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Research questions:

• What is the plausible cause of the increased vibration in the flue gas fan
and where is the source of the vibration problem?
• What technical solution can be developed to solve the specific problem?

Purpose:

The purpose of this study is to investigate the flue gas fan in
Mälarenergi’s Unit 6 and try to find what is causing the vibrations
increase.

Method:

The Fast Fourier transform (FFT) method was used for this degree project. A
comparison was made with previous studies using FFT in order to pinpoint
the source of the problem with vibrations. After a possible source had been
identified, a computational fluid dynamics (CFD) simulation was performed
using ANSYS to visualize the problem. Two cases were simulated using two
different turbulence models: the K-epsilon model and the Large-eddy
simulation (LES) model. The result from the CFD simulations was compared
with previous studies that used similar turbulence models.

Conclusion:

The flue gas fan’s high vibrations are most likely flow-induced. The
simulation result indicates that LES model performed better than the Kepsilon model. The lack of validation in this degree work means that it is
hard to know the accuracy of the model. Based on the simulation results
the most promising solution seems to be inlet straighteners.
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Frågeställning:

• Vad är den rimliga anledningen till de höga vibrationerna i rökgasfläkten
och vad är källan till problemet?
• Vad för teknisk lösning kan utvecklas för det specifika problemet?

Syfte:

Syftet med studien är att undersöka rökgasfläkten i Mälarenergis
Unit 6 och att försöka hitta vad som orsakar vibrationsökningarna.

Metod:

Fast Fourier transform metoden har används i detta examensarbete. En
jämförelse har gjorts med tidigare studier som använt FFT metoden för att
kunna urskilja källan till vibrationsproblemet. Efter en rimlig källa hittades så
utfördes en CFD-simulering i ANSYS för att visualisera problemet. Två fall
simulerades med två olika turbulensmodeller: K-epsilon modellen och Largeeddy simulation modellen. Resultatet från CFD-simuleringarna jämfördes
med tidigare studier som använt liknande metoder.

Slutsats:

Rökgasfläktens höga vibrationer är med störst sannolikhet flödesinducerad.
Simuleringsresultatet indikerar att LES modellen utfördes bättre än Kepsilon modellen. Då det saknas en validering i form av flödesmätningar så
är det svårt att säga hur lik modellen är med verkligheten. Baserat på
resultatet från simuleringarna så verkar inloppsgaller vara den mest lovande
lösningen.
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1 INTRODUCTION
Mälarenergi is Sweden’s largest district heating plant, and has provided Västerås with energy
in terms of electricity and district heating for over 150 years. Today more than 150 000 people
can lit up their homes with electricity from Mälarenergi.
During 1960, the construction of the power plant started and since then several investments
have been made to increase the capacity as well as to improve the technology and reduce
the environmental impact of the operations.
The production of district heating and electricity is mainly based on biofuel and renewables
and consist today of 700 GWh electricity and 1800 GWh heat per year.
Their newest combined heat and power (CHP) unit, Unit 6, covers the base load which
corresponds to about half of the district heating demand. Unit 6 uses fuel from regional
household waste together with imported waste to fill up the capacity of the boiler of 480,000ton waste/year. Unit 6 has a flue gas treatment stage where dangerous material within the flue
gas is transformed into mixtures that are easier to process. An induced draft fan is used to take
the hot flue gases from the furnace and deliver it to the chimney. Figure 1 displays the flue gas
treatment stage of Unit 6, where the fan is located. In Appendix 1 the entire CHP plant of Unit
6 can be seen (Mälarenergi, 2017a) (Mälarenergi, 2017b).

Figure 1 - Unit 6 - Flue Gas Treatment - Schematic
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The flue gas fan in Unit 6 has had problems with high vibrations leading to cracks in the
foundation in and around the fan. This degree work is a system analysis of the fan to locate
the origin of the vibration spikes and suggest solutions accordingly (Thygesen, 2017).

1.1 Background
In a boiler there is a need to provide air required for the combustion process, to transport flue
gas to the cleaning stage and to deliver the fuel into the furnace. All of these needs are
commonly addressed by centrifugal fans (Chunxi, Ling, & Yakui, 2011).
A centrifugal fan can be described as mechanical equipment which propels a volume of fluid
forward through a pressure driven flow. The fans rotor can be powered by a variety of different
drivers; it is most commonly powered by an electric motor (Choudhury, 2012).
The rotors in a centrifugal fan draw in air perpendicular to its axis, and moves the air radially.
Radially means that the airflow is moving along a radius, a line from the center to the outer
surface, perpendicular to the axis of the impeller. Centrifugal fans create a higher-pressure
airflow since it takes the air stream through a system of ducts. They have particulate reduction
properties which makes them well suited for air pollution and filtration systems (Pelonis, 2015).
According to Bayomi, Hafiz, and Osman (2006), centrifugal fans are being used in a larger
breadth which is leading to variations in the inlet duct configuration due to lack of space. The
paper mentions that non-uniformity flow is often generated in front of the inlet rotor leading to
a decrease in machine performance. Another detriment to the performance of a centrifugal
machine is vibration.

1.1.1 Vibration in machinery
Vibration occurs when parts of the machine scrape against each other. It is not only one of the
hardest things to control during the creation process, but it is also one of the most harmful
things that can happen to the machine during its operation. The impact that vibration has on
the machine can vary from just being a minor annoyance to having a disastrous effect on the
machine’s efficiency. Large vibrations could have a long-term effect on the machine shortening
its lifespan through depletion. The main causes of vibration in machines are an imbalance,
misalignment, wear and looseness (Sorbothane, 2018) (Birajdar, Patil, & Khanzode, 2009).
Imbalance arises when the mass is scattered over the rotating body which causes vibration
when the uneven mass rotates around the machine’s axis. Reasons for unbalance in the
machine could be as basic as an error in the manufacturing or machine parts being dirty (Fluke,
2018) (SPA, 2013) (Birajdar et al., 2009).
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Another cause for vibrations is when parts of the machine are misaligned, for example when
the motor and pump or the motor and shaft are not parallel. Just like with imbalance, defects
in manufacturing could lead to misalignment. Misalignment could also arise over time because
of thermal expansion, inaccuracies in the reassembly after maintenance or deviating
components (Fluke, 2018) (SPA, 2013).
Wear and tear on the machine parts like a damaged area of the roller bearings or chipped
gears can cause the machine to vibrate. Even if the wear and tear on machine parts do not
inflict damage, it could cause looseness which in turn generates vibrations (Fluke, 2018) (SPA,
2013).
According to Nakamura et al. (2013), another cause for vibrations in machinery is flow-induced
vibration (FIV). In the book, it is mentioned that FIV is one of the hardest things to handle when
it comes to designing a machine or troubleshooting an already existing one. To prevent FIV
from occurring it is important to govern the flow, something that can be done by using
computational fluid dynamics (CFD) (Nakamura et al., 2013; Pulliam & Zingg, 2014).

1.1.2 Computational fluid dynamics (CFD)
According to Pulliam and Zingg (2014) & Blazek (2005), CFD is a part of fluid mechanics that
both studies and simulates flow-related problems by using numerical methods. It is used to
examine the fluid flow with the help of its physical attributes. CFD simulations help optimize
the design of an object without having to perform physical testing (Blazek, 2005; Pulliam &
Zingg, 2014). Both books document the origin of CFD and mention that its creation and growth
is parallel to that of the computers. The more advanced computers became, the more
advanced CFD simulations and calculations could be performed (Blazek, 2005; Pulliam &
Zingg, 2014).
CFD simulations are not only used in the concept phase but also when inspecting an existing
object’s flow, like in the study by Sidlof (2016). He performs a CFD simulation of flow-induced
vibration of an elastically supported airfoil to see the interaction between airflow and the elastic
structure along with its level of instability.
According to Nakamura et al. (2013), if the flow of a machine is not accurately analysed it can
lead to FIV. Mohanta, Chelliah, Allamsetty, Akula, and Ghosh (2017) state that vibrations can
be very damaging to a machine’s components, which could lead to machine breakdown and
system outage.
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1.1.3 Outages in power plants
Outages in power plants are something that needs to take place at regular intervals and it is
beneficial if they are well planned. To handle outages well they should be approached with a
lot of preparation to minimize surprises. Plant outages generally have two goals, the first is to
repair one or several previous identified problems and the second one is to inspect parts of the
plant otherwise not accessible during operation (Armstrong, 2017).
However, plant outages can also be unplanned; they can happen for various reasons. These
kinds of outages tend to be more expensive than the ones planned. The causes for the outages
can be categorized into four different groups: human error, software problems, hardware failure
and environmental issues (Alobaid, Postler, Ströhle, Epple, & Hyun-Gee, 2008).
During an outage, the company can experience a loss of revenue. The loss of revenue can be
expressed as a handful of different things; it can be in the form of lost income or the cost of
substitute power bought from other generators/systems. In some cases when the faulty
equipment is beyond repair and needs to be replaced the cost of the new equipment can be
seen as a loss of revenue (Alobaid et al., 2008).
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1.2 Fan and fan duct description
The flue gas fan in Unit 6 is a centrifugal, radial fan with backward inclined wings on its impeller.
The fan is directly driven with flexible coupling and has a low motor and bearing foundation
along with a concrete foundation. The fan’s concrete foundation is made of welded steel, and
its motor and bearing foundation is made of sturdy sheet metal. The housing of the fan is also
of sheet metal and contains an inspection hatch at the arching part of the fan to enable
inspection and cleaning. The motor is bolted to the motor foundation with four bolts (Flebu,
2016).
The flue gas duct leading up to the fan (highlighted in black), along with the fan itself
(highlighted in blue and circled in black) can be seen in Figure 2.

Figure 2 - Flue gas fan and duct schematic
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The flue gas duct leading up to the fan is right after the combustion stage and the sleeve filter.
It consists of two ducts that merge after two sets of dampers. There are several sets of guide
plates located within the duct. The first set of guide plates are located right before the dampers,
GP1A and GP1B in Figure 2. The dampers are located right before the two ducts merge, D1
and D2. A closer look at the first set of guide plates and the two sets of dampers can be seen
in Figure 3.

Figure 3 - Close up schematic - Guide plates & dampers
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In the two bends, following the ducts’ mergence, two more set of guide plates can be found,
GP2A and GP2B. The final set of guide plates is located at the last bend, right before the fan.
These guide plates can be seen in Figure 4.

Figure 4 - Guide plates

Figure 5 shows the schematic of the dampers. The dampers are placed right before the two
ducts merge into one and are used to regulate the flue gas flow.

Figure 5 – Dampers schematic
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Figure 6 shows the inside of the flue gas fan.

Figure 6 - Flue gas fan

1.2.1 Previous problems with the fan
There have been problems with the fan prior to the problems currently experienced (Werme,
2015). Werme (2015) states that Flebu AB hired Maskin & Laserteknik AB (MLT AB) to
troubleshoot the flue gas fan at Mälarenergi’s Unit 6. It was reported that the fan had been
exhibiting strange levels of vibration at certain loads. According to Werme (2015), the job MLT
AB was originally assigned to do was to try and balance out the fan to remove the forces that
the unbalance might have caused, but further inspection showed that the central bolt of the fan
hub was loose. It was concluded that the fan wheel and axis had to be removed, attaching the
fan wheel to a reserve axis, then reattaching the unit back to the foundation.
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1.3 Problem statement
Machine equipment failure can lead to unplanned outages and thus standstill production, which
leads to an economic loss. High vibrations in the flue gas fan of Mälarenergi’s Unit 6 has
caused the concrete foundation to rupture. The vibrations are the most harmful when the fan
is running around 600 revolutions per minute (RPM), how the rotational speed of the fan
correlates to the vibration levels can be seen in Figure 18 (Thygesen, 2017).
The fan has temporarily been stabilized with the help of epoxy injections in the cracks and
strapping a metal belt around the foundation. A quick fix to the problem could be to replace the
fan. This is however expensive and does not promise a long lasting solution since the problem
might arise once more if the source of the vibration lies outside the fan itself (Thygesen, 2017).
Isermann (2005) defines a fault as a deviation of one or several properties of a variable
compared to acceptable behavior. He states that a fault, if not fixed correctly, might lead to a
malfunction or failure of the entire system. Fault detection and diagnosis (FDD) methods have
been studied and thus improved the process to detect, isolate and identify faults. Over the last
decade, a lot of different FDD methods has arisen, the most common ones are data-driven
methods and signal-based methods. Signal-based methods have been proven efficient for
equipment vibration and performance monitoring (Ma & Jiang, 2011).

1.4 Purpose and research questions
The purpose of this degree project is to investigate the centrifugal flue gas fan of Mälarenergi’s
Unit 6 to find out what is causing the vibration increase. The entire Unit 6 system will be
overlooked to find correlations between the fan vibrations and system regulation. This project
will be carried out using signal-based detection methods to identify possible faults in the fan.
The flow path leading up to the fan will be simulated to see if the vibrations are flow-induced.
The outcome of the analysis will be a well-informed explanation as to where the source of the
vibration is located as well as a presentation of what a corresponding solution might be.
Based on the purpose of this degree project the following research questions will be answered:
•

What is the plausible cause of the increased vibrations in the flue gas fan and where is the
source of the problem?

•

What technical solution can be developed to solve the specific problem?
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1.5 Motivation
According to Birajdar et al. (2009) vibrations have to be kept within limits, or the lifespan of the
machine in question will be reduced. If the state of the fan does not get fixed, there is a chance
that it may get worse, and eventually the fan will deteriorate to a state where it has to get
replaced. Mohanta et al. (2017) mention that high vibrations can lead to a system outage,
which means that if the problems with the fan are not dealt with properly, there is a risk that
Unit 6 must be shut down. If Unit 6 is down and there is a high demand for electricity at the
time, they might have to use their old oil or coal boilers, or they might choose to buy electricity
from another source (Alobaid et al., 2008; Hemmingsson, 2017). Therefore, the fan’s problems
need to be dealt with from both an economical as well as an environmental standpoint.

1.6

Delimitation

In the simulation process, the fan itself and the fan duct were not modelled, only the flow path
of flue gas duct from the sleeve filter to the fan inlet. The outlet of the model is defined in
ANSYS as fan intake. The model was created with the help of blueprints of the actual fan duct,
provided by Mälarenergi. The dimensions used for the model were dimensions measured at
the location. According to Mälarenergi, an assumption could be made that all sets of guide
plates throughout the duct have the same design as the last set, seen in Figure 4.
Mälarenergi provided schematics of the dampers that are located inside the flue gas duct, seen
in Figure 5. The angle of the dampers is assumed to be constant to make simulations
executable since the dampers’ angle change depending on the load.
Due to Mälarenergi’s reliance on Unit 6 to produce energy, the time to perform measurements
inside the flue gas duct was limited. As a result of the lack of time and resources, a few
assumptions had to be made. The dimension measurements were made after the last bend in
the flue gas duct, before the flue gas fan. A folding rule was used for the measurements and
the dimensions before the last bend was assumed to be equal to the one’s measured right
after the bend. The dimensions of the two channels before merging were assumed to be of
equal size, in other words, half the size of the duct after the final bend. Only the inside of the
fan duct was measured since the model is created of the flow path.
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Mälarenergi provided the following data:
•

Duct 1’s sleeve filter
o Pressure [Pa]
o Temperature [oC]
o Volume flow [Nm3/s]

•

Duct 2’s sleeve filter
o Pressure [Pa]
o Temperature [oC]
o Volume flow [Nm3/s]

•

Rotational speed of fan

•

Pressure at fan inlet

•

Vibration levels of fan

Since data on the flow at the fan inlet was absent and the flue gas duct did not have any
measuring points, a duct traverse could not be performed.

1.7 Structure
In Figure 7, a general structure of the study can be seen. The figure shows the major steps
that will be covered throughout this work.
Introductory part

Troubleshooting
ging

Simulation

Recommendations

Introduction
GANTT
diagram
Background
Problem
definition
Purpose
Literature
review

Frequency
analysis

Realistic
model

Previous
studies done
on the fan

Dimensions
from
Mälarenergi

Current
problem

Calculations

Determine
likelihood of
problem

Simulation in
ANSYS

Suggest
solution

Most likely
problem

Figure 7 - Structure of degree project

11

Comparing
results with
previous
studies

2 THEORETICAL FRAMEWORK
These sections presents information gathered from different sources to provide insight on what
methods there are for solving the fan’s problem with high vibrations. Also included in this
chapter are studies on unsteady flow and flow-induced vibration (FIV), as well as studies using
computational fluid dynamic (CFD) simulation.

2.1 Fault, detection and diagnosis methods
According to Isermann (2005) & Beghi et al. (2016), advanced methods of supervision have
been studied in depth during the last two decades to improve safety, reliability, and efficiency
of different systems. This has led to fault, detection, and diagnosis (FDD) methods becoming
more and more used in technical processes.
In an article from Ma and Jiang (2011), it is stated that FDD methods can be divided in to two
groups, model-based methods, and model-free methods. The article mentions that the latter
one can be divided further into two separate methods, data-driven methods and signal-based
methods. Gertler (2015) defines a model-based method as a mathematical model that is built
up based on obtained data; this model is then used to simulate the normal behavior of the
system. The paramount meaning of this method is to compare real time plant measurements
to the estimated values obtained via the model. This type of model has seen very little practical
use since it is highly depended on the mathematical model which can be very hard to obtain
in practice (Ma & Jiang, 2011).
Ma and Jiang (2011) explain that data-driven methods have some resemblance to the modelbased one in that it also depends on correlations between measurements inside of a system.
However, in a report by Beghi et al. (2016), it is concluded that data-driven methods do not
require an explicit model, this method benefits from the massive amount of data that is
achieved from sensors. The model is later used to approximate values of new measurements;
faults are found and diagnosed by assessing the approximated residuals (Ma & Jiang, 2011).
The last FDD method defined by Ma and Jiang (2011) are signal-based methods which find
faults by comparing features extracted from a signal with desired normal baseline values. The
article states that the most common signalbased method is by far spectrum analysis (SA),
this kind of analysis is a powerful tool when
diagnosing faults in various equipment and
processes. Time-frequency analysis (TFA)
and wavelet transform (WT) are extensions of
Figure 8 - Approach to signal-based method
SA. Figure 8 shows the usual approach of a
signal-based FDD method (Ma & Jiang, 2011).

12

In an article by Kimmich, Schwarte, and Isermann (2004) they conclude that the signal-based
methods, e.g. frequency analysis currently are the most popular to use when performing FDD
investigations of various systems. They do however mention that this type of method will most
likely become gradually less popular since in the future it most likely won’t reach the increasing
requirements. They suggest that the analytical processes of detecting faults will increase in
the future. FDD methods can also be used for economic purposes, by implementing FDD
methods in plants regular maintenance can be replaced by condition based maintenance
(Ignat, 2013).

2.2 Condition based maintenance
According to Ignat (2013), there are ways of minimizing the risk of unscheduled maintenance.
In the article, a new method is proposed in which maintenance of equipment is only performed
once the equipment reaches a certain state of degradation. Ignat (2013) states that the vision
of condition based maintenance (CBM) method is to decrease the total cost of inspection and
repairs by continually collecting and analyzing data from an operating system. Ignat (2013)
lists three basic stages for CBM, information collection (acquiring health data for the system),
diagnosis (data processing) and prognosis-optimization (suggestions regarding cost-effective
procedures). The article mentions that by using this kind of method, organizations must only
perform maintenance when absolutely needed to avoid machine failures. Thus, disposing of
expensive periodic maintenance. The main difference between CBM and other preventive
maintenance methods is that CBM determines maintenance need on actual machine condition
rather than a preset schedule (Ignat, 2013).
CBM is according to Ellis (2008) a convenient choice if the failure cost of the machine
equipment is high, this method is usually applied on expensive equipment on which failure has
a critical impact on overall production and safety. In a study done by Rossi and Braun (1994)
they investigate the possible yearly earnings that could be made by using CBM. According to
their study, the savings could amount to 11.7% when comparing CBM to regular services
schedules.
In the article Buswell and Wright (2004) the authors conclude that in order for CBM to be
successful a low percentage of false alarms, as well as rapid and reliable fault detection, is a
must. According to a study from the International Energy Agency (IEA), CBM are efficient at
detecting hasty faults. However, degradation faults had to be rather large before they could be
detected. Buswell and Wright (2004) mention that this could be solved by increasing sensitivity
on the sensors, but by doing this the risk of false alarms goes up. If the sensitivity level is too
low and degradation faults go unnoticed for too long the fault may escalate, then further
investigation may be needed to find the source of the fault (Buswell & Wright, 2004).
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2.3 Fast Fourier transform
According to Mais (2002), vibration Fast Fourier transform (FFT) spectrum is a great tool to
use for analysing spectra in machinery. In the article, it is stated that an FFT spectrum present
information on the vibration’s cause and source as well as how much time there is left until the
vibration becomes too demanding.

2.3.1 Collect useful information
Mais (2002) mentions that before proper analysis of a machine’s vibration can be done relevant
information needs to be gathered about the machine. The article states that relevant
information includes the machine’s operating speed and operating environment. It is also
stated that if another machine is operating nearby, then the rotational speed of that machine
is considered relevant information. This is because the vibrations from one machine can have
an impact on the vibration levels of a neighbouring machine. Mais (2002) also mentions that
how the machine is mounted is relevant information since its response to vibration relies on
whether it is mounted horizontally or vertically.
Mais (2002) mentions that it is vital to know what components of the machine that could cause
vibration. The article lists the following points as some major components that should be
considered:
•

If the machine in question is a fan or pump the number of blades or impellers is important data
for the analysis

•

If it is a machine with some type of bearing, then it is significant to know the identification number
and classification of that bearing

•

If there is a gearbox connected to the machine, then it is essential to know the number of teeth
and shaft speeds

•

If the machine runs with belts, then the length of the belts should be known
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2.3.2 Analyse spectral data
According to Mais (2002) when all the useful information has been accumulated an analysis
of the machine’s spectrum can be performed. The article states that it is done by first looking
for fault frequencies in the measurements then determining the gravity of those faults. Mais
(2002) explains that fault frequencies create peaks in the spectra, but not all peaks are fault
frequencies. He continues by saying that further information is needed to know if there is any
validity to the fault. He lists the following examples which represent reasons where the
expected fault frequency most likely is valid:
•

If there is a peak at the expected fault frequency, then a peak again at two times (2x) that fault
frequency

•

If there is no peak at the expected fault frequency, but there is a peak at 2x, 3x and 4x that fault
frequency

•

Analysing any harmonics of rotational speed (at 2x, 3x, etc.)

•

Analysing any bearing fault frequencies

•

If possible, analysing any fan or vane pass frequencies

•

If possible, analysing how many teeth there are in the gear

•

If possible, analysing the shaft that the gear sits on

•

If possible, analysing any neighbouring machines’ vibration

Mais (2002) acknowledges that when the source of the vibration is known an estimation must
be made in order to know the fault’s level of danger. He points out that it is significant to assess
the entire system and not just the amplitude since the amplitude is relative. This is because
there are components that have large vibration levels but still run inside tolerable limits while
other components vibrate at low levels and are outside those limits. According to Mais (2002),
the amplitude should be compared with previous measurements where the machine was
running under the same conditions, preferably from before there was a fault. If there is no data
from before the fault, then the amplitude can be compared to the amplitude of another, similar
machine (Mais, 2002).
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2.3.3 Different fault frequencies
Mais (2002) demonstrates that there are several different faults that occur in machinery, some
of which can be seen when analysing a machine’s frequency. A few faults, listed by Mais
(2002) that are found with a frequency analysis are misalignment, imbalance, and mechanical
looseness.
Mais (2002) reports that if there is misalignment with a machine the bearing is forced to carry
a load that is higher than what it is designed for. In the article, it is stated that misalignment
leads to early wear and tear of the bearing which in turn could lead to the machine failing
prematurely. Mais (2002) explains that if parts of a machine are misaligned then a peak at 2x
the rotational speed of the machine can be seen when analysing its frequency. Figure 9 is
taken from Mais (2002) and displays the frequency of a machine where misalignment occurred.
The first peak is a result of wear or looseness in the machine’s drive belt. The second peak is
the machine’s rotational speed (1800 RPM), while the third peak, occurring at 2x the rotational
speed (3600 RPM), is a sign of misalignment.

Misalignment

Figure 9 - Frequency analysis – Misalignment
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Mais (2002) explains that imbalance has the same impact on a machine’s bearing as
misalignment. Both cause the bearing to reach fatigue earlier than expected. The difference
between the two is where they occur in the spectrum. The article states that while misalignment
can be found at 2x the rotational speed of a machine, imbalance shows up at 1x the machine’s
rotational speed causing its peak to be higher than normal. In Figure 10, taken from Mais
(2002), the frequency of a machine which has both imbalance and misalignment can be seen.
The abnormally high first peak is a sign of imbalance while the second peak indicates a minor
misalignment (Mais, 2002).

Unbalance

Misalignment

Figure 10 - Frequency analysis - Unbalance & misalignment
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In the article by Mais (2002) it is reported that to accurately assess if there are signs of
misalignment when analysing frequency the ratio between 1x and 2x the rotational speed
needs to be measured. These are the two rotational speeds where imbalance and
misalignment occur. In the article, it is explained that the ratio between the 1x and 2x
amplitudes may be larger in spectra where signs of misalignment exist. Mais (2002) continues
by saying that the ratio can vary from the 2x amplitude being about 50% of the 1x amplitude,
as seen in Figure 11, to the 2x amplitude being 200% of the 1x amplitude. The article also
states that a 2x amplitude twice as large as a 1x amplitude strongly points to severe
misalignment within the machine, which can be seen in Figure 11. The first peak is the
rotational speed at 4,237.5 RPM while the second peak is at 8,500 RPM, almost twice as large
as the 1x amplitude. The peaks occurring after the second peak are harmonics from the severe
misalignment (Mais, 2002).

Misalignment

Severe misalignment

Figure 11 - Frequency analysis - Severe misalignment
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Mais (2002) describes that Mechanical looseness risk damaging the machine if the part or
parts in question become detached. The article reports that mechanical looseness can be
distinguished from a spectrum by its harmonics. According to Mais (2002), it creates numerous
abnormally large peaks at every rotation or every half rotation of a machine. Mechanical
looseness is distinguishable from other faults by having an abnormally high 1x rotational
speed, followed by peaks at 2x, 3x, 4x, 5x, etc., or at 3x, 3.5x, 4x, 4.5x, etc. In Figure 12,
retrieved from Mais (2002), the frequency of a machine with mechanical looseness can be
seen. Several peaks occur at either multiples or half multiples of rotational speed (Mais, 2002).

Mechanical looseness

Figure 12 - Frequency analysis - Mechanical looseness

Mais (2002) also mentions FIV as a potential fault, but unlike the other faults named, FIV is
hard to differentiate. The article states that this is because of how FIV is dependent on the
operating conditions.
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2.4 Unsteady flow and flow-induced vibration
In Naudascher and Rockwell (1994) they give a basic background to flow induced vibrations
(FIV). In their book they describe that FIV can arise in a number of different ways, this is
because a given source of excitation can take a vast variety of forms. The authors continue to
conclude that this way of approach does not supply a guaranteed fault detection, even wellunderstood vibration faults usually come disguised. This is because gates, valves, and seals
are unalike in geometry and dynamic characteristics, they are also integrated into a system
differently from location to location. This means that they are vulnerable to diverse excitation
mechanisms that call for different solutions.
The authors describes three different sources of excitation.
•
•
•

Extraneously induced excitation (EIE), is caused by oscillating flow velocity or pressure that are
independent of any flow instability originated from the structure.
Instability-induced excitation (IIE), is caused by flow instability.
Movement-induced excitation (MIE), is caused by fluctuating forces that is brought on by
movements of the vibrating body

2.4.1 Earlier studies on unsteady flow
Pulsating flow is according to Marelli, Capobianco, and Zamboni (2006) a phenomenon that
can occur when there is a fluctuating factor present, e.g., if the inlet pressure drops or the
outlet pressure increase rapidly. For example, if a centrifugal machine suddenly loses power
(stops rotating) reverse in the flow direction (surge) can occur. According to Marelli et al.
(2006), this means that the outlet pressure the machine previously built up won’t be reached.
This can cause the internal flow in the gas passage to move in the reverse direction due to the
negative pressure gradient.
Bayomi et al. (2006) describe inlet flow distortion as deviations from a steady uniform flow
distribution. These kinds of distortions include deviations such as variations in velocity, swirl,
turbulence, total and static pressure, temperature, flow, and fluid density. The flow distortion
can be divided into two predominant forms, radial and circumferential distortions according to
Ariga, Watanabe, Kasai, Masuda, and Watanabe (1982). The radial distortions can be further
divided into the hub and tip distortions, tip distortions occur when axisymmetric obstacles, e.g.
an orifice plate are used. Hub distortions happen when an asymmetrical object, e.g. a
tachometer is used at the fan inlet center (Ariga et al., 1982).
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The presence of flow distortion at the fan inlet can be considered to lead to partial flow
separation according to Bayomi et al. (2006). They emphasize the importance of solving the
distorted flow before it enters the fan. Otherwise the unstable flow can lead to unwanted effects
on the stall points and increased noise and vibrations levels. There are various solutions to
this problem, often by implementing a mechanism that counteracts the generated vortices.
There are several different ways of fixing this issues, usually by implementing a device that
creates secondary vortices that counteract the naturally occurring vortices. Bayomi et al.
(2006) investigated if the implementation of annular straighteners at the fan entrance would be
efficient at rectifying the non-uniform flow. Two different straighteners were tested, circular and
corrugated (zigzag), both were tested for different sizes. The test was conducted on three
different types of fans, radial, forward and backward-curved (Bayomi et al., 2006). The result
of the study by Bayomi et al. (2006) showed that the impact of the straighteners strongly
depended on the fans exit blade angle. Flatter efficiency curves are attained when an
increased diameter is applied to the tube. It is shown that the straighteners had a positive
impact on the backward-curved fan with a 60° blade angle, this fan showed an increase in
efficiency by 21% for the corrugated straightener. An increase in flow margin and a decrease
in noise level were also achieved. For the forward-curved fans, no noticeable positive
influences were noticed (Bayomi et al., 2006).
Another method that has been tested is the implementation of inlet guide vanes (IGV). In a
study by Kassens and Rautenberg (1998) they tested the impact of IGV at a compressor inlet,
the test rig used consisted of an adjustable IGV with straight vanes. Two measurements were
done, one behind the IGV where the total and static pressure together with the flow angle were
measured. The second was in front of the impeller here only the total pressure was measured.
The two measurements were done to see if any change in flow quality over the IGV occurred.
The test was carried out for different mass flow to determine the influence of the flow velocity.
According to their conclusion, they failed to find relations between the inlet flow effects and the
velocity of the flow itself, the authors mention that it is more likely that the instationary effects
originated from the impeller of the compressor affected the flow field.
In a study by Shaw, Hield, and Tucker (2013) an investigation of the effects of variable inlet
guide vanes (VIGV) on inlet flow distortion in a transonic fan was carried out. The authors
conducted the study with the use of CFD simulations and validated with experimental data.
The result of their study showed that the transonic fan with the VIGV composition had a more
uniform flow compared to the composition without the VIGV. Shaw et al. (2013) conclude that
this observation in variations in flow fields could be great for future designers when they are
determining specifications for configurations with known flow distortions.
Marelli et al. (2006) investigated the implications of a pulsating air stream at a compressor
inlet. They concluded that the compressor did perform differently with an unsteady flow
compared to a uniform flow. However, even under strongly pulsating conditions, the
compressor was able to complete an average stable operation (Marelli et al., 2006).
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2.5 CFD utilization in cases with turbulent flow
Sodja (2007) mentions that an important part of applying computational fluid dynamics (CFD)
with turbulent flow is to consider which turbulent model fits best for the current situation. The
turbulent flow consists of several different characteristics, which makes it crucial for a CFD
model to be capable of predicting as many of these as possible. The article brings up the two
most commonly used models: the Reynolds averaged Navier-Stokes (RANS) models and the
computation of fluctuating quantities models. The main difference between the two is that the
RANS models try to solve its equations with convenient sub-models for turbulent capacities
while the computation of fluctuating quantities models tries to compute the equations directly
(Sodja, 2007).

2.5.1 RANS models and K-epsilon
In Sodja (2007) three types of RANS models are listed: Eddy-viscosity models (EVM), Nonlinear eddy-viscosity models (NLEVM), and Differential stress models (DSM). The article
acknowledges that EVM is the most prominent out of the three. EVM is derived from turbulent
transport equations, most commonly the k-epsilon model. In Wilcox (1998) it is stated that the
k-epsilon model is known as a two equation model, meaning that two extra transport equations
are included within the model. The two extra transport equations produce the flow’s turbulent
characteristics. Wilcox (1998) continues by saying that because the k-epsilon model is a twoequation model, it can take the turbulent energy’s convection and diffusion into account. The
article also states that the k in k-epsilon is kinetic energy and is the first transported variable
while the epsilon is the second transported variable and stands for the turbulent dissipation.
The first transported variable decides the energy in the turbulence while the second
transported variable decides the turbulence’s scale (Wilcox, 1998).
The k-epsilon method is used in the study by Sidlof (2016), where a CFD simulation of an
elastically supported NACA0015 airfoil along with 2D incompressible airflow was performed.
This CFD simulation was executed in order to see the level of instability between the airflow
and the elastic structure of the airfoil. According to Sidlof (2016), the properties of the airfoil
was matched to an already existing airfoil model that was used for wind-tunnel measurements.
After creating and meshing the model, Sidlof (2016) set the simulation up with mechanical
parameters taken from direct measurements of the physical model. This was followed by
creating the CFD model for the fluid-structure interaction. An incompressible Navier-Stokes
equation models the fluid flow, and initial as well as boundary conditions were chosen to closely
resemble that of the conditions in the wind tunnel (Sidlof, 2016).
Sidlof (2016) concludes that the level of instability is receptive to what the initial conditions are.
This is backed up by the results of both the physical experiments and the CFD simulations.
Sidlof (2016) continues by saying that the flow separation on the airflow’s suction surface is
what controls the instability. The article states that if the initial conditions had an impulse in
angular velocity, it would cause flow separation and create the instability. An absence of
impulse in the initial conditions would lead to the pitching angles being too small and the
instability not occurring (Sidlof, 2016).
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2.5.2 Computation of fluctuating quantities models and Large-eddy
simulation
Sodja (2007) lists two classifications for computation of fluctuating quantities: Large-eddy
simulation (LES) and Direct numerical simulation (DNS). Both SODJA AND GAWAD mention
that the LES model is used more often since its computation is less expensive than the DNS.
Sodja (2007) describes LES as having large vortexes, also called eddies, be computed directly
while having small eddies be modelled. This is confirmed by Gawad, Shaalan, Ragab,
Abdellatif, and Shabaka (1999) who state that any eddies smaller than the given grid size are
modelled. They also describe LES as having a smooth operation that removes any small
eddies which the mesh cannot show. Ghosal and Moin (1994) explain that there are three
steps for implementing the LES model to a turbulent flow. The first step consists of filtering the
Navier-Stokes equations to eliminate any small scales. Because of this, the equations will
represent the space-time evolution of the large eddies. The space-time evolution of the large
eddies also includes the subgrid-scale (SGS) stress tensor which in turn represents the effect
that the undetermined small scales have on the already determined scales. The SGS stress
tensor is dependent on how the Navier-Stokes is filtered along with what parameters it is
characterized by. The second step in the LES process is to replace the SGS stress with, what
Ghosal and Moin (1994) refer to as, a “model.” The dependency that the SGS stress has on
undetermined scales makes it necessary for it to be replaced with said “model.” This “model”
can be defined in any form as long as it can be computed from the determined scales. The
third and final step is to have the closed equations be simulated numerically to resolve the
large eddies.
Pittard (2003) presents a case where LES is used to help illustrate the relationship between
vibrations in the wall of a pipe and the physical characteristics of the turbulent flow. The pipe
flow is fully developed, and the vibrations are flow-induced. In the article, it is stated that if it
were not for the lack of availability when it comes to resources and indefinite time, the usage
of a DNS would have been optimal. Pittard (2003) defines the values of pressures as key for
the study which eliminate RANS from being used. This is because RANS models do not
provide rapid values of pressure and only simulate the analytical time-average of the flow.
According to Pittard (2003), LES can be placed somewhere in between DNS and RANS with
it being able to project the flow to the mesh’s size, while also presenting the necessary
pressure values at a rational cost.
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2.5.3 Comparison between k-epsilon and Large-eddy simulation
A study was done by Gawad et al. (1999) where they compared the results between a nonlinear k-epsilon model and an LES model for straight non-circular ducts. The flow in the study
was fully developed and turbulent while the ducts had square and rectangular cross sections.
To portray the SGS that occur in LES a dynamic model, that was originally suggested by
Germano, Piomelli, Moin, and Cabot (1991), was used. A non-linear model, suggested by
Speziale (1987), was used to locate the Reynolds stresses in the modelling of k-epsilon.
Gawad et al. (1999) mention that previous tests and scientific studies were used for
comparison.
Gawad et al. (1999) made the following list of conclusions as a result of their study:
1. Both models are able to accurately foresee the secondary motion that is controlled by the
turbulence within the square and rectangular ducts.
2. Because of the amount of time it takes for secondary flow to arrive at a steady state, LES proved
to be troublesome when it came to the computer time. However, LES still was able to show how
potent it is as far as anticipating complex flow.
3. Both models predict the abundance of flow field and turbulence structure more accurately than
observations and abstract studies.
4. The prognosis of the mean velocity and wall shear stress show that the k-epsilon model is more
sensitive to the pattern of the secondary flow than the LES model. The k-epsilon model reacted
better to the experiments.
5. Solid grids were needed for the LES to provide any good results while the non-linear k-epsilon
model could produce good results with a rather crude grid. It was specifically necessary for the
LES to have solid grids close to the walls.
6. In the case of rectangular ducts, the secondary flow is presented differently between both
models.
7. The shear stress of the wall is predicted in a precise manner by the LES. The k-epsilon model
needs further, observational information, like the law of the wall, to be as accurate as the LES.

Gawad et al. (1999) end their article by stating that the positive aspect of the k-epsilon model
is that it is less demanding on the cache and central processing unit (CPU) time but that it
requires added information during the modelling process. This statement is backed up by Sodja
(2007) who explains that RANS models’ computing time is only about 5% of the computing
time for LES. Sodja (2007) also states that the LES is less about the modelling process and
more about the grid.
The Navier-Stokes equation of motion for both the K-epsilon model and LES can be found in
Appendix 4.
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3 METHODOLOGY
This section contains information of how the study has been able to gather data and methods
to analyse the result. The section encompasses explanations for the process of choosing what
method to use, how the modelling, calculations, and simulations were executed, and the way
the dimension measurements were performed.

3.1 Choice of method
The result of the literature studies, presented in chapter 2, gave different proposals on what
method to apply for this study given the described conditions. The use of Condition based
maintenance (CBM) is to help to detect a machine error as soon as it arises, rather than to
help to fix an already existing problem. CBM could have been a good method to implement
just after the problem with Mälarenergi’s fan was found and dealt with since it works more like
a warning system. But as the issue has been ongoing for some time the CBM method does
not seem like the right methodology at this stage.
The Fast Fourier transform (FFT) method is more appropriate for this case since it can detect
the root cause and source of an existing problem. Further, Mälarenergi has frequency analysis
data from when parts of the fan were misaligned, after the misalignment was fixed, and when
the current problem arose. This data can be compared with earlier studies that have used FFT
spectra and help pinpoint what the fan’s problem might be.
Based on this the FFT method was chosen to pinpoint the root cause of the vibration problem
of the fan in Unit 6.

3.2 Modelling, calculations, and simulation
A model of the fan duct from right after the sleeve filter up until the fan inlet was created using
ANSYS Fluent. Before the simulations could be executed input data in terms of volume flow,
pressure, temperature, density and viscosity was needed. Mälarenergi provided some of the
input data, while other data had to be calculated.
After proper input data had been retrieved, the flow path was simulated in ANSYS Fluent. Two
cases were chosen for the simulation. These cases were picked based on fan vibration data,
and a fan chart with duty points, both of which were provided by Mälarenergi. Two turbulence
models were used for the simulations: the k-epsilon model and the LES model. The simulations
produced velocity profiles of the fan duct model.
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3.3 Dimension measurements
The dimension measurements were performed at the location and were the dimensions of the
inside of the fan duct. The measurements were done inside the flue gas duct with a folding
rule and took place after the final bend, right before the fan inlet.

4 CASE STUDY
This section contains what data has been generated; the calculations performed to run the
simulations, and the simulation set-up itself.

4.1 Frequency analysis
The fan’s vibration frequency was analysed to properly assess whether the error is located
within the flue gas duct or not. Mälarenergi provided previous reports on the flue gas fan’s
frequency from both before the current vibration problem occurred, when the fan had problems
with mechanical looseness, and after. Figure 13 displays the fan’s frequency during the time
in 2015 when the fan’s bolt was loose. The mechanical looseness can clearly be seen as there
is an abnormally high peak at 1x the rotational speed, followed by peaks at 2x-10x. The
rotational speed at this specific measurement was 631 revolutions per minute (RPM).

Figure 13 - Frequency analysis - Mälarenergi 2015 – Mechanical looseness
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Figure 14 displays the fan’s frequency after they reattached the fan wheel back on its axis and
it ran like normal without any problems. The only peak is the one at the rotational speed 693
RPM.

Figure 14 - Frequency analysis - Mälarenergi 2015 – After mechanical looseness

The next figure, Figure 15, displays the frequency of the fan when the first crack in the
foundation appeared, back in 2016. This time the first peak appearing after the initial peak at
the rotational speed is the one at 3x the rotational speed. The rotational speed at this specific
time was 712 RPM.

Figure 15 - Frequency analysis - Mälarenergi 2016 - After crack in the foundation
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Figure 16 displays the fan’s frequency after the foundation has been wrapped with a metal belt
and the cracks have been injected with epoxy. The peak is still there at 3x the rotational speed,
but the levels of vibration have been brought down. The rotational speed at this measurement
was 725 RPM.

Figure 16 - Frequency analysis - Mälarenergi 2016 - After epoxy injection and metal belt

In Figure 17 the frequency of the fan on May 18, 2017, can be seen. The vibration levels
increased when the rotational speed is under 700 RPM. The peak still exists at 3x the rotational
speed of 671 RPM.

Figure 17 - Frequency analysis - Mälarenergi 2017 - Rotational speed below 700 RPM

There are no significant peaks at 1x or 2x the rotational speed; this indicates that imbalance
and misalignment can be ruled out as potential faults. There are no reoccurring peaks at
multiples or half multiples, which means that the error being mechanical looseness is
improbable. It also does not have an abnormally large peak at 1x the rotational speed like in
Figure 13. This further eliminates mechanical looseness as the fault.
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4.2 Simulation cases
For the simulation, two cases were chosen. The cases were picked based on the vibration
data of the fan along with the fan’s rotational speed. The two cases represent two days where
the vibration levels of the fan were at their highest. Mälarenergi provided data on the fan’s
vibration levels between 2017-02-02 and 2018-02-02, which can be found in Appendix 2. The
data showed that the month of June is when the fan had the highest vibrations, which led to
the fan being temporarily shut down. In Figure 18 the hourly correlation between the rotational
speed and vibration levels of the fan for the June and most of July can be seen.
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Figure 18 - Correlation between fan's rotational speed and vibration levels

29

mm/s

900

2017-06-01 00:00:00
2017-06-02 09:00:00
2017-06-03 18:00:00
2017-06-05 03:00:00
2017-06-06 12:00:00
2017-06-07 21:00:00
2017-06-09 06:00:00
2017-06-10 15:00:00
2017-06-12 00:00:00
2017-06-13 09:00:00
2017-06-14 18:00:00
2017-06-16 03:00:00
2017-06-17 12:00:00
2017-06-18 21:00:00
2017-06-20 06:00:00
2017-06-21 15:00:00
2017-06-23 00:00:00
2017-06-24 09:00:00
2017-06-25 18:00:00
2017-07-01 05:00:00
2017-07-02 14:00:00
2017-07-03 23:00:00
2017-07-05 08:00:00
2017-07-06 17:00:00
2017-07-08 02:00:00
2017-07-09 11:00:00
2017-07-10 20:00:00
2017-07-12 05:00:00
2017-07-13 14:00:00
2017-07-14 23:00:00
2017-07-16 08:00:00
2017-07-17 17:00:00
2017-07-19 02:00:00
2017-07-20 11:00:00

RPM

Correlation between the fan's rotational speed and vibration level

Another important aspect of the two simulation cases is to see whether or not the fan is running
within its intended duty points. Figure 19 displays the fan chart that Mälarenergi received by
Flebu with were the fan’s duty points are located at three certain rotational speeds.

Figure 19 - Fan chart
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The dates chosen for the two simulation cases can be seen in Table 1.
Table 1 – Simulation cases

Case 1

Case 2

2017-06-22 03:00:00

2017-06-25 19:00:00

Case 1 is a date where the fan’s rotational speed is at around 728 RPM while also being in the
month with the highest vibration levels. Case 2 is a date where the fan’s rotational speed is at
around 610 RPM and the date with the second to highest vibration levels between 2017-02-02
and 2018-02-02.

4.3 Data and calculations
Before a CFD simulation could be performed, necessary data had to be collected, and
calculations had to be performed. The data necessary for these calculations can be seen in
Table 2 and was provided by Mälarenergi.
Table 2 - Data for calculations

Duct 1

Duct 2

Density [kg/m3]

0.77

0.77

Temperature [oC]

128.52

130.59

Volume flow [kNm3/h]

128.33

119.23

To perform the CFD simulation in ANSYS the viscosity of the fluid was needed.
The viscosity was interpolated from ("Flue gases properties table - density, viscosity," n.d.)
since the values for the flue gas composition matched the composition at Mälarenergi. The
chemical composition of the flue gas in both ppm, as well as the percentage of the total volume,
was provided by Mälarenergi. The chemical composition at the dates of the two cases can be
found in Appendix 3.
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The viscosity was interpolated to get the viscosity for the duct temperatures at Mälarenergi
("Flue gases properties table - density, viscosity," n.d.). The interpolation is shown in equations
(1) and (2).
(24.5 − 20.4) ∗ 10−6 24.5 ∗ 10−6 − 𝜇
=
200 − 100
200 − 𝑇

(1)

(24.5 − 20.4) ∗ 10−6
𝜇 = 24.5 ∗ 10−6 − [
∗ (200 − 𝑇)]
200 − 100

(2)

Where the temperature T in each duct is right after the filter and provided by Mälarenergi.
The velocity of the flue gas in both ducts also needed to be known to perform the CFD
simulations. The velocities after the filter in both ducts were calculated with equation (3).

𝑣=

𝑉
𝐴

(3)

The volumes used were average values between 2017-02-02 and 2017-09-30. These values
were provided by Mälarenergi in normal m3 per hour. The volumes at normal cubic-meters per
hour are measured against standard temperature and standard pressure. These conditions
are, according to Bray-Ali (2017), as displayed in equations (4) and (5):
𝑇𝑠 = 0𝑜 𝐶 = 273.15 𝐾

(4)

𝑃𝑠 = 𝑃𝑎𝑡𝑚 = 100 000 𝑃𝑎

(5)

The volumes were converted into m3 per second using equation (6).

𝑉=

𝑉 [𝑁𝑚3 /ℎ] 𝑡 + 273.15
∗
3.6
273.15

(6)

The temperature that was used in each duct was an average value between 2017-02-02 and
2017-09-30, provided by Mälarenergi.
The areas of the two ducts were calculated using equation (7).
𝐴=𝐻∗𝑊

(7)

The height and width of the ducts were real life measurements taken at Mälarenergi.
The final information needed for the CFD simulations was to know if the fluid was laminar or
turbulent. To know the state of the fluid Reynold’s number was calculated using equation (8).

𝑅𝑒 =

𝜌 ∗ 𝑣 ∗ 𝐷𝐻
𝜇
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(8)

Equation (9) was used to calculate the hydraulic diameter for the rectangular ducts
("Hydraulic Diameter for Non-Circular Ducts," n.d.).

𝐷𝐻 =

4∗𝐻∗𝑊
2 ∗ (𝐻 + 𝑊)

(9)

The Reynold’s number indicated that the fluid was turbulent, which meant that the turbulence
intensity (TI) was needed for the CFD simulations. Equation (10) is taken from Russo and
Basse (2016) and was used to calculate the TI.
𝑇𝐼 = 0.140 ∗ 𝑅𝑒 −0.0790

(10)

Equation (10) is, according to Russo and Basse (2016), the formula to use for scaling TI over
the pipe cross-sectional area for incompressible CFD simulations.
All the data that Mälarenergi provided for their Unit 6 can be found in Appendix 2.

4.4 CFD-model setup
In this chapter the different steps of building and setting up the model of the flue gas channel
will be described. Using the data obtained from Mälarenergi a realistic model of their flue gas
duct leading into the fan was created in the program ANSYS. This was done so that a realistic
velocity profile of the flue gas could be simulated throughout the duct all the way to the fan
intake. This simulation was performed to see if the flow distortion could be a valid reason for
the vibration increase in the flue gas fan.

4.4.1 Model description
The model was constructed using the program ANSYS, ANSYS is a CFD program commonly
used to simulate fluid flows. For this model ANSYS fluent has been used, this add-in is one of
tools available when simulating fluid flow.
The built-up model is constructed so that only the volume flow path is created, the outer walls
of the duct are of no interest since there are no plans on measuring any variables on the outer
surface of the duct wall. Only creating the flow path saves on the mesh and solving part of the
process. Other than the flow path, guide plates and dampers were also created and inserted
into the correct position in the duct, so that the simulation would be as accurate as possible.
The model can be seen in Figure 20 and Figure 21. As can be seen in the figures the model
has two inlets and one outlet. After a 90° bend the ducts then go through a tapering stage
where it is slimmed down and thereafter broadened. The ducts are then turned 42° inwards
and tapered once again until they meet in a clevis. After the clevis, the ducts are taken through
three turns until it flows out into the fan intake. In Figure 20 the location of the guide plates and
the dampers can be seen.
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Figure 20 - ANSYS - 3D model – Overview - Freeze

Figure 21 - ANSYS - 3D model – Overview – Unfreeze

4.4.2 Meshing the model
After the geometry model had been correctly built up, it had to go through the meshing process
before simulation could take place. The meshing step of the process can be seen as a preprocessing step where the body created in the previous step gets split up into x-numbers of
subdomain elements. Each element consists of a various number of nodes, the number of
nodes depends on what kind of element is used. Flow traits are developed inside of the
element. Usually, a higher number of elements leads to a more accurate simulation. However,
higher mesh quality also leads to an increase in computing power.
One way to approach meshing is to apply a variating mesh, where the mesh is coarse in areas
where flow change is low. And a higher mesh quality is applied at areas where the change of
flow traits is high.
There are different shapes that can be used in the meshing process e.g., quadrilateral or
hexahedral mesh shapes. Generally, the following practices are recommended:
•

For simple geometries, quadrilateral/hexahedral shapes

•
•
•

For moderate complex geometries, unstructured quadrilateral/hexahedral shapes
For relativity complex geometries, triangular/tetrahedral shapes with wedge elements
For extremely complex geometries, pure triangular/tetrahedral shapes

For this work, the model first was given a mesh generated by ANSYS, after that a more finetuned mesh was applied at areas where the change of flow traits was thought to be high. In
Figure 22, it can be seen that at the start of the model the mesh is coarser. This is because at
the beginning there is not a lot of change of flow traits, so there is no need for a high mesh
quality. However, at the end of the model near the fan intake, the mesh is finer since there is
believed to be a higher change of flow traits in this area of the model. This can be seen in
Figure
23.
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A higher quality mesh is applied to the areas where the guide plates and dampers are located
since they have an impact on the flow.
Since the model has a curved geometry to some degree as well as some acute angles,
tetrahedral shapes were used instead of hexahedral since they are better suited for these types
of geometry. All the data for the meshing process can be found in Appendix 5.

Figure 22 - Mesh - Schematic - Upper X-axis

35

Figure 23 - Mesh - Schematic - Lower Z-axis

4.4.3 Boundary conditions
Before the simulations could take place the boundary conditions for the simulation had to be
defined. Conditions for both inlets and outlets were made, the inlets were defined as velocity
inlets while the outlet was defined as a fan intake.
The data needed for the inlet boundary condition was:
•

Inlet velocity (m/s)

•

Turbulence intensity (%)

•

Hydraulic diameter (m)

The data needed for the outlet boundary condition is very similar to the inlet, the only
difference is that it does not need the velocity. Otherwise, it is the same.
The solution method the solver used in this degree work was Second Order Upwind since it
is recommended by ("ANSYS online manual," n.d.).
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4.4.4 Different turbulence models
The created model will be used to simulate two different cases with two different turbulence
models. The difference between each case is that the input values will be taken from different
rotational speeds of the fan. First, the cases will be simulated using a k-epsilon turbulence
model, and later the same cases will be simulated using an LES turbulence model.
This is done to get a better picture of how the velocity profile changes with a variating load.
The different models are used to increase the odds of finding an error; the k-epsilon model is
used to try and see if any flow distortions occur. The LES model is used primarily to see if
pulsating flow can be a realistic fault. Furthermore, if both models were to point at the same
fault, it would increase the chance of the error being correct.
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5 RESULT
This chapter incorporates all the relevant data from the calculations and simulations. The two
cases that were simulated are known as Case 1 and Case 2 with Case 1 being 2017-06-22
03:00:00 and Case 2 being 2017-06-25 19:00:00.

5.1 Calculation
Table 3 displays the result from the measurements of the duct dimensions and the calculations
of the hydraulic diameter of the duct.
Table 3 - Result - Duct dimensions

Height of flue gas duct [m]

2.70

Width of flue gas duct [m]

2.42

Hydraulic diameter of flue gas duct [m]

2.55

Density of flue gas [kg/m3]

0.77

Table 4 displays the result from the calculations of velocity, Reynold’s number, volume flow
and TI for case 1.
Table 4 - Result - Case 1

Case 1

Duct

𝟏

𝟐

Velocity [m/s]

12.088

12.195

Reynold’s number [-]

8.64 𝑥 105

8.78 𝑥 105

Volume flow [m3/h]

234.989

237.079

Turbulence intensity [%]

4.6838

4.6778

38

Table 5 displays the result from the calculations of velocity, Reynold’s number, volume flow
and TI for case 2.
Table 5 - Result - Case 2

Case 2

Duct

𝟏

𝟐

Velocity [m/s]

9.25

9.22

Reynold’s number [-]

6.88 𝑥 105

6.86 𝑥 105

Volume flow [m3/h]

179.8

179.3

Turbulence intensity [%]

4.7689

4.7698

Table 6 displays the result from the calculations of volume flow at fan inlet and fan’s pressure
difference.
Table 6 - Result - Miscallenous

Case 1

Case 2

Rotational speed [RPM]

730.0

614.4

Volume flow, fan inlet [m3/h]

472.1

359.1

Pressure, fan inlet [Pa]

−4,440.0

−3,480.0

Pressure, fan outlet [Pa]

820.0

540.0

Pressure difference [Pa]

5,260.3

4,020.0
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5.2 Simulation
In this sub-section, the result from the four simulations are presented. Two simulations were
done in each case, one using the K-epsilon model and one using the LES model.

5.2.1 K-epsilon model
In this chapter, the result of the simulations using the K-epsilon model is shown for each case.

5.2.1.1.

Case 1

Figure 24 displays the flow path from an overview of the flue gas duct for the first case. The
figure shows that the flow has the highest velocity peaks around the guide plates after the
mergence, and at the fan inlet.

Figure 24 - K-epsilon - Case 1 – Schematic - Overview
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Figure 25 gives a flow path view from the upper part of the flue gas duct, during the mergence.
The figure shows a void in the centre of the flue gas duct, post-mergence, while the highest
velocities are found at the outer part of the duct, after the dampers.

Figure 25 - K-epsilon – Case 1 - Schematic - Upper Z-axis
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Figure 26 displays the end of the flue gas duct, the final set of guide plates, right before the
fan inlet. The overall velocities of the flow path are higher than before the mergence, with some
of the highest velocity peaks seen at the fan inlet.

Figure 26 - K-epsilon – Case 1 - Schematic - Lower X-axis
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Figure 27 displays the lower part of the flue gas duct, the two sets of guide plates following the
mergence along with the fan inlet. This figure shows that the highest velocity peaks are found
at the first set of guide plates, post-mergence. A void can also be seen between the two sets
of guide plates, after the velocity peaks.

Figure 27 - K-epsilon – Case 1 - Schematic - Lower Z-axis
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Figure 28 presents the flow path if the observer stood inside the fan and was looking into flue
gas duct.

Figure 28 - K-epsilon – Case 1 - Schematic – Fan inlet
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5.2.1.2.

Case 2

Figure 29 displays the flow path from an overview of the flue gas duct for the second case.
The figure shows that the flow has the highest velocity peaks around the guide plates after the
mergence, and at the fan inlet.

Figure 29 - K-epsilon – Case 2 - Schematic - Overview
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Figure 30 gives a flow path view from the upper part of the flue gas duct, during the mergence.
The figure shows a void in the centre of the flue gas duct, post-mergence, while the highest
velocities are found at the outer part of the duct, after the dampers.

Figure 30 - K-epsilon – Case 2 - Schematic - Upper Z-axis
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Figure 31 displays the end of the flue gas duct, the final set of guide plates, right before the
fan inlet. The overall velocities of the flow path are higher than before the mergence, with
some of the highest velocity peaks seen at the fan inlet.

Figure 31 - K-epsilon – Case 2 - Schematic - Lower X-axis
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Figure 32 displays the lower part of the flue gas duct, the two sets of guide plates following the
mergence along with the fan inlet. This figure shows that the highest velocity peaks are found
at the first set of guide plates, post-mergence. A void can also be seen between the two sets
of guide plates, after the velocity peaks.

Figure 32 - K-epsilon – Case 2 - Schematic - Lower Z-axis
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Figure 33 presents the flow path if the observer stood inside the fan and was looking into flue
gas duct.

Figure 33 – K-epsilon – Case 2 - Schematic – Fan inlet
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5.2.2 Large-eddy simulation
In this chapter, the result of the simulations using the LES model is shown for each case.

5.2.2.1.

Case 1

Figure 34 displays the flow path from an overview of the flue gas duct for the first case. The
figure shows that the flow has the highest velocity peaks around the guide plates after the
mergence, and at the fan inlet.

Figure 34 - LES - Case 1 - Schematic - Overview
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Figure 35 gives a flow path view from the upper part of the flue gas duct, during the mergence.
The figure shows a void in the centre of the flue gas duct, post-mergence, while the highest
velocities are found at the outer part of the duct, after the dampers.

Figure 35 - LES - Case 1 - Schematic - Upper Z-axis
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Figure 36 displays the end of the flue gas duct, the final set of guide plates, right before the
fan inlet. The overall velocities of the flow path are higher than before the mergence, with some
of the highest velocity peaks seen at the fan inlet.

Figure 36 - LES - Case 1 - Schematic - Lower X-axis
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Figure 37 displays the lower part of the flue gas duct, the two sets of guide plates following
the mergence along with the fan inlet. This figure shows that the highest velocity peaks are
found at the first set of guide plates, post-mergence. A void can also be seen between the
two sets of guide plates, after the velocity peaks.

Figure 37 - LES - Case 1 - Schematic - Lower Z-axis
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Figure 38 presents the flow path if the observer stood inside the fan and was looking into flue
gas duct.

Figure 38 - LES - Case 1 - Schematic – Fan inlet
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5.2.2.2.

Case 2

Figure 39 displays the flow path from an overview of the flue gas duct for the second case.
The figure shows that the flow has the highest velocity peaks around the guide plates after the
mergence, and at the fan inlet.

Figure 39 - LES - Case 2 - Schematic - Overview
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Figure 40 gives a flow path view from the upper part of the flue gas duct, during the mergence.
The figure shows a void in the centre of the flue gas duct, post-mergence, while the highest
velocities are found at the outer part of the duct, after the dampers.

Figure 40 - LES - Case 2 - Schematic - Upper Z-axis
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Figure 41 displays the end of the flue gas duct, the final set of guide plates, right before the
fan inlet. The overall velocities of the flow path are higher than before the mergence, with some
of the highest velocity peaks seen at the fan inlet.

Figure 41 - LES - Case 2 - Schematic - Lower X-axis
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Figure 42 displays the lower part of the flue gas duct, the two sets of guide plates following the
mergence along with the fan inlet. This figure shows that the highest velocity peaks are found
at the first set of guide plates, post-mergence. A void can also be seen between the two sets
of guide plates, after the velocity peaks.

Figure 42 - LES - Case 2 - Schematic - Lower Z-axis
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Figure 43 presents the flow path if the observer stood inside the fan and was looking into flue
gas duct.

Figure 43 - LES - Case 2 - Schematic – Fan inlet
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6 DISCUSSION
This section contains an in-depth analysis of the case study and result for this degree project.
Topics that are discussed include the frequency analysis of fan, the fan’s duty points, the
simulations, an evaluation of the method, the accuracy of the model, and what
recommendations there are for solving the fan’s vibration problem.

6.1 Frequency analysis
Looking at the spectrum graphs from Mälarenergi’s previous inspections of the fan (seen in
chapter 4.1) it is found that the mechanical looseness from 2015, displayed in Figure 13, is not
present in the spectrum graph showing the current problem, shown in Figure 17. Therefore,
mechanical looseness can be ruled out. A comparison between Figure 17 and the different
fault frequencies mentioned in 2.3.3, misalignment and unbalance can be dismissed as being
the causes for vibrations. The peak in Figure 17 is at 3x the rotational speed rather than the
misalignment in Figure 9 where the peak is at 2x the rotational speed. There is also no
abnormally high peak at 1x the rotational speed which is what indicates unbalance, as seen in
Figure 10. Being able to rule out the other potential fault frequencies, along with FIV being hard
to differentiate, the high vibrations in the fan at Mälarenergi’s Unit 6 is most likely flow-induced.

6.2 Duty points
A review of the result shown in Table 6, the pressure difference between the fan and volume
flow at the fan inlet can be used to locate the fan’s duty points. Observing Figure 19 with the
pressure difference and volume flow for the two cases, it can be seen that the duty points
match quite well with the predetermined duty points. As mentioned in 1.3, the fan’s vibrations
are the most harmful around 600 RPM, which is one of the rotational speeds where a duty
point is located. Case 2 has the highest level of vibration but is the case closest to its duty
point. This means that the high vibrations within the fan is most likely not a cause of being
outside the recommended duty points.
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6.3 Simulation
The initial thought when looking through the simulation results is that they look quite good. The
velocity profile looks like it is behaving as suspected, the guide plates and dampers appear to
be affecting the flue gas in a beneficial way.
At the start of the model, there is not many differences to be found between the two simulations.
One little difference is that the k-epsilon has a more divided velocity profile after the dampers
at the beginning of the mergence. In the k-epsilon case there quite high speed near the walls
whilst in the middle the velocity is very low. In the LES the velocity at the outer wall is quite
high and is then getting lower and lower further inwards as can be seen in Figure 25 and Figure
35. At the lower half of the model, it can be seen in Figure 27 and Figure 37 that the LES,
unlike the k-epsilon, has a very high velocity peak at the inner corner of the second to the last
bend. Another difference between the simulations is the velocity distribution at the top of the
last bend, in the k-epsilon, the velocity is high at the right side and then gets continuously lower
to the left. However, the velocity distribution in LES is evenly distributed.
The last noticeable difference between the two simulations is the velocity profile at the model
outlet. The two profiles are quite similar in that they both show an uneven velocity profile at the
model outlet. The main difference between the two is that LES a much higher velocity in the
top compared to in the bottom of the outlet, in the k-epsilon version there is no difference in
velocity at the model outlet. This can be seen when comparing Figure 28 and Figure 38. Both
k-epsilon cases have a very similar velocity profile at model outlet while there are some
noticeable differences between the two LES cases when comparing the outlet velocity profiles.
The mesh quality of the LES needs to be refined further for the simulations to be able to predict
the larger swirls that might exist in the duct. In this degree project there was not enough time
nor enough computer power to refine the mesh to the small enough size for this.
As mentioned in chapter 2.5, LES gives a smoother result along with being able to project the
flow to the mesh’s size. It is, therefore, more likely that the LES is the most accurate one of the
two simulations. If the mesh is refined, LES performers better than k-epsilon. The model mesh
in this degree project is quite refined, which indicates that the LES should outperformed the kepsilon simulation.

6.4 Method evaluation
The chosen method of this work appears to be efficient. FDD methods have been proven useful
at detecting faults and pinpointing where said faults are located. There are studies proving this,
some of which can be seen in 2.1 and 2.3.2. As for the simulation part of this work, CFD as a
simulation and visualization tool has been proven to be highly resourceful, as can be seen in
2.5. One aspect that might have room for improvement is to switch from a signal-based FDD
method to an analytical method, as stated in 2.1, it is thought that a frequency analysis might
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struggle to reach the ever-increasing requirements. Maybe if an analytical FDD method would
have been used a more precise fault location could have been found.

6.5 Accuracy of CFD model
A large problem in this degree work has been the lack of validation of the created model. Due
to the reasons mentioned in 1.6, velocity measurements could not take place during this work,
this means that no validation of the model occurs. Without validation, it can be hard to say how
accurate this model is compared to its real-life counterpart.
For the model used in this degree work, the input data should be of high quality since most of
the data it is obtained from Mälarenergi’s own measurements. Some data had to be calculated
using data provided by Mälarenergi; these calculations should still be of high quality. The areas
of concern in the model lie in the dimensions of the model. Since the model is built based on
blueprints with very few dimensions. Some of the needed dimensions were obtained by
measurements. However there are still areas of the model where dimensions have been
approximated due to lack of data.
The CFD simulation could probably have been more precise if an even finer mesh had been
applied to the model. However, as mentioned in 0, the finer the mesh, the more computational
power is needed. And since a lot of different simulations has taken place throughout this work,
time as a factor was valued quite highly.

6.6 Recommendations
When investigating the LES results, some flow distortion seems to exist, which might be a
cause for the vibrations. A solution to this problem could be an implementation of inlet
straighteners as previously mentioned in 2.4.1, in which the authors tried to correct flow
distortion. From their study, it is proven that flow distortion in a backwards curved centrifugal
fan can be fixed by implementing straighteners at the fan inlet. Based on their study the
corrugated inlet straighteners should have a high chance of correcting any occurring flow
distortion present.
Another possible solution could be the implementation of VIGV, also mentioned in 2.4.1.
However, the study what was presented applies VIGV on a transonic fan. The result of the
study might have differed had it been performed on a centrifugal fan, like the one in
Mälarenergi’s Unit 6. Using VIGV could still be taken into consideration if inlet straighteners
are not applicable.
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7 CONCLUSIONS
The conclusions made for this degree project based on the research questions are the
following:
•

What is the plausible cause of the increased vibrations in the flue gas fan and where is the
source of the problem?

The high vibrations of the flue gas fan seem to be flow-induced. The source of the problem is
most likely linked to the flow distortion at the inlet of the fan. There is, however, a lack of
validation since no duct traverse at the location could take place. The lack of accurate
dimensions of the flue gas duct also means that the result from the simulation needs further
validation. This is a good base for where the cause of the vibrations may lie.
•

What technical solution is there to the specific problem?

If the simulations are accurate and the problem is flow distortion at the fan inlet, then the most
promising solution would be to implement inlet straighteners. This is because it has been
proven in earlier studies that it is able to correct flow distortion at the inlet of a centrifugal fan.

8 FUTURE STUDIES
For this work to help Mälarenergi in an efficient way, a duct traverse needs to take place so
that the model can be validated. Furthermore, the model dimensions should be checked once
the true measurements of the flue gas duct are known, and if there are any differences, the
model needs to be updated. The model should also be simulated using a finer mesh quality in
the future to acquire a more accurate simulation. The number of mesh elements for a proper
simulation should be in the millions, and thus the simulation would take one to two weeks. This
was not anything that could be done in this work due to time limits but should be done in the
future to ensure as accurate of a simulation as possible.
After the model has been validated, it can be updated with inlet straighteners to see if it has a
positive effect on the ingoing flow field.
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APPENDIX 1 – CHP UNIT 6
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APPENDIX 2 – UNIT 6 DATA – EXCEL FILE

Mälarenergi_Unit_6
_Data.xlsm
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APPENDIX 3 – FLUE GAS PROPERTIES

CASE 1 – 2017-06-22 03:00:00

Duct 1 - Flue Gas Properties
1,05%
7,07%
18,63%
2,88%
23,20%

1,69%
0,17%

13,04%

29,50%

0,33%
0,29%

0,02%
1

2

3

4

5

6

7

8

9

10

2,11%
11

12

13

Duct 2 - Flue Gas Properties
0,80%
7,07%
14,23%

23,20%
15,57%
1,29%
13,04%

0,13%
22,54%

0,25%
0,02%
1

2

3

4

5

6

7

8
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1,61%

0,22%
9

10

11

12

13

CASE 2 – 2017-06-25 19:00:00

Duct 1 - Flue Gas Properties
4,60% 5,63%

16,93%
1,79%

22,63%

2,20%

0,43%
14,05%

27,71%

0,30%
0,55%

0,12%
1

2

3

4

5

6

7

8

9

10

3,05%

11

12

13

Duct 2 - Flue Gas Properties
5,63%

3,30%

12,16%
22,63%
17,85%
14,05%

1,29%
0,31%

19,90%
0,21%
0,09%

1

2

3

4

5

6

7

8
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2,19%

0,39%
9

10

11

12
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APPENDIX 4 – NAVIER-STOKES EQUATIONS
K-EPSILON
Transport equations for a standard k-epsilon model is the following:
For turbulent kinetic energy:
𝜕
𝜕
𝜕
𝜇𝑡 𝜕𝑘
(𝜌𝑘) +
(𝜌𝑘𝑢𝑖 ) =
[(𝜇 + )
] + 𝑃𝑘 + 𝑃𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝑘 𝜕𝑥𝑗
For dissipation:
𝜕
𝜕
𝜕
𝜇𝑡 𝜕𝜖
𝜖
𝜖2
(𝜌𝜖) +
(𝜌𝜖𝑢𝑖 ) =
[(𝜇 + )
] + 𝐶1𝜖 (𝑃𝑘 + 𝐶3𝜖 𝑃𝑏 ) − 𝐶2𝜖 𝜌 + 𝑆𝜖
𝜕𝑡
𝜕𝑥𝑖
𝜕𝑥𝑗
𝜎𝜖 𝜕𝑥𝑗
𝑘
𝑘
LARGE EDDY
Formally it is thought that filtering as the convolution of a function with a filtering kernel G:
𝑢𝑖 (𝑥⃗) = ∫ 𝐺 (𝑥⃗ − 𝜉⃗)𝑢(𝜉⃗)𝑑𝜉⃗
Resulting in:
𝑢𝑖 = 𝑢𝑖 + 𝑢′𝑖
The incompressible Navier-Stokes equations of motion:
𝜕𝑢𝑖
𝜕𝑢𝑖
1 𝜕𝑝
𝜕
𝜕𝑢𝑖
+ 𝑢𝑗
=−
+
(𝑣
)
𝜕𝑡
𝜕𝑥𝑗
𝜌 𝜕𝑥𝑖 𝜕𝑥𝑗
𝜕𝑥𝑗
Substituting 𝑢𝑖 = 𝑢𝑖 + 𝑢′𝑖 and 𝑝 = 𝑝 + 𝑝′ gives the following equation for motion:
1𝜕𝜏𝑖𝑗
𝜕𝑢𝑖
𝜕𝑢𝑖
1 𝜕𝑝
𝜕
𝜕𝑢𝑖
+ 𝑢𝑗
=−
+
(𝑣
)+
𝜕𝑡
𝜕𝑥𝑗
𝜌 𝜕𝑥𝑖 𝜕𝑥𝑗
𝜕𝑥𝑗
𝜌𝜕𝑥𝑗

https://www.cfd-online.com/Wiki/Large_eddy_simulation_(LES)
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APPENDIX 5 – MESH DATA

Project
Product Version 17.1 Release

Units
TABLE 1
Unit System

Metric (m, kg, N, s, V, A) Degrees rad/s Celsius

Angle

Degrees

Rotational Velocity rad/s
Temperature

Celsius
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Model (C3)
Geometry
TABLE 2
Model (C3) > Geometry
Object Name

Geometry

State

Fully Defined

Definition
Source

H:\Ansys test\Thesis_volume_pipe\Volume_fluid_files\dp0\FFF7\DM\FFF-7.agdb

Type

DesignModeler

Length Unit

Meters

Bounding Box
Length X

12,621 m

Length Y

24,1 m

Length Z

11,82 m

Properties
Volume

339,33 m³

Scale Factor Value

1,

Statistics
Bodies

1

Active Bodies

1

Nodes

59868

Elements

290635

Mesh Metric

None

Basic Geometry Options
Parameters

Independent
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Parameter Key
Attributes

Yes

Attribute Key
Named Selections

Yes

Named Selection Key
Material Properties

Yes

Advanced Geometry Options
Use Associativity

Yes

Coordinate Systems

Yes

Coordinate System Key
Reader Mode Saves
Updated File

No

Use Instances

Yes

Smart CAD Update

Yes

Compare Parts On Update

No

Attach File Via Temp File

Yes

Temporary Directory

C:\Users\fbn13005\AppData\Local\Temp

Analysis Type

3-D

Decompose Disjoint
Geometry

Yes

Enclosure and Symmetry
Processing

No
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TABLE 3
Model (C3) > Geometry > Parts
Object Name

Flow path

State

Meshed

Graphics Properties
Visible

Yes

Transparency

0,1

Definition
Suppressed

No

Coordinate System Default Coordinate System
Behavior

None

Reference Frame

Lagrangian

Material
Fluid/Solid

Defined By Geometry (Fluid)

Bounding Box
Length X

12,621 m

Length Y

24,1 m

Length Z

11,82 m

Properties
Volume

339,33 m³

Centroid X

3,9296 m

Centroid Y

-12,378 m

Centroid Z

3,9072 m

Statistics
Nodes

59868

Elements

290635

Mesh Metric

None
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Coordinate Systems
TABLE 4
Model (C3) > Coordinate Systems > Coordinate System
Object Name

Global Coordinate System

State

Fully Defined

Definition
Type

Cartesian

Coordinate System ID 0,
Origin
Origin X

0, m

Origin Y

0, m

Origin Z

0, m

Directional Vectors
X Axis Data

[ 1, 0, 0, ]

Y Axis Data

[ 0, 1, 0, ]

Z Axis Data

[ 0, 0, 1, ]

Mesh
TABLE 5
Model (C3) > Mesh
Object Name

Mesh

State

Solved

Display
Display Style

Body Color

Defaults
Physics Preference

CFD

Solver Preference

Fluent

77

Relevance

0

Export Format

Standard

Shape Checking

CFD

Element Midside Nodes

Dropped

Sizing
Size Function

Curvature

Relevance Center

Fine

Initial Size Seed

Active Assembly

Smoothing

High

Transition

Slow

Span Angle Center

Fine

Curvature Normal Angle

Default (18,0 °)

Min Size

Default (4,3302e-003 m)

Max Face Size

Default (0,433020 m)

Max Tet Size

Default (0,866040 m)

Growth Rate

Default (1,20 )

Automatic Mesh Based Defeaturing

On

Defeaturing Tolerance

1,e-002 m

Max Dual Layers in Thin Regions

No

Minimum Edge Length

1,e-002 m

Inflation
Use Automatic Inflation

None

Inflation Option

Smooth Transition

Transition Ratio

0,272

Maximum Layers

5

Growth Rate

1,2
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Inflation Algorithm

Pre

View Advanced Options

No

Assembly Meshing
Method

None

Advanced
Number of CPUs for Parallel Part Meshing Program Controlled
Straight Sided Elements
Number of Retries

0

Rigid Body Behavior

Dimensionally Reduced

Mesh Morphing

Disabled

Triangle Surface Mesher

Program Controlled

Topology Checking

No

Pinch Tolerance

Default (3,8972e-003 m)

Generate Pinch on Refresh

No

Statistics
Nodes

59868

Elements

290635

Mesh Metric

None
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TABLE 6
Model (C3) > Mesh > Mesh Controls
Object Name

Patch Conforming
Method

State

Fully Defined

Face
Sizing

Edge
Sizing

Face
Sizing 2

Face
Sizing 3

Face
Sizing 4

1 Face

6 Faces

0,1 m

0,2 m

Scope
Scoping Method

Geometry Selection

Geometry

1 Body

14 Faces 40 Edges 12 Faces

Definition
Suppressed

No

Method

Tetrahedrons

Algorithm

Patch Conforming

Element Midside
Nodes

Use Global Setting

Type

Element Size

Element Size

0,15 m

Behavior

Soft

Curvature Normal
Angle

Default

Growth Rate

Default

Local Min Size

Default (4,3302e-003 m)

Bias Type

0,5 m

No Bias
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Named Selections
TABLE 7
Model (C3) > Named Selections > Named Selections
Object Name

Inlet_1 Inlet_2 Outlet

State

Fully Defined

Fluid_domain Guide plates Dampers

Scope
Scoping Method

Geometry Selection

Geometry

1 Face

1 Body

112 Faces

24 Faces

1 Body

112 Faces

24 Faces

129,02 m²

15,391 m²

Definition
Send to Solver

Yes

Visible

Yes

Program Controlled Inflation Exclude
Statistics
Type

Manual

Total Selection

1 Face

Surface Area

6,534 m²

Suppressed

0

Used by Mesh Worksheet

No

3,1919 m²

81

82

