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Abstract

This thesis investigated the mixer design for a marine Diesel selective catalytic reduction
(SCR) application via computational fluid dynamics (CFD) simulations. In times of stricter
exhaust gas emission regulations SCR gains more and more importance. The thesis was
made at AVL List GmbH in Graz.

First, an overview of geometries used in industry, as well as relevant spray mixing
parameters is provided based on a literature survey. For mixing parameters a short
numerical investigation of limits is made for completely unmixed and perfectly mixed
condition. The present thesis is focused on the so-called "uniformity index", and the
"mixedness quality".

A reference geometry is investigated in light of its mixing characteristics. For this
geometry flow properties like angular momentum and swirl number, as well as spray
mixing characteristics are evaluated. The goal is to determine (i) the evaluation duration
(i.e., the simulation time), and (ii) the mesh size dependency of the calculated flow
properties. The uniformity index shows the best behaviour with respect to mesh and

evaluation duration.

Finally, the reference geometry is compared with other mixer geometries. The goal was to

identify new geometries with similar mixing properties.



Kurzfassung

Diese Masterarbeit untersuchte Mischer Designs fur selektive katalytische Reduktion
(SCR) bei SchiffsdieselImotoren anhand von Computational Fluid Dynamics (CFD)
Simulationen. In Zeiten strenger Abgasemissionsregulierungen gewinnt SCR mehr und
mehr an Bedeutung. Die Arbeit wurde an der AVL List GmbH in Graz erstellt.

Es wird ein Uberblick Gber Geometrien, die in der Industrie verwendet werden, und
Spraymischparameter auf Basis einer Literaturrecherche gegeben. Flr die Parameter
erfolgt eine kurze Untersuchung der Grenzwerte fiir einen komplett ungemischten und
einen perfekt gemischten Zustand. Die Arbeit fokussiert auf den sogenannten "uniformity
index" und die "mixedness quality".

Eine Referenzgeometrie wird in Hinsicht auf Spraymischeigenschaften untersucht. Dafur
werden  Strdmungseigenschaften wie Drehimpuls und Swirlnumber, sowie die
Sprayparameter ausgewertet. Ziel ist es (i) den Auswertezeitraum (d.h. die
Simulationszeit), und (ii) die Gitterabhdngigkeit der Mischparameter darzustellen. Hier
zeigt der uniformity index die besten Eigenschaften in Hinsicht auf Unabhangigkeit von

Gitter und Auswertezeitraum.

Die Referenzgeometrie wird mit anderen Mischergeometrien verglichen. Ziel war es neue

Geometrien mit &hnlichen Mischereigenschaften zu finden.
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1. Introduction

Diesel engines have a wide application range in modern traffic. Motorcars, trucks and
ships are only a few of them. The global traffic grows from year to year, and because of
this also exhaust gas emissions come into the focus of public debate. A disadvantage of
Diesel engines is the relatively high emissions of NO, and particulate matter (PM). These
pollutants have a negative influence on human health, and consequently states want to
reduce these emissions through stricter regulations. In the past these standards could be
achieved via an improvement of the combustion process (see Nova and Tronconi [1]).
However, today it is necessary to perform aftertreatment of exhaust gases to satisfy current
regulations. One possibility of such an aftertreatment process is the selective catalytic
reduction (SCR) process [1]. Therein, the so-called Adblue® liquid, i.e., a urea water
solution, is injected into the exhaust system where it is decomposed to NH; which reacts
with NO,. For a satisfactory operation of the SCR process, it is necessary to achieve a
homogeneous distribution of NH;. This can be only achieved with installations that mix
the gas with the injected liquid. The aim of the mixer is to achieve a spatially
homogeneous distribution of NH; at minimum cost, i.e., small backpressure. Also the
design of the mixer should be simple, and the installation space should be as small as
possible. The focus of the present thesis is to simulate the effect of different mixer
geometries on the mixing performance and pressure drop characteristics, as well as

parameters characterising them.

1.1. Decomposing mechanism of urea
Because of toxicity, the handling of NH; in gaseous form is not easy. A good alternative is
urea: it is not toxic and easy to handle. At elevated temperatures urea decomposes in the

exhaust gas via a two-step reaction to NH; (Koebl et. al. [2]).
Urea thermolysis:

CO(NH,), » NH; + HNCO R1

Isocyanic acid hydrolysis:
HNCO + H,0 - NH; + CO, R2

This thesis focuses on the decomposition of urea, while SCR reactions are not considered.

However, they are summarized next for completeness.
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1.2. SCR reactions

During NO, reduction, three important reactions occur [1].

Standard SCR;:

8NO +8NH;+ 20, 8N, + 12 H,0 R3

Fast SCR:
4NO+4NO,+ 8NH; > 8N, + 12 H,0 R4

NO, SCR:
6 NO,+ 8NH; > 7N, + 12 H,0 R5

R 4 is the fastest of these three reactions. To promote this reaction, a Diesel oxidation
catalyst (DOC) is commonly used to form more NO, over platinum via the following

reaction [1]:

2NO+ 0, > 2NO, R6

If too much NO, is produced in the DOC (i.e., in case IZV—OOZ > 1), R 5 becomes operative.

This is undesirable because N O, can react to N,0 which is a strong greenhouse gas [1]. To
meet current Euro VI regulations, cycle-averaged deNOx efficiencies approaching 95 %

must be realized [1], necessitating a precise control of the above parallel reaction network.

1.3. Conversion
An important issue is to achieve a maximum yield of NH; from the injected urea. To
achieve this, the conversion Xy is taken into account. It is the ratio of ammonia produced
(denoted as nyy3) and the maximum amount of ammonia which can be produced (denoted

as NMyy3 max) UPON complete conversion of urea.

NNH3
XNp3 = ———— R7
nNH3,max
1.4. Motivation
Motivation for this thesis is that only a few geometries exist with sufficient mixing
performance. These are also protected by patents. Because of this a new geometry patented

by AVL is from high interest for the company.
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1.5. Regulations
NO, emissions in marine diesel applications are regulated globally with Tier | and Tier Il
[3]. In North America, the US Caribbean and the North and Baltic sea, also so-called
emission control areas (ECA) exist with stricter standards. For US ECAs Tier Il
regulations are applied for NO,, while for North and Baltic Sea these regulations do not
apply [4].

In Tier regulations marine engines are classified according to their displacement per
cylinder (see Table 1-1).

Cate- Displacement per cylinder (D) Basic engine technology
gory Tier 1-2 Tier 3-4
1 D <5dm3 ¥ D < 7dm?3 Land-based nonroad diesel

2 5dm3®<D<30dm? 7dm3 <D <30dm® Locomotive engine

3 D >30dm? D >30dm? Unique marine engine design

1 And power = 37 kW

Table 1-1: Marine engine categories [4]

Table 1-2 shows Tier 4 standards valid for category 1 and 2.

Power (P) [kW] NO,[g/kWh]  HC[g/kWh] PM [g/kWh] Date
P > 3700 1.8 0.19 0.12° 2014°
1.8 0.19 0.06 2016°°
2000 < P < 3700 1.8 0.19 0.04 2014°%¢
1400 < P < 2000 1.8 0.19 0.04 2016°
600 < P < 1400 1.8 0.19 0.04 2017¢

a-0.25 [g/kWh] for engines with 15-30 [dm?3] per cylinder displacement.
b - Optional compliance start dates can be used within these model years.
¢ - Option for Cat. 2: Tier 3PM/NO, + HC at 0.14/7.8 [g/kWh] in 2012, and Tier 4 in 2015.

d - The Tier 3 PM standards continue to apply for these engines in model years 2014 and 2015

only

Table 1-2: Tier 4 Standards for Marine Diesel Category 1/2 Engines [4]
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Tier 3 standards for NO, were set into force for category 3 engines in North American and
US Caribbean ECAs in 2016. The environmental protection agency’s (EPA) Tier 2-3
NO, limits are equivalent to the respective international maritime organization’s (IMO)
Tier 1I-111 standards. Depending on the engine speed, Tier 2 NO, limits range from 14.4 to
7.7 [g/kWh], while Tier 3 limits range from 3.4 to 1.96 [g/kWh]. In addition to the NO,
limits, EPA adopted an HC emission standard of 2.0 [g/kWh] and a CO standard of 5.0
[g/kWh] for new category 3 engines. No emission standard was adopted for PM, but

manufactures are required to measure and report PM emissions [4].

In general it can be said that Euro VI truck NO, regulations are approximately five times

stricter than Tier IlI.

1.6. Goals
In this thesis goal is to find parameters used in industry relevant for mixing of a droplet
spray with a typical gas stream in an engine aftertreatment system. These parameters
should be studied based on a well-defined geometry. The overall goal is to find
connections between flow and spray parameters that maximize mixing performance. The
result of the thesis should be useful for a rational design of the spray-mixer systems: it
should be possible to draw conclusions of spray behaviour based on computationally less
intensive flow simulations. Finding new geometries would be made easier by making lots
of these simulations with justifiable effort. Also, different droplet injection methods and
their influence should be compared in order to allow a fast and precise simulation and

design of the aftertreatment system in the future.

Also a goal is to find a new mixer geometry. In best case the geometry has similar pressure
drop and mixing performance compared to a well-defined geometries. For this it is
necessary that the conversion is high, as much spray as possible evaporates and NH is

distributed as homogeneous as possible.

1.7. Overview

The thesis is structured as follows:

e In Chapter 2 the currently available mixer geometries and parameters relevant for
mixing are summarized.
o Chapter 3 details the governing equations for the CFD simulations.

o Chapter 4 summarizes simulation settings, operation and boundary conditions.
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e In Chapter 5 simulation of flow around an inclined plate, including a detailed
description of mesh generation, symmetry assessment, gas and spray mixing
properties and a comparison of air assisted and non-air assisted spray injection is

provided.

1.8. References
[1] 1. Nova and E. Tronconi, Urea-SCR technology for deNOx after treatment of Diesel

exhausts. Springer, New York, 2014,

[2] M. Koebel, M. Elsener, and M. Kleemann, “Urea-SCR: a promising technique to
reduce NOx emissions from automotive diesel engines,” Catal. today, vol. 59, no. 3,
pp. 335-345, 2000.

[3] “DieselNet: Emission Standards » International : IMO Marine Engine Regulations.”
[Online]. Available: https://www.dieselnet.com/standards/inter/imo.php. [Accessed:
03-Feb-2017].

[4] “DieselNet: Emission Standards » United States Marine Diesel Engines.” [Online].
Available: https://www.dieselnet.com/standards/us/marine.php. [Accessed: 02-Feb-
2017].
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2. State of the art

2.1. Mixer design
For proper working of the Diesel oxidation catalyst (DOC) it is very important to get a
homogenous distribution of NH; in the flow. To achieve this, mixers are necessary. A lot
of investigations for different mixer designs in marine applications have been made. Some
of them will be shown in the following section. Also, a goal is to have low backpressure,

high conversion Xy 5 (defined in Chapter 1.3), and a simple geometry.

2.1.1. Geometries for rectangular ducts
In Choi et al. [1] a numerical simulations of the flow in mixers is made. Figure 2-1 shows
the computational domain, in which the urea water solution is injected in front of the mixer
into the exhaust pipe. The pipe has a rectangular cross section in these previous

simulations.

Catalyst
filter

2D 1D L3SD 2D

Figure 2-1: Computional domain used for simulation in Choi et al. [1]
In Figure 2-2 the three geometries investigated by Choi et al. [1] are shown. Each mixer
has 36 vanes in the same angle of 45°. The vanes have also the same area to investigate the

effect on pressure drop.

(c)

Figure 2-2: Geometry of three types of mixers: (a) up-and-down, (b) entire swirl, (c) partial swirl in

[1].
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Quantity Value
Wn2 [—] 0.77
Woz [—] 0.23
. [T 15.4
Ug [s]

T [K] 623

Table 2-1: Simulation conditions in Choi et al. [1]
Table 2-1 summarizes the simulation conditions of Choi et al. [1]. In Table 2-2 the
simulated cases and their backpressure are shown. Case 2 and Case 3 have similar

backpressure; Case 4 a much higher one.

Case Mixer type Pressure drop
1 no mixer 100 %
2 up-and-down 180 %
3 entire swirl 175 %
4 partial swirl 216 %

Table 2-2: Classified cases according to mixer types [1]

Important for the effectiveness of the mixer is the conversion Specifically, the urea water-
solution should react as complete as possible to NH;. This is depicted in Figure 2-3.
Region 1 in the figure extends from the rear side of the mixer before the SCR reactor,
Region 2 is located at the front side of the catalyst filter in the reactor, and Region 3 is
inside the catalyst filter. It shows that the conversion of Case 1 is very bad. Case 3 is the
optimum case in view of conversion. Case 4 is at same level as Case 3 near the exit,

however, lower in region 3 and shortly downstream.
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Figure 2-3: Conversion of ammonia for different cases over the channel length expressed as multiples
of the channel size D [1].

The uniformity index y is shown in Figure 2-4 (see Chapter 2.2.1 for the definition of y),

where y was calculated using the concentration of NH;. Case 1 has very bad mixing.

Case 2 has a worse mixing than Case 3 and 4, which are very similar.
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Figure 2-4: Uniformity index for different cases over the channel length expressed as multiples of the
channel size D [1].
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2.1.2. Geometries for circular ducts
Also for circular geometries a couple of mixer designs exist. In Zheng et al. [2] some
mixers, which perform generally very good, are summarized. They can be divided in three

different main designs: cone, two stage and butterfly mixers.

2.1.2.1. Cone mixers
Cone mixers have a shape similar to an impeller. They have a good mixing performance,

however, a relatively high pressure drop [2].

2.1.2.2. Two stage mixers
These mixers have been developed to achieve best mixing performance at different
operation points. The goal is to compensate the different spray angles with the first stage

and use the second stage for mixing [2].

2.1.2.3. Butterfly mixers
Butterfly mixer have been developed based on the following principles [2]:

e leading edges that face the flow direction, thereby reducing pressure drop and
avoiding flow separation,

e a large surface area that facilitates atomization and evaporation of liquid droplets,
and liquid films, due to spray droplet collisions with the impingement surfaces

e strong flow deflection that generates turbulence, in particular, diverting flow from

the centre of the duct towards the walls.

2.1.3. Conclusion from current mixers
Mixers shown in 2.1.1 and 2.1.2 have in common a complex design. However, customers
of marine Diesel applications prefer simple and easy to manufacture solutions for which

these designs are not suitable.

2.2. Spray mixing parameters
The aim of a spray mixer in its final application is to generate a homogenously distributed
spray. For quantification of the spray distribution, some of the most important parameters

from literature are presented next.

All parameters in this thesis have in common that they are evaluated on a two-dimensional
(i.e., a cross-sectional area) or three-dimensional (i.e., volume) mesh. This is schematically

depicted in Figure 2-5, in which A; denotes the area of a control area (for two-dimensional
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mesh), and V; the volume of a control volume (for three dimensional mesh). For a three
dimensional mesh ¢; are quantities (e.g., the droplet mass) in this cell at time t, while for a
two dimensional mesh ¢; are accumulated quantities from particles which passed this cell
between time t,,;,, and t,,q.. Spray particles are recorded when they are passing the cross

section from injector in distances of diameter to three times pipe diameter from injector.

Figure 2-5: lllustration of the surface mesh used to evaluate mixing in cross-sectional areas of the
simulation domain.

In Egn. 2-1 shows calculation of property ¢; of a two dimensional mesh.

i = Pq Eqn. 2-1

i=1 ¢ fordroplet

-

There ¢, is property ¢ for a single droplet. This is summed up for all N droplets (see Eqgn.
2-1) which are passing this area in the time interval t,,;,, and t,,,,. In Egn. 2-2 and Eqn.

2-3 definitions for mass flow m and mass flux j are shown. ; is the velocity vector.

. m; kg
e = —— [—] Eqn. 2-2
min tmax = Umin S
S tmax m; [ kg
= Eagn. 2-
]ltmm (tmax - tmin) Ai mzs an 3

To calculate spray mixing factors every particle is assigned to a cell on a two dimensional
mesh with rectangular cells (in case of a circular cross section cells are squares). As mesh

size a size similar to the polyhedron mesh is chosen.

In Figure 2-6 two meshes for a circular cross section are illustrated. There it is necessary to

proof if one cell of the rectangular mesh has to be considered for calculation or not. For
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this the distance from at least one node of the cell to the centre of the circle is smaller than
the radius of the circle. To minimize errors due to the finite representation of the cell area,
first a mesh with a finer step size (right picture in Figure 2-6) is made for particle
assignment and area calculation. This fine mesh is summarized to a coarser mesh. It is

obvious that the area covered by fine mesh is much smaller than area of coarser mesh.

Coarse mesh Fine mesh

Figure 2-6: Influence of mesh size on area of cross section, only cells which are considered for
calculation are depicted

2.2.1. Uniformity index
In the automotive industry for the calculation of homogeneity the uniformity index is
widely used. The generic definition is given in Eqgn. 2-4 and it was introduced by Weltens
etal. [3].
1 X Ao — 9|

y=1-— = —_— Eqn. 2-4
2 i=1 (nb ZAI

Here n is the total number of cells, A; the area of cell i and ¢ any quantity for which the
uniformity should be evaluated. Thus, y is a linear deviation from an average value. If
y — 1 the quantity is completely homogenous distributed; if y — 0 the quantity is
completely inhomogeneously distributed. Instead of cell area A;, often the volume or mass

of each mesh cell is used for averaging.

Two uniformity indices for spray are typically evaluated: (i) y,, (Egn. 2-5) based on a mass

per element (i.e., volume or are) quantity, and (ii) y; (Eqn. 2-6) based on the mass flux.
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_ 1 ZAl |ml—ﬁ|
i=1
1 < A lji —J|
p=1-5 = d
] YA; Eqgn. 2-6

For both factors the mean value is calculated based on an area-averaging operation as

shown in Eqgn. 2-7.

¢ = % Eqn. 2-7

For gas mixing, the uniformity index is shown in Eqn. 2-8.

n

-1 1 Z Vi |xi —yl
Yg = 5 T Y, -] Eqn. 2-8

i=1
Here, in contrast to the generic definition, A; is substituted with V;. As relevant mole

fractions x, the values for the species NH; and HNCO are most relevant in SCR

applications.

2.2.2. Mixedness quality
The origin of this index goes back to Danckwerts [4]. He developed the definition
originally for mixing of two mutually soluble liquids based on the local mass fraction. For
the description of the degree of mixing, two quantities are used: they are (i) the scale of
segregation and (ii) the intensity of segregation. The measure for the scale of segregation is
analogous to the scale of turbulence in the statistical theory of turbulence.

Liscinsky et al. [5] [6] used parameters from Danckwerts [4] to describe mixing

characteristics of experiments in an rectangular duct.

Sun et al. [7] introduced the parameter mixedness quality for spray mixing as a
modification of the parameters presented in [5] and [6]. In [7] a numerical simulation of a
spray in crossflow is performed, and the mixing of the spray is investigated. Unfortunately,
it is not described in detail if the procedure detailed in Chapter 2.2 for a two dimensional
mesh is used. To indicate the degree of mixing, a local number density of droplets per unit
area denoted as c; is defined (see Eqgn. 2-9 adapted from [7]):

N, 71

c; =— [W] Eqn. 2-9

Here N; is the number of droplets and A; the area of the mesh cell i.
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Based on this definition, the spatial unmixedness U is calculated using Eqn. 2-10 [7].

n (ci _cC )
=1 Cmax Cmax

U, = = =
’ n ¢ (1 ¢ )
Cmax Cmax

For the above calculation, the total cross-sectional area is first divided in n cells. For each

2

[—] Eqgn. 2-10

cell the spatial concentration c; is computed. c,,,x IS the maximum of the c; values from all

cells and ¢ is the ratio of total number of droplets N and total area A defined in Egn. 2-11.

[mz] Eqgn. 2-11

If droplets are perfectly mixed U — 0, and if perfectly unmixed Us; — 1. While U; is an
indicator for the unmixedness of droplets in space, the diameter of the droplets, the size of

each surface element A;, as well as the speed of the droplets is not considered.

Chaikittisilp et al. [8] used a similar definition denoted as “degree of mixedness”, which is
shown in Eqgn. 2-12. Here z; is the number fraction of particles in each sampling cell.

Yie1(zi —2Z )?

DM =1 -
nz (1-2)

[—] Eqgn. 2-12

DM should not be confused with the degree of mixedness ¢ defined in Chapter 2.2.3.

For the diameter distribution of the droplets the parameter U, (diameter unmixedness) was
defined [7]. Therefore, only c is substituted with the Sauter mean diameter (SMD) d5,,
leading to Eqgn. 2-13:

2
n (d32,i _d32,whole)

=1 d32,max d32,max
Ud =

Eqgn. 2-13
n d32,whole (1 _ d32,whole )

d32,max d32,max
ds, is defined as follows, and by using the volume of each droplet V,; and the surface area
of each droplet 4.

6 Zy:l Vd

dan =

Eqgn. 2-14
dsy; is the SMD from mesh cell i, ds;ynoe from the whole cross-sectional area, and
d32 max 1S the maximum ds, ; of all cells.

Similar to U, the diameter unmixedness U; — 0 in case ds, is distributed completely

homogeneously. U; — 1 in case d3, is distributed very inhomogeneously. This causes that
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U, can reach values higher than 1 because of some mesh cells having a lot of big droplets
passing (and with that a high droplet volume and droplet surface) compared to other cells.
This causes that smaller droplets in other mesh cells have nearly no influence on ds; \ynote
because of their low volume and surface which leads to dsjwnote = d32max- The
denominator of Eqn. 2-13 may become zero, which leads to the limit of U, being infinity
as shown in Eqgn. 2-15.

L 1) e )

=1\d32,max =1 d32,max

lim U; = = = o Eqn. 2-15
daswhote | © nl(-1) 0

d32,max

This issue can be avoided by using of a cell averaged ds, instead of ds;pe- This is

shown in detail in Chapter 5.4.6.

U, and Uy can be combined using a weighting factor w to define a mixedness quality Q,,
as shown in Eqn. 2-16 [7].

(00 -U)+ (1 -w) (1 -Ua)

Eqgn. 2-16

In [7] w was set to 0.5.

In Bai et al. [9] a modified version of U was used. The difference is that Us was calculated

with intensities of light I as following (based on Leong et al. [10]) as shown in Eqgn. 2-17:

n

m

Ivar 1 2

Ug=——+——"— with:l =—22 1G,7) —1 Eqn. 2-17
S Iavg(l _ Iavg) var mn L j=1( avg) q

m and n are number of lines and rows for the two dimensional mesh.

In [9] an experimental investigation of spray droplets in crossflow in a rectangular duct is
made. Droplets are injected by a nozzle. Droplet velocities are measured with a particle
image velocimetry (PIV) system at different cross sections. Measurement is made with 40
instantaneous images with five frames per second. With MATLAB® time averaged profiles

are made.

The conclusions of [9] are that bigger counter rotating vortex pairs (CVP) increase mixing
performance. The centrifugal forces lead to more droplets at the outer region of the vortex
and less droplets in the centre. Many large droplets are near the wall and small droplets are
located in the centre of the cross section.
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2.2.3. Degree of mixedness
Bai et al. [11] made experiments with spray injected in a crossflow. They evaluate the

mixedness with the degree of mixedness shown in Eqgn. 2-18 [11].

1 n -2
—>Y: (c; —C
f=1-— (n— 1)2“1( i =9 Egn. 2-18
-2

c

c; etc. are defined same as in Chapter 2.2.2, i.e., a local droplet number density based on
the cell area was considered. The enumerator of the second term is the variance of the
spatial droplet number density per unit area. Considering the denominator, & expresses the
relative deviation from average the droplet number density c. In case & = 1 droplets are
perfectly mixed, while in case & — 0 droplets are completely unmixed. Thus, ¢ quantifies

the degree of spatial mixedness of droplets.

This factor has the issue if ¢; is much higher than ¢ the denominator becomes very large.

2
If, for example, ¢c; = 10¢ is (CLEZC) = 81. In some practical applications of the above

defined mixing index, it can occur that ¢; for some cells is more than 103 ¢ , which leads to
& < 0. An obvious explanation for this is that at cells with higher gas velocity more
droplets pass the cell than at cells with lower gas velocity. Even if the droplet distribution
is perfectly homogenous you get different number of droplets per cell (see Chapter 2.2.5).
This is shown in Figure 2-7: in the left panel several GauBian-distributed values for ¢; with
different standard deviations o are shown. n indicates the cell number. In the right panel of
Figure 2-7 the corresponding degree of mixedness is depicted. It can be seen that a very
broad distribution (i.e., large values of o) is required to get values smaller than 1. In this
graph the magnitude of ¢ is considered, because ¢ becomes negative, which precludes a

plot using a logarithmic scale.
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Figure 2-7: Degree of mixedness for several Gaufian distributed number density of droplets

2.2.4. Assessment of mixing parameters
Behaviour dependent on mesh size and evaluation duration for mixing parameters is made
in Chapter 5.4.5.

2.2.5. Comparison with classical sampling theory
For collecting representative samples of a particle-lade gas stream isokinetic sampling
must be performed (i.e., sample extraction has to be done with the same velocity as in the
flow field, see StieB [12]). Also, each sample has to have same gas volume. This requires a
sample extraction procedure with (i) different sample extraction velocities, as well as (ii)

different durations of the sampling procedure in case the flow field is not uniform.

This in contrast to the procedures summarized in Chapter 2.2 which are taken from the
literature: in a perfectly homogenously distributed gas-particle flow each area element will
experience different amounts of droplets, droplets mass etc. depending on the velocity
profile in the cross section (it is assumed that droplets have same velocity than the fluid).
This will lead to situations in which some of the mixing parameters defined in literature
will indicate an inhomogeneous distribution although the gas-particle mixture is perfectly
homogenous. Thus, care has to be taken when interpreting the results for such mixing
guantities, because the not necessarily indicate the extent to which a uniform (mass-based)

droplet concentration is achieved in the gas.
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2.3. Flow quantities

2.3.1. Angular momentum and velocity
A very important metric in mixing theory is the angular momentum L. It is defined in Eqgn.

2-19. It is the rotational analogue of linear momentum from a mass element m at spatial
position X with velocity % around an axis defined with points P, and P,. Zi is the angular
momentum of the gas in cell i around the coordinate origin. Zi -7 is the angular

momentum around an axis defined by B, and P,. Here N is the number of cells of the

mesh.
N - -
S P,—P kg m?
L:Zm(f—Pl)X‘L_Z (_)2 _)1) [g ]
< 2 | , — P, | S Eqgn. 2-19

i=1 radius
L;

7

Similar to the angular momentum is the angular velocity, or rotational speed w. The

relation between L and w is shown in Eqgn. 2-20.

w =

L Rad
[— Eqgn. 2-20

mR? | s
Radius R is calculated in Eqn. 2-21. Figure 2-8 shows the used points and lengths. 7ip,p, is

the normal vector defined by P, and B,.

H

. , P, — Py)
RZ — 5 p 2 _ ( 2 1
(|x 1|) k( ) | P, — P1|) Eqgn. 2-21

fip1p2

Figure 2-8: Vectors defined in Egn. 2-21

2.3.2. Swirl number
A very common parameter in automotive industry is the swirl number. It comes from

engine engineering and indicates the ratio of a fictitious anemometer speed ny and the
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swirl speed ng as shown in Eqgn. 2-22. It is the ratio of the rotational speed of the vortex
and the exchange rate of the gas in a cylindrical volume V,,;, i.e., it can be computed using

“_ ¥ is the volume flow on the inlet of the geometry.

cyl

rad

30 s
e
ne 30 V Eqn. 2-22
chl

——

[§

2.3.3. Mass balance
To ensure a meaningful simulation, the mass balance has to be checked. It is shown in Eqn.

2-23. This approach considers only gas phase and species H,0, NH; and HNCO.
mg,out = mg,in + mevap. Eqgn. 2-23

Ty o IS the mass flow rate of gaseous species at the outlet, 7i, ;,, at the inlet and 77y, IS
the mass-based evaporation rate in the investigated region. The wallfilm mass is neglected
in the above balance, since its mass is negligibly small.
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3. CFD models

This section provides an overview of governing equations used in CFD simulations of this
master thesis. For the thesis the simulation code AVL FIRE® (Flow In Reciprocating
Engines) is used with AVL FIRE Workflow manager v2014.2® (later on called FIRE®).
While droplets are tracked in a Lagrangian way, the gas flow is described in an Eulerian
fashion using a finite volume approach. Specifically, the computational domain is
discretised in a finite number of control volumes (mesh). For each cell of this mesh, the

equations summarized in the following sections are applied.
If no separate reference is given, the equations were taken from the AVL FIRE® user

guide.

3.1. Gas flow solver
This Chapter is based on AVL user guide for the CFD solver [1]. The basis are the

fundamental conservation laws, which are approximated in the CFD solver.
These are (depicted in Einsteinian sum convention):

e Mass conservation: Equation of continuity [1]:
—+ ,(p Uj)=0 Eqn. 3-1
J

e Momentum conservation: Navier Stokes equation [1]:

Pt =PI ox " ax; [t \ax; c’)xl 3 9, Eqn. 3-2

e Thermal energy conservation: First law of thermodynamics [1]:

DH 6T
o DE - =pqq+ (TU U) ax] Eqgn. 3-3

e Species conservation: Concentration equation [1]:

DC .0
pE=pr+a D— Eqn. 3-4
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In Table 3-1 symbols in Eqgn. 3-1 - Egn. 3-4 are explained.

Symbol Description

% Material derivative (D(g t¢) = a(thb) 42 afjuj)>

p Fluid density [kg/m3]
U;, U;, Uy Instantaneous local velocities [m/s]

gi Gravity [m/s?]

p Local pressure [Pa]
Umor Dynamic (molecular) viscosity [Pa s]
5 = {1 lfl =]: Kronecker delta [—]
Y 0 ifi+#]j
T;;  Strain tensor [N/m?]

A Thermal conductivity [W /mK]
T Temperature [K]
C Mass concentration of a species [—]

7 Reaction rate [1/s]

Table 3-1: Symbols of CFD conservation laws

In practice (and when considering the so-called Reynolds-averaged set of equations) only
ensemble-averaged values and their fluctuations can be computed. This is because the
computational mesh, as well as the time step used for integration, is typically too large to
resolve small-scale fluctuations. Therefore, ¢ is decomposed in a mean component & and

a fluctuating component ¢’ as in Egn. 3-5.
p=>+¢ Eqn. 3-5

With that, the Reynolds-averaged Navier Stokes equations (RANS) are derived (Eqgn. 3-6):

DU; op 0 oU; oU; 20U,
Eqgn. 3-6

—pgi———t—|ul =+ =L —=E 8, | -p U
P Dt P I axi axj K ax] axi 36xk l])i’l__],

Rjj
Therein u is the total dynamic viscosity as defined in Eqn. 3-7.

U= Hmot t Hturp. Eqn. 3-7
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That RANS equations have new unknown variables. This causes the closure problem of the
equation set. The most challenging part of the turbulence closure problem is the modelling

of the turbulent stress tensor R;;.

3.1.1. Turbulence model
To close the RANS equation set, a turbulence model is employed. At AVL the k —{ — f

model is state of the art, and was investigated and published by Hanjalic et al. [2].

For this model the eddy viscosity is represented by Eqn. 3-8 [1].

2
Veurp. = Cu € = with: v =% Eqgn. 3-8

The set of model equations to predict the turbulence quantities k, £, and f are summarized

in following set of equations.

e Transport equation for the turbulent kinetic energy (TKE) k [1]:

Dk _ 0 #turb.) ok
Pp=PP—e)+ 5%, [(u L 2%, Eqn. 3-9
e Transport equation for the turbulent energy dissipation € [1]:
% _ CérPr — Cepe n i ( n .uturb.)ﬁ Ean. 3-10
Ppe =P T 0x; a or / 0x; an. -
e Transport equation for the velocity scale ratio ¢ [1]:
D( { d Heurp a(
— = —p2P, +— | —= -
Ppe =Pt pkk+axj[<“+ o )ox; Eqn. 3-11
o Elliptic relaxation function for f [1]:
0% f P\3~
—]2 = — )2 Eqgn. 3-12
e Turbulent time scale T [1]:
1
T = max min(k L) C. (z)7 Egn. 3-13
€'V6C,IsIg) e "

e Turbulent length scale L [1]:
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3 1 3
k2 k2 va
L=C max|{ min| —————— |, C;—< Eqn. 3-14
e V6c,Is1¢) " 4
® Cel [2]:
0.012
Cii=14 (1 +T) Eqgn. 3-15
e Damping of constant C,, close to walls [1]:
. 1
C:=Cq| 140045 7 Eqn. 3-16

e Closure for the mean production of turbulent kinetic energy [m?/s”3] proposed by
Durbin [3]:

Hturb.
P = Z—tzr Sij Sji Eqgn. 3-17
e Rate of strain tensor [1/s] [3]:

s _1(oy; o,
b 2 axi ax] Eqn. 3-18

o [SI[1/s] [3]:

In Table 3-2 the model constants for the k — ¢ — f model are shown [2].

Cu Cer Cy Cy Ok Oc a7 C: Cy, Gy

0.22 19 0.4 0.65 1 13 1.2 6 036 85

Table 3-2: Constants for turbulence model [2]

3.1.2. Wall treatment
At walls it has to be distinguished between two different boundary layers (BL). Near the
wall a laminar BL exists which becomes a turbulent BL with increasing distance from
wall. In the laminar BL the velocity increases rapidly with increasing distance from the
wall. To reproduce the resulting very steep velocity gradient, a sufficiently fine
computational grid near the wall would be needed in combination with a low Reynolds

number turbulence model. For this a lot of cells and computation power would be needed.
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To solve this issue, wall treatment models for the approximation of near wall velocity and
temperature distribution are frequently employed. In this thesis, the hybrid wall treatment
is used (see Eqgn. 3-20). It is based on the work of Popovac and Hanjalic [4], and accounts

for a gradual transition from a laminar to a turbulent BL.

With y* velocity U* can be calculated according Eqn. 3-20 [1] and Eqgn. 3-21 [1] with the
Von Karman constant k = 0.41, and the additive constant E in the standard logarithmic

wall law [4].
1 1
Ut =yteT +;ln (Ey*)eT Eqn. 3-20

_0.01(Pry*)*

14+ 5Pr3yt Ean. 3-21

In Eqn. 3-22 the normalized wall distance y* is shown with a normal distance of the cell
centre to the wall denoted as An,, [4].

14
_Guk2hmy, _y r,

v v | p Eqn. 3-22

+

y

U
3.1.3. Convection and radiation
Heat transport with convection and radiation is defined in Eqgn. 3-23 [1].

‘.Ibza(Te_TO)+EO'(Tr4_T(;L)

Convection Radiation

Eqgn. 3-23

In Table 3-3 symbols in Eqn. 3-23 are defined.

Symbol Description

a Heat transfer coefficient [W /m? K]
T, Environmental temperature [K]
T, Outer wall temperature [K]

e Outer wall emissivity [—]

o Stefan-Boltzmann constant [W /m2K* ]

T, Environment radiation temperature [K]

Table 3-3: Symbols for heat transfer
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3.2. Species transport
This Chapter is based on AVL user guide for the species transport module [5]. The
transport model General is chosen for simulations. The resulting species transport equation
Is shown in Eqgn. 3-24 [5].

_(P wi) + ——

0 aWk
6 -(puywy) = FP (ka Ix ) + Sw, k=1..Kspec Eqn. 3-24
l

wy is the mass fraction of an individual chemical species k. K, is the total number of

chemical species.
In the species transport equation I, is defined as shown in Eqn. 3-25 [5].

Uturb. )

L, (pD +
fom Sturb

Eqgn. 3-25

2
Here Scpyp, = 0.7 is the turbulent Schmidt number, and Dy, [mT] is the diffusion
coefficient of species k in the mixture.

mol

The mass source S,,, is defined in Eqn. 3-26 with reaction rate k [ ] and molar mass of

species MM, [ — ] Also terms for mass transfer and evaporation occur but they are not

defined in detail in [5].
Swy, = k MM, Egn. 3-26

Multi component diffusion is not taken into account.

3.3.Spray
This Chapter is based on AVL user guide for the spray module [6]. The calculations in
spray module are based on the discrete droplet method (DDM) proposed by Dukowicz [7].
This method solves ordinary differential equations for the trajectory, momentum, heat and
mass transfer of single droplets. Each droplet is in a group of non-interacting droplets
called a “parcel”. The vapour originating of evaporating droplets is a source term of an
additional transport equation for the vapour fraction in an Eulerian formulation (see
Chapter 3.2). Body forces are active on particles and liquid films forming at walls. Mass
and heat coupling of the spray with the fluid domain was activated in all simulations done
in this thesis. Particle interactions, wall interactions, breakup and virtual mass forces were

not activated, though.
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In Eqn. 3-27 the momentum equation for the droplets is shown (terms not considered in
this thesis are not shown) [6].

dﬁd = -
mg ? = FD + FG Eqn 3-27

The drag force ﬁD is given in Eqgn. 3-28 [6].

o 1
Fp = EpgAdCD [Urer|Urer Eqn. 3-28

Here A, is the cross-sectional area of each droplet, and wu,.; is the relative velocity of the

droplet to the surrounding fluid.

The drag coefficient Cp is formulated following the often-used Schiller Naumann [8]

correlation shown in Eqgn. 3-29.

( 24
!Re - (14 0.15Re$®”) Rey < 103
— a“p
Cp = 044 Eqn. 3-29
L —_— Req > 103
CP

The particle Reynolds number is shown in Egn. 3-30 [6].

_ Pglurei|Dg

Red
Hg

Eqgn. 3-30

In the case of small particles the Cunningham correction factor C, [9] shown in Egn. 3-31

and based on the Knudsen number Kn reduces the drag coefficient.
_174
Cp =1+ Kn, (2.492 +0.84e K“v) Eqn. 3-31

Kn is defined in Eqgn. 3-32. It is the ratio of mean free path A and a representative physical

length scale, in this case droplet diameter D, [6].

A
Kn =— -
Dy Eqgn. 3-32

Mean free path length A in gaseous phase can be calculated with Egn. 3-33 [6].

kpT,

= \/fn—dgpg Eqgn. 3-33

There k,, is the Boltzmann constant and d; = 2.8 - 107'° [m] is the molecule diameter in

gas phase.
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ﬁG in Egn. 3-34 represents effects of gravity and buoyancy due to a hydrostatic pressure
gradient [6].

ﬁG = I/;,(pp - pg)g Eqgn. 3-34
Pressure force given in Eqgn. 3-35 [6] is NOT considered in calculations for this thesis.

Fopp=—V,-Up Eqn. 3-35

3.3.1. Evaporation model
For the calculations the SCR-thermolysis model is used. It is modelled as a two-step
process following the PhD thesis of Birkhold [10]. This consists of pure water evaporation
until the drop is composed of urea only, and a subsequent thermolysis reaction of urea to
form NH; and HNCO.

When modeling evaporation of water and the thermolysis of urea, the processes are
described independently. Evaporation rates are calculated based on Abramzon and
Sirignano [11], and the extension "Multi component evaporation model™ developed by
Brenn et al [12].

Therein, the mass flow for component i is calculated according to Egn. 3-36. Overbars
indicate that values are average values over components. Bg,i is the binary diffusion

coefficient of component i in the gas [6].
my =mp, DgiDa Shi In (1 + By)) Eqn. 3-36

The Spalding number By ; is evaluated via Eqn. 3-37 with concentrations of component i at
the droplet surface (denoted with subscript s) and at external gas flow (denoted with

subscript ) [6].

B, . = Wis = Wi
YT T Wi Eqn. 3-37
The sum of m; gives the total mass transfer rate of evaporation (Egn. 3-38) [6].
N
m= z m; Eqn. 3-38

i=1
The total mass transfer rate can also be calculated from the energy balance shown in Eqn.
3-39 with the average thermal conductivity /_1g and vapour specific heat in the film ¢, ¢
[11].
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A
m=rm E_g Dy Nu*In (1 + By) Eqgn. 3-39
p.f

By is shown in Egn. 3-40 [6] and ¢ in Eqn. 3-41 [6].

Br=(1+By)? -1 Eqn. 3-40
C,r Sh* 1

Sy 2 N Ta Eqn. 3-41
Cp,g u e

Le is here the Lewis number (Eqgn. 3-42). It is the ratio between the heat diffusivity and the
molecular diffusivity of the vapour in the ambient gas.

A _Sc

Le = =—
¢ pcyD Pr

Eqgn. 3-42

Fr and F,, are correction factors for the film thickness of the non evaporating droplet and
calculated with Eqn. 3-43 [6]:

In(1+ B)

F(B) = (1+B)" ——

Eqgn. 3-43

which are subsequently used to calculate the Nu and Sh numbers using the correlations
shown in Eqn. 3-44 [6] and Eqgn. 3-45 [6].

Nuy — 2 1 1
Nu*=2+ 7 , Nuy =2+ 0.552 Re2 Pr3 Eqgn. 3-44
T
. Shy — 2 11 Eqn. 3-45
Sh* =2+ I , Shy =24 0.552 Rez Sc3
M

The heat transfer rate to the droplet is depicted in Eqgn. 3-46 [6] with latent heat of
evaporation L.

. Cpr (T —Ts) —
Qs =m (Cpf(B—S) - L(Ts)) Eqn. 3-46

T

The final algorithm to calculate the heat and mass transfer follows as [6]:

1. Get the average physical properties p, ¢, r, ¢, g, Ag: Dy
2. Calculate Nu, and Shy

3. Get By ;, Fyy, Sh* and m from Eqn. 3-36

4. Guess the value of By by using the value from the previous iteration or time step

5. Calculate the modified Nussel number Nu* and correct the heat transfer number B

by comparing the two mass transfer rates from equations Eqn. 3-36 and Eqgn. 3-39
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If the correction of By is too large go back to step 4.
6. Calculate the heat transfer by Eqn. 3-46

Real gas behaviour for calculating the mixture fractions and mixture properties at the
droplets surface is taken into account by using the activity coefficient concept.
Specifically, the activity coefficients y; are calculated using the UNIFAC method, and as
shown in Eqn. 3-47 [6] the gas partial pressure p,,; of component i can then be used to

calculate the equilibrium mole fractions in the gas phase.

pv,'
Xis = Xiy Vi 71 Eqn. 3-47

The above equations describe the evaporation from the water-urea solution. In FIRE® wall
film module [13] (see Chapter 3.4) is indicated that thermolysis starts if water mass
fraction is less than 5 %. However, in FIRE® spray module [6] it is indicated that the
droplet is completely solid, i.e., made of urea only when starting thermolysis. Then, in
accordance with Birkhold [10] reaction R 8 is taken into account for modelling the
thermolysis behavior.

AH=+185.S% R 8
(NH,),CO(s or ) ——— > NH3(g) + HNCO(g)

The reaction rate is calculated following Eqn. 3-48 from Birkhold et al. [14] with A =

0.42 [%] and E, = 6.9 - 10* [ﬁ]

dm E kg m?
—Ured — 7 AD, exp (——“) [ g ] Eqn. 3-48

dt RT S

3.3.2. Turbulent dispersion model
From particles suspending in a turbulent flow it is assumed that they interact with the
individual turbulent eddies. Each interaction deflects the particle as dictated by the
instantaneous velocity of the turbulent eddy and particle inertia. These additional
turbulence effects on spray particles cannot be resolved by the ensemble-averaged flow
field obtained from a RANS-based simulation. Thus, a turbulent dispersion model is

frequently used in such simulations.

In the stochastic dispersion method from Gosman and loannides [15] the effects of

turbulence on spray particles (or droplets) are modelled by adding a fluctuating velocity

ul-g.
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Assuming isotropic turbulence, the components of the particle fluctuating velocity ; is

determined by sampling randomly from a Gaussian distribution (Eqn. 3-49 [6]) with

standard deviation o = \/% where k is the turbulent Kinetic energy of the gas at the

particle location.

N

2
U = <§k> sign(2Rn; — 1) erf 1(2Rn; — 1) Eqn. 3-49

Rn; is a random number from [0 < Rn; < 1] for each vector component and erf~?! is the

inverse Gauss function.

!

u; is chosen as piecewise constant function of time, and is only updated when the
turbulence correlation time t;,,;, has passed. t;,,, is the minimum of the eddy break up
time and the time needed for a particle to traverse an eddy. It is calculated according to
Eqgn. 3-50 [6] with C; = 1 and C; = 0.16432. € is the dissipation rate.

3
k k2 1

t =min| C;—, C——F——F—— Eagn. 3-

If t.p. 1S Smaller than the computational time step At, the spray integration time step is

reduced to t;y,p -

3.4. Wallfilm
This Chapter is based on the AVL user guide for the wall film module [13].

3.4.1. Fundamental assumptions underlying the model
In the FIRE® wall film model the following fundamental assumptions and modelling

approaches are considered [13]:

e Gasand wall film flow are treated as two separate single phases

e Film thickness is very small in relation to the mean diameter of the gas flow

e The wavy surface of the film is not simulated in detail but modelled via a mean
film thickness with a superimposed film roughness

e The mean film surface is assumed to be parallel to the wall

e Wall friction and interfacial shear stress dominate film behaviour

e The wall temperature is below the Leidenfrost point
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The above assumptions lead to an implementation of the wall film model as a 2D finite
volume method on the wall boundaries of the air flow geometry.

3.4.2. Simulation settings
Solution flags wall shear, TKE, heat transfer, temperature, evaporation, entrainment,
balancing, splashing and momentum equation were activated. Coupling flags momentum

source, vapour mass source and vapour energy source were enabled in all simulations.

3.4.3. Governing equations
The basic equation that describes wall film flow is the film thickness equation. It is a
slightly modified formulation of the continuity equation. For simplicity, only the Cartesian
formulation of the film thickness equation is shown in Eqgn. 3-51 [13] with the film

thickness denoted as 6.

68+6&H+6&g_ 1 S S
Jat  Ox; 0x; " pA (LD_’”V)/ Egn. 3-51

source term

In Eqgn. 3-52 [13] the momentum balance equation of the wall film is given. For simplicity

incompressibility of the liquid making up the film is assumed.

i17f + (b - V)uy = vEy iAﬁf +Sf Eqn. 3-52
at Po  Po

The enthalpy balance is shown in Egn. 3-53 [13]. It takes convective heat transfer within

the film, as well as all essential heat transfer mechanisms into account.

o, o . _ . .
S AVert by Z hi U dSij = Hgp — Hspg — Mgy hey + Hg np + Hs et Eqgn. 3-53
7
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In Table 3-4 symbols for Eqn. 3-53 are explained in closer detail.

Symbol Description
oh; Change of energy stored in film [W]
a0 4V Pr

os z hy Uy d3; Convective heat transfer within the film [W]
J

H,,s Heattransfer from the wall to the film [W]

H

srg Heattransfer between film and gas [W]

My, hepy Enthalpy transfer due to the latent heat that is consumed
during evaporation [W]
Hs_imp Enthalpy transfer via spray droplet impingement [W]

Hg.n: Enthalpy loss via droplet entrainment [W]

Table 3-4: Symbols of wall film enthalpy equation

3.4.1. Entrainment
At high air velocity, the shear force at the film surface tears droplets back into the air flow.
These droplets are generated at, or near surface waves. This is described with the
entrainment model. In this thesis the Schadel-Hanratty model is used. In this model the
critical Weber number is calculated according to Eqn. 3-54 [13]. The Weber number is the
ratio of fluid inertia compared to its surface tension ¢ and the average film velocity u.
_Pg |tgas — ﬂflz P

Weer sy = - Eqn. 3-54

If We,, sy = 17 first droplets start to entrain. This entrainment model generates only a
mass flux that leaves the wall film. Hence, it acts as a mass sink to the film, and as a mass
source for the spray. When introducing new droplets to the spray, a droplet diameter has to
be chosen. Therefore, a volume mean diameter D,,,, « is calculated following Kataoka et al.

[16], i.e., using Eqgn. 3-55 and Eqn. 3-56.

o o -1/3 U 2/3
Dymi = 0.028— Re;° Rel/’ (—g) (—g> Eqn. 3-55
pg Uy Pr Kr
47 6
Rep iy = Eqgn. 3-56

Vr



3 CFD models 33

3.4.2. Evaporation
The SCR-thermolysis model discussed in Chapter 3.3.1 is chosen.

3.4.1. Splashing
This section describes the splashing model by Kuhnke [17] which is used in this thesis for
the description of impingement of droplets from the spray onto the wall. It takes into
account the wall temperature Ty,. K given in Eqn. 3-57 [13] is the dimensionless droplet
velocity and a characteristic quantity which serves to distinguish between different
impingement regimes — it is used as the key parameter for the splashing model.
(pa da)¥* ugly

1/2  1/4 Eqgn. 3-57
04 Mg

Therein is ug ,, the droplet velocity normal to the wall.

The model has four regimes:

e Deposition
e Splash
e Rebound

e Thermal breakup

3.5. Thin walls
This Chapter is based on AVL user guide for the thin walls module [18]. In this thesis, the
option “normal heat conduction” in FIRE® is used: in a multi layered wall transient one-
dimensional heat conduction is solved, and the direction normal to the wall is considered
only. Thus, for each homogeneous wall layer the temperature profile is described using the
heat balance equation shown in Eqgn. 3-58.

oT A 0°T

A | -
3t p o 9x2 Eqgn. 3-58

On the interface between layers i and j Eqn. 3-59 is valid.

oT oT

Moxl, =M ox

' Eqgn. 3-59
J

x is the coordinate in the direction normal to the wall.

For heat transfer see 3.1.3.
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4. Simulation settings

In this Chapter simulation settings for all simulations are listed. These are operation
conditions, spray properties, simulation setup and boundary conditions.

4.1. Operating conditions
For the simulation of marine Diesel engines three different operation modes are from

interest. They are summarized in Table 4-1.

Mode 1 Mode 2 Mode 3
m [k—g] 361 278 1.25
S
uy [%] (circular chan.) 31.22 23.81 11.70
m
ug [%] (square chan.) 24.52 18.71 9.19
T [°C] 320.00 315.00 370.00
Pout [bar] 1.00 1.00 1.00
Tpny [°C] 35.00 35.00 35.00
w
7.50 7.50 7.50
* [mZK]
€[-] 0.95 0.95 0.95
Tywy, [°C] 21.00 21.00 21.00
leH3
S 1 0.95 0.95 0.95
Nyox
Py [%] 10.00 7.00 2.00

Table 4-1: Operation modes of marine Diesel engines

The urea water solution has a urea mass fraction of urea wyz = 0.4 for all modes.

For customers, a good mixing quality at low pressure loss is necessary. A typical

benchmark for this is a pressure difference of Ap < 300 [Pa].

4.2.Spray characteristics
In the simulation an air assisted injector will be approximated with spray particles injected

with a given particle density distribution and an air stream. The distribution is depicted in
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Figure 4-1. A g, distribution is used because for the simulations a distribution based on
measurements is available. The breakup of the injected liquid jet itself is not computed,
since it would not be possible to resolve key breakup phenomena with the computational

mesh.

For the injection of spray particles a single hole nozzle is used. The injection positions and
velocities of the particles are computed with the nozzle dimensions depicted in Figure 4-2.
The particles are injected without swirl. A full cone spray is used with dimensions

according to Table 4-2.

Quantity Dimension
Ugstare ] 10.00
s
d [mm] 0.00
D [mm] 0.15
a[°] 0.00
B [°] 7.50

Table 4-2: Spray data

6 1e4 T ] 1.0 T T T ]
S ! o8l ]
4 e R e ] :
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“ELl e s
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0 5 1015 20 25 30 35 40 0O 5 1015 20 25 30 35 40
D, [pm)] D, [pm]

Figure 4-1: Number distributions of spray particles at injection
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Outer nozzle Inner nozzle Spray

Figure 4-2: Nozzle dimensions

4.3. Simulation setup
For the simulations the modules Species and Thin walls were activated; for spray
simulations the additional modules Spray and Wallfilm were activated as well. In the
domain the species N,, 0,, HNCO, NH5; and H,0O were defined. Body force is activated as

well.

4.3.1. Timestep
An important number in CFD simulations is the Courant-Friedrichs-Lewy number (CFL).

Its definition is shown in Eqgn. 3-1.

u At

CFL =
Ax

Eqgn. 4-1

In Table 4-3 the timesteps and CFL number for an average cell size of Ax = 6.9 [mm] and

a typical velocity of u = 200 [m/s] for chosen for simulations are indicated.

Simulation At CFL
Gas flow [s] 0.01 288.90
Spray flow [s] 0.001 28.89

Table 4-3: Timesteps
The maximum CFL number was not recorded, and hence could not be reported.
4.3.2. Thin wall module

In the module Thin Walls one dimensional heat conduction for the pipe wall is computed.

For this two layers for the wall are defined in Table 4-4.
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Quantity Pipe wall Insulation
Thickness [mm] 5.00 50.00
1 [ﬂ] 15.00 0.10
mK

Table 4-4: Thin wall definitions

4.3.3. Summary of active equations
In Table 4-5 a summary of the equations of the CFD solver that were activated during the

simulation is provided.

Active Equations Status

Momentum yes
Turbulence model k—¢—f
Energy yes
Enthalpy total enthalpy

Pressure work no
Scalar (for passive scalar) no
Two stage pressure correction no
Compressibility yes

Wall treatment  hybrid wall treatment

Heat transfer wall model standard wall function

Table 4-5: Active equations

4.3.4. Differencing schemes
In Table 4-6 settings for the differencing schemes are depicted. A blending factor of 0.6
means that 60 % of the chosen and 40 % of the upwind discretization procedure will be
used for the calculation. In case of different settings for the simulations, this will be

indicated in the corresponding Chapter.
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Procedure Blending factor
Momentum MINMOD relaxed 1
Continuity  Central differencing 1
Turbulence Upwind -
Energy Upwind -
Scalar Upwind -

Table 4-6: Differencing scheme

4.3.5. Boundary conditions
In Table 4-7 common boundary conditions are depicted. Additional boundary settings are
specified in the corresponding Chapter.

Inlet Outlet Cylinder
Boundary condition  velocity Pout wall

Wos [~] 0.76 : :
W2 [—] 0.24 - -
Turbulence intensty [% of ug] 1.00 - -
Turb. length scale [m] 0.05 - -

Convection - - @, Teny

Radiation - - € Tonw

Table 4-7: Common boundary conditions
For the outlet an average pressure boundary condition was chosen. The definition is shown
in Egn. 4-2. The pressure for each face i can be less or more than the average pressure;

however, only the average pressure p,.,; is fixed.

n
1
Pout = ﬁz pi4; Eqgn. 4-2

i=1
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5. Flow across an inclined plate

As a reference for mixer design, a well-known geometry is chosen: a simple inclined plate
in a circular tube. This configuration has very good mixing properties at very low
backpressure. With this geometry a spray simulation is made and mixing parameters,

detailed in Chapter 2.2, will be compared and investigated.

5.1. Geometry and meshing
In Figure 5-1 the geometry of the inclined plate is depicted. It consists of a circular tube
with an inclined plate as mixer. At the inlet position of the injector a mesh with length C
was embedded to improve flow property predictions (this will be discussed in detail in
Chapter 5.1.1). In Table 5-1 dimensions of the geometry are indicated. The spray and the
air stream for approximating an air assisted nozzle is injected at origin of coordinate

system.

Plate edge  Plate vy  Cylinder Injector

A
B c
L
Figure 5-1: Geometry of inclined plate

A [m] 0.500 f [m] 0.005
B [m] 0.689 G [m] 0.045
C [m] 2.000 s [m] 0.009
D [m] 0.500 L [m] 3.000
d [m] 0.369 a[°] 40

E[m]  0.100

Table 5-1: Dimensions of inclined plate
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5.1.1. General considerations
The mesh was generated with AVL FAME M polymesher v2016® (later on called FAME
M®) as a polyhedron mesh. The air flow of the injector has a much higher velocity than
the main flow. This would cause a very fast spread of the injector stream because of
numerical diffusion. This effect is depicted in Figure 5-2. Using a hexahedron mesh one
can orientate the mesh direction in the flow direction such numerical diffusion has no
effect normal to the main flow. Unfortunately, this is not the case for polyhedron mesh
cells, which are inhomogeneously and randomly orientated. In these mesh configurations,
flows with large velocity gradients between cells “diffuses” very fast, since the normal
direction of the cells is not orientated in the main flow direction. On can see this

phenomenon in the grey cells in Figure 5-2 which indicate that they are flow affected.

Hexahedron mesh Polyhedron mesh

Figure 5-2: Schematic comparison of hexahedron and polyhedron mesh with respect to numerical
diffusion

To reduce this effect, the mesh is generated in two parts: the cylinder mesh and the injector
mesh. Every of the two meshes has on the interface two boundary layers with nearly
prismatic cells. This leads to a much reduced effect of numerical diffusion. The two parts
are connected with the command Conform connect in FIRE®. For this it is required that
the two meshes have completely same nodes on the interface. The command recognizes
two different nodes which are within a specified tolerance and merge them to one common

node.
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Conform connected mesh

Polyhedron mesh .

Figure 5-3: Comparison of the two meshes

The benefit of this procedure is depicted in Figure 5-3. A combination of two conform
connected meshes and only one single polyhedron mesh is shown. The colours in the

pictures indicate the magnitude of the flow velocity. Red colour indicates a flow velocity

of 200 [%]

5.1.2. General settings for mesh generation
Meshes in this Chapter are made with FAME M®. In Table 5-2 the general settings for the
mesh generation procedure are specified. FAME M® takes as input a surface mesh. On this
surface it generates cells with the (approximately) surface target cell size. In the volume it
generates cells with the volume target cell size. On the surface it generates approximately
prism cells with thickness specified in Table 5-2. Boundary layer ratio is defined as the
ratio between the thicknesses of the 2" cell layer to the first cell layer near the wall. The
growth rate indicates the maximum size ratio of cells that border each other. Auto
refinement is switched off because of a more homogeneous cell size distribution when

selection this option.

Property Value
Surface target cell size [mm] 15
Volume target cell size [mm] 20
Number of boundary layers [—] 2
Thickness of boundary layers [mm] 3
Boundary layer ratio [—] 0.5
Growth rate [—] 1.05

Table 5-2: General meshing settings for all meshes

5.1.3. Refinements
For a good mesh it is necessary to make the mesh at some locations finer than on others.

This is made on locations where big gradients are expected (for example near edges of the
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mesh). For this purpose cylinder refinements are defined: all cells within a cylinder are
made with a defined maximum cell size.

Refinement zone Cell size [mm]

Cyl 1 1.5
Cyl 2 15
Cyl 3 10

Table 5-3: Cell sizes at cylinder refinements for Mode 1, Mode 2, Mode 3 and Mode 3 100

In Figure 5-4 the locations of the cylinder refinement regions are indicated. Table 5-4 lists

the dimensions.

c D Cyvl2 Cyl3 Cyll

ax
ay
oz

Figure 5-4: Refinement zones for Mode 1, Mode 2, Mode 3 and Mode 3 100

A[m] 0.4 Flm] 0048
B [m] 2.31 X[m] 0022
C [m] 0.5 Y[m] 03

D [m] 2.2 Z[m] 04

E [m] 0.35

Table 5-4: Dimensions of cylinder refinements for Mode 1, Mode 2, Mode 3 and Mode 3 100

Also refinements on face selections are specified. In Table 5-5 dimensions for these

refinements are summarized. The corresponding areas are indicated in Figure 5-1.
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Area Cell size [mm] Refinement depth [mm]
Plate 5 10
Plate edge 2 10
Injector 1 6

Table 5-5: Dimensions of face selection refinement Mode 1, Mode 2, Mode 3 and Mode 3 100

5.1.4. Mesh check and properties
After meshing a mesh check with FIRE® was made. This is important to avoid failures
during simulation. In Table 5-6 results from this mesh check are summarized. It indicates

that no failures have been detected. In Table 5-7 properties of the mesh are summarized.

The average length of one cell is 6.9 mm (° /#ﬁfw”s ).

Description Number of cells  Lower limit
Negative volume 0
Negative normal distance 0
Partially negative volume 0 10-20
Partially negative volume 0 10720

(alternative)

Cell orthogonality (cos (@)) 0 0.08
Duplicated cells 0
Identical vertex 0
Irregular connection 0

Table 5-6: Mesh check results for Mode 1, Mode 2, Mode 3 and Mode 3 100

Description Value
Number of tetrahedron cells 1762
Number of hexahedron cells 1834

Number of pyramid cells 8107
Number of prism cells 7

Number of polyhedron cells 1754940
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Total number of cells 1766650
Volume [m?] 0.585

Average cell length [mm] 6.9

Table 5-7: Mesh properties for Mode 1, Mode 2, Mode 3 and Mode 3 100

5.2. Additional boundary condition
For the inclined plate two additional boundary conditions for the nozzle were made. They

are shown in Table 5-8.

Nozzle Nozzle wall

Boundary condition velocity x-direction wall

value 200 [2] (i = 3.122 [¢]) -

Table 5-8: Additional boundary conditions

5.3. Typical flow results
For post processing purposes, several data sets as described in Chapter 2.2 and 2.3 are
evaluated at selections of 0.1 m width beginning from the inlet. The corresponding x-
positions are shown in Figure 5-5. A group of cells for evaluation is called a selection. For
all diagrams the geometrical barycentre of the selection is taken for the x-position
(Length).

RES_07
RES_02
RES_03
RES_20
RES_23

Py - v &D
IEQI | I;NI | Ir\ll NI |
™ 0 gy
s 4 s < < s
3D 4D
-0.689 0 0.5 1 1.5 2 2.311
Length [m]

Figure 5-5: x-positions of selection regions used for evaluation of mixing indices

These selections were made with complete and half cross section as shown in Figure 5-6.
The name of complete selections start with RES_, while the name of half selections starts
with RESH _.
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RES_ RESH_

complete
selection half selection

Figure 5-6: Evaluated selections

In additional to flow properties, spray droplets are recorded at four different planes
beginning from injector inlet up to x = 3D in steps of 1D. Every passing droplet is

recorded with position, velocity, diameter, density etc..

Before starting the spray simulation, a simulation with gas flow only was made. This is
necessary to achieve a steady flow which serves as start condition for the spray simulation.
It was made with same settings as for the spray simulation but with a larger timestep (see
Chapter 4.3.1 for details). For proof of steadiness, the time evolution of the angular
momentum was evaluated. In Figure 5-7 the corresponding results are depicted for
different positions of Mode 1. After about 0.5 s the flow becomes steady.

1.0 s T s S i
L., . . . . :
. Ag *» . . . . .
0.8 _}‘_:.; : : : : : Selections
Bl e ,*a'*"'fz' ‘?35'3‘5' 5’??5’5‘5‘5‘??5“3‘5’5’5‘?5‘5 « RESOI
—_ 3 o, ' : : ' RES 05
=06k - S U S SN SRS ¢
3 = N : : : ; »  RES10
- g 04_’ vvvvv S ““““ _ i RES 15
E T e : : E E «  RES20
0.2 _:! .....!.I..ll.!.lII.III.III.III.IIIIIIII * RES 25
‘t‘.onilﬁiOtonn.oonuoaoo-oon--oo--. g RES outlet
0.0 F®0eeseessssasseccssessssanescees

0.0 0.2 04 06 08 1.0
Time |s]

Figure 5-7: Temporal evolution of the normalized angular momentum at different positions for
Mode 1 (flow only)
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For spray simulations it is important that wallfilm mass, mole fraction at the outlet, liquid
mass in the whole domain, and temperature at the inside of the pipe wall are constant. This
values are depicted in Figure 5-8. Also, start and end times of the evaluations are drawn in
(Table 5-9).

g 4 1e3 | |
&
o . i i
— | T 3 -W“H .
[ =, ! 1l !
= g i
- {5 L
= i ¢
= - 2| S ]
= S Hi |
E I
1
S S 1| HEI b .
- i
¥ i
% 0 ' i ” ] ]
3 4 S0 1 2 3 4
Time [s]
le2
4 T ! !
i
1
] 6‘ 3 . HHH ]
o i
— i
L
| I |
£ i
c'i i
4 |
1 S :
= I
i
] 0 i H 1 1
3 4 0 1 2 3 4
Time [s]
—— Model =-===- Mode 2 Mode 3
----- tmin, Mode 1 ==== tmin, Mode 2 ====" twin, Mode 3
tmn..n Mode 1 —  linaz, Mode 2 —  maz, Mode 3

Figure 5-8: Temporal evolution of representative values for spray simulation for Mode 1, Mode 2 and
Mode 3
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Modes trmin 5] Emax [S]
Mode 1 1.2 17
Mode 2 11 1.8
Mode 3 1 35

Table 5-9: Evaluation times for simulations

49

In Figure 5-9 velocity vectors in the middle of the pipe from the spray simulation of Mode

1 are illustrated. Big green arrows indicate the main flow; and red ones the injector. This

cut is in flow direction. Directly after the inclined plate for a short length backflow occurs,

but approximately 0.5 m after the trailing edge this backflow disappears.
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Figure 5-9: Velocity vectors of spray simulation at inclined plate and injector of Mode 1

Figure 5-10 shows velocity vector fields beginning from the injector in slices at distances

0D, 1D, 2D and 3D downstream of the injector. A counter rotating vortex pair appears

which increases the mixing effect. Velocity unit is [m/s].

Mode_1:TI_1.7:Flow:Velocity[m/s]

Figure 5-10: Velocity vectors for Mode 1
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5.4. Results

5.4.1. General remarks
All evaluations in this section are regarding spray simulations and time averaged values
from times shown in Table 5-9. The trailing edge (i.e., the downstream end of the inclined
plate) and the leading edge (i.e., the upstream end of the inclined plate) are depicted in the
diagrams. The origin of the coordinate system is located at the droplet injection point

according to the coordinate system defined in Figure 5-1.

5.4.2. Symmetry of flow
In the investigated geometry it is important to note that the (time-averaged) flow is
symmetric. For this the kinetic energy of the whole profile, as well as that of the half
profile (see Figure 5-6) has been evaluated as a function of the axial position x. The
quotient of them has to be two in ideal case because energy of whole profile has to be

double as high in case the flow is symmetric.

Leading edge Trailing edge
2.02 T / T T

2.01} "\/\/\f/\ ]
T 2.00f | \/\N\\ ; |
— 1.99} '”‘-‘l \ L/\' i Mode 1
sl R Y I S B Mode 2
§ % 198 i 7] Mode 3
1 197} V-
1.96 | | , i
195 i | |
-1 0 1 2 3
Length [m]

Figure 5-11: Ratio of kinetic energy of complete and half profile versus the axial position for Mode 1,
Mode 2 and Mode 3

In Figure 5-11 shows that Mode 1 and Mode 2 have nearly over the whole length a
difference of the kinetic energies of less than one percent. Mode 3 has at the trailing edge a
higher deviation than Mode 1 and Mode 2. In summary it can be said that Mode 1 and
Mode 2 have nearly the same flow behaviour. Mode 3 has sometimes higher values.
Finally, it should be noted that because a polyhedron mesh was used, the half profile may

not have exactly half the volume of whole profile.
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Gas flow Gas flow with spray

1,0006e+05 .
1,0005e+05
1,0004e+05 ‘
1,0003e+05
1,0002e+05 _
1e+05
99994 .
99983
90972
999861 »g

L
99950

A T

Figure 5-12: Static pressure of Mode 1 on outlet, unit of colour bar is [Pa]

In Figure 5-12 the pressure distribution of Mode 1 is shown. The gas flow (left panel)
shows a very symmetric distribution. In the spray simulation (right panel) the situation
changes, and an asymmetric flow field is obtained. This also occurred at Mode 2 and
Mode 3.

In Figure 5-14 the total and static pressure versus the length of the domain for the complete
profile are shown. For a better visualisation, p,,; of the boundary condition on the outlet is

subtracted from the pressure p; at position i. This is depicted in Figure 5-13.

/P(Lengl‘h) /P out

w=p(Length) - p ous

Figure 5-13: Pressure subtraction

Between the leading and the trailing edge both p;,; and ps:4:. decrease monotonically. The
drop in pgtqe. 1S larger (approximately 700 Pa at Mode 1 from the maximum to minimum)
compared to pso: (@pproximately 575 Pa from maximum to minimum) because of the
velocity increase in the bottleneck of inclined plate. The same effect is causing a higher

increase of ps,:. after the leading edge because of lower velocity.
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Figure 5-14: Total (left panel) and static pressure (right panel) in the whole cross section over length of
domain for Mode 1, Mode 2 and Mode 3

In Table 5-10 pressure losses from the different modes are shown. Mode 1 is slightly above

the limit given in Chapter 4.1 with 300 Pascal.

Mode Ap¢o: [Pa]
Mode 1 3175
Mode 2 185.3
Mode 3 42.6

Table 5-10: Pressure loss from inlet to outlet

5.4.3. Angular momentum and angular velocity
In Figure 5-15 the angular momentum and the angular velocity versus the length of the
pipe are illustrated for the half cross section. Rotation axis for angular momentum
calculation is the geometrical barycentre of the selection. At the inlet both are nearly zero
and start to increase near the leading edge. At approximately x ~ 0.8 [m] (for Mode 1 and
Mode 2) respectively x ~ 0.4 [m] |L| and |w| are decreasing. All Modes have similar
qualitative behaviour but differ in magnitude. |L| fluctuates because it is directly
influenced by the mass, and the evaluated selections do not have exactly same size, i.e., the
mass differs slightly in each selection. Because of this L is very small at the outlet because
the cell selection is very thin. |L| and |w]| are important values and main contributors for

mixing. If their values are very low, an insufficient mixing can be expected.
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Figure 5-15: Angular momentum and angular velocity for Mode 1, Mode 2 and Mode 3

Oscillations at Mode 3 for L were quite high. In Figure 5-16 the temporal fluctuation of L
is depicted at an axial location of x = 0.25 and at the Outlet. At the Outlet the longer the
simulation lasts, the lower is the oscillation but it does not disappear. At the axial position

x = 0.25, nearly no decrease of oscillation can be recognized.

x = 0.25 (half cross section) Outlet (half cross section)

~25 L

| | | | ! | I | |
1.0 15 20 25 3.0 3.5 M0 15 20 25 30 35
Time [s] Time [s]

Figure 5-16: Angular momentum on outlet for Mode 3 at different positions

Because of this, simulation of Mode 3 was repeated with a finer mesh to test if the grid
resolution causes the oscillation. The general mesh size was reduced from 20 mm to
15 mm. Cylinder refinements for the refined case are shown in Figure 5-17; corresponding
dimensions are summarized in Table 5-11, Table 5-12 and Table 5-13. The goal was to

refine especially around the edge of the inclined plate.
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Cyl 2 Cyl 1

|
ax
az

Figure 5-17: Cylinder refinements of Mode 3 fine

Refinement zone  Cell size [mm]

Cyl 1 15

Cyl 2 10

Table 5-11: Cell sizes of Mode 3 fine

E [m] 0.35 F [m] 0.048

X [m] 0.022 Z [m] 0.4

Table 5-12: Dimensions of cylinder refinements of Mode 3 fine

Area Cell size [mm] Refinement depth [mm|]
Plate 4 12
Plate edge 2 12
Injector 1 6

Table 5-13: Dimensions of face selection refinements of Mode 3 fine
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Figure 5-18: Spray characteristic near the injector inlet of Mode 3 fine at different times
However, also with the refined mesh oscillation appeared. After further investigation, an
explanation of this could be the evaporation of spray droplets. At the beginning of an

oscillating cycle, droplets are evaporated very quickly because of hot exhaust gas (see
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Figure 5-18). Evaporation requires a large amount of energy and cools down the gas.
Because of this the following droplets are not evaporated as fast as that before, and the

temperature of the gas starts to increase again. Then, the cycle starts again.

5.4.4. Gas mixing properties
Several parameters concerning mixing are depicted in Figure 5-19. The mixing of the gas
phase was calculated with the uniformity index y, (see Chapter 2.2.1). Species considered
are NH; and HNCO. At the beginning, y, is 1 because there is no species in this area. After
a peak y, is decreasing and increasing again for Mode 1 and Mode 2. This peak is
approximately three times diameter after the injector. Mode 3 shows a quite different
behaviour. It has a local maximum at the trailing edge and after a local minimum shortly

behind the trailing edge it is increasing nearly constantly.

The species concentration is rising constantly from the inlet to the outlet for all modes. It is
expressed as a ratio of concentration and maximum possible concentration € as shown in
Eqgn. 2-4.

= XNu3 T Xunco Ean 5.1
= qn. 5-
XNH3,max T XHNCO,max

Therefore mass flow of UWS is calculated from mass flow NO, in Eqgn. 5-2.

Myox 1

=

m = 60 = 2.006 m
uws 46 N 0.4 NOX Eqn 5.2
—~— MM Urea & . o
Mole NO,, Urea—2NH3; weigth fraction UWS

In Table 5-14 the corresponding NO, and HNCO concentrations, calculated with mass

flows for UWS and gas as defined in Chapter 2.3.3 according to Eqgn. 5-3, are shown.

Property Mode 1 [ppm] Mode 2 [ppm] Mode 3 [ppm]
XNox 1100 980 650
XNH3,max T XHNCO,max 1050 931 618

Table 5-14: Nitrous gases and corresponding ammonia and isocyanic acid concentration

__ Nnu3
XNu3 T Xunco = o XNox Eqn. 5-3
NOX

Also of interest for characterising mixing properties is the ratio of the tangential (y and z-

direction) and the axial (x-direction) kinetic energy Zkintan The higher this ratio, the higher

€kin,ax

the mixing rate can be expected. The inclined plate indicates an only slowly decreasing
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ratio as a function of the axial position. This indicates that mixing will appear also after a
certain length, and is not only limited to the area of the inclined plate itself.

A high yield of species evaporation Y, as defined below, is important for proper operation

of the mixer.

Myg3 + Mynco + Muzo
Y = - Eqn. 5-4
mliquid,injected

As expected, the yield is increasing monotonically from the inlet towards the outlet.
Mode 1 and Mode 2 have nearly the same behaviour. Mode 3 has a higher yield. A reason
for this is probably the higher temperature of Mode 3, which leads to more complete
evaporation of droplets. At Mode 1 and Mode 2 it is rising till the outlet. Y is only
evaluated at the inlet, the outlet and at the beginning from injector every diameter D

downstream.

Most times the mass balance from Chapter 2.3.3 is fulfilled within an error corridor of less

than 2 %. Only from the inlet to the injector big deviations occur. Reasons for this can be
that there is nearly no mass flow in this region (<5-107° [%g]). It also has to be

considered that the post-processed mass flow data for the calculation can have a deviation
of 5%. At Mode 3, between the injector and a position 1D downstream of it an error of

6.8 % occurs.

5
ny
x ~ 0.8 [m] (for Mode 1 and Mode 2) respectively x ~ 0.4 [m] for Mode 3. Mode 1 and

Mode 2 have nearly the same values over whole length. The qualitative behaviour is

The swirl number starts to increase downstream of the leading edge and decreases at

similar to |w|. |w| and |L| have been already discussed in Figure 5-15. V., (see

Chapter 2.3.2) was calculated with a diameter and length of 1 [m].
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Figure 5-19: Gas mixing properties of Mode 1,

Mode 2 and Mode 3
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5.4.5. Spray properties
Figure 5-20 shows the spatial spray distribution in domain for Mode 1 to Mode 3. Different

modes are indicated with different colors. Mode 3 has the best distribution in space.

Mode 1

Mode 2

Mode 3

Figure 5-20: Spray clouds for Mode 1, Mode 2 and Mode 3

A good indicator for the spray symmetry is the ratio between the angular momentums of
spray droplets for each half of the cross section depicted in Figure 5-21. Angular

momentums are calculated with geometrical barycentre of considered region (barycentre of

1
semicircle is P, in L) and normal vector 7 = 1_52 - 151 = | 0 | (parallel to flow direction). It
0

indicates that the spray flow has a quite big deviation from symmetry. The biggest

deviation is observed for Mode 3.

1.1
1.0
— 0.9
B Mode 1
\';U ?:08 ————— Mode 2
S e N Mode 3
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Figure 5-21: Angular momentum ratios of spray droplets for Mode 1, Mode 2 and Mode 3
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Figure 5-22 - Figure 5-24 shows the influence of different evaluation times when
evaluating the spray mixing factors. The longer evaluation time, the higher the mass
passing a spray plane, and hence a more stable result can be expected. The durations were
chosen for an injected mass of 1 g, 2.5 g and 5 g. Minimum and maximum times are
indicated in Table 5-9. If values are smaller —0.01 or higher than 2 at position x = 0 [m]
(injector position) they are not shown in this figure. The spray planes have been evaluated
with a mesh size of 0.010 [m] (diagrams on left side) and 0.020 [m] (diagrams on right
side).

While the influence of the evaluation time on U, is small, it is very high on U;. An
explanation for the high U, deviations is simple: if more cells of the cross section have
droplets, the enumerator of U, gets smaller because there are less cells with no droplets
(i.e., in which d3,; = 0). U, also reaches values higher than 1. High U, deviations lead to

high Q,,, deviations.

For y,, and y; different evaluation durations have nearly no influence. These two metrics
also do not differ significant from each other. Because of that, only y,, is shown in Figure
5-22 - Figure 5-24. SWTD is the ratio between the area affected by droplets and the whole

area of the cross section. The influence of evaluation duration on this metric is quite high.
This can be explained easily: the longer the evaluation time, the higher the possibility that

a cell is affected by an droplet.
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Figure 5-22: Spray mixing factors for different evaluation times and mesh sizes Mode 1



5 Flow across an inclined plate

Mesh size = 0.010 [m]
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Mesh size = 0.020 [m]
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Figure 5-23: Spray mixing factors for different evaluation times and mesh sizes Mode 2
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Figure 5-24: Spray mixing factors for different evaluation times and mesh sizes Mode 3
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Also, an influence of the mesh size can be observed. U, and also @,,, show a quite high
mesh size dependency, as well as time dependencies. Fortunately, Us has a lower

sensitivity to these settings.

Also for S% a certain influence of the mesh size can be observed. The bigger the mesh

size, the higher is the value for SWTD because of bigger size of each affected cell.

¥m has nearly same behaviour at both mesh sizes. Mesh dependence is getting higher with

increased distance from injector. y,, is getting higher constantly over length.

The degree of mixedness ¢ delivers no reasonable values, and hence is not shown in this

thesis.

In Figure 5-25 the spatial mass flow distribution of spray droplets for Mode 1 and Mode 3
at different positions is shown for a mesh size of 20 [mm]. The definition for mass flow is
shown in Eqn. 5-5. The mass flow in one cell i is the ratio of the mass passing between the

time instant t,,,;;, and t,,4,, and the time difference t,;,4x — tmin-

m;|imax

e G limifnm) e
At x = 0.5 [m] the spray stream is very concentrated at one point. Mode 1 is better
distributed at this position than Mode 2, probably this is due to backflow in Mode 1. At
x =1[m] Model and Mode 2 are similarly distributed with a bigger covered area
observed for Mode 1. At x = 1.5 [m] this same trend is visible. An unbalance between left
and right half occurs. The left side has always a bigger area than the right side. Results for
Mode 3 are shown in Chapter 5.5.2. The highest mass flow indicated in colorbar is set in a
way that mass flow differences can be seen good. I. e. that cells indicated with this mass

flow can have a even higher mass flow.
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5.4.6. Suggestions for improved mixing factors
To avoid high U, deviations, which lead to high Q,, deviations explained in Chapter 2.2.2,
a modification is suggested when calculating U, (. Specifically, the latter should be
calculated the same as Uy, however, using the cell averaged Sauter mean diameter ds, ; as

shown in Eqn. 2-13 instead of ds;, 0. Cells with no droplets are treated with ds, ; = 0.

Y dsy; A
dypyp == 1n 321;;—, l Eqgn. 5-6
i=14%4

With U, the mixedness quality @, is calculated. Uy is, at every position in the
simulated domain, smaller than 1. The very low values at the injector position for example
for Mode 1 can be explained with backflow of very small droplets in this area. This causes
a higher dz, and a smaller U, . Uy s has also a lower time dependent differences than

Ug. This also leads to lower deviations of Q,,, - compared to Qy,.

In Figure 5-26 the behaviour of Q,,  at different mesh sizes for all evaluation times are
depicted. @, s has lower time-and mesh size-dependent differences than Q. @y, r has also

decreasing and stagnant regions, which makes it a less robust metric to use.
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5.5. Comparison of Mode 3 with different settings

5.5.1. Flow properties
In Figure 5-27 values for all Mode 3 simulations are depicted. It shows same values as that

reported in Figure 5-8 for Mode 1 to Mode 3. “Mode 3 fine” is a simulation of Mode 3
with a finer mesh (see Chapter 5.4.3) and “Mode 3 100” is a simulation with a droplet

injection velocity of 100 [%] with the mesh from Mode 3. Most distinguishing detail is the

concentration on outlet xy,0 + Xgnco + Xyuz- At Mode 3 fine it is oscillating the most.

Evaluation durations for all three simulations are the same as in Table 5-9 for Mode 3.
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Figure 5-27: Representative values for spray simulations Mode 3, Mode 3 fine and Mode 3 100
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For the Kkinetic energy ratio shown in Figure 5-28, a mesh dependency is observed. Mode 3

and Mode 3 fine indicate nearly the same results; Mode 3 fine has a different trend.

2.02 .
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N
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o
I
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=
(e}
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Figure 5-28: Ratio of Kkinetic energy of complete and half profile over pipe length for Mode 3,
Mode 3 fine and Mode 3 100

The trends of static and dynamic pressure do not show differences between all simulations.

Yy shown in Figure 5-29 is higher for Mode 3 100 than for Mode 3 and Mode 3 fine. The
same is true for € and Y. The higher droplet injection velocity causes a better gas

distribution with higher evaporation. The mesh dependency for y, and € is small.

Angular momentum, angular velocity, Kinetic energy ratio and swirl number are only

different for different meshes, but do not depend on the droplet injection velocity.
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Kinetic energy ratios and swirl number indicate only a weak mesh dependency. The mesh
dependency is higher for the swirl number. Y is higher for Mode 3 100 over the whole

length of the simulated domain. Mode 3 and Mode 3 fine differ only slightly.

5.5.2. Spray properties
In Figure 5-30 spray clouds for Mode 3, Mode 3 100 and Mode 3 fine are depicted.

Mode 3 100 indicates the best distribution over space. Mode 3 and Mode 3 fine are similar.

Mode 3
Mode 3100

Mode 3 fine

Figure 5-30: Spray clouds for Mode 3, Mode 3 fine and Mode 3 100

In Figure 5-31 the angular momentum ratios are shown. Mode 3 fine and Mode 3 100 have

a much better symmetry than Mode 3.
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Figure 5-31: Angular momentum ratios of spray droplets for Mode 3, Mode 3 fine and Mode 3 100
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Figure 5-32 and Figure 5-33 show similar results as that already shown in Chapter 5.4.5,
but here for Mode 3 fine and Mode 3 100. All quantities have a similar time dependent

behaviour. Q,,, ¥, and SWTD are better for Mode 3 100 than for Mode 3 and Mode 3 fine.

For Q,, and y,, no trend can be recognized depending on the grid resolution, i.e., when

Swbp

comparing Mode 3 and Mode 3 fine. shows higher values for Mode 3 fine than

Mode 3.

In Figure 5-34 and Figure 5-35 the spatial mass flow distribution for Mode 3, Mode 3 100
and Mode 3 fine are depicted. At all positions the distribution is much better for
Mode 3 100 compared to Mode 3. This indicates that the droplet injection velocity has a
big influence on the distribution, even in case an air assisted injector is used. For

Mode 3 fine the spatial distribution is slightly better than for Mode 3.
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Figure 5-32: Spray mixing factors for different mesh sizes and evaluation times Mode 3 fine
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Figure 5-33: Spray mixing factors for different mesh sizes and evaluation times Mode 3 100
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Figure 5-34: Spatial spray mass flow distribution for Mode 3 and Mode 3 100



5 Flow across an inclined plate

Mode 3

lel

x =0.5[m]

ENNWWE RO 0O o

U ot o oLl owuvloWw
=3.500s

=
o

o
w
=

o«
=}

1y
t

m

1.26
117
1.08
0.99
0.90
0.81
0.72
0.63
0.54
0.45
0.36
0.27
0.18
0.09 £

1.000s, t, = 3. 500s

] with tl

e
o
S

mlg |

3.500s

>R s
o r @

= NN N WW
N OO B 00N O
ith t]_ =1. 0005, tz

o
o
wr

=)

[3’

o o
SIS
ng
S

“1

Ity
t

m

Mode 3 fine

Figure 5-35: Spatial spray mass flow distribution for Mode 3 and Mode 3 fine
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5.6. Comparison with and without air assisted droplet injection
In Figure 5-36 a reference geometry is shown which has been calculated without air

assisted spray injection (AASI). It has AVL’s internal project number G144925.

Inclined plate with injector

Figure 5-36: Reference geometry without AASI
The goal of this section is to compare y, and an indicator for the gas concentration, i.e., €

(see Chapter 5.4.4) shown in Figure 5-37 to judge the effectiveness of an AASI.
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Figure 5-37: Uniformity index and concentration ratio for inclined plate with AASI and reference
geometry without AASI
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Values for the reference geometry are drawn in with a circle marker in the above diagram.
¥4 has higher values near the outlet for the reference case. e increases slower (as a function
of the axial distance) with AASI than without it. A possible explanation could be that the
air stream of the injector blows away the gas phase, so that it does not mix with
surrounding area. This causes lower y, and € short after the injector compared to reference
geometry. Once the influence of the injector air stream decreases, because of the distance
from the injection point, e start to increase rapidly. Near the outlet € is higher with AASI
than without. In summary, AASI causes higher evaporation rates and a less efficient
distribution.

Ng

In Figure 5-38 the swirl number is plotted as a function of the axial position. The

nf
reference geometry shows nearly the same results for all modes, i.e., whether AASI is used
or not is not important for the swirl. However, further upstream the magnitude of the swirl
number is higher for the reference case than for inclined plate. This is probably due to the

flow deflection before the mixer: the inclined plate case has only a straight pipe at the inlet.

After that Z—s of inclined plate starts to rise very fast and has higher magnitude than

reference case. The two knees in the reference case indicate change of the sign of the
swirling motion. This is caused due to a change of the rotation direction of the vortices.
Swirl number is evaluated for half cross section with geometrical barycentre as rotation
axis (see Chapter 5.4.4). Selections are oriented parallel to the mixer axis.
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Figure 5-38: Swirl number for inclined plate and reference geometry for half cross section

The swirl number for the complete cross section (see Figure 5-39) shows a quite different

behaviour. Reference modes have, over whole length, nearly same value of ~ 1. Only in a
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region near the mixer, i.e., close to x = 0, it is a little bit lower. In contrast, the inclined

plate case has very low values around 1072,
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Figure 5-39: Swirl number for inclined plate and reference geometry for complete cross section

In Figure 5-40 the spray cloud for the reference modes are depicted. A significant

difference cannot be seen between the three modes. This may be due to the multiple

redirections of the flow, which apparently improve mixing.

Mode 1.
Mode 2gey.

Mode 3gey.

Figure 5-40: Spray cloud for modes without AASI
It is speculated that the two geometries are not completely comparable: the reference
geometry without AASI has three redirectings between the inlet and the mixer, which also

affects the results.
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6. Conclusion and outlook

6.1. Flow parameter
The reference geometry is the benchmark for all further investigations. It has high kinetic
energy ratio, swirl number and angular velocity over whole length. These metrics seem to
be important for good mixing (see Chapter 2.2 and 2.3), and consequently the reference
geometry shows the best mixing properties of all known geometries.

The droplet injection velocity has, even in case air assisted spray injection is used, a
significant impact on spray distribution and droplet evaporation. A higher injection
velocity allows droplets to escape the air stream from the injector. This effect is significant,
and was initially not expected. Also, this effect improves the spray distribution, as well as

increases the evaporation rate.

Comparison of air assisted and no air assisted cases show that air assisted spray injection
causes higher species concentration, but lower uniformity. It appears that the injected air
stream generates a plug flow regions in which a high droplet concentration can be
observed. This causes worse mixing, however, a faster evaporation because of the higher

relative gas-droplet velocity.

6.2. Spray parameter
U,, covered area ratio of droplets SWTD and Q,, show a high dependency on the evaluation

duration and mesh size. U, has a lower, and y,, nearly no dependence on the evaluation
duration and mesh size. Because of this only y,, is recommended for quantifying spray
mixing. To get stable results, however, issues with different gas velocities over the cross
section should be investigated in future studies.

6.3. Comparison with literature
It was not possible to compare results of the present work with literature results in a
meaningful way. In literature only experiments and simulations at ambient temperature,
and in crossflow configuration were made. Because of this, evaporation is much slower
than in the more relevant applications studied in the present work. Also, the spray
distribution is expected to be different due to the cross flow configuration considered in
literature. Thus, only spray parameters detailed in Chapter 2.2 were taken from literature,

and no comparison of the mixing performance was conducted.
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6.4. Uncertainties
A big problem in mesh generation is the mesh near the injection point (see Chapter 5.1.1).
A lot of possibilities with different embedding methods have been tested in the present
work. A combination of two connected meshes delivers the most realistic results, however
also does not seems to be perfect. This topic is also a current issue in solver development:
spray injection simulations using an assisting air stream show a high mesh dependency,

and hence ask for additional studies in the future.

A solution to improve this could be the usage of momentum blending functions. There
momentum on a droplet is not only taken from one cell into account but from several with
a blending function. This allows a much more smooth momentum distribution.

Disadvantage of this approach is the very high computation effort.

6.5. Tested geometries
Some geometries not shown in this thesis have been tested based on their mixing
performance. A few of these geometries have a comparable mixing performance than that
of the inclined plate. For this a target function is introduced which quantifies the kinetic
energy ratio R, the gradients of kinetic energy ratios G, and the pressure loss compared to a
reference geometry. With this technique, some more promising geometries have been
identified.

With best geometry types found by this approach spray simulations with following

simplifications are made:

1. No air assisted particle injection

2. Structured mesh

3. Half model with symmetry boundary condition
4. No wall film

One of the geometries (i.e., a guide blade in a rectangular duct) shows at spray simulation
with rather certainty similar or even better behaviour than inclined plate. Pressure loss is
higher than inclined plate but in same scale. This gives a good starting point for further
investigations. With simulations with an air assisted particle injection, an unstructured
mesh with the complete geometry (not only a half model) and wall film results of

simplified simulations can be proofed. Also geometry optimizations could be made.
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One geometry type (i.e., a 90 degree bend) shows no good mixing properties although
pressure loss is very high. Because of these issues, such geometries are not suitable as

mixers.

6.6. Outlook
In summary, the proposed calculation strategy, i.e., calculation of spray parameters in
multiple spray planes, shows a high potential for practical usage. To make more reliable
statements on the effect of the geometry, however, the influence of the sampling strategy
(see Chapter 2.2.5) has to be investigated in higher detail. Thus, it should be checked
whether the sampling strategy is truly able to judge the degree of mixedness, e.g., by
considering a number of standard situations (e.g., laminar gas flow with a uniform droplet

distribution). Also, usage of momentum blending can potentially improve the results.

The new geometry type mentioned in Chapter 6.5 has potential for further investigations.
In the ideal case it can be developed to a mixer type which can be used in marine Diesel

SCR applications.
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7. Appendix

7.1. Residuals
Important for the solution of the simulation are the normalized residuals. They represent
the numerical failure occurred by solving flow equations. Table 7-1 describes the residual
outputs from FIRE®.

Residual Description

RESU Momentum equation x-direction
RESV Momentum equation y-direction
RESW Momentum equation z-direction
RESD Turbulent dissipation

RESK Turbulent kinetic energy

RESM Continuity equation

RESH Energy equation

Table 7-1: Description of residuals

Also the ratios of first to last residual of one timestep are evaluated. Figure 7-1 shows the
position of them.

Timstep begins ~ RESpist Newt timstep begins

RES[—]

RESlast

Iterations | — |

Figure 7-1: Residuals from first and last iteration step

7.1.1. Residuals inclined plate Chapter 5
For Mode 1 the residuals at last iteration at the current timestep are depicted in Figure 7-2

over time. The maximum value of them is lower than 10~% which is sufficient low.
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Figure 7-2: Residuals from Mode 1
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In Figure 7-3 the ratios of residual of first iteration divided through residual of last iteration

from timestep over residual of last iteration from timestep from Mode 1 are depicted. The

colours of the markers represent time. After the beginning of the simulation values aspire

the bottom side of the plot. This means that the residual of first iteration is getting lower

after time and also after a number of iterations it has nearly the same value as at the first

iteration. This indicates a good converging simulation. Residuals of Mode 2 and Mode 3

are in same range than in Mode 1.
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Figure 7-3: Plot of residual ratios of Mode 1
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