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Abstract

Considering both durability and electricity production, the quality of steam extracted from
a geothermal well and led into the turbine has an important impact on the overall perfor-
mance of a geothermal power plant. To increase the steam quality, i.e. the share of pure
steam in the two-phase mixture, horizontal mist eliminators are commonly used in indus-
try. These devices consist of a drum in which the fluid is expanded and guided through a
filter, where the droplets are separated from the steam.

The design process of mist eliminators is often based on empirical data and the flow inside
the drum is not well understood, yet. Hence, numerical simulations with the freeware
OpenFOAM were performed during this project to develop a wider understanding of the
single-phase flow behavior inside the eliminator.

Eleven simulations were performed including three simulations as part of a mesh sensitivi-
ty analysis, one to investigate different numerical schemes and two simulations with dif-
ferent turbulence models. Further, three cases were run with varying inlet velocities and
two with different inlet/outlet configurations.

First, an appropriate simulation setup could be found based on comparison with a reference
value and recommendations from the literature. This setup included a medium sized mesh
(50 mm cell size), upwind scheme discretization and the k-w-SST turbulence model. Sec-
ond, the variation of the inlet velocities could be used to manipulate the pressure drop and
the flow distribution within the wire mesh. Third, both of the geometry changes gave high-
er overall pressure losses however, the flow distribution inside the wire mesh could be im-
proved by the usage of vertically attached inlet pipes.
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1 Introduction

The utilization of geothermal energy contributes to a sustainable way of thermal and elec-
trical energy production. The lifetime of the equipment and particularly of the steam tur-
bine is a major factor for the feasibility of a geothermal power plant. The quality of steam
extracted from a geothermal well and led into the turbine has an important impact on the
power plant’s performance when both durability and electricity production are considered.
Thus, the steam quality is one of the most influential parameters to be controlled during
operation.

In a geothermal power plant, the extracted geothermal fluid is separated into steam and
liquid in one or more separator stages in order to reach a steam content of at least 98% in
the fluid. This means that 2% of the mixture is still liquid in the form of small droplets,
which can be harmful to the turbine blades. Thus, to avoid damages, a horizontal mist elim-
inator can be used to increase the steam quality up to 99.99%. This device consists of a
drum in which the fluid is expanded and guided through a filter, where the droplets are
separated from the steam. The mist eliminator is located close to the turbine, whereas the
separator can be located close to the wells or on the plant site depending on the steam
gathering system in use [1].

The designs of both separators and mist eliminators are currently a result of experience and
more or less created according to rules of thumb. To improve the performance and investi-
gate possible material savings, numerical simulations were performed during this project in
order to obtain a better understanding of the flow field inside the drum. Since the droplets
were expected to be very small by volume and weight the simulations were set up as sin-
gle-phase problem, i.e. it was assumed that the droplets follow the main flow field and do
not interact with the gaseous phase. This assumption could be made for mist eliminators,
but not for separators where the liquid content is much higher.

Several investigations using numerical methods have been made on separators for horizon-
tal and vertical designs using the multiphase approach (see [2] and [3]). Investigations on
the single-phase flow behavior inside a mist eliminator, however, have not been performed
to current date according to the author’s literature review. Since in this work the scope lies
on horizontal mist eliminators and the physical phenomena utilized for the separation pro-
cess are different, the vertical cyclone design is only discussed very briefly.

The program used to model the cases and to perform the simulations was the freely availa-
ble C++-toolbox OpenFOAM (Open Field Operation And Manipulation) managed and
distributed by OpenCFD®. It allows the development of numerical solvers used for solving
problems of continuum physics as, for example, in computational fluid dynamics (CFD). It
was developed at Imperial College, London, by HENRY WELLER in the late 1980s and is
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1 Introduction

still updated according to new research and experiences. Numerous models have been im-
plemented since then, including models for turbulence, multiphase flow, heat transfer,
chemical reactions as well as different solvers and discretization schemes. Only a few of
these models were used during this case study, however.

To summarize, the aim of this project was to give a better understanding of the single-
phase flow behavior inside horizontal mist eliminators. Furthermore, the setup of the simu-
lations regarding factors such as turbulence models and mesh sensitivity as well as bounda-
ry conditions was investigated. Finally, the results could be used as reference in future de-
sign processes.



2 Mist eliminators in geothermal
applications

A geothermal power plant generates electricity and/or heat from steam extracted from an
underground geothermal reservoir. Thereby, the properties of steam vary depending on the
thermodynamic and chemical composition of the geothermal brine. One of the most crucial
parameters is the steam quality, determining — among other parameters — the possible pow-
er output and the lifetime of the turbine. Usually the steam quality should be kept as high
as possible before the flow enters the turbine to increase the productivity and to avoid
damages by water droplets impinging the turbine blades. This can be realized by including
a mist eliminator between the separator and the turbine inlet, which can increase the steam
quality up to 99.99% by weight. Two different types of eliminators are commonly used,
namely the horizontal type and the vertical cyclone type.

The following chapter gives a short overview on the basic structure of geothermal power
plants, different types of mist eliminators and their functionality.

2.1 General information on geothermal
power plants

The general structure of a typical geothermal power plant is based on the RANKINE cycle
and shown in Figure 2.1.



2.2 Mist eliminator designs

: fmi Cooling tower
Mist eliminator Turbine g

Generator

Separator
3

4
Condenser

2) o

1 8 Cooling water
<9 pump

Pump

Production Reinjection
well well

Figure 2.1: Schematic of a single-flash geothermal power plant

The brine is extracted from the production well (point 1) and then flashed by an expansion
valve (points 1 to 2), i.e. part of the brine evaporates due to a pressure decrease. Since only
steam can be utilized to generate electricity in the turbine it needs to be separated from the
remaining brine through a separation process, which takes place in one or more separators
and mist eliminators (points 2 to 3). In the turbine, the steam is expanded generating elec-
tricity through a generator driven by the shaft of the turbine (points 3 to 4). After the steam
leaves the turbine it is condensed into liquid in a condenser (point 4 to 5) and pumped back
into the reservoir through a reinjection well (points 6/7 to 9).

As mentioned before, the mist removal is part of the separation process and is usually lo-
cated very close to the turbine, whereas the separator can be located further upstream.

2.2 Mist eliminator designs

2.2.1 Cyclone mist eliminators

The cyclone eliminator uses centrifugal forces to separate water from the steam. The two
phase flow enters the cyclone with relatively high velocities up to 60 m/s and is forced into
a helical pattern by the cyclonic shape. The heavier droplets gather at the walls and form a
layer of water flowing down to a tank due to gravity. The steam exits the separator through
a pipe at the top. The flow rate and the geometry determine the so called cut point, which is
the size of the droplets removed from the stream with an efficiency of at least 50% [4].

Figure 2.2 shows the separation process in a vertical steam separator.



2 Mist eliminators in geothermal applications

Steam out
Qutlet
Tube

Inlet
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Body
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Section
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Figure 2.2: Vertical cyclone separator [4]

This eliminator type is a proven design and has shown high reliability in the past. Also, if
the design is sophisticated no internal equipment as filters or wire meshes, is needed to
improve the separation process. However, its operation range is quite small and lies only
within £10%, since the geometry determines the cut point, i.e. if the inlet velocity varies
too much the separation efficiency decreases rather quickly. Furthermore, the visual impact
is big since the drum could reach heights up to several meters. This also makes the con-
struction susceptible to high wind and seismic loads, which have to be accounted for by
strong supports, increasing material cost [1].

2.2.2 Horizontal mist eliminators

The horizontal gravity separator has been used since the 1990s for geothermal applications
and is therefore a rather new component in geothermal power plants. In mist eliminators of
this design type, the steam flows into a big drum in which it is expanded and slowed down.
Next, it is guided through a wire mesh or filter, fine enough so that the water droplets at-
tach to the wires. After the droplets reach a certain mass, they fall down due to gravity and
flow into a separate tank. When the steam leaves the mesh, it should have a quality of at
least 99.9% by weight.



2.2 Mist eliminator designs

The biggest advantage of horizontal mist eliminators is the flexibility of their design, since
the separation efficiency is not as dependent on the geometry as for the cyclone type. Thus,
the operation range lies between 50 and 110% [1]. Furthermore, the visual impact is much
lower compared to the cyclone type and the drum is less exposed to wind loads. Also,
maintenance and installation are easier. However, an internal mesh is needed, which im-
poses an additional pressure drop and needs to be cleaned regularly.

Figure 2.3 shows two possible configurations for horizontal mist eliminators. The location
and orientation of the mesh can either be vertical or horizontal. Further, the inlet pipes can
be vertically attached to the drum as in the cases below, or from the side caps. Also, the
number of inlets and outlets can be chosen rather arbitrarily. This leaves a lot more room
for design optimization compared to the vertical type.

C. Vertical
element

AL VEW

D. Horizontal
element

END
VIEW

I SIDE

VIEW

Figure 2.3: Typical horizontal mist eliminator configurations [5], with friendly permission
from AMACS

The mechanism for droplet removal depends on the size of the droplets, which in turn is
dependent on the process by which they were generated. For saturated vapor the droplet
size is given between 3 and 20 um in diameter [5], which requires a really fine, knitted
mesh for the separation process. The droplets collide and adhere to the mesh, aggregate to
larger droplets and drain down from the mesh to the water outlets.



3 Theory

The behavior of every case of fluid flow in nature can be described by appropriate govern-
ing equations usually formulated as physical transport phenomena in the form of balances.
In the literature, these equations are often referred to as NAVIER-STOKES equations, de-
scribing the motion of the flow, and the continuity equation. They are non-linear differen-
tial equations of second order and need to be solved numerically for most cases. However,
there are solutions for certain problems assuming certain boundary conditions (e.g.
POISEUILLE flow or COUETTE flow). In the following chapter, the governing equations are
stated and shortly described.

Fluid flows in nature and industry are most often turbulent and so is the flow in mist elimi-
nators. Therefore, turbulence must be taken into account as it has a major impact on the
movement of the fluid and the pressure drop over the system. Turbulence can occur on the
smallest length scales requiring very fine spatial discretization and thus making the compu-
tational effort quite large. For this reason turbulence models have been introduced model-
ing turbulence as a separate quantity besides momentum and mass. In chapter 3.2, turbu-
lence models that were used to simulate the flow in the eliminator are discussed.

Since there is no analytical solution to the NAVIER-STOKES equations for most cases, nu-
merical methods were developed in order to approximate a solution through an iterative
process. Thereby, the mentioned balance calculations are performed over a control volume,
referred to as a cell. These can be performed by hand, but for complex systems the usage
of CFD is required, i.e. the equations are solved with an iterative solver on a computer.
Some of the numerical aspects are shortly illustrated in chapter 3.3.

The wire mesh inside the eliminator was treated as a porous medium. Chapter 3.4 briefly
describes the physical background and how it was implemented in the case study.

Most of the derivations and explanations in this chapter are based on ANDERSSON et al. [6],
unless otherwise indicated.

3.1 Governing equations

The governing equations for a flow include the NAVIER-STOKES and the continuity equa-
tions. The former one describes the conservation of momentum, the latter one the conser-
vation of mass. If heat transfer is involved, the conservation of energy also needs to be
considered.

For this work, the EINSTEIN notation is used to formulate the governing equations accord-
ing to [6]. The continuity equation for incompressible flow reads:
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U,
axi

=0 (3.1

where U denotes velocity and x the spatial direction.

The assumption of incompressible flow was made throughout the paper, since the MACH
number did not exceed a value of 0.3, as is elaborated in Chapter 4.1.3.

The NAVIER-STOKES equation, describing the conservation of momentum reads:

at = Jox;, pox Vaxj ‘ (3.2)

- a_xj axi

with t denoting the time, p denoting pressure, v as kinematic viscosity and F as combined
body force. According to the EINSTEIN notation the index i denotes the spatial direction
and j is the repeated index implying the summation of all terms in which it occurs twice.
The kinematic viscosity v is defined as the quotient of dynamic viscosity u and density p:

_H
V= 5 (3.3)

3.2 Turbulence modeling

The flow inside the eliminator is assumed to be partly turbulent due to the high inlet and
outlet velocities. Hence, some aspects of turbulence and its treatment in CFD are discussed
in this chapter.

Turbulence is an unsteady, random and three dimensional movement of fluid particles
within the main flow field encountered in nature as well as in many industrial processes.
Therefore, turbulence is one major aspect which needs to be considered for engineering
tasks involving fluid flows and is thus of great interest when CFD is applied. Principally,
turbulence can be defined as the production and decay of dissipation [6]. The criterion for
whether a flow has turbulent characteristics is the REYNOLDS number, which is the ratio of
the inertial forces over the viscous forces:

Re = — (34)

where L denotes a characteristic length, e.g. the diameter of a pipe. Turbulent flow occurs
at different Re numbers depending on the boundary conditions but for internal flows like in
pipes the critical REYNOLDS number for the transition from laminar to turbulent flow is
stated as Re = 2100 [6].
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The length and time scales of turbulent fluid flow are usually much smaller compared to
the ones of the main flow field. Therefore, the turbulent movements require a much better
resolution both regarding temporal and spatial discretization which can lead to very high
computational costs. Thus, turbulence is usually described with a statistical method which
is described in the following chapter.

3.2.1 REYNoLDS-averaged momentum and continuity equations

A common approach for the development of a turbulence model is based on the
REYNOLDs-averaged NAVIER-STOKES (RANS) equations, for which the flow quantities are
decomposed into a mean and a fluctuating component:

Ui = Ui + Ui, & P = E + p, (35)

For unsteady problems, ensemble averaging is used (see [7]). Applying this for Equations
(3.1) and (3.2) gives the REYNOLDS decomposed continuity and momentum equations,
which then can be averaged over time. Recalling the fact that the temporal average of a
fluctuation is zero the RANS equations can be formulated as follows:

Ui _ (3.6)

et e Rl P 3.7)

U, —aU; 19p 9%2U; U,
t 7 0x; p 0x; oxjx;  0x;
Equation (3.7) can be rewritten using the dynamic viscosity and then the last term becomes
—pU;U; = 7;j, which is referred to as REYNOLDS stresses. It allows for a coupling between
the mean flow and the fluctuations of the velocity field. It has the form of a symmetric ten-

sor and thus introduces six new variables to the RANS equations, i.e. they are not closed
anymore. Hence, turbulence models are used to introduce a closure.

Most turbulence models used in industry are based on the BOUSSINESQ approximation,
which assumes that the components of the REYNOLDS stress tensor are proportional to the
mean velocities of the flow field. It reads:

.y, =Y — — 2k, 3.8
U S = (axj * o, 3 ki 3-8

where k denotes the turbulent kinetic energy, which describes the intensity of the fluctua-
tions around the mean flow velocity and is defined as follows:
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k:_U,iU,i (39)

Vp = % is referred to as the kinematic turbulent or eddy viscosity, which is used to model

the REYNOLDS stresses. Hence, the BOUSSINESQ approximation assumes turbulent mass

transport as a diffusive process and adds the eddy viscosity to the physical viscosity of the
fluid.

Inserting Equation (3.8) into (3.7) gives the final form of the BOUSSINESQ approximation:

_____ ok, 9 + (3.10)

Jt + ja_xj_ pox; 30x; Ox; ox;  0x;

U, —aU; 10p 20k 0 oU; aU;
—+U = (v +v)

Further assumptions made by the BOUSSINESQ approximation are the isotropy of turbulence
and the existence of equilibrium between stress and strain. Mainly the former one can
cause problems if the flow is strongly anisotropic, e.g. close to walls or in cyclonic streams

[6].

Like the normal viscosity, the turbulent viscosity can be expressed by a length and a veloc-
ity:

2
vr = Cy— = C,UL (.11)

Where [ contributes for the length scale of the turbulent eddies and U for the velocity they
travel with. C, is a scaling factor usually obtained from experiments. The calculation of
these two parameters by the use of additional transport equations is the purpose of turbu-
lence modeling. Depending on the number of transport equations added, it can be distin-
guished between zero-, one- or two-equation models.

The models used during the simulation of the mist eliminator were two-equation models
commonly applied in industry, namely the k-&¢ model and the k-w-SST model, and are
discussed in the following sections. Further, the SPALART-ALLMARAS model was used as a
representative of the one-equation models.

3.2.2 The k- model

The k-& model uses the turbulent kinetic energy k to model the velocity and the turbulent
dissipation rate € to model the length scale. It is one of the most common turbulence mod-
els and an established industry standard. The eddy viscosity is calculated as follows:

-10 -
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vy =, (3.12)

The proportional factor was set to €, = 0.09, which is a common value used in industry.

The turbulent dissipation € which is the rate at which the turbulent kinetic energy is con-
verted into heat is defined as:

axj'axj
To estimate k and € two additional transport equations need to be formulated:
ok — ok aU; aU;\aU; d v\ 0k
—+Ui—= — — —=— 3.14
ot o T Kaxj * axi> ox; |~ ¢ oy (v+ ak) ox; G149

for the turbulent kinetic energy k and:

de _— 0 oU. aU;\oU; 2 9 d
_€+Uj_g:C£1VT£l< iy 1) ll o _l(V+V_T>_€l (3.15)
ax]' k

ot dx;  0x; ) 0x; B 82?+6x]- o/ 0x;

for the turbulent dissipation rate €. Recommended values for the model coefficients are
Ce1 =1.44,C,, = 1.92, 0, = 1.00 and o, = 1.30, which were obtained from experiments
and can be changed manually for the most CFD software. Several simplifications and clo-
sures have been used to obtain Equations (3.14) and (3.15), which will not be discussed in
detail here but are further explained in [7]. Three equations have been stated for the three
variables, namely turbulent kinematic viscosity, dissipation rate and kinetic energy, and
thus a closure is obtained.

The k-& model is stated to have numerical robustness and to give good results for free-
shear layer flows with relatively small pressure gradients [8]. It was originally developed
to simulate flows with a very high REYNOLDS number. However, for problems involving
adverse pressure gradients, swirling flows and strong streamline curvature it gives poorer
results [6]. Furthermore, for regions close to walls, damping functions have to be used.

Because of its robustness, this model was used for the first simulations of the eliminator
flow.
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3.2.3 The k-w-SST model
The following explanations are mainly based on [9].

Another two-equation model widely used in industry is the k-w-SST model (Shear Stress
Transport model), which expresses the eddy viscosity by the turbulent kinetic energy and a
specific dissipation which is defined as:

o = (3.16)

€
k
This model was used for most of the simulations in this project and is thus explained in
more detail. The k-w-SST model combines the advantages of the k-&¢ model and the k-w

model, which is stated to have better properties in regions close to walls [6]. Therefore, the
incompressible k- and w-equations are stated first:

ok 9k T;0U; ] ok

— 4+ U —=H " prok+— — 3.17
Jt 5 ox;  p 0x; prak + 0x; l(v + okvr) ale 317

for the turbulent kinetic energy k and:
dw —dw _y 10U, , 0 dw
at " Jox; v p 0x; pot+ 0x; v +0oyvr) 0x; (3.18)
201 F)Uwzakaa) '
Y w 0x; 0x;

for the specific dissipation w, which is the inverse of the turbulent dissipation timescale.

The quotient containing the shear stress tensor % can be calculated according to the

BOUSSINESQ approximation. The turbulent kinematic viscosity is here defined as:

a k
(3.19)

Vr = max(a, w, SF,)

with the strain invariant S as:

S= /Sl- iSij (3.20)

where
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1(0U; aU;
==+ 3.21
Sl] 2 <6x] + Oxi> ( )

The model distinguishes between different regions based on their distance d from the clos-
est wall and uses either a more k-¢ or a more k-w similar approach to solve the flow field.
This is controlled by the blending factors F; and F,:

P h' , VE 5000\ 4o,k T\
. = tanh || min [max S wd e ) CD..d°

2vk 500v
F, = - (3.22)
, = tanh || max (,B’*wd' dza))

The closure constants recommended in the literature and used for this project are given in
Table 3.1.

Table 3.1: Closure constants for the k-w-SST model [9]

k-w closure Or1 0.85
Ow1 0.65
B 0.075
k- closure Ok 1.00
02 0.856
B2 0.0828
SST closure B 0.09
a, 0.31
V1 &
9
V2 0.44

The constants occurring in the equations above without a numbering index (e.g.  or gy)
are blended with the following equation where ¢ represents the corresponding constant:

¢ =Fip,+ (1 —-F)op, (3.23)

Now, the closure for the model is complete. A limiter for the production term in the k-

.. . ijoOU; .
equation is usually used, which replaces the term %7‘ with:
]
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(T 0U;
— * 3.24
mln(p axj,ZOB wk) ( )

As can be seen, the k-w-SST model is more complex than the k-& model since two sets of
equations need to be calculated first and then the more suitable one is chosen for the ap-
propriate flow region. The model uses the k-w model for boundary layers and switches to
k-& behavior in the free stream regions of the flow domain. This also means that no damp-
ing function close to walls is required. Because of its practical characteristics, the k-w-SST
model became very popular in industry. However, it is stated to need slightly more compu-
tation time than either of the models it is based on and to over predict turbulence in regions
with large normal strain, e.g. with high accelerations [6].

Since several authors (e.g. [6], [10]) state this model to be very accurate for complex ge-
ometries and due to the benefits of combining two turbulence models, the k-w-SST model
was used for most of the simulations during this project.

3.2.4 The SPALART-ALLMARAS model

In contrast to the models discussed before, the SPALART-ALLMARAS model uses only one
transport equation to calculate the eddy viscosity. It was originally developed for external
aerodynamics of streamlined bodies [9]. In OpenFOAM the following version of this mod-
el is used:

2

v —av - ¢ v
T tUim—= cp1 (1 — fr2)SV — [Cwlfw - %ftz] (E)
J

Jt dx
. 5 (3.25)
4 d ) av N av dv
ax\ "V ox | T P2 x; o
The turbulent viscosity is here defined as:
vr =Vfy (3.26)

The closures and values for the individual model coefficients were taken from [10].

Since only one equation needs to be solved, the computational time is lower compared to
the other two models described above, hence it was also tested for the eliminator flow.

3.3 Discretization

The governing equations (3.1) and (3.2) can most often not be solved analytically. Thus,
numerical methods are used to obtain results in an iterative process, which require discreti-
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zation for the continuous quantities. In the OpenFOAM programmer’s guide [11] the dis-
cretization process is divided into:

“Spatial discretisation defining the solution domain by a set of points that fill and bound a
region of space when connected;

Temporal discretisation (for transient problems) dividing the time domain into [...] a finite
number of time intervals, or steps;

Equation discretisation generating a system of algebraic equations in terms of discrete
quantities defined at specific locations in the domain, from the PDEs that characterise the
problem.”

3.3.1 Spatial discretization

Spatial discretization in OpenFOAM is usually performed with a hexahedral mesh, which
can be refined and also be snapped to a non-hexahedral boundary. Figure 3.1 shows two
neighboring cells and their parameters. P denotes the center of the current cell, f the inter-
nal cell face and N is the center of the next cell. d is the length vector between P and N. S¢

is the surface area vector.

Figure 3.1: Two neighboring finite volumes (cells) [11]

The nomenclature from Figure 3.1 is used to describe the discretization of the governing
equations in the next chapter.

3.3.2 Discretization of the governing equations

The individual terms of the governing equations can be discretized by different discretiza-
tion schemes offered in OpenFOAM. Usually the GAUSS divergence theorem is used for
the integration of the individual terms which states that the net flux through a surface is the
sum of all sinks and sources inside a volume surrounded by that surface. Alternatively,
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OpenFOAM offers higher order schemes like the least squares method for gradients, but
for this work only GAUSS integration in combination with an interpolation scheme was
used. The individual integration process for each term of the governing equations can be
found in [6].

After the integration process the interpolation scheme needed to be specified. In the first
simulations, GAUSS integration with a limited linear interpolation scheme was used for
discretization. It can also be interpreted as a bounded version of the central differencing
scheme (CDS) and is second order accurate. The arbitrary field entity ¢ is interpolated via
linear interpolation as follows:

br = Ppds + Py (1 — Af) (3.27)

with A as the ratio of the distances from f to N and P to N. This scheme becomes unsta-
ble if the problem involves highly convective flows. Thus, the SWEBY limiter was used in
order to bind the CDS preventing it from too high oscillations (see [12]).

Another scheme which was used in this project was the upwind scheme. It assumes the face
value between two cells as equal to the nearest upstream cell, i.e.:

br=p if S;-Us 20 or ¢r=¢y if S-Ur<0 (3.28)

It is the only scheme which is purely bounded. Also, a combination of both schemes - the
linear upwind scheme - was used for some of the divergence terms, which switches be-
tween upwind differencing (UD) and CDS with a blending factor:

¢r = Grup + W(Prep — brup) (3.29)

which for i = 1 is purely a CDS and for ¥ = 0 is purely an upwind scheme. The user can
specify the blending factor by a parameter in the case files, which was left default during
this project.

For the time derivative the EULER implicit method was used, which is first order accurate
and bounded. Applying this scheme, the accumulation term becomes:

5 %
o Vf b dv = - (3.30)

where n denotes for the new values at the time step which is solved for and o denotes old
values from the previous time step.
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3.3.3 Temporal discretization

Temporal discretization involves the discretization of the governing equations for transient
problems. Using the EULER implicit method gives for the time derivative:

e TG = @) (@eV) (V)
P — (Dp P — (Dp
— = = 31
f atf ¢ dv|dt J. AT dt AT At (3.31)
t 4 t
and for the spatial derivatives:
t+At t+At
f f ¢ dv|dt = J. ¢ dt = ™At (3.32)
t Lv t

This scheme is bounded, unconditionally stable and first order accurate. Other schemes
such as CRANK-NICOLSON or backwards differencing are available in OpenFOAM but
were not applied during this project. They are further discussed in [7] and [11].

3.4 Treatment of a porous wire mesh

The wire mesh which is used to separate the droplets from the steam (see Chapter 2.2.2)
was modeled as a porous medium. Such a medium can be defined as a material partially
consisting of solids and pores, which are filled with a fluid. Its most important property is
the porosity 9 which is defined as the fraction of the pores V}, over the total volume V; of
the medium:

9=
Vr

(3.33)

The flow through porous media can be described by adding a sink term to the governing
equations [13]:

9 ou; 9 o (9U; dU; S;
a(ﬁUl)-l—l]] l p < l+ ]) 2

a—sz—a—xi-*'va—xj axj axi +Fi+; (334)

The sink = consists of a viscous loss term and an inertial loss term leading to a pressure
p

drop proportional to the flow velocity and its square. For a simple homogeneous porous
medium it can be expressed by the DARCY-FORCHHEIMER law:
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S; 1
;=f=_(vdi+z|u|ﬁ)ui (3.35)

In OpenFOAM, a porous medium is defined by a cell zone within the flow domain, for
which the DARCY coefficient d; and the FORCHHEIMER coefficient f; need to be specified.
These parameters determine the flow resistance through the medium and thus the pressure
drop.

The latter one was provided by the manufacturer and used to calculate the FORCHHEIMER
coefficient, while the DARCY coefficient was neglected. This approach seemed reasonable
since the FORCHHEIMER term accounts for inertial effects caused by high velocities within
in the filter.
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The case study was divided into three stages. First, the right simulation setup had to be
established. Usually, this is done by comparing the simulation results of the present design
to measured data, in order to validate the modeling procedure. Several cases were run to
identify an appropriate simulation setup including a mesh sensitivity analysis as well as the
testing of different turbulence models and numerical schemes. From this procedure the
simulation which fits best to the measurements would be used as basis of comparison.
However, for this project only one parameter for validation could be provided by the man-
ufacturer, namely the pressure drop over the filter. As it turned out, most of the simulations
calculated the pressure drop rather accurately with a deviation of +5%, thus other criteria
needed to be considered based on suggestions and recommendations found in the literature.

After an appropriate simulation setup was found, the first investigations regarding the op-
eration conditions could be made. This included the variation of the inlet boundary condi-
tions, i.e. a different distribution of the flow into the eliminator. Three different cases were
tested during this part of the project.

The last step was the change of the geometry in order to find an improved design with a
lower global pressure drop, since this is one of the desired improvements for future elimi-
nator designs. Further, the flow within the filter is important for the separation efficiency
and a more even velocity distribution is usually desirable. Besides the current design, two
additional ones were modeled and simulated in OpenFOAM.

4.1 Modeling of the current mist eliminator
design
The following chapter describes the pre-processing for the current eliminator design used

by Verkis at e.g. Reykjanes Geothermal Power Plant. All further simulations were pre-
pared in a similar way and only the differences to the initial case setup are explained.

4.1.1 Geometry creation

The current mist eliminator used by Verkis has two horizontal inlets at the side caps and
three vertical outlet pipes, which are connected to a bigger horizontal one, called gathering
pipe. The filter is located in the center of the eliminator below the outlet pipes. Further-
more, two water outlets at the bottom are used to drain the drum.

For the simulations, the model had to be simplified in order to ease the mesh generation
and to enhance numerical convergence. First, the openings on the side were excluded,

-19 -



4.1 Modeling of the current mist eliminator design

since they are closed during operation and are only used for maintenance. This was also the
case for the valves and openings at the water outlets. All edges reaching into the flow do-
main, for example, pipe endings were not included. An exception was the shroud holding
the filter, which was modeled as a baffle, i.e. as a surface with the characteristics of a wall
boundary condition. The wire mesh itself was modeled as a porous medium specified as a
cell zone within the flow domain. Additionally, internal surfaces, which have no impact on
the flow behavior, were included for the purpose of post-processing.

The CAD software used for this project was Autodesk Inventor 2014 Professional. A 3D-
model of the eliminator geometry utilized for the initial simulations is depicted in Figure
4.1. The length of the inlets was increased to allow for the development of a fully turbulent
velocity profile when the flow enters the drum. Another measure to achieve such a profile
was the usage of mapped patches, as will be discussed in Chapter 4.1.3. Also, the horizon-
tal outlet pipe was increased in length to avoid backflow into the drum and thus repercus-
sions, i.e. the flow field inside the drum was intended to be independent of the flow in the

outlet pipe.
Gathering pipe

Vertical outlet pipes

Drum

Left inlet pipe

Right inlet pipe

%’ i \/ Filter with shroud

Water outlets

Figure 4.1: 3D-model of the internal volume of the mist eliminator

After the 3D-model was created in Inventor it was exported as .step-file ("STandard for the
Exchange of Product model data’’) in order to make it usable in Salome — a freely available
pre-processor employed for geometry manipulation and mesh generation. In Salome, the
patches and faces were grouped and named according to their functionality and the usual
OpenFOAM naming convention (capital letters to separate words).

The steel sheet surrounding the flow domain was defined as a wall. The inlets and outlets
were defined as patches and confined the flow domain with in- and outflow boundary con-
ditions. The shroud was defined as a baffle separating the region before the filter from the
one after the filter, so that the flow was forced through the wire mesh. Three internal faces
were used to observe the flow through the filter. One face was used for the gathering outlet
pipe and three additional ones for the outlet pipes. An overview of all patches and faces is
given in Table 4.1 and Figure 4.2.
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Table 4.1: Name convention and functionality of patches and faces used for the mist elimi-

nator models

Patch/face name

Functionality

mistEliminator

wall confining the flow domain

baftle separating the regions before and after the

shroud

filter

TetLef . . ]

?i 21 211§R$ gﬁt inflow from each side of the domain
outlet outflow from the domain; end of the gathering pipe
porousin internal faces confining/intersecting the filter; used
porousMid .
porousout for post-processing
pipeLeft internal faces located 0.8 m downstream from the
p1: peM1: d filter intersecting the three vertical outlet pipes;
pipeRight used for post-processing

internal face located 1.5 m upstream from the outlet
outletxSec intersecting the horizontal gathering pipe; used for

post-processing

After grouping the patches and naming them they were exported as .stl-files (“Standard
Tessellation Language”), which then could be used for meshing in OpenFOAM. This pro-
cedure was performed in a similar way for all the following designs.

pipeLeft pipeMid pipeRight outletXSec

j// ‘
. ! outlet
inTetLeft ;

| ‘\

Lo

mistEliminator

inletRight

shroud

porousIn porousMid porousout

Figure 4.2: Overview of patches used for modeling and post-processing

4.1.2 Meshing

The mesh for spatial discretization was created with the OpenFOAM utilities blockMesh
and snappyHexMesh. With the former one a rectangular block consisting of hexahedral
cells large enough to contain the eliminator geometry was created. The initial cell size, i.e.
the dimensions of the individual hexahedrons, was specified in the blockmesh dictionary
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as 50x50x50 mm. Next, snappyHexMesh was used to snap the mesh to the patches defined
in Table 4.1. During this process, the utility created a castellated mesh by splitting the cells
at the edges of the geometry into smaller ones in order to approximate the curvature of the
surface. Then, cells, which were located outside the closed geometry were removed, fol-
lowed by surface snapping, during which the castellated mesh was smoothened. For a de-
tailed description of the snapping process the reader is referred to the OpenFOAM user
guide [14]. The meshed geometry is illustrated in Figure 4.3. The overall number of cells
obtained was 449,000.

e

Figure 4.3: Solid eliminator geometry (left) and a mesh cross section (right)

For the meshing of the eliminator no boundary layer refinement was employed due to very
high REYNOLDS numbers in the order of Re =~ 37.6 - 10°. This would have led to very fine
cells close to the walls with a thickness of less than one millimeter. The incorporation of
such small boundary layers would have increased the computational time significantly and
could thus not be realized within the given timeframe. However, future investigations
should take an appropriate wall treatment into account. The calculation of the parameters
describing the wall region can be found in Appendix A.

4.1.3 Boundary conditions

For all of the case setups, the boundary conditions of the non-internal patches were defined
according to their functionality listed in Table 4.1 and to the corresponding variable. In
OpenFOAM, the specification of the BCs is carried out for each flow entity, i.e. for the
first simulation the velocity and the pressure as well as the turbulent kinetic energy, dissi-
pation rate and eddy viscosity had to be specified. The k-& model was chosen for the first
simulation, since it is stated to be robust and suitable for high Re-numbers as discussed in
Chapter 3.2.2. The velocity and pressure BCs are listed in Table 4.2 and Table 4.3. For the
calculation of the corresponding values and the estimation of the turbulent inlet properties,
which were implemented similarly to the velocity BCs, the reader is referred to Appen-
dix B.
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Table 4.2: Velocity BCs for the initial simulation setup

Patch/face name value/info
mistEliminator (0 0 0) m/s, wall
inletLeft (16 0 0) m/s, mapped
inTetRight (-16 0 0) m/s, mapped
outlet zero gradient

Table 4.3: Pressure BCs for the initial simulation setup

Patch/face name value/info
mistETliminator zero gradient, wall
inletLeft zero gradient
inletRight zero gradient
outlet 0 Pa

As can be seen in the mentioned tables, the inlets were defined as velocity inlets, i.e. a flow
of constant velocity streamed into the domain perpendicularly to the inlet patches. For the
walls, the no-slip condition was used stating that the relative velocity at walls is zero. The
outlet was defined as a pressure outlet with a value of 0 Pa, i.e. all pressures were calculat-
ed as relative pressures. Another assumption regarding the pressure was incompressibility,
since the MACH number was significantly below 0.3, i.e. the lower limit from which point
on effects caused by compression should be taken into account. The working pressure in
the eliminator was given at 20 bar-a, which for saturated steam corresponds to a speed of
sound of 505 m/s. The highest velocities encountered during the simulations were about 37
m/s, thus the assumption of incompressibility seemed valid.

Another problem, which needed to be considered was turbulent inflow. The flow inside the
eliminator was assumed to be turbulent, thus the velocity entering the drum should have a
fully turbulent profile. This aspect was incorporated by the usage of mapped patches one
meter downstream from the inlets. The mapped quantities were used as new inlet condi-
tions for each time step, thus a turbulent flow could establish after a certain amount of
simulated time. Figure 4.4 shows the velocity profile over the cross section of one of the
inlet pipes with and without mapping.
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4.1 Modeling of the current mist eliminator design

U_Wagnituce 7] U_Magnitude:

Figure 4.4: Velocity profile in one inlet pipe with (left) and without mapping (right)

The wire mesh was modeled as a porous zone, which adds a source term to the governing
equations as shown in Equation (3.34). For this project it was modeled as an
explicitPorositySource which uses the DARCY-FORCHHEIMER law and requires the
input of the corresponding coefficients. As mentioned in Chapter 3.4, only the
FORCHHEIMER coefficient was used to express the source term which is calculated in Ap-
pendix C as f; = 251.31. Since the filter consists of arbitrarily arranged wires, it was as-
sumed that the flow resistance has the same value for all three spatial dimensions, hence

h=fL=fL=F

The droplets were assumed to be very small by weight and volume (d <20 pm) and thus
the flow in this project was treated as a single-phase problem. This simplification has to be
verified by two-phase flow models and/or measurements in future projects.

4.1.4 Discretization schemes

As already stated in Chapter 3.3.2, the schemes used for this work were GAUSS integration
combined with the limited linear, the upwind and/or the linear upwind scheme. For the first
simulation linear schemes and their variants were used, which are second-order accurate.
For the divergence terms the limited linear scheme was chosen, since it is stated to be very
stable due to its bounding limiter. For the gradient terms the simple linear scheme and for
the LAPLACIAN terms the linear scheme with orthogonal correction were chosen.

The implicit EULER scheme was selected for the temporal discretization, which is first or-
der accurate, bounded and unsteady. Theoretically this scheme should allow for COURANT
numbers greater than 1, however, the simulation became unstable for values over =3. The
reason for that was the selected transient solver pisoFoam, which can operate for COURANT
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4 Case study

numbers only slightly over 1. Thus, the time step was kept rather small. The COURANT
number describes how many cells the flow travels during one time step and can be calcu-
lated for strong convection by the following equation:

CFL=— 4.1
A (4.1)

It is recommended to start the simulations with a rather low COURANT number, so Equa-
tion (4.1) was used, to estimate the time step. With the COURANT number set to 1, an as-
sumed minimum cell size of 10 mm and maximum velocity of 25 m/s, the time step would
be 0.4e-3 s, which was used throughout the project.

To allow the flow to fully develop and to account for the larger turbulent timescales the
overall simulated time had to be chosen appropriately. If the solution converges in time,
i.e. if certain flow patterns show a repetitive character, the simulation time might be de-
creased. For the initial case it was chosen to be 25 s.

As it turned out, the first simulation could be run with the configurations explained in the
last three chapters and gave good agreement with the pressure drop value over the filter
stated by the manufacturer. However, to assure that the solution is independent of the
simulation properties, the mesh, the numerical schemes and the turbulence model were
changed according to literature recommendations and experience. The variables for com-
parison as well as the different variants of case setups are discussed in the following chap-
ters.

4.2 Simulation variants

In total, eleven simulations were performed during this project, which can be divided into
three categories:

1. Influence of the simulation setup
2. Change of boundary conditions
3. Change of geometry

The first category investigated the dependency of the results on properties concerning
mesh quality, turbulence model, numerical schemes and temporal discretization. For the
simulations of the second category, the mass flow distribution for the inlets was changed,
i.e. different inlet velocities were specified. The last simulations were run with modified
inlet and outlet configurations. Each case is described in the following chapters and some
results are briefly mentioned if needed, however, a detailed evaluation of each case is giv-
en in Chapter 5. An overview of all simulation variants can be found at the end of the
chapter in Table 4.5.
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4.2 Simulation variants

4.2.1 Influence of the simulation setup

To find the setup, which best approximates the given measurement data and to investigate
on the sensitivity of the results towards simulation parameters, certain simulation proper-
ties were varied, namely the cell size, the turbulence model and the numerical scheme.

e C(ell size

In order to ensure that the results obtained from the simulations are grid independent, three
simulations with different cell sizes were performed for the original design described in
Chapter 4.1. For the first and the second simulation, only the global cell size was changed
in the bTockMeshDict, but for the last one a region for refinement was specified. This re-
gion included the filter and a cylinder containing the jet streams originating from the inlets.
The simulations were named according to the OpenFOAM naming convention and are
listed with their corresponding properties in Table 4.4.

Table 4.4: Mesh properties for the mesh sensitivity analysis

Simulation Cell size Number of cells
originalcCoarse 80 mm 109,000
originalMedium 50 mm 449,000

originalRefined 50 mm, 25 mm for 945,000

refined regions

The meshes used for the mesh sensitivity analysis are illustrated in the figures below by a
Xy-Cross-section.
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Figure 4.5: Mesh xy-cross-section of the case originalCoarse
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Figure 4.6: Mesh xy-cross-section of the case originalmedium
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Figure 4.7: Mesh xy-cross-section of the case originalRefined

The results showed that the difference between the medium and the refined case is rather
small, thus the following simulations were performed with a cell size of 50 mm.

e Numerical schemes

The stability and accuracy of the solution can strongly depend on the chosen numerical
schemes. Since the flow is dominated by convection for the given case only bounded
schemes were used, namely the limited linear and upwind schemes. The OpenFOAM user
guide states that these two schemes should give sufficient results and that higher order
schemes are usually not necessary. A known problem of the upwind schemes is numerical
diffusion caused by the fact that the value of any flow entity is constant over the whole cell
as shown in Equation (3.28) [6]. The impact of this phenomenon is lower if the cell size is
kept small and if the flow is aligned with the mesh, i.e. not diagonal. Higher order schemes
could reduce this effect, but also lead to higher computational time. No investigations were
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4.2 Simulation variants

performed testing whether numerical diffusion occurred during the simulations but should
be in future projects.

The simulation setup was the same as in Chapter 4.1 except for the schemes, which were
switched to linear upwind for the velocity divergence terms and to upwind for the remain-
ing divergence terms. The case was named originalupwind.

As it turned out, the change from linear to upwind schemes did not have a big impact on
the results but originalupwind gave a filter pressure drop slightly closer to the given data.
Thus, upwind schemes were used for the following simulations.

e Turbulence model

Three different turbulence models were tested during this project, namely the k-& model,
the k-w-SST model and the SPALART-ALLMARAS model. The former one was the industry
standard for a long time for various applications, hence it was used as starting point for this
project. However, the k-w-SST model took over its place during the last years and is stated
to give better results for highly complex geometries [6]. The motivation to use the
SPALART-ALLMARAS model was an assumed saving of computational time. The simulation
setups were similar to the ones before, i.e. medium cell size and upwind schemes. The cas-
es were named originalssT and originalSpAlim.

The difference of the results and the computational time between k-w-SST model and k-¢
model were rather small. Since the k-w-SST model is commonly suggested, for example in
[6] it was used for the following simulations.

4.2.2 Change of boundary conditions

For the cases described above the mass flow was equally divided between the two inlets.
Since the operation pattern can change for the mist eliminator, three other distributions of
mass flow were investigated. The first one was for 40% of the mass flow entering through
the left inlet and 60% through the right one, the second one was with a ratio of 60%-40%
and the last one with a ratio of 75%-25%. Since the flow was assumed to be incompressi-
ble this directly translated to changed velocities with the same ratios, namely 12.8 and 19.2
m/s, 19.2 and 12.8 m/s, and 24 and 8 m/s. All other properties were kept the same and the
cases were named originalvaru4060, originalvaru6040 and originalvaru7525.

4.2.3 Change of the geometry

The change of the geometry consisted of the modification of the inlet and outlet configura-
tion and two cases were investigated. In both cases only two vertical outlet pipes with the
diameter of the gathering pipe from the original case were used instead of three. For the
first case with the name topInletoutlet the inlet pipes were attached vertically on top of
the drum. For the second case called topoutletMerged the two outlet pipes were attached
vertically and merged with a T-connection at a height of 1 m from the drum.
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4 Case study

The motivation behind these changes was to compare different outlet header and inlet con-
figurations and how the flow inside the drum would be affected by such arrangements.
Especially, the second case was of interest due to the symmetrical setup which might give

a more even flow distribution.
Gathering pipe

Right inlet pipe

Two vertical outlet pipes
\

Left inlet pipe

Shroud with filter

Figure 4.8: Eliminator design case topInletoutliet

Vertical gathering pipe

T-connection Right inlet pipe

Left inlet pipe

Shroud with filter

Figure 4.9: Eliminator design case topout]letMerged

The simulations with changed geometry were performed with the k-w-SST model, upwind
schemes and a medium cell size.

An overview of all simulation variants is given in Table 4.5.
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4.3 Evaluation criteria

Table 4.5: Overview of all simulation variants

pipes merged into one

) ) ) Number | Numerical | Turbulence
Simulation name Information
of cells schemes model

originalcoarse 80 mm cell size 109,000

filter and jet streams re- linear /

o refined ) 945,000 | .. .
originalReTine fined with 25 mm cells limited
linear k-¢

initial case, 50 mm cell
originalMedium | gize
originalupwind changed numerical scheme

SPALART-

originalSpATlm | variation of the ALLMARAS

turbulence model
originalssT

inlet vel. left: 12.8 m/s
original4060 inlet vel. right: 19.2 m/s

449,000 ind /

inlet vel. left: 19.2 m/s upwin

original6040 inlet vel. right: 12.8 m/s llnegr
upwind

inlet vel. left: 24 m/s k-w-SST
original7525 inlet vel. right: 8 m/s

two vertical inlet and out-

two horizontal inlet pipes
topoutletMerged and two vertical outlet

4.3 Evaluation criteria

This chapter introduces the criteria and variables which were used to compare the simula-

tions with each other. They include the velocity distribution in and the pressure drop over
the filter, the total pressure drop over the whole eliminator, the volumetric flow distribu-
tion between the outlet pipes and their corresponding pressures. Further, visual evaluations

by means of contour plots and computational criteria as the solver time were used.
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4 Case study

4.3.1 Quantitative criteria

Important variables for the performance of the eliminator were used to compare the simu-
lations with each other. These variables included the pressure drop over the filter, the over-
all pressure drop and the mass flow distribution for the outlet pipes. The filter pressure
drop was also used for comparison with the manufacturer’s data. The values for each vari-
able were obtained by averaging over time after the fluctuations became rather small, i.e.
less than 5% of the mean value. This was usually the case after 5 s.

e Pressure drop over the filter

Since the pressure drop over the filter is the only given data for validation, the values ob-
tained from the simulations were used to estimate the quality of the simulations. To calcu-
late the pressure drop in OpenFOAM the area weighted pressure values for the patches
porousIn and porousout were subtracted from each other.

e Overall pressure drop

The total pressure drop from the inlets to the outlet is an important criterion for future mist
eliminator designs. Similar to the filter, the differences in average pressure between the
patches outlet and inTetLeft and inTetRight, respectively, were calculated. The indi-
vidual evaluation of each inlet offered an opportunity for better comparison between the
simulations.

e Pressure in the outlet header

Another pressure value used for comparison was the average pressure in the outlet pipes.
The faces intersecting the pipes perpendicularly were located 0.8 m above the patch po-
rousout, i.e. the filter outlet. The faces were named pipeLeft, pipemid and pipeRight.
Another face was used to observe the pressure in the gathering pipe located 1 m upstream
of the outlet called outletxsec. The four patches are shown in Figure 4.10.

outletXSec

 DelLeft pipeMid pipeRight
pipeLe

Figure 4.10: The four patches used for data sampling
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4.3 Evaluation criteria

e Volumetric flow distribution between the vertical outlet pipes

The flow distribution between the outlet pipes seemed to affect the flow pattern within the
filter and was thus of interest. The same faces as for the pressure sampling described above
were used.

4.3.2 Qualitative/visual criteria

Visual criteria include images and movies showing scalar or contour plots, vectors and
streamlines. For the images, different faces were defined for plotting which are discussed
in this chapter.

e Cross sections through the CARTESIAN planes

The origin of the coordinate system used to model the eliminator was located exactly in the
center of the drum which made it practical to use the CARTESIAN planes. Especially the x-y
plane was favorably used since it showed the development of the flow field inside the
drum very well.

e Cross section through the filter

To evaluate, for example, the velocity distribution inside the filter a plane was created be-
tween the patches porousIn and porousout. It was located exactly in the middle between
the two mentioned planes.

4.3.3 Computational criteria
e Computation time

Particularly for future simulation projects which use the results obtained from this work,
the computation time is an important evaluation parameter. It mainly depended on the cell
size and the time step.

e Convergence

The simulation should run stably and reach convergence. For unsteady simulations the
residuals cannot be used to check for convergence, but for example repetitive patterns in
the flow distribution over the time steps could be an indicator. Also, the fluctuations of the
quantitative values described in Chapter 4.3.1 may show such a behavior or could become
stable at a certain value. If this is the case, it can be assumed that the solution is conver-
gent. Large scale fluctuations in time may be falsely not considered if the simulated time is
too short. For the cases described in this work, the simulation time was set to 10 s, which
seemed to be sufficient. This was done after one case was run for 60 s and the averaged
sampled values showed only minor fluctuations and the flow field seemed to be stabilized
after 3 to 4 s already.
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5 Results

The results obtained from the simulations described in the chapters above are discussed
here in detail and possible conclusions are drawn. The initial case is evaluated and the first
findings are discussed. Then, the simulation setup giving the most reasonable results is
derived and the influence of a different velocity distribution for the inlets is evaluated. In a
last step, the impact of geometry changes is described.

5.1 Initial case

The initial case originalMedium described in Chapter 4.1 could be run with good stability
and convergence. The values already seemed to stabilize after two seconds of simulated
time, i.e. no big fluctuations could be observed while visualizing the velocity plot over
time. However, the simulation was run until 10 s were reached, to account for possible,
larger, time dependent eddies. However, these could not be observed. The velocity plot of
the xy-cross-section after 10 s is shown in Figure 5.1.

Outlet

Left inlet Right inlet

Mmu\|H|mm|n\|mm
3 6 9

0 12

2 U magn. [m/s]

Figure 5.1: Velocity distribution inside the mist eliminator for the initial case showing jet
streams and separation in the outlet header

As can be seen, the steam entered the drum as a jet stream due to its high inlet velocity,
was slowed down in the filter and then accelerated in the vertical outlet pipes due to a de-
crease of the cross sectional area. The highest velocity could thus be found inside the hori-
zontal gathering pipe at the outlet of the right vertical pipe.

What also could be observed was that the flow profile in the gathering outlet pipe is not
fully developed and could have an impact on the flow field inside the drum. For the setup
of future simulation projects the length of this pipe should thus be increased. To ensure
comparability with the other simulations, the basic geometry was kept the same for this
project.
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5.1 Initial case

The pressure plot, shown in Figure 5.2, indicates that the main pressure losses occurred in
the header due to strong separation caused by the sharp edges. This is especially the case
for the right outlet pipe, where a large separation region established restraining the flow
from the other outlet pipes. This is also illustrated in Figure 5.3 by the turbulent intensity,
which is the ratio of the turbulent fluctuations U’ over the mean flow velocity U. If the in-
tensity is high, turbulence dominates the flow. From these results, one suggestion for an
improved design could already be derived, i.e. to use bends in order to establish a smoother
flow in the header.

AN

T
-2500 -900

&

L, p [Pa]

Figure 5.2: Pressure contour plot over the xy-plane inside the mist eliminator for the ini-
tial case showing the main pressure losses after the right outlet pipe

e _—

il
3 4 5 6 7
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Figure 5.3: Turbulent intensity at the outlet pipes for the initial case showing turbulence in
the mid and right outlet pipes and the gathering pipe

Another finding was that the flow distribution inside the filter was uneven and that strong
suction below the outlet pipes caused the steam to travel faster through the filter in some
regions. This effect is shown in Figure 5.4. As can be seen, the flow was mainly driven by
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suction through the right and the middle pipe, even though the incoming flow was symmet-
rical. This indicates that the pressure gradients for these pipes are higher.

porousIn:

UY [m/s]

1 The flow arriving
from the jet
streams is sucked
into the filter.

porousMid:

The flow pattern
caused by the suc-
tion from the three
outlet pipes de-
velopes.

porousout:

The three suction
regions below the
pipes are fully de-
veloped.

Figure 5.4: Velocity components in y-direction filter inlet porousInto filter outlet po-
rousout for the initial case showing the suction zones below the outlet pipes

A good illustration of the flow distribution can also be provided by the stream line plot in
Figure 5.5. It can be seen that the main share of steam flows through the right outlet pipe.
Furthermore, the two eddies caused by the colliding jet streams and the resultant decelera-
tion of the flow can be seen in the bottom part of the drum.
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5.1 Initial case
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Figure 5.5: Velocity magnitude stream lines for the initial case showing that the main
share of flow is sucked through the right outlet pipe

In Table 5.1, the mass flow distribution shows in numbers what could already be seen in
the contour plots, namely that the main share of the flow travels through the middle and the
right pipe. Further, the pressure drop over the filter seemed to fit the manufacturer’s data
well with a deviation of -2.9% which means that the method to implement the porous zone
with the FORCHHEIMER coefficient seemed to be valid. Moreover, the pressure drop over
the whole eliminator was around 5.6 kPa, independently from which inlet it was measured.
Yet, the pressure difference for the right inlet was higher which could be the reason for the
uneven flow distribution within the filter as was observed in Figure 5.4. With nine hours,
this simulation had a moderate computation time.

Table 5.1: Results for the initial case after 10 s, values for the three outlet pipes from left
to right are separated by a backslash (row 7 and 9)

originalMedium

Turbulence model k-¢
Number of cells 449,000
dp filter [Pa] 211.7

dp eliminator left [Pa] | 5595
dp eliminator right [Pa] | 5605
Pressure in outlet pipes
from left to right [Pa]
Pressure cross section
outlet [Pa]

Mass flow distribution
from left to right [%]
Simulation time [h] 9.1

4909 /4567 / 3251

2233

24.4/29.1/46.5
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A detailed description of the results obtained from the initial case was given in this chapter
in order to point out general findings, which could be observed for all cases. In the follow-
ing sections, only results which varied from the initial case are discussed.

5.2 Influence of the simulation setup

First, a mesh sensitivity analysis was performed based on the initial case. After an appro-
priate cell size could be found this case was used to evaluate different numerical schemes.
When the decision was made for upwind schemes the turbulence model was changed and
compared to the results obtained with the k-& model for the upwind case. By choosing the
k-w-SST model the last parameter for an appropriate simulation setup could be specified.
With this setup the remaining simulations were run, namely the cases with variation of the
inlet conditions and with changed geometry.

5.2.1 Mesh sensitivity

Three simulations with different cell sizes and numbers were performed in order to study
how sensitive the results react towards a finer or coarser mesh. The other parameters were
the same as for the initial case. The results are shown in Table 5.2 below.

Table 5.2: Results for different mesh sizes

originalCoarse

originalMedium

originalrRefined

Number of cells

109,000

449,000

945,000

Manufacturer’s pres-

2153
sure drop [Pa]
dp filter [Pa] 1782 2117 218.0
dp eliminator left [Pa] | 5310 5595 5738
dp eliminator right [Pa] | 5332 5605 5741
P in outlet pi
ressure in OULICLPIPES | 1o 10/ 4485 /3185 4909 /4567 /3251 4942 / 4600 / 3305
from left to right [Pa]
Pressure Cross section 2088 2233 2421

outlet [Pa]

Mass flow distribution
from left to right [%]

23.8/29.4/46.9

24.4/29.1/46.5

24.5/29.1/46.3

Simulation time [h]

2.0

9.1

17.8

As expected, the simulation with the finest mesh gave the best approach to the manufactur-
er’s pressure drop of 215.3 Pa with a deviation of only 1.25%. However, the medium sized
mesh was also very close to that value with only -2.98% deviation. In general, the differ-
ences between the refined and medium cases were rather small except for the pressure in
the gathering pipe, which was 8% lower. Hence, it seemed reasonable to use a medium cell
size for the remaining simulations, since the computational time was almost twice as high

-37 -



5.2 Influence of the simulation setup

for the refined case, but the results did not show a big difference. The coarse mesh, howev-
er, should not be used, since it had a larger deviation of up to 18% compared to the refined
case.

Another effect which could be observed was the increase of the pressure values for finer
cell sizes as shown in Figure 5.6. An explanation for this behavior was the decrease in dif-
fusion, due to a better resolution of the pressure gradients.

230,0

210,0 /l’
200,0 / =9—Coarse mesh
190,0

/ =-Medium mesh
180,0 Refined mesh

170,0

Pressure drop over filter [P

160,0

150’0 T T T T 1
0 200000 400000 600000 800000 1000000

Number of cells

Figure 5.6: Pressure drop over the filter as function of the cell size

For further evaluations, the medium case was used as reference simulation, since cases
with a refined mesh would have taken significantly more computational time and the dif-
ference between originalMediumand originalrRefined was rather small.

5.2.2 Influence of the chosen numerical schemes

The numerical model was changed from limited linear to linear upwind. The remaining
parameters were kept the same, i.e. k- turbulence modeling and a medium mesh size. The
following results were obtained:
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Table 5.3: Comparison of results between the initial case and the case run with upwind
schemes

originalMedium originalupwind
Numerical schemes linear / limited linear ~ upwind / linear upwind
dp filter [Pa] 211.7 212.0
dp eliminator left [Pa] | 5595 5523
dp eliminator right [Pa] | 5605 5536

Pressure in outlet pipes
from left to right [Pa]
Pressure cross section

4909 /4567 / 3251 4848 /4513 /3321

outlet [Pa] 223.3 215.3

Mass flow distribution

from left to right [%] 24.4/29.1/46.5 24.7/29.6/45.6
Simulation time [h] 9.1 9.2

As can be seen most of the results were similar and the differences lay in between +4%.
Also, the flow distribution seemed to be very similar, as for example the velocity distribu-
tion over the filter cross section showed, which is illustrated in Figure 5.7.

originalMedium

UY [m/s]

originalupwind

Figure 5.7: Comparison of the velocity distribution over the filter middle plane porousmid
for the cases originalmediumand originalupwind
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5.2 Influence of the simulation setup

Since the filter pressure drop was slightly closer to the data given by the manufacturer and
the flow distribution showed a very similar behavior, upwind models were used for the
following simulations and the case originalupwind was used as further reference.

5.2.3 Influence of the chosen turbulence models

Since the k-& model is stated to be less accurate for simulations involving jet streams [6],
which were present for the flow entering the drum, two additional turbulence models were
tested, namely the k-w-SST and the SPALART-ALLMARAS model. The results are shown in
Table 5.4 below.

Table 5.4: Results for three different turbulence models for the initial design

originalUpwind originalssT originalspAllm
Turbulence model k- k-w-SST SPALART-
ALLMARAS
dp filter [Pa] 212.0 210.3 208.9
dp eliminator left [Pa] | 5523 5435 5364
dp eliminator right [Pa] | 5536 5462 5379

Pressure in outlet pipes
from left to right [Pa]
Pressure cross section
outlet [Pa]

Mass flow distribution
from left to right [%]
Simulation time [h] 9.2 10.7 7.6

4848 /4513 /3321 4638/4266/3503 4484 /4148 /3153

2153 202.9 202.2

247/29.6/456  26.6/32.0/413  26.5/31.1/423

In general, Table 5.4 shows only minor differences between the applied turbulence models.
A trend observed was that the pressure values were the highest for the k-¢ and the lowest
for the SPALART-ALLMARAS model. Further, the mass flow distribution between the verti-
cal outlet pipes seemed to be more even for the case using the SST model with a range
from 26.6% to 41.3% in contrast to the k-&¢ model with a range from 24.7% to 45.6%. This
also applied for the range of the pressure distribution, which is the smallest for the SST
model. One conclusion from that could be that the recirculation region caused by the flow
separation at the right outlet pipe was smaller in the case of the SST model. This would be
in accordance with the literature, stating that the k-& model tends to over predict turbulence
[15]. The contour plots below show such a behavior.
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Figure 5.8: Velocity contour plot for the case originalSST showing the right upper cor-
ner of the xy-plane with gathering pipe and separation zones after the outlet pipes
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Figure 5.9: Velocity contour plot for the case originaimediumshowing the right upper
corner of the xy-plane with gathering pipe and separation zones after the outlet pipes

For the case using the k-& model, the separation region in the gathering pipe reached much
further downstream than for the SST model case as shown in Figure 5.8. This caused the
flow to travel at higher velocities for a longer distance in the upper part of the pipe due to a
lower cross sectional area and thus introduced a higher pressure drop caused by friction.

Further, the velocity profile in the filter cross section did not show major differences and
was very similar to the ones in Figure 5.4.

The SPALART-ALLMARAS model as an example of a one-equation model gave an even low-
er pressure drop. The flow field seemed to be similar to the other two cases above as illus-
trated in Figure 5.10.
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5.3 Change of boundary conditions
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Figure 5.10: Velocity contour plot for the case originalspAllmshowing the right upper
corner of the xy-plane with gathering pipe and separation zones after the outlet pipes

Unfortunately, the existence of only one parameter provided by the manufacturer made a
validation very difficult and so was the choice for the right turbulence model. Since the
evaluation variables showed not very big differences between each other and the visualiza-
tion gave very similar flow patterns, it seemed that the solution was not very dependent on
the turbulence model. Thus, the decision was made according to recommendations found
in the literature. As already mentioned the k-& model has problems estimating the extent of
jet streams and separations and tends to over predict the resulting turbulence. On the other
hand it uses wall functions, which do not require a high resolution of the boundary layer.
This could be beneficial, since no y*-adaptation was performed for the meshes used in this
project. The SST model, however, requires very low y*-values and could give wrong es-
timations for boundary layer flows. The strengths of the SST model rather lie in the model-
ing of separations and complex geometries in general. The SPALART-ALLMARAS model
was originally developed for aerodynamic flows and is supposed to not be a suitable choice
for internal flows and jet streams, yet it required less simulation time.

All in all, several sources (e.g. [6], [10]) state that the k-w-SST model is the state of the art
turbulence model and should be applied for most cases in industry. Therefore, this model
was chosen for the following simulations including the variation of the inlet conditions and
the geometry changes.

5.3 Change of boundary conditions

After an appropriate simulation setup could be found including a medium cell size, upwind
schemes and the k-w-SST model, the cases involving the variation of design parameters
were run. First, the inflow distribution between the left and the right inlet was varied in the
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5 Results

ratios 40%-60%, 60%-40% and 75%-25% which led to the following inlet velocities: 12.8
/19.2m/s, 19.2 /12.8 m/s and 24 / 8 m/s. The results are shown in Table 5.5 below.

Table 5.5: Results of the inlet velocity variation for the initial design

original original original original
varu4060 SST varu6040 varu7525
Inlet velocity left/ 128/192  16/16 192/12.8  24/8
right [m/s]
dp filter [Pa] 209.6 210.3 212.1 219.5
dp eliminator left [Pa] | 5539 5435 5339 5155
dp eliminator right [Pa] | 5413 5462 5494 5535
Pressure in outlet pipes | 4661 /4641 / 4638 /4266/ 4620/4241/ 4592/4189/
from left to right [Pa] 3504 3503 3494 3454
Pressure cross section 2006 202.9 203 200
outlet [Pa]
Mass flow distribution | 27.0/31.7/  26.6/32.0/  26.1/324/  253/32.7/
from left to right [%] 41.3 41.3 41.5 42.0
Simulation time [h] 8.6 10.7 8.3 8.9

The pressure drop over the filter increased with higher velocities at the left inlet as illus-
trated in Figure 5.11. This led to the conclusion that the velocity within the filter also in-
creased, since the pressure drop is directly proportional to it.

224

220

216

212

208 -

Pressure drop over filter [Pa]

204 -

® original Varu4060

® originalSST
original VarU6040

® original VarU7525

Figure 5.11: Pressure drop over filter for different mass flow distributions at the inlets

Further, the differences between the pressure losses calculated from the right and from the
left inlet were higher with a less even distribution. The pressure drop for the side with a
low inlet velocity was higher, which was not in accordance with the fact that the pressure
losses are directly proportional to the velocity. However, the flow with a lower velocity
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5.3 Change of boundary conditions

had to overcome the dynamic pressure caused by the high momentum of the fast flow dur-
ing the collision and thus a higher static pressure for this side of the eliminator was neces-
sary. Therefore, the inlet pressure for the low velocity side and consequently the pressure
difference to the outlet was higher. This behavior is illustrated in Figure 5.12 showing the
pressure distribution inside the eliminator drum for the case originalvaru7525. As can be
seen the pressure is lower on the left side where the flow entered with a higher velocity.

3400 3800 4200 4600 5000 5400 5800

a

L, p [Pa]

Figure 5.12: Pressure plot over the xy-plane inside the drum for the case original-
varu7525 showing the pressure difference between the left and right part of the drum

Another effect observed was a different distribution of mass flow between the three outlet
pipes. For the case originalvaru4060 the range was the smallest with 14.3%. Thus, the
flow was more evenly distributed causing lower velocities and hence a lower filter pressure
drop. The different mass flow ranges for each case are shown in Figure 5.13.

17

—_—
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® original VarU4060

B originalMedium

= original Varu6040

Range of mass flow
distribution [%]
>

® original VarU7525

—
AN
]

13 -

Figure 5.13: Mass flow ranges of the vertical outlet pipes for varying inlet velocities, e.g.
for originalvaru406027% of the flow streamed through the left pipe and 41.3% through
the right one, thus the mass flow range was 14.3%
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5 Results

This behavior could also be observed by the visualization of the flow field over the filter
cross section porousMid as shown in Figure 5.14. There, the influence of the velocity vari-
ation and its impact on the suction zones within the filter can be seen. The higher the ve-
locity at the left inlet the further right the main suction zone was located. Further, the gra-
dient from the left to the right side of the filter seemed to be higher for the case orginal-
varu7525 and even a back flow into the drum due to underpressure caused by the left jet
stream could be observed.

originalvaru4060

originalssT

UY [m/s]

f—t

o
o)

&
o)

originalvaru6040

<
N

0.2

originalvaru7525

Figure 5.14: Velocity distribution over the filter middle plane porousmidfor different inlet
mass flows showing how the main suction zone moves further to the right with higher ve-
locity at the left inlet
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5.3 Change of boundary conditions

The velocity profiles over the xy-plane are illustrated in Figure 5.15. It shows the different
velocities in the inlet pipes and how they affected the establishment of the jet streams.
However, the impact in the outlet header was rather small.

originalvaru4060

originalssT

originalvaru6040

originalvaru7525

24 -16 -8 0 8 16 24 32 40
= U X [m/s]

g

Figure 5.15: Velocity cross section over the xy-plane of the eliminator for different inlet
velocities showing their impact on the development of the jet streams
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The simulations with varying inlet velocities showed that the pressure drop and velocity
distribution could be manipulated by choosing different distributions of inlet mass flows.
With lower velocities at the left inlet the pressure drop tended to decrease and the flow
distribution within the filter seemed to be more even.

5.4 Geometry changes

Two additional eliminator designs were investigated, which are described in Chapter 4.2.3.
The outlet and inlet configurations were changed in both cases to study the flow behavior
for differently mounted mist eliminators. Other parameters were kept the same, i.e. the
simulations were run with the medium sized mesh, upwind schemes and the k-w-SST tur-
bulence model.

The results are shown below in Table 5.6.

Table 5.6: Results for different outlet and inlet configurations

originalssT topInletoutlet topoutletMerged
Number of cells 449,000 482,000 436,000
dp filter [Pa] 210.3 201.2 209.3
dp eliminator left [Pa] | 5435 5580 6550
dp eliminator right [Pa] | 5462 5572 6551
Pressure in outlet pipes | 4638 / 4266 /
4425/ 3574 5042 /5073
from left to right [Pa] 3503
Pressure cross section 202.9 130.0 107.6
outlet [Pa]
Mass flow distribution
. 26.6/32.1/41.3 42.7/57.3 50.3/49.7
from left to right [%]
Simulation time [h] 10.7 11.3 7.8

As can be noticed, the number of cells changed according to the volume of the model.
Since for the case topoutletMerged the outlet header used the least space, the number of
cells was the smallest. This was also the reason for the lower computation time. However,
the size of the cells was not changed.

The pressure drops over the filter were similar to the reference case originalssT for the
case topoutletMerged, however, the case topInletoutlet had a comparably lower one.
This led to the conclusion that the velocities for this case were lower due to a higher decel-
eration inside the drum. This effect could be explained by the jet streams originating from
the top and impinging the bottom wall which caused a higher loss in momentum and thus
decreased the velocity. Furthermore, the jet streams were very unstable over time and
showed a randomly oscillating behavior. This is illustrated in Figure 5.16 depicting the
flow field inside the drum after two different periods of time.
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5.4 Geometry changes
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Figure 5.16: Velocity contour plot over the xy-plane for the case topInletoutlet after
two different periods of time showing the time dependency of the jet streams’ shape

By visualizing the velocity over the filter middle plane porousmid it could be observed
that for the merged outlet case a symmetrical distribution was present after 10 s of simulat-
ed time. However, this state was not stable and the velocity fluctuated depending on the
flow in the outlet pipe. This is shown in the two lower illustrations of Figure 5.17 depicting
the flow distribution after two different periods of time.

A more even flow distribution was present for the case with the inlet pipes attached verti-
cally from above. It seemed that the impingement with the bottom walls caused a greater
loss of inertia than a collision of two jet streams.
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originalssT

UY [m/s]

topInletoutlet

topoutletMerged fort=9s

topoutletMerged fort=10s

Figure 5.17: Velocity plot over the filter middle plane porousmid for different inlet and
outlet configurations

As mentioned the flow lost more of its inertia due to the collision with the bottom wall.
This behavior is illustrated in Figure 5.18 showing the turbulent intensity over the xy-
plane. The turbulence in the center of the drum was low and as was observed in Figure
5.16, the main flow velocity was also small. Thus, the steam in the center of the drum
could be assumed to be quite tranquilized in contrary to, for example, the case
topoutletMerged where a more turbulent regime established.
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topoutletMerged

topInletoutlet

0 1 2 3 4 5 6 7
s L[

Figure 5.18: Turbulent intensity plot over the xy-plane for the case outletmergedand
topInletout]et showing a much more tranquilized regime for the latter case

The overall pressure drops increased for both cases but the case with the merged outlet had
a 20% higher one. This was a significant difference compared to other pressure drops
which deviated only around +2%. The reason for this could be found in the T-connection
in the outlet header shown in Figure 5.19 and Figure 5.20. It can be observed, that there
were strong regions of separation after the T-connection, causing a high pressure drop.
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Also, the flow behavior was strongly time dependent as already mentioned above, which
could be mostly observed further downstream in the outlet pipe.
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Figure 5.19: Velocity contour plot over the xy-plane for the case topoutletMerged
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Figure 5.20: Pressure profile in the T-connection for the case topoutletMerged showing
high pressure losses in the horizontal gathering pipe
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5.5 Summary

Both simulated cases with changed geometry gave higher pressure drops than the initial
design. The reduced number of outlet pipes caused higher velocities in them and thus in-
creased the pressure loss. Furthermore, the sharp edges at connections of pipes led to
strong separation. One recommendation would be to use steadier transitions, for example,
bends or ducts. In general, the pressure drop can be kept small by using bigger pipe diame-
ters and by avoiding abrupt transitions.

Further, a higher deceleration of the steam by the reduction of its inertia caused a better
flow tranquilization in the center of the drum. Thus a more even flow distribution inside
the filter was obtained, which could improve the separation efficiency.

5.5 Summary

In total, eleven simulations were performed during this project including three simulations
as part of a mesh sensitivity analysis, one to investigate on different numerical schemes
and two simulations with different turbulence models. Further, three simulations were run
with changed inlet velocities and two used different inlet/outlet configurations. An over-
view of all simulation variants can be found in Table 4.5 and all results are listed in Ap-
pendix D.

As it turned out, a suitable simulation setup could be found by applying a mesh with a me-
dium cell size of 50 mm, upwind schemes and the k-w-SST model. This setup was called
originalssT and used as reference for the following simulations. However, the lack of
sufficient measured data made the validation not very reliable. This needs to be considered
if the results obtained from this work are used for any design decisions.

The contour plots showed that the current eliminator design utilizes the elimination of iner-
tia by letting the two jet streams collide in the center of the drum. This caused turbulence
and slowed down the flow. However, suction zones below the vertical outlet pipes estab-
lished causing an uneven flow distribution inside the filter.

When the inlet velocities were varied according to their corresponding share of mass flow
for the initial eliminator design, a better distribution of flow inside the filter could be found
for higher velocities at the left inlet. In general, the pressure drops over the whole elimina-
tor tended to be smaller for lower velocities. The most important results for the velocity
variation are shown in Table 5.7.
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Table 5.7: Summary of results obtained from varied inlet velocities

original original original original
varu4060 SST varu6040 varu7525
Inlet velocity left/ 12.8/192  16/16 192/128  24/8
right [m/s]
dp filter [Pa] 209.6 210.3 212.1 219.5
Mass flow distribution | 27.0/31.7/ 26.6/32.0/ 26.1/32.4/ 253/32.7/
from left to right [%] 41.3 41.3 41.5 42.0

Both newly developed designs with different outlet and inlet configurations caused higher
pressure drops. The reason seemed to be the decrease of outlet pipes from three to two and
the consequently increased velocities. Those caused more separation and thus greater pres-
sure losses. An overview of the most important results obtained from the simulations with

different eliminator geometries is given below in Table 5.8.

Table 5.8: Summary of results obtained from varied inlet/outlet configurations

originalssT topInletoutlet  topoOutletMerged
dp filter [Pa] 2103 201.2 2093
M fl istributi
ass flow distribution | ) [ 30 1413 4277573 50.3/49.7

from left to right [%]

A more even flow distribution could be obtained by the usage of vertically attached inlet
pipes due to a better deceleration by collision with the bottom wall. This case seemed to be
the most promising approach in terms of flow distribution within the filter and should be
further investigated in future projects. With bends and ducts, this design could give a rather

good performance.
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6 Conclusion and outlook

A numerical analysis of the single-phase flow inside a horizontal mist eliminator was per-
formed during this project using the free software OpenFOAM. Three major steps were
realized throughout the work: the search for a suitable simulation setup, the variation of
boundary conditions and the change of the simulated geometry. The first step consisted of
three models with varying cell sizes, one with a different numerical scheme and two simu-
lations with different turbulence models. The second step was accomplished by distributing
the mass flow unevenly to the inlets and thus changing the inlet velocities. For the last step,
two different inlet and outlet configurations were modeled where one model had inlet pipes
attached vertically to the top of the drum and the other one had a vertical gathering pipe.
The aim was to find an appropriate numerical setup in order to simulate the given problem
and to investigate the influence of different design parameters on the performance of the
eliminator.

The results obtained from the initial simulation case using the current eliminator design
showed that applying the DARCY-FORCHHEIMER law yielded a close approach to the actual
pressure drop over the filter supplied by the manufacturer. Furthermore, it could be ob-
served that relatively high inlet velocities caused the establishment of jet streams, which
eliminated their inertia by collision in the center of the drum. This slowed down the flow
before it entered the filter and ensured a fairly even velocity distribution within the wire
mesh. However, suction zones developed below the three vertical outlet pipes.

In the next step, the simulation parameters were changed. It turned out that a mesh with a
medium cell size of 50 mm was sufficient and a refinement in regions of high velocity gra-
dients did not give significant differences. The choice of a numerical scheme and a turbu-
lence model was difficult due to the lack of appropriate measured data. Hence, the choice
was based on recommendations found in the literature. All in all, a stable numerical model
could be developed by using a medium sized mesh, upwind schemes, and the k-w-SST
turbulence model.

The results showed that the variation of the inlet velocities could be used to manipulate the
flow distribution inside the filter and thus the filter pressure drop. The higher the inflow
rate from the right inlet, the more evenly distributed was the velocity. Further, higher pres-
sure was necessary for the inlet with a low velocity, since the slower flow had to overcome
the inertia of the faster one.

The two simulations with changed inlet and outlet configurations resulted in higher overall
pressure losses in both cases. The reason for that was assumed to be the reduction of verti-
cal outlet pipes from three to two and a consequently higher flow rate per pipe. This caused
higher velocities and more separation, especially for the case with a vertical gathering pipe.
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6 Conclusion and outlook

A good flow distribution was obtained from the case with vertical inlets. Due to better flow
deceleration, the flow entered the filter from a more tranquilized regime.

For future projects, measurement data is essential in order to validate and verify the simu-
lation setup. If higher computational power is available, the refined mesh and the incorpo-
ration of a y*-adaptation should be employed to further ensure grid independency. Also,
higher order numerical schemes could be applied. The validation of the turbulence model
could be performed by a Large Eddy Simulation (LES). Further, the outlet pipes should be
increased in length, to make the flow domain of interest independent from the outlet condi-
tions. Also, investigations should be performed testing whether the assumption that the
droplets are perfectly traveling with the flow is valid. This can be achieved by two-phase
simulations.

Suggestions for improved designs would include bends and bigger pipe diameters to de-
crease the pressure drop. For a better flow distribution, vertical inlet pipes could be used.
The financial effort for such design changes has to be compared to the savings achieved by
such measures.
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Appendix A

Estimation of the wall distance, i.e. the cell size of the first boundary layer for a y*-value

of 500 (maximum value stated in [6] for wall functions)

The velocity of 30 m/s was obtained from simulations and was found in the outlet gather-
ing pipe. The boundary layer height was assumed to be 0.2 m, which was almost the radius

of the outlet pipe.

The REYNOLDS number in the boundary layer was:

UL 10.04%9 1307 - 0.2m
Re, = = m - =37.4-10°
H 1.6144 - 1075 —2_
m-S

The skin friction factor according to SCHLICHTING was:

Cr = (21ogio(Re,) — 0.65)723 = 0.0021

The wall shear stress then became:
2

1, 1 kg m N
Ty = (¢ -EpU = 0.0021 - 3 10.04$- (30?) = 9.46W

With which the friction velocity u, could be calculated:

Finally, the wall distance became:

uyt 161441075 29500
_ - —— = 8.18-107>m = 0.08 mm
pU 10.04-2 . 0,98
m S

y:

(A1)

(A.2)

(A.3)

(A.4)

(A.5)
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Appendix B

Calculation of the turbulent boundary conditions, based on [6]

The velocity at the inlet could be derived from the mass flow:

1. 1.k
2 Mot 784Tg m m
Upn = 2= F = 1551~ 16 (B.1)

Tpz ., =
zDin- P 7(0.586m)? - 10.04_ 5

The REYNOLDS number in the inlet pipe was:

m
UinDin 16? -0.586m

v

Re =

= = 5.8-10° (B.2)
. -6 ___
1.61-10 S

The turbulent intensity and length scale could then be calculated as follows:
1 _1
I; =0.16-Re 8 = 0.16 - (5.8-10°)78 = 0.0228 (B.3)
l; =0.07 - D;, = 0.041m (B.4)

From that the turbulent kinetic energy, dissipation rate and viscosity could be estimated:

3 m?
kr =5 Upn - I)?=02— (B.5)
S
3
3 k2 m?
er = Cy4 -~ =0359— (B.6)
T S
k2 m?
vT—p-CH-ézo.lT (B.7)

For the simulations using the k-w model also the specific dissipation had to be specified:

Er

T = Uy - 0.19)

=9.43s71 (B.8)
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Appendix C

Calculation of the FORCHHEIMER coefficient

The velocity in the filter could be obtained from the volumetric flow:

m
JpUmm_, OS5 T_ggem
-~ 74D T 4-(0586m)2 T s
Thus, the velocity in the filter was:
3
0 8.36 = m
Ur = = 8 =0.73—
lpws 5976 m-1.915m s

(C.1)

(C.2)

The FORCHHEIMER coefficient could now be obtained by rearranging Equation (3.35) and

neglecting the DARCY coefficient:

2dp 2-215.3 Pa
=251.3

PUPdXs  1004%9 . 073™ . 031
m S

(C.3)

-61 -



Appendix D

Overview of all simulation results; the rows in bolt are used as reference for the simula-

tions in the following section below
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