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Abstract. Selective Catalytic Reduction (SCR) is one of the most widely
used technologies for reducing emissions from diesel engines, which are
widely used in the energy world. This technology is very complex, and it is
not currently possible to address all aspects of it comprehensively. This
study focuses on trying to improve the distribution of the exhaust stream at
the catalyst inlet using models which represent the most common geometric
distributions. Four types of geometries are selected, complemented by a fifth
design, which is used as a reference, to find the maximum achievable values
of the parameters under study. In this case, mainly the uniformity index is
addressed, which indicates how uniformly the selected variable is distributed
over the particular area. The study presents possible modifications of the flue
gas duct which will be generally applied.

1 Motivation
It is essential to design an SCR system well, to meet requirements such as sufficient residence
time of the injected AdBlue® and subsequent even distribution of ammonia at the catalyst
inlet. Very often the system is not well designed, and geometry changes are needed to
improve its functionality. As far as possible, efforts are made to minimise interference with
the system design. A successful example of a simple geometry change was made by Li et al.
who achieved the desired change by only slightly modifying the blades already in use. [1]
Another example of a simple modification to the flue was made by Mi et al. who added vanes
to the duct to provide better ammonia distribution. [2] Hong et al. also improved the flow in
the duct by a similar change in geometry. [3]
Another commonly used component is a Static Axial Rectifier. It increases the
effectiveness of the SCR system as reported by Mehdi et al. [4] They increased the
effectiveness by increasing the dwell time of the droplets in the manifold, which results in
higher evaporation and therefore higher effectiveness. Another reason for the higher
effectiveness is that the heat transfer to the droplets is also increased due to increased
turbulence, therefore the droplets evaporate faster. These claims are confirmed by Tan et al.
in their publication. [5] Several interesting designs of rectifier modules are described by Xu
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et al. It should also be pointed out that the distance to evaporation in their SCR system is very
small, so one cannot expect the injection fluid to completely evaporate before entering the
catalyst. However, the effectiveness of the system is still increased when using the modules.
[6] There are other articles also confirming the improvement of the system function, see [7]
[8] [9].
Modelling a catalyst is a complex matter as it consists of a huge number of small channels,
so it is common to simplify this part of the model in CFD simulation by using a porous
medium. This simplification has no significantly negative effects on the results. A
comparison between an ANSYS Fluent simulation and an experiment is described by Holtz
et al. [10] and indicates that the results are comparable.
Experimental validation of the calculations has been carried out, for example, by Wardana
et al. [11] Their research involved the chemical reactions and evaporation process of a
solution of water and urea. In their study, they investigated mixers for better mixing and
increased conversion of the solution to ammonia. 3D simulations supported by their own
experimental results were also reported by Luo et al [12]. They used the simplest reduction
equations in the flue gas stream in their research, but they also considered the chemical
processes in the catalyst, which they simplified by using a porous medium. They compared
stationary and non-stationary approaches to the calculations and concluded that the results
are similar. A comprehensive approach to 3D CFD simulation of an SCR system was taken
by Lee [13] in his study. He included the evaporation process, thermolysis and hydrolysis of
urea (water and urea solution), the aqueous film and the effect of the mixer on the overall
system in his calculations. He compared the calculations with experiments and found very
good agreement. He also investigated changing the position of the solution injection and the
insertion of mixers into the flue gas stream. Zhang et al. [14] proposed very interesting mixers
in the exhaust duct which included droplet evaporation, a water film on the mixer walls and
chemical processes related to SCR. They verified their results experimentally.
The application of an SCR system in ship engines was investigated by Mehdi et al. [4],
who also concluded that it is advisable to use mixers in the exhaust duct to improve the flow.
This is only a numerical simulation without experimental verification. SCR systems can be
applied on different devices, for example, Gao et al. [15] performed numerical simulations
and an experiment on a flue downstream of a gas turbine. They used the three most common
equations describing the chemical reactions of selective catalytic reduction and concluded
that the results were equivalent.
All these studies consider a uniform input profile to the SCR technology. In addition,
different inlet profiles are not used, which would establish the sensitivity of the system to
different inlet parameters (velocity profiles). For most SCR systems, it can be assumed that
the exhaust gas passes through a turbocharger that does not have a uniform exit profile at the
outlet. Therefore, a small part of the study presented here will also point out the fact that
different inlet profiles play a role. Because then one could argue whether the internal inserts,
which are very popular for improving the effectiveness of these systems, are generally
applicable or only applicable to the one particular case.

2 Geometry
It can be seen from the previous chapter that the design of an SCR device, whether it is a
CHP unit or a large engine, can be divided into several basic designs. These are illustrated in
Figure 1. In the following Figures 1, 2 and 3 are inlets displayed by blue arrows and outlets
by red arrows.
The first is to place the catalyst behind the engine via two 90° elbows. The second
solution has only one elbow. Variants one and two have the same length of pipe in front of
the catalytic converter. In the first case, the pipe is divided by means of elbows into three
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equal length units. In the second design, the pipe is split in half. The next option for the
location of the SCR catalyst is similar to the second option, except that the elbow is straight
into the catalyst, i.e. there is no straight pipe beforehand to further direct the flow after the
elbow. The fourth geometric solution, which was used in some cases mentioned in the
previous chapter, is shown at the bottom right. This geometry is mainly chosen in designs
where a compact design of the whole system is required. The fifth variant, shown here, serves
as a reference. It is not a geometry that would be applicable in a real design, because building
requirements usually do not allow a straight supply pipe. This variant serves as the basis for
the set of variants shown in Figure 1. These variants are shown with the same type of catalyst,
which has a circular cross section. This type of catalyst has already been used in [16],
therefore it is considered to be a realistic model.

Fig. 1 a) upper left – variant “double_knee”, b) upper right – variant “long_knee”, c) middle
left – variant “short_knee”, d) middle right – variant “tdm”, e) down – variant “straight”

Based on the reference variant, the set of variants represented here by only three
geometries aims to determine the appropriate shape of the inlet chamber into the catalyst are
shown in Figure 2. This set of variants includes changing the angle of the inlet chamber in 5°
increments, up to 80°, and then changing the angle in 1° increments. The first variant has an
angle of attack of 0°, the second geometry has an angle of attack of 30°, and the last model
has an angle of attack of 85°.
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Fig. 2 a) top – variant “straight_0deg”, b) middle – variant “straight_30deg”, c) down – variant
“straight_0deg”,

This set of variants essentially modifies the inlet to the catalyst and turns it into a diffuser
where the pressure/velocity ratio is changed. This geometric modification can be used for all
the other variants as well, since the results from the straight pipe indicate that changing the
geometry in this direction is desirable, as it results in a more uniform flow and a better
distribution of the flow field at the catalyst inlet.
A large number of geometric variations have been developed; therefore, only
representative samples are shown here. In Figure 3 at the top left, a modified variant with
two elbows is shown, but the pipe expansion starts from the inlet. At the top right, in the same
figure, a similar variant is shown, i.e., the pipe diameter expands from the inlet, but the first
elbow is rotated by 180°. The bottom left shows the same variant as the two previous ones,
with two elbows, but the pipe widens at the end of the second elbow. The last of the variants
in this figure is the 'TDM' variant with the inlet modified so that the pipes are connected by
a T-piece rather than an elbow.

Fig. 3 a) upper left – variant “double_knee-cone”, b) upper right – variant “double_knee-cone-rot”,
c) lower left – variant “double_knee-third-cone”, d) lower right – variant “tdm-tupo-bigst”
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As mentioned above, more than fifty geometric variations were designed. The variants
with “cone” suffix were designed because ANSYS Fluent and its "Adjoint Solver"
optimization function started to change the diameter of the inlet pipe. However, the program
did not achieve any major changes in the flow with these modifications, as the computation
time was considerable, and the rate of change was small. Therefore, the pipe diameter was
changed manually for the straight inlet pipe variant and the other geometric variants were
further modified.
The other variants are derived from the “double_knee” and “long_knee” types where the
pipe diameter is changed. In addition, we designed variants of these two types with different
elbow radiuses to investigate the effect of the parameters on the flow in the catalyst inlet
chamber.

3 Simulation description
Fluid mechanics tries to find the values of four basic quantities. These are pressure 𝑝, velocity
𝑤, temperature 𝑇 and density 𝜌. Three physical laws are used to solve these unknowns. The
first is the law of conservation of momentum, the second is the law of conservation of mass,
and the third is the law of conservation of energy. Density is considered to be constant, so
the fourth equation is not necessary to solve the system of equations
The law of conservation of momentum is represented by the Navier-Stokes equations,
which are analytically solvable only in exceptional cases and therefore we solve them
numerically. Momentum is a vector, so it is broken it down into three components. [17]
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In equations (1) - (3), 𝑢, 𝑣, 𝑤 represent the individual velocity components in the 𝑥, 𝑦, 𝑧
direction. 𝑡 is time, 𝑝 is pressure and 𝜌 is the density of the fluid. The kinematic viscosity is
denoted by 𝜈 . Since this is an equation based on the laws of physics, it is possible to
determine what each term means. The first product represents the acceleration of the fluid
(local), and the next three terms represent the nonlinear internal inertial acceleration. These
terms cause instabilities at higher Reynolds numbers. The first term on the right side
represents the pressure gradient (inertial acceleration due to pressure). The next term is the
acceleration from the shear stresses of the fluid caused by its viscosity. The last terms
𝑓𝑥 , 𝑓𝑦 , 𝑓𝑧 are the components of the external volumetric accelerations. All terms have a
dimension of acceleration. If it is necessary to write the equation in terms of forces, both
sides can just be multiplied by the mass. [17] [18]
The law of conservation of mass describes the continuity equations. When considering
density as invariable, the equation takes the following form:
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As in the Navier-Stokes equation, the velocity components 𝑢, 𝑣, 𝑤 are in the three 𝑥, 𝑦, 𝑧
directions. What is interesting about this equation is that the right side of the equation is 0.
The left side of the equation must be zero because the amount of fluid entering the control
volume is assumed to be the same as the amount that flows out of that volume. [17]
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The law of conservation of energy is defined by the energy equation. This equation, for a
constant density ρ, is discussed in the following lines. For clarity, substitution by 𝜓 has been
used, otherwise the equation would be long, and not entirely clear.
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In equations (5) - (7), T represents the thermodynamic temperature; t is time; 𝑢, 𝑣, 𝑤 are
the velocity components; 𝛼 is the thermal conductivity coefficient; 𝜆 is the thermal
conductivity coefficient; ρ is the density; 𝑐𝑝 is the specific heat capacity at constant pressure;
μ is the dynamic viscosity. The first term in Equation 5 describes the heat accumulation in
the liquid. The remaining terms on the left side of the equation represent convection caused
by flow. The first term on the right side represents heat conduction. The last term, which is
subsequently broken down, represents the heat from the deformation and movement of the
fluid. [17] [19]
The calculation program was ANSYS Fluent [20]. The simulations were performed as
stationary, the turbulence model was 𝑆𝑆𝑇 𝑘-𝜔 [21]. As mentioned above, the input velocity
profile is not uniform. The input profile has already been described in a previous paper, which
is the logical predecessor of this paper [16]. In the introduction of this text, it is mentioned
that modelling the catalyst as a geometrically complex component is possible by using a
porous zone that can replace the behaviour of the real component, so this simplification was
also adopted in this case. In order to achieve this simplification, it was necessary to create a
submodel of a realistic part of the catalyst. The pressure drop was determined from it and
then the corresponding values were set in the porous zone accordingly.

4 Results
The Uniformity Index (UI) is one of the most commonly used parameters in evaluating the
uniformity of the input field to the catalyst. This index was first introduced by Weltens et al.
in 1993 in their paper dealing specifically with the distribution of the flow field upstream of
an SCR catalyst inlet. [22] This index has proven to be an important variable for the
quantitative assessment of uniform velocity field distribution. [23] Bressler et al. state that a
series of experiments confirm the need to ensure a homogeneous velocity field distribution
at the catalyst inlet, because this will ensure a longer lifetime and lower pressure losses. [24]
In addition, the NOx conversion effectiveness will be increased, and the ammonia slip, which
is also an emission, will be reduced. [25] [26] UI can be used to evaluate variables other than
velocity. For example, Capetillo et al. used it to evaluate the uniformity of ammonia
distribution, and Vedagiri et al. used it when evaluating concentrations. [27] [28]
The calculation of the UI index is given in equation (8) as reported by Girard et al., or
Johansson et al., [29] [30]
1 ∑𝑛
𝑖=1(|𝑣𝑖 −𝑣𝑚𝑒𝑎𝑛 |∙𝐴𝑖 )

𝑈𝐼 = 1 − ∙
2

(8)

𝐴∙𝑣𝑚𝑒𝑎𝑛

where 𝑣𝑖 [𝑚/𝑠]] is the velocity at the local location (cell), 𝑣𝑚𝑒𝑎𝑛 [𝑚/𝑠] is the mean
velocity over the evaluation area, 𝐴𝑖 [𝑚2 ] is the area at the local location (cell area) and
𝐴 [𝑚2 ] is the total size of the evaluation area.
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The value of this index is between 0 and 1. At a value of 1 the field is completely uniform,
which means the value of the variable is the same in each location (cell). [29] Weltens et al.
state that for a fully developed flow in a tube of 𝑅𝑒 = 64000 [−], the value of 𝑈𝐼 =
0.94 [−]. [22] Lu et al. state that the UI of the velocity field needs to be at least 0.98 [−] to
ensure maximum catalyst effectiveness. [25] Kurzydym et al. state that a UI value of ≥
0.94 [−] can be considered as a good result. [9] However, all the authors of publications
related to this topic aim for the highest possible value of the uniformity index in their studies.
The uniformity index can be weighted by the mass flux in addition to weighted by the
area, see equation (8). Both options are implemented in ANSYS Fluent using equations (9)
to (12). The area-weighted UI is denoted as 𝛾𝑎 for the computed variable 𝜙.
𝛾𝑎 = 1 −
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Where 𝑖 is the area index of an area composed of 𝑛 faces and 𝜙𝑎 is the area-weighted
average value of the variable. In the following lines, 𝛾𝑚 is the area-weighted UI and 𝜙𝑚 is
the average value of the variable weighted by the mass flux.
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(12)

The uniformity index is an important parameter in this study and is one of the most
important indicators for evaluating the quality of the design variant at this stage of the
calculations, as it eliminates clearly unsuitable options.
The first results presented here are the straight pipe variants where only the angle (size)
of the catalyst inlet chamber is changed, see Figure 4. The graph in Figure 4 contains two
sets of results, which are composed of four different velocities - 70 [𝑚/𝑠], 120 [𝑚/
𝑠], 171 [𝑚/𝑠]𝑎𝑛𝑑 210 [𝑚/𝑠]. One result shows the UI mean drifting velocity (only the
velocity towards the catalyst) weighted by mass flow (UI MW - Uniformity Index Mass flow
Weighted) and the other results are area weighted (UI AW - Uniformity Index Area
Weighted). At first sight, the UI values vary depending on what they are averaged over. There
are no consistent variations until above 80°, until then it can be clearly said that the more
conservative UI values are represented by the area weighting, so those values will continue
to be considered.
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Fig. 4 UI mean drifting velocity –“straight” variant

It is mentioned above that it is necessary to achieve the highest possible UI value, ideally
values above 0.94 (better above 0.98). In this case, these values are achieved above an angle
of 80°, with the UI MW and UI AW values being identical only at angles greater than and
including 83°.
Another important factor to observe is the ratio of the area of the drift velocity (in the
direction of flow) to the total area. This parameter tells how much flow is in that direction or
how much is not flowing there (backflow, stalling, perpendicular flow, etc.). The values of
this variable are shown in Figure 5. It can be seen that at lower velocities the flow is stable,
and everything flows in one direction. At increasing velocities and small angles, the flow is
concentrated only in one part (the middle part) of the catalyst and in other parts the flow is
rotating in the inlet chamber. Therefore in some situations (𝑤 = 210 [𝑚/𝑠]) the value of the
area ratio is less than 0.5, which means that the flow direction is mostly towards the catalyst.
At higher angles, as in the previous case above 80°, or 83°, the area ratio is equal to one,
meaning that there is flow in one direction (into the catalyst) throughout the channel.
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Fig. 5 Area ratio, “straight” variant

The uniformity index is supposed to take values between 0 and 1. However, in some
special cases, according to all available data, it has other values. See Figure 6, where it can
be seen that the UI values are not only negative but also greater than one (if absolute values
are taken). The negative values are due to the fact that the flow is complex and it flows in
more directions than just the catalyst axis direction (drift direction), or there is also backflow
in a large part of the channel, which is undesirable. These negative values are recorded on a
surface that is in the middle of the straight part of the inlet chamber, so that it is equidistant
from the catalyst inlet for all variants. It can be seen that in this section the backflow is
significant and affects the UI evaluation. But looking at the area in the catalyst inlet, the UI
is already evaluated correctly and does not take on values that can be claimed as erroneous.
Because of the way UI behaves, this factor should only be used in areas (locations/ crosssections) where there is a clear direction of flow and problematic backflow is not occurring
to any significant degree. Therefore, below we only deal with the evaluation of the UI at the
catalyst inlet, where there is no introduction of inappropriate values into the evaluation.
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Fig. 6 Uniformity index of mean drift velocity – weighted by area, “straight” variant

The above results are for the reference variant and are used to assess the behaviour of the
system and to prepare a suitable apparatus for comparison. It is also used to determine the
potentially best possible value of the area to UI ratio, which can be expected to be the best
possible for a straight pipe, as the geometry is not affected by any negative effects in the form
of elbow (drift behind these elements).
Figure 7 contains the results from the "other" variants. These variants have already been
roughly outlined in the introduction of this chapter, but here it can be clearly seen that there
are many more variants solved than mentioned above. However, all the variants are based on
the four basic ones - "double_knee", "long_knee", "short_knee" and "tdm", plus some results
for the "straight" variant where certain parameters are changed.
The results in the figure show the ratio of the drift velocity area to the total area at the
catalyst inlet. Here, it is necessary to point out the range of the area ratio, which does not start
at 0, but with a value of 0.5. However, results with an area ratio below 0.85 can be evaluated
as inappropriate since, even at this value, 15% of the area is backflowing, or 15% of the
catalyst area is not used.
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Fig. 7 Area ratio, remaining variants

The second criterion for selecting a suitable solution is the UI. The variants mentioned
above are evaluated with respect to UI in Figure 8.
The result of the basic variant "tdm" is "tdm2". It does not achieve the highest UI values,
which can be clearly seen from the results. Several variants of geometry modifications are
designed and it can be seen that the variant "tdm-tupo-bisgt", which has a 34% higher UI
value over the basic variant. The second best geometric design for this option is "tdm-vstb".
However, it contains an insert that may be susceptible to damage, and these kinds of
modifications will be further addressed in follow-up research. When comparing the "tdm2"
and "tdm-unif2" variants, which differ only in their inlet velocity profiles, it can be seen that
the velocity distribution at the catalyst inlet needs to be addressed as this also has a significant
impact on the UI.
The "straight" variants have already been largely covered in the previous section, which
dealt with changing the angle of the inlet chamber to the catalyst. These variants are here
referred to as "straight" + "cone". However, here it is useful to compare two variants, namely,
"straight2" and "straight-unif2". These differ only in the distribution of the inlet velocity
(velocity profile), where the "straight-unif2" variant has a uniform inlet. Here a significant
dependence on the inlet profile can be seen, as the UI differs by 42% in this case, so the
dramatic change in velocity distribution has a significant effect on how uniform the flow is
at the catalyst inlet.
There are only two examples of "short_knee" variants given here. The difference between
this variant and the "long_knee" variant can be seen at the beginning of this text in the section
describing the geometry. Comparing the two results, it can be clearly seen that by changing
the geometry of the pipe to an expanding pipe (cone/cone shape), there is a 32% change in
UI.
The "long_knee" set of variants also has many derivatives. Variants with the "d" suffix
contain a different elbow radius from the original radius (it varies proportionally according
to the values given before the "d" suffix). The change to a larger radius is positive, the change
to a smaller radius is negative. The original "long_knee" variant achieved a significant
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improvement in UI of 30% after the geometry change, called the "long_knee_cone" variant,
by using an expanding pipe diameter.
The original variant "double_knee2" is the default variant for the last set of geometries
shown in the following figure, reaching the highest UI value. This seems to be a unique issue,
as any intervention in the geometry has a negative effect on the flow, so a stable solution to
the problem needs to be found. Variants containing the "unif" suffix are those that contain a
uniform inlet profile and at first glance appear to achieve the lowest values. This is the last
piece of evidence that the inlet profile fundamentally affects the UI. It is clear from the results
that the highest values of uniformity are achieved when an expanding pipe, the "cone"
extension, is used. It does not matter whether both elbows are bent in the same direction, as
the variants containing the "rot" have one original elbow and the other rotated 180° when the
pipe is expanded. So, when comparing the "double_knee_cone" and "double_knee_rot_cone"
variants, it can be seen that the results are almost identical. Some variants are calculated with
only the shorter extension section of the pipe, but these do not achieve as high UI values as
those with the full extension pipe.

Fig. 8 UI mean drifting velocity – rest of the variants

Another variable that can indirectly affect UI is the diameter of the pipe and the radius of
the elbows. The radius of the elbows has been mentioned above, and the following figure
shows the results from these calculations. The results are for the larger pipe diameter, which
in this case is 106.5 [𝑚𝑚] (the original pipe diameter is 71 [𝑚𝑚]). From these results at low
velocities (70 [𝑚/𝑠]) the UI is minimally affected, when the radius of the elbows is changed.
In the other cases, a clear trend can be seen that the UI increases with increasing radius. These
values can be compared with those in the previous figure and a larger pipe diameter in this
case negatively affects the UI.
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Fig. 9 UI, variant “double_knee”

The "long_knee" variant was modified in a similar way to the "double_knee" variant (in
the previous figure), i.e., the diameter of the pipe was increased and the radius of the elbow
was changed. It is not possible to clearly see what trend is occurring here. For the highest and
lowest velocities, it can be seen that the UI value increases as the radius of the elbows
increases, however, for the middle velocities (120 [𝑚/𝑠] and 171 [𝑚/𝑠]) this is not the case,
and the UI decreases as the radius of the elbow increases. It is clear that the larger diameter
has a positive effect on the UI value in this case.

Fig. 10 UI, variant “long_knee”
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5 Conclusion
Selective catalytic reduction is an important topic which is relevant, as reducing emissions is
an important aspect for the survival of society and the planet. Therefore, we need to keep
improving these systems to achieve the best results and highest effectiveness using the best
available technologies, which are becoming more sophisticated every year. CFD simulations
includes a lot of physical phenomena and since these are simulations it is always necessary
to think about whether the results make sense and are physical. Experience in fluid mechanics
gained through previous projects is needed to assess whether the results are meaningful. And
even that it is always great to make experiments which proves the CFD results, but it is not
possible to do it in this case because there is a plenty of geometrical modifications and only
the best one deserves to be tested since manufacturing the pipeline costs time and money.
The present work deals with the modification of the catalyst inlet duct in order to increase
the utilized area of the catalyst and at the same time to make the distribution of the exhaust
stream on it as uniform as possible. For this purpose, two parameters are presented - the ratio
of the drift velocity area to the total area, and the uniformity index. However, this index is
only applicable in cases where the flow is in one direction without significant eddies and
backflow effects.
The best options for solving the issue seem to be those where the pipe gradually increases
its cross-section up to the diameter of the catalyst inlet chamber. These variants are
"double_knee-cone", "short_knee_cone" "long_knee_cone" and "tdm_tupo_bigst".
However, even derivatives of these variants, which have a shorter cone section, reach quite
good values. So, according to the available data, it is clear that these changes also improve
the situation at the catalyst inlet.
The next line of research will focus on further increasing the UI by using the internal
inserts which are briefly mentioned in this paper. The next steps of research in this area will
look at variants into which droplets of aqueous urea solution fluid will be injected, along with
evaporation. The distribution (UI) of this evaporated second phase at the catalyst inlet will
be monitored. The next step will involve solving the basic chemical equations that are integral
to SCR technology. Once the simulations show a significant improvement to a real-life SCR
system then the experiment will be conducted on that particular engine.
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