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The following research presents a numerical evaluation of existing and conceptual urea-mixing devices

used in close-coupled (to the engine) selective catalytic reduction (SCR) systems. The analysis was aimed at the
assessment of urea-mixing devices that could considerably enhance the reduction of nitrogen oxides from the
diesel-engine combustion process under a wide range of operating conditions, including cold starts. The
analysis showed that replacing blade-equipped static mixers with perforated stationary mixing devices may
provide a more uniform spatial distribution of ammonia at the inlet to the SCR catalyst and reduce pressure
drops generated by mixing devices. Moreover, the conceptual mixing devices, based on combinations of the
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blade and perforated mixers to develop intensive turbulence, enabled the increase of the mixing length leading
to effective decomposition of the urea-water solution (UWS), and provided uniform spatial distribution of
ammonia, even for the small-sized mixing systems. However, the intensive mixing was often associated with
a significant rise in the pressure drop.
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1. Introduction

The continuing use of diesel engines has become ques-
tionable due to the emission of harmful substances such as
nitrogen oxides (NO,). However, current exhaust gas after-
treatment systems enable a significant NO, reduction,
providing that they work under proper conditions, including
the appropriate system temperature. One of the most effec-
tive NO, abatement methods is selective catalytic reduction
[25]. However, SCR systems are efficient only if the tem-
perature of the substrate lies within a specific range [4, 34],
which is dependent on the catalytic coating. Additionally,
the temperature of the flue gas needs to be high enough to
provide water evaporation and thermal decomposition of
urea.

In a typical automotive SCR system, UWS is supplied
upstream to the SCR catalyst using low-pressure injectors
and immediately mixes with the relatively hot exhaust gas.
Each single UWS droplet undergoes a process in which the
water evaporates first [38, 48]. When a particle mostly
composed of urea reaches a sufficiently high temperature
(higher than 152°C [45]), chemical reactions occur. The
primary reaction is thermolysis, expressed by Eq. (1):

(NH,),CO - NH; + HNCO 1)

The generated ammonia (NH3) and isocyanic acid
(HNCO) are mixed with the exhaust gas, and the mixture
enters the SCR catalytic converter, where the HNCO is
converted into ammonia in a hydrolysis reaction (Eqg. (2)):

HNCO + H,0 — NH; + CO, )

The ammonia developed in the thermolysis and hydrol-
ysis is used to reduce the ammonia oxides to water and
nitrogen, according to the governing chemical reactions

(Eq. 3-5)):

4NO + 4NH; + 0, - 4N, + 6H,0 3)
2NO, + 4NH; + 0, - 3N, + 6H,0 (4)
NO + NO, + 2NH; — 2N, + 3H,0 (5)

In order to reduce heat losses, the current SCR systems
are combined into close-coupled modules containing diesel
oxidation catalysts (DOC), diesel particulate filters (DPF),
SCR converters and ammonia clean-up catalysts (CUC).
Moreover, DPF and SCR catalysts are commonly integrated
into one catalyst, referred to as an SDPF (SCR-coated die-
sel particulate filter). This SCR system’s size reduction and
location close to the engine both enable a decrease in the
time required to achieve a suitable temperature inside
a catalytic converter [31]. Moreover, an increased operating
temperature before the SDPF catalyst favours UWS de-
composition [4]. However, the system’s size reduction
shortens the droplets’ pathlines, adversely affecting UWS
decomposition before reaching the SCR catalyst.

The concept of the SCR system implies that accurate
dosing of the UWS to properly match the amount of NO,
could lead to the complete conversion of nitrogen oxides
into non-toxic substances. Therefore, assuming the perfect-
ly uniform distribution of the velocity of the exhaust gas
entering the SCR catalyst, it is also important to reach
a uniform distribution of ammonia, achieved by the mixing
process of UWS droplets and their by-products with the
flue gas. However, the uniformity of gas velocity or ammo-
nia distribution is often far from ideal, particularly regard-
ing the wide span of operating conditions of diesel engines
used in vehicles and transportation machines. Moreover, the
efficiency of the conversion of UWS to ammonia (reactions
(1)—(2)) is imperfect. Finally, the reactions (3)—(5) are not
the only reactions occurring in the SCR systems as biuret,
ammelide and other by-products are produced under certain
conditions [17, 54], and they may occur as solid deposits
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[54]. Payri et al. [42] also pointed out the importance of the
UWS injector’s position and its direction in aftertreatment
system-relevant conditions, which affect the ammonia gen-
eration. The importance of the injector's direction is in
accordance with our previous numerical study [21], which
showed that it needs to be altered when the spray properties
(most importantly, droplet size distribution) are changed.
This was caused by the momentum exchange between drop-
lets and cross-flowing gas, leading to the spray drift [13].

An effective way to enable more complete UWS de-
composition is the application of static mixers [14], which
also enhance spatial mixing of UWS droplets and their by-
products with exhaust gas. The most common forms of
static mixers are blade-based and baffle mixers aimed at
vortex generation [50]. The advantage of blade mixers is
their simplicity and the possibility of the use of the blades
as impingement plates for droplets [47]. This may lead to
droplet break-ups and the reduction of their size [28]. Addi-
tionally, static mixers reduce the velocity deviations of the
gas entering the SCR catalyst [39]. On the other hand,
blade-equipped mixers tend to work properly only under
specific operating conditions [49], including with a suitable
gas mass flow rate and temperature. While the first aspect
influences the mixing (too strong or weak vortices may
increase the local concentration of ammonia at the SCR’s
inlet), the temperature governs the UWS decomposition and
evaporation of potentially occurring liquid film. Moreover,
the blade-equipped mixers may not be easily adaptable to
different spray characteristics, such as those attained
through flash boiling [21].

Tan et al. [47] stressed the positive influence of the tur-
bulence intensity increased by mixers on the UWS decom-
position. Capetillo et al. [7] carried out numerical research
to assess the impact of the blade angle, blade number and
mixer's location in an SCR system equipped with a static
mixer. In the case of the considered conditions, the biggest
influence on the ammonia uniformity, pressure drop and
liquid film’s formation was observed to come from the
angle of the blades. Shortening the distance between the
injector and mixer also had a positive effect on NH3 uni-
formity; however, this factor was of low importance. This
shorter distance additionally enabled a slight reduction in
the pressure drop. Ye et al. [50] analysed the influence of
the mixer type, the number of mixers and the injector’s
position in the SCR system. Two types of mixers were
considered — a conventional blade mixer and a conventional
baffle mixer. The application of a single baffle mixer
downstream to the injection or any two mixers enabled the
increase of the ammonia uniformity index even by 136.4%,
as well as an increase in ammonia generation. Nevertheless,
the double-mixer configurations resulted in a considerable
rise in overpressure. Mehdi et al. [33] performed a numeri-
cal study on blade and baffle mixers’ performance in
a marine SCR system. A combination of two mixers en-
sured the best uniformity of velocity and ammonia concen-
tration. Even though the UWS residence time was the
shortest for this configuration, the urea conversion was the
most efficient. Two types of mixers were numerically tested
by Park et al. [40], namely, a regular baffle-shaped mixer
and a version generating swirl. The latter provided the best

compromise between the ammonia uniformity index and
the pressure drop.

Hui et al. [18] pointed out that it is difficult to achieve
the uniform distribution of NH; using hole-type UWS in-
jectors. While, Jang et al. [19] observed a decrease in ex-
haust gas temperature in a marine SCR system equipped
with a mixer, along with a rise in the ammonia concentra-
tion. This was attributed to the endothermic thermolysis
reaction and the increased area where the reaction took
place. The application of a mixer particularly enhanced the
uniformity of the NH; distribution, while its impact on the
uniformity of the velocity distribution and ammonia con-
centration was much lower.

Another solution proposed for SCR mixers is a perforat-
ed tube inside which the UWS injection takes place, with
only a part of the exhaust gas entering the tube. Therefore,
the momentum exchange between the UWS droplets and
gas is reduced, which in turn reduces the impact of the gas
mass flow rate on the trajectories of the droplets. The main
advantage of perforated mixers is their versatility. It is
assumed that the adequately designed perforated mixer may
enable more efficient UWS decomposition under a wider
range of operating conditions than a blade mixer. The main
drawback, in turn, is an increased tendency to liquid film
deposition within the perforations, as well as raised manu-
facturing complexity. Zhang et al. [51] numerically ana-
lysed baffle-type and blade-based mixers, using a perforat-
ed tube as a secondary mixer at the inlet to the diffuser. The
combination of the main, baffle-type mixer with additional
blades at the circumferential part and the secondary perfo-
rated-tube-mixer provided the most uniform ammonia dis-
tribution, the lowest pressure drop and the lowest mass of
the solid deposit under the tested conditions. Different
mixers were also numerically tested and compared in an
SCR system employing blade or baffle mixers with an
additional perforated tube by Fu et al. [11]. The simple
double-bladed design generated much higher backpressure
and film deposition than other designs. The baffle mixer led
to the lowest uniformity index of ammonia at the SCR’s
inlet, which was attributed to the least intense turbulence.
However, this design generated the lowest pressure drop
and provided the highest NO, conversion efficiency due to
the lowest film generation and the most complete droplet
evaporation. Zhao et al. [52] presented an SCR mixer that
generates spiral flow, elongating the droplets’ pathlines,
despite the small overall volume of the mixer. The mixer
was enclosed by the perforated diffuser with a baffle-type
mixer in the central part, which was aimed at uniform dis-
persing of the ammonia and balancing the centrifugal effect
caused by the spiral part. In their numerical analysis,
Kazmierski et al. [24] utilised the concept of the perforated
mixer equipped with guiding vanes outside the tube to
develop the washing flow of the exhaust gas. This mixing
device was used in a close-coupled SCR system providing a
relatively high NH3 uniformity index and low liquid film
formation. The complex perforated mixer equipped with the
vanes and the spinning disk was used by Huang et al. [16]
in their numerical analysis of an SCR system, in which they
determined the uniformity index of the ammonia, the pres-
sure drop and the solid deposit formation, including the
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species’ analysis. The authors stated that additional holes in
the ring baffle enabled the reduction of the system’s over-
pressure. Interestingly, the number of vanes had a low im-
pact on the pressure drop. Moreover, it was found that the
number of swirling vanes could improve the ammonia uni-
formity at the SCR’s inlet; however, exceeding a certain
number would deteriorate it [16]. Therefore, the careful
design process of mixers is crucial for beneficial selective
catalytic reduction. The liquid film and solid deposit for-
mation process was numerically investigated by Li et al.
[30] for the perforated mixer. The authors observed that in
the case of relatively high temperatures the mixer’s geome-
try had a primary influence on the deposit’s location; while
at lower temperatures, its location was more dependent on
the position and orientation of the UWS injector.

This efficient mixing performance with low deposit
formations has also been attained with unconventional
mixers by other researchers. Millo et al. [37] presented two
unconventional SCR mixers generating separated vertices
at gas and spray zones that provided an NH; uniformity
index of 96-98%, and a time-averaged NO, conversion
efficiency of 98-99%, for the gas mass flow rate of 125
kg/h and temperature of 250°C. Michelin et al. [35] devel-
oped and tested an innovative design of an SCR mixing
device, characterised by its minimised volume to enable
maximum compactness of close-coupled systems. The
operating principle was the development of a spiral gas
trajectory and subsequent increase in the evaporation length
for the UWS droplets. The evolution of innovative SCR
mixers was also presented by Michelin et al. [36], compris-
ing asymmetric vortex generation from a U-shaped design
with swirling vanes or symmetric-vortex generation via an
internal catcher and baffles. Moreover, the underfloor SCR
layouts, including additional heating, were compared with
close-coupled systems. The modern close-coupled layout
provided the highest NO, conversion efficiency for the
same mixing device [36]. Another example of an unconven-
tional solution was a mixer-less SCR system dedicated to
close-coupled layouts [23]. Efficient mixing was attained at
diverse mass flow rates of the flue gas and different spray
set-ups (conventional and flash-boiling injections). The
mixing performance was assessed by the uniformity index
of the ammonia distribution; it was attributed to the inten-
sive turbulence reached in the mixing chamber, and due to
the abrupt change of the flow direction. Zheng et al. [53]
developed conical-blade, two-stage and butterfly mixers for
SCR applications. The butterfly-shaped mixer provided
particularly high ammonia uniformity and NO, reduction,
as well as relatively low pressure drops at the same time.
The authors stressed that SCR mixers are incapable of
reaching a high performance in all applications and condi-
tions. Kulkarni et al. [28] proposed reducing UWS surface
tension by adding surfactant. The authors stated that this
addition might improve mixing in urea-SCR systems due to
the enhanced evaporation, attributed to the increased
spreading factors of the droplets (ratios of a lamella size to
the droplet diameter before the collision) and the narrower
droplet size distributions reached for the secondary drop-
lets.

The aforementioned investigations indicate there is no
single, unquestionably best solution for a urea-SCR mixer
intended for close-coupled applications. Therefore, the aim
of this research was to find the answer to the following
problem: what form of a urea-SCR mixer is the most effi-
cient in terms of mixing performance and pressure drop?
For this reason, seven different mixing devices were numer-
ically tested in the same simplified close-coupled SCR
system. All the mixing devices were supposed to be univer-
sal solutions; hence, specific, unconventional designs ad-
justed to any particular applications were not considered.
The conclusions, including the greatest overall performance
of the perforated mixers, are expected to orient the future
design process of SCR mixers and increase the effective-
ness of selective catalytic reduction systems.

2. Methods

The following research comprises a numerical analysis
of the distinct forms of static mixers placed in the same
close-coupled SCR system. The system was simplified to
exclude the influence of complex geometrical shapes on the
results. The presented analysis was performed numerically
based on the Reynolds-averaged Navier-Stokes (RANS)
approach with the k-C-f turbulence model [15], and the
hybrid (compound) wall treatment [15, 43] applied.

2.1. Simulated system

The considered SCR system design was based on the
close-coupled systems which have recently been widely
used in the automotive industry, due to their provision of
reduced heat losses [31], faster heating of the system and
improved NO, conversion efficiency [36]. The first compo-
nent of the computational domain was the stabilisation
volume followed by the diesel oxidation catalyst (DOC).
Downstream from the DOC, there was an investigated
mixing device, inside which UWS was injected. The exter-
nal shape of the system was unchanged. The only differ-
ence between the investigated solution was the design and
arrangement of the internal mixing elements. In the base
model MO (Fig. 1a), a simple elbow connected the DOC
and SDPF catalysts with no additional mixing device
placed inside. In the M1 model (Fig. 1b), the mixing ele-
ment was a simple blade-based mixer, with a 45° inclina-
tion angle of each blade. In the M2 model (Fig. 1c), a com-
bination of two analogous mixers was used, with the second
mixer being counter-rotating. Such a layout aimed to in-
crease the turbulence intensity by reversing the direction of
the vortex generated by the first mixer. In the M3 model
(Fig. 1d), the perforated tube was applied. The tube was
equipped with holes around the bottom part. The upper part
contained two symmetrical slots, which were shifted to-
wards the inlet to work as a gas intake for the mixer’s tube.
Therefore, it was intended that only a minor fraction of the
exhaust gas would enter the mixing tube so that diverse
operating mass flow rates of gas would not cause a spray
drifting effect. The UWS droplets were thereby formed in
the high-temperature zone, without a too excessive momen-
tum exchange between gas and droplets, favouring reduc-
tion of the liquid film and UWS decomposition. Then, the
mixture of the flue gas and urea or decomposed by-products
escaped the tube via the holes, forcing changes in flow
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direction and increasing the ammonia spatial uniformity. The
analogous mixer was employed in the M4 model (Fig. 1e),
however the perforations were made exclusively in its low-
er part located farther from the inlet and outlet. Hence, the
escaping mixture of the flue gas and urea/ammonia was
forced to change its flow direction completely, and the
pathlines became elongated and more uniformly spread.
The mixers M5 (Fig. 1f) and M6 (Fig. 1g) were the hybrid
mixing devices that posed combinations of M1 with M3,
and M1 with M4, respectively. They were aimed at the
generation of the swirling flow exclusively outside the tube.

DOC

inlet\ﬂ

outlet

— injection point

SDPF

a. Mo

.;
blade mlxers

‘ perforated -
\ mlxeﬂ j
hybrld t &
mixers

,__
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Fig. 1. The geometrical models of close-coupled SCR systems used in the

simulation: a. system without mixing elements; b. single-bladed mixer;

c. double, counter-rotating blade mixers; d. perforated mixer; e. partially

perforated mixer; f. hybrid, blade-perforated mixer; g. blade-partially-
perforated mixer

f. M5

2.2. Computational mesh

A numerical mesh was generated in the AVL FAME™
M 2021 meshing module. The mesh consisted of polyhedral
cells to reduce their sensitivity to numerical diffusion and
reproduce sharp edges, while simultaneously maintaining
their adequate quality. The boundary layer consisted of six
layers with a total thickness of approximately 3 mm with
automatic adjustments. The base cell size of the polyhedral
cells was 5 mm, reduced to 3 mm in proximity of the walls.

The mixers’ surfaces were refined to reach the cell size of
approximately 2 mm to properly simulate the behaviour of
impinging droplets and the possible liquid film. Additional-
ly, the mesh was refined with 1-mm cells within the prima-
ry injection zone (see. Fig. 2):

prismatic cells refined cells within

the injection zone

polyhedral cells

prismatic cells

Fig. 2. The cross-section of the computational mesh of the SCR system

2.3. Numerical cases

The operating conditions were selected to reflect the
conditions in exhaust systems of medium-sized passenger
cars under high and medium loads [20]. The considered
mass flow rate of exhaust gas was 300 kg/h (OP1) and 150
kg/h (OP2). In the case of both operating points (OPs), the
gas temperature was the same: 400°C. The relatively high
temperature favoured the evaporation of water from UWS
droplets and accelerated urea decomposition, therefore,
minimising the risk of liquid film occurrence. For this rea-
son, the comparison of various types of SCR mixers was
focused exclusively on the mixing performance and not on
the tendency to generate liquid or solid deposits. Since the
spray was modelled according to the Eulerian-Lagrangian
approach (see section 2.4), spray properties were used as
input data, and they were derived from previous experi-
mental measurements of the two-hole injector (Bosch
0444025030) [21, 22], working under the injection pressure
of 5 bar. The constant injection frequency of 4 Hz was
assumed in accordance with the previous injector’s mass
flow measurements [21]. The amount of the urea-water
solution per single injection was dependent on the injector’s
opening time. The UWS mass per injection was calculated
based on the assumed NO, concentration (specifically:
nitric oxide concentration) of 150 ppm, corresponding to
the medium load of a mid-sized passenger car (with exhaust
gas recirculation) in urban traffic conditions [9]. The re-
placement of NO, only with nitric oxide was based on the
experimental measurements [32] that indicated the prevail-
ing composition of NO over NO, at the catalyst’s inlet.
Nonetheless, the NO, conversion was not simulated; hence,
the exact NO, composition had a negligible effect on the
results. The summary of the operating conditions, including
the UWS dosing, is presented in Table 1.

Table 1. The summary of operating conditions

COMBUSTION ENGINES, 2023;193(2)

Operating | Gas mass | Gas tem- Injector’s UWS mass
point flowrate | perature opening time per injection
OP1 300 kg/h 400°C 22.77 ms 9.99 mg
OP2 150 kg/h 400°C 11.39 ms 5.00 mg
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The dimensions of the catalytic converters, namely the
DOC and SDPF, were defined based on similar catalytic
converters used in mid-sized passenger cars. They were
modelled as porous zones with a predefined, longitudinal
flow direction. The pressure drops in the substrates were
determined by Forchheimer’s formula [10], which in the
case of unidirectional flow, is expressed by Eq. (6).

dp p 2
L= uu—=g->ru (6)
where: x — distance along the flow direction; a — viscous
loss coefficient; p — dynamic viscosity; u — local gas veloci-
ty (unidirectional) inside the porous object; T — inertial loss
coefficient; p — gas density. In the case of the following
analysis, the a and ¢ coefficients were also adopted based
on similar catalytic converters from mid-sized passenger
cars, with an adaptation to the specific porosity fraction.
The porosity fraction (ratio of the open volume to the
whole volume of a substrate) was assumed as unity to sim-
plify the simulated system to the maximum extent and
focus exclusively on the differences caused by the various
mixers. The properties of the substrates (in this case: porous
objects) are presented in Table 2.

Table 2. Properties of the substrates

Catalytic Length Diameter Viscous Inertial Porosity
converter loss loss fraction
coefficient | coefficient
1 1
DOC 150 mm | 100 mm 2107 — a0t 1
m m
DPF 180 mm 140 mm 1 1 1
S 80 0 108 — 500—
m m

Multiple parameters can be used to evaluate the perfor-
mance of SCR systems. These are: the efficiency of NOy
conversion; the uniformity of the ammonia (reducing agent)
and gas velocity entering the SCR catalyst; the total pres-
sure drop; the liquid film formation; and the risk of deposit
formation.

While the NO, conversion efficiency reflects the overall
effectiveness of the system, it also depends on the NH;
uniformity and liquid film deposition. Hence, the uniformi-
ty of the reducing agent is a direct and independent parame-
ter, and it was indicated as the most important criterion by
Zheng et al. [53]. Moreover, Xu et al. [49] showed that the
ammonia uniformity at the SCR’s inlet is linked with NOy
conversion efficiency. In the present analysis, the compari-
son of different mixer designs in close-coupled SCR sys-
tems was made based on the uniformity index of the am-
monia concentration in the inlet to the SCR catalyst (ap-
proximately 10 mm behind the front surface of the porous
zone — see Fig. 3). The uniformity index of the velocity was
also determined in the same control section according to
Eq. (7):

2(lui—ul-Aj)
y=1-""—— (7
where: u; — local velocity component in the i-th cell;
u — area-averaged velocity within the whole control sur-
face; A; — area of the i-th cell; A =)} A; — total area of the
control surface.

It is to be noted that the calculation of the NH3 uni-
formity index was based on Eq. (7); however, it was aver-

aged in time and space. Moreover, the pressure drop of the
mixing device was evaluated (defined here as the difference
between the total pressure at the outlet at the DOC and inlet
to the SDPF catalyst). Since negligible liquid film for-
mation was expected, and the velocity uniformity index was
close to 100%, the NO, conversion would depend mostly
on the spatial distribution of NH; within the SDPF’s inlet
and the urea-to-ammonia conversion. Therefore, the NHj
uniformity index was assumed as the most accurate indica-
tor of the mixer’s effectiveness. Additionally, considering
the hydrolysis reaction, Eq. (2) or NOy reduction was un-
necessary. Hence, the assumed concentration of NO, was
used exclusively to determine the dosing of UWS.

inlet injection point

SDPF - control section

A

Fig. 3. The cross-section of the SCR system with the visible control sec-
tion located 10 mm downstream from the SDPF’s inlet

SDPF - outlet

SDPF - inlet

2.4. Computational mesh

The injection of the urea-water solution was simulated
employing a discrete droplet model (DDM) [8], which is the
Eulerian-Lagrangian particle tracking method. Droplets were
randomly dispersed in the space starting from the predefined
nozzles’ locations. To reduce the numerical effort, droplets of
similar properties are grouped into parcels in the DDM ap-
proach, and such parcels are tracked instead of single drop-
lets. In a typical DDM approach in low-pressure UWS
sprays, it is assumed that the size of the introduced droplets is
the size reached after the primary break-up. The secondary
break-up is not present due to low Weber numbers [1], and
the application of the break-up models for such low Weber
numbers can be unsuccessful [41].

Therefore, droplet size measurements are required to
model the droplet size distribution properly. The most suit-
able measuring methods are optical laser techniques, in-
cluding phase Doppler anemometry, high-resolution laser
backlight imaging and high-speed microscopic imaging [6].
In this study, a pre-calibrated spray model was taken from
previous work [21]. The calibration was done for the com-
mercial two-hole UWS injector (Bosch 0444025030) exper-
imentally tested in [21,22] using optical methods. The spray
parameters used in the study here are shown in Table 3.

In order to increase the accuracy of the spatial droplet
dispersion, two separated conical zones with individual
droplet size distributions were defined for each spray
plume, as initially proposed in [44]. These individual drop-
let size distributions (for each spray zone) were also derived
from the research [21, 22] (Fig. 4).
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Fig. 4. The droplet size distributions of the two-zone representation of the
spray used in simulations [21, 22]

The dynamics of the droplet was evaluated employing
the Schiller-Naumann drag-estimation approach [46] and
the Kuhnke splashing model [27] extended by Birkhold [2]
to ultimately account for the droplet deposition, splashing,
rebound, and break-up, but also partial rebound and partial
break-up. Both spray and liquid film decomposition were
modelled by the approach proposed by Birkhold [3] with
the reaction’s (thermolysis) activation energy and frequen-
cy factor fitted to Kim’s experiment [26]. Moreover, the
turbulent dispersion model was taken into account in terms
of the droplets’ behaviour [12].

Table 3. The summary of spray properties

Spray property Value

Initial velocity 31.1m/s

Inner cone angle 2°

Quter cone angle 5°

UWS mass ratio (outer-to-inner conical zones) 0.266
3. Results

A comparative analysis of the universal mixing devices
dedicated to close-coupled SCR systems was performed.
The effectiveness of a particular mixer was assessed based
on the uniformity index of the ammonia 10 mm after the
SDPF’s (SCR’s) inlet, and on the pressure drop of the mix-
ing device. Additionally, the values of the velocity uni-
formity index measured 10 mm behind the SDPF’s inlet
were compared. The results showed that no liquid film was
observed in any of the considered cases, which was ex-
pected due to the relatively high temperature of the exhaust
gas.

3.1. The ammonia uniformity

The time-averaged concentration of the ammonia at the
SDPF’s control section (Fig. 3), obtained after four UWS
injections, is presented in Fig. 5 (operating point 1) and
Fig. 6 (operating point 2). The number of simulated injec-
tions was selected as a compromise between the computa-
tional time and the stabilisation of the investigated parame-
ters. Lee [29] addressed the different behaviour of the drop-
lets after the first injection compared to after the following
injections. Droplets from the first injection flowed back-

wards and mixed with the droplets from the second injec-
tion. Later, the droplets from the following injections
were mixed, and many of them were registered at the inlet
of the mixer. However, the increased residence time was
reported as advantageous for water evaporation and urea
thermolysis [29].

NH; concentration [ppm]
>1000

e. M4
perforated mixers

c. M2

blade mixers

g. M6
hybrid mixers

no mixer
Fig. 5. Ammonia distribution at the control section located 10 mm down-
stream from the SDPF’s inlet; OP1

NH, concentration [ppm]
21000

c. M2

blade mixers

e. M4
perforated mixers

g. M6

hybrid mixers

no mixer

Fig. 6. Ammonia distribution at the control section located 10 mm down-
stream from the SDPF’s inlet; OP2

It is seen that there were highly concentrated ammonia
spots at the circumference of the SCR system without any
mixing element; and those locations were completely dif-
ferent in the cases of the high (Fig. 5a) and low (Fig. 6a)
mass flow rates of flue gas. This suggests that the distribu-
tion of ammonia resulted from the intensive momentum
exchange between droplets and gas; since the velocity dis-
tribution maps (Fig. 7) did not indicate significant differ-
ences between operating points 1 and 2. Moreover, the
higher velocity values in Fig. 7 did not correspond with the
high-ammonia-concentration spots (Fig. 5a and Fig. 6a).

The application of the blade mixer (Fig. 5b and Fig. 6b)
significantly improved the spatial distribution of ammonia.
However, the diagonal traces of the increased NH; concen-
tration were visible as a result of the generated swirl (Fig.
5b and Fig. 6b). The double-bladed mixer (M2) and the
fully perforated mixer (M3) left the least distinguishable
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traces of high-ammonia concentration, except for the cir-
cumference of the control section (Fig. 5c, d and Fig. 6c, d).
The partially perforated mixer (M4) and hybrid mixers
(M5, M6) caused the occurrence of undulated ammonia
traces (Fig. 5e-g and Fig 6e—g), which were the effect of
the sudden deflection of UWS/ammonia pathlines due to
perforations (M4) or due to the single blade mixer (M5,
M®).

velocity [m/s] velocity [m/s]

s Wo3 4.6 W 4.8

a. - b.

Fig. 7. Velocity distribution at the control section located 10 mm down-
stream from the SDPF’s inlet; MO; a. OP1, b. OP2

The registered ammonia uniformity index reached simi-
lar values for both operating points 1 and 2 (Fig. 8). Addi-
tionally, the common relationships between those values for
different mixing devices remained similar in the case of
OP1 and OP2 (Fig. 8). The SCR system without any mixing
elements (MO) resulted in an ammonia uniformity index of
approximately 50%, which is an unacceptably low result.
The application of the conventional, blade-equipped mixer
(M1) raised the yyps index to 72-74%. In the case of the
double-bladed mixer (M2), with the second mixer generat-
ing a swirling flow in the opposite direction, yynz Was con-
siderably increased to approximately 86% for both OP1 and
OP2, which is an acceptable value in industrial applications
[5]. However, it is to be noted that the presented SCR sys-
tems were simplified to the maximum extent to compare
exclusively the mixer’s performance, which explains the
relatively low overall scoring. The application of the perfo-
rated mixer, with the holes around the whole of the lower
part of the tube’s surface, did not improve the yyys much
(64%). Nonetheless, in the case of perforations made exclu-
sively at a further distance from the SDPF (M4), which hin-
dered the direct outflow from the tube’s interior to the cata-
lyst and elongated the pathlines of the flue gas-UWS mix-
ture, it led to a rise in the NH3 uniformity index to 74-79%.

Finally, the blade mixer used in model M1 was com-
bined with perforated mixers (M3 and M4, respectively).
The first combination (M5) resulted in yyys Of the same
level as for the partially-perforated mixer (M4) — approxi-
mately 75-77%. A slightly positive influence from the
combination of the blade mixer with the fully perforated
tube was observed. However, the improvement was minor
compared to the blade mixer alone (ynys = 73% for blade
mixer vs. ynyz = 76% for the first hybrid mixer).

Almost the same value of yyys as in the case of the M5
was reached by the last mixer (M6). The combination of the
partially perforated tube with the blade mixer was ineffec-
tive as it significantly increased the manufacturing com-
plexity, while it did not bring an improvement compared to

the partially perforated mixer alone. This is in accordance
with the analysis by Xu et al. [49], who tested not only
single, unconventional urea mixing devices, but also their
combinations. They reported that the single, counter-swirl
mixer produced a superior performance compared to other
unconventional mixers and provided the highest NO, con-
version efficiency, the lowest ammonia non-uniformity
index, and a relatively low pressure drop.

90%
— @O0P1 @OP2
80% _ —

Uniformity index of
ammonia

1]

MO M1 M2 M3

M4 M5 M6

Fig. 8. Ammonia uniformity index at the control section located 10 mm
downstream from the SDPF’s inlet

3.2. Pressure drop

The second-ranked criterion in the following research
was the pressure drop generated by the mixing devices,
which was calculated as the difference between the total
pressure at the outlet of the DOC and at the inlet to the
SDPF catalyst. The results are presented in Fig. 9. Accord-
ing to the expectations, the common relationships between
the pressure drops generated by the individual mixers are
analogous for both operating points 1 and 2. It is seen that
the pressure drop generated by the single blade mixer (M1),
fully perforated mixer (M3) and partially perforated mixer
(M4) are almost the same: ~200 Pa at operating point 1 and
~60 Pa at operating point 2. The negligible influence of the
number of perforations on the pressure drop resulted from
the fact that only a certain amount of the flue gas entered
the perforated tube, while the majority washed over it from
the outside. The increase of the number of blade mixers to
two, with the forced change in the swirl’s direction by the
second mixer (M2) led to a tremendous increase in the
pressure drop — more than twofold compared to the version
with a single blade mixer (M1). The combination of the
single blade mixer with perforated mixers (M5 and M6)
also led to a significant rise in the pressure drop (from ~200
Pa for M1 at operating point 1 to ~360 Pa and ~430 Pa for
M5 and M6, respectively). However, it is to be noted that
the ammonia uniformity index was not improved noticeably
by the hybrid mixing devices, which makes this type of
design questionable. Moreover, in the case of the hybrid
mixers, the number of perforations resulted in a difference
in the pressure drop, being higher for the reduced number
of perforations (M6). This might have come from the syn-
ergy between the swirling flow outside the tube and the
outflow from the tube’s holes. Additionally, the increased
sensitivity of this type of hybrid design (M5, M6) to the
working conditions could occur during real driving cycles.
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Fig. 9. Pressure drop generated by each UWS mixing device

3.3. Uniformity of velocity

Even though the analysed SCR systems were simplified
to the maximum extent, the velocity uniformity index de-
termined 10 mm after the SDPF’s inlet exceeded 99% in all
the considered cases (Fig. 10). Similarly to the ammonia
uniformity index, the relationship between the values
reached by specific mixers is analogous at operating points
1 and 2. Surprisingly, the uniformity index registered for
the MO geometry is the second highest, which may result
from the lack of geometrical contractions and highly uni-
form velocity field within the system’s inlet and DOC cata-
lyst. However, the achievement of the highly uniform ve-
locity and temperature fields at the catalyst surface requires
a lower effort compared to the uniformity of the reducing
agent, as reported by Zheng et al. [53]. Nonetheless, all the
values of the velocity uniformity index are close to unity,
and the exact comparison requires caution, since the differ-
ences might be a result of numerical solutions.

99.8%
— BOP1 @OP2
99.7% u m —

I

M3 M4 M5 M6

ity

99.6%

veloc

99.5%
99.4%

Uniformity index of

99.3%
MO M1 M2

Fig. 10. Velocity uniformity index at the control section located 10 mm
downstream from the SDPF’s inlet

4. Conclusions
This research was aimed at an evaluation of urea-mixing

devices that could considerably enhance the reduction of
nitrogen oxides in close-coupled SCR systems. Seven dif-
ferent mixing devices were numerically tested in the same
aftertreatment system and under the same operating condi-
tions corresponding to high- and medium-load engine oper-
ation. The analysis led us to the following conclusions:

— Each mixing device improved the ammonia uniformity
index.

— All mixing devices provided a velocity uniformity index
exceeding 99%.

— All systems were almost insensitive to changes in the
operating conditions (exhaust gas mass flow rates).

— The SCR system without mixing elements (MO0) provid-
ed a highly uniform velocity field; however, the uni-
formity index of ammonia measured in the same control
section was only 50%.

— The biggest improvement in the ammonia uniformity
index was observed for the double counter-rotating
mixer (ynys = 86%). However, this design (M2) gener-
ated the highest pressure drop (more than twofold com-
pared to the version with the single blade mixer).

— The partially perforated mixer (M4) enabled the
achievement of a high ammonia uniformity index (74—
79%), while generating a relatively low pressure drop;
which was the same as for the single blade mixer (M1).

— The hybrid mixers provided a relatively high but not
improved ammonia uniformity index compared to the
single blade or perforated mixers, but they did cause
a significant rise in the pressure drop.

— Perforated mixers alone are expected to be used as one of
the leading solutions in future SCR systems, providing
a compromise between great mixing performance and
manufacturing complexity.
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Nomenclature

A total area of the control surface
A area of the i-th cell
cuc clean-up catalyst

DOC diesel oxidation catalyst

DPF diesel particulate filter

HNCO isocyanic acid

NO, nitrogen oxides

SCR selective catalytic reduction

SDPF SCR-coated diesel particulate filter

u local gas velocity (unidirectional) inside the
porous object

=]

area-averaged velocity within the whole con-
trol surface
u local velocity component in the i-th cell

UWS urea-water solution

X distance along the flow direction
a viscous loss coefficient

4 inertial loss coefficient

1 dynamic viscosity

p gas density
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