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Master of Engineering in Mechanical Engineering

Characterisation of additive manufactured small radial flow Ti-6AL-4V
turbines for aplication in Organic Rankine Cycles

by Max E. CoGHO

Due to the use of fossil fuels globally, there has been a significant increase in green-
house gas emissions. The increase in greenhouse gas emissions should be limited as
much as possible. More efficient use of fossil fuels can assist with curbing this increase
in greenhouse gas emissions.

One method to increase efficiency of machines that use fossil fuels, is to recover
some of the waste heat and convert it into energy. The Organic Rankine Cycle can
be used for this purpose. For smaller scale applications the turbines used in these
applications can be quite difficult to manufacture.

Using additive manufacturing, turbines can be created for use in small scale Or-
ganic Rankine Cycles. Using additive manufacturing, three turbines were manufac-
tured from titanium alloy Ti-6Al-4V. These turbines were tested experimentally to
characterize their performance.

The turbines were tested at off design conditions due to limitations to the com-
pressed air supply. Additive manufacturing provides an effective method to produce
small scale turbines for use in Organic Rankine Cycles.

Keywords:
Additive manufacturing, Ti-6Al1-4V, selective laser melting, selective laser sintering,
radial inflow turbine, 90° radial inflow turbine, radial inflow turbine design, radial
inflow turbine characterisation, Organic Rankine Cycle. ...
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Chapter 1

Introduction

1.1 Background

1.1.1 Recovery of waste heat

Globally fossil fuels are used to power industry and drive economic growth. It is an
integral part of everyday life, used for personal transport, powering most homes and
businesses. Therefore, it is important to use fossil fuels as efficiently as possible. This
will extend the time fossil fuels are available for use as a power source, as well as
reduce the impact of global warming.

The Organic Rankine Cycle (ORC) is a variation of the traditional Rankine cycle
that uses organic fluids as the working medium instead of water. These organic fluids
typically have a lower boiling point and higher molecular mass, making them suitable
for converting low-grade heat sources into electricity [1]. The superheated working
fluid is then expanded through a turbine to provide rotational energy. This energy
then drives the ORC feed pump as well as an electrical generator. The feed pump
pressurises the fluid to an original working state after it has been cooled down by a
condenser that removes the excess heat [1].

According to Sprouse [2]: The ORC is a closed-loop cycle that functions similarly
to the conventional Rankine cycle with the main difference being the working fluid.
The standard working fluid in a Rankine cycle is water, where in the Organic Rankine
Cycle organic fluids are used instead. This is to utilise the lower grade heat that is
supplied in the exhaust gasses, where water would not be effective or viable.

When the temperature differences in the process are not sufficient, water (steam)
becomes less effective because it is susceptible to losses such as shock losses [3]. An
organic fluid has a higher expansion ratio for the same conditions and would lead to
a more efficient turbine [1], [4].

1.1.2 Turbines

While there has been a lot of focus on systems that recovers heat on larger scale,
more work can be done on systems that can be used in smaller applications such as,
car exhaust gasses and small businesses that produce low to medium heat exhaust
gasses. These gases can be used to power ORCs to improve efficiency and reduce the
consumption of fossil fuels.

However, to produce these small ORC systems it requires small and complex parts

that can be extremely difficult or expensive to manufacture conventionally. An im-
portant part of an Organic Rankine Cycle is the turbine, which generally consists

© Central University of Technology, Free State



Q)

Central University of
) Technology, Free State

Chapter 1. Introduction

of inlet nozzle/guide vanes, a rotor and a casing. These turbines have been studied
significantly on larger scales and applications where AM might not necessarily be such
an attractive option. The goal is to design a small turbine that can be used in much
smaller ORC systems.

A small radial inflow turbine is a type of turbine where the working fluid flows
radially inward towards the center of the turbine before exiting axially. These turbines
are particularly effective for applications involving low to medium power output and
are often used in small gas turbines and turbochargers. They are known for their
simple and robust design, which allows for efficient energy extraction even in compact
systems. Radial inflow turbines have performance characteristics similar to centrifugal
compressors but operate in reverse, converting fluid energy into mechanical work.
Hence the radial inflow turbine is an appealing option to use in a ORC system because
it can also be easily adapted for different working fluids [5]. It is not as sensitive as
other turbines to the profile of the blades, thus turbines with simpler blade profiles
can be created [6]. The blade profiles can also be made more robust and therefore be
run at higher speeds. Radial flow turbines are simpler to manufacture when compared
to axial flow turbines [7].

1.1.3 Production method

Additive manufacturing (AM) is an attractive method to produce intricate and small
components, where conventional machining would be too expensive or impractical [8].
It can use a wide variety of different materials and alloys to create components with
high accuracy. AM, especially laser sintering, allows for very precise control over ge-
ometry, mechanical and thermal properties, by altering the laser conditions [9].

There are some limitations on using AM, due to the process of melting a powder
to form a shape. The material can flow or sag undesirably. Therefore, if an angle is
too steep or an overhang is too large, supports needs to be produced during the pro-
duction process. These supports must be removed after production, via conventional
machining. The high heat used to melt the powder also causes thermal stress in the
product, therefore proper annealing is required to relief stresses after production to
ensure the product is not brittle. Further the surface finish of a product produced
with AM will differ to that of a conventionally produced product, with the surface
roughness typically higher than when conventional machining is used.

By using AM to create a small radial turbine, this study can further explore and
determine possible applications or situations for using AM. Determining the efficien-
cies on the turbines, the effect on the surface roughness from a part produced by AM
can be correlated and used for further development. Another benefit of using AM is
in the reduction of parts needed to be produced as well as a reduction in weight by
being able to print more complex structures [10].

1.1.4 Materials for small scale turbines

Titanium (Ti) has a low thermal conductivity and a high resistance to corrosion. The
elastic modulus and specific strength are high compared to most metals. Ti-6A1-4V is
used for compressor discs, blades, and stators, due to it having a high ultimate tensile
strength (UTS) and Young’s modulus at high temperatures. The above mentioned

© Central University of Technology, Free State
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properties makes Ti-6Al-4V an ideal candidate material to create turbines for the
ORC, using AM [11].

1.2 Motivation

Most of industry is heavily dependent on energy generated by fossil fuels. However,
significant amounts of energy is wasted either during or after the combustion process
or industrial operation via cooling or exhaust gasses released into the atmosphere.
Most internal combustion engines (ICEs) and industrial operations run on fossil fuels
which cause pollution, greenhouse gass emissions and higher cost due to the wasted
energy.

Heat from the exhaust gasses can be recovered and used to create/generate more
power from the same amount of fuel or reduce the fuel needed. This can be achieved
using an ORC [12]. The ORC should be able to use the heat from the exhaust gasses,
heating a specific hydrocarbon working fluid via a heat ex-changer. This heated fluid
can then be expanded throug a turbine that can then be used to power an external
component as well as the pump to keep the system operating.

Using conventional tooling and machining methods it is difficult to produce small
radial flow turbines because of the size and profiles needed on the blades [13]. AM
seems to be a reasonable approach to manufacture these components, especially when
heating and/or cooling channels are to be embedded within the turbine vanes. Em-
bedding of cooling and heating channels is planned for a follow up study. By making
use of AM it is possible to manufacture more complex and smaller parts at a reduced
price, since the complexity of a part does not necessarily increase the production cost
or time of a component [14].

Ti-6Al-4V is an attractive material to use for a small radial flow turbine. The ma-
terial and process will greatly influence the performance characteristics of the turbine
and must be known before characterizing/developing a turbine. This specific alloy is
suitable for the application due to its high specific strength. The heavier the material
is the larger centripetal forces it will experience when rotating at high speeds, there-
fore it is important for the material to have a high strength to weight ratio.

There are however some questions about the performance of the components that
are created using AM to produce a small radial flow turbine. One such question would
be the effect of the surface roughness of the AM produced component on the turbine.
In order to create a system that is effective and can be reproduced, it is important
to know the characteristics of all of the different components within the system. This
would assist to accurately calculate the energy recovered and adapt to different sizes
according to power available from the gasses.

1.3 Research aim and objectives

This research will focus on developing correlations between theoretical turbines and
small turbines produced by additive manufacturing and the characterization of these
turbines for eventual application in Organic Rankine Cycles.

Objectives:
Conduct a research study that will entail the following elements:

© Central University of Technology, Free State
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e Perform a comprehensive literature study to determine the state of the art.

e Design a 90° radial inflow turbine that is suitable to be manufactured from
Ti-6Al1-4V with the aid of AM.

e Design an experiment, test bench and associated test model for AM turbines.
e Conduct an experimental characterization of the AM turbines.

e Document the performance characteristics and compare with the theoretical
design.

e Create a basis for future research and development of additive manufactured
small radial turbines for the use in the ORC.

1.4 Scope

The type of turbine also plays a significant role in the design of Organic Rankine Cy-
cles, depending on the turbine-specific speed and pressure available from the working
fluid. This study looked specifically at 900 inward-flow radial turbines. This was an
attractive option due to the size of turbine that was to be created and the specific
speeds at which these turbines would generally be used. The goal was to make this
turbine small while still being able to recover a significant amount of energy.

A small 90-degree radial inflow turbine is characterized by the following features:

Flow Direction: The working fluid enters the turbine radially and makes a 90-
degree turn to exit axially. This change in flow direction is a defining characteristic
of radial inflow turbines [1].

Design Efficiency: These turbines are designed to efficiently handle low to medium
power outputs and are known for their compact and robust design. They can achieve
high efficiency in small mass-flow rate situations, making them ideal for small-scale
applications like micro gas turbines and turbochargers [2].

Components: Key components include the rotor, stator, and the turbine blades.
The rotor and blades are designed to manage the dynamic changes in the direction
and velocity of the fluid flow [3].

Application Range: They are suitable for a variety of applications, including waste
heat recovery systems, Organic Rankine Cycles (ORC), and other low-temperature
power generation systems due to their ability to efficiently convert thermal energy
into mechanical work [4].

Performance: The performance characteristics of these turbines include a high de-
gree of adaptability to different operating conditions and the capability to handle a
wide range of power outputs and rotational speeds [5].

Specifically, three Ti-6A1-4V 90° radial in-flow turbines were designed. The rotor
blades were produced using selective laser sintering with is a type of AM also known as
3D printing. Similarly, three guide vanes were produced using the same method. The
casing was produced using regular mild steel and conventional machining methods. A

© Central University of Technology, Free State
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custom test bench was constructed for testing and characterization of the turbine.

One of the limiting constraints with regard to AM was the minimum required
thickness of the rotor blades.

The different guide vanes and rotors were produced to characterize the differences
between the turbines. An open loop system was used to experimentally test these
turbines using air as the working fluid. However, due to the low-pressure ratios the
turbines did not operate at the design point. Thus, limiting the influence on perfor-
mance of the different design configurations.

A computational fluid dynamics (CFD) analysis will not be included in this body
of work. An initial 1-D design was produced to facilitate experimental determination
of the performance characteristics of the additively manufactured 90° IFR turbines.
In a follow-up study CFD should be employed to optimise the turbine further.

1.5 Structure

There are a total of six chapters in this dissertation. Chapter 1 gives a brief overview
of the study as an introduction, which is followed by a literature review in chapter
2. Chapter 3 discusses the methodology used to design the turbines used in the
experiment. Whereas chapter 4 covers the experiment and experimental methodology.
In chapter 5 all the data captured is reworked and presented to characterize the
turbines. There is also a brief look at the potential performance of the turbines at
higher pressure ratios and when using popular organic working fluids in stead of air.
Chapter 6 contains a summary and the conclusions drawn from this study while also
providing some lessons learned which can be utilized in future studies.

© Central University of Technology, Free State
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Chapter 2

Literature review

2.1 Introduction

2.2 Influence of fossil fuels usage

2.2.1 Use of fossil fuels and sustainability

Since the start of the industrial era there has been an increase in the production of
carbon dioxide (COg2) [15]. This is due to the increase in the use of energy. Larger
factories as well as electricy in each home since then has kept the demand growing.
With the increase in demand, extraction and the burning of fossil fuels has increased
to supply sufficient energy [15]-[17].

According to H66k M and Tang X, [18] a large portion of today’s energy is produced
from fossil fuels. They reported that approximately 80% of energy produced in 2011
was from fossil fuels; being mostly oil, natural gas and coal. Oil constitutes the largest
portion of these fossil fuels at 32.8%, coal 27.2% and natural gas 20.9%. These fossil
fuels are vital to the global economy as it powers most of our industry and homes.

Despite significant advancements in renewable energy technologies, fossil fuels still
constitute a major portion of the global energy mix. According to the latest data,
fossil fuels account for approximately 82 - 84% of global energy production [19].

Fossil fuel consumption is continuously rising. The global energy consumption for oil,
coal and gas in 2023 was: oil: 196 exajoules/yr (31.6%), coal 164 exajoule/yr (26.5%
and natural gas 1404 exajoule/yr (23.2%) compared to the combined wind, solar and
hydropower consumption of 91 exajoules/yr (14.7%) [19], |20].

The Intergovernmental Panel on Climate Change (IPCC) of the United Nations re-
ported in 2022 [21]. The largest constituent of the cause for greenhouse gasses is
industry at 25% followed closely by electricity and heat at 23%. Agriculture is be-
lieved to contribute 22%, with the remaining 15%, 10% and 5,6% being caused by
transport, other energy and buildings.

This leads to a further problem that the increased use of fossil fuels as source of energy
is not sustainable [22]|. According to British Petroluem company at the current trends
for the usage of fossil fuels, coal is expected to last only 114 years, natural gas 52.8
years and oil 50.7 years |23]

Looking at more recent findings from 2019 [24], global energy consumption is still on
the rise. Although renewable energies compensate for some of the increased demand
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net carbon emissions are still on the rise. This is expected to continue until 2040. The
report further illustrates that there is still growing demand for fossil energy sources
like coal and natural gas to keep up with this increasing demand. Due to both the
increasing demand in energy as well as the reliance on fossil fuels for the foreseeable
future efficient use of energy should still be a priority.

2.2.2 Impact of fossil fuels on global warming

Since fossil fuels are the major source of energy globally, a very large part of the anthro-
pogenic greenhouse gas (GHG) emissions are a direct result thereof [18], [25].To keep
up with global energy demand more fossil fuels were extracted and used. This leads to
continually increasing the production of CO9 and releasing it into the atmosphere [26].

From 1850 to 2012 there has been an increase in COq of between 1.1% and 4.7%
annually, with 1.1% being the lowest period from 1913 to 1945 and the highest being
4.7% from 1945 to 1973. From 2000 to 2012 there has been an increase of 3% yearly
[27]. This leads us to believe that at current trends CO2 will continue to increase [27],
[28].

This increase has led global temperatures to be 1°C higher for the past decade and
1.3°C for 2016, than the Holocene (current geological epoch) temperature range [29].
The global temperature has increased with roughly +0.18°C more than the natural
Holocene expected increase[29]. By 2040 it is expected for the artic temperature range
to have increased by 1.5 to 2.5 °C witch will have a drastic impact on the global cli-
mate [28].

Although natural phenomena is also partly responsible for some of the increase in
global temperature, it is plausible that warming cause by human activities can be
accountable for an increase in roughly 1 °C from pre-industrial era until 2017. This
increase is believed to be increasing at approximately 0.2 °C per year. This 20% it is
a significant increase that can and will have significant impact on the environment [30].

The more recent International Plant Protection Convention (IPPC) in 2022 further
found that with current policies that are in place it appears as though greenhouse
gasses will continue to rise [21]. This is expected to increase the global temperature
between 2.4°C to 3.5°C by the year 2100 [21]. Therefore, it is clearly a goal of the
IPPC to improve and implement policies to help mitigate this expected increase in
COg, which in turn would mean adoption of new technologies as well as improving
the efficiencies of current energy consuming systems.

2.2.3 Wasted energy in processes

In order to extend the availability of fossil fuels for use as a source of power and reduce
the effect it has on global warming there are a couple of options available. Firstly,
we can improve the efficiency of systems using fossil fuels. Another option is to look
to alternative means of producing power that are more sustainable, like solar power,
hydro power, wind power, etc.Currenty approximately 26.5% of energy is produced
using renewable sources. With the main contibutor being hydopower at 16.4% [31]

Wasted power seems like a good place to start as most of the industries already has
systems in place that produce waste energy of some sorts. This makes it reasonable to
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improve the efficiency of certain processes, as the infrastructure is mostly there. This
means that a system can be altered in such a manner that improves the efficiency in
such a manner that is more cost effective than to build alternative means of power.
First it must be determined where energy is lost, before it can be attempted to im-
prove efficiency.

One such an example is the internal combustion engine (ICE). ICEs are mostly pow-
ered by either diesel or petrol that is produced from crude oil. The process of internal
combustion produces a significant amount of waste heat that is lost through the cool-
ing system, the exhaust gasses and radiation [32].

= Work = Combustion losses = Exhaust gasses Heat losses  ® Other losses
FIGURE 2.1: Energy lost in an ICE [33]

The split of energy used and lost in the combustion process is depicted in figure 2.1
[34]. A significant portion of heat-energy expelled from the exhaust gasses is currently
not utilised. This wasted heat-energy is a potential source of energy to increase per-
formance and efficiency.

A more in depth and recent study on the efficiency of combustion engines by Al-
batayneh et. al. [35] shows that for gasoline, diesel and gas powered vehicles the
efficiency from the source to the wheel is 14-33%, 25-37% and 12 -22% respectively.
This further emphasises the opportunity to harvest lost energy in these processes.

In numerous industrial processes hot gasses are also produced and extracted. These
gasses are then either released to the environment or cooled down. This waste heat
also has the potential to be used for work or heating [36], [37].
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2.3 Improving efficiency to reduce consumption of fossil
fuels

2.3.1 Methods to utilize waste heat from exhaust gasses

Currently there are two attractive methods to improve efficiency for current fossil
fuelled power generation. These two methods are co-generation and combined heat
and power (CHP). Most power plants and various other industrial processes produce
energy while producing heat thus being classified as co-generation [38]. A significant
amount of this heat that is produced is released into the atmosphere and the energy
is lost |38].

CHP processes can be used to recover the wasted heat from exhaust gasses. By utilis-
ing the waste heat in a CHP process to generate electrical energy, the overall system
efficiency is improved [39]. Therefore, the CO2 produced is reduced significantly for
the same amount of energy that is produced as less is wasted. [39].

In order to recover this heat and use to recover energy from it, the heat needs to be at
a high a enough grade (high temperature) to use conventional cycles like the Breyton
or Rankine cycles [1|. Unfortunately, as most of the time the wasted heat comes from
a similar cycle the exhaust temperatures are a lower grade heat. That makes that
these conventional systems will function inefficiently or not at all. This is where an
Organic Rankine Cycle (ORC) becomes an attractive option [1], [37].

There are generally considered to be three qualities of waste heat that is available:
above 650°C which is high grade, 232 - 649°C which is medium grade and lower than
232°C which is low grade. S. O. Oeyedepo and B. A. Fakeye [40] explored some of
these options and came to the conclusion the ORCs are an attractive option to re-
cover lower grades of waste heat. This is due to these systems typically being relatively
simple in structure, reliable as well as suitable for a wide variety of heat sources due
to the vast selection of organic working fluids available. These systems are typically
used where there is lower grade waste heat available that ranges between 80 and 300°C.

There are various applications where an ORC system can be used to recover energy.
These applications include wasted heat from power plants, industrial plants with suffi-
cient waste heat, geothermal plants, solar thermal plants and ICEs [41]. This implies
that there is ample opportunity to apply ORC systems to utilise waste heat from
exhaust gasses [42].

2.3.2 Organic Rankine Cycle to recover wasted exhaust heat

According to Sprouse [43]. The ORC is a closed-loop cycle that functions similarly
to the conventional Rankine cycle with the main difference being the working fluid.
The standard working fluid in a Rankine cycle is water, where in the ORC organic
fluids are used instead. This is to utilise the lower grade heat that is supplied in the
exhaust gasses, where water would not be effective or viable.
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FIGURE 2.2: Organic Rankine Cycle: Process flow (Adapted from[44])

The operation of such a system starts with a heat exchanger using the waste heat
from the exhaust gasses to heat the working fluid [1], [45]. This working fluid is then
expanded through an expander/turbine. The turbine drives the ORC feed pump as
well as an electrical generator. The feed pump pressurises the fluid to its original
working state after it has been cooled down by a condenser that removes the excess

heat [1], [45] [46].

Temperature [K]

Entropy [J/kgK]

F1GURE 2.3: Temperature - entropy diagram of an organic Rankine
cycle [47]

Figure 2.3 shows a temperature vs entropy diagram and figure 2.4 shows a pressure
- enthalpy diagramof an ideal ORC. The liquid working fluid is heated to its wet
saturated condition in process 1- 2. In process 2 - 3 the working fluid is heated and
vaporised from its wet saturated to dry saturated state. It is then superheated in
process 3 - 4. Therefore, there is a significant amount of energy available in this
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system. After superheating the working fluid, it is expanded through a turbine to
extract energy from the system from points 4 - 5. Once the energy is extracted it is
then condensed to fluid thus moving the working fluid from position 5 -6 - 7 - 8 so

that it can be pumped to the heat exchanger. Then the cycle starts over and repeats
[47].

Pressure [kPa]

Enthalpy [J/kg]

FIGURE 2.4: Pressure - enthalpy diagram of an organic Rankine cycle
[47]

It is important to utilize the waste heat that is available from exhaust gasses effectively.
Generally this waste heat is considered to be of low and medium grade, meaning under
500°C [3]. The optimal working fluid will depend greatly on the heat that is available.
Therefore, there is not an ideal working fluid for and ORC, but rather a selection
should be made based on the heat that is available.

Ideal Temperatures for working fluids
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FIGURE 2.5: Chart of suitable refrigerants at various temperatures
(Adapted from [3], [46])
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Figure 2.5 depicts various working fluids that are most suited for a specific tempera-
ture range [3] [46].

When the temperature differences in the process are not sufficient, water (steam) be-
comes less effective because it is susceptible to losses such as shock losses [3]. An
organic fluid has a higher expansion ratio for the same conditions and would lead to
a more efficient turbine [3], [4].

Bao|[3] further expands that on the ideal operating conditions for various organic work-
ing fluids, by considering parameters like the heat source temperature, application,
evaporation and condensation temperatures. These paramaters can then be used to
select a suitable working fluid. Similarly Quoilin [48] shows that R134a is often used
in ORCs that have lower grade heat available. Whereas popular choices for medium
to low grade sources are R123 and R245fa. The study also highlighted some working
fluids for very low-grade waste heat like R1234yf and highlights that water should
generally only be used in higher grade heat systems.

2.4 Organic Rankine cycle expanders

In an Organic Rankine cycle, there are various types of expanders that can be used to
extract energy from waste heat. These expanders are divided into two main categories,
namely volumetric expanders and rotodynamic expanders. The general concept be-
hind volumetric expanders is to extract work from expanding a working fluid, thus
the work is generated by the change in volume. Whereas with rotodynamic expanders
the work is extracted through the rotational movement of a turbine [49], [50].

‘ Expanders ‘

‘ Rotodynamic ‘

Volumetric expanders
expanders

A A S S A B

Axial flow
turbine

Radial flow

Cantilever T

‘ Piston H Screw ‘ ‘ Scroll ‘ ‘ Vane ‘

FIGURE 2.6: Types of expanders [49]

Figure 2.6 show some of the more popular types of expanders that are generally used.

Piston expanders:

Piston expanders use reciprocating motion to extract work that is transferred to a
shaft. They can have high expansion efficiencies. However, they are complex and
require a significant number of mechanical parts like bearings and valves to function
efficiently. They are also generally more suited to higher expansion ratios [49], [51].
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Screw expanders:

This expander continuously expands the working fluid across two inter meshing screws/rotors.
This has the benefit of not needing any valves, however it does require the use of four
bearings which does add complexity to the system and requires lubrication. These
expanders generally function better at higher volumetric ratios and have reasonable
efficiencies, approaching approximately 50% [49], [52].

Scroll expanders:

The scroll is a volumetric expansion device which is much simpler in design than piston
expanders . It consists of two discs with inter meshing spiral grooves, one stationary
and the second mounted on a motor driven shaft. These expanders are also not sen-
sitive to the formation of droplets within the system. Generally it is used in lower
energy applications and could also be an attractive option for this study [49], [50], [53].

Vane expanders:

Vane expanders are used when lower speed applications are considered. They generally
have efficiencies below 50%. This is due to high friction losses in most applications.
Generally these expanders also have considerable wear due to the vanes being in con-
tact with the casing [49], [52].

Rotodynamic Expanders:

Weiss [49] compared volumetric expanders with rotodynamic expanders for use in
small applications and found the rotodynamic expanders to be more suited to small
scale applications. The criteria considered are the volumetric ratio, size, adaptabil-
ity, wear, etc. He further compared impulse turbines against reaction turbines and
found impulse turbines to be more ideal than reaction turbines for smaller applica-
tions. Therefore axial, radial inflow and cantilever inflow turbines are seen as ideal
candidates for this study.

2.4.1 Turbine selection

To develop a turbine for an ORC system there are various turbine designs that are
available for use. These turbines are generally categorised in two major groups namely:
Axial flow turbines and radial flow turbines.

0.05 0.1 0.2 0.5 1.0 20 5.0 10,0 200
I I I I I I I I I
" Pelton wheel N L Francis turbine . Kaplan turbine
B single jet - = > < .
Radial gas turbine
>
Pelton wheel Propeller turbines
multi jet

Cenfrifugal pumps _ _ Mixed-flow _ Propeller pumps
(radial) pump (axial)

_ Centrifugal compressors
- and fans

o Axial flow compressors, blowers N
and ventilators
P Axial flow N
~  steam and gas turbines -
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FIGURE 2.7: Ideal specific speeds of various turbomachines [54]
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Figue 2.7 from Dixon chapter 2 [54], shows the specific speed of various different
turbomachines. This is very helpful in selecting a suitable turbine as the expected
specific speed can be used to select the appropriate turbine.

Acxial flow turbine Radial in flow turbine

FiGURE 2.8: Turbine types

Axial flow turbines:

Axial flow turbines operate by expanding the fluid over a rotor parallel to the shaft.
Both the inlet and exit of the working fluid is in the axial direction, as seen in figure
2.8. Axial flow turbines are usually used when the specific speed is between 0.4 and
2 [54]. Generally axial flow turbines performs better with higher volumes of working
fluid with lower pressure ratios than compared to radial in flow turbines [55]. Alexan-
der et. al. [56] compared the differences in head when using axial flow turbines for
micro hydro system. These turbines were tested up to 40m of head which is roughly
3.9 bar at the higher end of the pressures the turbines started to lose efficiency. Ko-
lasiniski, P et. al. [57] looked at turbines for micro ORC systems and found that axial
flow turbines were ideal for specific speed for these turbines to be between 0.05 and
0.1. This was dependant on the expansion ratio of the turbine.

Radial inflow turbines:

Radial inflow turbines functions similarly to axial flow turbines by expanding the
working fluid over a rotor [58], [59] . However as seen in figure 2.8 the working fluid
enters the turbine perpendicular to the shaft and is the directed axially by the rotor
before leaving the turbine axially. Kiyarash et. al. [60] investigated small scale radial
flow turbines specifically for the use in ORCs. The results found indicated efficiencies
between 82% and 84%. The turbines were tested using various refrigerants including
inter alia R245a, R134a and R123. Most of these turbines achieved high efficiencies
when used in a suitable application, which was mostly determined by the temperature
of the application [61], [62] . This give the turbine a significant amount of flexibility
to be adapted pending on the available conditions and made it an attractive option
for this study.

The radial inflow turbine is a very good turbine to use for such a system, this is be-
cause it can be easily adapted for different working fluids [5]. It is not as sensitive as
other turbines to the profile of the blades, thus turbines with simpler blade profiles
can be created [6]. The blade profiles can also be made more robust and therefore be
run at higher speeds. Radial flow turbines are simpler to manufacture when compared
to axial flow turbines [7].
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2.4.2 Small scale radial turbines

Small radial inflow turbines work most effectively at the following conditions [7], [54]:

e Head coefficient greater than 1.0 and less than 6.0.
o Flow coefficient greater than 0.095 less than 0.8
e Specific speed greater than 0.2 and less than 1.0

As the size of the turbines increase, the power that is produced increase as well. At a
certain point increasing the diameter of a single stage radial inflow turbine becomes
less effective. When the inlet area to the rotor is between 6 cm and 16 cm it seems it
is most effective while using an organic fluid [7].

Determining pressure losses will be crucial in determining the efficiency of the turbine.
Factors that typically contribute to the pressure losses are [5]:

Losses from the tip clearance

Loss of kinetic energy at the exhaust

Impeller losses

Losses due to friction

e Turbulence losses in the rotor

e Other forms of losses like leakage, flow and bearing losses

All of these losses will have to be taken into account when calculating the mechanical
and system efficiencies for the turbine [63].

2.5 Production methods

In order to manufacture small radial inflow turbines there are a few options that
can be considered. These can be grouped into two different categories which are
conventional /traditionally manufactured and additively manufactured. Traditional
manufacturing is a subtractive method whereby one starts with a large amount of
material and machine away the material in order to produce a part or component.
Whereas AM consist of adding material sequentially in order to produce a product [64].

2.5.1 Conventional production of radial inflow gas turbines

When coinsidering conventional manufacturing of radial inflow turbines, especially
the rotors, turbochargers is a good starting point. Generally, turbochargers have very
similar rotors and have been manufactured for a significant amount of time. Casting is
an attractive option that results in minimal machining after producing the rotor. The
shaft is generally machined on a lathe/CNC machine which is then friction welded to
the turbine [65]. The shaft can also be manufactured in such a manner as to pass
through the turbine to be attached to the rotor using a fastener on the other end.
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This requires a significant amount of time in post processing to ensure that the tur-
bine and shaft is balanced during the manufacturing process [66]. Klink et. al. [67]
investigated various method for manufacturing turbocharger impellers like wire-EDM
and wire-ECM, which can also be attractive methods to manufacture smaller turbines.

2.5.2 Additive manufacturing methods

Additive manufacturing is quite a broad field and there are various additive manufac-
turing methods available [68], [69].

e Laser based melting

e Thermal extrusion

Material Jetting

Material adhesion

Electron beam melting

Lazer based AM processes consists of 2 major categories i.e., laser melting and laser
polymerization, the latter which is used for resins. Laser melting comprisses of two
processes which either uses a powder bed for methods like selective laser sintering
(SLS), selective laser melting (SLM) and direct metal laser sintering (DMLS) whereby
powder is deposited onto a bed and a laser is used to melt the material and for a struc-
ture. Whereas methods like DMD, LENS, SLC, etc uses a powder supply that feeds
directly in front of the laser to to produce the parts. [68], [69]

SLM can be used with various different alloys. The process uses a powder, usually
metallic that is melted with a laser as follows: The entire bed is covered with a layer
of powder after which, a laser selectively melts the powder in the desired form. Once
a layer has been completed another layer of powder is deposited after which the excess
powder is scraped away, and the laser can melt the next layer of the part. This fuses
the first and second layer together. The process is repeated until the part is fully
completed |68], [69].

Direct metal deposition (DMD) is the a process that is very similar to SLM as dis-
cussed above, however the major difference being that the entire bed does not get
covered with the powder/wire. The material is only deposited directly in front of
the laser in the shape of the part that is being produced. This powder or wire is
then melted with the laser and the next layer can be started until the part has been
completed [68], [69].

2.5.3 Additive manufacturing of turbines

The method of AM chosen for this study was SLM due to the availability of the man-
ufacturing method as well as to specifically test whether this method would provide
useable components.

AM is an attractive method to produce intricate and small components, where con-
ventional machining would be too expensive or impractical [70]-[72]. It can use a
wide variety of materials and alloys to create components with high accuracy. AM,
especially laser sintering, allows for very precise control over geometry, mechanical
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and thermal properties, by altering the laser conditions; where the relative density of
the produced part can be as high as 99,5% of that of the mother material [73].

By using AM to create a small radial turbine, this study can further explore and deter-
mine possible applications or situations for using AM. By determining the efficiencies
on the turbines, insight can be gained on the expected performance of turbines oper-
ated at, or closer to design conditions, as well as with organic working fluids. Another
benefit of using AM is in the reduction of parts needed to be produced as well as a
reduction in weight by being able to print more complex structures [70].

2.5.4 Materials for Small scale turbines produced by AM

AM manufacturing can be used with a wide variety of metals such as aluminium,
copper, steel, stainless steel, titanium, etc. as well as various alloys of these materials
[74]. Depending on the material there are various AM manufacturing process that
can be used. Materials such as aluminium are not generally used with SLS and SLM
due to the properties of the materials whereas titanium and steels are ideal. However,
there has been some recent advances in the use of aluminium powder by companies
like EOS [75]. The type of material will influence various factors such as the build
rate, surface finish and density to name a few [74].

Titanium (Ti) has a low thermal conductivity and a high resistance to corrosion.
The elastic modulus and specific strength is high compared to most metals [11], [76].
Ti-6Al-4V is used for compressor discs, blades and stators, due to it having a high
ultimate tensile strength (UTS) and Young’s Modulus at high temperature[11], [76].
The above-mentioned properties make Ti-6Al-4V an ideal candidate material to cre-
ate turbines for the ORC, using AM.

Generally, materials such as Ti-6Al-4V are not traditionally used to produce turbines
due to a high loss of the material from conventional machining. This is problematic
as the material is expensive when compared to steels. AM have the benefit of not
wasting as much of the material thus making this alloy more usable for applications
like this [77]. Therefore, with the reduction in material required and the properties of
an alloy such as Ti-6Al-4V it becomes and attractive option to manufacture smaller
turbines in order to ensure high strength at various working temperatures.

2.6 Design of 90° IFR turbines

In order to design 90° IFR turbines there are various different deign methodologies
that can be used, which ranges from 0-D to 3-D(CFD methods). Generally 0-D or1-D
methods are used for the initial design in order to determine the basic geometry of
the turbine of which a 3-D design can be created using those parameters [78].

0-D approach:

This comprises of a simplified model where the entire turbine is treated as one compo-
nent. This model does not account for the actual geometry of the rotors and generally
considers the inlet and outlet conditions at each stage of the turbine. Initial conditions
were specified, which made for a starting point along with key design parameters like
the required power, condition of the working fluid (pressure and temperature) and
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size of the turbine to name a few [54], |78].
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FIGURE 2.9: Diagram of a 90 degree inflow radial turbine [54]

In figure 2.9 these points are displayed as generally used in practice. The working
fluid enters the turbine at point 1 which is the scroll. This directs the working fluid
to the inlet of the rotor which is position 2. The working fluid then expands over the
rotor blade providing rotational energy to point 3. Finally the working fluid leaves
the turbine via the a diffuser at position 4 [54].

The conditions at each of these points can then be used to design and predict the per-
formance of a 90° radial inflow turbine, by determining the energy at each of the four
points. The process to determine the energy at each of these points are thoroughly
described by Dixon [54] in chapter 8. Whereby the expected power can be determined
using the enthalpy at position two and three.

Similarly, the inverse can be done to determine the design of a turbine. By using
the power required and the energy available in the working fluid this method can be
used to determine the geometry of the turbine. Whereby the specific work out of
the system will be equal to the velocity of the turbine rotor. The sprouting velocity
can then be used with this relation to determine the rotational velocity of the rotor.
Specifically for a 90° radial inflow turbine the ideal ratio between the sprouting ve-
locity and rotational velocity is between 0.68 to 0.71 [54]. In chapter 3 the 0-D design
methodology will be discussed and applied to the design of the 90-degree inflow addi-
tively manufactured turbine.

3-D (CFD) approach:
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Three-dimensional design is a much more detailed design approach that take into ac-
count the entire profile of the turbine. This includes the actual geometry of all the
components which are modelled. Usually this involves the use of computational fluid
dynamic (CFD) simulations. Usually, this method is used to improve an existing de-
sign or improve on a design that was initially created using a simpler method. The
geometry of the part being designed is split into a mesh, subdividing the profile in
small cells which is the analysed using a numerical model. The density of this mesh
plays a major factor in the accuracy of these calculations. However, making a mesh
that is too fine results in simulations that can be extremely hardware intensive and
requires extreme amounts of time to compute |78|.

CFD was not used for this study due to the time and resources available, as well as
being an initial design of the turbine. In future work this may be a useful method to
further optimize the turbine.

2.7 Summary and conclusion

AM provides a flexible way to produce 90° radial inflow turbine prototypes for use
in ORCs. Geometrically complex design can be manufactured easily, especially when
creating smaller sized turbines. AM also significantly reduces the wasted material
allowing the use of an expensive alloy such as Ti-6Al-4V, which has favourable prop-
erties for turbines used in such systems. These properties include the high relative
strength and corrosion resistance. A 1-D design methodology is sufficient for the de-
sign of the turbines for this study as the turbines will be manufactured and tested.
This is due to the turbines being an initial design and this study is not focusing on
the optimisation of these turbines for which methods like CFD would be more suited.
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Chapter 3

Turbine design methodology and
design

3.1 Introduction

To ensure a well-functioning radial-inflow turbine (90° IFR turbine) it was important
to start with a theoretical base. Firstly, a design methodology was implemented that
summarised the order and method in which components were to be designed. This
was done in a logical and sequential manner as to provide an effective workflow.

Some initial assumptions as well as initial design parameters guided the initial part
of the design. This was done to determine the basic design geometry as well as some
ideal estimates of the performance that is to be expected. Thereafter the applica-
ble dimensions were selected to be as close to the theoretical ideal as possible. The
changes to the ideal dimensions were driven by the following:

e Time and cost of manufacturing
e Parts count

e Assembly time

e Ease of use

The above considerations led to 40 mm being selected for the rotor diameter. The
rest of the turbine was designed to be as efficient as possible, while staying within this
limit. There are some exceptions such as the inlet and exit angles of the rotor blades
as well as the clearances. Three different rotor and inlet guide vane configurations
were selected. This was done to understand the influence of these configurations on
the performance of the turbine.

Engineering Equation Solver (EES) software was used to create the theoretical model
of the turbines. EES is software used to solve systems of non-linear equations iter-
atively. It also has a database of the thermodynamic properties of various working
fluids. It calls the required thermodynamic properties by an iterative solution. It also
has parametric tables that can be used to compare variables and generate graphs and
plots, which is useful to characterise a turbine.

3.1.1 Initial design specification

The driving design specification for the turbine was to be as small as possible, while
also being able to produce a usable amount of energy. The target design point power
output was 500 W.
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3.2 Theoretical design of turbine

3.2.1 Turbine rotor design

The first step was to design the rotor blades of the turbine. To do this the working
points had to be specified. These points acted as reference points for the calculations
to follow.
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FIGURE 3.1: Diagram of a Turbine [54]

The points selected in figure 3.1 was:

1. Inlet to the nozzles/stator blades
2. Exit of the nozzle/stator blades and Inlet to the rotor blades
3. Exit from the rotor blades

4. Diffuser

Before the geometry of the rotors were designed, vector triangles were calculated.
These give the values for the flow rates and velocities of the working fluid at certain
points in the rotor. The power is determined by the amount of working fluid that
is required at a certain velocity. This influences the design as you can use a smaller
flow rate with a higher velocity or a larger flow rate at a lower velocity to produce a
similar amount of power.

The flow rate and velocity have a large impact on the dimensions of the rotor. A
higher flow rate and smaller velocity results in a larger turbine rotating at a smaller
angular velocity. Whereas the opposite is true for a small flow rate with a higher
velocity. The desired size of the turbine and limitations of the components and ma-
terials were determined by the initial design.
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01: Stagnation conditions at the inlet of the
nozzles

1 1: Static nozzle inlet conditions

02: Stagnation conditions at nozzle exit and
rotor inlet

2: Static conditions at nozzle exit and rotor
inlet

2s: Static conditions at nozzle exit and rotor
inlet for isentropic expansion.

03: Stagnation conditions at rotor exit and
diffuser entry.

03ss: Stagnation conditions at rotor exit and
diffuser entry for isentropic expansion.

3: Static conditions at rotor exit and diffuser
entry.

3s: Static conditions at rotor exit and
diffuser entry for isentropic expansion.

3ss: Static conditions at rotor exit and
diffuser entry for isentropic expansion.

04: Stagnation conditions at diffuser exit
04ss: Stagnation conditions at diffuser exit
for isentropic expansion.

4: Static conditions at diffuser exit.

4ss: Static conditions at diffuser exit for
isentropic expansion.

[ O]Lé/ Nomenclature:
1
1
1

h
[kJ/kg]

g | oo

5
[kd/kgK]

FIGURE 3.2: Mollier diagram of a 90 IFR turbine [54]

Figure 3.2 is a typical Mollier diagram for a turbine, which shows the rise in entropy as
the enthalpy drops over a certain pressure ratio. When the entropy rise strives to zero
then the turbine will be considered to expand the gas through an isentropic process.
This means that it is an ideal turbine, which is practically not possible. However,
the isentropic expansion can be used as a tool to compare the ideal, theoretical, and
practical performance of the turbines.

In Figure 3.2 the enthalpy is high at pointl which represents the maximum avail-
able energy at the turbine inlet. This is due to a higher temperature and pressure
compared to points lower on the graph. As the gas expands through the turbine the
enthalpy drops. The pressure and temperature also drop. The enthalpy drop is due
to the energy being extracted from the turbine by expanding the gas through the
turbine. These points can then be used to calculate the expected enthalpy at certain
points in the turbine to calculate the efficiency and expected power delivery of the
turbine. The rise in entropy during this process is a direct indication of inefficiencies
in the turbine.

AW = hg1 — hos (3.1)

The theoretical maximum work done by a turbine can be calculated by subtracting
the enthalpy of the working fluid at exit from the enthalpy of the working fluid at
inlet as seen in equation (3.1). This determines the amount of energy lost from the
working fluid and is the absolute thermodynamic maximum work that the turbine can
produce [54].

AW = hgy — hgg = ho — hg + 1/2(6% — C%) (3.2)
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From (3.2) the power can also be determined by using the enthalpy at the selected
points and adding the kinetic energy of the working fluid at each point. This is useful
as enthalpy is dependent on the temperature as well as the pressure of the working
fluid. Both of which can be easily measured and recorded. By adding the kinetic
energy, the stagnation enthalpies can be calculated.

/ Wz=Cpz

C=Crz

FIGURE 3.3: Velocity diagram for the turbines

Figure 3.3 depicts the velocity triangle of a turbine, which describes the motion of
the rotor relative to that of the working fluid. For the purpose of optimisation, the
turbine will be designed for nominal conditions. This means that at inlet the whirl
velocity is equal to the relative velocity and the exit velocity is equal to the relative
velocity [54].

1/2(Co)* = hor — hozss (3.3)

In (3.3) the sprouting velocity is calculated. This is the amount of kinetic energy in
the working fluid that is equal to that of the enthalpy drop from the turbine inlet to
the stagnation pressure. The sprouting velocity relative to the velocity of the turbine
rotors, can be used to determine the velocity ratio of the turbine [54].

U2/60 = 0.707 (34)

Equation (3.4) depicts the ideal velocity ratio for an actual frictional TFR turbine.
This value is generally between 0.68 and 0.71. A value between those borders is se-
lected for the theoretical model of the turbine.
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For the theoretical model certain losses also need to be brought into account. These
losses included but are not limited to the nozzle and rotor losses [54].

(N = (ha — has)/(1/2¢3) (3.5)

Cr = (hs — hss)/(1/2w3) (3.6)

Equations (3.5) and (3.6) are used to calculate both the expected stator and rotor
losses. By calculating the theoretical expected losses from the stator and rotor, the
theoretical model should more accurately represent an actual turbine [54].

Z =m/30(110 — ag)tanas (3.7)

For the selection of the number of blades, there are a three generally accepted methods
which are [54]:

e Jamieson equation

e Glassman equation

e Whitfield equation

Glassman’s equation as shown in equation (3.7) use the relation between the number of
blades and the flow angle of the working fluid to determine an ideal number of rotor
blades. Glassman’s method was selected as the others result in the rotors having
too many vanes. Due to the size constraint a smaller number of vanes is preferable.
Similarly using the design pholosophy depicted in Dixon |54]|. Reasonable inlet and
outlet angles for the turbine will be selected.

3.2.2 General turbine design

Three turbines were designed in order to study the influence of configuration differ-
ences on the actual performance of the turbine. It would also assist in validating the
theoretical design methodology. Ideal graphs were created using the data from the
3 turbines and their various configurations. This data was used to compare to the
experimental counterparts to calculate the losses of the turbines.

The losses due to the surface roughness was important to determine, as it showed
the influence of the production method. This was important to note as it is one of
the largest unknowns of the effect that AM has on the performance of a small 90°
IFR turbine. These losses can be determined in future studies by comparing similar
turbines produced using AM and conventional tooling.

The theoretical design consisted of:

Velocity triangle design

Geometry design

Blade profile design

Calculation of clearances and determination of losses
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The velocity triangle design was used to find the approximate values that was needed
to design the geometry of the turbine rotors. From the geometric values the theoret-
ical performance curves of the turbines were calculated. This was done for all of the
configurations that would be tested experimentally. The calculations also considered
relevant losses to ensure that the data was compared accurately. See appendix A for
the EES calculations.

The following design specifications were selected for the turbines:

e [t must be a small 90° IFR turbine, therefore 40 mm rotor diameter was selected.

e The method to produce the turbine was selected laser melting, one of the AM
technologies.

e The material that was used was Ti-6Al-4V.

For each of the rotors’ blades the exit angle was changed. Where the guide vane in-
serts were designed with 2 different exit angles (gas inlet angle to the rotor) and two
different clearances. Meaning that two guide vane inserts had the same exit angle,
but different clearance between rotor tip and guide vane inserts and two had the same
clearance, but different exit angles (cf. Table 3.1).

Compressed air was used as the working fluid to characterise the turbine. In future
the turbine should also be characterised with organic fluids.

Assuming an inlet velocity and an inlet angle, the inlet velocity triangle can be com-
pleted. The inlet velocity is selected such that all the velocities in the rotor is lower
than Mach 1. This is to reduce losses that occurs at Mach numbers greater than 1,
as well as to prevent unnecessary shock in the system.

A value for the blade loss coefficient is then selected to calculate the relative exit
velocity of the working fluid. The radius ratio (ratio between the outside and inside
radius of the rotor blade) also must be assumed at an appropriate value in order to
calculate the average velocity of the exit radius of the rotor. With both those values
known the exit velocity triangle can be completed.

With both velocity triangles completed all of the enthalpies can be calculated. The
theoretical enthalpy drop can then be compared to the isentropic enthalpy drop. The

closer the theoretical enthalpy drop is to the isentropic, the more efficient is the rotor.

For the initial design certain assumptions were made in order to get a starting point.
This also included the necessary constants needed for the calculations.
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TABLE 3.1: Intitial assumptions and selected values

Selected values and assumptions

Description Symbol  Value Units
Pressure coefficient Cp 1 kJ/kgK
Volume coefficient Co 0.8116  kJ/kgK
Gas constant R 0.287  kJ/kgK
Inlet angle o) 65 °©
Relative Mach number M2 0.11 N/A
Power W 0.5 kW
Radius ratio r3/T2 1.5 N/A
Relative inlet fluid temperature Two2 300 K
Flow coefficient 0 0.3 N/A
Rotor inlet pressure P 500 kPA
flow rate of air Mair 28.97  kg/kmol
Isentropic efficiency Nis 0.75 N/A
Inlet temperature 11 310 K
Turbine inlet pressure Py 600 kPA
Pressure ratio P.y/Pr3 1.2 N/A

Table 3.1 list the values that was selected as initial values for the design. It also shows
some of the constants and assumptions that were made for the initial design of the
turbine.

These values were used as the starting point of the design of the turbine rotors.

3.2.3 Guide vane inserts design
3.2.4 Casing design

The casing is an important part of the turbine to consider when designing.

The flow passage between the casing wall and the inlet to the guide vane insert as-
sembly was made large to ensure equal flow on to the rotor blades from all directions.

The casing was also designed as a split casing as seen in ref figure 3.1. This con-
figuration enabled for easy removal of the turbine rotors and shaft. A split casing
design allowed for the shaft to be press-fitted into the bearings and still allow for easy
removal or changing of components.

3.2.5 Geometry design of turbine rotors and guide vanes

The design process is iterative and needs to be adjusted in order for the rotor to be
effective and correctly designed. The geometry of the rotor will be calculated using the
values from the velocity triangles. If the geometry of the rotor is within the size and
velocity constraints then the design can be theoretically characterised, by calculating
the new velocity triangles as well as changes in enthalpy and entropy.

TABLE 3.2: Calculated turbine rotor geometry

Calculated geometry from velocity diagrams

Description To T3s T3h t s
Value 19.753mm  14.268mm  4.993mm 0.5mm 2.5mm
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Table 3.2 shows the results for the final geometry for the turbines. These results will
be slightly altered in order to aid the design of the experimental turbine. The changes
to the geometry will then be used to determine the performance of the turbines. The
blade inlet and exit angles are listed in Table 3.4.

TABLE 3.3: Practical geometry for turbine rotors

Practical geometry for turbine rotors

Description T2 T3s T3k t s
Value 20mm 16mm 6mm 0.5mm 2.5mm

In Table 3.3 lists the values for the geometry of the turbine rotor that is adjusted to
fit the preferred geometry for the design. The r2 was rounded up to 20 mm and both
r3 values adjusted accordingly. These values can be used to calculate the theoretical
performance of the turbine.

The cross-sectional profile of the blades on the turbine was flat, with an incidence
angle of 5 degrees. This does however not play as big a role on a turbine as with a
compressor. A flat profile was chosen to keep the turbines as close to a baseline model
as possible and to introduce the smallest number of variables.

3.2.6 Influence of clearances and losses

Losses in the turbine will also greatly impact the performance of the turbine. These
need to be added to the theoretical calculations. This needs to be done to accurately
compare the theoretical with the experimental results. The primary losses to consider
are nozzle-, rotor-, clearance- and windage-losses |78].

Nozzles that are designed well, usually has a flow coefficient ¢,, between 0.9 and 0.97
[54]. The rotor losses ¢r can be expected to be between 0.7 and 0.85 [54]. These
losses were used when theoretically characterising the turbine.

Windage and clearance losses are greatly dependant on the clearances between the
rotor and the turbine casing, as well as the specific speed of the rotor. The smaller
the clearance the less clearance losses can be expected. Care must be taken to avoid
damage between the rotor and casing. If the clearance is too small vibration or ther-
mal expansion can lead to turbine damage.
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3.3 Turbine Specifications

3.3.1 Turbine rotor Specifications

TABLE 3.4: Turbine rotor specification

FIGURE 3.4: Rotor dimensions

Description Turbine rotorl  Turbine rotor2 Turbine rotor3
T2 20mm 20mm 20mm
T3s 16mm 16mm 16mm
T3h 6mm 6mm 6mm
Blade height 10mm 10mm 10mm
Z 10 10 10

i 5° 5° 5°
B3 50° 25° 0°

t 0.5mm 0.5mm 0.5mm
S 2.5mm 2.5mm 2.5mm
Base plate thickness 5.2mm 5.2mm 5.2mm
Material Ti-6Al-4V Ti-6Al-4V Ti-6Al-4

Table 3.4 shows the design of the three different rotors. The only significant difference
between them being the blade exit angle as the inlet angle is determined by the guide

vane for this turbine.
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Rotor 1 Rotor 2 Blade Rotor 3

Blade outlet angle thickness 0.5

B = 0° B =25° mm B = 50°
[

&

¢ 40 mm

FIGURE 3.5: Photograph of the three manufactured turbine rotors
indicating blade outlet angles of each.

In figure 3.5 the differences can be seen between the three different rotors. With rotor
one having no exit angle, thus f3 = 0°. Rotor two has a blade exit angle of 83 = 25°
and rotor three 83 = 50°

Rotor 1 is the most basic design of the three turbine rotors. The blades were designed
to have an inlet angle determined by the guide vanes and an exit angle of 0°. This
was the simplest configuration and was expected to perform the worst of the three
turbines. This is due to the exit of the turbine being parallel to the exit angle of
the working fluid, which results in more of the energy in the working fluid not being
utilised.

Rotor 2 has some curve at the exit of the rotor blades, with a blade exit angle of
25°. This was selected at a midway point between the first and the third turbine.
This turbine rotor was expected to perform somewhere between rotor 1 and 3. This
is due to the theoretical performance increasing as the exit angle increased up until
approximately 65°.

Turbine rotor 3 is the turbine rotor with the largest exit angle of the three turbine
rotors. This turbine had an exit angle of 50°. This was the rotor designed closest to
the theoretical ideal. It was also the turbine expected to perform the best out of the
three turbines.
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FiGurE 3.6: Closeup photos of rotors 1 and 3 to show the coarse
surface roughness.

As can be seen from all figure 3.6, the surface of the rotors has a rough finish. This is
due to the nature of the SLM process and will impact the performance of the rotors.
This is expected to negatively influence the performance of the rotors, due to the
rough surface finish and increased friction as a result.

3.3.2 Guide vane insert specifications

The guide vanes were designed in a similar fashion to the rotors. Three versions of
guide vanes were designed and manufactured, changing certain variable in order to
determine the performance of the turbine over a broader spectrum of configurations.
The guide vanes were also manufactured using SLM and TI-6AL-4V as the material.
This was done so the rotors and the guide vanes could be produced in the same
batch. This reduces production time as well as saving costs. This also meant that
the guide vanes are strong as well as resistant to heat and corrosion, even at elevated
temperatures. This should ensure a good life cycle from the guide vanes.
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FIGURE 3.7: Guide vane dimensions
TABLE 3.5: Guide vane specification
Description ~ Guide vane 1 Guide vane 2 Guide vane 3
Ainiet 40 x 107 %m? 40 x 107%n? 40 x 107 %m?
Acit 25 x 10~ %m? 25 x 107%m? 25 x 107%m?
Toutside 61lmm 61 61mm
Tinside 41mm 41.5mm 41mm
Clearance 2.44% 3.61% 2.44%
Ttop 33.55mm 33.55mm 33.55mm
Qo 65° 65° 55°

Material Ti—6Al—4V  Ti—6Al—4V Ti—6Al—4

Table 3.5 shows the differences between the three guide vanes that were manufactured.
The inlet and exit areas were kept constant in all three guide vanes. The main dif-
ferences between the guide vanes were the exit angle (as) and the clearance between
the rotor and the guide vane. These values were changed in order to determine the
influence these variables had on the performance of the turbines.
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a) Guide vane insert body - top view
(@) P (b) Guide vane insert back plate

(c) Guide vane insert body - bottom view (d) Guide vane insert assembly

FIGURE 3.8: Guide vane parts

Figure 3.8 shows one of the manufactured guide vanes. These guide vanes were created
in two parts, the top and the bottom, which were then pressed together to form one
part. This was done, due to a restriction in the manufacturing process. By creating
the part with additive manufacturing large overhangs cannot be made without adding
supporting structures. These supporting structures would influence the flow of the
working fluid and due to the gap only being 2 mm would be difficult to remove. The
simplest solution was to manufacture the top part separately which meant that the
supporting structures could easily be removed.

3.3.3 Turbine casing Specifications

One turbine casing was designed to accommodate all rotor and guide vane insert
configurations. The main requirements for the turbine casing were:

e Accommodate ease of changeover between configurations.

e Even flow of the working fluid to the guide vanes.

Should not restrict the flow.

e Easy connection of the inlet and outlet pipes.

Must be leaktight.
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FI1GURE 3.9: Turbine casing

In order to ensure that the setup could be switched easily between configurations a
split casing design was used where the bottom and the top of the casing could be
separated. The casing also had a cap on the front so that the guide vanes could easily
be changed during test runs. Figure 3.10 shows the bottom half of the casing. The
two halves were machined accurately and then bolted together to ensure a leaktight
seal. The turbine was fitted onto a bearing casing that consisted of two bearings with
a spacer in between in order to position the turbine inside the casing.
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F1GURE 3.10: Turbine casing front

Figure 3.10 shows the front of the casing. A total of 10 screws were used to bolt the
front of the casing tightly against the body. To achieve sealing between the casing
front cover and the casing body an O-ring was fitted in an O-ring groove. From this
figure it can also be seen that there is a rather large open volume around the turbine.
This was done to ensure a uniform pressure distribution at the guide vane inlets, thus
ensuring even flow through the turbine.
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Chapter 4

Experimental investigation

4.1 Introduction

4.2 Design of experiment

4.2.1 Measured parameters

Certain parameters needed to be obtained in order to determine the performance of the
turbine. The parameters that were selected to measure was based on the performance
curves that was used to characterise the turbines. These curves formed the basis that
was used to compare the theoretical and practical turbines.

The perfomance curves used to describe the turbine performance were as follows:

e Total to static efficiency versus the pressure ratio at different temperatures|79]
e Normalised flow rate versus the pressure ratio [54]
e Total eficiency versus the pressure ratio at different temperatures [54]

e Total to static efficiency versus the specific speed [54]

Important parameters that needed to be measured for the performance curves were
pressure and temperature before and after the turbine, mass flow rate, rotational
speed of the turbine and the torque developed by the turbine.

TABLE 4.1: Measured parameters

Inlet Turbine Outlet
Description Unit Description Unit Description Unit
Pressure kPa  Rotational Speed r.p.m. Pressure kPa
Temperature K Torque Nm Temperature K

Flow rate Nm3 /h

Table 4.1 lists the parameters measured during experimental testing of the turbine.
Temperature and pressure were measured in the turbine inlet piping. This is done to
detirmine the energy in the working fluid before it has done any work. The turbine
was tested at steady state conditions. The mass flow rate is constant throughout the
process. The parameters measured for the turbine was the rotational speed and the
torque. These values were used to calculate the performance of the turbines at the
experimental working conditions. Finally, the outlet temperature and pressure was
measure at the outlet of the turbine to capture the remaining energy left in the work-
ing fluid. Volumetric flow rate was measured in the discharge pipe and converted to
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mass flow rate.

(1)Compressed air supply

(2)Pressure regulator

(3)Flow control

(4)Inlet temperature

(5)Inlet pressure

(6)Torque measurement

(7)Turbine

(8)Outlet pressure

(9)Outlet temperature

~ (10)How meter
~ (11)Data logger

FIGURE 4.1: Experimental setup

Figure 4.1 shows the experimental setup used to test the turbines. The air from the
compressed air supply (1) enters and passes through a pressure regulator (2). There-
after passes some flow control valves (3), before the temperature (4) and pressure (5)
are measured. The air then passes through the turbine (7) where a prony brake (6)
is used to measure the torque, with a torque arm and load cell arrangement. Turbine
exit pressure and temperature are measured at (8) and (9) respectively. Lastly the air
flows through a flow meter (10) before exiting to the atmosphere. All data is captured
on a data logger (11).

4.2.2 Instrumentation used to measure parameters

The inlet and outlet temperatures were measured with a resistance temperature de-
tector (RTD) probe. For this experiment the platinum resistance PT100, 3-wire, class
B resistance thermometer with KNE transmitter was selected. The reason being that
RTDs generally are more accurate than thermocouples.

For the measurement of pressure, the Gems 3000 series pressure sensor was used with
the DIN 43650 GDS 3-wire connection. This provided a 4 to 20mA current output
that is compatible with the data acquisition device device (DAQ).

For the flow measurement a rotameter was used suitable for the flow rate and the
temperature of the experiment. No data needed to be recorded for the flow meter, as
the system was set to run at steady state and a pre-set flow rate. The flow rate was
manually adjusted. The selected flowmeter was a glass tube variable area flowmeter
series 6001/6002 from Techfluid.
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Torque on the turbine output shaft was measured with a Prony brake and lever mech-
anism. Lever force was measured with a load cell and converted to torque. The
rotational velocity was measured using a tachometer. With both of these values the
power can be calculated at various pressure ratios and flow rates and from that the
performance curves of the turbines can be created.

The data was recorded with a 1216 PicoLog DAQ system used with a external termi-

nal board. The external terminal board was used to ensure that the sensors provided
the signal in the correct voltage and ampere range for the system.

TABLE 4.2: Instrumentation used to record data

Instrument Specification

Temperature Sensors
Model used KNE PT100 RTD
Temperature range 0 - 200°C
Accuracy TEC 751 Class B
Signal transmitted 4 - 20mA

Pressure Sensor
Model used GEMS 3000 Pressure sensor, DIN 43650C GDS connection
Pressure range 0 - 10 Bar (gauge)
Accuracy 1% of full scale
Signal Transmitted 4 - 20mA

Rotameter
Model used Techflow series C313-06301
Flow range 1.8 - 18 Nm3/h
Accuracy Class 1,6 according to VDI / VDE 3513,
Measurement Manual visual

Load Cell
Model used Vishay Transducers Model 1004
Weigt range 0.3 - 3 kg
Accuracy 0.0067% of full scale
Signal Transmitted 0.9+-0.1 mV/V

Tachometer
Model used RS Pro Tachometer
Rotational range 0 - 99 999 rpm
Accuracy 0.05% of full scale
Measurement LCD display

Data Acquisition
Model used PicoLog 1216
Resolution 12 bits
Accuracy 0.5% at 12 bits
Signal Recieved 0-2.5V
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TABLE 4.3: Uncertainty in measurements

Measurement

Working Range

Level of uncertainty

Inlet temperature
Outlet temperature
Inlet pressure
Outlet pressure
Mass flow rate
Rotational speed

Force applied by brake

0 - 200°C

0 - 200°C

0 - 1000 kPa,

0 - 1000 kPa
1.8 - 18 Nm3/h
0 -99999 rpm
0.3 -3 kg

+1.73°C (40.7726% of FS)
+1.73°C (£0.7726% of FS)
+11.49 kPa g (+1.153 % of FS
+11.49 kPa g (+1.153 % of FS)
4+0.29 Nm?/h (£1.6 % of FS)
+50.0 rpm (£0.05% of FS)
4+0.039 kg (£1.118 % of FS)

95% confidence level using a coverage factor of 2 for the expanded uncertainty.
(FS: full-scale)

The experimental data gathered in the case of this study are classified as scarce,
therefore a Type B uncertainty analysis according to ISO [80] was conducted. This
analysis included the resolution and accuracy of the data logger, the accuracy of
all of the measurement equipment used as well as the effect that the shunt resistor

circuit might have had on the readings.

Table 4.3 summarises the uncertainty of

the measuring equipment used. In this study’s case an expanded uncertainty was
used with a factor of two, that provided a confidence level of 95%. See appendix B
containing the MS Excel sheet with the calculations.

4.2.3 Experimental setup

A

13

14

......................

FIGURE 4.2: Process flow diagram of experimental setup

1) Compressed air supply
2) Gate valve

3) Pressure regulator

4) Flow control

5) Inlet temperature sensor
6) Inlet pressure sensor

7) Pressure indicator

8) Torque measurement

9) Turbine

10) Outlet pressure sensor
11) Outlet temperature sensor
12) Flow meter

13) Discharge to atmosphere
14)

(
(
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(
(
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(
(
(
(
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( Data logger

Figure 4.2 shows the process flow diagram (PFD) of the experimental setup. Com-
pressed air at approximately 100 kPa g was used to characterise the turbine. Higher
pressure and flow rates were not possible due to laboratory compressed air supply
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limitations.

A gate valve (2) was used to open or close the experimental setup to the compressed
air supply (1). This was done so that the experiment could be setup safely and no air
would be passing through the experiment when it was not required.

From the gate valve (2) the air flowed to a pressure regulator (3). The pressure regu-
lator (3) was able to withstand a maximum pressure of 10 bar. The pressure regulator
(3) also provided coarse flow control. Needle valves were used as flow control valves
(4), which were arranged in such a manner as to ensure accurate flow control.

After the needle valves (4) the air passed some instrumentation that recorded the
pressure (6) and temperature (5), as well as a pressure indicator (7), before entering
the turbine (9). This instrumentation was used to capture the data and the pres-
sure indicator served as a visual indicator of the pressure and ensure a safe working
pressure and to serve as a visual indicator when making adjustments. Turbine outlet
pressure and temperature were measured at (10) and (11) respectively. All pressure
and temperature sensors were connected to the DAQ (14).

A flow meter (12) just before the air exited to the atmosphere (13), was used to de-
termine the flow rate of the air through the system. A rotameter was used, due to its
affordability.

A prony type brake (8) was connected to the shaft of the turbine to measure the
torque (8) produced by the turbine. The force exerted by the prony brake arm was
measured using a load cell. This load cell also fed its data to the DAQ (14).

In order to determine the power produced by the turbine, the rotational velocity of
the shaft is needed as well. To determine this a handheld tachometer was used. The
end of the shaft was coated with a non-reflective tape. A small reflector strip was
placed on the non-reflective tape in order for the tachometer to obtain accurate mea-
surements.

The DAQ then recorded all of the results from the instrumentation over a certain

period of time after steady state conditions were achieved. Then an average off all
measurements were taken to determine the final values used for the calculations.
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FIGURE 4.3: Wiring diagram of the experimental setup

The instrumentation was connected as per figure 4.3. A 12-volt direct current (DC)
power supply powered the pressure sensors as well as the 5-volt power regulator. The
5-volt, voltage regulator in turn powered the RTDs. An LM7805 voltage regulator
was used in order to reduce the voltage from 12 to 5 volts for the RTDs.

From the pressure sensors the signal went through 125 ohm resistors to convert the
signal from 4 - 20 mA to 0 - 2.5V for the data acquisition system. The signal from
the RTDs were also converted using resistors for the DAQ.

The load cell was powered with a separate 12 volt DC power supply. This was done
to ensure that the load cell does not cause a short circuit with the other equipment.
The load cell’s signal was amplified with a LM 358 operational amplifier in order to
ensure a signal that the DAQ can accurately measure.

The DAQ was connected and powered via USB to a laptop computer on which the
data was recorded and exported to Microsoft Excel.
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4.3 Experimental methodology

4.3.1 Setup of experiment

(1) Working fluid inlet

(2) Turbine shaft

(3) Turbine casing

(4) Working fluid discharge

(1) Shaft

(2) High speed ball bearing

. (3) Turbine rotor

(4) Locating dowel pin

(5) Locating groove for inlet guide
vane assembly

(6) Tangential working fluid inlet
(7) Working fluid discharge port
(8) End flange

(9) Shaft flange bolted to turbine
rotor

(10) Bearing spacer
(B)

FIGURE 4.5: Turbine assembly with top split casing removed.

Figure 4.4, 4.5A and 4.5B shows the setup used for the experiment. Before the start
of each run there was a specific startup procedure. The procedure was as follows:

e Insert the correct rotor and guide vane combination, as well as the correct spac-
ers.

e Close the split casing and ensure that all seals, nuts and bolts are correctly in
place.

e Place brake onto shaft and ensure that the brake arm is pressing correctly against
the load cell. Also ensure that the correct mass is applied to the load cell to
ensure consistent results.

e Use syringe to add oil to the bearing to ensure sufficient lubrication.
e Ensure that all valves and the pressure regulator are closed.

e Connect the DAQ to the laptop and switch on the power to the instrumentation.
Ensure that all channels are displaying correctly on the DAQ window.

e Connect the system to the compressed air supply.
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e Preload the loadcell in order to be at a better working range for accuracy and
record 100 samples of the load applied.

e Open the gate valve completely and then slowly open the pressure regulator,
while monitoring the flow meter.

e Adjust the flow rate using the pressure regulator, as well as the needle valves
until the desired flow is achieved.

e Let the experiment run until steady state conditions are achieved.

e Record 100 samples of inlet pressure and temperature, outlet temperature and
pressure and force on the load cell.

e Use the manual tachometer to record the rotational speed of the shaft.
e Ensure that the data was captured, then close the pressure regulator.
e Close all valves and disconnect the system from the compressor.

e Export data to MS Excel and save.

e Repeat cycle as many times as needed to record all data sets.

All the raw data captured were exported to MS Excel. From the raw data, the data
was then summarized as seen in appendix C. Consequently, data reduction and cal-
culations were carried out in MS Excel and Engineering Equation Solver (EES).

4.3.2 Experimental conditions

For the most part, conditions inside the laboratory was kept as stable as possible,
however there was some slight variation in the room temperature and atmospheric
pressure. The atmospheric pressure was determined by using three different weather
stations’ recordings and taking an average. The variation in ambient temperature was
not a problem as it had little influence and was recorded by the RTDs in real time
during the experiment.

The temperature of the compressed air supply varied slightly from test to test; this
was dependant on the demand on the compressor as well as the temperature of the
air stored in the reservoir. This variation was however recorded using the RTDs.
After steady state conditions were achieved 100 values were recorded and an average
temperature was used.

4.3.3 Recording of results

The data was recorded using a Picolog 1216 data logger. A summary of the raw data
can be found in appendix C.
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Test No 0 Start-up & Test

Date 2019/05/21 Open gate valve X

Settings and configuration Open pressure regulator X

Desired Air Flow Rate 40 Adjust flow and pressure X

Rotor Blade Inlet Angle 1 Achieve steady state X

Rotor Blade Outlet Angle 1 Temperaturein(°C) 17,07414

Working Fluid Air Pressurein (Pa) 6092,78741

Loadcell Pre Load 400¢g Pressure out (Pa) 2119,96604

Friction weight 100g Temperature out ("C) 18,11914
Flow rate (m®/H,0) 40

Checks: Pre-start 1 Shaft speed (rev/min) 1997

Turbine number 1 Rotational load (g) 368,891

Guide vane number X Static load (g) 354,236

Gate valve closed X Net load (g) 14,655

Pressure regulator closed X Checks: Stop

Sufficient oil X Gate valve closed X

Data acquisition X Pressure regulator closed X

Working fluid supply X Working fluid disconnected X

DAQ Data saved X

Temperature probe in X Check/replace/drain oil X

Pressure sensorin X

Pressure sensor out X

Temperature probe out X

Load cell X

Tachometer X

FI1GURE 4.6: Data recording form

Figure 4.6 shows an example of the data recording form that was used to record the
data. This data recording form also included a checklist of the necessary steps required
before commencement of the experiment. This was done as a control to ensure that
conditions were as consistent as possible and that the experiment was carried out
safely whilst minimizing experiment execution errors.

The data on this form was used for all of the experimental calculations. The inlet
temperature and pressure as well as the outlet temperature and pressure were used
to calculate the theoretical performance of the turbines.
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Results and discussion

5.1 Introduction
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To ensure repeatability of measurement results, five tests were conducted per config-
uration. Although the pressure ratios were less than the design pressure ratios it was
still deemed sufficient for characterisation of the turbine configurations at low pressure
ratio. The laboratory compressed air supply could not provide the pressure at the
flow rate required to achieve pressure ratios that were near the ideal situation for the
turbines. This was due to the fact that the turbines were tested in open conditions
and not a closed loop as it would function in practise. For this reason, comparing
the theoretical ideals would not be applicable to what was experimentally achieved,
as the efficiencies of the turbines would be very low.

TABLE 5.1: Example of data recording sheet.

Test no 12401 12402 12403 12404 12405
Date 2019/05/17  2019/05/20 2019/05/21 2019/05/22 2019/05/23
Rotor blade number 1 1 1 1 1
Guide vane number 2 2 2 2 2
Rotor blade inlet angle (°) 65 65 65 65 65
Rotor blade exit angle (°) 0 0 0 0 0
Load cell pre load (g) 400 400 400 400 400
Brake arm length (mm) 80 80 80 80 80
Friction weight (g) 100 100 100 100 100
Temperature in (°C') 18.87 16.522 16.067 16.862 17.216
Temperature out (°C') 18.805 18.566 18.002 18.668 19.235
Atmospheric pressure (Pa) 86550 86450 86650 86650 86750
Gauge pressure in (Pa) 6024.11 5079.72 5634.92 5714.29 5636.45
Gauge pressure out (Pa) 2109.2 2026.8 1938.3 1756.7 1730.7
Absolute pressure in (Pa) 92574 91529 92284 923643 92386
Absolute pressure out (Pa) 88659 88476 88588 88406 88480
Flow meter calibration density (kg/m?) 8.319 8.319 8.319 8.319 8.319
Working fluid density (kg/m®) 1.0579 1.0566 1.0599 1.0554 1.0542
Flow rate (kg/h at 7 bar) 40 40 40 40 40
Flow rate (kg/s) 0.00111 0.00111 0.00111 0.00111 0.00111
Shaft speed (RPM) 1915 1993 1977 1951 1963
Operational weight (g) 373.061 376.808 373.353 370.659 374.353
Static weight on load cell (g) 354.598 358.401 353.721 351.088 355.768
Net load on load cell (g) 18.463 18.407 19.632 19.571 18.585
Power generated (W) 2.906 3.015 3.190 3.138 2.998

Table 5.1 is an example of the sheets that were used to record the data and have it
in a usable form. Firstly, the test number was recorded to keep track of each test.
The first numeral refers to the rotor number. The second to the guide vane number.
The next two numerals refer to the target flow rate and the last numeral in the test
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number of the specific rotor and guide vane combination. For example: Test number
12403

e 1 - Rotor number 1
e 2 - Guide vane number 2
e 40 - Flow rate displaying on flow meter of 40kg/hour

e 3 - Test number 3 using rotor 1, guide vane 2 and a flow rate of 40kg/hour

The load cell was pre-loaded with 400 g of weight. This was done to operate the load
cell at a better range to improve the accuracy of the measurements. The load cell was
rated to measure from 300 g to 3 kg. 100 g of mass was also added to the brake in
order to increase the friction between the shaft and the prony brake. This was done
to slow the shaft down using friction. This friction was then used to calculate the
torque with:

P = (2rNT)/60 (5.1)

where,

T=FR (5.2)

5.2 Results and discussion

In order to determine the stagnation enthalpy, compressible flow equations from [54]
were used to determine the Mach number at inlet and outlet using:

M =c/a=c/\/vRT (5.3)

From there the inlet and exit temperatures were calculated as follows:

To/T =1+ ((v - 1)/2)M? (5.4)

The inlet and exit pressure were calculated similarly using the following:

po/p=(1+((v—1)/2)M?)/0~D (5.5)

These equations were used in an Excel spread sheet to calculate the stagnation tem-
peratures and pressure for each test run. Using Engineering Equation Solver (EES),
this table was used as an input to calculate the enthalpy at each of these points. The
last value required is the isentropic enthalpy at the exit which was also calculated
in EES using the inlet entropy. These values can then be used in to determine the
theoretical total to static efficiency of the turbine as follows:

Nts = (hoz — hos)/(ho2 — hosss) (5.6)

During the testing a total of 225 tests were performed. The theoretical values in the
following chapters is calculated using the inlet and exit conditions per run. Therefore,
each run has a theoretical result and an actual result. The actual torque was the
torque measured on the shaft. Whereas the theoretical torque was the expected the-
oretical result using the inlet and outlet conditions. See appendix D for the complete
calculation. The enthalpy and entropy were calculated using EES, which can use a
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parametric table from MS Excel with the relevant input values. See appendix E for
the EES equations.
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Test number

F1GURE 5.1: Theoretical and actual total-to-static efficiency for all
tests

The theoretical efficiency in Figure 5.1 was calculated by assuming a constant mass
flow through the system. The mass flow rate was then used to calculate the velocity
of the working fluid at the inlet and exit. The rotational velocity of the turbine could
be measured more accurately and therefore was used with the velocity to calculate
the theoretical efficiency of this turbine. This method does not inherently calculate
the theoretical losses. However, the result of the turbine speed includes the effect of
them. The coefficient of determination (R-squared) value using this method is 0.9158,
thus providing results which is usable to compare to the actual measured power. The
actual measured power can the then be compared with the theoretical power of the
run, in order to determine the efficiency of the turbine.

The following results and figures describe the experimental results. This was done
to determine what the actual differences between configurations were. The actual
force measured on the brake together with the rotational velocity of the turbine were
used to calculate the torque and power that was produced in order to depict these
differences.
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TABLE 5.2: Tested inlet guide vane and rotor configuration
combinations.

Description  Nozzle inlet angle (°) Rotor blade exit angle (°) Clearance (%)

Configll 65 0 2.44
Configl2 65 0 3.61
Configl3 55 0 2.44
Config21 65 25 2.44
Config22 65 25 3.61
Config23 55 25 2.44
Config31 65 50 2.44
Config32 65 50 3.61
Config33 55 50 2.44

Table 5.2 shows a summary of the differences between the different experimental
configurations. This table is useful for the graphs that follows.

20.00 é
17.00
< 14.00 g
]
2 11.00
& .
8.00
5.00 i
]
2.00
30 40 50 60 70 80 90
Flow Rate (kg/hour)
= Config 11 * Config 12 Config 13 Config 21 ® Config 22
* Config 23 - Config 31 + Config 32 - Config 33

FIGURE 5.2: Measured average power of turbines

Figure 5.2 shows the average power produced by the turbines at the different flow rates
used in this experiment. It is clear that as the flow is increased the effect that the
inlet angle, exit angle and clearance has, also increases. Although the power measured
was significantly lower than the initial design the quality of the data seems to be of a
good consistent quality.
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FIGURE 5.3: Average power measured per configuration.

Figure 5.3A shows the different average power generated when all the flow groups
were combined. Whereas 5.3B shows the average power generated per configuration
at the various flow rates. From figure 5.3A there seems to be four clear configurations
that achieved a higher output of power. These groups were configurations 21, 22, 23
and 32. However, these differences appear to be somewhat smaller when looking at it
per flow group.

Following the differences between the configurations will be investigated further. The
total-to-static efficiencies were calculated for the entire turbine. The data used to
compare the differences were sorted to compare test runs where the same guide vanes
were used with the different rotors to determine the influence of the rotors. Whereas,
to determine the influence of the guide vanes; similarly, the data was used where the
same rotos were used.

In oder to compare the efficiency the turbine total-to-static efficiencies were calculated

theoretically using [54]:

Nts,theoretical = PtheOTetical/Pavailable (57)

where:

Piheoretical = 05[(”% - ’LL%) - (w% - w%) + (C% - C%)] (58)

With all the values calculted theoretically form the experimental conditions.

and:
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Pavaitable = 0.5[(u3 — u3) — (w — w3) + (c5 — c3)] (5.9)

With all the values calculated using vector diagrams as discusssed in chappter 3 and
assuming ideal conditions.
The actual efficiency was calculated similarly [54]:

Nts,actual = Pactual/Pafuailable (510)

Where:
Poctua =™ (511)

With the data measured from the prony brake and the rotaional speed of the shaft.
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FIGURE 5.4: Total to static efficiency comparison between different
rotors.

Figures 5.4(A) and 5.4(B) above depict the total to static efficiency at different pres-
sure ratios for each of the rotor blades irrespective of the guide vane angle. The rotor
blade exit angles for rotors 1, 2 and 3 are 0°, 25° and 50° respectively. In the case
of the theoretical total-to-static (tts) efficiency the difference between rotor config-
urations increase with an increase in pressure ratio; noting that the theoretical tts
efficiency was calculated from the measured turbine rotational speed. There is no
significant theoretical tts efficiency difference between rotors 2 and 3.

In the case of the measured tts efficiencies, Rotor 2 has the best tts efficiency at low
pressure ratios. The measured tts efficiencies of all three rotor configurations converge
with an increase in pressure ratio. It seems clear that rotor 1 appears to be the least
efficient, with the difference between 2 and 3 being very close to each other. Generally,
the total-to-static efficiency increases with an increase in pressure ratio.
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F1GURE 5.5: Turbine total-to-static efficiency when comparing of dif-

ferent rotor configurations

Figures 5.5(A) and 5.5(B) similarly shows the differences between the 3 different guide
vanes. Guide vane 1 and 2 has exit angles (turbine inlet angles) of 65 degrees each and
guide vane 3 has an angle of 55 degrees. Where guide vane 2 has a clearance of 3,61%
while the other two have clearances of 2,44% each. This clearance is a percentage
of the passage height and is the distance between the rotor inlet tip and the guide
vane exit. In both the theoretical as well as the measured cases it appears as though
the extra clearance does have a greater negative impact on the performance of the
turbine. 5.5(B) shows that guide vane 3 is clearly the most efficient however guide
vane 1 does seem to be improving as the pressure ratio was increased getting closer
to the efficiency of guide vane 3.
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FIGURE 5.6: Normalized flow capacity (1m+/Tp1/po1) vs measured
pressure ratio.

Figure 5.6 above shows that as the pressure ratio is increased the flow rate through
the turbine also increases. It also appears to be increasing less as the pressure ratio
increases. This would indicate that there is a limit to the increase in flow rate by in-
creasing the pressure ratio. At some point increasing the pressure ratio further would
no longer significantly improve the flow rate through the turbine. Dixon [54] shows
in chapter two that as the pressure ratio increases the normalized flow capacity also
increases. However, at some point the flow starts to choke and no significant gains
are further obtained.
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FIGURE 5.7: Total-to-static efficiency vs Normalized Flow Capacity

Theoretically the increasing flow flow rate through the turbineimproves turbine total-
to-static efficiency. There is a noticeable increase in the measured total-to-static
efficiency, but not as significant as is the case for the theoretical case. The results
suggest that these turbines should be operated at higher flow rates. The low total to
static efficiency is due to the turbine operating far from its design point.
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FIGURE 5.8: Total-to-static efficiency versus stagnation pressure ratio.

Figure 5.8 shows the effect that the stagnation pressure ratio has on the efficiency of
the turbines. In general, as the stagnation pressure ratio is increased thetotal-to-static
efficiency increases for both the theoretical and measured cases. In general turbine
performance increases with an increase in pressure ratio and flow rate until choking
conditions are reached after which furthe increase occurs [54].
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FIGURE 5.9: Efficiency vs Specific Speed

Figure 5.9 in a very similar trend shows that there is more performance available,
if operated under better conditions. These turbines appear to operate better at a
higher specific speed. The actual increase in this value seems to be quite linear. It
would be interesting to see what would occur at higher temperature differences as well
as when using different working fluids. From the results presented above it is clear
that the turbine efficiencies were low, which is a result of the turbines being tested
at off-design conditions far from the design point. It is expected that these turbines
should be much more efficient at more ideal operating conditions.
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FIGURE 5.10: Theoretical versus actual power for all turbine and
guide vane configurations.

The theoretical power vs the actual power measured of the turbine show how far off
the ideal conditions the experiment operated, with an error between 500% to 900%.
The error appears to be reduced as the power (pressure ratio) is increased which which
is to be expected as the turbines were designed to operate at higher temperatures and
pressures.

However, with this large error it would have to be investigated further and the turbine
need to be tested at its design point. Ideally it is recommended that testing is done
with a closed looped system that can be operated at a broad range of pressure ratios.
So that the turbine can be characterized over a broad operating range.

Another factor that contributes to the difference between the theoretical and experi-
mental results is the losses that occurs during operation. As discussed in chapter 3.2.5,
there are different factors that will reduce the efficiency of the turbines. In these cal-
culations these losses were not accounted for due to the following two reasons. Firstly,
to compare the ideal turbine with the actual experimental results. Secondly, due to
the turbine having been tested far from the ideal operating conditions it would be
extremely difficult to differentiate between losses and lack of performance due to the
operating conditions.
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FIGURE 5.11: Predicted performance with different organic working
fluids as derived from dimensional analysis.

Dimensional analysis and dynamic similarity were used to predict the performance of
the turbine when using organic fluids as working fluid. Figure 5.11 above shows an
idealistic extrapolation of what the increase in performance of the turbine could be
if the supply pressure is increased for air and a selection of organic fluids. For this
graph it is assumed that the temperature and efficiency will remain the same as with
the experiment. Most likely one would expect efficiency to increase as the pressure
ratio increases.

These values were calculated with the following equation by using the efficiency that
was calculated experimetally and the densities of the fluids at the experimental con-
ditions [54]:

P = ppgQn (5.12)

See appendix F for the full set of results.

Figure 5.11 shows that at these low temperatures the heavier working fluids like R245fa
and R124 performs better. This is also partly due to the temperature differential being
negligible in the experiment. However, most refrigerants would be a better alternative
to use in place of air especially if the temperature and pressures are increased to more
ideal conditions.

It would be a good continuation of this study to determine the efficiency of turbines
using these different organic working fluids close to their ideal operating temperatures.
The selection would have to be based upon the system in which it will be used as that
will determine the temperature available to do work in the system.
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Chapter 6

Summary and conclusions

6.1 Summary

Greenhouse gas emissions from fossil fuels contribute significantly to climate change
and global warming. Utilising Organic Rankine Cycles (ORCs) to harvest waste
and low grade heat assist in improving the efficiency of fossil fuel derived power and
heat systems. Hence the utilisation of ORCs directly assist in reducing greenhouse
gas emissions.AM is an attractive production method, especially for the small and
intricate components required to produce such systems, with the turbine being one of
them.

The advantage of AM is the ability to simplify the design of such turbines by reducing
the parts count and reducing production time. However, care must be taken with the
design to ensure that reduction of parts count and production time is achieved. The
turbine components must be designed to keep supporting structures, during manufac-
turing, to a minimum and make them easy to remove during post processing. Care
should also be taken to reduce the parts count such as reducing the number of fasten-
ers.

In this study a 90° radial inflow turbine was designed and manufactured from tita-
nium alloy Ti6Al4V by means of selective laser melting, Three rotor configurations
and three inlet guide vane configurations were tested. Initial testing was done with
air as working fluid and the performance of the turbine with organic working fluids
was estimated with dimensional analysis.

The turbines were able to withstand the velocities, pressures and vibrations that they
underwent in the experiment. This show that AM seems to be a viable method to
produce these turbines. However destructive testing would be required to determine
mechanical limitations and the strength of the turbines.

The turbines performed worse than was predicted by the ideal design. This is at-
tributed to the off-design test conditions. A contributing factor was the small size of
the turbines. In small turbomachines efficiencies are generally lower than the efficien-
cies of large turbomachines. The performance of the turbines changed as expected
when changing the design or the experimental conditions. The results were also con-
sistent when changing the conditions providing reliable data. This is positive in terms
of the experimental setup and for future studies. With a few modifications to the ex-
perimental and turbine design the benefits of AM could be addressed in further studies.
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6.1.1 Turbine design and methodology

The turbines were created using known theoretical methods for 90° Ti-6A1-4V radial
inflow turbines. Whereby the initial design was done using velocity triangles and the-
oretical energy using the Mollier diagram. From these base values it was possible to
determine the geometry and blade profiles to be used in the experiment. The actual
turbines were designed and manufactured to be as close to these values as possible
while still being practical to manufacture. Three variations were designed of both the
rotor blades and the inlet guide vanes. This was done to test multiple inlet and exit
angles, as well as the influence of clearance between rotor outer diameter and inlet
guide vane inner diameter.

6.1.2 Experiment design and methodology

Important parameters like the inlet/exit, temperature and pressure and the flow rate
of the working fluid were used as driving parameters for the experimental setup. It
was further also important to measure the power that was produce by the turbines
under various conditions. The turbines were tested with air as the working fluid at
multiple flow rates to characterize the performance of the turbines. The data was
collected via an electronic data logger.

6.1.3 Experimental results

From the results of the testing as discussed in chapter 5 a total of 225 tests were
run. Broken down it was 9 different configurations, each tested 5 times at 5 different
flow rates. The experiment provided repeatable and consistent results per setup, thus
giving confidence in the data that was collected. Minor deviations are suspected to be
mostly due to slight changes in temperatures of the working fluid and slight differences
in the mass flow rate.
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FI1GURE 6.1: Theoretical versus actual power for all turbine and guide
vane configurations.

There was a significant error between the theoretical expected results and the actual
experimental values as can be seen in figure 6.1. This was mostly due to the off-design
conditions at which the turbines were tested due to limitations in the experiment setup
as previously discussed.

The efficiency of small tubomachines are significant lower than larger turbines. This
is caused by the influence of losses that are proportionally larger on small turboma-
chines. Boundary layer losses are proportionally larger on smaller turbomachnes since
the boundary layer formation is a function of of fluid properties, flow rates and pres-
sure. Leakage losses between rotor and stator are also proprtionally higher with a
decrease in turbomachine impeller diameter. Mechanical losses are also proportion-
ally higher for smaller turbomachines. For the above reasons it is to be expected that
the efficiency of the small experimental turbine will be lower than for the theoretical
turbine.

However, figure 6.1 show that even though there was a significant deviation from
the theoretical performance that the data was consistent. Furthermore, as the flow
rate increased, the results trended closer to the theoretical values. Therefore, indi-
cating that higher pressure ratios would likely lead to the turbines being more efficient.
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FIGURE 6.2: Dimensional Analysis of Different Working Fluids

Using the values obtained from the experiment and applying the principles of dynamic
similarity, which assumes that the turbine efficiency remains the same, the results were
extrapolated for the expected performance at higher pressure ratios. This was done
for air as the working fluid as well as a selection of refrigerants. From figure 6.2 it
can be seen that the expected power of the turbines would increase significantly for
are as the pressure ratios moves closer to the ideal operating values for a 90° radial
inflow turbine. Furthermore, the prospect of using refrigerants should result in a
significant increase in performance of the turbine. This would be mostly due to the
increased density of the working fluid and being able to carry more energy at lower
temperatures.

6.2 Lessons Learned

6.2.1 Design for Additive Manufacturing

The majority of the findings is of a practical nature mostly focusing on the production
of the turbines using additive manufacturing. With the methods used to produce the
turbines and guide vanes a few lessons were learned. These lessons will ensure that
production of the turbines are more efficient in terms of time and cost. The produc-
tion of the turbine rotors and guide vanes were quick, but the post processing took a
significant amount of time.

This post processing time includes removal of the supporting structures from the ro-
tors and guide vanes. The rotor blades had a section of difficult supporting structures
to remove as well as holes that needed to be tapped after being produced with AM.
The guide vane inserts also had to be produced in two parts so that the supporting
structures could be easily removed, adding to the parts count of the turbines
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FIGURE 6.3: Alternative shaft design

Regarding the difficult supporting structures on the rotor blades. This could have
been easily avoided with a simple design change as seen in figure 6.3. By allowing
the shaft to pass through the centre of the rotor blades and fixing the rotor at the
top with a locking nut. Supporting structures would not have been necessary at the
bottom of the turbine rotors. It would also remove the need to drill and tap holes at
the bottom of the turbine rotors.

This modification would have significantly reduced the post processing time as well as
improve the assembly of the rotor blades to the shaft and the casing. Due to that fact
that the turbine rotors were fastened at the bottom with screws it hindered changing
to different configurations as the whole shaft needed to be removed in order to change
a turbine rotor.

Due to the turbine rotor blades being very thin they got damaged during the first
attempt of production. This happened due to the material scraper on the DSLM
machine scraping against the turbine rotor blades. This was rectified by producing
a cylinder around the turbines in order to stabilise the scraper and ensure that the
blades were not damaged.

Another promising concept would be to manufacture the shaft and rotor as one part
using additive manufacturing. This would however require some carefully planned
designs of the rotor and rotor blades to minimize the need for supports during printing.
This could provide an attractive manufacturing method due to greatly reducing the
number of parts needing to be produced.

6.2.2 Experiment Design and Manufacturing

Due to the experiment being an open loop system a very large compressor had to be
used in order to get a usable amount of pressure with sufficient flow and capacity to
run the experiment. Even when using the large compressor, the pressure ratios were
limited and could not run the turbine indefinitely. Although compressed air supply
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lasted long enough to reach stable conditions, it did limit the maximum pressure ratios
at which could be tested.
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F1GURE 6.4: Closed loop Organic Rankine Cycle system

One major improvement to the experiment would be to have a closed loop Organic
Rankine Cycle system as shown in figure 6.4. This will enable testing the turbine at
much higher-pressure ratios and remove the atmospheric pressure having a negative
effect on the turbine. This is due to an open loop system having to firstly overcome
atmospheric pressure before any work can be done. Whereas a closed system does not
have this limitation. It would also simplify the process of testing with other organic
working fluids, which would also be more beneficial than working with air.

Initially the casing was designed with only the front end on the turbine discharge
side, being able to open. This provided some issues, because the turbine rotor had to
be fixed to the shaft and the slid into the casing and supporting bearings. With the
slide fit the turbine started to float (moving forwards and backwards) in the casing,
causing some vibrations at low speeds. Another issue with a sliding fit was that at
higher speeds the clearances between the bearings and the shaft as well as the internal
clearance of the bearing would cause vibrations.

The solution to the problem was to manufacture a split casing. This meant that the
shaft could be press-fitted into the bearings, taking into account the internal clearance
of the bearings as well as eliminating float and the clearance between the shaft and
the bearings. This significantly reduced the vibration and allowed for the turbine to
operate at higher rotational speeds.

Measuring torque also proved to be quite difficult due to the high speed of the turbine
and the low torque produced. In this research an absorption brake and lever arm
configuration were used. This configuration was unstable at the speeds and torques
measured. Consideration should be given to making use of alternative dynamometer
technologies such as hydraulic and electrical dynamometers with the inclusion of a
speed reduction gearbox between the turbine and dynamometer.
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6.3 Conclusion and Future Work

6.3.1 Conclusion

To produce small turbines for Organic Rankine Cycles is an expensive process. AM
provides an avenue that can be used to reduce the cost as well as simplify the manu-
facturing and assembly process. The turbines used in this experiment held up well to
the operational conditions of the experimental testing phase.

However, the design point power generation was not achieved during the experiments
due to experimental, as well as some manufacturing limitations. The turbines oper-
ated adequately in the conditions that were provided. Some conclusions can be drawn
from the results due to the results captured being repeatable.

Due to the specific speeds of the turbines being very low in the experiments, ranging
between 0.003 and 0.051, with an average of 0,22 and standard deviation of 0,05.
It is clear that the turbines did not operate in ideal conditions, especially for radial
in-flow turbines. The ideal operating range for these turbines is generally considered
to be between 0.25 and 2.3. It can also be seen that as the mass flow rate increased,
which also meant that the pressure ratio increased, that the specific speed increased
significantly. Thus, the turbines should be able to achieve much better efficiencies as
the pressure ratios are increased. Ideal flow rates and pressure ratios would be much
simpler to achieve in a closed loop system.

The performance of the rotors and guide vanes behaved as expected theoretically. As
the inlet and exit angles came closer to the ideal as the performance of the turbine
setup improved. At the lower flow rates and pressure ratios values used in the exper-
iment, it is almost impossible to distinguish between the performance of the different
configurations. However, when looking at higher flow rate the 25° and 50° rotor exit
angle preformed slightly better. They also seem to improve more in performance as
the pressure ratio was increased.

Similarly, the inlet angle to the rotors also performed similarly at the lower pressure
ratios. The 65° angle of guide vane 1 and 2 seems to have performed worse than that
of guide vane 3 with a 55° angle. As expected, guide vane 2 performed worse than
guide vane 1, due to it having a larger clearance between guide vane and rotor. The
goal of quantifying this loss was however not achieved due to the off-design operating
conditions.

Another clear conclusion drawn from the experiment is that air, although a usable
working fluid to characterize the turbines is not ideal. Even with no heat added to the
working fluid for the same pressure ratios organic working fluids such as R134a, R22
and R245fa seems to have much more potential. This would be even more so when the
working fluid is at a higher temperature than was tested where the heat and density of
these working fluids would be able to transfer significantly more energy to the turbine.

Further work needs to be done on these turbines to determine the full benefit of using
AM to produce small radial flow turbines. A closed loop system for the turbines should
produce conditions that can provide much higher-pressure ratios. This would increase
the power produced by the turbines significantly, thus providing the conditions in
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which the turbines can more accurately be compared with one another, by providing
greater separation between more and less ideal designs.

6.3.2 Future Work

This study provided a base for future research on the AM of small turbines. This
study can be expanded upon in numerous ways. It would be recommended to take
the designs from these experiments and improve on the experimental conditions.

Firstly, the operational flow rates should be increased significantly to reach more op-
timal conditions. To do this ideally a closed loop experimental system should be used,
as this would allow for much higher-pressure ratios to be achieved. Furthermore, the
turbine and shaft would have to be balanced in order to reduce vibrations at the
higher rotational velocities.

Secondly further studies can be done on optimizing the profiles of the turbines and
improving on the basic design of these turbines. This can be done by testing more
inlet and outlet angles and polishing the surface of the rotors to determine the effect
of surface roughness on the turbines. One would expect the rougher surface from
the AM process to produce more rotor blade frictional losses than is the case for a
polished rotor blade vane. Another design optimization could be to add a diffuser at
the turbine exit to improve turbine efficiency.

Thirdly organic fluids can be used in similar experiments, which should prove bene-
ficial in reducing the rotational velocity and increasing the torque produced. Ideally
these fluids should also be heated to various temperatures to determine the ideal work-
ing fluid at various applicable temperatures. However, the increase in density of these
fluids alone should already prove an increase in performance of these turbines.

All of these suggestions should provide operational conditions closer to the ideal and

provide much more efficient turbines. That information can then be used to more
accurate characterize and optimize the turbines for use in similar systems.
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Turbine design calculations in EES

Appendix A

Turbine design calculations in EES

Inputs

wy; = 65 [deg] Mozzeinletangle

2

r. = 002 [m] Tipradius ofimpeller blade

ra. = 0,0199 [m] Shoud radius ofimpeller

rap, = 0,007 [m] Hubradius of impeller

]
n

650000 [Pa] Inletpressure

Pa = 87000 [Pa] Turbin exit pressure

Ty = 510 [K] Inlettemperature

600000 [Pa] Turbine inlet pressure

Tz = 800 [K] Turbineinlettemperature

Z = 10  MNumber ofimpeller blades

m = 0075 [ko/s]  Mass flow rate of working fluid
Dy = 0,00635 [m] Inletpipe diameter

As = 000022 [m? Tubineinltarea

4 = 025 Opimal velocity ratio

Calculations

Dimension calculations

® -
Ay = T D;° Inlet pipe diameter
Bz = (90 [deg] - @y)- 2 Bladeinletangle
- Cim .
Bz = arccos Blade exit angle
@3

Fag + Tap ) ; )

l3avg = T — Average radius ofimpeller exit

Velocity calculations

.
m
wy; = —— Relative inletvelocity
Az - P2
U, = Blade tip velocity
Cz = Inlet velocity
.
m
cy = —J\ Volicty of working fluid in pipe
oy Ay
Cam = & - Uz Waorking fluid velociy at turbine exit
Uy = a - Maug Average exitvelocly of waorking fluid
w = Uy + Cay°  Relative exitvelocity of working fluid
U, ) )
0 = o Rotaional speed of turbine
2
N = 0 2z Rotaional speed of turbine

o = 405 (o gisteh) GRREIESf Technology, Free State
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Density calculations

P

Pz

Pz =

P (Air,,a T=T4;P=P, } Density of working fluid in pipe
p A ;T=Ts;P=P; )} Density of working fluid at turbine inlet

p AN, T=Ty;P=Ps ) Density of working fluid at turbine outlet

Temperature and pressure calculations

Ty = T(Air,;P=Ps;h=hy) Temprature of working fluid atturbine exit

Por = P (Aifa h=hgs 5= 50 )

Enhalpy and entropy calculations

hz h (Airg. ;T=T, P= Pz) Tubine inlet enthalpy
hgz = hz+ 05 - 922 Turbine inlet stagnaion enthalpy
hgs hgz  Inlet stagnation enthalpy

h, hgs — 05 - ¢, Inletenthalpy

Nozeet = hz + 05 - ‘.,22 Turbine relative inlet enthalpy
hoz = Ngzpe— 05 - U22 Exit stagnaion enhalpy of working fluid
hy = hga — 05 - Camz Ezit enhalpy of working fluid
sy = s (A, ;T=T.P=P, ) Inletentropy

Sz 54 Isentropic entropy at turbine inlet

S 5; Isentropic entropy a turbine exit

S; = 8 (Airha;T: Tz, P= Pz) Entropy at turbine inlet
S3; = S Isentropicentropy aturbine exit

S5 = 8 [Air,;T=T3P=Py ) Entropy at turbine exit

Spa

s,  Stagnationntropy at turbine exit

hze h (Airs ;5= 52 P= Py } Isentropic enthalpy at turbine inlet
Mae = R [Airgs;5= 53, P= Py} lsentropicenthalpy atturbine exit
hag = h [Airg, ;5= 53, P= Py } Isentropic enthalpy at turbine exit
Ngzee = N (Airps 5= 82z P= Py } Stagnation enthalpy at turbine exit

Power and efficiency calculations

e =

hor — hgs

Total to staic eficiency
Rgr — haee
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- Min Max Instrument Probability Standard 2
Variable units Range Range Description Source of Uncertanty + Value Distribution Divisor Uncertanty ()
Picolog accuracy 1 Mormal 2 0.50 0.25
PT100 RTD 1.3 Normal 2 0.65 0.42
Resistor circuit 0.9 Normal 2 0.45 0.20
Inlet o 0 200 | KNE PT100 RTD Picolog 12 bits r_’esolut\on :1.[1(1(_’:103 Rectangular 1.732 0.00 0.00
Temperature Combined standard uncertainty Assumed na 0.94 Expanded uncertainty
(68% confidence level) normal 3 % of F5
Expanded uncertainty Assumed
(95% confidence level) normal (k=2) n/a 187 <
Picolog accuracy 5 Normal 2 2.50 6.25
GEMS pressure efror 10 Normal 2 5.00 25.00
Gems 3100 Resistor circuit 0.9 Normal 2 0.45 0.20
Series Pressure Picolog 12 bits resolution 0.006103 | Rectanqular | 1.732 0.00 0.00
Inlet Pressure KkPa 0 1000 Cg::esgtize;o GEMS accuracy 25 Normal 2 1.25 1.56
PicoLog 1216 Combined standard uncertainty Assumed n/a 575 Expanded uncertainty
DAQ (68% confidence level) normal : % of FS
Expanded uncertainty Assumed
(95% confidence level) normal (k=2) wa 1149 kPa
Picolog accuracy 1 Normal 2 0.50 0.25
PT100 RTD 13 Normal 2 0.65 0.42
Resistor circuit 0.9 MNormal 2 0.45 0.20
Discharge Picolog 12 bits resolution 0.006103 Rectangular 1.732 0.00 0.00
°C 0 200 | KNE PT100 RTD ) _
Temperature Combined standard uncertainty Assumed / 0.94 Expanded uncertainty
(68% confidence level) normal a : % of FS
Expanded uncertainty Assumed o
(95% confidence level) normal (k=2) wa 187 c
Picolog accuracy 5 Normal 2 2.50 6.25
GEMS pressure ermor 10 Mormal 2 5.00 25.00
Gems 3100 Resistor circuit 0.9 Normal 2 0.45 0.20
Series Pressure Picolog 12 bits resolution 0.006103 | Rectangular | 1.732 0.00 0.00
Discharge kPa o 1000 transducer GEMS accuracy 2.5 Normal 2 1.25 1.56
Pressure Connected to } ] _
Picolog 1216 Combined standard uncertainty Assumed nja 575 Expanded uncertainty
DAQ (68% confidence level) normal . % of FS
Expanded uncertainty Assumed
(95% confidence level) normal (k=2) wa 1149 kpa
Picolog accuracy 0.015 Normal 2 0.01 0.00
FC22 FC22 load cell 0.0354 Normal 2 0.02 0.00
Force Applied on Compression Picolog 12 bits resolution 0.006103 | Rectangular | 1.732 0.00 0.00
Load Cell
Brake by kg 0.3 3 Connected ta Combined standard uncertainty Assumed n/a 0.020 Expanded uncertainty
Turbine PicoLog 1216 (68% confidence level) normal % of FS
DAQ Expanded uncertainty Assumed
(95% confidence level) normal (k=2) n/a 0.033 ka
Tachometer 49.9995 Normal 2 25.00 624.99
Speed of RPM o 99,999 Laser photo
Turbine ” tachometer Combined standard uncertainty Assumed n/a 25.00 Expanded uncertainty
(68% confidence level) normal . % of FS
Expanded uncertainty Assumed
(95% confidence level) normal (k=2) Wa 5000 ReM
Techfluid flowmeter [ 0.288 Mormal 2 0.14 0.02
Volume of Air ) Combined standard uncertainty Assumed Expanded uncertainty
passing through | Nm#/h 1.8 18 Teé;{':}g;;;'fs (68% confidence level) normal n/a 014 % of FS
the turbine Expanded uncertainty Assumed n/a 0.29 Nm*/h
(95% confidence level) normal (k=2) -
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Summarized recorded data

Append

a0 1 1] 1 200, 100 18820 15.0286 a0 373553 0.000178
a0 2 1] 1 200 100 18.254] a0 374805 0.008]
20 B 1] 1] 200 100 20 372123 0000178 0.0 0.008]
a0 2 1] 1] 200 100 a0 371061 0000178 o0 0.008]
a0 B 1] 1 00| 100 a0 374816]  000017s| o000 0.02 0.008]
a0 1 1] 2| 00 100 a0 373061 0000178 0000 0.0z 0.008]
a0 B 1] 2| 00 100 a0 376.808] 0000178 0000 0.0z 0.008]
a0 B 1] 2| 200 100 a0 373353|  ooo0178| o000 om 0.008]
a0 2 1] 2| 300 100 a0 370658 0.000178] 0000 0.0z 0.008]
a0 B 1] 2| 200 100 a0 374353]  ooo0178| o000 om 0.008]
a0 1 1] 3| 200 100| a0 375254 0.008]
a0 2 1] 3| 200 100 a0 0.008]
a0 B 1] 3| 00| 100 a0 0.008]
a0 a 1| 3| 00| 100 20 0.008]
a0 5 1] 3| 00 100 a0 0.008]
20 1 2 1 400 100 20 0.008]
a0 2 2 1 200 100 a0 0.008]
30 H 2| 1] 200 100 a0 371476 0.0 0.008]
a0 2 2 1 200 100 a0 367.603 om 0.008]
a0 B 2| 1 00| 100 a0 368.223 0.02 0.008]
a0 1 2 2| 200 100 a0 365331 0.0 0.008]
a0 2 2| 2| 00| 100 a0 372136 0.02 0.008]
20 3 2 2| 400 100 20 373.418 0.02 0.008]
a0 2 2| 2| 00 100 a0 371088 0.02 0.008]
a0 B 2 2| 200 100 a0 370523 om 0.008]
a0 1 2| 3| 300 100 a0 370113 0.0z 0.008]
a0 H 2 3| 200 100 a0 0.008]
a0 B 2| 3| 200 100| a0 0.008]
20 2 2 3| 200 100 20 371356 0.0 0.008]
a0 5 2| 3| 00 100 a0 367.723 0.0z 0.008]
a0 1 3| 1 00| 100 20 365.721 002 0.008]
a0 2 3| 1] 00 100 a0 366353
20 3 3| 1 400 100 20 364.994
a0 2 3| 1 200 100 a0 363229
30 H 5| 1] 200 100 a0 364063
a0 1 3| 2| 200 100 a0 367.255
a0 2 019/05/23| 3| 2| 65 00| 100 a0 386296 0.02 0.008]
a0 H 3| 2| &5 200 100 a0 367.013 0.0 0.008]
a0 2 2019/05/27| 3| 2| &5 400 100 0 362.026 0.02 0.008]
20 5 3| 2| & 400 100 20 363.531 0.02 0.008]
a0 1 3| 3| 55 00 100 a0 367.926 0.02 0.008]
a0 2 3| 3| 55 200 100 a0 361135 om 0.008]
a0 B 3| 3| 55 200 100 a0 355701 0.008]
a0 2 5| 3| 55 200 100 a0 362779 0.008]
a0 s 3| 3| 55 200 100| a0 353991 0.008]
50 1 1] 1 65 00| 100 50 371913]  ooo01vs|  ooom 0.02 0.008]
50 2 1] 1] 65 00 100 50 373.785| _ 0.000178] 0000 0.02 0.008]
B 1| 1 65 00| 100 50 s7181a|  ooooivs|  ooom 002 0.008]
2 1] 1] 65 300 100 50 374363 0000176 0000 0.02 0.008]
5 1] 1] &5 00| 100 212073 50 370887 0.00]
1 1] 2| & 200 100 301657 50 376785 0.008]
B 1] 2| &5 200 100 2533.45) 50 375,083 0.008]
H 1 2 &5 200 100 26173 50 372526 0.008]
2 1] 2| 65 00| 100 273201 50 372361 0000176 0000535 0.02 0.008]
H 1] 2| &5 200 100| 270453 50 380775| 0000176 0000535 om 0.008]
1 1] 3| 55 00| 100 2880.05| 50 372508] 0000176 0000535 0.02 0.008]
2 1] 3| 55 400 100 2855.63| 50 377.040] 0000176 0000535 0.02 0.008]
3 1] 3| 55 00 100 2873.94) 50 0.000176 0000535 0.02 0.008]
2 1] 3| 55 200 100 275333 50 0000176 o.ooos3s om 0.008]
B 1] 3| 55 200 100 273811 50
1 2| 1 &5 200 100 2554 5| 50
2 2| 1 65 200 100| 289375 50 570331  0o00176| 0000535 0.0z 0.008]
B 2| 1 65 00| 100 2815.95] 50 372221] 0000176 0000535 0.02 0.008]
2 2| 1] 65 00 100 2867.84) 50 372183] 0000176 0000535 0.02 0.008]
B 2| 1 65 00| 100 270454 50 371523]  ooooivs|  oooo 002 0.008]
1 2 2| & 200 100 2505 89| 50 365201 0.008]
H 2| 2| &5 00| 100 276101 50 0.00]
B 2 2| & 200 100 251585 50 371365|  ooo0178| o000 om 0.008]
a 2| 2| 65 00| 100 289378 50 368.288 0.008]
H 2| 2| &5 200 100 273564 50 370793 0.008]
1 2| 3| 55 00| 100 3017.4] 50 362.003| 0000176 0000535 0.02 0.008]
2 2| 3| 55 200 100 2976.19) 50 370211] 0000176 0000535 0.0 0.008]
3 2| 3| 55 00 100 2857.15] 50 360818 0.000176] 0000535 0.0z 0.008]
2 2 3| 55 200 100 277474 50 371206] 0000176 oooosss o0 0.008]
5 2| 3| 55 300 100 296245 50 372266]  0000175|  0000535| 0.0z 0.008]
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1 Zorsja/2 3] 7] = §H_H.B o] sians Seeso]  saooa]  seseed] 5] Goi] sies[ seses| oowis] ooom] H_us__
2 2019/05/23] 3| 1 50 200 100 1825 20473 6750 s383.41 253496 2934] 0.08] 356.353 Y X Y 002 0.008|
EFE 5 201s/05/21 3| 3| S0 | w0l sevee]  es0e ris0]  ssi0.75]  ver0s) saa3) oos|  swoea|  orass| oowivs| ooowsss| ooz 0.008]
S1504]33 B 3| 3| S0 | 10| sesos| serse sors0| _saznac|  zsuass] F== 00s|  swrwa|  3osss| oowoirs| ovousss o0z 0.008
s 3| 3 s a0 10| s e ssrs0| _sasssa| 7w so7s| o3|
1 5] 3] S ) P I 7] T 86630 sraa-a] 387 07] 2308 03]
s 2 5| 3| ) ) 100] 1563 1857] ss7s0] _seresss| 91973 ao13| o0s|  sesws|  sssem| oowors| ocoosss o0z o008
E! 3 2019/05/24 3 2 50 200 100 16.793 18.249 87150 | 9099.52 2815.95 3987 0.08| 355.476 371.966| 0.000176 0.000535 | 0.02 0.008|
E! S 2019/05/27 3 2 50 200 100 16.157 18.359| 86750 | 8928.58 273811 4240 0.08| 350.503 367.186| 0.000176 0.000535 | 0.02 0.008|
£ 5 2019/05/28 3] 2 50 400 100 16.342 18.141 | 86750 | 0097.99 2774.74] 4108 | 0.08| 351673 360.248| 0.000176 0.000535 0.02 0.008|
s 1 3| 3| s a0 00| 73w ossra1]  asmsar as50) oos|  ssos|  ssso o008
5 B 5] B S ) 100] 16507 sses] 300519 053] 05| ssoon o008
E 5 3| 3| S0 su 100 w31 awass eris0|  ssener]  z9sced] aza0] oos|  asoan 0008
E B 3] B e ) P I T sers0] o341 2543 B 7] 05| 3e117 o008
S 5 2018/05/28 3| 3| s | w0l srow|  wraes sors0| wssres|  m@n0s7] £ w172 00s|  swsase|  3es718] oowoirs| ovousss| ooz o.008
i1z e 1 2019/05/17 3| 3 o 0] 0| msss| e sssso|  1sama]  asssog] ) es0s| oos| swss|  sraan| oowoiss| oooosss| o0z o.008|
2 2019/05/20 1 Bl o 400 100 17.778 19 621 86450 | 132173 4154 45| 50 8319 0.08| 353.428 365938 0.000176 10.000535 0.02 0.008|
B 3] 3] o ) il seesr]  imiss seeso| 12s273] ausssy] = o30g] oos| ssoen 50z o008
B 3| 3| o s 10| sens| s soos0| aze37.]  aszoss] w0 = 00s|  asaea|  arasss| oowars| ooowsss ooz 0.008
s 3| 3] o 0] 100]  1ess3]  1mans ss7s0]  12u889] aomas3] £ &s07] o0s| 33721 371508 ooworrs| oooosss| o0z o.008|
f 3] 3] o | 10| sesse] o ses0| 129092 ao7oss] w s733] oos|  asema|  3zsw| oowars| ovousss| ooz o.008
2 3| 3| o a0 10| 15655 1503 seaso|  12as02|  aovaas| = s060] oos|  ssases| s s o008
3 2019/05/21 1] 2] o 400 100 16.997 19.709] 86650 | 123764 3551 16| 60 5708 0.08| 353721 374.598| 0.02 0008 |
a 2019/05/22 1 2] o 400 100 16963 19.232] 86650 | 12506.1 3914 85 50 5840 0.08| 353.428 372 986 0.02 0.008|
s 2019/05/23] 1 2| o 200 100 17.008 12.064] 6750 121887 3750.01 50 5723 0.08] 352250 371871 X 002 0.008|
f 2018/05/37 3| 3| o | w0l wreia]  soam ssss0]  azaevc]  ouar w0 S368] oos|  awsas3|  arses| oowavs| ooousss| ooz 0.008]
2 3| 3| o | 100]  seces|  sersz woas0| azsye.a]  asasag| ) 301 008 3se.ots|  7eess| oowoir| ovousss| o0z 0.008
B 3| 5| o a0 100 e 1507] sseso|  12e0as|  sousss = S04 oos|  ss07a|  smmar|
= 3] B o ) 10| isses|  osis Seeso] i2es72] ssesod] = 282] 05| seimal 3770
s 3| 5| o ) 10| 159 2057] 5730 e sserss ) s153| oos|  ssesa|  3r7eos| oowors| ocoosss o0z
1 2019/05/21 2 1 25 200 100 16.149 18.584 86650 | 12767.1 4113.25 80 6623 | 008 349.041 369.401 0.000176 0.000535 | 0.02
2 2019/05/22 2 1 25 200 100 15.65 19.199 86650 | 12423.7 3998.79| 80 6971 | 0.08| 350.211 370.151 0.000176 0.000535 | 0.02
3 2019/05/23 2] 1] 25 400 100 161 19.036] 86750 | 127901 4004.89 &0 7250 0.08| 348.456 366.501 0.000176 0.000535 0.02
= 2| 3 a0 10| e 1sass 150 12ssa1] aoiaous) = 7224 oos|  sesois|  sssou|
s 3] 3] ) il seval w07 sers0] 1:s303]  s7esag] = eox2] oos] ssia
3 2| 3| = s w0 srsas|  seses soos0] 1203 3swess] w0 o036 o0s|  3ssaze| e
2 2| 3| = ) 10| sroma|  weaes soos0| _azeas6]  asiams] w a4 00s]  aseaze|  sowau)
3 2019/05/23 2 2 25 200 100 17.357 19.204 | 86750 | 12799.1 3928.52| 80 6319 0.08 352.843 354.598|
a 2019/05/24 2] 2] 25 400 100 17144 15.027| 87150 124756 4007 84| 60 8387 0.08| 350796 365 22|
B 2019/05/27 2 2 400 100 17.595 19.563 | 86750| 12492386 3896.06| 80 6368 | 0.08 349.818 369.088|
1 3] B ) i ssan| 00 Seeso| _ 1z7ove| aoasas| = o5a3] oos|  ssices| s o)
2 2| 3| s 100 7.a]  asees soos0| _azaasc|  aozrrs] w0 = o0s|  seszs|  sossw| o Y ooz
2360323 B 3| B ) 00| te28]  1reer ss730] 1291381 w11 £ &758] o0s]  ssises| 3| oowoiss| oooosss| o0z
2360e[23 0 3| 3| = am w0 sniee| e o0 aziwa]  muins) w == oos|  ssasmi|  aaem| o a.000535] ooz
s 2| 3| > a0 10| o] oon ssrs0| _1279sa|  soasy] = s3] oos|  ssmies| s
1 2019/05/22 3 1 50 400 100 10.317 20.854] 86650 | 13203.6 402168 60 7940 | 0.0 | 353.428 367.204|
2 2019/05/23 3 Bl S50 400 100 18643 20378 86750 13191 4 4036 95| 50 10401 | 0.08| 358 693 370828
50 3 2019/05/24 3 1 50 200 100 17.501 19.344] 87150 | 13466.1 402473 80 2920 008 351.673 363391
EFC N ) 0 2018/05/27 3| 3| S0 | w0l sesu| e sors0]  asa1aa]  awsasy] w0 as27] oos[  swsoea|  oesaa| oowvs| ooousss| ooz
Y N ) 5 3| 3| S0 | w00]  sess| e sors0| _13353a]  asrsas) ) 8327 00s]  swraes| 300503 oowoirs| ovousss|
Ss01f3z e 1 3| 3| s a0 100] e8]  1mses sseso| _12e700]  s9sas = sacs] oos|  smmi|  smaos
2502 & B 5] 3] S ) il sssss|  wmse 55730 Teas | avsos| = s3] oos] ssises
Ss03z 0 s 5| 3| ) ) 10| ses:| e sis0] _neszs 053] ) 308 oos| ssoonn|  sessss| oowors| ocoosss o0z
32604)|32 50 S 2019/05/27 3 2 50 200 100 16.23 18.447| 86750 | 125702 3924 80 6775 | 0.08| 345.531 361.994| 0.000176 0.000535 | 0.02
32605)|32 50 5 2019/05/28 3 2 50 400 100 16.145 18.235] 86750| 12585.482 3940.79| 80 6430 0.08| 351.965 369.966| 0.000176 0.000535 | 0.02
33601)|33 60 1 2019/05/22 3] 3] 50 400 100 16.718 18.422| 86650 | 132204 405831 &0 2879 | 0.08| 352.258 363.16| 0.000176 0.000535 0.02
50233 0 2 3| 5| s a0 100 1835 s ssrs0| 131303 soas] = soso] oos|  ssma| e
33605 & B 5] B S ) T N T 50| 132051] 05068 = S057] 05| saaces
Sse0e33 oo o 3| 3| o0 s 10| wraes|  wmesr sor0] __1z97a]  3svsad] ) 7063] oos|  Swrms| oz
E i ) B 3| 3| 55 S0 s w0 srora|  sesm sors0| __as0e0a]  sieas] w == 00s]  sssase|  orasm|
11701)11 70 1 2019/05/17 1 1 65 o 400 100 17.332 19.014] 86550 | 171948 5677.66 70 10051 | 0.08 354.598 372986
1170211 70 2 2019/05/20 1 1 &5 o 400 100 16247 18564 86450 | 17905.99 5602.279 | 70 12168| 0.08 354.306 367.91
1170311 70 3 2019/05/21 1 1 65 o 400 100 15.299 17.337] 86650 | 16823.1 5529.61| 70 11516 | 0.08 368.718|
FYeT FEN = 3] 3] & o ) o] wase| w7 Seeso] iroas|  ss7o] = e oog] Se513
iz | 1 3| 3| | o 0] 10| 1ases|  1ses sss30] 157083 ssa107] B 10790 oos| swmi| oy
Fre R ) B 3] 3] | o | w0l ssaca] s soes0]  aot1ng]  sauend] 0 2033 oos|  sszpa|  3eas)
o3[z B 3| 3| | o a0 10| s8] 1e7es 58850 1630  sssaa w0 o537 oos|  ssams| smion|
1270412 70 S 2019/05/22 1] 2 &5 o 400 100 16.045 18.202| 86650 | 15776.6 5267.11 70 10213 | 0.08| 356.061 373.606| X .
1270512 70 H 2019/05/23 1 2 65 ] 400 100 17.044 | 18929 86750 | 166453 5201 48| 70 9798 0.08| 350.795 368918/ 0.000176 0.000535 | 0.02 0.008|
13701)13 70 1 2019/05/17 1 3 55 o 400 100 16.596 18.484| 86550 | 16826.1 5366.31| 70 9138 0.08| 358.571 380.358| 0.000176 0.000535 | 0.02 0.008|
1370213 70 2 2019/05/20 1] El [] 200| 100| 17.923 19.859 86450 | 16975 5287.63 0 8860 0.08 358.693 380.795 0.000175 10.000535 | 0.02 0.008
57031z [0 5 3| 3| o s 10| sraos|  sesas soos0|  ooes.a] savars] ) ren 00s|  sezres|  3s3ees| oowoivs| ocousss o0z 0008
e R = 3| 5| o a0 10| ssu|  sse sseso|  issa7s|  szsog w0 a02s| oos|  ssees|  siman| o008
rsres[as T s 3] B o ) il sesis|  ous 55730 T S61] = o012] (S T ——
Eree T 1 3| 3 > ) 100]  ssoss|  1sam sseso| _ ismes|  sasved] = Sosa oos|  ssises| 357216 oowors| ocoosss o0z o008
21702|21 70 2 2019/05/22 2 1 25 400 100 15.387 18.762] 86650 | 16305 524269 70 11406 | 0.08| 351.966 370.401 0.000176 0.000535 | 0.02 0.008|
2170321 70 3 2019/05/23 2 1 25 400 100 15.16 18.128| 86750 | 17080.3 5547.19| 70 11385 | 0.08| 354.013 369.091| 0.000176 0.000535 | 0.02 0.008|
21704)21 70 S 2019/05/24 2 1 25 400 100 15.612 18.42| 87150 | 17062 5367.83| 70 11196 0.08] 352.258 368.74 0.000176 0.000535| 0.02 0.008|
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5 2015/05/27 ] 2] 1] mM_ 25 00| 1636 18.82] 86750 163025 515883 70 11384 55686 0000176] 0000535 G062 0.003]

1 2018/05/21 2 2 & = 200 17538 19.352 50| 1ee575|  ss0mam ) s8%6 oos| 355788 372353 0.000176] 0.000535] 002 0.008]

2 2019/05/22 2| 3| 65| 25 200| 17.67 20,058 86650 16787.9 5346.47) E0 10032 0.08| 353.428 370.598| 0.000176 0.000535 | 0.02 0.008]

3 2019/05/23 | 2 2 mm_ 25 400 16.853 13.004 B6750 16866.6 5370.58| 0 10104 | ubs_ 350.796 360.628| 0.000176 o.oo_umwm_ 0.02 0.008|

4 2019/05/24 | 2] 2] &5 25 400 17.23 15 358 B7150 165773 5508 24| 70 10287 | 0.08 | 353.136 370446 0.000176 0.000535 | 0.02 0.008|

5 2013/05/27 | 2] 2] &5 25 400 17.378 15 358 BET50 166526 52839 70 10166 | 0.08 | 351381 369168 | 0.000176 0.000535 0.02 0.008|

1 2018/05/21 ] 3 55 = 200 18,028 1957 86650 16717] 593856 ) 806 oos| 1673 370476] _ 0.000176] _0.000533] o0z 0.008]

2 2019/05/22 | 2] 3 55 25 400 17.14] 15062 | BEE50 15981 5450 24| 70 10132 | 0.08 | 350.796 368 408 | 0.000176 0.000535 | 0.02 0.008|

B 2018/05/25 F] 3 B 3 00 17.385 19.067 o750 1oasz|  sizaze 7 10502 o0s| 31673 370338]  0.000176] 0.000533] 002 0.008]

4 2019/05/24 | 2] 3 55 25 400 17526 15.35) B7150 17158.1 5396 83| 70 10324 | 0.08 | 353.428 370038 0.000176 0.000535 | 0.02 0.008|

5 2018/05/27 2 3 55 = 200 17.24] 19.356 Bo750|  171188] 553876 ) 0701 oos| 351366 360205 0.000176] 0.000535] 002 0.008]

1 2018/05/22 3 Fl 5 50 00 18575 20618 o650 17ag78]  sa3es ) 12516 o8| ss57.523 371005 0.000176] 0.000533] o0z 0.008]

2 2019/05/23 | 3 1 &5 50 400 18.508 20.553 B6750 17504.6 54045 0 13276 | 0.08| 361.325 373.365| 0.000176 0.000535 | 0.02 0.008|

E 2018/05/24 3 1 65 E 00 16835 19237 s7iso|  w7esa|  sseaes i 12824 oos|  e9.333 363696 0.000176]  0.000533] o0z 0.008]

0 2015/05/77| 3| 1] mM_ 50 00| 1651 18 384] 86750 178679 5157098 70 1265 00| 345,041 62678 0000176] 0000535 G062 0,003

5 2018/05/28 3 Fl & 50 200 15767 18053 mors0|  1etas|  saszos ) 1289% oos| 351088 365.226]  0.000176] 0.000533] o0z 0.008]

1 2013/05/22 3 2 o w a00) [ T sseso]  172375]  ssaie % T10as) oos|  sso7ss|  3e7381]  nomizs| ooooss| o0z =

2 2019/05/23 3| 3| 65| 50 200| 15184 18,051 86750 16684.1 5518.8 E0 8936 0.08| 350.796 370121 0.000176 0.000535 | 0.02 0.008]

3 2019/05/24 | 3 2] &5 50 400 15.457 17 878 B7150 16910.9 534193 70 8901 | 350.503 370673 0.000176 0.000535 | 0.02 0.008|

B 2019/05/27 | 3] 2] &5 50 400 15144 17.031| B&T50 164347 5235 06| 70 8530 351083 370018 0.000176 0.000535 | 0.02 0.008)|

5 2019/05/28 3| 3| 65| 50 200| 15,761 17.734 86750 168361 540141 E0 8966 0.08| 349.333 368633 0.000176 0.000535 | 0.02 0.008]

1 2018/05/22 3 3 | 50 00 16.356 18273 86650 1701]  s32205 ™ 12005 oos|  seaase 362408 0.000176] o.000533] o0z 0.003]

1 2018/05/25 3 3 55 E 00 16051 18065 Bo7s0|  173eaz|  ssiase i 10137 oos|  3sa.154] ses721]  0.000176]  0.000533] o0z 0.008]

B 2015/05/24] 3| 3| 55 50 00| 15684 17.53| 87150 @72 5160 W_ 70 10924 00| 340626 365503 0000178] 0000535 G062 0,003

a 2018/05/27 3 3 55 50 200 16.968 18245 Bo750| 172421  ssanes ) 85 350211 367608]  0.000176] 0.000533] 002 0.008]

5 2019/05/28] 3| 3| 55| 50 200| | 16,774 18421 86750|  17600.735 537851 7 12516 349.918 364738 0.000176 0.000535 | 002 0.008]

80 1 2019/05/17] 1] 1] 65 [ 200] | 1645 18.223] 86550 19427.7 637211 80 14526 354891 371108]  0.000176]  0.000535| 0.0z 0.008
0 2 2019/05/20 1 1 &5 o 200 15782 17.78] Beaso|  1003s3|  ss7asa 50 12650 552598 70408 0.000176] _o00053s| 002 0.008]
0 B 2019/05/21 1 1 &5 o 200 100 15217 16539 ees0|  10a70a]  esares 50 13645 37358 no0017s] 0000535, 002 0.008]
50 a 2018/05/22 Fl Fl & o 200 100 15537 1760 60| 220388 73428 ) 15018 oos| 355788 372635 0.000176] 0.000533] o0z 0.008]
50 s 2018/05/25 1 1 5 o 00 100 16115 165919 Bo7s0|  22s153|  73saas ) 15587 oos| 35668 371303 0.000176] 0.000535] o0z 0.003]
50 1 2018/05/37 Fl F] 65 o 00 100 139045 17.428 5530 z12622]  eszm ) 14324 oos| 355476 372128 0.000176]  0.000533] o0z 0.008]
50 B 2019/05/20 1 2 &5 o 200 100 196 17662 ©eas0|  oooeas|  essass 50 12305 oos|  ssasas 71208 0.000176] oo00s:s| 002 0.008]
50 ) 2018/05/21 Pl 2 & o 200 100 15287 1752] o650 212008| 701618 ) 10383 oos|  ssisar 366318]  0.000176] 0.000535] 002 0.008]
£ 4 2019/05/22 1 2 65 o 200 100 15731 1755 Bo650[  z21368] 718102 80 12619 oos| 352306 37m32]  0000176] 0000533, o0z 0.008]
50 5 2018/05/25 Fl 2 & o 200 100 16506 1828 Bo7s0|  z1e788| 70133 ) 14581 oos|  ssa013 36293  0000176]  0.000533) o0z 0.008]
0 1 2019/05/17 1 3 55 o 200 100 17072 18673 esso|  oo0sse|  7iaiss 50 13000 oos| ssams 577223 0.000176] oo00s3s| 002 0.008]
5Tt n_ ool oo rsoi[ s T T FIN—T T O S T 75 ) T
50 El 2018/05/21 Pl 3 55 o 00 100 16366 17539 Bos0|  210302]  e7amse ) 13088 oos|  seasss 361205 0.000176] 0.000535] 002 0.008]
FECT FER £ 0 2019/05/22] 1] 3| 5] o 200 300 17623 18 687] Ss6%0| ace1a35| ee651s] ® 13259] oos|  ssLss 375508] _ 0.000176] __0.000533] 002 0008
1380513 [m0 5 2019/05/23 1] 3| 55| [ 200| 200] 18.079 19.277 86750 218712 6964.29) 0 13356 0.08| 358.4] 376.97| 0.000176 0.000535 | 0.02 0.008]
0 1 2019/05/21 2 1 &5 25 200 100 123 18159 eso|  21maes| 713607 50 16281 oos|  ssaois 60278 0.000176] o.000533) 002 0.008]
21802[21 |80 2 2015/05/22 2| 1] & 25 00| 15151 18171] 86650 28573 731685 80 16343 00| 352538 360435 0.000176] 0000535 0.02 0.008
2180321 |an 3 2019/05/23 3| 1] 65| 2% 00| | 13919 17 643 86750 22689 5099 7| a0 16382 008[ 354 306 36989 0.000176 0.000535 | 0.02 0.008]
21804[21  [a0 a 2019/05/24] 2] 1] 65 3 200] | 15.066 17.476] 87150] 22133.7 706807 80 16889 oos| 35243 367.583|  0.000176]  0.000535] 0.0z 0.008
50 B 2018/05/27 2 1 65 25 00 6.2 18239 serso|  z230e2]  7o0e £ 16855 oos|  sssezs se3691]  0.000176]  0.000533] o0z 0.008]
1 2019/05/21 | 2] 2] &5 25 400 100 15543 18.762 | BEE50 22020.6 7385 76| 80 15191 | 0.08 | 350.796 367.051] 0.000176 0.000535 0.02 0.008|

2 2019/05/22 2] 2] 65 25 200 100 17.058 19.1] B6650 21345.5 6EEE 28| 80 15090 0.08| 353.428 369.353 | 0.000176 0.000535 | 0.02 0.008|

3 2013/05/23 | 2] 2] &5 25 400 15544 | 1858) BET50 217384 7075 39| 80 15022 | 0.08 | 352.843 368523 0.000176 0.000535 0.02 0.008|

a 2018/05/24 ] 2 & = 200 16566 18631 87150 z2z1a6|  sazsz ) 15209 oos| 351088 367428 0.000176] 0.000535] o0z 0.008]

5 2013/05/27 | 2] 2] &5 25 400 100 18.997| BET50 21403 6535 59| 80 14934 362428 0.000176 0.000535 | 0.02 0.008|

1 2019/05/21 | 2] 3 55 25 400 100 15.08) BEE50 225549 7420 65| 80 15288 | 369013 0.000176 0.000535 0.02 0.008|

2 2019/05/22 2] 3 55 25 400 100 17.68 15519 BEE50 20857 4| 6773.5] 80 15231 | 0.08 | 352258 368476 0.000176 0.000535 | 0.02 0.008|

) 2018/05/25 2 3 55 = 200 100 18.282 2054] 86750 22236|  7om334] ) 13800 oos|  ss58 372693 0.000176] 0.000533] 002 0.008]

a 2018/05/24 2 3 B 25 00 100 17.868 19602 s7is0[  zzimas|  7aem ) 15215 oos| 786 372423 0.000176] 0.000533] o0z 0.008]

5 2013/05/27 | 2] 3 55 25 400 100 17.293 19.139] BET50 22063.5 7255 8] 80 15235 0.08 | 353.136 369108 | 0.000176 0.000535 | 0.02 0.008|

1 2019/05/22 3] 1 65 50 400 100 17.789 19.7] B6650 226175 7179 49| 80 15753 ] 0.08| 356.938 371563 0.000176 0000535 | 002 0.008)|

ER T | n_ Fm— sm_ o ma serso|sscon [ seass FIR— H_H N T T T N

] 2018/05/24 3 Fl & 50 200 100 15771 18382 t7is0|  z239e3|  somass ) 16502 oos| 356 362578]  0.000176] 0.000533] o0z 0.008]

4 2013/05/27 | 3 1 &5 50 400 100 15328 18.001 | BET50 23505.8 7453 91| 80 16389 | 345743 363164 0.000176 0.000535 | 0.02 0.008|

5 2019/05/28 | 3 1 &5 50 400 100 15512 18.034] BET50 22408 1 7226.5] 80 16235 350.211 364653 0.000176 0.000535 0.02 0.008|

1 2019/05/22 | 3 2] &5 50 400 100 14535 17.561 | BEE50 221459 7374 86| 80 15044 347.579 363418 0.000176 0.000535 | 0.02 0.008|

2 2019/05/23 | 3] 2] &5 50 400 100 14969 17 596 B&T50 208455 T007.02| 80 15059 | 348 184 365241 0.000176 0.000535 | 0.02 0.008)|

3 2019/05/24 3| 3| 65| 50 200| 100 1351 17.342 87150 218788 7202 38| 0 15084 351965 367.956| 0.000176 0.000535 | 0.02 0.008]

4 2013/05/27 | 3 2] &5 50 400 15122 17.034] BET50 219811 7243 59| 80 15231 | 351673 367858 0.000176 0.000535 | 0.02 0.008|

5 2019/05/28 3 2 &5 50 400 15413 17.312 B6750 21265.3 6916.97| 80 15067 | 349.626 365.768 | 0.000176 0.000535 | 0.02 0.008|

1 2019/05/22 | 3 3 55 50 400 15441 18462 | BEE50 22780.8 7257 33| 80 15065 | 345994 362151 0.000176 0.000535 0.02 0.008|

z 2018/05/25 3 3 55 50 200 15765 17.609 86750 21881]  73es14] ) 15386 348456 364528]  0.000176] 0.000533] 002 0.008]

E 2018/05/24 3 3 B 50 00 15.232 17.026 s7is0|  z77az|  saveas ) 15351 345701 362933 0.000176]  0.000533] o0z 0.008]

4 2013/05/27 | 3 3 55 50 400 15.041 17.853 ] BET50 22938.04 7312 28| 80 15253 | 340333 3653659 0.000176 0.000535 | 0.02 0.008|

5 2013/05/28 | 3 3 55 50 400 15.97 17.708] BET50 22974.7 726801 80 15482 | 345531 361 648| 0.000176 0.000535| 0.02 0.008|
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Appendix D

Turbine characterization
calculations

Theoretical Calcualtions of Expenmental Resulis

o 2:=65 deg

3= .
'Bt— > 0 deg M air:=0,0289654 k—gl
= mo
o 1199 cc T 2=t 2
— - cose. 12 T 3:=t 3
P 2= : Fa r brake:=0,08m p 2abs:=p Z2+p atm
p 3:=2074,12 Pa b _3abs:=p 3 +p atm
p_atm:=86550 Pa m_dot i=m dotflow
n_dotflow:=40 -2 m dot =0,0111 22
- hr - s
T 2=
ni=1763 I(-ev n - 2%2,15 K
min T 3=292,15K
m_stat:=353,428 g p_2abs=92516,l2 Pa
m operational :=373,553 g p_3abs =88624,1Z2 Pa
m preload:=
F L pre 400 g R 0:=8,3145- —2
m _fric:=100g - (mol K)
J
m net := R:=287 ——
7 20125 g P
yi=1,4
d 2:=13,% mm r 2:=20mm r_3:=8mm
d 3:=33,55mm
h 01,46/
1
/ 2
]
03
0
03|
Odss[— | 4
dssl
3
3ss 3s

[ 505 3.32 305"\
9.41

© Central University of Technology, Free State



Central University of
Technology, Free State

AppendIX D. Turbine characterizatiown caicuraviviis &9

The first step we assume nominal conditions and determine what the turbine velocity and power should be with the
measured temperature, pressure and flow rate values

A4 2:=12mm-1,63 mm-9
A4 2=0,0002nm

A 3:=10-{(3,32mm-10 mm]+[2-[%-10 mm- 3,05 mm]]]

2
A 3=0,0005m

(p_2abs-M air)

(p_3abs M air)

air2 = air3i=
- (T.2-R o) o (T_3-R o)
; k , k
p airz=1,1032 =% P air3=1,0568 ~2
m m
0 2:= m dot 0 3:= m dot
p airz p air3i
3 3

0 2=0,0101 %
s

o2
2222

T2z

¢ 2=57,2125 &

- s

¢ r2:=c 2-cos (0_2)

e rz=24,1791 2
s

0 3=0,0105
=

0 3

3= —
c X 23

c x3=19,6401 2
- s

Below are the actual measured velocities that was measured experimentally and then calculated using the radius

u 2 act:zr 2-n

u 2 act =3,6924 =
s

u 3 act:zr 3-n

u 3 act=1,477 2
- - s

The experimental blade velocity can then be calculated and compared to the experimental value,
the entry and exit angles are known. This is assuming that we are working with nominal

conditions
u 2 theor:=c 2-sin (Q_Q]

u 2 theor =151,8522 —
- - s
u 2 theor

r 2
n_theoretical =2592, 6085 Hz

n_theoretical :=

n_theoretical =24757,5871 rpm

Therefore u_3_theor will rotate at the same rotational velocity

u 3 theor:=n theoretical .r 3

u 3 theor =20,7409 o
- s

© Central University of Technology, Free State
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c_3 = ‘J[{c_x.’)’]z +(U_3_theor:]2]

c 3=028,5642652 —

]
a 2:=,y-R-T 2 a 3:= }y-R-T_3

a 2=342,6162 = a 3=342,6162 =
- s - s
Mach 2::£

- a 2

Mach_Z =0,167

Mach 3::2
- a 3

Mach 3=0,0834

T 02:=|1+ {[V%].(Mach_z]z T2
T 02=293,7793 K
T 03:=|1+ {[V%l]]-(meh_.}]z T 3

T 03 =292,5561K

v
y—1
p o2:=p Zabs-||1+ l@]-[?ﬁach_22]
p o2 =194334,5957 Pa
_r
¥Y—1
p o3:=p 3abs-||1+ [%J-[Mach_.?z]

p ©3=189056,0713 Pa

h_01:h_01=h_02, h_02 can be calculated using the available information using Engineenng equation solver

h_03: Can be calcualated using the available information using Engineenng equation solver
h_03ss:s_3ss=5_03ss=s_1, @ pressure 03 Calculated using engineenng equation solver

kJ kT kJ
h 02:=284,1 — 5 02:=6,883 — h 01:=h 02 5 01:=6,878 —
- kg - kg K - - - kg K
kJ kJ

h 03:=252,6 — s 03:=6,878 —
- kg - kg K

h 03ss5:=292,3 kg
- o

(h 01—k 03)

= e ———
1" Th 01 —n_o03ss)

n_ts=g83,3333%

© Central University of Technology, Free State
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It can clearly be seen that the theoretical velocities are significantly larger than the actual velocities, therfore we are not
operating under nominal conditions. This is due to running at relatively low differential precssure than would be ideal. There will

also be losses in the system due to slip, clearances and surface roughness to name a few.

The results of the teoretical calculation can then be usedto determin the actual velocity diagrams that can then be compared to
the theoretical diagram.
Ideal/nominal conditions

Actual conditions

G = W2

G3=Cya

Actual inlet conditions

© Central University of Technology, Free State
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c 83:=u 3 theor—u 3 act

e 83 =19,2639 g

¢ 3 act:= ‘Jl [ c x3 ] 2 + (U_S_act ) 2

c 3 act=19,6956 E

mach 3 act:= & 3 aet
- — a 3
— 2
T 03:= l]_ + [[Yz—l) -(mach_.?_act} -T 3

T 03=292,3431K

p o3:=p 3abs-||1-+

(029) a5 ace?)

p 03 =88829,2974 Pa

h 03 acti=292,8 XL
03 =

(h 01 -h 03 act)

t t =
Areae (h 01 —h 03ss)

n_ts act =0,7222
f net:=m net g,
f net =157,3588 N
T_act:=r brake-f net

T_act =15,7887Nm
P:=t1_act-n

P=2914,9257W

P theo:=71_act.n theoretical
P theo =40933,934 W

_ P theo

R

P ideal =49120,7208 W

P ideal:

Using he power out and rotational velocities the rest of the actual inlet and outlet conditions can be calculated.

We can use the power in the workfluid at the entry conditions and the output power measure of the turbine to determine the
efficiency of the turbine. The difference between the power in the fluid at the inlet conditions and the power measured on the
turbin at the outlet conditions can be considered as the losses. From the theoretical calculations and the theoretical work
determined from the turbine the following is expected.

© Central University of Technology, Free State
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Calcualting the efficiency using the actual vs theoretical speed of the turbine:

spead = u 3 act
1_sp - u 3 theor

n speed=7,121%
Due to the low operating pressures this values makes sense. Using the power out we should be able to determin a similar value t
confimif this is in fact the case. Therfore the expected turbine result of this equation should be roughly in the region of 7 — 12%
(Assumption made to be checked in the following calculations)

Power efficiencies:

Ideal vs theoretical: Theoretical vs actual: Ideal vs actual

p it.= P thee pta=_ 5 pia=_ L
- P ideal - P theo - P ideal
P it =83,3333 % P ta=7,121% P ia=5,9342%

Using the same contidions as the theoretical calcualtion we can work back what the inlet

We also know that:

For hm=hoz'
AW = hg, — hog = by — by + 3 (cd — ¢f) = 1(VF - U) — (wF — wd) + (e} — c])]
Therefore
2 2 At:i=u 2 theor2 u 3 theor2
A:=u 2 act“—u 3 act = N —=
- - - = J
kJ At =2,2585 —
A=0,0115 — kg
kg |

‘J 2 2
w 2= 'F0722—u72iact2 w 2t:=Yc 2 -—u 2 theor

w 2t =24,1791 &
s

w 2=57,0933 =
- s

2 2 th::‘llc 32+U3theor2
w 3:=%c 3 +4u 3 act - - - -

w_3t =35,3002 %

w_3=28,6024 =
s
2 2
2 2 Bt:==w 2t —w 3t
kJ
Bt =—0,6615 —
kg
2

Cti=gc 2 ‘. c 3

Ct

kJ
2,4574 ==
kg

AWE = ~[Atht+Ct)

B | b=

AW::%-(A—B-‘,—C]

kT AWE =2,6886 kI

AW=0,2276k— kg
g

AW dot := AW -m_dotflow

Aw_dot, =2,5293 W

© Central University of Technology, Free State
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The definition of total to static (enthal

Mes

Shaft power pusput of an actual turbine

lpy) efficiency is presented in Equation 1-18

 {shaft power cutp:

(1-18)

Actual AW = 0.2276k)/kg
Theoretical AW = 2 9026

encrgy)af an

AW

n_ts act calculated:i= ——

AWE

n ts act calculated =8,4665%

Dimensional analysis

o2 I
P —1,062 Pressure ratio
p o3
o 3 .
&= — Flow coefficient
n.(r2-2)
®=0,8898
e p Zabs
- p airz 9.

H 2=18551,4906m

-H 2
¥i= 2[% — J2
n -[r_2-2]

¥r=1537,732

0o | =

@
2 s5:=

v
@ 5=0,0038

Pressure head of air

Head coefficient

3 Specificspeed
4

© Central University of Technology, Free State
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Appendix E

Entropy and enthalpy values from
EES

Ty = 19,19 [C]
Py = 88383 [kPa]
S; = 6,878 [klkg*K]

Hy = 2941 [klka]

Hi = h [Ains;T=TP=P;
Sy = s [Air, ;T=TP=P,)
S; = s [Aing;P=P;;h=H)

I
I

h (Airys  P=P;;5=8; |

© Central University of Technology, Free State
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Appendix F

Dimensional analysis calculations

Dimensional analysis

p o2 _ 1,062 Pressure ratio
p o3
23 -
&= = 5 Flow coefficient
n-(r 2-2)
®=0,8898
H 2= pﬁ?abs
- p airz g,

Pressure head of air
H 2=8551,4906m

-H 2
L
2 2
n(r z-2) Head coefficient
¥ =1537,732
1
02
Q5=
- 3 Specific speed
" 4

@ s=0,0038

© Central University of Technology, Free State
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114896
150000
200000
250000
300000
350000
400000
450000
500000
550000
500000
650000
700000
750000
800000

R134a

Pressure in
114896
150000
200000
250000
300000
350000
400000
450000
500000
550000
600000
650000
700000
750000
800000

R22

Pressure in
114896
150000
200000
250000
300000
350000
400000
450000
500000
550000
600000
650000
700000
750000

v('Q)

16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209

inkK

289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359

ture  Temperature M_pas

(kg/mol)
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029
0.029

Temperature Temperature M_gas

inC
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209

inkK

289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359

(kg/mol)
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102
0.102

Temperature Temperature M_gas

inC
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209

inkK

289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359
289.359

(kg/mol)
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086
0.086

R o

(1/molk)
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8315
8.315
8.315
8.315
8315

R o

(1/molk)
8.315
8.315
8.315
8315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8.315

R o

(1/molk)
8.315
8.315
8.315
8315
8.315
8.315
8.315
8315
8.315
8.315
8.315
8.315
8.315
8.315

Head

Coef
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876

Head

Coef
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876

Head

Coef
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876
20.876

Specific

diameter
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250

Specific

diameter
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250

Specific

diameter
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250
15.250

STDDev g
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810

STDDev g
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810

STDDev g
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810
2.579 9.810

Pressure Increase

p head pressure
1.383 8466.904 1.000
1.806 8466.904 1.250
2.408 8466.904 1.500
3.010 8466.904 1.750
3.612 8466.904 2.000
4.214 8466.904 2.250
4.816 8466.904 2.500
5.418 8466.904 2.750
6.020 8466.904 3.000
6.622 8466.904 3.250
7.224 8466.904 3.500
7.826 8466.904 3.750
B.428 8466.904 4.000
9.030 8466.904 4.250
9.632 8466.904 4.500

Pressure Increase

p head pressure
4.873 8466.904 1.000
6.361 8466.904 1.250
B.482 8466.904 1.500
10.602 8466.904 1.750
12.723 8466.904 2.000
14.843 8466.904 2.250
16.963 8466.904 2.500
19.084 8466.904 2.750
21.204 8466.904 3.000
23.325 8466.904 3.250
25.445 8466.904 3.500
27.566 8466.904 3.750
29.686 8466.904 4.000
31.807 8466.904 4.250
33.927 8466.904 4.500

Pressure Increase

p head pressure
4.130 8466.904 1.000
5.391 8466.904 1.250
7.188 8466.904 1.500
8.985 8466.904 1.750
10.782 8466.904 2.000
12.579 8466.904 2.250
14.376 8466.904 2.500
16.174 8466.904 2.750
17.971 8466.904 3.000
19.768 8466.904 3.250
21.565 8466.904 3.500
23.362 8466.904 3.750
25.159 8466.904 4.000
26.956 8466.904 4.250

Increased
Pressure head
8466.904
10583.629
12700.355
14817.081
16933.807
13050.533
21167.259
23283.985
25400.711
27517.437
29634.163
31750.888
33867.614
35984.340
38101.066

Increased
Pressure head
8466.904
10583.629
12700.355
14817.081
16933.807
13050.533
21167.259
23283.985
25400.711
27517.437
29634.163
31750.888
33867.614
35984.340
38101.066

Increased
Pressure head
8466.904
10583.629
12700.355
14817.081
16933.807
13050.533
21167.259
23283.985
25400.711
27517.437
29634.163
31750.888
33867.614
35984.340

r
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

r
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

r
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

Dia

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

Dia

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

Dia

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

Dia®2 n

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Dia*2
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Dia*2
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

1576.9
1763.1
1931.4
2086.1
2230.1
2365.4
2493.4
2615.1
27314
28429
2950.2
3053.7
3153.9
3251.0
3345.2

1576.9
1763.1
1931.4
2086.1
2230.1
2365.4
2493.4
2615.1
27314
28429
2950.2
3053.7
3153.9
3251.0
3345.2

1576.9
1763.1
1931.4
2086.1
2230.1
2365.4
2493.4
2615.1
27314
28429
2950.2
3053.7
3153.3
3251.0

Total efficiency  Total efficiency

actual

0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016

Total efficiency

actual

0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016

Total efficiency

actual

0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016
0.016

theoretical
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068

Total efficiency

theoretical
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068

Total efficiency

theoretical
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068
0.068

Q(m*3)
0.002
0.002
0.002
0.003

Q(m*3)
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003

Q(m*3)
0.002
0.002
0.002
0.003
0.003
0.003
0.003
0.003
0.003

P

15.516
22.647
33.078
44.661
57.293
70.897
85.408
100.773
116.949
133.897
151.584
169.979
189.058
208.796
229.173

54.654

79.774
116.518
157.317
201.814
249.732
300.847
354.972
411.952
471.650
533.951
598.749
665.953
735.481
807.257

46.319

67.608

98.748
133.325
171.037
211.647
254.967
300.838
343.127
399.722
452,521
507.437
564.393
623.317
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Appendix F. D

800000

R143a

Pressure in
114896
150000
200000
250000
300000
350000
400000
450000
500000
550000
600000
650000
700000
750000
800000

R124

Pressure in
11483%6
150000
200000
250000
300000
350000
400000
450000
500000
550000
600000
650000
700000
750000
800000

R245fa

Pressure in
114896
150000
200000
250000
300000
350000
400000
450000
500000
550000
600000
650000

16.209

Temperature

inC
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209

Temperature

inC
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209

Temperature

inc
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209
16.209

289.359 0.086

Temperature M_gas

ink (kg/mol)
289.359 0.084
289.359 0.084
289.359 0.024
289.359 0.024
289.359 0.084
289.359 0.084
289.359 0.084
289.359 0.024
289.359 0.024
289.359 0.084
289.359 0.084
289.359 0.024
289.359 0.024
289.359 0.084
289.359 0.084

Temperature M_gas

ink (kg/mol)
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136
289.359 0.136

Temperature M_gas

inK (kg/mol)
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134
289.359 0.134

8315

R_o

(J/molK)
8.315
8.315
8315
8315
8315
8.315
8.315
8315
8315
8.315
8.315
8315
8315
8.315
8.315

R_o

(1/molk)
8.315
8315
8.315
8315
8.315
8.315
8.315
8.315
8315
8.315
8.315
8.315
8315
8.315
8.315

R o

(/molk)
8.315
8.315
8.315
8.315
8.315
8.315
8.315
8315
8.315
8.315
8.315
8315

20.876 15.250

Head Specific

Coef diameter
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250

Head Specific

Coef diameter
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250

Head Specific

Coef diameter
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250
20.876 15.250

2.579

STD Dev
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579

STD Dev
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579

STD Dev
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579
2.579

9.810

g

9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810

g

9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810

g

9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810
9.810

28.753

P
4,013
5.240
6.986
8733

10.479

12.226

13.972

15719

17.466

19.212

20953

22705

24452

26.198

27.945

£.518

8.509
11.345
14,182
17.018
19.854
22.690
25.527
28.363
31.193
34.036
36.872
39.708
42545
45.381

6.402

8.358
11.144
13.929
16.715
19.501
22.287
25.073
27.859
30.645
33.431
36.217

8466.904

Pressure

head
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904

Pressure

head
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904

Pressure

head
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904
8466.904

4.500

Increase

pressure
1.000
1.250
1.500
1750
2.000
2.250
2.500
2.750
3.000
3.250
3.500
3.750
4.000
4.250
4.500

Increase

pressure
1.000
1250
1.500
1750
2.000
2.250
2.500
2.750
3.000
3.250
3.500
3.750
4.000
4.250
4.500

Increase

pressure
1.000
1.250
1.500
1.750
2.000
2.250
2.500
2.750
3.000
3.250
3.500
3.750

38101.066

Increased
Pressure head
B8466.904
10583.629
12700.355
14817.081
16933.807
19050.533
21167.259
23283.985
25400.711
27517.437
29634163
31750.888
33867.614
35984.340
38101.066

Increased
Pressure head
8466.304
10583.623
12700.355
14817.081
16933.807
19050.533
21167.259
23283.985
25400.711
27517.437
29634.163
31750.888
33867.614
35984.340
38101.066

Increased
Pressure head
B466.904
10583.629
12700.355
14817.081
16933.807
19050.533
21167.259
23283.985
25400.711
27517.437
29634.163
31750.888

0.020

‘.
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

‘.
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

a
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020
0.020

0.040

Dia

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

Dia

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

Dia

0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040
0.040

0.002

Dia”2

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Dia”2

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

Dia2

0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002
0.002

3345.2 0.016
Total efficiency
n actual
1576.9 0.016
1763.1 0.016
19314 0.016
2086.1 0.016
22301 0.016
2365.4 0.016
2433.4 0.016
2615.1 0.016
27314 0.016
28429 0.016
2950.2 0.016
3053.7 0.016
31539 0.016
3251.0 0.016
3345.2 0.016
Total efficiency
n actual
157e.9 0.016
1763.1 0.016
19314 0.016
2086.1 0.016
22301 0.016
2365.4 0.016
2493.4 0.016
2615.1 0.016
27314 0.016
28429 0.016
2950.2 0.016
3053.7 0.016
3153.9 0.016
32510 0.016
3345.2 0.016
Total efficiency
n actual
1576.9 0.016
1763.1 0.016
19314 0.016
2086.1 0.016
22301 0.016
2365.4 0.016
2493.4 0.016
2615.1 0.016
27314 0.016
28429 0.016
2950.2 0.016
3053.7 0.016

0.068 0.004

Total efficiency

theoretical Q(m"3)
0.068 0.002
0.068 0.002
0.068 0.002
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.004
0.068 0.004
0.068 0.004
0.068 0.004
0.068 0.004
0.068 0.004

Total efficiency

theoretical Q(mh3)
0.068 0.002
0.068 0.002
0.068 0.002
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.004
0.068 0.004
0.068 0.004
0.068 0.004
0.068 0.004
0.068 0.004

Total efficiency

theoretical Q(m~3)
0.068 0.002
0.068 0.002
0.068 0.002
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.003
0.068 0.004
0.068 0.004
0.068 0.004

684.147

45.017

65.708

95.973
129.578
166.230
205.699
247.801
292383
339.316
388.489
433.804
493.177
548.532
605.800
664.921

73.105
106.706
155.855
210.428
269.948
334.044
402.415
474.813
551.029
630.883
714.216
800.890
890.783
983.784

1079.793

71.806
104.810
153.084
206.687
265.150
328.106
395.262
466.373
541.234
619.668
701.520
786.654
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Dimensional analysis calculations

MAPPCLIULA L.

Central University of
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100

700000
750000
800000

16.209
16.209
16.209

289.359
289.359
289.359

0.134
0.134
0.134

8.315 20.876
8315 20876
8.315 20.876

15.250
15.250
15.250

2.579 9.810 39.002
2.579 9.810 41.788
2.579 9.810 44.574

8466.904
8466.904
8466.904

4.000
4.250
4.500

33867.614 0.020 0.040 0.002 3153.9
35984.340 0.020 0.040 0.002 3251.0
38101.066 0.020 0.040 0.002 3345.2

0.016
0.016
0.016

0.068
0.068
0.068

0.004 874.949
0.004 966.296
0.004 1060.598
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