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Abstract

Hydraulic power supplies are often chosen as an energy source in industry applications.
Because of their reliability and high power density these units are very popular in high
demanding tasks. One of these applications are injection moulding machines. High
oil quality is the requirement to ensure a highly functional power unit. Therefore, the
hydraulic reservoir must take care of maintaining the oil quality on a high level. One
way to achieve this is to harmonise the flow filed.

This research work focuses on the impact of the flow state of different inlet configurations
of a prismatic shaped hydraulic reservoir. The layout of the tank consists of a few inlets
and two outlets. To obtain an in-depth view of the flow state inside the tank CFD
simulations were carried out. The standard inlet pipe configuration is compared to a
newly diffuser design to reveal changes of swirling within the hydraulic reservoir. The
convergence behaviour was determined by an analysis of different meshes with varying
resolution. The investigation of the diffuser was done separately to obtain a better view
of flow characteristics of the diffuser itself.

For modelling turbulence flow the SST k-w model was applied. All CFD simulations
are carried out with ANSYS Fluent V2020R2. The post-CFD data is displayed within
ANSYS CFX post CFD toolbox.

The outcome of this research work presents that changes of the inlet configuration may
lead to less mechanical stress on the reservoir’s structure. In particular an adaptation of
the thickness of the plates to lower values appears reasonable. Additionally the newly

diffuser design effects the swirling behaviour in a positive manner.
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Zusammenfassung

Hydraulische Antriebsaggregate sind in vielen Bereichen der Industrie heutzutage nicht
mehr wegzudenken. Gerade aufgrund ihrer Zuverléssligkeit und hohen Leistungsdichte
qualifizieren sie sich fiir den Einsatz von anspruchsvollen Tétigkeiten, wie es beispiels-
weise der Fall von SpritzgieBmaschinen ist. Um ein effizient arbeitendes Aggregat zu
gewahrleisten, muss eine hohe Giiteklasse der Hydraulikfiissigkeit sichergestellt werden.
Eine Moglichkeit um Einfluss auf die Qualitdt des Hydraulikéls zu nehmen ist, das
Stromungsfeld zu beruhigen und Verunreinigungen zu vermeiden.

Die Auswirkungen von unterschiedlich gestalteten Zuldufen auf das Stromungsfeld eines
Hydrauliktanks werden in dieser Forschungsarbeit genauer untersucht. Bei dem Hydrau-
likbehélter handelt es sich um einen quaderféormigen Tank mit vier Zuleitungen und zwei
Abléufen. Es wurden CFD-Simulationen des Hydrauliktanks gemacht, um ein besseres
Verstéandnis {iber das Stromungsfeld zu bekommen. In dieser Arbeit werden die Vor- und
Nachteile von typischen in der Industrie eingesetzten Zuldufen mit einem neuartigen
Diffuser-Layout verglichen. Der Fokus liegt auf der Entwicklung des Stréomungsfeldes
und den entstehenden Verwirbelungen. Um ein besseres Bild der Auswirkungen des
Diffusers auf das Stromungsfeld zu haben, ist das Diffuser-Design isoliert betrachtet
worden. Das Konvergenzverhalten ist mit unterschiedlich feinen Vernetzungen iiberpriift
worden.

Um das Turbulenzverhalten im Tank beschreiben zu kénnen wird vom SST k-w Mo-
dell Gebrauch gemacht. Sowohl die CFD-Simulationen als auch die Auswertung und
Darstellung der CFD Daten sind mittels ANSYS Fluent V2020R2 und ANSYS CFX
durchgefiihrt worden.

Die Ergebnisse dieser Arbeit zeigen auf, dass eine Adaptierung der Zuldufe die mechani-
sche Belastung auf die Struktur des Hydrauliktanks reduzieren kann. Zusétzlich werden

durch die lamellare Anordnung der Bleche des Diffusers die Verwirbelungen verringert.
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Nomenclature

Physics Constants

g Gravitational constant 6.67430 x 107" m?3/ (kg s?)

Greek symbols & mathematical operators

« Expansion coefficient

o Coefficient of a low Reynolds number correction
ap Bunsen coefficient

QH,0 Water content

B Given function to obtain dissipation of w

T Second order Newtonian stress tensor

Iy Effective diffusivity of turbulent kinetic energy
r, Effective diffusivity of specific dissipation rate
A Thermal conductivity

o Dynamic viscosity

Lhturb Turbulent viscosity

\Y% Nabla operator

v Kinematic viscosity

Viurb Turbulent kinematic viscosity

w Specific dissipation rate

P Friction index


https://physics.nist.gov/cgi-bin/cuu/Value?bg
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VIII

Latin symbols

F

f

ai

a

NOMENCLATURE

Force

Volumetric force density

Velocity field

Position

SST k-w model constant

Concentration of a substance in a liquid medium
Cross-diffusion term

Internal energy

Buoyancy term in k-equation

Production of turbulent kinetic energy

Buoyancy term in w-equation

Production of specific dissipation rate

Henry’s law constant

Enthalpy

Turbulent kinetic energy

Life expectancy parameter as a function of water
Life expectancy parameter as a function of oil purity
Pressure

Partial pressure of a gas

Turbulent Prandtl number

Strain rate magnitude
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NOMENCLATURE

Acronyms
BSL
CAD
CBM
CFD
ERF
FEA
150
ppm
RANS
RTD
SST

UDF

Entropy

User-defined sources

User-defined sources

Time

Dissipation of turbulent kinetic energy
Dissipation of specific dissipation rate

Height

Baseline

Computer Aided Design
Condition Based Maintenance
Computational Fluid Dynamics
Explicit Relaxation Factors

Finite Element Analysis

International Organisation of Standardisation

Parts Per Million

Reynolds Averaged Navier-Stokes
Residence Time Distribution
Shear Stress Transport

User-Defined Function
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Introduction

If I have seen further than others, it is by standing upon

the shoulders of giants.

SIR IsaAAc NEWTON

Hydraulic circuits are a widely used in industry and are known as reliable power units.
Many applications demand a quite powerful energy source but also as little maintenance
work as possible. Depending on the choice of the layout of a hydraulic tank the expenses
of operation and maintenance may be tremendous due to poor decisions during the
designing phase [1].

Often the never-ending story of achieving the ideal layout of engineering components
appears to be an impossible challenge to solve. This is caused by the complexity of
the multi physics problem of a real hydraulic container. The combination of different
areas of technology, e.g. fluid dynamics, mechanical engineering, electronics and the
use of sensors, makes the developing process even more difficult than it already appears
[1, 2]. To master this issue of a reservoir’s conception none of the above mentioned
technologies should be neglected to obtain a powerful hydraulic power unit.

The main characteristic of a hydraulic tank is the possibility of storing a liquid medium.
The efficiency of a hydraulic power unit on the other hand does not only depend on
a simple storage space for the hydraulic medium. Many determining factors like the
geometric shape, heat transfer, sloshing effects and easy access for maintenance work
are decisive for a well functioning hydraulic circuit. Bad choices in design only reveal

themselves while operating over time and are frequently caused by quite conservative
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2 1. Introduction

layouts and oversimplifications of the reservoir itself [3]. Therefore, the use of virtual
engineering techniques has tremendously increased over the last decade. Computational
fluid dynamic methods have not only been explicitly used in the aerospace industry but
also research work of the behaviour of the fluid domain in various reservoir layouts has
been conducted with CFD techniques [3-10].

Even if the complexity of real hydraulic tanks place high demands on computational
methods like CFD or FEA, the benefits of using these techniques in the designing
progress of a proper working hydraulic reservoir are huge. Not only the efficiency of
the power unit increases but also to obtain a better knowledge of the ongoing physical

processes.

1.1 Tasks & goals

The major challenge of this research work is based on a weight reduction of the whole
injection moulding machine in general. One of the heavy parts of the machinery affects
the hydraulic power unit, particularly the hydraulic reservoir. Since the original layout
of the tank has been heavily reinforced due to structural problems, like leakage and
cracks, the whole structure of the storage unit must become lighter. Therefore, the
analysis of the present state of the hydraulic tank and a new proposal for the inlet
configuration has been accurately studied in this thesis. The comparison of the given
inlet designs should help to identify critical areas of the flow field and zones of high
mechanical stresses.

The objective of this research work is to obtain a precise view on the inlet layout based
on a lower stress state of the tank’s structure and an enhanced flow field to lower
undesirable swirling. This may enhance future development of hydraulic reservoirs in
injection moulding machines. Always with the ulterior motive to push technological

progress and effectiveness forward.
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Functionality of hydraulic reservoirs

All our knowledge has its origins in our perceptions.

LEONADRO DA VINCI

Many companies which rely on hydraulic systems as a power unit often neglect the
effectiveness of a proper functional hydraulic tank. As a rule hydraulic containers are
designed of thin sheets of metal [3]. Depending on the properties of the oil reservoir
they are made out of steel sheets, aluminium or cast iron. For larger constructed tanks
welded steel plates are frequently used, while smaller ones are made of moulded or
casted materials [11]. Two of the most used shapes in the industry for these tanks are
cylindrical and prismatic ones. The choice of the design is important and ought to
facilitate maintenance access and monitoring the condition of the oil [11, 12].

Beside its main function of storage space of a liquid, hydraulic reservoirs must fulfil other
functions like the separation of gaseous, liquid and solid contamination, temperature
management and easy access for maintenance [1, 11-14]. Therefore a proper design
does not only help to identify and stabilise flow patterns which may lead to problems
during operational time, but also to keep the oil quality on a high level. Poor oil quality
leads to insufficient functionality of the hydraulic system which causes component
damage, noise development, reduction of system stiffness, machine downtime, loss of
lubrication, wear, costs and tremendous fluid degradation [1, 8, 12]. In many cases the
interrelation of the above mentioned effects may lead to complications and issues of the

whole machinery. The hydraulic container also represents the only easy access point in



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

4 2. Functionality of hydraulic reservoirs

the hydraulic system, where the mineral oil can be monitored and conditioned [8].

Regarding the mentioned arguments above the hydraulic pump and reservoir accordingly
are called the "heart” of a hydraulic power unit. The same metaphor applies for the
synthetic or mineral oil as the 7blood” of one of these hydraulic systems. Thus,
both elements should be taken into account as machine components and be properly
monitored [13, 15]. The huge challenge in designing an efficient hydraulic reservoir does
lie in taking multiple aspects like flow pattern, temperature control, separation effects,
contamination processes and maintenance access into account. Not to focus merely on
the primarily task of storage space but to identify the bigger picture of the purpose of
a hydraulic tank. Only with a proper reservoir it is possible to achieve high hydraulic

oil quality and thereby sustain almost ideal operating conditions.

2.1 Main function

Over the recent years manufacturers centre their attention during the development phase
on a more powerful and efficient hydraulic power unit [16]. This pretty challenging
engineering task often correlates with a hydraulic reservoir’s primarily function of
storage space for a fluid domain. This main function of storing liquid substances also
includes oil level compensation as a cause of temperature variations, leakage of the
hydraulic system and compressibility of the hydraulic medium [1, 8, 13, 14]. In most
cases those storage containers are poorly designed. The most common shape of a
hydraulic tank is a simple prismatic layout. There must be a rethinking of the very
conservative way of designing a storage unit for fluid domains. This lack of knowledge
leads to an increase of oil amount and improper functionality of the system caused by
impurities within the hydraulic medium. The use of an optimised layout of a hydraulic
reservoir helps reduce the tank’s measurements, lower the costs for service work and
especially diminish the fluid volume in use [3, 13, 16].

A properly designed hydraulic reservoir is more than just a regular storage unit and

helps to maintain the properties of the hydraulic medium [1].
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2.2. Temperature management 5

2.2 Temperature management

Nowadays storage containers of hydraulic fluids must fulfil another main function of
temperature control besides the supply point of a fluid domain. During the dwelling
time of the hydraulic liquid in the reservoir it allows the fluid to cool down and regain
its properties. Due to the thermal expansion of the hydraulic liquid it is necessary
to take the oil volume changes inside the container into account [1, 3]. To achieve a
good heat dissipation the thermal properties of the used materials for the reservoir
play an fundamental role. While the hydraulic fluid passes through the system the
temperature of the working fluid increases and the heat must be emitted through the
surface of the storing container. Often this is achieved by the simple phenomenon of
natural convection. Typical working temperatures of hydraulic system lie within 40°C
to around 60°C [1, 11].

Another way to take care of the temperature development is to cool the hydraulic fluid
itself. Heat exchangers with particular closed systems have been showing some pretty
good results. Free air-cooled systems are a very practical but also an expensive practical

alternatives [11].

2.3 Contamination of hydraulic fluids

Modern hydraulic oils are used for several applications in the industry. Inevitably
hydraulic fluids contaminate during the operating time of the machinery. Those
contaminates can be of any kind of the three major states of aggregation: gaseous,
liquid and solid.

To be precise a contaminant is described as any foreign material in a hydraulic fluid,
which reduces the system’s performance. The reason for this decrease of the fluid
performance is due to deteriorating effects of the hydraulic fluid [17]. An overview of
the different sources of contamination and their implications are shown in figure 2.1.
The key element to lower the content of contaminants in a hydraulic reservoir is a

properly working separation process of undesirable foreign matter [12, 16].
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6 2. Functionality of hydraulic reservoirs

Assembly

Source Coarse particles

Maintenance

Work
environment

Heat exchanger

{ Sudden failure i

Figure 2.1 — Overview contamination sources

2.3.1 Gaseous contamination

Entrained air in a hydraulic power unit is the dominating part of gaseous contamination
in hydraulic liquids. Usually air in hydraulic fluids can be found as solute and undissolved,
e.g. air bubbles. According to Henry’s law of solubility the amount of a dissolved
gaseous substance in a liquid is proportional to its partial pressure in vapour phase

[9, 18]. This relation can be written as [18, 19],

H=—, 2.1
P, (2.1)

where H represents Henry’s law constant, ¢; the concentration of a substance in a
liquid medium and p, describes the partial pressure of the gas. In literature Henry’s
law constant is frequently referred to as K. The concentration ¢; can be expressed by
the Bunsen coefficient «, which defines the solubility of air in a fluid medium [20, 21].
Typical values for the Bunsen coefficient ap constitute around 9 % volume fraction of
air in a standard mineral oil at atmospheric pressure. In general the solubility of air
primarily depends on the oil type and pressure. Commonly the temperature, viscosity

and additives have less contribution to the Bunsen coefficient « [6, 10, 20].
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2.3. Contamination of hydraulic fluids 7

The cause for the detection of enclosed air lies in pretty noisy operating conditions of
the components. Free air within a hydraulic circuit is undesired because of its impact
on the power unit, but it is inevitable. In almost every case the design of the hydraulic
reservoir plays a key role in the segregation and releasing process of the entrained air
[1, 6, 16]. The change of physical and chemical properties of the oil has far reaching
consequences ranging from declining cooling capacity, change of flow rate, increased
oxidation of hydraulic fluid, pressure losses, noise pollution, machine downtime to
raising costs for maintenance [3, 10, 13, 22].

This entrainment of air diminishes the efficiency factor of the hydraulic power unit
itself and leads to an increase in energy consumption. Active measurements which
help reduce the formation of air bubbles inside the hydraulic tank are a very promising
approach. These measures contain easy to apply parts within the hydraulic reservoir
like baffles, guide plates, diffusers and perforated baffles for fluid deaeration [1, 3, 12].
Another relatively new alternative is a so called hydrocyclone device. Its main function

is based on a swirl flow inside a tapered tube which accelerates downstream [23].

% Inlet tube

p——

Eliminated bubbles
Fluid domain with less bubbles Inlet tube %

Figure 2.2 — Approach of a bubble removal component of a hydraulic unit

Removed air bubbles

Outlet tube
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8 2. Functionality of hydraulic reservoirs

2.3.2 Liquid contamination

Almost always the liquid contamination of hydraulic fluids is related to the presence of
water in such hydraulic power units. Frequently water enters the system during cleaning
processes of the machinery, leakages in pipes and heat exchangers or through improper
storage of hydraulic liquids. A fraction of the water content can be exchanged through
ventilation filter in the reservoir. This may also lead to an increase of the water content
as the moisture of the ambient atmosphere is absorbed [10]. There are three conditions

how water can be found in oil:

e Free water

water which quickly segregates to the bottom of the reservoir

e Emulsified water
tiny globules of water dispersed in the hydraulic fluid; e.g. water in milk, fog in

air, cosmetic products

e Dissolved water

water molecules dissolved in the oil; like salt in water, humidity in air

Any non-binding water within the hydraulic fluid has a huge impact on the liquid’s
properties. Water decelerates the resistance of the hydraulic fluid against corrosion,
diminishes lubrication, promotes hydrolysis and is accountable for rapid ageing of the
lubricant [1, 10].

Gravely water contaminated systems as it occurs in the paper industry often must face
a tremendously loss in viscosity and load capacity. These changes of properties in the
hydraulic power unit due to higher water contents are the main source of damage and
failure of components. Cavitation, a phenomenon known for its noise generation in the
submarine industry also occurs in hydraulic power units with the presence of water. In
areas of high pressure, commonly related to zones with high loading, vapour bubbles of
water start to form and implode. In the process of the collapse of these droplets tiny
micro-jets impinge the surrounding metal surfaces. In the end this leads to cavitation
and pitting corrosion, which damage the effectiveness of the system [10, 24].

There is a recent study about the relation of the content of water in hydraulic oils and

the durability of hydraulic components. Therefore, the water content ay,o is defined
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2.3. Contamination of hydraulic fluids 9

as the volume fraction of water within the oil. To obtain a better view on the results,
the life expectancy parameter Ly,o and Lp is shown in two different ways in tables 2.1

and 2.2.

Achieved ISO-Class
21/19/16 | 20/18/15 | 19/17/14 | 18/16/13 | 17/15/12 | 16/14/11 | 15/13/10 | 14/12/9 | 13/11/8 | 12/10/7
24/22/19 2 3 4 5 7 9 >10 >10 >10 >10
23/21/18 1.5 2 3 4 5 7 9 >10 >10 >10
22/20/17 1.3 1.6 2 3 4 5 7 © >10 >10
é" 21/19/16 1.3 1.6 2 3 4 5 7 0 >10
g 20/18/15 1.3 1.6 2 3 4 5 7 >10
:52 19/17/14 1.3 1.6 2 3 4 6 8
g 18/16/13 1.3 1.6 2 3 4 6
17/15/12 1.3 1.6 2 3 4
16/14/11 1.3 1.6 2 3
15/13/10 1.4 1.8 2.5

Table 2.1 — Life extension factors for hydraulics and diesel engines [24]

As the results show the primarily durability will just be multiplied by the life expectancy
parameter. [10, 24]. As table 2.2 shows, the lifetime will increase by the factor of 2 if
the water content is lowered from 500 ppm to 125 ppm [12].

2.3.3 Solid contamination

In most cases solid particles are the number one reason for the majority of all failures in
a hydraulic system. This solid contamination ought to be monitored very critical and
with great accuracy. Almost 80 % of system failures are related to the consequences
of solid particles in hydraulics [13]. Therefore, the life time of hydraulic components
can be hugely affected by the presence of particles in the system [12]. The damage of
hydraulic components created by the impact of solid particles within the system varies
between 50 % to 85 %. Related to the overall system failure of around 80 % the majority
of the cases are due to particles within the system [12, 24, 25]. This often appears as
an impossible task to manage because even with particular filtration systems not all

particles can be removed of the hydraulic unit. Again, the design of the reservoir plays
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10 2. Functionality of hydraulic reservoirs
Life Extension Factor Ly,o
2 3 4 5 6 7 8 9 10
50000 || 12500 | 6500 | 4500 | 3125 | 2500 | 2000 | 1500 | 1000 | 782
25000 || 6250 | 3250 | 2250 | 1563 | 1250 | 1000 | 750 | 500 | 391
é 10000 || 2500 | 1300 | 900 | 625 | 500 | 400 | 300 | 200 | 156
g 5000 | 1250 | 650 | 450 | 313 | 250 | 200 | 150 | 100 | 78
?j 2500 625 325 | 225 | 156 | 125 | 100 75 50 39
.*g 1000 250 130 90 63 50 40 30 20 16
EO 500 125 65 45 31 25 20 15 10 8
260 63 33 23 16 13 10 8 5 4
100 25 13 9 6 5 4 3 % 2

Table 2.2 — Life extension expectancy relying on the use of mineral-based fluids. (1 % water =

10000 ppm) [24]

a tremendous role to obtain the power over those solid particles. With a good layout of

the tank there is potential to control the accumulation process of solid matter at the

bottom plate [1]. In literature this state of particles scattered over a defined surface is

described by a so called density function.

The influence of contamination does also depend on the shape, size, material and origin

of the particles. Even if those particles possess specific wear and tear. In many cases

the knowledge of the source of particle contamination aids to keep the hydraulic power

unit as free as possible of foreign matter. The origin can be divided into several areas

[10]:

e Manufacturing process

Assembly

Maintenance

Bringing into service

Initial contamination of hydraulic fluids
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2.4 Condition Monitoring

To gather an in-depth view about the current state of many oil parameters condition
monitoring is becoming more and more present in the industry. Observing the quality
and oil properties, like water content, temperature, particle amount, oil viscosity, oil
ageing progress and pressure helps to identify the ideal intervals for maintenance
and service work. Often this process of monitoring properties of a hydraulic system
has a huge contribution of improving the life expectancy of the machinery and lower
maintenance expenses [10, 12, 15-17]. There are basically three approaches to observe

oil or lubricant properties in the industry:

e No monitoring

only if some issues appear;

e Manually checks of the oil

samples are taken from the hydraulic unit and are analysed in the laboratory;

e Automatic oil control systems

implemented filtration systems to keep oil free of contaminants;

Since the industry has become increasingly digitised over the last decade, manufacturing
companies in specific industrial sectors have taken advantage of the opportunity and
have developed their own CBM online system for their injection moulding machines
[10, 15, 26]. To help save expenses and increase the availability of injection moulding
machines those manufacturers do not want to rely on the experience of their staff when
it comes to maintenance. The cause for the implementation of such monitoring systems
is that often machine parts are replaced way earlier than necessary [26]. To help save
expenses and increase the availability of injection moulding machines the company
does not want to rely only on the experience of their maintenance staff. To collect the
data of the hydraulic fluid special sensors are installed in the hydraulic circuit. With
the obtained data critical conditions should be easier identified and sudden failure or

damages can be prevented [15].
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12 2. Functionality of hydraulic reservoirs

2.5 Maintenance & oil analysis

One of the most neglected aspects during the development of a hydraulic tank is a
proper design for maintenance work. This leads to the consequence that the layout of
the reservoir should facilitate maintenance operation as an easy access to the interior.
As a fact the hydraulic container is the only location of the power unit where the
hydraulic fluid can be conditioned and observed [1, §].

Condition based monitoring plays a pioneering task in the manufacturing industry. But
there are some challenges to overcome. Firstly, the major task is to accumulate precise
real time data of the current condition of the hydraulic fluid to be able to efficiently
respond to the situation. This provides a better knowledge about the present state of
wear and tear of products. The other challenge is to coordinate maintenance intervals
based on the collected data of the fluid. The analysed information about the current
condition often leads to extended span of time between maintenance operation which
implies an increase of the manufacturing plant availability [13, 27].

Besides monitoring of the fluid’s properties, CBM often consists of an analysis of
samples taken from the hydraulic power unit. Those laboratory examinations of the
used fluids reveal an in-depth view about the water content, solid particles like wear
debris, state of lubrication and are of major concern for manufacturing companies. The
major quantities affecting the durability of the hydraulic medium are shown in figure
2.3. According to literature these laboratory investigations have been referred to a
potential save of approximately 275000 $ for industrial manufacturing plants because

of avoided servicing measures and production uptime [17, 28].



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

2.6. Other engineering challenges

13
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Figure 2.3 — Quantities which have an impact on the oil quality and cleanliness [10, 15]

2.6 Other engineering challenges

If the machinery is in motion, this will pose another sophisticated challenge on the

design of a hydraulic reservoir. It is called sloshing. This phenomenon is founded on

the interaction of a liquid domain and a solid structure. Often sloshing results from an

improper layout of the tank. Baffles and other guided plates reduce the impact of large

scale sloshing which may lead to damages caused by interaction of non-linear waves

[4, 29, 30).
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Virtual engineering

Measure what is measurable, and make measurable what

18 not so.

GALILEO GALILEI

The use of simulation methods or in general virtual engineering techniques is becoming
more popular in the developing process of products over the last decade. Driven by the
tremendous success of major industries like the automotive and aerospace branches,
virtual engineering is getting established in other technical areas like hydraulic and
pneumatic industry as well [1, 3]. These simulation techniques might be helpful in the
designing process of complex products due to their difficult operating conditions. Even
enterprises rely on simulation methods as a part of their innovation progress [1, 4, 5, 9].
With these possibilities of engineering the creation of often new and complex technology
can be simplified before it’s actual realisation [31].

Finite elements or computational fluid dynamics simulation plays a vital role in many
engineering companies. This intersection of the use of CAD, CFD and FEA methods
in designing and conception of new products has huge applications in the automotive,
aerospace and mechanical industry in general. This way of analysing various designs of
models before even producing a single prototype helps saving unnecessary production
time, costs and eliminates test phases of preproduction models [4, 7, 32-34].

Those virtual engineering tools are driving a simulation based product development

forward. Usually the stress state and boundary conditions in reality are often pretty
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16 3. \Virtual engineering

complicated, e.g. phenomenon of sloshing or the interaction of the fluid with the
structure like baffles. Therefore the use of virtual engineering helps to reduce the
complexity and makes the calculation process easier. In many cases the complexity of
the reality presents challenges for the means of virtual engineering. Therefore great
demands are placed on simulation techniques to achieve a high effectiveness in numerical
tools for several applications [1, 4, 32]. One of these applications are hydraulic reservoirs,
which will be further discussed in this work.

One of the major power units used by the industry are hydraulic systems. For many
enterprises the key to their economic success lies in a high efficient and reliable power
source. In order to obtain a highly functional hydraulic reservoir, many parameters
like for example the material, surface coatings and the geometric shape of the tank,
must be taken into account. Unfortunately many of the hydraulic tank designs are
engineered in a very conservative way which are frequently justified with older generation
models [1, 3, 9]. Despite that it happens that hydraulic systems are not considered
as multidisciplinary which can lead to tremendous failures of the whole system at all.
Nowadays hydraulics and pneumatics are getting more complex than in recent years.
This progress of technology leads to the challenge to take multiple areas of engineering,
e.g. electronics, sensorics, mechanics and informatics, during the conception of hydraulic
systems into account [1].

In almost every case of developing a hydraulic reservoir space management and design
complexity pose a huge challenge on the engineers. Therefore it is inevitable to not
oversimplify the reservoir’s design during the use of virtual engineering tools in order
to achieve a tank with high efficiency [2, 3]. One of tools driving the development of
complicated problems forward is CFD analysis. There are several applications where
CFD simulation may be very useful to solve complex engineering problems [6, 8, 11, 12,
16, 27, 35]. Computational fluid dynamics methods help to easier identify flow pattern
inside a hydraulic tank which indeed largely depend on the inflow configuration. The
inlet characteristics have as a consequence a great impact on the stresses on the internal
structure of the reservoir [2, 32].

Additionally almost every time non-linear effects occur in hydraulic systems due to the
change of a laminar flow state to a turbulent one or the phenomenon of cavitation and

aeration at low pressures. Virtual engineering methods like CFD simulation are not
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only a promising approach in designing new products but also help to identify critical
areas of already existing models. These zones of can then be adapted and improved for
a better tank performance and redesigned layout [1, 2].

With all these aspects put together CFD analysis appears to be a highly powerful tool
to enable future efficiency improvement and optimisation of hydraulic reservoirs for

industrial applications [1, 3, 13].
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Methodology

Intelligence is the ability to adapt to change.

STEPHAN HAWKING

In reality flow patterns within a hydraulic reservoir are a very complex and three
dimensional flow state. Sometimes physical phenomena like cavitation, multiphase flow
and free surface flow are neglected to simplify reality. In this research work only the

impacts of the intricate fluid flow state on the solid structure are investigated.

4.1 Conservation of mass

Based on published research [2, 3, 13, 32, 35, 36] almost every viscous fluid dynamic
simulation is predicated on the basic equation of mass conservation described in an

inertial reference frame, respectively the continuity equation [37, 38],

dp B
otV () =0, (4.1)

As is common practice hydraulic fluids can be assumed as incompressible with a constant

density p = const.. Thus, the time derivative term %, which represent the change of

mass, can be neglected. It remains a simpler form of the mass conservation formulation,

V- (pu) = 0. (4.2)
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20 4. Methodology

4.2 Conservation of momentum

Besides the conservation of mass the fluid domain needs also to be characterised by
the acting momentum, which is described by the following equation of momentum

conservation [37, 38|,

u
with the material derivative
Du oOu
- _ 7= . 4.4
D 5 +u-Vu (4.4)

which characterises the acceleration or in general the rate of change of a physical
property of a substantial fluid volume element. The term 7 is representing a second
order Newtonian stress tensor. The acceleration acting on the body by the gravity for
instance is illustrated by g. The last expression should identify external forces acting

on the fluid continuum and can also be written as,
pf=F, (4.5)

with f as the volumetric force density. These formulations of the conservation of mass
(equation 4.1) and momentum (equation 4.3) are also referred to as the Navier-Stokes

equations [37].

4.3 Reynolds averaged Navier-Stokes equations

The used formulations of physical laws for this turbulent flow are the so-called Reynolds-
averaged Navier-Stokes-equations, short RANS—equations. Consistently particular
details of a turbulent and fluctuating flow are not of interest in the calculating process.
Therefore Reynolds has introduced a decomposition of a physical quantity, like pressure

p or velocity u, into its temporal mean value and fluctuating component [10, 37, 38],

u(x, t) =u(x) + u'(x, t). (4.6)
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4.3. Reynolds averaged Navier-Stokes equations 21

with the correlation,

0 = Jim o | f()at and 71() = 0. (4.7)

Quantities with a dash represent the fluctuating components with their corresponding
mean value. This formulation is then applied in the conservation of mass and momentum

equations and leads to the so called Reynold’s equations,

=]

1 [
Vi=--p+vVu—u - Vu (4.8a)
p

V-u=0 (4.8b)

where p corresponds to the density of a given substance and v represents the kinematic
viscosity, defined in equation (5.2) Assuming that the temporal average value of the
fluctuating component is equal to zero, according to (4.7), leads to the substitution of
the physical quantities by their mean values. There is one exception which correlates to
an additional term u’ - Vu/, representing turbulent stresses, in the momentum equation.
This term represents the temporal averaging of the product of two fluctuating quantities,
which have a mean value equal to zero. Analogous to the averaged Navier-Stokes
equation (4.8a) one can derive this above mentioned additional term and the viscous

term V*u by the divergence on a stress tensor [37],

pVi —pu’ - Vu' = V- { [ [Vﬁ + (Vva)! | - pu'w/ } (4.9)
~——
N ~ - turbulent part of tensor

viscous part of tensor

This latter expression is referred to as the turbulent stress tensor in the literature [37],

uu uv uw!

_pW:_p v v vw . (4.10)

wu wv ww

This tensor consists of turbulent tangential stresses, like (—pu/u’), and perpendicular

stresses, e.g. (—pu'v’), are frequently referred to as Reynold’s stresses [10, 37].
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22 4. Methodology

4.4 Turbulence - Shear Stress Transport Model

There are many turbulence models used by the industry to obtain a better understanding
of the ongoing fluid dynamic processes in reality [2, 4, 13, 35]. The applied model in
this research work to simulate turbulence flow within the reservoir is the Shear-Stress
Transport k-w model, abbreviated SST k-w model. The SST k-w approach is based
on the empirical standard and baseline k-w model, but in general the SST, BSL and
standard model have a similar formulation with some adaptions depending on the
application. The few changes which are made between the standard and SST models
are related to the flow regions and the turbulent viscosity formulation [38, 39].

This model combines the robustness and good performance of the Wilcox k-w approach
for near wall areas. Simultaneously it benefits of the models free stream independence
in the outer boundary layers. As the Wilcox model is highly sensitive to free stream
which has an impact on the values of k and w [40]. For the flow regions an alteration
of the applied approach is made. While the inner part of the boundary layer will be
calculated with the k-w model, the outer region of the boundary layer and free shear
flows are computed with the k-¢ model. The transition of the two approaches takes
place successively. The other significant difference accounts for the transport effects of
turbulent shear stress. This adjustment of the eddy viscosity leads to major improve-
ments in the prediction of adverse pressure gradient flows, airfoils and transonic shock
waves [38]. The underlying principle for this forecast is the transport of turbulent shear
stress. Thus, this model is often applied in aerodynamic simulations and applications

[39).
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4.4. Turbulence - Shear Stress Transport Model 23

4.4.1 Turbulent kinetic energy

The turbulent kinetic energy formulation of the SST k-w model has its origin in the
transport equations of the standard k-w approach. In addition it also implies the
above mentioned effects on the turbulent viscosity i, in order to not obtain an
over prediction of the eddy viscosity [38]. The transport equation for the turbulent
kinetic energy k has all enhancements of the BSL k-w model and k is obtained from

the following formulation [38],

0 0 ok
0z (pkuz) = 8_1‘] <Fk8_$]> + G =Y.+ S, + Gy (411)

0
E@k) +

The effective diffusivity of the turbulent kinetic energy I'y is determined by the subse-

quent relation,

Hturb
I, = 4.12
k /-L + Prt ) ( )

in which Pry represents the turbulent Prandtl number. The advantage of the shear
stress transport k-w model lies in the formulation of the eddy viscosity. Besides all the
improvements of the BSL model, the transport of turbulent shear stress is taken into

account with this given correlation,

pk 1
= 413
Hturb w max[%,%] ( )

in which o* stands for a coefficient of a low Reynolds number correction, S representing
the strain rate magnitude and a; is one of the SST model constants. The other physical
quantities are thoroughly described in the ANSYS Theory Guide [38].

According to equation (4.11) the term G}, accounts for the production of turbulent

energy and is defined in a similar manner as (4.9) [38],

8uj
8xi

Gy = —puu; -+ = —p V- u'u’. (4.14)
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24 4. Methodology

The expression Y} identifies the dissipation of turbulent kinetic energy and is quite
similar to the form of the original k-w model. The only differences lies in the definition

of the describing function of fs- [38],

The detailed description for g* is found in the ANSYS Theory Guide [38]. The other
missing terms Sy and G} of equation (4.11) represent on the one hand other energy
source terms than the above described ones, often user-defined expressions. Otherwise
G, identifies the change of turbulent kinetic energy due to effects of buoyancy caused

the presence of a non zero gravity field and temperature gradient.

4.4.2 Specific dissipation rate

Also the specific dissipation rate w is obtained from the transport equation of the

standard k-w model but does have the improvements of the BSL model and is described

as follows,
0 0 0 Ow
— )= —|T,— —-Y,+D ) 4.1
g7 () + g (pwus) o, ( w aa:j> + Gy — Yo+ Dy + Sy + G (4.16)

Again, the effective diffusivity of the specific dissipation rate I',, is obtained by the

consecutively correlation,

Hturb
I, = . 4.17
W+ Pr, ( )

According to this relation (4.19) the variable Pr; relates to the turbulent Prandtl
number and the turbulent viscosity i, is computed as in equation (4.13). As well
the adaptation of ., associates in a proper transport behaviour of turbulent shear
stress. Further explanations of definitions of variables are thoroughly documented in
the ANSYS Theory Guide [38].

The term G,, of the equation (4.16) is obtained by the following correlation of the

production of turbulent kinetic energy Gy and scalar coefficient [38],

G, =~ Gy (4.18)
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4.4. Turbulence - Shear Stress Transport Model 25

This formulation includes one of the important refinements of the BSL and SST k-w
model compared to the standard one. For the enhanced models o* is computed via
a given function instead of a constant value like it is the case of the standard k-w
approach. The precise details of the definitions of these parameters are registered in
the ANSYS Theory Guide [38].

In comparison to the definition of the dissipation of turbulent kinetic energy Y the

term Y, is formulated in a similar way [3§],
Y, = pBfaw’ with fs=1. (4.19)

Y, illustrates the dissipation of w itself. There is one additional term in equation (4.16)
compared to the formulation of (4.11) which refers to cross diffusion expression D,,.
The origin of D,, leads back to the combination of the k-¢ and k-w model on which the
BSL approach is based on. Further details of the definitions are explained in [38].

The last missing expressions in equation (4.16) account for additional source terms S,

and effects on buoyancy G, in a similar manner to G, from chapter 4.4.1.
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Hydraulic reservoir analysis

I think you should always bear in mind that entropy is

not on your side.

ELoNn MUSK

To simulate turbulent flow within a solid structure there are several softwares available
on the market, which have the performance to fulfil such demanding simulations of

complex problems. The chosen software package for this research work is ANSYS Fluent
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Figure 5.1 — Classification and use of hydraulic fluids [21]
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28 5. Hydraulic reservoir analysis

5.1 Modern mineral & synthetic hydraulic oils

Hydraulic fluids are one of the major components of a hydraulic power unit. Since the
middle of the 20th century a hydraulic medium based on mineral oil has been on the
rise in many applications in the industry. Depending on the classification of these fluids,
as shown in figure 5.1, they must fulfil certain requirements in a hydraulic power unit

(10, 21, 41]:
e Transfer of energy and pressure
e Good heat transfer capability
¢ Fire resistance
e Transport of solid impurities to the filtration system
e Environmental compatibility
e Non-toxicity
e Great lubrication
e Ideal viscosity

Most of the hydraulic fluids consists of a base oil and additive compounds which enable
a variety of the above mentioned properties. With those additive compounds chemical
and physical properties can be selectively manipulated to achieve the high demands
of a high-grade mineral or synthetic hydraulic medium [10]. Beside the classification
according to the application areas hydraulic fluids are often classified by their ISO-
viscosity grade. The viscosity is the fundamental part of the identification of hydraulic

liquids and is characterised by the relation [21, 37],

ou
T= g (5.1)

The correlation (5.1) describes the acting shear force 7 by the relative motion between
two close-by layers of liquids in the perpendicular direction n of the wall. Thus, the
velocity u must increase with further distance of the barrier. The dynamic viscosity 7 is

proportional to the velocity gradient. Fluids which behave according to equation (5.1)
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5.1. Modern mineral & synthetic hydraulic oils 29

are referred to as Newtonian fluids [21, 37]. The kinematic viscosity v is then defined

over the density p of the liquid medium and the dynamic viscosity n [37],

_ K
v= o (5.2)

5.1.1 Properties of Lukoil Geyser ST 46

The simulation is carried out with a standard hydraulic oil as fluid medium. Precisely,
it is an Lukoil Geyser ST 46, similar to an ISO VG 46, mineral oil provided by the
oil company Lukoil. The oil features great ageing properties, improved tribological
behaviour and has minor tendency to foaming. Typical applications for this mineral
oil are heavily loaded hydraulic power units. It is used by companies like BOSCH
REXROTH, PALFINGER and THYSSENKRUPP for their machineries [42]. The
properties are shown in table 5.1. The data sheets and further details are given in the
Appendix A.1. Both simulations of the hydraulic reservoir and the parameter study of

the different diffuser designs are carried out with the exact same hydraulic oil.

Lukeoil Geyser ST 46

Viscosity 46 mm?
S
8
‘£ | Viscosity classification || ISO VG 46 -
E
) Molar mass 900 S
g Density 878 kg
2z
A, | Specific heat capacity 1950 kgih
Thermal conductivity 0.131 LK
m

Table 5.1 — Properties of hydraulic fluid - Lukeoil Geyser ST 46 [42—-40]
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30 5. Hydraulic reservoir analysis

5.2 Shape & design

The layout of the hydraulic tank which ought to be analysed was designed within
the CAD software ANSYS SpaceClaim 2020 R2. This reservoir is based on a simple

prismatic shape as shown in figure 5.2, with a few improvements to the outer structure.

Figure 5.2 — Shape of the hydraulic reservoir

The capacity of the tank amounts to several hundred litres of hydraulic fluid to provide
high volume flow rate during the injection process. The inside consists of an arrangement
of several baffles at particular locations. The main purpose of these baffles is to deflect
the flow of the inlet pipes. Those allow a three-dimensional deceleration of the liquid
medium. It assists fluid deaeration, solid particles sedimentation and cooling of the
fluid domain.

The layout of the baffles separates the straight linking of the hydraulic oil from the inlets
to the outlets. These baffles do only have half of the thickness of the outer structure
plates. Other unnecessary and inactive supply pipes or gaps in the steel plates were
removed, respectively neglected. This simplification assists to reduce the computational
effort of the simulation. As common practice in industry the supply and suction pipes
of were cut at an angle of 45° [8]. There is one additional supply pipe added to the
model in case of need of another feeding pipe of the hydraulic system. Other noticeable

features of the hydraulic reservoir are related to the exterior structure.
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5.3. Mesh 31

5.3 Mesh

The mesh for the computational fluid dynamic simulation was created in ANSYS Fluent
2020 R2. More precisely, both the surface mesh and the volume mesh of the hydraulic
reservoir itself were automatically computed in ANSYS Fluent Mosaic Meshing. In
total three grids with a different number of elements for each of the models were created,

as shown in table 5.2. Ranging from a lower quantity of elements to a higher number to

Number of elements

coarse 609463
=
§ standard 1299218
fine 2109642

Table 5.2 — Overview of diverging grid elements

analyse the convergence behaviour. Additionally a few settings were adjusted to obtain
a mesh with proper quality. The pattern of the mesh itself is better known as a mosaic
meshing, illustrated in figure 5.3. The grid for the layout with straight supply tubes
was built up of different size elements for the surface and the volume mesh. It consists
of flow elements with a basic poly-hedral and poly-hexacore structure, added buffer and
inflation layers. The latter ones are close to wall regions and do have an impact on the
velocity gradients. As the maximum values occur in perpendicular direction to the solid
structure [1]. Inflation layers were applied in each of the models with an expansion
factor of 1.2 independent of the number of flow elements. The buffer layers consist of
polyhedrons and were used for the transition to the poly-hexacore mesh, according to

figure 5.3.
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Figure 5.3 — Cut through mesh - cell layers overview
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32 5. Hydraulic reservoir analysis

5.4 General setup of the simulation

The investigation of the predominating flow state of the hydraulic reservoir are realised
by a three dimensional CFD analysis. The hydraulic tank is treated as completely filled.
To help stabilise the solution a combination of a steady state and transient simulation

is carried out.

5.4.1 Selected Models

The applied models strongly depend on the application to describe. Since the simulation
of this hydraulic reservoir is a three dimensional one the choice of the right model
is crucial for the CFD results. To obtain realistic simulation results of the ongoing
physical processes inside a hydraulic reservoir the Shear Stress Transport k-w model
was used. The advantage of this model lies in the transition of free shear flow regions
and wall regions. Depending on the regions the model describes the phenomena with
two different approaches. There were no further adjustments of the model’s default

parameters values, respectively constants [47].

5.4.2 Boundary Conditions

The several types of boundary conditions of this physical problem are based on the
restrictions of reality. It is assumed that there is a constant temperature of 40 °C and
no temperature changes within the hydraulic reservoir during its operating conditions.
The inlets are given as velocity inlets with no specific UDF. Besides the predetermined
value of the inlet velocity also a turbulent intensity of 5% and the hydraulic diameter of
the inlet pipe is considered as a given value. The are changes in magnitude of velocity
depending on the inlet port. All types of used boundary conditions are mentioned
in table 5.3. The boundary conditions of the outlet ports do only depend on the
pressure specifications. Therefore they are considered as pressure outlets with 0 Pa
gauge pressure. Other necessary boundary conditions are the stationary no-slip wall

conditions for the outer structure and baffles of the hydraulic tank.
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5.4. General setup of the simulation 33

Type
g L
g Inlet velocity-inlet
3
'g Outlet || pressure-outlet
2
M | Wall || stationary/no-slip

Table 5.3 — Boundary conditions of the CFD analysis of the hydraulic reservoir

5.4.3 Methods & Controls

The basic setup for the analysis of the hydraulic tank is a combination of a pressure-
based steady and transient simulation. The influence of gravity g is turned on. For the
steady simulation part the warped-face gradient correction and the pseudo transient
option is used. Also the discretization schemes are all set to second order for momentum,
pressure, turbulent kinetic energy and specific dissipation rate with the objective to
stabilise the CFD simulation.

After some adaptions to the explicit relaxation factors all values are set to their default
ones as it provides the most realistic data about the reservoir. The specific values of

the explicit relaxation factor are given in table 5.4.

Values
Momentum 0.5
Pressure 0.5
Density 0.25
Body Forces 1

Turbulent kinetic energy 0.75

Specific dissipation rate 0.75

Explicit Relaxation Factors

Turbulent viscosity 1

Energy 0.75

Table 5.4 — Explicit relaxation factors of hydraulic reservoir’s CFD analysis
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34 5. Hydraulic reservoir analysis

5.5 CFD - Analysis

For the convergence behaviour an analysis of different grid resolutions has been made.
To obtain significant results not only the curve progression of the residuals are taken
into account but also additional physical quantities are monitored. In general the
convergence criteria is based on a practical approach of the industry. Therefore the
conditions for the hydraulic tank are shown in table 5.5. These conditions must be
fulfilled to obtain proper CFD results. The specific details about this investigation of

varying mesh sizes are given in the Appendix A.2.

Convergence criteria

Continuity <1073

x-velocity <1073

2 y-velocity <1073
3

= k <1073
Q

~ .

w <1073

pressure at outlet <107®

velocity at outlet <1073

Table 5.5 — Convergence criteria for the CFD analysis of the hydraulic reservoir

5.5.1 Results

There are several ways to evaluate the obtained CFD-analysis data. The most common
and obvious one is to display the flow fields and the pressure distribution of the
investigated problem. In this research work the examination of the velocity and pressure
field acts as an indicator for any changes in the resolution of the grid itself. As illustrated
in figures 5.4 and 5.5 the interpretation of the CFD-results is based on the rendering
of the pressure distribution and velocity field of the fine grid. While the coarse mesh
resolution shows some significant changes in the flow field the standard and fine grid
demonstrate almost equal results. The most significant changes appear in the sizes and
the exact locations of the vertices. This is caused by the varying resolution of the grid
itself. While the occurrences of vertices from the standard and fine mesh show almost

no differences in location, the sizes do fluctuate between the two resolutions.
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Figure 5.4 — Contour plots of flow field illustrated with a normalisation coefficient of 10 %*: top
image represents a vertical cut through the hydraulic tank right underneath the inlet pipes; the
bottom one shows the velocity field of a horizontal cut through the outlet pipes

A closer look at the normalised flow fields of figure 5.4 reveals the details of two different
planes through the hydraulic reservoir. The plot right through all the active pipes
highlights that the inlet-condition of the pipe on the left has a major impact on the
flow situation in the region between the outer structure and the first baffle parallel to
the cutting plane. These high velocities at the inlet determine the formation of vertices
in this flow area, compared contour plots in figure 5.4. The impacts of the inlet pipes
on the right side are also displayed in figure 5.4. Due to the shape of the pipes the
inlet stream creates vertices perpendicular to the image plane. This behaviour may
lead to issues of the air separating capacity, foam formation and particle sedimentation.
As it is illustrated in figure 5.4 the right use and arrangement of thin baffles helps to
slow down the hydraulic medium and regain its properties. In the last remaining flow
regions only two slightly larger vertices appear. This behaviour is traced back to the
shape of the hydraulic reservoir and the locations of the baffles itself. As shown in
figure 5.4 those vertices are located in calmed areas right next to the solid structure
and do not have as much influence on the above mentioned issues as it is the case at
the inlet regions. Another essential quantity to describe the flow state of the hydraulic

reservoir is the pressure distribution over different planes. The data displayed in the
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36 5. Hydraulic reservoir analysis

contour plot of figure 5.5 highlights the locations of the pressure maxima and points
out the low pressure regions at the suction pipes. The reference value to normalise the

pressure as it is given in figure 5.5 is 1 bar.

SO000o00000000000000
OO0===aaPhpNNNWWWW R OO
g )

Figure 5.5 — Contour plot of the pressure distribution at two characteristic planes: top image
represents a vertical cut through the hydraulic tank right underneath the inlet pipes; the bottom
one illustrates the pressure field at the suction pipes

Besides all the provided information of the flow field contour plots the analysis of other
physical quantities like pressure at distinct locations is vital for improvements of the
layout. In this research work normalised pressure plots over a distinct location are
compared with each other. The value of the normalising coefficients are 10 bar for the
pressure and 100 mm for the length coordinate. As given in figure 5.6 the pressure
profiles are plotted over a cut through the hydraulic reservoir in a parallel direction of
the inlet pipe’s orientation (cross section). This chart represents the pressure difference
between the induced pressure of the inlet stream and the predominating pressure at
the bottom plate of the hydraulic tank. The profiles of figure 5.6 represent the pipes
according to figure 5.4 starting from the left inlet pipe. The noticeable peculiarities
of figure 5.6 are the very tight peaks of the left chart. Those peaks represent the
pressure changes caused by the baffle close to the inlet pipe. The maximum of this

pressure profile can be referred to the high inlet velocity stream of the feeding pipe
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5.5. CFD - Analysis 37

which corresponds to a stagnation point. This leads to an increase in pressure right
underneath the pipe’s surface area, compare figure 5.6. The other chart in figure 5.6
represents the behaviour for the first feeding pipe of the inlet triplet on the right side
of figure 5.4. As it is illustrated the induced pressure on the bottom of this inlet pipe is
approximately three times less than it is the case of the left chart in figure 5.6. This is

due to the lower velocity at the inlet.

0,55- 0,55-
0,51 .‘"‘:I 0,51
0,45 A 0,45
o) [ o
2 04 | 2 04
© | g
=035 ] =035
()] [4}]
k2 | 2
© 4 | | o] ]
5 03 - g 03
(o] | [e]
Z 0,25 | Z 0,25
0,2 0,2
0,15 15— N | A ai=o———————————==————n s 8
6 5 4 3 27717 6 -5 -4 -3 2 1 o
Location Location

Figure 5.6 — Normalised pressure profile of the inlet pipes (reference values 10 bar and 100 mm):
the chart on the left shows the pipe with the highest inlet velocity value; the chart on the right
represents the left inlet pipe of the triplet of tubes

The data illustrated in figure 5.7 corresponds to the pressure profiles of the remaining
two inlets of the pipe triplet. As it is shown the characteristic peaks of those curves are
almost identical and have the same progression as the first pipe of this group of tubes.
Besides a detailed view of each inlet an overview of all feeding pipes points out the
correlations between them. The profile given in figure 5.8 illustrates the changes of
pressure over the longitudinal extension of the hydraulic reservoir in x-direction. Again
the reference values of the normalised pressure and length coordinate are 10 bar and
100 mm. As illustrated there are four characteristic peaks, which do refer to the same
sequence and locations of the feeding pipes as it is displayed in figure 5.4. The pressure
profile of figure 5.8 is a good validation for the curves of figures 5.6 and 5.7. Those

curves do only differ on the chosen plane of the presentation of the pressure profiles.
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Figure 5.7 — Normalised pressure profile of the inlet pipes (reference values 10 bar and 100 mm):
the charts represent the pressure curve of the remaining two pipes of the triplet in the same order
as it is illustrated in the velocity field plots
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Figure 5.8 — Normalised pressure profile of all active inlets (reference values 10 bar and 100 mm):
pipes are displayed in the same sequence as in the velocity field contour plots
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Novel diffuser design analysis

One good test is worth a thousand expert opinions.

WERNHER VON BRAUN

6.1 Shape & design

Most common practice of industry pipes are a straight line design. This may often not
only lead to issues of the mechanical structure but also to randomly disturbed flow
patterns and swirling. An approach to reduce these problems are new innovative inlet
layouts, e.g. diffusers [1]. In this research work a particular diffuser design in various
configurations is investigated. This study should illustrate the advantages of the use
of such a novel inlet layout. In total four slightly different axis-symmetrically drafts
are investigated and compared. The basic design of this diffuser consists of steel plates
and tapered holes in the centre of these metal sheets, shown in figure 6.1. For the
simplification of the CFD-analysis the bolts which hold the round metal sheets in place
are removed. The layouts only differ in the spacing between the steel plates and the
ratio of the conical cut outs of the metal sheets. These steel plates have a thickness of a
few millimetres and a diameter of around 23 times the plate thickness. The significant
differences of the geometry are shown in figures 6.3, 6.4. The main objective of the use
of a diffuser is to reduce mechanical stresses on the structure, pipes, decrease swirling

and slow down the flow field inside the tank.
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Figure 6.1 — Basic diffuser geometry layout without bolts to reduce the computational effort of
the CFD - simulation

6.2 Mesh

The mesh for the various diffuser designs are all computed in ANSYS Meshing and are
two dimensional compared to the hydraulic reservoir ones. The number of elements
differ a little bit, depending on the actual layout of the spacing between the steel plates.
For the configurations with a larger spacing between the metal sheets less flow elements
are used. The general information about the mesh sizes of the four layouts are given in
table 6.1. Refinements of the mesh are made at the inlet, steel plates and outlet regions.
This includes element sizing between the metal sheets with the tapered cut outs and
along the inlet pipe. To gather detailed information about the velocity gradients, a
total number of four inflation layers are added to the steel plates of the diffuser. The

maximum element size is set to a maximum value of 10 mm for all four layouts.
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6.3. General setup of the simulation 41

Number of elements
Design 1 31149
% Design 1T 30114
= -
Design III 31396
Design IV 30865

Table 6.1 — Number of elements of diffuser designs

6.3 General setup of the simulation

The study of different diffuser inlet designs are carried out as an axially symmetric two
dimensional problem formulation. This simplification from a three dimensional problem
to a two dimensional one helps to reduce the computational time tremendously. The
CFD analysis consists only of the investigation of the diffuser and the surrounded walls

without the interactions inside the hydraulic tank taken into account.

6.3.1 Selected Models

There are a few differences to the simulation set up of the investigation of the diffuser
layouts compared to the hydraulic reservoir. First of all the four diffuser designs are an
axially symmetric two dimensional problem. Secondly only the SST k-w model without
any changes to the one used for the hydraulic tank is applied. Only alterations of the

flow field without any temperature changes are of interest.

6.3.2 Boundary Conditions

The boundary conditions are similar to the ones of the hydraulic reservoir since the
same inlet flow state is of interest. Changes are only made to the conditions of the
surrounded walls since those are the only parts which were modified compared to the
hydraulic tank. These changes are important because only the diffuser inlet part itself
is investigated and not the fully assembled hydraulic reservoir. For the CFD analysis
there are exactly four types of boundary conditions: one velocity inlet, one pressure

outlet, one axis-symmetric and no slip wall conditions. All values are given in table 6.2.
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Type
Inlet velocity-inlet
Outlet pressure-outlet

Wall || stationary/no slip

Boundary cond.

Axis axissymmetric

Table 6.2 — Boundary conditions of the CFD analysis

6.3.3 Methods & Controls

of the different diffuser designs

The general setup of the CFD analysis is a pressure-based steady simulation. As it

is the case of the hydraulic reservoir also gravitational effects are taken into account.

Compared to the default settings changes in the discretization schemes are made. All

approaches of the gradient, pressure, momentum, turbulent kinetic energy and specific

dissipation rate are set to second order. A pseudo transient formulation and the warped-

face gradient correction are enabled to obtain realistic data about the flow situation.

The controls of the explicit relaxation factors for

the pseudo transient simulation

are set to the default values as the convergence behaviour of the residuals and some

physical quantities are fulfilled. All values for pressure, momentum, density, body forces,

turbulent kinetic energy, specific dissipation rate and turbulent energy are given in

table 6.3.

Values

" Momentum 0.5
s
g Pressure 0.5
=
g Density 1
2
T
ﬁ Body Forces 1
e
= Turbulent kinetic energy 0.75
3}
'E-' Specific dissipation rate 0.75
=

Turbulent viscosity 1

Table 6.3 — Explicit relaxation factors of diffuser CFD analysis
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6.4 CFD - Analysis

All residuals and some physical quantities, e.g. pressure at outlet, have been converged
for all four diffuser designs. Further details of the convergence behaviour are shown in

the appendix according to A.2.

Convergence criteria

Continuity <1073

x-velocity <107°

k: y-velocity <107°

= .

3 K <107
3

~ .

w <107

pressure at outlet <1073

velocity at outlet <1073

Table 6.4 — Convergence criteria for 2D CFD analysis of diffuser designs

6.4.1 Results

In general the convergence criteria is based on a practical approach of the industry.
Therefore the conditions for the various diffuser designs are given in table 6.4. These
conditions must be fulfilled to obtain proper CFD results.

The results of the CFD-analysis can be divided into two categories. The first one as
the examination of the flow field and its changes due to the adaption of the diffuser’s
geometry. The second category concerns the investigation of changes of other physical
quantities, e.g pressure or wall shear stress. Both categories are thoroughly discussed in
this section. First, a closer look on the flow field patterns of the different inlet designs
reveals that the critical changes depend on the spacing between the steel plates and on
the bottom plate of the diffuser. The scale of the velocity magnitude is a normalised

one. Therefore, all given velocity values are referred to a reference velocity of 10 .
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straight pipe
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Figure 6.2 — Contour plot of the flow field of the straight inlet pipe design; all velocity values are
normalised with a reference velocity of 10 =

Major changes of the flow field compared to the original configuration consist of the
size and formation of vertices. The comparison of the design I and II, shown in figure
6.3, highlights the differences in size of vertices and the deflection of the hydraulic
medium caused by the metal plates. This deflection of the inlet stream does strongly
depend on the spacing between the steel sheets, as it is shown in figures 6.3, and 6.4.

The same analogy is valid for design III and IV. Only the distance between the metal
plates of design IV is less than for the layout II. Configurations I and III have the
exact same spacing between the sheets. As shown in figure 6.4 the third and fourth
designs exhibit the smallest vertex right underneath the bottom plate of the diffuser.
This critical change in the layout of the diffuser’s last plate does affect the flow field
essentially. Beside this formation of vertices underneath the diffuser, the inlet stream is
less deflected than it is the case for an open bottom plate of design I and II. This results
in the assumption of less swirling within the hydraulic tank if such diffuser designs
are assembled to the inlet pipes. One similarity of all diffuser configurations is the
appearance of the highest stresses on the plates. Those stresses occur on the inside tips

of the steel plates as illustrated in figures 6.3, 6.4. As given in figures 6.6 and 6.7 the
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Figure 6.3 — Contour plot of the flow fields of design I & II with a cut out in the bottom diffuser

plate;all velocity values are normalised with a reference velocity of 10
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Figure 6.4 — Contour plot of the flow field of design IIT & IV without a hole in the bottom diffuser

plate;all velocity values are normalised with a reference velocity of 10
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46 6. Novel diffuser design analysis

maximum average pressure over the inlet surface occur at the diffuser designs with less
spacing between the metal plates. This has to be considered if a novel diffuser layout is
applied to the given inlet configuration because these higher pressure arises from the
dispersive task of a diffuser.

The second major category of this investigation of different inlet configurations is
an in-depth view on a physical quantity. Therefore, the pressure profiles at specific
locations of the hydraulic container, e.g. at the inlet and at the bottom, are observed.
The y-axis represents the normalised pressure and the x-axis illustrates the normalised
length coordinate at which the pressure is plotted. The reference value for the pressure

is 1 bar and the coordinate of the location is referred to 100 mm.

0,4
: straight pipe

0,35
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0,25

0,24

Normalised pressure
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0,14 jEEEsEs

0 005 01 015 0.2
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Figure 6.5 — Pressure curves of the straight pipe design at the inlet with an average pressure of
0,01 bar



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfigbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

°
lio
nowledge

b

o
i
r

M You

6.4. CFD - Analysis

47

4, M N AN I
0 Design |
0,351

0,3

0,25

0,21

Normalised pressure

0,15

0,1-

T

0 005 01 015 0.2
Location

Figure 6.6 — Pressure curves of designs I & II at
layout I and 0,13 bar for design IT
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Figure 6.7 — Pressure curves of designs III & IV at inlet with an average pressure of 0, 19 bar for

layout IIT and 0,15 bar for design IV

As it is shown in figures 6.5, 6.6, 6.7, the curves of the pressure at the inlet appear

to have the same development but do vary in the average inlet pressure values. This

is a consequence of the different inlet respectively diffuser designs. The experimental

data shows the lowest pressure values at the straight pipe layout. This behaviour is

due to the lack of a diffusive device. Other curves are obtained if the pressure on the

bottom plate is plotted, compare figures 6.8,

6.9, 6.10. As assumed the curves do differ

between the designs of a straight pipe, a diffuser with a cut out at the final plate and
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48 6. Novel diffuser design analysis

the configurations without a hole in the last plate. Notable is the occurrence of almost
zero pressure at the bottom of the test reservoir for designs III & IV, given in figure
6.10. As a consequence the more the inlet stream is deflected by a diffusive device, less
stresses act on the bottom of the hydraulic tank. The comparison of the straight pipe
layout with the designs I & II shows a dramatically reduction of pressure acting on
the outer structure even if the configuration of the diffuser has a cut out in its plate
arrangement, shown in figure 6.8, 6.9. This straight inlet pipe design has a ten times
higher pressure stress on the bottom structure than it is the case for the alternative

diffuser configurations.

1 -
straight pipe

0,8
0,61
0,41

0,2

Normalised pressure

0o 05 1 15 2 25 3
Location

Figure 6.8 — Normalised pressure profiles of the straight pipe design on the bottom plate
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6.4. CFD - Analysis 49

The major differences between the plotted curves 6.8 and 6.10 remain the stagnation
pressure right underneath the diffuser plate with the cut out and also the magnitude of
the pressure acting on the bottom of the reservoir. The amplitude of the pressure do
strongly depend on the geometry of the inlet layout itself. As illustrated in figures 6.8,
6.9 and 6.10 the magnitude is much higher for the open bottom plate design.

1 14
Design i
0,8- 0,8
o o
= | = |
2 0,6+ 2 0,6+
o o
(e} o
O ]
.gg_s 0,4+ .g 0,4+
© ©
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0o 05 1 15 2 25 3 0 05 1 1.5 2 25 3
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Figure 6.9 — Normalised pressure profiles of the diffuser designs I & II at the bottom plate
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Figure 6.10 — Normalised pressure profiles of the diffuser designs IIT & IV at the bottom plate
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Conclusion

In the middle of difficulty lies opportunity.

ALBERT EINSTEIN

To sum everything up the right choice of the layout of the hydraulic structure is key
to a proper operating hydraulic power unit. Frequently quite conservative hydraulic
reservoir designs are found in industry and literature of which almost all possess the
same issues.

The simulations carried out in this research work ought to highlight the role of different
inlet designs and the resulting consequences. As the current state of the hydraulic
reservoir has been presented with the means of CFD simulations, an alternative novel
diffuser design has been thoroughly studied and compared to the given situation. The
investigated diffuser layout could lead to a reduction of mechanical stress on the outer
structure when it is applied properly to the hydraulic reservoir. This does not only result
in a weight reduction of the whole system at all but also gives rise to a harmonisation of
the flow field due to the separation of the inlet stream. The results of the diffuser designs
look promising to withstand the mechanical stresses and are a developable alternative to
the conservative inlet design of the last decades in the industry. Further analysis of the

spacing between the plates must be carried out to find the ideal distance for less swirling.
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52 7. Conclusion

Nevertheless to develop an efficient and proper working inlet diffuser for a hydraulic
reservoir is not as simple as it may appear at the first sight. Many aspects of this
complex issue must be taken into account to identify the ideal design for its application.
As this development process is an iterative one a combination of both, a CFD and
a FEA analysis is recommended. With these little changes in hardware magnificent

improvements of the efficiency of a hydraulic power unit will follow.
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Appendix

A.1 Oil data sheets

Further properties of the Lukeoil Geyser ST 46 are given in the data sheets below.
The used mineral oil Lukeoil Geyser ST 46 corresponds to the type 46 of the ISO

classification system.
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Parker Denison HF-0
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Thyssenkrupp (ISO VG 32, 46, 68)

PRODUKT BESCHREIBUNG

Ole der Serie LUKOIL GEYSER ST zeigen
glnstiges Viskositats-Temperaturverhalten,
hervorragende Alterungsstabilitait und wirksamen

Korrosionsschutz. Besondere Zusatze verbessern das
Verhalten im Mischreibungsbereich, wodurch niedrige
VerschleilRwerte erreicht werden.

Ole der Serie LUKOIL GEYSER ST besitzen geringe

Schaumneigung, gutes Luftabscheide- und
Demulgiervermdgen und verhalten sich neutral
gegenuber handelsublichen Dichtungswerkstoffen.
TECHNISCHE DATEN

Dichte bei 15°C kg/m? DIN 51757
Flammpunkt COC °C 1ISO 2592
Viskositatsklasse - ISO VG
Viskositat bei 40°C mm?/s DIN 51562/T1
Viskositat bei 100°C mm?/s DIN 51562/T1
Viskositatsindex - DIN ISO 2909
Pourpoint °C DIN ISO 3016

SPEZIFIKATION &
QUALITATSNIVEAU
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ISO 6743-4 HM

US Steel 127/136
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gegenwartigen Produktion und diese kdnnen zuldssigen Herstellungstoleranzen unterliegen. OOO ,LLK-International“ behalt sich das

Recht auf Anderungen vor.
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* Dieses Dokument ersetzt alle friiheren Versionen
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CHEMICAL NAME

CAS NUMBER

TECHNICAL
REQUIREMENTS

GENERAL DATA

Polyether polyol

74499-34-6

Appearance at (25 °C)..... Homogenous, colorless to yellow liquid
Water content, % (m/m).................... max. 0.1 ASTM D4672-12
Acid value, mg KOH/g............. max. 0.1 ASTM D7253-06(2011),
Kinematic viscosity at 40°C, cSt....43 — 53 ASTM D445-15
Kinematic viscosity at 100°C, cSt.... 8,5 - 10,5 ASTM D445-15

ISO VG 46

Molecular weight, g/mol ~900
Viscosity index ~182

Pour point, °C -43

Flash point, °C ~243

APPLICATION Rokolub P-46VI is a product with high Viscosity Index, insoluble in
water, applied as PAG synthetic base oil. Applications: Lubricating
oil for industrial gears and compressor, as a hydraulic and
metalworking fluids.

Information presented herein has been given in good faith and to the best of our current knowledge and experience. PCC Rokita SA
The compliance of specific properties of the supplied product with the data given herein and its fitness for the intended purpose ul. Sienkiewicza 4

should be checked before the product is used. The producer reserves the right to modify the information presented herein 56-120 Brzeg Dolny
as a result of technological development and improvement of the product by the producer. Poland
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MOL Thermol 46

heat transfer oil

0! 4

MOL Thermol 46 is a mineral oil based heat transfer oil having high viscosity index and narrow boiling point range.
The allowed maximum film temperature at the heat transfer surface is 350 °C, and in the system it is 330 °C.

The service life of the heat transfer medium depends greatly on the design of the heat transfer system and on the
operating conditions. The service life could be up to 5 years, if the system is designed properly, and when it is
protected from extreme load conditions. The service life could be extended significantly if low pressure (1.2 - 1.5 bar
gage pressure) inert gas atmosphere (nitrogen) is used in an expansion tank.

For safety and economic reasons, it is recommended to check the condition of the oil on a regular basis, but once a

year at least.

Handling MOL Thermol 46 is safer than when handling most other synthetic oils, as it is not toxic and has a low
vapour pressure. It can be collected as used oil after its application, for recycling or disposal.

The physical properties considered to be important in terms of heat transfer are collected in a separate table, as a

function of the temperature.

Excellent thermal stability

Long oil lifetime

Excellent thermal properties

Good corrosion protection

Compatible with usual seal
materials

Simple disposal

Manufactured and distributed by MOL-LUB Ltd.
E-mail: lubricants@mol.hu Web: www.mol.hu/en

Technical service: H-1117 Budapest, Neumann Janos u. 1/E.

Tel: + 36 (1) 464-02-36 E-mail: lubtechdesk@mol.hu
Latest revision: 2019.05.22 9:53

Closed circuit heat transfer systems with indirect heating and forced
circulation

Resists thermal decomposition and deposit formation in the long term,
even at high operating temperatures

Extended trouble-free operation, so less downtime

Low maintenance cost

Oil change and reconditioning costs can be reduced significantly

Effective heat transfer between surfaces
Improved efficiency, giving reduced operational costs

Long-term protection of steel and non-ferrous metal parts

Usual heat and oil resistant seal materials can be used
Lower possibility of contaminant ingression and oil leaks

Low cost

1/3 Page. Version: 023.008.000
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MOL Thermol 46

heat transfer oil

Temperature Kinematic viscosity, Density Specific heat Thermal conductivity —|Vapour pressure  |Prandtl
°C mm?2/s g/cm3 Ejlrl)glzgy W/mK mbar number
0 546,7 0,889 1,81 0,134 6567
20 126,63 0,876 1,88 0,132 1577
40 43,60 0,863 1,95 0,131 562
50 28,45 0,857 1,99 0,130 373
100 6,50 0,824 2,17 0,126 0,008 92
150 2,74 0,790 2,35 0,123 0,2 41
200 1,56 0,756 2,53 0,119 2,0 25
250 1,03 0,720 2,71 0,116 14,4 17,5
300 0,75 0,684 2,90 0,112 73 13,2
310 0,71 0,677 2,93 0,111 98 12,6
330 0,63 0,662 3,00 0,110 171 11,5

\ Viscosity grade: ISO VG 46

ISO-L-QB

ISO-L-QC

DIN 51522 Q
Properties Typical values
Colour 0,5
Density at 15°C [g/cm3] 0,876
Kinematic viscosity at 40°C [mm2/s] 43,6
Viscosity index 98
Pour point [°C] -15
Pourpoint [°C] -15
Flash point (Cleveland) [°C] 232
Conradson carbon residue [mass %] 0,02

The characteristics in table are typical values of the product and do not constitute a specification.

Store in the original container in dry, properly ventilated area. Keep away from direct flame and other sources of
ignition. Protect from direct sunlight.

During transport, storage and use of the product follow the work safety instructions and environmental regulations
relating to mineral oil products.

For further details please read the Material Safety Data Sheet of the product.

In the original container under the recommended storage conditions: 48 months

Recommended storage temperature: max. 40°C

Manufactured and distributed by MOL-LUB Ltd.

E-mail: lubricants@mol.hu Web: www.mol.hu/en

Technical service: H-1117 Budapest, Neumann Janos u. 1/E.

Tel: + 36 (1) 464-02-36 E-mail: lubtechdesk@mol.hu

Latest revision: 2019.05.22 9:53 2/ 3 Page. Version: 023.008.000




MOL Thermol 46

heat transfer oil

Custom Tariff Number 27101999

SAP code and packaging:

13301933 MOL Thermol 46 180KG 216.5 | steel drum
13301437 MOL Thermol 46 860KG R1W IBC (for order only)
Order booking:

Please contact your local distributor or sales partner for ordering details.
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Manufactured and distributed by MOL-LUB Ltd.

E-mail: lubricants@mol.hu Web: www.mol.hu/en

Technical service: H-1117 Budapest, Neumann Janos u. 1/E.

Tel: + 36 (1) 464-02-36 E-mail: lubtechdesk@mol.hu
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A.2. Convergence behaviour

A.2 Convergence behaviour

A.2.1 Hydraulic Reservoir

As given in the plots below, the convergence behaviour of the hydraulic reservoir with

different mesh resolutions is displayed.

Residuals
—— continuity ANSYS
—— x-velocity 1e+02 2020 R2
y-velocity W
—— z-velocity |
energy 1e+00 3
1
omega 1e-02 —
1e-04 Wl Mﬂ i {{
|
1e-06 |
] h
1e-08
(1
1e-10 {t
: \
1e-12 T T T T T T T T |
0 200 400 600 800 1000 1200 1400 1600 1800
Iterations
Figure A.1 — Convergence behaviour of the residuals - coarse mesh
Residuals
— continuity ANSYS
x-velocity 1e+02 2020 R2
y-velocity 1
—— z-velocity
energy 1e+00 =
—
omega 1e-02
1
1e-04 — i
R —
1e-06 = :UU\‘
\
1e-08 {1
5 (N
| \{U
1e-10 -
1e-12 T T T T T T T 1
0 200 400 600 800 1000 1200 1400 1600
lterations

Figure A.2 — Convergence behaviour of the residuals - standard mesh
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Appendix

Residuals
continuity
x-velocity
y-velocity
z-velocity
energy

i

omega

1e+02

1e+00

1e-02

2020 R2

1e-04
1e-06
1e-08
1e-10
1e-12 — T T T T T T |
0 200 400 600 800 1000 1200 1400
Iterations

Figure A.3 — Convergence behaviour of the residuals - fine mesh

A.2.2 Straight Pipe & Diffuser Designs

Below the charts of the residuals convergence behaviour of the straight inlet pipe and

the four diffuser layouts are given.

Residuals
continuity
x-velocity
y-velocity
—3

omega

1e+02

1e+00

1e-02

1e-04

1e-06

1e-08

1e-10

1e-12

1e-14

sl vl ol vl gyl | |

sl

2020 R2

0 100 200 300 400 500 600 700 800 900

Iterations

1000

Figure A.4 — Convergence behaviour of the residuals - straight pipe
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A.2. Convergence behaviour

Xix

o

500 1000 1500 2000 2500 3000
lterations

Residuals
continuity
x-velocity 1e+01 3 2020 R2
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—k 1e+00 —
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1e-01 =
1e-02 o
1e-03 =
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1e-05 =
s
1e-06 —
1e-07 T T T T T 1
0 500 1000 1500 2000 2500 3000
Iterations
Figure A.5 — Convergence behaviour of the residuals - Design 1
Residuals
continuity
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Figure A.6 — Convergence behaviour of the residuals - Design 11
Residuals
continuity
x-velocity 1e+02 5 2020 R2
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—k 1e+00 -
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Figure A.7 — Convergence behaviour of the residuals - Design II1




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verflighar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thek,

L]
10
ledge

now!

3
|
r ki

XX

A. Appendix
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Figure A.8 — Convergence behaviour of the residuals - Design IV
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