhaust temperature was reflected in the
same flow rate, taking into consideration the operational characteristics. Finally, an exhaust
gas temperature of 330 °C and exhaust gas flow rate of 300 kg/h were selected.
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Engine
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Figure 3. Schematic diagram of the engine dynamometer apparatus.
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Figure 4. Real-time data (speed, torque, and temperature) of the non-road transient cycle
(NRTC) mode.
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Figure 5. Operating points of the NRTC mode: exhaust temperature vs. exhaust flow rate.

Table 1. Statistical analysis of NRTC mode: numbers and percentage of temperature and flow rate.

NRTC Mode Driving Data Study

Exhaust Temperature Exhaust Flow
°C Point No. Percent kg/h Point No. Percent
0-100 39 3.1 100-200 246 19.8
100-200 156 12.6 200-300 651 52.5
200-300 922 74.3 300-400 331 26.7
300-400 124 10.0 400-500 13 1.0
Total 1241 100 Total 1241 100

3.3. Governing Equations

The governing equations significantly affect the accuracy and results of the numerical
analysis. Ultimately, the governing equations must be carefully selected based on the
factors that are considered most important. In this study, the commercial software STAR
CCM+ 13.06 was used. The most important factors in this study were the phase change
and chemical reaction of the injected urea. The energy of the exhaust gas reacts with the
urea, so the energy equation becomes the basis of the chemical reaction. A phase-change
equation is necessary to simulate the behavior and phase change of the injected urea.
The phase equation predicts the phase of the domain and is continuous with the varying of
the volume fraction according to the phase. Thus, the same equation is applied regardless
of the phase and volumetric solid fraction (8) changes according to the phase.
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The basic differential momentum equation is derived first. Applying the liquid
element acceleration equation to an infinitesimal particle with infinitesimal mass dm
allows Newton’s second law to be expressed as the vector expression shown in Equation (1).
Deriving the force component acting on dm in Equation (1) 3-dimensionally, adding density
and temperature, and deriving it for the u, v, and w directions, results in derivation of the
equation of motion (2), (3), (4) which becomes the basis of the numerical analysis. Here,
hy = static enthalpy, A = thermal conductivity, Ty = temperature, j; = eddy viscosity, o] =
turbulent thermal diffusion Prandtl number, and Qy = inter-phase heat transfer; these are
all added to derive the energy equation (Equation (5)) [16].

DV _ av Y% 817 v
Du dp 0 ou 2 0 ou  dv 0
i =rs: o+ 125 5V ) |+ y[P‘(aHaxﬂ 50 (3 3] @
Dv ap 0 au 0
onr =esr =g+ ax 15y o) oy 1oy~ 5) | (B )] ®
Dw dp 0 ow  du 0 ow  ow d ow
Fes gt (G e (e )] (5 5 @
d — V;i Dp t Y
a((xkpkhk) + V- (akpkukhk) — V| ap| MV + ?th = fﬂékﬁ + o (Tk + Tk) Voup+ 9y (5)
h

The phase-change equation, applied to the injected urea, plays an important role
in the numerical analysis. The injection equation begins with the Eulerian-Lagrangian
multiphase equation. The Lagrangian equation is used because it is advantageous to track
each individual particle motion due to the nature of the injection analysis. The Lagrangian
equation also allows for the convenient processing of conditions such as the particle
impacts, size distribution, phase change, and effects of turbulence. The particle equation
of motion (6) is derived. The physical behavior of the particles differs depending on
the thermal and chemical conditions of the particles. The thermal equilibrium equation
changes due to differences between the particle (Tp) and evaporation (Tvap) temperatures
and the initial volatility. When the representative particle temperature is lower than
the evaporation temperature and the initial particle volatility is exhausted, the thermal
equilibrium equation can be expressed as Equation (7).

du 8x(pp —p)
dT,
mpcy—L = hAp(Too = Ty) + ey Ap0 (64 — T} @)

Here, m,, = particle mass, ¢, = particle heat capacity, A, = particle surface area, Teo = local
temperature of the continuous phase, ¢, = particle emissivity, c = Stefan-Boltzmann
constant, and 6r = radiation temperature.

3.4. Experimental Results and Numerical Analysis Reliability Evaluation

To check the reliability of the experimentation and numerical analysis, the urea unifor-
mity index at the outlet of the SCR was compared between the experimental and numerical
analysis results. The numerical analysis was carried out after setting the exhaust flow rate
and exhaust temperature, along with the boundary conditions for the numerical analysis,
based on the experimental values as shown in Table 2. The numerical analysis model,
exhaust gas inflow conditions, and urea injection conditions were determined.
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Table 2. Conditions for the numerical analysis.

Analysis Model
Tool Star CCM+ 13.06 Time Step (ms) 1
Turbulence k-omega SST Physical Time (s) 2
Breakup Model Reitz-Diwakar Breakup Thermistor Model NTC Thermistor Model
Analysis Boundary Conditions
Working Fluid Exhaust Gas
Pressure (barG) 1.5 Temperature (°C) 600
Exhaust Manifold Pressure (barG) 1.5 Flow Rate (kg/h) 450
Supersonic Static Pressure (barG) 1.31 Density (kg/m?) 0.11
Urea—Water Solution
H,0 (%) 67.5 N,H4CO (%) 32.5
Injection Rate (kg/h) 1.819
Reactions
Thermolysis (NH;),CO(s or 1) = NHj(g) + HNCO(g)
Hydrolysis HNCO(g) + HO — NHj3(g) + CO»(g)

Figure 6 shows the distribution and measurement points of the SCR outlet urea
uniformity index experimental results, as well as the numerical analysis distribution.
For the experiment, the NOx measurement results after the SCR catalyst reaction are
shown; for the numerical analysis, the NH3 mole fraction cross-section distribution is
shown to compare the trends of each cross section and finally obtain the error by comparing
the cross-section uniformity index values. The cross sections were explained using the
four cardinal directions. In the cross-section distribution, the concentration was low at
the center and high in the S and NE directions, exhibiting similar cross-sectional trends.
The distribution uniformity for the 17 points obtained through the experiment was 98.2%,
while the numerical analysis uniformity was 97.5%. The error of the numerical analysis
based on the experiment results was 0.7; thus, the reliability of the numerical analysis
results was determined.

Experiment Numerical analysis
SCR out Ul : 98.2% SCR out Ul : 97.5%

Experiment
measure point S

Figure 6. Uniformity index (UI) comparison: experimental result vs. numerical analy-
sis result.

4. Numerical Analysis Results

The flow-path shape of the aftertreatment device is an important variable for the
efficiency and durability of the catalyst. The catalyst shear rate uniformity index plays an
important role in predicting the uniform reaction of the catalyst. In the case of the SCR,
the injected urea and exhaust gas react unlike conventional catalysts. To predict the catalyst
reaction and durability of the SCR, the velocity uniformity at the inlet of the catalyst was
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compared with the NH3 uniformity index. Using the same aftertreatment device design,
25 cases were conducted for 8 urea injection directions and 3 angles with the same boundary
conditions. Figure 7 shows the urea injection conditions of the numerical analysis. The NH3
uniformity index results for the SCR mixer outlet and SCR catalyst inlet were investigated
according to the urea injection conditions with the same flow-path design.

DOCIn DPFIn

Injection angle . SCR In SCR Out

N 15° | NE 15° | E15° [SE15° | §15° |SW 15°| W 15° [NW 15°

N 30° | NE30°| E30° | SE30° | §30° |SW30°| W 30° [NW 30°

N 45° | NE45° | E45° | SE45° | §45° |SW 45°| W 45° [NW 45°

o° < Numerical analysis : 25 Case

Figure 7. Design candidates for optimizing the Ul eight injection directions, three injection angles,
and base cases.

4.1. Device and Mixer Flow Characteristics

The catalyst inlet flow path and cross section velocity distributions were examined
to predict the durability and performance of the aftertreatment device catalyst. Figure 8
shows the velocity distribution of the inlet of each catalyst. The flow was concentrated at
the center in the DOC inflow catalyst inlet; the velocity distribution and flow concentration
in a lattice shape were observed at the center due to the effect of the perforated plate.
For the DPEF, it was observed that the velocity distribution stabilized after passing through
the DOC catalyst. The velocity distribution at the SCR inlet stabilized overall after passing
through the DOC and DPF catalysts. However, the uniformity, at 0.733, did not significantly
improve compared to the case of DPFE. This result was thought to be due to the effect of
the flow rotation caused by the shape of the flow between the mixer outlet and the SCR
inlet. Additional space for stabilization of the SCR catalyst inlet flow or installation of
an additional plate are thought to be options that would provide increased flow stability.
In this research, additional design changes were not carried out as the velocity distribution
and uniformity index were determined to be stable.

While the uniformity index of the exhaust gas inflow to the catalyst is important in
enhancing the SCR catalyst reaction, the uniformity index of the urea is also important.
The mixer performance for improved urea uniformity was examined. To observe the effect
of the mixer, the turbulent kinetic energy distribution is shown for eight cross sections
from the injection point up to 400 mm at 50 mm intervals, along with the uniformity index
and a streamline, shown in Figure 9. For the same cross sections, the NHj3 distribution
and uniformity index are shown in Figure 10. After passing through the 120 mm point
where the mixer is located, NH3 developed towards the cross-section center at the 150 mm
cross section and the uniformity index began to rapidly increase. As shown for the 200 mm
cross section, the turbulent kinetic energy sharply increased at the center and the NHjs
distribution increased in a similar way. It was concluded that the turbulent kinetic energy
has an effect on the distribution development, along with the evaporation of NHj. It was
observed that the NHj3 distribution increased up to 0.902 at the mixer outlet. These results
are plotted in Figure 11 to allow trends to be observed.
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Velocity (m/z)
0 6

DOCin DPF in SCR in
Velocity UI : 0.598  Velocity UT : 0.728  Velocity UI : 0.733

Figure 8. The Ul of three locations in the aftertreatment system: inlets of DOC, DPF, and SCR.

& Flow

Turbulent kinetic energy (/kg)

0 3.4 6.8 10.2 13.6 17
S |

50mm 100mm 150mm 200mm
TKE Eve. : 296 TKE Eve. : 3.17 TKE Eve.: 6.7 TKE Eve. : 8.55

250mm 300mm 350mm 400mm
TKE Eve. : 7.11 TKE Ewve. : 5.78 TKE Eve. : 5.11 TKE Eve. : 5.12

Figure 9. Development of turbulence after a urea injection point and the kinetic energies at specific
distances: from 50 mm to 400 mm with 50 mm intervals.
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Figure 10. Development of ammonia uniformity after a urea injection point and the cross-sectional
views and Ul values at specific distances: from 50 mm to 400 mm with 50 mm intervals.
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Figure 11. Kinetic energy and ammonia Ul over the distance from a urea injection point.

4.2. Mixer Outlet NH3 Uniformity Index Distribution According to the Urea Injection Angle

Numerical analysis was performed for the 25 cases to observe the NHj3 uniformity
index at the mixer outlet according to the urea injection angle for the same mixer and flow
path shape. The case of injection in the center direction, used in the reliability evaluation,
was set as the reference. The resulting graph is plotted in Figure 12 to allow comparison of
the NHj3 uniformity index at 400 mm of the injection outlet; the resulting values are shown
in Table 3.

Table 3. Ammonia uniformity index (UI) data according to the various injection angle and direction
candidates at the 400 mm distance from the urea injection point.

N NE E SE S SW A\ NW

15° 0.904 0.924 0.966 0.964 0.866 0.854 0.919 0.912

30° 0.869 0.886 0.927 0.948 0.862 0.840 0.979 0.888

45° 0.870 0.878 0.913 0.937 0.852 0.828 0.976 0.957
Base 0.902

% N: North, E: East, S: South, W: West
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095 -

—O— Injection angle 45°
0.85 - —0— Injection angle 30°
—A— Injection angle 15°
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NH? mole fraction uniform index

N NE E SE S sw w NW
Injection direction

Figure 12. Ammonia uniformity index (UI) according to the various injection angle and direction
candidates at the 400 mm distance from the urea injection point.

As the diameter decreased at the DPF outlet, the main stream was formed diagonally
at the injector nozzle inlet. The main stream direction is marked on the graph when looking
in the injection direction from the injector. For the condition of injection in the main stream
direction, the NH3 uniformity index showed a decreasing trend. This result is thought to be
due to the injector energy and main stream energy acting on the injected urea evaporation
and flow. When the injected urea main stream direction and injection direction are the same,
the NH3 uniformity index appears to decrease as the time to reach the mixer along the
flow decreases. When the injection direction is perpendicular to the main stream, the NHs
uniformity index improved for the E and SE directions.

The mixer outlet uniformity index showed a minimum value of 0.828 in the SW
direction and maximum value of 0.966 in the E direction. The results for each angle for all
directions showed the same trend. Regardless of the injection direction, the uniformity
index tended to be high for small injection angle conditions. As energy transfer occurred
due to the main stream for 15° in all directions, on average a high NH;3 uniformity index
was established in comparison to the other angles. The 45° condition was thought to be
less affected by the turbulent flow due to the high injection angle compared to the injector
nozzle shape.

4.3. SCR Inlet NH3 Uniformity Index Distribution According to Urea Injection Angle

The imbalance of the SCR catalyst inlet uniformity index can increase the probability
of NH3 slip occurring and cause a durability imbalance in the catalyst. Numerical analysis
for 25 cases was carried out and compared to investigate the NH3 uniformity index at
the SCR inlet according to the urea injection angle for the same mixer and flow path
shapes. The case with the injection in the center direction, used in the comparison with the
experimentation and reliability evaluation, was set as the reference. Figure 13 and Table 4
shows the NH3 uniformity index at the SCR catalyst inlet.

Table 4. Ammonia uniformity index (UI) data according to the various injection angle and direction
candidates at the inlet of the SCR.

N NE E SE S SW \4 NwW
15° 0.963 0.961 0.964 0.981 0.963 0.959 0.959 0.963
30° 0.956 0.957 0.978 0.963 0.959 0.958 0.979 0.960
45° 0.954 0.954 0.964 0.962 0.958 0.957 0.976 0.957
Base 0.961

% N: North, E: East, S: South, W: West
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Injection direction

Figure 13. Ammonia uniformity index (UI) according to the various injection angle and direction
candidates at the inlet of the SCR.

The SCR catalyst inlet uniformity index showed results very similar to those of the
mixer. It was thought that the initial injection evaporation maintained a high uniformity
index until the SCR inlet. When the main stream direction and injection direction were
similar, a low NH3 uniformity index was obtained at the SCR catalyst inlet regardless of the
injection angle, while a high NH3 uniformity index was obtained when the main stream
direction and injection direction were perpendicular to each other.

The maximum NH3 uniformity index at the SCR inlet was 0.981 for the SE direction 15°
condition and the minimum uniformity index was 0.954 for the N direction 45° condition.
The difference between the maximum and minimum was very small at 0.027. Although
the difference appears to be large in the graph plot, it can be observed that the average
difference for the injection angles is very small. This result was due to the sufficient space
necessary for flow stabilization as the flow slowed down with the expansion of the shape
from the mixer outlet to the SCR catalyst inlet.

5. Conclusions

In this study, the reliability of numerical analysis was determined based on an SCR-
installed exhaust gas aftertreatment device experiment. The urea injection angle and injec-
tion direction were varied under numerical analysis boundary conditions and determined
to be reliable to carry out numerical analysis and investigate its results. The following con-
clusions were obtained in this study. An error of 0.7% was found for the uniformity index at
the same cross sections between the experiment and numerical analysis results. The trends
for the cross sections also appeared to be similar, showing the validity of the numerical
analysis boundary conditions. The mixer was located at a point 120 mm from the injector
nozzle outlet. NH3 develops at the 150 mm cross-section center and the uniformity index
begins to rapidly increase. The minimum and maximum mixer outlet NH3 uniformity
index values were 0.828 in the SW direction and 0.966 in the E direction, respectively. At the
SCR inlet, the maximum NH3 uniformity index was 0.981 for the SE direction 15° condition
and the minimum was 0.954 for the N direction 45° condition. It was determined that there
was sufficient space for flow stabilization as the flow slowed down with expanding shape
from the mixer outlet to the SCR catalyst inlet.
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