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Abstract

This thesis describes the design and construction of a small gas turbine engine range-extender
which is meant for charging electric vehicles. While automotive emission legislation becomes

more stringent every five years, the challenges for conventional cars to meet these standards

increase. Therefore alternatives such as "hybrid electric vehicles’ or 'full-electric vehicles’ are

becoming more popular. Even though electric powered cars are gaining popularity, they still

have a limited range which makes them impractical for most users. This problem can be ad-

dressed with a range-extender, a device that can be used to charge the batteries of electric

vehicles while driving. When a micro gas turbine drives a generator it can be used as a range-

extender.

The goal of this graduation project is to design and build a prototype range-extender. This
prototype will act as a proof-of-concept, therefore for this purpose mostly off-the-shelf com-
ponents will be used.

Prior to the design phase literature research and market research were conducted. Based
on their outcome, the requirements of the gas turbine engine were defined. Using Matlab, a
cycle and matching analysis was conducted to obtain the optimum compressor and turbine
behaviour for this application. The combustion chamber is designed using a Fluent combus-
tion model. Three different combustion chambers have been developed and simulated to
compare stability and emissions when using different fuels.

Within the final phase of the graduation project, the design was tested within Mitsubishi Tur-
bocharger and Engines Europe(MTEE). The results were compared to the results obtained
from the modelling. It may be concluded that the combustion model gives a good indication
on the behaviour. However, unforeseen instabilities did occur, but could be solved by minor
changes to the test set-up.

After finalization of this thesis the test set-up will be used for combustion and cycle exper-
iments. The results of these experiments can be leveraged to improve later prototypes.



Preface

From a very early age I found engines captivating technology, and quickly started to build
them on my own. At age 16 I started to design and build gas turbine engines from scratch
which quickly became a time consuming hobby. During my master at the University of Delft
I came into contact with MTEE, and when they offered me a graduation project that involved
designing and building a gas turbine engine, it didn’t took long to make a decision.

The goal of the assignment is to design and build a gas turbine engine to be used for a range-
extender! application. This test set-up can then be used for future research.

Before the design process started market research has been conducted by Clara Moreno Castan
[7] and myself. Its goal was to study the potential market opportunities and challenges a gas
turbine range-extender faces. Based on these results a literature research was conducted to
investigate the possibilities and available technology to shape the gas turbine technology to
meet the requirements derived from the market research.

After the literature research a design process started where the main focus was on the overall
layout, overall design and the combustor. Therefore specific components, like the generator
and recuperator, have not been optimized to their full potential. This should be done within
future research.

Finally the design was built and tested within MTEE. The results of these tests are enclosed
within this thesis.

1A range-extender is a device which can charge the batteries of an electric vehicle while driving
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Nomenclature

m Mass flow
Nrecup Recuperator efficiency
Ncomp Compressor efficiency

Neurp Turbine effiency

K Specific heat ratio
K Turbulent kinetic energy
W Specific dissipation

P Pressure [Pa]

T Temperature [K]

w Work

BEV  Battery Electric Vehicle, also known as full EV
ER Expansion Ratio

EV Electric Vehicle

FAR  Fuel to Air Ratio

FCEV Fuel Cell Electric Vehicle

w

hc Convective heat transfer coeffiecient IR

HEV  Hybrid Electric Vehicle

ICE Internal Combustion Engine
kRPM Revolutions per minute x 1000
NVH Noise, vibrations and harshness

OEM Original Equipment Manufacturer



POI  Point of operation / point of interest

Pr Prandtl number

Re Reynolds number

REEV Range-extended Electric Vehicle, vehicle equipped with a range-extender
RPM Revolutions per minute

RQL Rich-Quench-Lean, type of combustion chamber which lowers the max. temperature
to decrease NO, emissions while still making use of the stability of a rich flame

SRQL Straight-Rich-Quench-Lean, where the RQL liner is stepped, the SRQL liner is straight
along its whole length

TIT  Turbine inlet temperature
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Introduction

Currently electric vehicles are gaining a small market share, yet the range of these electric ve-
hicles is relatively small. The lack of range is one of the factors that hold back a large growth
in market share as the electric range in often insufficient. This problem can be solved using a
range extender, which is a device that can charge the batteries while driving. Currently a few
gas turbine range-extenders® have been developed, these engines are all designed for maxi-
mum efficiency. This causes the engines to be large and expensive. This project approach is
different from all other engines as the main focus is to reduce costs.

This thesis describes the design process of a gas turbine engine aimed for range-extender us-
age. The gas turbine engine should be based on turbocharger part and technology. The scope
of this project includes the design, build and test process of the gas turbine range-extender.
The main focus lies on the overall layout, overall design and the combustion chamber. Other
systems will be designed but not optimized to their full potential.

The first part of this thesis describes the market- and literature research. The literature re-
search compares the current technology available, the information in this section can apply
to most micro gas turbines. The market research investigates the potential market opportu-
nities and challenges for gas turbine range-extenders.

The second part of this report describes the design process of a gas turbine range-extender.
The design process started by generating a rough design based on the market- and literature
research. This rough design is being modelled and a detailed design has been made. The
detailed design is eventually built and tested within MTEE.

The last part describes the results of the tests and compares them to the results of the pre-
viously constructed models.

2A range-extender is a device which can charge the batteries of an electric vehicle while driving



Chapter 1

Market research

Within MTEE market research is conducted to study the market opportunities and chal-
lenges of a micro gas turbine range-extender. Several studies reviewed and direct contact
with OEM’s is made. Besides the potential market-size, the market demands are also studied.

In past decades most cars were powered directly by 4-stroke gasoline or diesel engines. Cur-
rently alternatives are being developed and gaining small market shares. More stringent
emission legislation is the major driving force for these developments. Within the European
Union the emission legislation becomes more challenging for automotive manufacturers to
fulfil every five years. Figure 1.1 shows the trend of CO, emission legislation.

Planned CO, emissions standards per region
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Figure 1.1: The changing CO; limits for different areas past and coming years

Currently the maximum allowed CO, emission is 130 grams per kilometre. The current
allowable NO, emissions for diesel and gasoline cars are 80 and 50 milligrams per kilome-
tre respectively [7]. In 2020 the allowed CO, emission will drop to 95 grams per kilometre.
It is to be expected that in 2025 the limit is decreased to 68 to 78 grams per kilometre. At
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this point conventional piston-engined powered cars will struggle to comply with this legis-
lation. Hence automotive manufacturers will need to develop alternative driving systems to
be able to comply with the legislation of 2025 and beyond. Currently a trend of hybridization
and electrification of vehicles is already noticeable, yet the progress of battery development
is typically slow. OEM’s do not expect major improvements in battery technology for the
coming 10 to 20 years. This is where the range-extender’s market potential arises, as long as
batteries do not fulfil the needs of end-users.

Battery development plays a key role in the market potential for range-extenders. Cur-
rently batteries are relatively expensive and heavy. The majority of car batteries are Li-On'
based, the cost of these batteries are estimated at 133 to 150 euro per kWh. The added range
with range-extender use should be less expensive than an extra battery.

Figure 1.2 shows the forecast of the expected market share of cars produced worldwide
when the CO; limit is 40 grams of CO; per kilometre in 2050. The y-axis shows the market
share of cars sold globally in percentages, which approximately correspond to millions of
cars. According to the forecast, it is to be expected that in 2050 the conventional ICE powered
car is completely phased-out. The range-extender would gain a market share of 45% which
corresponds to 45 million vehicles, the expectation is that REEV’s would primarily be used for
middle sized cars (M). The full electric vehicles (BEV) could gain a market share of 35%. The
fuel-cell powered cars (FCEV) are expected to gain a market share of 20% and would primarily
be used for larger cars(L). The figure shows a rapid increase of range-extenders in 2022, this
years should be the aim for MTEE to enter the range-extender market.

2" climate goal leads to a
3 technology world
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Figure 1.2: Marked share of units produced each year worldwide in % (equals approximatly million
units)

During the market research several forecasts were reviewed, their expectations of the
range-extender market’s magnitude is summarized in Figure 1.3. Despite the discrepancy

1 ithion-ion battery
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in expectations, there is a consensus that a significant market share will arise for range-
extenders. The average expected market share will grow from 2 million units in 2020 to almost
7 million in 2025.
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Figure 1.3: Forecast of the global range-extender market upto 2025 [7]

Customer demands

Different studies and OEM’s input have been gathered to study the demands of OEM’s and
of end-users. The following features are mentioned by OEM’s as important. The features are
sorted by importance, the first being the most important.

* Cost
Volvo mentioned that a range-extender’s cost should not exceed 1000 Euro while Re-
nault stated that 800 Euro should be the target price of a range-extender [7].

* Emissions
Currently the European-Union offers no legislation for range-extender applications,
they are likely reviewed as an HEV. California has laws that prescribe the maximum
allowable emissions for range-extended vehicles. These could be used as a guideline
and are shown in Table 1.1.

* Power output
The required power output of a range-extender depends on its function and the tar-
geted market. The estimated power output needed is shown in Table 1.4.

e Life-time
A range-extender should have a life-time of at least 500 hours according to Volvo [7].

Page 10



]
'.‘ MITSUBISHI TURBOCHARGER AND ENGINE EUROPE B.V. TU Delft

* Efficiency
The range-extender should only be used in emergency situations, therefore the effi-
ciency is least important and not specified.

Power output Functions allowed
P < 10KWe = Urban: only charge depleting
10KWe = P < 20KWe = Urban: both charge depleting and sustaining

= Highway: only charge depleting

20KWe =P < 30KWe = Urban: both charge depleting and sustaining
= Highway: charge depleting; charge sustaining at
the expense of comfort (auxiliaries off, lower
speed)

P =30KWe = Urban: both charge depleting and sustaining
= Highway: charge depleting and charge sustaining,
including hills gradients

Figure 1.4: Required power output of a range-extender [7]

Emission type | Limit [g/km]
NO, 0.0125

CO 0.625

HC 2.5

PM 0.00625

Table 1.1: SULEV emission legislation limits. [12]

In theory any combustion engine could be used for a range-extender application. As 4-
stroke piston engines are currently widely used to drive cars, it is obvious that these engines
will be adapted for range-extender use. However the change of required engine behaviour
when used in range-extender applications makes it interesting to study other types of en-
gines. The use of an range-extender can be compared to a 'Series HEV’ in a sense that the
range-extender only outputs electrical power which is added to a buffer, in this case a bat-
tery(see Fig. 1.5). This allows the engine to run at a constant speed with a constant power
output, which is significantly different from a'Parallel HEV’ where a direct drive is being used
and thus a transient engine response is required. Currently competitors are studying Wankel,
4-stroke, free-piston and gas turbine engines. From the morphological overview in Appendix
A and the market study conducted by C. Moreno Castan [7] it can be concluded that a micro
gas turbine would suit the needs of a range-extender best due to the superb weight to power
ratio and power density. Besides being a compact engine, the gas turbine engine is nearly
maintenance free and has the potential to be more silent than a piston engine.

Page 11
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Figure 1.5: Configuration possiblilties of a hybrid electric vehichle [7]

With the changing automotive market, the turbocharger market is highly influenced. The
phasing out of the conventional ICE powered cars will cause the demand for turbochargers to
fade. For a company like MTEE it is important to anticipate the gradual shifting turbocharger
market. A product like a micro gas turbine is close to MTEE’s core business and makes use
of already developed technology and production facilities. This is a major advantage which
other companies might not have. Therefore the main competitive advantage of MTEE would
be cost, which happens to be the most important feature of a range-extender according to

OEM’s.

Page 12
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1.1

Conclusions market research

This section summarizes the conclusions that can be derived from the market-research which
acts as an input for the literature research.

Market research main conclusions;

Emission legislation development generates a market opportunity for range-exteneders.
The size of this market is estimated to be 3 to 9 million units per annum in 2025.

Currently, no range-extender specific legislation is available in the European Union.
The state of California has currently the only range-extender legislation. This legisla-
tion could be taken as a reference.

The investigation into what engine type is most suitable to drive a range-extender showed
that a micro gas turbine has particular advantages over a piston engine. These advan-
tages are mainly cost, size and weight. These advantages only hold if the concept fo-
cusses on these characteristics.

The most important feature of the range-extender is cost, which should be the main
focus of the gas turbine concept design. The least important factor is efficiency, yet
the range-extender should comply with the SULEV legislation. The limitations of the
SULEV legislation are shown in Table 1.1.

A range-extender can cost up 1.000 euro.

An electric power output between 10 and 30 kW would be sufficient according to OEMs.

Page 13



Chapter 2

Micro gas turbines

A gas turbine engine is a power plant that is known for its high power to weight ratio. In large
land-based applications the efficiency of gas turbine engines can exceed the efficiency of pis-
ton engines. On smaller scale applications the efficiency is less but the high power-to-weight
ratio and high power density are still advantageous.

The basis of gas turbine engines is relatively simple because there are only a few moving
parts. The low number of moving parts makes the engine reliable and maintenance friendly.
Besides these advantages a gas turbine engine does not have to run on a specific fuel. This
multi-fuel capability makes the concept more resilient to future changes in fuel availability.

: Ty ’
e U |

Compressor Turbine Compressor Turbine
N N
v A 4
Piston Combustion
engine chamber

Figure 2.1: Schematic representation of the most basic Brayton cycle

A turbocharger is a device used to enhance the performance of a piston-engine. This
device extracts energy from the exhaust and uses this energy to compress fresh air which is
used to feed the engine. The turbocharger consists of a turbine and compressor that are typ-
ically mounted on the same shaft as shown in Figure 2.1. This explains the close relationship
between turbochargers and gas turbine engines. Basically a turbocharger can be seen as a
gas turbine engine without a combustion chamber. MTEE ! supplies turbochargers to the

IMitsubishi Turbocharger and Engine Europe B.V.

14
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European car market. The transition from turbocharger manufacturing to gas turbine man-
ufacturing is therefore a relatively small step.

2.1 Automotive history

In the late 1940’s, Rover was the first car manufacturer to experiment with gas turbine pow-
ered cars. These initial tests showed the potential of these engines. The gas turbines proved
to be small, lightweight and yet have a large power output. The majority of the gas turbines
were direct or indirect shaft power configurations, this proved to be the Achilles-heel of the
gas turbine engine.When the high-speed turbomachinery was still in its infancy, high-speed
electronics did not even exist. Thus a shaft driven configuration was the only available op-
tion. The consequence of this configuration was a low throttle response, high cost and high
fuel consumption. These factors finally made the gas turbine loose the battle with the piston
engine [8] [21].

Times have changed, and today the emission legislation challenges the automotive indus-
try. With high-speed electronics becoming more available, the comeback of the gas turbine
engine could be feasible. These technological processes make it possible to apply a gas tur-
bine engine in a hybrid configuration. When a gas turbine engine is used in a hybrid car, the
engine can run at a constant speed, which eliminates the need for high throttle response. The
combustion process within gas turbine engines can be accomplished at relatively low tem-
peratures compared to piston engines. Therefore gas turbines have the potential to lower the
emissions of vehicles, NO, emissions in particular [8].

2.2 Gas turbine basics

2.2.1 Cycle

A gas turbine engine is based on the thermodynamic Brayton cycle. The flow-scheme of a
basic configuration and the corresponding temperature-enthalpy chart can be seen in Figure
2.2 and 2.3. When non-isentropic compression and expansion are introduced the compres-
sion and expansion behaviour will follow the dashed line [4].

Page 15
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Figure 2.2: Schematic representation of the basic Brayton cycle
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Figure 2.3: Temperature plotted against entropy from the basic Brayton cycle, with the non-isentropic
path desribed by the dashed lines.

A more advanced configuration is the recuperated cycle. A recuperator is a device that
extracts heat from the exhaust gas in order to pre-heat the compressor discharge air. The ef-
fects of this recuperator can be seen in Figure 2.5, a new point is introduced (point 3). The
temperature difference between point 2’ and point 3 is caused by the recuperator. Because
no fuel is added to gain this temperature elevation, the systems efficiency increases [4]. The
flow-scheme of the recuperated cycle can be seen in Figure 2.4, where the cold-side of the re-
cuperator is placed between the compressor and combustor. The hot-side is placed between
the turbine discharge and exhaust.

Page 16
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Figure 2.4: Schematic representation of recuperated Brayton cycle

Figure 2.5: TS diagram of recuperated Brayton cycle

Within Figure 2.4 a direct driven generator is being used. This requires a generator that
operates on the same RPM as the gas turbine engine. A ’free-power’ or turbine-power’ con-
figuration can also be used, which is shown in Figure 2.6. When a free-power configuration is
used the generator is driven by an extra turbine. By decoupling the gas turbine engine from
the generator, the generator can run on lower RPM. The disadvantage is that the extra turbine
wheel creates extra losses. This configuration should only be used if a rotational speed decou-
pling between output shaft and gas turbine engine is absolutely necessary. For a micro gas

Page 17
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turbine range extender a direct driven generator would be more suitable than a free-powered
generator.

Figure 2.6: Schematic representation of recuperated Brayton cycle with free power driven generator

Further possible configurations, i.e. twin shaft, are not taken into consideration as they
are not in line with the low-cost concept.

2.2.2 Compressor

The Brayton cycle starts with compressing air, a side effect of the pressure increase is tem-
perature increase. A gas turbine engine uses radial or axial compressors or a combination of
the two. The compressor stages can be divided into two groups; axial compressors and radial
COMpressors.

2.2.2.1 Axial

Most modern gas turbines mainly use axial compressors. Within the axial compressor air is
accelerated by rotating air-foils and then diffused in a row of stationary blades. The pressure
ratio is relatively low, typically between 1.1 and 1.5 [4] [3]. Figure 2.7 compares different com-
pressors on the basis of the pressure ratio (head) with respect to flow. Due to the low pressure
ratio the compressor efficiency is typically high. In order to achieve high overall pressure
ratio’s several axial compressor stages are used; even when multiple stages are applied the
peak compressor efficiency remains higher than the radial compressor’s efficiency. While the
efficiency of an axial compressor is high, it can only operate on a narrow speed range.

Page 18
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Centrifugal Compressor
Head

TW—0O mMEs——4-—-007T

Axial Flow Compressor

Flow E—

Figure 2.7: Performance characteristics of compressors [5]

2.2.2.2 Radial

In small gas turbine engines radial compressors are most often used due to their large toler-
ance, reliability and low cost [4] [3]. Within a radial compressor the air is forced through the
impeller by the rotating blades. The velocity of the air is converted to pressure, partially in
the impeller and partially in the diffuser [4]. The pressure and velocity profile through the
compressor is shown in figure 2.8. The frontal area for a radial compressor is often large for a
given flow. The pressure ratio of radial compressors typically range from 1.5 to 5, but pressure
ratios as high as 12 have been reached with experimental test set-ups [4]. The main advantage
of the radial compressor is the high pressure ratio, but the radial compressor is impractical to
combine with multiple compressor stages. While the peak efficiency of a radial compressor
is lower than an axial counterpart, its efficiency is acceptable over a wide range of rotational
speeds [3].

DIFFUSER

QUTLET
=¥

IMPELLER |\ H

INLET

Figure 2.8: Pressure and velocity through a centrifugal compressor [4]
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2.2.2.3 Summary

The benefits from the axial and radial compressor are summarized within this chapter. The
use of an axial compressor has the following benefits [3];

e Smaller frontal area for given mass flow

* Flow direction of compressor discharge is convenient for multi-staging
* Higher efficiency at higher pressure ratio’s

The use of a radial compressor has the following benefits [3];

 Higher stage pressure ratio

» Simple and rugged construction

 Shorter length for given pressure ratio

* Wide range of operation between surge and choke limits

The benefits mentioned above are focused on compressors for general gas turbine use.
However, when gas turbines are scaled down other challenges arise. While axial compressors
might seem superior for a specific goal in theory, often mechanical and production chal-
lenges make the use of axial compressors impractical.

2.2.3 Combustion chamber

Once the air is compressed by either an axial or radial compressor, the air gets heated in a
combustion chamber. The source of this heat is not important for the Brayton cycle to work,
which makes the gas turbine engine multi-fuelled. However the combustion chambers are
only able to work with specific fuels that show resemblance in combustion behaviour. The
combustion chamber can be built using several different configurations. The main combus-
tion chamber performance parameters are as follows [3]:

¢ Pressure drop
Ideally the pressure drop would be almost zero, this is unfortunately never the case.
The pressure drop is mainly caused obstruction placed within the flow stream provid-
ing combustion stability and proper mixing; these obstructions are needed for com-
bustion. In the area where the flame is anchored the velocity has to be rather low to
maintain the flame in the correct position.

* Combustion efficiency
The completeness of combustion can be expressed as combustion efficiency. The com-
bustion efficiency mainly depends on the equivalence ratio, vaporization, combustor
length and the evenness of the distribution of each parameter [20] [23].
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e Qutlet temperature distribution
When the temperature of the turbine inlet flow is not evenly distributed hot-spots oc-
cur. Besides potential mechanical damage to the turbine section, the overall TIT should
be lowered to compensate for the hot-spots. A lower mean TIT lowers the cycle effi-
ciency.

* Stability
Combustors have to operate over a wide range of operating conditions. Once the com-
bustion is initiated, it should be maintained even when parameters, i.e. airspeed or
FAR, show dynamic behaviour. The stability is often ensured by generating a sheltered
or recirculating low airspeed zone [20].

2.2.3.1 Combustion process

The combustion process takes place with the combustion chamber. The simplest way a com-
bustion process can be described is as an exothermic reaction of a fuel and its oxidizer. For
gas turbine applications the oxidizer is air which is discharged from the compressor. The
fuel can be gaseous, liquid or solid [4]. Each fuel can combust in various ways, this chapter
describes the three main types of combustion.

Deflagration

Deflagration is a fast combustion process that often takes less than 1ms for 80% completed
combustion [20]. Deflagrational combustion is characterised by a flame that propagates
through unburnt fuel-air mixture. The deflagration waves travel with the flame speed which
is typically lower than 5 m/s [20]. The burnt gasses have a higher temperature and larger vol-
ume than the unburnt mixture. The burnt gasses therefore gain in velocity as the pressure
remains constant. Besides gas turbine engines, piston engines also make use of deflagra-
tional combustion. Within the deflagration combustion there is a wide variety of combustion
processes typically characterised by the equivalence ratio of the fuel-air mixture.

Non-premixed
Within a non-premixed combustor, fuel and air enter the combustion chamber separately.
The fuel starts to combust within the primary zone as soon as it leaves the fuel nozzle. A
non-premixed combustor is often referred to as a diffusion combustor [18]Within the diffu-
sion combustor different overall equivalence ratio’s can be obtained, yet localized sections of
stoichiometric ratio’s can often occur [18]. This causes high temperature within the primary
zone which produces a large NO emission.

When the equivalence ratio?, defined by equation 2.1, of the mixture is ¢ > 1 the mixture
is called rich. In the past gas turbines primarily used a rich diffusion combustion process due
to its stable nature. Figure 2.9 shows a schematic representation of a rich combustor. The

2The equivalence ratio, or ¢, represents the fuel to air ratio based on its stoichiometric ratio, where ¢ = 1 means
stoichiometric combustion
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rich combustor can be divided into three main regions. The first region houses a fuel injector
and stabiliser, in this case an axial swirler. Fuel is injected in the first section and combusts
in the primary zone. The swirler and cone-shaped front cone ensure stability. The mixture
travels through the first section and enters the second region, also known as the secondary
combustion zone. Within the secondary combustion zone, the combustion process is com-
pleted. The gasses are cooled in the last zone, the dilution zone. The gasses are cooled down,
till the desired TIT is reached.

While the NO emissions are unfavourable, the diffusion combustor offers stability and a wide
range of operation as it is not susceptible for changing airspeed or inlet temperature. In order
to reduce the NO emission while maintaining the stability of a diffusion combustor, an RQL
combustor is used.
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Figure 2.9: Schematic representation of rich combustor [18]

Rich-Quick Quench-Lean
The Rich-Quench-Lean, or RQL, combustor concept was introduced in the late 1980s to re-
duce thermal NO, [31] [19]. This technology was further developed during the 1990s to ap-
ply the technology to aviation gas turbines. Currently most aviation gas turbines use RQL
technology. The RQL technology uses staged combustion sections which are divided into a
rich combustion zone, quench zone and lean combustion zone (Figure 2.10). The rich com-
bustion zone houses a diffusion flame with an equivalence ratio of approximately ¢ = 1.8
which causes oxygen depletion to occur. The consequence of oxygen depletion is a relatively
low NO, formation rate which maintains a stable basis for the combustion process. Further
downstream of the rich combustion zone a large amount of air is added to continue the com-
bustion process and cool down the flame. The equivalence ratio is lowered from ¢ = 1.8 to
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about ¢ = 0.6, the transition from rich to lean should be done as fast as possible so that the
gas mixture spends little time burning on a stoichiometric ratio. Thus the design and di-
mensioning of the quench section is of decisive importance to the success of lowering NOy
emissions. The lean zone completes the combustion with an equivalence ratio of ¢ = 0.3, the
low equivalence ratio has a relatively low NO, formation rate.

d[NO]
dt

quick MixX air e — \
swirler air e

fuel
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Figure 2.10: Schematic representation of RQL combustor [18]

As mentioned before, the quenching zone plays a vital role in the RQL combustor. When

the quenching effect is designed to be too conservative, not enough mixing takes place which
causes a high NO, formation rate due too lack of mixing and potentially local stoichiomet-
ric combustion. When the quenching effect is designed to be too strong the quenching jets
could partially blow-off the flame which would lower the combustion efficiency.
The lean combustion zone is prone to instabilities, therefore a rich flame is used to ensure
combustion stability. The ruggedness of the combustion stability can be influenced by alter-
ing the dimensions of the combustion chamber. When the rich combustion zone is shorter it
combusts less fuel and the combustion chamber relies more on the lean combustion zone.

Premixed

Within a premixed combuster, fuel is premixed or pre-vaporized with air before it enters the
combustion chamber. By premixing the fuel the equivalence ratio can be controlled, often
it is controlled such that it approaches the lower-flammability limit of the fuel. These low
equivalency ratio’s lower the NO, emission [4]. As premixed combustors are used to ensure
a low equivalence ratio, there are often referred to as 'lean-premixed’ combustors. Lean-
premixed combustors come in a wide variety, the most commonly used is the LPP combustor.
The LPP combustor offers a lean combustion of a premixed pre-vaporized air-fuel mixture.
A typical LPP combustor consists of three sections [20]. When a liquid fuel is being used, the
first section houses the premixer. Within the premixer fuel is injected and vaporized. This
mixture should be well mixed/homogeneous to reduce the chances of droplet combustion
and/or autoignition. The second zone combusts the mixture, due to the low equivalence ratio
the temperature and therefore the NO, formation is relatively low. The last section mixes and
dilutes the combusted mixture to lower the temperature to the required TIT.
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Figure 2.11: Schematic representation of a catalytic combustor [20]

A lean-premixed combustor is often prone to instabilities, the airspeed is critical in the
different zones of the combustor. An airspeed lower than the flame speed can cause flash-
back. During flashback the flame can propagate towards the premixer. When the airspeed is
to high blow-out can occur. Besides critical speeds, lean-premixed combustors often suffer
from acoustic instabilities [20]. The operational bandwidth of the lean-premixed combustor
is therefore rather small.

Catalytic combustion

The catalytic combustor can achieve lower NO, emissions than any deflagration combustor
[4]. A catalytic combustor pre-vaporizes fuel and air to as equivalence ratio that is below
the flammability limit of the fuel used. The mixture travels over a bed of catalytic material.
The presence of the catalytic material enables the oxidizing reaction to occur. The maximum
temperature of a catalytic combustor is very low which means NO, formation is minimal [20].
Most catalytic combustor designs use a thermal reaction zone to raise the temperature to the
required TIT. Figure 2.12 shows a schematic layout of a typical catalytic combustor.
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Figure 2.12: Schematic representation of a catalytic combustor [20]

The catalytic combustion process is rarely applied in the field due to the small bandwidth
the combustion process operates. This disadvantage is magnified when the gas turbine needs
a transient behaviour. Besides the lack of transient behaviour the high cost and low durability
of catalytic materials are clear disadvantages.

Detonation

When detonating combustion is used, a shock wave travels through the combustion cham-
ber at supersonic speed (up to 4km/s) [20] [27]. Detonation cannot occur when conventional
equivalence ratio’s are used, but arises when extra oxygen is supplied so lower a equivalence
ratio is reached. The detonation combustion is more efficient than deflagration combus-
tion when an equal number of species is considered. The NO, emissions are reduced as the
residence time is reduced to a minimum. An extra benefit it is the pressure gain in the com-
bustion chamber, which would increase the overall efficiency [28].

The detonation gas turbine use 'receivers’, which are basically valves, to control the air-
flow. The detonation combustion chamber can use one receiver in front of the chamber or
two receiver at either end. By controlling the inlet receiver the shockwave is sent in the direc-
tion of the turbine. A rear receiver can build up pressure from the detonation cycle before it
is released into the turbine [29].
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Figure 2.14: Gas turbine with detonation combustion chamber using the pulse-jet set-up [29]

If a single receiver, or blown-down set-up, is used the combustion process is more effi-
cient than a deflagration process. But due to shock waves generated by the supersonic flame
speed, the turbine efficiency is lowered [13]. The overall efficiency of the engine drops by
several percent [29]. When a double receiver, also known as pulse-jet set-up is used, pres-
sure can build up inside the combustion chamber. Even though shockwaves will be sent to
the turbine, the turbine output increases due to the higher pressure. The flue gas is diluted
using high-pressure air which can be seen in Figure 2.14. This set-up increases the engine
efficiency but can only be used when several compressor stages are used. The main chal-
lenge of the detonating combustion chamber is the development of high temperature and
high pressure resistant valves.

Flameless (FLOX)

The combustion processes described above all have one thing in common, a flame front is
clearly distinguishable which moves with an certain flame speed. The flameless oxidation,or
FLOX, process lacks this flame-front. Within flameless oxidation the gasses recirculate and
thus the flame front is lost. The flame-front is the area where the temperature rises most,
without this flame front the temperature peaks are removed and emissions are reduced sig-
nificantly [35]. A FLOX combustor can even reduce the NO, emissions when highly pre-
heated inlet air is being used.
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Figure 2.15: Schematic representation of a FLOX combustor [20]

The emission output of FLOX combustor is currently unbeaten [34]. However, currently
FLOX combustors are prone to instabilities and lack the capability to cope with transient
behaviour.

2.2.4 Emissions

Last decades emissions show a downward trend imposed by legislation. New combustion
technologies have been developed to be able to comply with the legislation. Most combus-
tion technologies aim to reduce NO, emissions as the legislation of these emissions is the
most challenging to meet.

Exhaust gas consists mainly of carbon monoxide(CO), carbon dioxide(CO,), water vapor(H,0),
unburnt hydrocarbons (HC), particulate matter(mainly carbon), NO, and excess oxygen and
nitrogen [20]. CO, and H,O are considered as the natural consequence of complete com-
bustion of hydrocarbon bases fuels. These emissions can only reduced by burning less fuel,
by increasing the thermodynamic efficiency. The other emissions levels are mainly depen-
dant on temperature, time and concentration history of the combustion process [20]. Figure
2.16 shows the relation between NO, emissions, flame temperature and equivalence ratio.
Around an equivalence ratio ¢ = 1 and slightly lower, the flame temperature reaches a maxi-
mum. The high flame temperature produces a high amount of thermal NO, produced by the
'Zeldovich mechanism’ [20]. The majority of the NO, emissions generated can be lowered
by leaning the fuel-air mixture. Figure 2.16 shows the area where lean premixed combustors
operate compared to a conventional(rich) combustor.
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Figure 2.16: NO, and flame temperature plotted against equivalency ratio [4]

As explained earlier, lean combustion chambers typically suffer from combustion insta-
bilities. Therefore it might be interesting to reduce NO, by enriching the fuel-air mixture.
However a rich flame produces a large amount of CO and HC which is considered undesir-
able. A low emission combustion chamber should thus be designed to operate in the lean-

area.

An RQL combustor has a rich front section that has a relatively low flame temperature and
thus low NO, formation rate [19]. To prevent the mixture from combustion at stoichiometric
ratio, it is rapidly quenched to cool the flame and dilute the mixture. An RQL combustor takes
the 'low NOx route’ which can be seen in Figure 2.17. The unburnt HC combusts in the lean
combustion stage. The overall emissions of an RQL combustor are therefore typically low and

still offer stability due to a stable rich flame.
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Figure 2.17: Low and high NO, route [4]
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2.2.4.1 Fuel

A gas turbine engine can in theory run on a wide variety of fuels, ranging from gaseous or
liquid to solid fuels. Currently diesel and gasoline are the most popular and best available fu-
els for cars. In the future emission goals and availability of fuel types can play a decisive role
in the fuel choice. Trends show that alternative fuels, i.e. bio-ethanol or compressed natural
gas, are gaining in popularity due to their potential to lower emissions [15]. Future world-
wide availability of alternative fuels is yet uncertain. The gas turbine’s multi-fuel capability is
beneficial because it can adapt to future fuel trends.

When a fuel is chosen the following factors should be taken into consideration;

Fuel consumption

Different fuels can have a large difference in net caloric value. The gas turbine needs a
certain amount of energy independent on the caloric value of the fuel, this means that
a fuel with a low caloric value would have a higher specific fuel consumption(in L/km).

Combustor size

Besides the fuel consumption being dependant of net caloric value. The dimensions of
the combustor are dependant on the amount and behaviour of the fuel that needs to
be burnt.

Start-up behaviour

Fuels come with a wide variety of flammability limits, flash points and auto ignition
temperatures. These parameters have a decisive influence on the ignition and start-up
behaviour. Typically fuels with a low flashpoint and autoignition temperature reduce
the start-up and ignition power consumption [20].

Adiabatic flame temperature

The adiabatic flame temperature of the fuel is an important property of the fuel. A
higher flame temperature can create high temperatures within the combustion cham-
ber which would increase the NO,, emission.

Emissions

Fuels can influence the type and amount of emissions. The fuel specific emission is
expressed in the 'cleanliness’ of the fuel. Fuel with a low level of cleanliness often has
bound nitrogen and sulphur which increase the amount of toxic emissions [4].

Corrosivity

Some fuels have highly corrosive properties which could affect the fuel system, com-
bustion chamber and the turbine section. When a corrosive fuel is used, the price of
the combustion chamber and turbine could increase the cost.

Ways of storage
Liquid fuels are easily stored in a fuel tank. Gaseous fuels are often stored in a liquid
state which requires a pressurized tank. The pressure where gaseous fuels are stored
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depends on the vapor pressure of the fuel, which has a high impacts on the cost of the
fuel storage tank.

* Availability
Future trends of fuel availability are to be predicted. The gas turbine should run on a
fuel that is widely available in the targeted market area.

For the gas turbine range-extender only liquid fuels are considered due to the ease of storage.
Currently gasoline, diesel and bio-ethanol are currently commercially available, for the first
prototype the fuel choice is restricted to these fuel types.

* Gasoline
Gasoline could be a good candidate to fuel the gas turbine engine as the ignition and
start-up behaviour is exceptionally good. The net caloric value is relatively high com-
pared to ethanol. Yet the low flashpoint makes it relatively unsafe for test set-up usage.

* Diesel
Diesel is harder to vaporize and ignite, the ignition and start-up behaviour is therefore
compromised. The net caloric value is the highest of the considered fuels, thus it should
ensure the highest mileage.

* Bio-ethanol
Bio-ethanol is a fuel that has the potential to lower emissions significantly. Lower
grades of ethanol typically have higher water content. Conventional cars only use the
more expensive higher grade of ethanol(100%). For a gas turbine engine it is also pos-
sible to run on lower grades. These lower grades can reduce the emissions even further
as the combustion becomes 'partially-wet’. The water content will cool the flame which
reduces the NO, emissions.

Fuel injection

Prior to the combustion process the fuel needs to injected and mixed with air. The fuel then
becomes atomized into a large number of small droplets. These small droplets evaporate be-
fore they combust. The distribution of the fuel and the droplet diameter is critical for achiev-
ing an efficient combustion process and reducing low emissions.

The main goal of the fuel nozzle is to produce a droplet size which ensures that the evapora-
tion process is not rate-controlled.

Fuel can be injected using various devices. The most frequently used injectors are [23]:

* Pressure injector
A pressure injector uses high fuel pressure to force it through an orifice. Often the fuel
enters the orifice with a swirling motion. The fluid exits the orifice with high veloc-
ity which disintegrates the formed fluid-sheet [23]. This type of injector can be easily
scaled to be able to handle low fuel flows.

* Twin fluid injector
With in a twin fluid injector air flows tangentially over a surface of fuel. The induced
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shear stresses break away the fluid film, disintegrating it [23]. The advantage of this sys-
tem is that the fuel can be accurately distributed but, the system is relatively complex.

* Rotary injector
A rotary injector uses centrifugal forces to inject the fuel into the combustion chamber.
Often a shaft or disc is used where fuel exits forming a liquid sheet or jets. This tech-
nique has in the past been applied to large gas turbine engines and is difficult to adapt
for small scale applications.

* Vaporizer tubes
Micro gas turbines often use vaporizer tubes for atomizing the fuel. Vaporizer tubes
use the heat generated by combustion to evaporate the fuel. The tubes run through
the combustion chamber as shown in Figure 2.18. The disadvantage of this system is
that locally rich combustion occurs which can cause high NO,, CO and HC emissions.
Another disadvantage is the start-up difficulty, when the combustion chamber is cold
it should be pre-heated in order to initiate the vaporization.

VapoEization
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1 Air
é_

(_A'lr
I ™ Fuel

Figure 2.18: Schematic representation of vaporizer tubes with in the combustion chamber
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2.2.4.2 Stabilisation

Discharge velocities of compressors are relatively high. Often these velocities are well above
the flame speed. Diffusers are used to decrease the airspeed, yet it remains higher than the
flame speed [23] [4]. If the fuel would be injected and ignited, the flame would be carried
downstream and a flame-out would follow. Stabilisers are used to ensure an anchoring point
for the flame. The types of stabiliser commonly used can be divided into two groups: bluft-
boy stabilisers and swirl-stabilisers. The bluff-body stabilisers consist of a baffle, placed in
the combustor, which generates an eddy region [4]. Within this eddy region the recirculating
flow combusts. A bluff-body is the simplest type of stabilizer. The pressure loss of bluff-body
stabilisers is significant, yet they are still widely used in afterburners.

Baffle
Flame stabilization zone

Figure 2.19: Bluff-body stabilizer with eddy region [4]

A flame can also be stabilised by generating a highly swirling flow around the fuel nozzle.
This swirling flow generates toroidal flow recirculation which captures a portion of the hot
combusting gasses and mixes it with incoming fresh air and fuel. This stabilising process can
be enhanced by installing the swirler in the centre of a diverging cone. Vortex breakdown
would not only occur inside the core of the swirl but a toroidal recirculating flow will also
form at the surface of the cone. Often single swirler set-ups are used but on some occasions
two counter-rotating swirlers are placed concentrically to increase the mixing behaviour.
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Figure 2.20: Axial swirler and its flow pattern [4]
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Swirlers exist in various types, the three most frequently used are: axial vane swirlers,
radial vaned swirlers and discrete jets. The discrete jet can be either axial, semi-axial or fully-
radial.

The pressure losses generated by the axial are relatively low compared to the radial swirler.
Yet the radial swirler can generate a larger recirculation due to increased angular momen-
tum. The pressure drop of the discrete jet swirler can be categorized between the axial-vaned
and radial-vaned swirler. Discrete jet swirlers typically have lower swirl numbers than vaned
swirles. The swirl number is defined by Lefebvre [20] as:

S, =
" DswG;

(2.2)

Where G,, represents the angular momentum while G; represents axial thrust. When the
swirl number is lower than 0.4 the swirl is described as weak and insufficient [20].
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Figure 2.21: Type of swirlers [4]
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2.2.4.3 Configuration

The combustion chamber can be shaped and configured almost fully independent of the type
of combustion, fuel or premixer used. The three most widely used combustion chamber con-
figurations are; can, can-annular and annular. A cross-sectional view of these configurations
can be seen in Figure 2.22, where the blue area represents the area where combustion takes
place.

Figure 2.22: Graphical representation of the cross section of combustors. From left to right: can, can-
annular and annular [4]

Can

The can combustion chamber, also known as tubular’ chamber, is a configuration that uses
single or multiple cylindrically shaped combustors (Figure 2.22) [4] [14]. When multiple can
combustors are used, they are often placed in an annular configuration. Each combustor is
enclosed by its own casing and is not inter-connected to the others. Each can combustor
operates on its own, the entire assembly is often called a multi-combustor set-up [23]. Their
case length and weight prohibit the engine from being used in aircraft engines, therefore
their use is restricted to ground applications. The main advantage of a can combustor is the
accessibility and ease of maintenance [20]. A multi-combustor set-up has a relatively high
surface to volume ratio, this ratio will increase even more when it is scaled down. For this
reason a multi-combustor set-up is not suitable for micro gas turbines. However a single can
has a relatively low surface to volume ratio which makes it suitable for micro gas turbines.
Micro gas turbines based on turbochargers often use single-can combustors as they are easily
integrated with standard turbine housings. Gas turbine engines that use a radial compressor
often use can combustors, when the air exits the diffuser, it separates the air flows and divides
it evenly [3].

Can-annular

Can-annular combustion chambers consist of several can combustors placed in an annulus
configuration which can be seen in Figure 2.22. The cans are connected with cross-over tubes
that let the flame travel between cans and reduce pressure differences [20]. Can-annular
combustion chambers are easy to maintain as they can be removed and worked on individ-
ually. Besides the weight and size, the light-around® is a problem that a can-annular com-
bustor often faces [4]. The development of a can-annular design requires experiments with
a single can, whereas an annular combustor would need a complete disassembly [14]. When

3A problem where fuel does not ignite along the entire circumference of the combustor
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applied on small scale the surface/volume ratio will increase, this makes the can-annular
design unsuitable for micro gas turbines.

Annular
s The annular combustor consist of an annulus shaped single combustor. Within an annular

combustor light-around problems are minimal [23]. In most designs the shaft of the turbine
to the compressor runs through the centre of the annulus. An annular configuration makes
the most efficient use of the available volume, the length of the combustor can therefore be
reduced. The combustion process is evenly distributed along the annulus, creating an evenly
distributed TIT. Compared to a can or can-annular design, the annular combustor experi-
ences fewer hot-spots. For applications where high TIT’s are required annular combustors
are often used [4]. Naturally annular combustors have a lower structural integrity, at high
TIT’s these effects can become more pronounced [23]. Annular combustors gain popular-
ity due to a trend of increasing TIT’s and lower allowable emissions. This is possible due to
the relatively low surface area of an annular design, which reduces the amount of cooling air
needed [4]. Annular combustor are widely used for large scale applications as well as small
scale turbines.

Flow direction
In addition to the combustion chamber configuration, the flow direction can also be chosen.

The flow through the combustion chamber is most often straight or reversed. When a straight
flow configuration is used, the air flows from the compressor in a straight line towards the
turbine. Within the reverse flow combustor the air flow is reversed one or multiple times.
Figure 2.23 shows a graphical representation of the straight can combustor. The pressure
losses of a straight flow combustor are typically lower compared to a reversed flow combustor.
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Figure 2.23: Straight flow combustor [4]

Figure 2.24 shows a reverse flow annular combustion chamber. When the length of the
gasturbine plays an important role, i.e. for turboprops, reversed flow combustion chambers

are often used.
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Figure 2.24: Reversed flow combustor [20]

2.2.5 Turbine

The last step within the Brayton cycle is the turbine stage. In a direct drive,or shaft-power,
configuration the turbine stage generates power to drive the compressor and generator. When
a free-power configuration is used a separate turbine drives the generator. Just like the com-
pressors discussed earlier, turbines can be divided into two main groups; axial and radial
turbines.

2.2.5.1 Axial

Most industrial and aviation gas turbines use axial turbines. Usually axial turbines are built
up from several stages. Often the front stages are impulse-turbine and the later stages 50%
reaction turbines.

The axial turbines have a relatively low expansion ratio compared to radial turbines, there-
fore several turbine stages are needed when axial turbines are used. Even though the cost of
an axial turbine in typically higher than a radial turbine, axial turbines are still widely used
due to their high efficiency.

Modern micro gas turbines often use axial turbines. When a single turbine stage can be
used the turbine section could be even more compact than a radial turbine depending on
its combustor shape. If these engines output shaft power, a free-power set-up is often used
which voids the compactness.

2.2.5.2 Radial

Radial turbine’s can be divided into two groups: fully radial turbine and radial turbine(or
mixed flow). Within the fully radial turbine, the fluid not only enters radially but also exits
radially [4]. A cantilever turbine is an example of a fully radial turbine, which can be seen in
figure 2.25. This type is turbine is today only used in nano turbines due to its compactness.
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On larger applications radial turbines are used that have an axial outlet which can be seen in
figure 2.26. The efficiency is much higher at the cost of compactness.

Figure 2.25: Fully radial cantilever turbine [4]
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Figure 2.26: Mixed flow or Radial turbine [4]

Radial turbines’ main advantage over axial turbines is that the performance of a single
radial stage is equivalent to two or more axial stages [4]. This is caused by the fact that ra-
dial turbine wheel often have a slightly higher allowable tip-speed. As the power output of a
turbine is quadratically proportional to the tip-speed this has a large impact on compactness.

Besides the difference in performance, radial turbines are often less expensive than axial
turbines. For these reasons automotive turbochargers primarily make use of radial turbines.
To summarize, the compactness and low cost character of a radial turbine make it suitable
for range-extender use.

Low cost micro gas turbines typically use radial turbines from automotive turbochargers
as the turbine is a significant cost factor.

2.2.6 Recuperator

A recuperator is a device that transfers heat from the exhaust gas to the compressor discharge
air. By transferring this heat, less heat needs to be added by means of combustion which re-
duces the fuel consumption. The thermodynamic cycle of the recuperator cycle can be seen
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in figure 2.5. The temperature change from 2’-3 is caused by the heat recuperated from 5’to
6.

The total recuperated heat is dependent on the design and difference between the turbine
discharge and compressor discharge temperatures. The larger this temperature difference,
the more attractive the use of a recuperator. For this reason larger gas turbines (>1MW) do
not use recuperators as the pressure ratio’s and thus compressor discharge temperatures are
typically high. These large gas turbines often use boilers to extract heat from the exhaust and
produce steam.

The recuperator types most used and that are taken into consideration are [22];

* Plate
The plate heat-exchanger consists of plates that divide the cold and hot airflow. The
efficiency can be enhanced by dividing the air flows and using multiple stacked plates.
Picture 2.27 shows the set-up of a stacked plate recuperator.

* Plate fin
The plate fin recuperator, as shown in Figure 2.28, shows large similarity with the plate
recuperator. While a plate recuperator uses flat or stamped plates, a plate fin recuper-
ator has fins or pins attached to the plates to guide the flow and increase its surface
area.

* Swiss roll
The swiss roll recuperator is the most often used recuperator design for micro gas tur-
bine engines. Its compact design allows it to be easily incorporated with in the gas
turbine itself. Figure 2.29 shows the flow direction within the swiss roll.

e Thermal wheel
The thermal wheel consists of a circular mesh that is partially placed within the cold
flow and partially in the hot flow. The thermal wheel slowly rotates so that the hot sec-
tion moves to the cold section where it releases its heat. The thermal wheel recuper-
ator is a compact construction that was widely used for the early gas turbine powered
cars(Fig. 2.30). Despite the high efficiency of a thermal wheel the overall cost of the
system kept it from being applied to micro gas turbines.

The most important feature of the range-extender should be cost, the efficiency is of less
importance. Therefore the chosen recuperator concept is primarily based on cost, compact-
ness and ease of production. The biggest challenge in recuperator design is to generate a
large surface area while maintain a low volume, low weight and low pressure drop. Within
a gas turbine application the size of the recuperator and its pressure drop can be slightly re-
duced when the recuperator is integrated within the design, instead of a stand-alone design.
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Figure 2.28: Plate fin recuperator [22]

Figure 2.27: Parallel plate recuperator [11]

Figure 2.30: Layout of Chrysler 6th gen gas turbine
with two heat wheels [26]

Figure 2.29: Swiss roll type recuperator [33]
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Chapter 3

Modelling

3.1 Goals/requirements

Before the modelling/design process starts, the requirements of the range-extender need to
be specified. Based on the results of the market research the requirements of the range-
extender have been defined. Most of the requirements are not specified to an exact number.
This is caused by the fact this project can be seen as a feasibility study and thus it is not known
yet to which extent a certain a goal is feasible.

Below the requirements/goals are summarized in order of importance:

* Low emissions
Future trends show that emission legislation is likely to become more stringent. The
range-extender should comply with future emission-legislation.

¢ Cost
According to the market research the cost of the final product may not exceed 1.000
euro. The design should be cost-effective and show the potential for a low cost final
product.

e Power output: 10-30 kWe
With a power output of 10 kWe a car could drive continuously with a speed of 80 km/h.
30 kWe would allow a continious velocity of 130 km/h.

e Small packaging
The range-extender should only be used in emergency situations. Therefore it is im-
portant that the size of the range-extender is minimized.

* Low weight
The weight of the range-extender should be as low as possible because of the emer-
gency only usage.
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¢ Fuel: Bio-ethanol
The fuel used to power the range-extender is bio-ethanol. This fuel not only lowers the
emissions but also has a marketing-strategic advantage.

e Max. 105 kRPM
This limit is set by the generator that is going to be used.

e Off-the-shelf components
In order to reduce cost and construction time, many off-the-shelf components need to
be used.

The goals for the first prototype differ from the long-term goals. The long-term goals are
shown in Figure 3.1 with respect to the prototype goals.

Cost Efficiency

Emissions
Sulev 2025

Dimensions
40x40x70 cm

® 15 prototype goals
® | ong-term goals

Figure 3.1: Spider diagram with prototype goals in relation to long-term goals
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3.2 Basic design

Based on the literature research and the market research the range-extender concept can be
shaped to suit the requirements. The configuration of the gas turbine engine can be defined
using a morphological overview. This overview summarizes the main characteristics of the
engine. For each characteristic several option are available. Usually morphological overviews
are grades quantitatively like in Appendix A, but for determining the configuration this is not
satisfactory. Therefore the following morphological is judged qualitative instead of quantita-
tively.

Figure 3.2 shows the morphological overview that is used to determine the general layout
of the gas turbine engine. The design starts with determining the generated electric power
output. From as efficiency point of view a high power output is preferable as smaller engines
are typically less efficient due to scaling effects. For the first prototype and off-the-shelf gen-
erator should be used, due to RPM and power limitations of available generators only one
option is feasible. Therefore 10 kWe configuration with a TD06 compressor should be used
so that standard generator and turbocharger parts can be used.

When the generator’s output and thus the build-size of the turbocharger is defined, a fuel
type can be chosen. Diesel is widely available and has a high energy density content which is
beneficial for mileage. However the emissions are typically higher when diesel is being used.
Gaseous fuel fuel like CNG or LPG show great potential to reduce the emissions significantly,
yet they require large and costly pressure tanks to store fuel. Bio-ethanol also shows potential
to lower emissions and is suitable for partially wet combustion, hence for this prototype bio-
ethanol is the most suitable fuel. Note that gasoline is not included within the morphological
overview. Due to safety precautions gasoline cannot be used for the first prototype.

Each fuel can combust using different combustion principles. Due to the low-emission goal
of the project arich combustion is ruled out due to high NO, formation rates. Alean-premixed
combustion process would lower the combustion temperature and thus the NO, formation
rate significantly, yet it is prone to instabilities. Because bio-ethanol is chosen a fuel, a partial
wet combustion process could be used as lower qualities of bio-ethanol have a certain water
content. This would reduce emissions while keeping the cost low.

The combustion process takes place within the liner, the shape and configuration of this liner
can be can, annular or can-annular. An annular combustion liner could reduce the overall
dimensions of the engine but does require multiple fuel injection points which impacts the
costs negatively. A can-annular design is unsuitable due to the high surface to volume ra-
tio, which would cause significant losses. A can combustor would suit our needs best as it is
cheap and can be easily integrated with a off the shelf turbocharger.

The efficiency of the recuperator has a large influence on the eventual fuel consumption but

is often costly. A trade-off must be made between cost and efficiency. Due to the affordable
nature of the range-extender, a basic recuperator should be integrated into the design. This
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Figure 3.2: Mophological overview

By using the morphological overview a rough design of each individual component has
been made. Basically the individual building blocks are known, yet the building blocks can
be assembled in various ways. When a can combustor is used, it can be placed in a straight or
silo configuration. Within the straight configuration, shown in Figure 3.3, the can combustor
is placed parallel with respect to the shaft of the turbomachinery. This configuration is very
compact, even when a long generator is attached to the compressor side. However due to the
bends, pressure losses are typically higher than the losses from within a silo configuration.
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Figure 3.3: Straight configuration of a can combustor

To reduce the pressure losses a silo configuration can be used which can be seen in Fig-
ure 3.3. Within the silo configuration the can combustor is placed perpendicular with respect
to the turbomachinery shaft. While the silo configuration is beneficial for reducing pressure
losses, the overall dimensions of the engine increase. The generator protrudes creating an
L-shaped engine, the length of the bottom cord is primarily dependent on the length of the
generator when placed in front of the compressor. The L-shaped engine could be disadvan-

tageous when it is integrated within a vehicle, but it could also offer room to place auxiliary
systems.
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Figure 3.4: Silo configuration of a can combustor

To reduce the size of the engine and enhance the recuperator efficiency, the recuperator
can be integrated within the combustor as shown in Figure 3.5. The efficiency of the recu-
perator is improved due to an increase in surface area while maintaining an equal engine
volume.

Figure 3.5: Silo configuration of a can combustor with integrated recuperator
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3.3 Matlab thermodynamic cycle model

Prior to the design process itself, the thermodynamic cycle should be defined. The thermody-
namic cycle is modelled to predict the behaviour of the gas turbine engine. Besides extracting
the engine’s performance it can also be used for optimizing certain parameters, i.e. pressure
ratio, mass flow or TIT. The final configuration was found using an iterative approach where
different configurations, parameters and/or designs were tested.

While gas turbine engines exist in a wide variety of configurations, the workings are based
on the thermodynamic Brayton cycle. Figure 3.6 shows the TS diagram of the recuperated
Brayton cycle. The components and their configuration can be seen in Figure 3.7.

-
i

S

Figure 3.6: TS diagram of recuperated Brayton cycle
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Figure 3.7: Schematic representation of recuperated Brayton cycle
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The model describes the behaviour of the gas turbine engine at a fixed RPM of 105 kRPM
as no transient behaviour is required.

Compressor
The Brayton cycle starts by compressing air with a compressor. In our case we make use of
an single stage radial compressor. The following assumption are made;

e Constant RPM, 105 kRPM
* Constantx and C,

¢ Adiabatic process

The isentropic compressor discharge temperature can be computed with the following rela-
tion.

k=1

Py«
Tos=T P 3.1
The actual compressor out temperature is computed using the following equation.
Tos—T
L,="2"l.7 (3.2)
Ncomp
The total work of the compressor can be defined as;
Wcomp = m(Cp 1> — hl) 3.3)

Combustor

The heating of the compressed air takes place inside the combustor. The exiting temperature
of the combustor is equal to the maximum allowable TIT for maximum system efficiency. The
following assumption are made;

* Pressure loss, 10% over complete combustor, recuperator and piping
» Heatlosses are estimated by applying a constant combustion efficiency
* Constantx and C,
e Ethanol fuel without any contaminations, added water content is pure H,O
The enthalpy of the combustor out is computed using equation 3.4.
hy =T, Cp (3.4)

A certain amount of fuel needs to added to heat up the air to the TIT by means of combus-
tion. The amount of energy needed for this heating process is computed with the following
equations.

Qin mCp(Ty— T3) (3.5)
l)fuel = Qin (3.6)

Ncombustion * Cfuel
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Recuperator

The recuperator’s contribution to T3(combustor inlet temperature) is modelled using a fixed
efficiency determined by using the heat transfer equations for parallel flow heat-exchangers
[24]. The following assumptions are made;

* No heatloss

* Constantx and C,

* Mass flow of hot and cold flow are equal

* Fixed end pressure

* Fixed pressure drop of 200 mbar over the hotside

* The pressure on the cold side of the recuperator is combined with the pressure loss
from the combustor and is assumed at 200 mbar

The combustion chamber inlet temperature T3 is computed using equation 3.7.

Is=T+ nrecup(T5 -Ty) 3.7)

The recuperator efficiency is determined by using the following equations [24].

k
h, = —Nu (3.8)
Dy,
where (3.9
Nu = 0.023Re*®pr%4 (3.10)
(’hCAtransfer )
Ts = Trecup— (Trecup— T1)e ™ 3.11)
Finally this leads to: 3.12)
T5—-T,
Nrecup = —T5 T (3.13)

When the geometry shown in Chapter 4 is used the recuperator efficiency will be 20%. The
applied boundary conditions and assumptions can be found in Appendix D2.

Turbine
The turbine wheel not only drives the compressor but also powers the generator. Within the
turbine model the following assumptions are made:

¢ Constant RPM, 105KRPM
* Constantx and C,
* Adiabatic process

* Heatloss is incorporated into the turbine map
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The temperature of the turbine discharge gas is computed using the following equation.

k=1

1\
Tss = Ty (ﬁ) (3.14)
Is = Ty—Nurp(Ty—Tss) (3.15)

The work of the turbine can be computed using equation 3.16.
Wiurb = (m+mfuel)(h4_h5) (3.16)

Note that within the model ri1 ¢, is added symbolically. The exact value can be solved when
the T3 is defined. This can be done at the end of each iteration step.

Generator
The generator generates electric power to charge the batteries. The power output of the gen-
erator is defined the following way.

Wgen =MNbearings * Ngen * Wrurb = Weomp 3.17)

Note that the bearing losses and electrical losses are estimated to 2% and 5% respectively,
based on Smith [32], [16] and experience.

The overall efficiency of the engine is computed by dividing the output energy over the in-
put energy.
W,
Noverall = 8 (3.18)
Qin
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3.4 Matlab matching model

The turbine drives the compressor and generator, in order to get a steady-state their be-
haviour should match. In order to keep the costs of the range-extender low an off-the-shelf
compressor has to match an off-the-shelf turbine.

In an automotive turbocharger application, the turbine generates enough torque to over-
come bearing losses and drive the compressor. For a shaft-power gas turbine an automotive
turbocharger match is thus not sufficient(but it could be used for a free-power set-up).

The generator has an operating RPM of 105 kRPM and a limiting RPM of 110 kRPM, this limit-
ing RPM may not be exceeded. Because a single-rotor set-up is being used this automatically
defines the rotational velocity of the compressor and turbine on its point of operation.

Small sized rotors typically used for turbochargers have an operating speed well above the
limiting speed. Thus only larger compressor wheels are suitable for this application. The
thermodynamic cycle model clearly showed that a high pressure ratio is beneficial for the
system’s efficiency. This means a compressor wheel is needed which has a high pressure ratio
at the operational RPM of 105 kRPM. A TDO6H compressor wheel was chosen for its perfor-
mance on our point of operation. Figure 3.8 shows the compressor map of the chosen TDO6H.
Note that we have to operate on the 105 kRPM line due to the generator’s properties. To maxi-
mize the system’s efficiency we operate on this line at the highest pressure ratio possible, with
an air flow that is sufficient to generate the power output that is needed.
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Figure 3.8: Compressor map of the TD06H with POI indicated
When a TDO6H compressor is used for a turbocharger application it is driven by a TDO5H

turbine. The point of operation plotted in the turbine map can be seen in Figure 3.9. This
turbine map is a 'Hot-map’ as it is measured at 600°C.
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Figure 3.9: TD05H turbine map with POI indicated

It can be clearly seen that the flow parameter of the POI is too high for this turbine. This
is caused by the fact that automotive turbochargers are equipped with a waste-gate !. At the
chosen POI, the waste-gate is opened and lets through approximately 30% of the mass flow.
For a shaft power configuration a waste-gate is not preferred. This means that a turbine wheel
should be used which can handle the high flow-parameter with a closed waste-gate.

The flow parameter and corrected RPM can be computed using the following equations.

my/ (TIT)
PR
RPM

vV (TIT)

Flow parameter (3.19)

RPMcorrected (3.20)

Figure 3.10 shows the turbine map of a TD07S, when the POl is plotted it fits the behaviour of
the turbine. Besides the matching flow parameter the RPM should also match, which is the
case for a TDO6H-TDO07S combination. The turbine efficiency can be read from the middle-
plot. The found compressor- and turbine-efficiency values can now be incorporated into the
Matlab cycle model to improve its accuracy.

1A waste-gate is a turbine bypass valve that regulates the speed of the turbocharger, another advantage is that
a waste-gated turbine can use smaller A/R housing which lowers the spool-up time
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Figure 3.10: TDO7S turbine map with POI indicated

When the results of the cycle model and matching model are combined, it can be con-
cluded that a compressor/turbine match has been found which would have the following
properties.

Power output 10.1 kWe
Efficiency 7.5%
Fuel consumption | 25.5 L/hr (E100)

Table 3.1: Engine properties derived from Matlab modelling
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3.5 Cycle-Tempo model

The results of the Matlab cycle model is validated using a Cycle-tempo model. The model is
constructed using [10]. Figure 3.11 shows the cycle modelled.

Figure 3.11: The Cycle-tempo model

The results of the Cycle-tempo model match the results of the Matlab model with an error
within 3%. This error is caused by the fact that the fuels from Cycle-tempo differ from the
fuels used in the Matlab model. Cycle-tempo does not offer 100% ethanol as a fuel and uses
coal instead. While this has no impact on the TIT it changes the total mass flow going through
the turbine changing the turbine work slightly.
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3.6 Fluent combustion simulation

In order to check the behaviour of the combustion chamber, primarily focussing on flame
length and wall-cooling, a CFD combustion simulation is made using Ansys Fluent. The re-
sults of a stepped RQL liner can than be compared with a SRQL liner. An additional study can
be conducted to investigate the impact of 90% bio-ethanol compared to 100% bio-ethanol.
The simulation is based on the work of Sallevelt [30], making use of the non-premixed com-
bustion model within Fluent.

3.6.1 Combustion model

The combustion process is modelled as non-premixed combustion because the fuel and ox-
idizer enter the reaction zone in separate streams. The turbulent flame is modelled using
an ensemble of laminar flame jet [25] [17]. The chemical reaction rate is expressed with the
Damkohler number?, when the Damkohler number is unity or above the reaction is limited
by turbulent mixing which is the case for combustion reactions. The thermo-chemistry can
be reduced to a single parameter; the mixture fraction [25]. By using this approach the species
transportation does not have to be solved. The thermochemical calculations are solved dur-
ing the preprocessing of the simulation. The results are tabulated for look-up which is done in
the processing itself. This approach requires the combustion problem to meet the following
criteria [2];

» Deflagrational combustion with discrete fuel and oxidizer inlets

* Fast chemical reaction, limited by turbulent mixing

* Lewis number?® is equal or around 1, which is true for turbulent flows
* Only one type of fuel can be used

* Only one type of oxidizer can be used

The mixture fraction, defined by equation 3.21, is a conserved quantity and therefore its
governing transport equation does not have a source term [2]. By using this approach com-
bustion is simplified to a mixing problem and the need for solving non-linear mean reaction
rates is avoided. The local mass fraction consists of unburnt fuel elements(C,H) and the
other elements(CO,, H,O, O,). Once the fuel mixture is mixed with air, the thermochemical
behaviour is looked-up in the previously made tables, which are modelled with the equilib-
rium model [2]. The chemical reaction modelled is restricted to equation 3.22. The formation
of nitrogen-oxides or sulphuric oxides is therefore not present.

mi

i= (3.21)
7 Mot

ZRatio of the reaction rate and mass transport rate
3Ratio of thermal diffusivity to mass diffusivity
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Where mg,e) represents the amount of fuel in moles while my represents the quantity of
air in moles.
Co,H50H + 30, — 2C0O, +3H,0 (3.22)

The mixture fraction is modelled using the Favre mean mixture fraction [2] which is ex-
pressed the following way;

9 P4V (T =V- (ﬂv?) + S+ Suser (3.23)
ot (o

Where S,, is the source term* describing the transfer of mass in liquid form into gas phase
while f represents the fraction. Note that this equation is only valid when the Lewis number
is unity, which is the case for turbulent flows.

Besides solving for the Favre mean mixture fraction, the conservation of the mixture frac-
tion variance needs to be solved for. The conservation of the mixture fraction variance(f”) is
needed to describe the turbulence-chemistry interactions. The mixture fraction variance is
expressed the following way [2];

0 — _ _ _ _
5, +V (i) =V (%v;ﬂ) + Cgptr (V)2 — Cdpgf,z + Suser (3.24)
t

Where 0.85, 2.86 and 2 are used for o, Cg and C, respectively, again S, ser is an added source
term.

3.6.2 Geometry & Boundary conditions

The Fluent combustion simulation focusses on the behaviour of the combustion chamber.
Therefore only the geometry of the combustion chamber is used. The combustion chamber
has rotational symmetry and thus a 2D geometry is sufficient for studying the flame-pattern
and effectiveness of wall-cooling. The shape of the stepped RQL combustion chamber and
its hole pattern are based on the design of Samuelsen [31].

The first step of the defining the combustion chambers geometry is to study the amount of
fuel and air needed to carry out the complete combustion. When the molar masses are com-
puted and equation 3.22 is taken into account, it appears that 100% bio-ethanol would have a
stoichiometric ratio of about 9. By using these values in combination with the recommended
equivalence ratio’s, from [31] seen in Figure 3.12, the air distribution over the liner can be de-
fined. 13% of the total mass flow of air should go through the swirler and mix with the fuel.
The design of the swirler is based on the mass-flow and swirl number. For this application a
swirl number of 5 is recommended, see equation 2.2.

Within the first combustion zone two rows of cooling air are present, each taking 10% of
total air mass flow. The quenching zone requires 40% air while the remaining 27% is used for
the lean combustion and dilution.

4The source term is a scalar function and are added to describe the addition of fuel
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The diameter of the combustion chamber impacts the airspeed which, in turn, influences
the combustion process and overall stability. The initial airspeed within the combustion
chamber should be relatively low, but still higher than the flame-speed. When the average
airspeed is higher than the flame-speed, recirculation area’s should occur to maintain an an-
chor point for the flame. According to Lefebvre [20] the turbulent flame speed of ethanol can
be computed using equation 3.25. The turbulent flame is based on the laminar flame speed
which is 0.3m/s for the rich section and speeds up to 0.45m/s once quenched according to [1].

, 0.5
S; = D—+i (3.25)
laa sz '

Where D represents the droplet diameter which in our case is 30 micron based on the
chosen injector, a represents the thermal diffusivity and A the evaporative constant.

When the turbulent flame speed is evaluated it appears that it is close to the laminar flame
speed which is between 0.3 and 0.45 m/s. If the airspeed within the combustion chamber
needs to be slowed down to such a low value the diameter would become excessively large.
To avoid a large combustion chamber, recirculation area’s need to be added.

Further down the combustion liner airspeed will increase due to a temperature rise and de-
creasing liner diameter. The diameter of the quenching section influences the quenching
depth and thus its effectiveness. If the diameter of the quenching zone is chosen too large,
the quenching air-jets will not penetrate to the core of the flame, thus maintaining a high
core temperature. When the diameter of the quenching zone is too small, the quenching ef-
fect could become too strong creating a partial of even full blow-off. To enhance mixing and
dilution, the air speed of the lean combustion and dilution section should be higher than
the initial rich combustion section. The conical shape between the quenching zone and lean
combustion zone offers another anchor point for the flame. After the combustion liner the
airspeed will increase further until the flow reaches choke-point.

DILUTION
27% JE AIR
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N
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2N N @\\\\\\\\\\\\\\\\\\\\\\\\\\\\\&
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Figure 3.12: Equivalence ratio’s along the length of the RQL combustor

To ensure the right airspeed along the combustion chamber the dimensions seen in figure
3.13 are used. The overall length of the combustion chamber should be sufficient to be able
to house the complete flame and partially its mixing zone. The last mixing/dilution phase
can also occur in the turbine inlet and scroll.
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Figure 3.13: Outer dimensions of the combustion liner

Figure 3.14 shows the geometry and boundary conditions used. A mass flow rate is spec-
ified at the air-inlet and fuel inlet, which are 0.1993% and 0.00681%g respectively, which were
derived from the Matlab cycle model. The temperature of the air-inlet is equal to the recu-
perator discharge temperature obtained from the Matlab cycle model. The inlet air consists
of 21% O, where the fuel consists of 100% C,HsOH. The turbulence intensity is assumed
to be 5% based on [30]. The turbulence intensity parameter is used to compute the x and w.
The back-pressure caused by the turbine is set at 1.85 bar.

Air mass flow in
430K
0.1993 kg/sec

Fuel inlet

Pressure outlet
0.0066 kag/sec

1.85 bar

Figure 3.14: Boundary conditions used for the Fluent combustion simulation

Note that the CFD-simulation only models the fluid-domain. The influence of the sheet-
metal on the flame shape can be neglected.

The fuel is injected in the form of droplets with a Sauter mean diameter of 30pm. The non-
uniformity of the droplets is described using the Rosin-Rammler distribution which is de-
scribed in [20]. The distribution is described with the following function;

dp
_(7)4

1-F=exp (3.26)
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3.6.3 Mesh

Figure 3.18 shows the meshed geometry. The mesh consists of 30.391 quadrilateral elements.
Quadrilateral elements are used as the geometry can be considered structured, which re-
duces the computational time. The mesh is refined around the hole pattern of the combus-
tion liner so it can handle the large gradients(i.e. velocity and temperature).

3.6.4 Solver set-up

Fluent provides several different solvers that can be used, for a combustion problem a 'Cou-
pled Pressure-based’ solver is preferred due to its stability and convergence behaviour [2].
Within the Coupled Pressure-based solver the mass conservation and momentum equations
are solved. The velocity field can be obtained from the momentum equations. All energy and
species equations are solved sequentially.

Combustion simulations typically struggle to converge. The convergence can be eased by us-
ing the pseudo transient method. While a steady-state solution is being computed a pseudo
time-step can be used to evolve the initial condition to the final steady-state. The length of
this pseudo time step is automatically computed based on the velocity field.

The turbulence is modelled using the k¥ —w model. Within the x — w model wall functions
are being used [9].

Choosing a good initial condition is essential to get the combustion simulation to converge.
The initial condition used by the solver is based on a ’cold’ flow simulation. The solution
contains information about the flow-field but neglects species and energy equations.

When solving actual combustion simulation several higher order under-relaxation factors
were used. By increasing the relaxation factors the convergence can be accelerated, yet when
excessive high values are used the solution becomes unstable. Figure 3.16 shows the relax-
ation factors used. The magnitude of the relaxation factors are determined experimentally.

Pseudo Transient Explicit Relaxation Factors

Spatial Discretization Pressure
Gradient & | 0.25
[Least Squares Cell Based v]

Pressure i

lSecond Order v] = | it

Momentum Density

[Second Order Upwind v] ; | 0.25

Turbulent Kinetic Energy e

IFirst Order Upwind v] TDI Y

Turbulent Dissipation Rate

[First Order Upwind - ] 1|'urhu|ent Kinetic Energy
et x 0.75

Figure 3.15: Discretization models used
Figure 3.16: Relaxation factors used
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3.6.5 Validation

To investigate the validity of the results several validation checks can be conducted. The first
validation check is conservation of mass, the mass inlets should equal the mass outlet. Figure
3.17 shows the conservation of mass flow. The error present is in the order of 10”8 which is a
numerical error. This error is small enough to be neglected.

Mass Flow Rate (kgss)
air_velocity inlet 8.20004633
fuel velocity inlet .0868014428
pressure_outlet -B.206BL77h

Het 3.5518608e-68

Figure 3.17: Mass flow calculation

When the conservation of energy is investigated, it appears that the error is exactly zero.
This is caused by the fact that the energy equations are based on an energy equilibrium. This
means that the solution can only converge when the energy equilibrium equations holds.

During solving the simulation Fluent can plot the convergence residuals. Besides conser-
vation of mass and energy, the magnitude of the residuals is used as a criterion to determine
if the computation can be stopped. The following figure shows the convergence of different
parameters. It can be clearly seen that species typically have a larger error than other vari-
ables. This is caused by the fact that species have a relatively larger relaxation-factor.

The grid dependency is studied by refining the mesh up to a point that the grid dependence
is negligible. Table 3.2 and Figure 3.19 show the number of elements versus the residuals.
Initially the accuracy of the computation increases with an increasing element number. After
a certain point the problem has converged enough and there is no extra benefit in increasing
the element number. Therefore the mesh with 30391 elements has been used.

0,100 rm)

0025 0075

Figure 3.18: Combustion chamber meshed

Page 61



]
A MITSUBISHI TURBOCHARGER AND ENGINE EUROPE B.V. TU Delft

number of elements | Continuity
5791 Not converged
7791 Not converged
8926 Not converged
14427 1.6698 x 10A-3
17074 9.5969 x 107-4
30391 6.9048x10/-4
46832 3.7738x10M-4
55848 5.4695x10/-4
66864 4.5796x10/-4
104595 9.5422x10/-4

Table 3.2: Grid dependency check

1073 Grid dependce
4 T T T T T
= Data points
fitted curve
35 1
3|
25
=
2
= 2r
[ =
(=]
Q
156
il
05
o . . . . .
0 2 4 6 8 10 12
number of elements %10%

Figure 3.19: Residual with respect to the number of elements

1e-05
1e-08
1e-07
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Figure 3.20: Convergence plot
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3.6.6 Results

Figure 3.21 and 3.22 show the velocity distribution along the combustion chamber. The mag-
nitude of the velocity within the liner is relatively low which could emphasize the buoyancy
effect, meanwhile it offers robustness. The flame is anchored by three anchor points which
are clearly visible in the velocity distribution figures. The anchor points are created by the
recirculation area generated by the axial swirler and the toroidal recirulation caused by the
front cone. The SRQL combustion liner has a larger swirler recirculation area, this can offer
more robustness against flame-out but is likely to increase NO, emissions due to increased
residence time.

Velocity ANSYS
velocity R16.0
3.151e+001
2.836e+001
2.521e+001
2.206e+001

- 1.891e+001
1.576e+001
1.260e+001
9.454e+000
6.302e+000
3.151e+000

0.000e+000
[m s?-1]

[ 0050 0100 (m)

0025 0075

Figure 3.21: Velocity distribution
of the SRQL liner

Velocity ANSYS
velocity R16.0
3.121e+001
2.808e+001
2.496e+001
2.184e+001
1.872e+001
1.560e+001
1.248e+001
9.362e+00Q
6.241e+000
3.121e+000

0.000e+000
[m s?-1]

[ 0050 0100 (m)

0025 0.075

Page 63



]
}\ MITSUBISHI TURBOCHARGER AND ENGINE EUROPE B.V. TU Delft

Figure 3.22: Velocity distribution
of the SRQL liner

The temperature distribution of the RQL and SRQL combustion chamber is shown in Fig-
ure 3.21 and 3.22.

Temperature ANSYS
temperature R16.0

2.440e+003

| 1:8476+003

1.100e+003
9.882e+002
8.765e+002
7.648e+002
6.531e+002
5.414e+002
4.298e+002

K]

0 0050 0100 (m)
0.025 0075

Figure 3.23: Temperature distribution
of the SRQL liner

Temperature ANSYS

temperature R16.0

H 2.4936+003

2.149e+003
2.034e+003

1.347e+00:
1.232e+00:
1.117e+00:
1.003e+00:

5.442¢+00):
4.296e+00
[K]

[ 0050 0100 (m)
0025 0.075

Figure 3.24: Temperature distribution
of the SRQL liner

The temperature distribution of the RQL combustion chamber clearly shows the quench-
ing effect of the middle section. While the peak temperatures are comparable the hot zone in
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the quenching zone is significantly narrower than the hot zone of the SRQL liner. This means
that the quenching zone in the RQL liner is more efficient at cooling and diluting the flame
than the SRQL quenching zone. The jets of cold air penetrate the hot-section deeper while
the quenching effect of the SRQL liner only affects the surface of the flame. Although the RQL
quenching zone is more efficient at cooling and diluting the flame it also increases the risk of
blow-off or partial incomplete combustion lowering combustion efficiency.

C2h50h.Mass Fraction ANSYS
fuel R16.0

9.078e-00

0.000e+000

[ 0050 0100 (m)

0.025 0075

Figure 3.25: fuel fraction of the
stepped RQL liner

C2h50h.Mass Fraction ANSYS
fuel R16.0

9.043e-00

6.531e-00
6.0286-00

0 0050 0100 (m)

0025 0.075

Figure 3.26: Fuel fraction of the
straight RQL liner
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A clear difference can be noticed when the temperature distributions of the liners are
compared. The difference can be explained with the results of the fuel fraction distribution
that can be seen in Figure 3.25 and 3.26. At the quenching zone of the RQL liner the fuel
fraction gets diluted with air and extra oxygen is added to quench the flame from rich to lean.
When a straight can is used the dilution effect is reduced, which means in the core the flame
is not well mixed. The rich burning flame retains a lack of oxygen in its core. This causes the
flame to grow longer and might cause (locally) a higher measured TIT. The length of the flame,
which can be derived from the fuel fraction figures, shows that the length of the combustion
chamber is sufficient for both the RQL and SRQL liner.

Co2.Mass Fraction ANSYS
co2 R16.0

1.863e-001
1.759e-001

3.104e-002
2.069e-002
1.035e-002
0.000e+000

0 0050 0100 (m)
0.025 0075

Figure 3.27: CO, mass fraction of
the stepped RQL liner

Co2.Mass Fraction ANSYS
C02 R16.0

1.964e-00

[ 0050 0100 (m)

0025 0.075
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Figure 3.28: CO;, mass fraction of
the straight SRQL liner

02.Mass Fraction ANSYS
02 R16.0

2.471e-001
2.333e-001
2.196e-001
1 2.059e-001
+ 1.922e-001

[ 0050 0100 (m)
0.025 0075

Figure 3.29: O, mass fraction of
the stepped RQL liner

02.Mass Fraction ANSYS
02 R16.0

2.502e-001

1.529¢-001
1.390e-001

0 0050 0100 (m)

0025 0.075

Figure 3.30: O, mass fraction of
the straight RQL liner

From the CO, and O, mass fraction distribution it can be derived whether the flame is
rich or lean. The front sections of both liners are identical, therefore the behaviour is com-
parable. The first combustion section should be rich, which is confirmed by the lack of O,.
When the flame is quenched the mixture is diluted which reduces the lack of O,. This can
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be clearly seen in Figure 3.29. When the SRQL liner is used, the diluting effect is less pro-
nounced, this causes a rich core to remain. The effect of this rich core can also be seen in the
temperature distribution, as the temperature increases.

Besides the change in liner shape, an experiment with different fuels can be conducted.
To lower emissions a wet combustion process can be applied. The following simulations are
conducted using bio-ethanol with 10% water content.

When the results shown in Figure 3.31 are compared with figure 3.23 it can be noticed that
the peak temperatures are lower due to the cooling effect of the water content. The reduced
peak temperature means that the NO, emission is lower. The SRQL can shows a similar result
when 90% bio-ethanol is used, which can be seen in Figure 3.24 and 3.32.

Temperature ANSYS
temperature R16.0

2.395e+003
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o 0.050 0.100 (m)

0.025 0075

Figure 3.31: Temperature distribution of the RQL liner with 90% ethanol
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Figure 3.32: Temperature distribution of the SRQL liner with 90% ethanol

The length of the flame increases in size due to the water content as the evaporation rate is
slowed down. The result of this effect can be seen when Figure 3.33 is compared to Figure3.25.
The same effect occurs within the SRQL liner: the flame length is increased and is not fully
combusted at the end of the combustion liner. A small section of the flame will enter the
turbine inlet manifold. The length of the turbine inlet is sufficient to cope with this flame-tip.
The fuel fraction distribution of both liners also shows that due to the water content less fuel
combusts within the rich combustion zone. This means that more fuel is burnt within the
lean combustion section, lowering the NO, emissions even further.

C2h50h.Mass Fraction ANSYS
fuel R16.0
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Figure 3.33: Fuel fraction along the RQL liner with 90% ethanol
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Figure 3.34: Fuel fraction along the SRQL liner with 90% ethanol
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The results of other parameters, i.e. CO» and O, are similar to their original results as the
same amount of combustible fuel is used. Equivalence ratio’s are therefore independent of
the water content.

3.6.7 Conclusion

From the results obtained from the Fluent combustion simulation it can be derived that the
dimensions and hole pattern of the combustion liner are satisfactory but not yet optimized.
The behaviour and the robustness of the combustion chamber can be fine-tuned with the
test-results from engine tests.

The main questions answered by the Fluent combustion simulation is that it appears that
the main dimensions(length and diameter) of the combustion chamber ensure a sufficient
mixing, stabilising and combustion behaviour. The wall-cooling seems sufficient to prevent
the liner from over-heating.

From the combustion simulation it can also be concluded that the 90% bio-ethanol is not
only cost-wise an interesting fuel, but that it has the potential to lower the NO, emision due
to lower peak temperatures. Besides the lower NO, emissions the CO, emission could be
slightly reduced due to an increase in turbine mass flow.

The simulation showed that the shape of the quenching zone plays a decisive role for the
quenching effectiveness. The RQL showed the strongest quenching behaviour but it risks
partial blow-off while the SRQL quenching zone might be ineffective. The influence of the
phenomenon on combustion efficiency and stability should be studied in practice.
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Chapter 4

Final Design

The geometry of the gas turbine range extender can be finalized when the model iterations
loops are finished. The 3D CAD design has been made using Solidworks.

The layout of the engine is primarily focused on reducing packaging-size and enhancing
mass-production capability.

The engine consists of a turbocharger with a generator mounted on the compressor-side
and a horizontal can shaped combustion chamber with integrated recuperator. Figure 4.1
shows a section view of the complete engine.

Fuel nozzle Combustion liner

Exhaust  Fuelinlet Combustion chamber Turbomachinery Generator
with recuperator
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Figure 4.1: Overview of gas turbine engine with section view of the combustion chamber and recu-
perator

The combustion chamber consists of several concentric stainless steel tubes that can be
seen in Figure 4.2. These concentric tubes not only house the combustion liner but also act
as an recuperator. The outer tube holds the exhaust gas while it heats up the middle tube
holding the compressed air. In the centre the combustion liner is placed. At the end of the
middle tube the air is redirected to flow into the centre tube.

Exhaust g
HP air from compressor

Exhaust gasses

Figure 4.2: Section view of the combustion chamber with incorperated recuperator

All tubes are made of stainless steel(304L) sheets that are rolled and welded. The design
is made so that these parts could be stamped and deep drawn for mass-production, mini-
mizing the cost. The inlet and outlet manifold could be manufactured using die-casting or
investment-casting methods.
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4.1 Turbomachinery

The results of the matching model made clear that a standard automotive compressor/tur-
bine combination cannot be used. A combination of a TDO6H compressor driven by a TD07S
turbine did match and thus a custom turbocharger assembly is needed. The turbine-housing,
turbine rotor and bearing-housing from the TD07S turbocharger are used. In order to fit the
compressor compressor-cover, the TD07S bearing-housing is trimmed-down.

Figure 4.3: TD07 Cardridge modified to fit a TDO6H compressorwheel and compressor cover

Figure 4.4: Turbocharger rotor, with 2 radial floating ring bearings and one axial bearing
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4.2 Combustion Chamber

The final design uses a can shaped combustion chamber. In order to be able to experiment
with different liners the design of the combustion chamber is modular. The liners can be in-
terchanged while other parameters, i.e. nozzle, swirler, remain the same.

Three combustion liners have been made, a stepped RQL liner, a straight RQL liner and a
rich combustion liner. Both RQL liners use the same equivalence ratio along the liner which
is are specified in Figure 4.2.

The rich liner is a more conventional design that makes use of rich flame [23] [4]. While a full
rich combustion chamber is not beneficial for the emissions, it is known for its stability. The
rich liner can be used to test the engine’s rotor/generator without the risk of instabilities.

Rich
combustion

Quenching

zone
Lean

combustion

Figure 4.5: RQL and SRQL liner
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Primary
combustion

Secundairy
combustion

Mixing
zone

Figure 4.6: Rich Liner

The front cone of the combustion chamber houses the swirler, this swirler stabilises the
flame. An axial hole swirler is used to minimize the losses and focusses on manufacturability
[4] [23]. On the edge of the front cone holes provide wall-cooling for the first section of the
combustion liner. The dimensions of the swirler and wall-cooling holes are chosen so that an
equivalence ratio of 1.8 is obtained [23] [4].

After the front cone, the rich combustion starts. To reduce the temperature of the flame,
which reduces NO, emissions, a quenching zone is used in the RQL liners.This quenching
zone reduces the equivalence ratio from ¢ = 1.8 to ¢ = 0.6. This rapidly cools down the flame
lowering the NO, production. After the quenching zone the mixture is further diluted by the
lean combustion zone. Within the lean-zone the mixture is diluted to an equivalence ratio of
$=0.3.

The rich can has an identical front cone and swirler that generates a rich flame. Along the

liner there are three section, primary combustion, secondary combustion and a mixing zone.
The rich can offers stable behaviour with the disadvantage of a higher NO,, emission.
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Figure 4.7: Axial hole swirler

In the centre of the axial swirler a fuel nozzle is placed which can be seen in Figure 4.11.
Fuel nozzles provided by Hago and Danfoss are used which have a wide variety of cone angles,
mass flows and flow patterns.

Table 4.1 shows the properties of the available fuel nozzles.

£ X ligament
break-up

drop

fluid sheet b
hollow cone nozzle

cylindrical
insert

sheet break-up!

i

v D> ofD,V' 4 —Lnozzleaxis

Figure 4.8: Insides of the pressure swirl
atomizer used

Figure 4.9: Schematic section view of the injector

Table 4.1: Nozzels and their properties

Nozzle, # | Flow (7 bar), LPH | Flow pattern | Cone angle [°] | Manufacturer
1 24 Full cone 80 Hago
2 19 Full cone 80 Hago
3 19 Hollow Cone | 160 Hago
4 27 Hollow Cone | 160 Hago
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Figure 4.10: Fuel nozzle with its nozzle holder

Figure 4.11: Fuel nozzle mounted in the centre of
the swirler

4.3 Recuperator

The requirements of the range-extender puts more focus on the outer dimensions than on
overall efficiency. Therefore a compact recuperator design has been chosen to boost the ef-
ficiency with minimum added cost and volume. The recuperator is a 'wrap-around’ design
that is placed around the combustion chamber. This makes the recuperator small and rel-
atively cost-effective. The initial recuperator design is a hollow space which the exhaust gas
flows through. In a later stadium of the development guide/heat transfer fins can be added to
increase the gas path length to boost the efficiency. The flow direction can be seen in Figure
4.2. The characteristics of the recuperator on the point of operation can be seen in Table 4.2.

Parameter | Value
Nrecup 20 %
ATcold 123 °C
AThot 94°C

Table 4.2: Recuperator characteristics on the point of operation (105 kRPM)

The behaviour of the recuperator is not optimized yet. Within this project the rough shape
and configuration is determined, further improvements can be made within future research.
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4.4 Generator

A high-speed permanent magnet motor is used as a generator. This motor is built by e+a
Elektromaschinen und Antriebe AG. The motor arrives as a separate rotor and stator. The
stator consists of permanent magnets that create a two-pole field. A two pole stator has been
chosen to lower the frequency, which is preferable when the generator would be used as a
starter motor. The stator contains the coils that generate the electric power. Due relatively
high losses and high power density, the generator should be water cooled. Table 4.3 and
Figure 4.12 show the properties of the generator. More detailed specifications can be found
in the Appendix.

Power 10 kWe
Voltage 280 Vac
Frequency | 1750 Hz
Current 22A

Table 4.3: Generator properties

300 4 U[V] 12 4 P [kW]
250 1 10
200 o 8 4
150 4 6 4
100 4 4 4
50 2 4
f[Hz] f[Hz]
0 0 r r T .
0 500 1000 1500 2000 0 500 1000 1500 2000

Figure 4.12: Voltage and power plotted against frequency

The generator is mounted on the compressor side. The generator stator and rotor are
mounted inside the generator housing that can be seen in figure 4.13. To ensure that the
generator can be easily removed it is mounted in front of the compressor. The shaft of the
generator is coupled to the shaft of the turbocharger by a coupling-shaft. This coupling shaft
replaces the standard compressor nut.
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Crash surface Cooling sleeve Generator housing Compressor Cover

Pre-load spring Stator Rotor Pre-load spring  Crash surface Coupling shaft

Figure 4.13: Generator section view

The coupling shaft has two indents making it compliant to compensate for small align-
ment errors. These indents also act as a break-away safety feature. If in any case the generator
or turbocharger seizes, the coupling shaft will break.

The shaft of the generator houses the permanent magnet rotor that is press-fitted on a conical
surface. While the turbocharger uses floating-ring bearings, the generator uses full comple-
ment hybrid angular contact bearings. These bearings are preloaded with two springs. These
springs give the rotor the ability to move horizontally direction for short distances. This is
needed to not over-define the axial-thrust bearing inside the turbocharger. Finally the shaft
has two crash surfaces. In case of a bearing failure, the shaft crashes onto these surfaces while
preserving a clearance between the rotor and stator. The bearings are lubricated with high-
speed LGLT grease supplied by SKE

The stator should be water-cooled as forced-air cooling would not be sufficient. The gen-
erator housing has cooling fins that are wrapped in an sleeve. Water flowing between the
cooling fins and the sleeve cools the stator as well as the bearings.

An eigenfrequency analysis has been conducted in order to check the first bending mode of
the rotor. A conventional turbocharger passes the rigid body modes during normal opera-
tion, however the bending modes should be avoided by creating a stiff enough shaft to lift the
first bending mode above the operation range. In this case this is not possible as the compli-
ant coupling should have a low stiffness. Luckily the gas turbine engine has a singe point of
operation with a constant RPM. The coupling shaft can be dimensioned in such a way that
the operational RPM lies between the eigenfrequencies so that the eigenfrequencies are not
excited during operation. During start-up the engine does cross these frequencies while ac-
celerating, but because of the acceleration the duration of the excitation is minimized. The
operational RPM of the engine is 105 kRPM which corresponds to 1750Hz. By altering the
stiffness of the coupling shaft the bending modes are placed at 1496 Hz and 1912 Hz.
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Table 4.4: My caption

Frequency Hz | corresponding RPM
237.47 14248
237.54 14252
1494.8 89688
1496.5 89790
1912.5 144750
3294.1 197646
Eigenfrequency=1486.5 Surface: Total displacement (mm) o
A 3655
x10?
3.5
100 3
L
‘N 2.5
2
1.5
1
0.5
ZVK
y ¥ 4.35

Figure 4.14: Bending mode of the generator and coupling shaft

As mentioned before, the generator uses angular contact ball bearings. The choice of
bearings to use depends of the limiting-, reference-speed and the dynamic- and static-load
rating, fatigue load limits are not taken into account for this prototype . The maximum allow-
able speed which the bearing can take is determined by the limiting speed or the reference
speed. The limiting speed expresses the mechanical load on the rollers, races and lubricants.
The reference speed only takes into account the thermal load on the bearing. Due to the
construction of the generator the limiting-speed is typically lower than the reference-speed,
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therefore the limiting-speed is the parameter used for selecting a bearing. The limiting-speed
is closely related to the centripetal force caused by the rolling-elements, the limiting-speed
can thus be increased by choosing a bearing with a smaller outer shoulder diameter' or by
the reducing ball-weight. For the generator both measures are needed to increase the limiting
speed above our operating speed. The ball-mass is reduced by using SIsN4 ceramic for the
ball, the dimensions of the ball bearing are reduced to 8x22x7 mm. The exact specifications
of the chosen bearing can be found in Appendix E.

Unner diameter of the outer race
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Chapter 5

Test Set-up

5.1 Engine test-stand

The gas turbine engine is mounted on an engine pallet shown in Figure 5.1 & 5.2. The test
set-up is made such that all auxiliary systems are mounted onto the pallet.

The engine is supported by three posts mounted on an engine pallet!. The support of the
turbine-housing is fully fixed meaning all degrees of freedom are restrained. The combustion
chamber and the generator are both supported by a sliding support. These sliding supports
will restrain only 4 degrees of freedom. This ensures that all parts can expand during heating
and cooling without adding extra stresses on the engine parts.

Figure 5.1: Engine mounted on engine-pallet

IStandardized engine support frame used in engine test-cells
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Figure 5.2: Engine mounted on engine-pallet

5.1.1 Oil circuit

The turbocharger has oil pressure-fed journal bearings. An oil system with pump, storage-
tank, cooler, and filter is needed to supply the oil to the turbocharger. The oil-cooler is con-
nected to the cooling system of the test-cell via a heat-exchanger.

Figure 5.3: Oil pump, cooler and filter

5.1.2 Fuel-system

Three types of fuel can be used for the engine tests: diesel, 100% bio-ethanol and 90% bio-
ehtanol(10 % water). Diesel is supplied by the test-cell with a pressure of 5 bar. A Bosch 044
fuel pump that is capable of reaching a fuel pressure of 5 bar is used. Between the fuel nozzle
and the fuel pump a fuel filter and a mass flow meter have been placed.
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Figure 5.4: Fuel system including; pump, filter and mass flow sensor

The corrosive effects of bio-ethanol make it unsuitable for the existing fuel-supply sys-
tem. Therefore a separate fuel-tank containing bio-ethanol is placed on the engine-pallet.

5.1.3 Sensor layout

Measurements are carried out by different sensors placed at the point specified in Figure
5.5. The total temperature measurements are conducted using K-type thermocouples. The
thermocouples are placed directly in the flow at 1/3 of the tubes diameter to get the most
accurate reading. The static pressure is measured at the same spot as the temperature using
the sensor mountings that can be seen in Figure 5.6. Due to the lack of room it was not
feasible to install multiple thermocouples or dynamic pressure measurements.

Recuperator

Combustion Pruct

chamber Tiow
1 Miyel 5

Generator Compressor Turbine

/ PrinTrin

Figure 5.5: Sensor layout
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Figure 5.6: Thermocouple and static pressure connections on the turbine inlet
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5.2 Preliminary test

5.2.1 Vaporizing nozzle test

The amount of fuel supplied by the fuel nozzle is controlled by pressure. At low pressures the
fuel nozzle does not generate a proper spray. For this reason the minimum fuel flow needs
to be determined. This is done using a stationary test where the fuel pressure is increased
till the nozzle begins to spray. The minimum fuel setting needed for decent spray behaviour
appeared to be 25% of the maximum fuel flow(Fig. 5.7). The flow pattern and cone angle
remain constant beyond this point which can be seen in Figure 5.8.

Figure 5.7: Fuel nozzle spraying Figure 5.8: Fuel nozzle spraying bio-ethanol at
bio-ethanol at 25% throttle 75% throttle
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5.3 Engine test

5.3.1 Testing goals

The goals of the engine tests are defined as follows;

1. Start up & Stabilise
The engine should be started and run at a constant RPM. Instabilities in the combus-
tion chamber could cause RPM fluctuations. By optimizing the combustion chamber
design these instabilities should be reduced.

2. Power measurements
The gas turbine should drive the generator that can be loaded using an electrical DC-
load. By varying the electrical load, the mechanical load on the gas turbine engine can
be controlled. The engine should be able to reach an electrical power output of 10kW,
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Chapter 6

Test Results

6.1 Stability tests

Before and during the start-up tests the effects of using different nozzles were observed. Ta-
ble 4.1 shows the nozzles that are being tested. Nozzle #1 and #2 are full cone nozzles while #3
and #4 are hollow cone nozzles. Besides the difference in spray pattern, both types of nozzles
have different spray patterns. Nozzle #1 and #2 have a hollow cone spray pattern while #3
and #4 offer a full cone spray pattern. When a small cone angle is used (nozzle #1 and #2) the
flame narrows but increases in length. Due to placement of the spark ignitor, the small cone
is more difficult to ignite as the fuel is sprayed past the cone. To resolve this issue a lower
ignition speed needs to be used. A wide cone ignites more easily as it sprays in front of the
spark ignitor. The disadvantage of a wide cone spray is that a wider and shorter flame is more
sensitive to instabilities.

The spray pattern has a large influence on stabilities and emissions. The hollow cone noz-
zle sprays more fuel on the circumference of the cone where the air velocity is higher due to
the axial swirler. A hollow cone generates a more constant equivalence ratio which prevents
temperature peaks, and thus lowering NO, emissions.

The fuel flow is controlled by the fuel pressure. A smaller nozzle needs a higher pressure
to achieve an equal fuel flow. Therefore a smaller nozzle suffers less from pressure fluctua-
tions within the combustion chamber. The mechanism creating this instability is shown in
Figure 6.3.

6.1.1 Richcan

The first start-up tests were conducted using the rich can with nozzle #3. The first start-up
was not successful due to large combustion instabilities.

From the discolouration (see Table 6.1) of the combustion liner the position and length of
the flame can be derived. Figure 6.1 and 6.2 show the discolouration patterns of the combus-
tion liner. The liner clearly shows that the flame starts after the first row of holes, this means
that the primary combustion section is not functioning as it should.
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Figure 6.1: Discolouration pattern on Figure 6.2: Inside of the rich can
the rich can

Colour Temperature [°C]
Pale yellow 290
Straw yellow 340
Dark yellow 370
Brown 390
Dark purple 450
Blue 540
Dark blue 600
Carbide seperation | 680
Light red 750
Dark Red 830

Table 6.1: Tempering colours for 304 stainless steel [6]

Apart from the late combustion the flame is too short. It is likely that this is caused by incom-
plete combustion due to large instabilities as the fuel flow was relatively high.

The combustion instabilities have two major causes. The first cause is the relatively low
fuel pressure. The fuel flow is dependent on the pressure difference over the nozzle and de-
pendant on the combustion liner pressure. When the combustion chamber pressure fluctu-
ates the fuel flow becomes lower due to a lower fuel nozzle pressure. This makes the engine
lower its rotation speed, which lowers the combustion chamber pressure. A lower combus-
tion chamber pressure increases the fuel nozzle pressure which increases the fuel flow. This
loop makes, as can be seen in Figure 6.3, makes the engine unstable. At a point the fluctua-
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tions had a sufficient magnitude to turn the combustion chamber on and off which thermo-
shocked the turbine wheel.

Decrease Fuel
flow

Decrease nozzle
pressure

Decrease RPM

Decrease
combustor
pressure

Decrease nozzle
pressure

Increase
combustor
pressure

Increase nozzle

s Pump pressure

Increase RPM

Increase Fuel
flow

Figure 6.3: Instability mechanism causing a fluctating RPM

These instabilities can be reduced when a higher fuel pressure is used. With a higher fuel
pressure, the fluctuation of the combustion chamber pressure has much less effect on the
nozzle pressure.

Another cause of the instabilities is that the fuel is not combusting behind the front cone. The
front cone causes a toroidal vortex that stabilises the flame. This instability can be resolved
by moving the flame more in front of the combustion liner. The position of the flame is de-
termined by the hole-pattern. The area of all holes combined is relatively small, as shown in
Figure 6.1. Due to the small hole area, the pressure drop is relatively high which causes higher
air velocity in the holes. This velocity can become high enough to form ’jets’ that can partially
or fully extinguish the flame. The air velocity can be lowered by making the holes bigger or by
drilling extra holes.
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6.1.1.1 Modifications

In order to stabilise the flame an extra fuel pump is added which is placed in series with the
existing pump. When the dual fuel pump set-up is used, a maximum fuel pressure of 15 bar
can be achieved. The nozzle pressure fluctuations dropped from 25% to 6.7%. The high pres-
sure fuel system supplies a more stable fuel flow to the combustion chamber.

To move the flame more towards the front of the combustion liner, the hole pattern has been
adjusted. Extra holes have been drilled within the secondary zone as well as the mixing zone.
To enhance mixing and stability in the primary combustion zone the holes have been bent
into a swirler.

Extra rows of secondary
combustion holes

Extra rows of mixing
holes

Figure 6.4: Modified rich liner, with modified secondary and mixing zone
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Figure 6.5: Modified primary combustion zone holes, tilted to enforce the swirl

The modifications described above increased the swirl number and stabilised the com-
bustion process which made the engine run self-sustained.
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6.1.2 RQLcan

The stepped RQL liner is tested using nozzle #3. When the discolouration pattern on the
outside of the liner is examined, it becomes clear that the principle of Rich-Quench-Lean is
effective. A soot build-up on the front cone and around the swirler indicates that the flame is
indeed burning rich in the first section. This section stayed relatively cool but became hot-
ter once it entered the quench section due to the extra oxygen supplied by the holes. When
the equivalence ratio drops the temperature increases at around ¢ = 1, after this point the
temperature drops again.The Quench section cooled the flame which initiated the lean com-
bustion. The lean combustion zone heats up again, which is to be expected. The combustion
process is finished at the last row of holes. These holes provide mixing air which cools the
liner.

Figure 6.7: Inside of the RQL liner

Figure 6.6: Discolouration pattern on
the RQL liner

Figure 6.7 shows the discolouration of the inside of the RQL liner. The discolouration is
not symmetric, meaning the flame is not centred in the liner. This is caused by a swirling
effect of the inlet air. Due to the design of the inflow of compressed air into the recuperator,
the air becomes axially swirled. This swirl is dampened by the bends it takes when entering
the combustion chamber, yet the swirl is not eliminated. Figure 6.8 shows the swirling motion
of the air flowing around the combustion liner imprinted on the wall. This swirl creates an
uneven velocity (and thus pressure) distribution which can 'push’ the flame towards the wall
of the combustion liner. This causes a hot-spot from 2 to 6 o’clock.
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Figure 6.8: Inside the combustion chamber the flow of the inlet-swirl can be seen
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6.1.3 SRQL can

The SRQL can is tested using nozzle #3 as this nozzle gave the best results. The discolouration
on the inside of the combustion liner shows that the flame length and position are in accor-
dance with the simulation conducted using Fluent. The initial combustion is rich which can
be seen from the soot build up on the front cone. As expected the lean combustion is not
clearly visible when the discolouration pattern is examined. This is caused by the lack of
mixing. The air flowing through the lean combustion zone holes acts more as wall-cooling.
The core of the flame is therefore not well mixed and remains at relatively high temperatures,
which is confirmed by the TIT measurement.

Figure 6.10 shows a similar asymmetry as the RQL liner, this is likely to be caused by a swirling
inlet flow which can be seen in Figure 6.8. The general behaviour of both the RQL and the
SRQL liner is according to expectations, based on the results of the Fluent combustion simu-
lation.

Figure 6.9: Discolouration pattern on Figure 6.10: Inside of the SRQL liner
the RQL liner

When Figure 6.11 is compared to Figure 6.7 the difference in quenching effectiveness be-
comes clear. The RQL rapidly cools down the flame where the SRQL liner needs several cm’s
for a comparable effect.
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Figure 6.11: Inside of SRQL liner

6.1.4 Fuel nozzles

Each liner has been tested with nozzle #1, #2, #3, #4, #7 and #8. The flow of each nozzle has
an impact on the fuel pressure that needs to be used. A higher fuel pressure is beneficial
on the stability of the fuel flow and thus on the stability of the combustion chamber. The
angle of cone influences the width and length of the flame. A larger cone angle generates a
wider and shorter flame which lowers the TIT. However a wide cone fuel nozzle was prone to
combustion instabilities. The effect of these increased instabilities can be reduced by altering
the hole pattern of the liner. Small cone fuel nozzles are more stable but their narrow and
long flames travel much further into the liner which increases the TIT. The hollow cone fuel
nozzle generates a low velocity area in the centre of the liner. This low velocity area stabilises
the flame as the axial swirler swirls air around it. A full cone lacks this low velocity area and is
thus more sensitive for instabilities.

Parameter | Characteristic

Low flow Higher fuel pressure needed, less instabilities
High Flow | Lower fuel pressure, more instabilities
Improved ignition behaviour,

Large cone | shorter flame that lowers TIT,

can cause instabilities

Impairs ignition behaviour,

Small cone | Longer flame which increases TIT,

Stabilises the combustor

Table 6.2: The influence of the nozzle parameters on the behaviour of the combustion chamber

6.1.5 Generator test

Once combustion instabilities are removed the generator can be attached. When the car-
tridge is removed, the generator can be mounted on the compressor cover.

During the first start-up with the generator connected, a bearing pre-load spring shot into
the bearing itself. This happened when the generator was running at 70 kRPM which caused
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the generator to seize. The seizing bearings made the coupling shaft break away, separating
the running turbocharger from the (seized) generator.

Besides the damaged coupling-shaft, the bearing failed which made the generator crash into
its cash-surfaces. This impact caused the generator shaft to bend beyond repair.

Figure 6.12: Pre-load spring which went into the bearing

Figure 6.12 shows the damaged spring which shot into the bearing. On the left side of the
spring indentations can be seen which are caused by the ceramic balls from the bearing. The
inertia of the ceramic balls is relatively low so this damage cannot have been caused by flying
debris. This damage can only occur when the spring is pulled through the bearing when it is
running at high speed.

6.2 Measurements

6.2.1 Engine behaviour

Measurement data were gathered using the available data-acquisition equipment from the
test-cells. The data is sampled using a sampling frequency of 10Hz. This is sufficient for ex-
tracting low frequency instabilities. The gathered data were processed using Matlab in order
to compare them with the results derived from modelling. The following table shows the
boundary conditions used for the testing.

Parameter Setting

Liners RQL, SRQL and Rich

Fuel nozzle #3

Fuel pressure | 8-12 bar

RPM 80 kRPM

Fuel 100% and 90% bio-ethanol
Generator 0 kWe, detached

TIT max. 850°C

Table 6.3: Settings used during testing
In order to compare the results of each liner all tests were conducted using nozzle #3. The

engine was run at an RPM of 80.000 as this is a stable self-sustaining RPM when no generator
is attached. When a higher RPM is chosen, the engine has the tendency to accelerate due

Page 97



3
TUDelft

"\ MITSUBISHI TURBOCHARGER AND ENGINE EUROPE B.V.

to the unbalance in the power output/consumption. Each liner was tested using 100% bio-
ethanol and 90% bio-ethanol(10% water).

Figure 6.13 shows the rotational velocity of the engine, within the plot the mean value is
represented by a red line. It can clearly be seen that the RPM fluctuates, which indicates that
an instability is present. The instability is most noticeable when the RQL and SRQL are run
on 90% bio-ethanol.
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Figure 6.13: RPM of the engine with different fuels and liners

Figure 6.14 shows the turbine inlet temperature of each test. The fluctuations that are
visible in the RPM plots are also visible in the TIT. When the mean values of the TIT from the
RQL and SRQL liner are investigated it becomes clear that increasing the water content of the
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fuel lowers the TIT. This is caused by the increased mass flow through the turbine and the
cooling effect of the evaporating water.

(]
TT IN [°C]
Rich 90% Rich 100%
850 . 840 ‘ -
5 _,f|_\_ b X: 40
=3 L e b |yaed40 = A
O 845 . I Ly = O 830 . X 60
z | ] '|_.'JI‘] j v z \ m fivezne
- 1 ko - = ] u
— B840 f U 8201 o = 7 W 9
by AL
¥ \/
835 810 : ‘ : :
0 10 20 30 40 0 10 20 50 60
Testtime [s] Testti me“ﬁ
SRQL 90% SRQL 100¢
855 872
[t p i\
850 | Yy I]L X: 60 870 r—
AIYATL T S o |Yy:8436 e
T B4 | -1 %) J
£ N g &, 868 = o
Z 840 ,Hrl.'l, ‘ﬂl R! 1 = I Y: 866
= wuu - 866 r u
F gt H f + A
' 864 =
830 [if oy =
1 e S
825 862
0 10 20 30 40 50 60 0 5 10 15
Testtime [s] Testtime [s]
RQL 90% RQL 100%
765 775
N 1
760 0 )y 770 | :
— ﬂl - . , [ X: 300
O w5 ol iy e " ﬂ Il qrw A j Y:765
z A 1 ” =" z 765 1‘ Vfﬂ W 1 ] 'lr || nl -
750 f PR AT 7 i L ,[ ‘ | H“ ‘,l
1A L ]
745 | '~ﬂ i Led
[T
740 756
0 20 40 60 80 0 50 100 150 200 250 300
Testtime [s] Testtime [s]

Figure 6.14: RPM of the engine with different fuels and liners

There is a significant difference in average TIT between the liner types. The TIT caused
by the RQL liner is lower than the SRQL and the rich liner. This indicates that the quenching
effect of the quenching zone is effective. The TIT caused by the SRQL combustion chamber is
similar to the rich TIT. This means that the SRQL quenching zone is not effective. The shape
of the SRQL flame is probably comparable to the flame within the rich can, which would
mean that the flame remains rich along the combustion chamber.

Figure 6.15 shows the fuel consumption of the engine. The signal of the fuel flow sensor shows
the same instabilities as the RPM measurement. Besides the occurring instabilities, the signal
is also affected by interference caused by the PWM-signal driving the fuelpumps. The small
differences in fuel consumption between 100% and 90% are likely to be affected by noise. A
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clear conclusion of the effect of adding water to the fuel cannot be drawn. However between
the liners, a large difference in fuel consumption is present. This is mainly caused by the
combustion efficiency of each liner. It appears that the Rich and SRQL have relatively high
combustion efficiency. When the RQL combustor is used the fuel consumption increases
which is likely to be caused by the quenching section. The quenching section within the
RQL liner provides a much stronger quenching behaviour than the SRQL quenching zone.
Probably the RQL quenching zone causes partial blow-off of the flame.
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Figure 6.15: Fuel consumption of the engine with different fuels and liners

Figure 6.16 shows the static compressor discharge pressure in Pascal. In almost all cases
the compressor discharge pressure is around 540 Pascal, which is to be expected. The small
deviations in compressor discharge pressure are likely to be caused a small difference in RPM.
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The compressor operates at a point where a small fluctuation in RPM or flow has a large
impact on the pressure build up. The exact values of the compressor discharge pressure and

RPM can be seen in Table 6.4.
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Figure 6.16: Compressor discharge pressure

Figure 6.17 shows the pressure drop in percentage of the inlet manifold, recuperator and
combustion chamber. Both the RQL and SRQ have a pressure drop of around 19. %. The rich
combustion chamber has a pressure loss of approximately 18.5%. The rich combustion liner
has a much more 'open’ construction while the difference in pressure loss is small. We can
conclude from this that the pressure loss over the inlet manifold and recuperator are much
larger than the pressure drop over the combustion liner.
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Figure 6.17: Pressure drop between compressor discharge and turbine inlet

An important parameter for the complete system is the corrected turbine RPM. Figure 6.18

shows the burner power ! plotted against the corrected turbine RPM. The corrected turbine

RPM is defined as:
RPM

RPMcorrected = \/ﬁ (6.1)

All data points of a test form an area, each liner has a specific area colour. Through the area
a trend line is drawn. The colour of the trend line represents type of fuel used. Figure 6.18
shows that each specific fuel has a different energy input for its corrected RPM. When the
figure is studied, it appears that when diesel is used as a fuel a larger energy input is required.

IEnergy input of the combustion chamber
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When 100% bio-ethanol is used, the required energy input is reduced. The energy input is
even further reduced when 90% bio-ethanol is used. This phenomenon is caused by the dif-
ference in net. caloric value of the fuel, which impacts the turbine inlet mass flow. Another
factor is the possible change in combustion efficiency for each specific type of fuel.
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Figure 6.18: Burner capacity plotted against the corrected turbine RPM

The magnitude of the instabilities of the combustion chamber can be quantified using a
Fourier transform. Figure 6.19 show the test results in the frequency domain. The instabilities
are only present when 90% bio-ethanol is used. The RQL 90% test shows a peak at around 0.4
Hz which is not present when 100% bio-ethanol is used. The instabilities have the highest
magnitude when the SRQL liner is used with 90% bio-ethanol. Besides the instabilities in
both the RQL and SRQL the rich can also shows an small instability of around 0.35 Hz.
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Figure 6.19: Fourier analysis of tests

Table 6.4 shows all averaged parameter values of each test.

Parameter Rich 90% | Rich 100% | SRQL 90% | SRQL 100% | RQL90% | RQL 100%
Test time [s] 1901 1299 87046 85091 95586 98535
Ttuel,, [°C 31,94 32,99 26,96 28,02 26,52 30,38
Pcomp,,, Imbar] | 566 547 534 531 541 541
Teompy, [°C] 82,8 83,1 77,6 79,5 77,2 82,1
Piub,, (mbar] | 460 442 430 427 434 434
Trurby, °C] 844 846 842 865 751 764
n1c [RPM] 81835 80961 79846 79874 80108 80640
Fuel flow [LPH] | 18,24 19,72 18,52 17,73 21,34 21,68
Piurb,,, Imbar] | 144 136 123 123 126 134
Texhaust [°C] 626,2 624,0 523,3 544,9 544,4 608,2
Parop,. [%] 18,7 19,0 19,5 19,7 19,7 19,7

Table 6.4: Averaged values of each measured parameter

From the measured values a power balance can be computed, which can be seen in Ta-
ble 6.5. The power consumed and generated by the compressor and turbine is what can be
expected. The energy added by the fuel is computed by using the measured fuel flow and
its heating value, therefore the combustion efficiency is not taken into account. The energy
added by the fuel shows large deviations, this is likely to be caused by changes in combus-
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tion efficiency. The heat exchanged in the recuperator shows large increases during both the
SRQL test and the RQL 100% test. The cause of this increase in exchanged heat is yet unclear

and should be studied in future research.

Parameter Rich 90% | Rich 100% | SRQL 90% | SRQL 100% | RQL 90% | RQL 100%
Weomp (KW 10.2 10.0 9.89 9.86 9.98 9.97

Weurh [KW] -11.6 -11.2 -10.9 -11.0 -10.1 -10.2

Efuel [KW] 91.2 109.6 92.6 98.5 106.7 120.4
Qrecuperator [KW] | 22.8 23.8 39.5 39.5 224 24.4

Table 6.5: Calculated power balance of the averaged measured values

6.2.2 Recuperator behaviour

To study the behaviour of the recuperator, a test is conducted using the following parameters.

Parameter Setting

Liners RQL

Fuel nozzle #3

Fuel pressure | 8-12 bar

RPM 80 kRPM

Fuel 100%

Generator 0 kWe, detached
TIT max. 850°C

Table 6.6: Settings used during testing

The compressor discharge temperature is increased by the recuperator. The combus-
tion inlet temperature is hard to measure with a thermocouple as this sensor should pene-
trate several stainless steel shells. However the temperature can be calculated by computing
the temperature difference of the hot-side of the recuperator. Unfortunately the turbine dis-
charge temperature measurement is inaccurate and cannot be used for this calculation. In-
stead the turbine discharge temperature can be computed using the power balance and the
turbine’s efficiency. Using equation 3.14 the turbine discharge temperature is 688°C. Because
the outer shell of the recuperator is insulated, the heatloss to the outside world can be ne-
glected. The enthalpy loss on the hot-side of the recuperator is transferred to the cold-side.
This means that the combustor inlet temperature is around 170°C, which would mean that
the recuperator efficiency is 16,5% when equation 3.13 is applied. The pressure drop over
the hot- and cold-side is higher than anticipated as the swirl of both flows was stronger than
initially expected.

Table 6.7 shows the values of all parameters measured during the recuperator test.

While the recuperator extracts heat from the exhaust and increases the combustor inlet
temperature, it also generates a pressure drop. The pressure drop lowers the expansion ratio
of the turbine which negatively impacts the overall efficiency. The results of the pressure drop
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Parameter RQL 100%
Test time [s] 5279
Tfuelirl [°Cl 34,32
Pcomp,,, [mbar] | 538
Teompy, I°Cl | 75,2
Pturb,, [mbar] 438
Trurb,, [°C 755
ntc [RPM] 80350
Fuel flow [LPH] | 21,82
Pturb,,, [mbar] 138
Texhaust [°Cl 610,5
Pdropcc (%] 19,3
Nrecupl%] 16,5

Table 6.7: Averaged values of recuperator test

and thermal effectiveness of the recuperator can be studied in order to check if the recupera-
tor has a positive effect on the overall engine efficiency. This study is conducted by using the
Matlab cycle model, initially the fuel consumption is computed using the measured pressure
drop and recuperator efficiency. Second, the same calculation is conducted without using
the recuperator effect. Both resulting fuel consumptions are compared in table 6.8. For the
current test set-up the losses caused by the pressure drop are larger than the gains from the
increase of the combustor inlet temperature.

Fuel consumption
Recuperated 17.39 L/hr
Non-recuperated | 16.33 L/hr

Table 6.8: Fuel consumption of both recuperated cycle and non-recuperated cycle

Note that for the non-recuperated cycle a combustor pressure drop of 5% is assumed.

6.2.3 Cycle model

When the point of operation of the conducted test is considered, these parameters can be
used as an input for the Matlab cycle model. This way the cycle model can be validated.

The point of operation plotted in the compressor map can be seen in Figure 6.20; the turbine
map is plotted in Figure 6.21. The output of the Matlab cycle model can be seen in Table
6.10. The compressor operates on a point that is to be expected, yet the turbine operates on
a point slightly below the map. While the turbine still operates at this point, the turbine effi-
ciency drops.

The input parameters for the Matlab cycle model are shown in Table 6.9.
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Parameter | Value
Vinlet 0.11 m3/sec
PR 1.56

T comp 75%
Texnaust 600 °C
Tturp,, 750 °C
Nturb 65/%
T)shaft 98/%

Tgen 95/%
RPM 80 kRPM
Cruel 20 MJ/L

0 fuel 789 kg/m?>
Tairiue 18°C

Table 6.9: Input parameters for Matlab cycle model

The power output of the gas turbine engine is almost zero as no generator is attached.
This means there is a balance between the turbine power, compressor power and losses. This
matches the test results as the engine ran on a stable self-sustaining RPM.

TDO6H-16KX3s compressor

35

Pressure ratio
2
o

o 0.05 0.1 0.15 02 0.25 0.3
flow [m®/s]

Figure 6.20: Point of operation plotted in the compressor map
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Figure 6.21: Point of operation plotted in the compressor map

Table 6.10: Engine’s properties derived from Matlab modelling

Power output 0.1 kWe
Efficiency - % (generator detached)
Fuel consumption | 18 L/hr (E100)

5000
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Chapter 7

Conclusions

A micro gas turbine range-extender in combination with an electric vehicle offer a solution
to stringent emission legislation with the benefit of creating a virtually unlimited range. The
market research showed great potential for range-extenders. While there are other engines
with higher efficiency, gas turbines show the potential to be lightweight, compact and af-
fordable. The use of automotive turbochargers as a basis could be one of the key-factors
for success. The gas turbine can benefit from turbocharger technology as turbomachinery,
mass-production and assembly facilities are already available.

The aim of this project was to build a working prototype to show the feasibility of this project.
The project resulted in a stable running engine. The foundations have been laid for further
development of all subsystems. The RQL combustion chambers proved to be stable, even
with fuels with a relatively high water content(> 3%).

During the project a few setbacks arose. Combustion stabilities appeared to be a major
challenge. The integration of a high-speed generator into a turbocharger needs more atten-
tion.
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Chapter 8

Recommendations

8.1 General project recommendations

8.2

Build a new prototype range-extender that is more similar to the final product.

In the coming years emission-legislation and the general public’s thoughts will change
at such a rate that they will have a large impact on the automotive industry. Therefore
rapid development of new alternatives is needed. While other prototypes are being
built, the test set-up described in this thesis can be used to develop new combustion
chambers.

Reduce the number of auxiliary systems.

The most important feature of the range-extender is its cost-effectiveness. Therefore
it is important to reduce the number of auxiliary systems as much as possible. The
automotive turbochargers use oil pressure-fed bearings, thus an oil condition system
is currently needed. Total cost could be reduced by using oil-less bearing alternatives;
i.e. foil bearings.

Parallelize theoretical and practical research. As described in point 1, rapid develop-
ment is needed. By simultaneously conducting theoretical and practical research the
development process can be sped up significantly.

Engine recommendations

Redesign generator coupling
During the first tests the generator failed. The coupling should be redesigned so gener-
ator test and endurance test can be conducted.

Redesign generator bearing
During the first tests the generator bearings failed. The bearing set-up should be re-
designed.

Add heat-transfer fins in recuperator
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The current recuperator design is really basic, its effectiveness can be greatly improved
by adding i.e. heat transfer fins.

* Desing integrated sound suppressor
The test set-up has no sound suppressor at all. An absorption damper could be inte-
grated within the recuperator.

* Add flow straightener to reduce the inlet swirl.
The tests which were conducted showed that a inlet-swirl was present.

* Improve measurement system
The turbine discharge temperature and pressure measurement showed a large error
due to their positioning. Currently the sensors are placed at the end of a flexible cou-
pling. By placing these sensors in front of the flexible coupling the read-out error can
be removed.

* Airspeed measurement
By adding an airspeed measurement at the turbine inlet the choke, dynamic and static
pressure can be calculated.

* Reduce interferences within measurement system
The measuring system suffered from interferences caused by the PWM-signal driving
the fuelpumps. Especially the fuel flow measured contained lots of noise due to this
interference.

e Change PWM controller to a pressure controller
The fuelpumps are controlled by a PWM signal. Besides the interference caused by the
PWM signal, it is relatively inaccurate. A pressure controller would be more suitable.

e Improve Fluent combustion model
The inlet-swirl clearly influences the combustion process. The effects caused by this
inlet-swirl can be studied using the Fluent combustion model.

* Change fuel pre-heater
The fuel line runs through the exhaust in order to pre-heat the fuel. When bio-ethanol
is used, the fuel start to boil after a certain time. By changing the design of this fuel line,
boiling can be prevented.

* Emissions measurement
To quantify the influence of the combustion liner on emissions, an emission measure-
ment should be made.

* Optimize mixing and wall-cooling behaviour
The current combustion chamber design shows a hot core temperature at the end of
the combustion chamber. The behaviour of the combustor can be optimized to en-
hance mixing and reducing the TIT and ensure sufficient wall-cooling.
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Appendix A

Morphological overviews

The following morphological overviews are used to determine the best configuration, engine
type and configuration. Within the morphological overview criterion are graded with a value
from 1 to 5. Each criteria has a specified weight factor, the overall grade determines the most
optimal solution.

The first morphological overview is shown in Table A.1 and compares different types of pow-
ertrains. A range-extended powertrain is compared to an conventional ICE, EV, FCEV and
a hybrid vehicle. The criteria are specified by eight people from within MTEE, these results
have been averaged.

grade 1-5
Criteria\ car Hybrid car RE EV EV ICE | Fuel-cell | weight
Cost (for OEM)

Tax-benefits

&~
=

I
W W ([N W
o
w

L N e I I e N i N R S R i S T B B i [ (S ¥ 8 ]

engine's efficiency

size

weight

raw emissions (not tailpipe)

range

fuel price/km

-.w h.w
[0 S TR N - T S G S (=S

maintenance cost

o e e e o

maintenance interval

reliability

lifetime

recharging time

noise & vibrations

charging infrastructure

future legislation proof

Table A.1: Mophological overview

Table A.2 shows grades with the weight factor processed. Eventually the highest grade be-
longs to the range-extended drivetrain.
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Total (incl. weight)

Hybrid RE EV ICE Fuel-cell

12 12 12 9 3

3 9 10 4 9

2 3 5 3 4

2 4 4 6 4

2 6 4 b 4

3,5 4 5 3 5

8 8 2 10 6

7 8 10 b 8

2 4 4 2 1

3 4 4 3 2

4 5 3 4 3

5 6 4 8 4

10 8 2 10 10

3 4 5 2 5

10 10 4 10 2

3 4 5 2 3

Total 84,5 |00 83 s [

Table A.2: Mophological overview

As discussed within Chapter 1 it is explained that the range-extender could use differ-
ent types of engines. Each engine has specific advantages, to determine the best overall
behaviour the morphological overview shown in Table A.3 is used. Currently conventional
4-stroke piston engines(ICE RE) are already being used for range-extender applications. This
type of engine is compared to gas turbine(GT RE), Wankel and a hydrogen fuel-cell.
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Criteria\engine

noise & vibrations

auxiliary systems

H

time to market

wu.:w.h-wl

ICE RE GT RE wankel RE | fuelcell RE | weight

Cost 3 30 3.0 1 3
size 3 3 3.0 1 2
efficiency 4 3,5 35 4 2
price/litre fuel 4 4 3 2 2
weight 1 3 2 1 2
emissions 3 2 3 -:
maintenance cost 2 4 1 1 1
start-up time 3 2 3 3 1
maintenance interval 3 45 2 2 1
reliability 4 3,5 3 2
integration 3 2 1 1
lifetime 3 Z 2 1

3 3 1

2 2

4 5

= |

R

Table A.3: Mophological overview

Table A.4 shows the total grade with its weight factor included. When the final grade is
computed it becomes clear that a gas turbine range-extender would best suit the needs.
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total

Total (incl. weight)

Wankel Fuelcell
ICE RE GTRE RE RE
9 10,5 10,5 3
6 6 7 2
8 7 7 8
8 8 6 4
v, 6 4 2
3 2 3 5
2 1  § 1)
3 2 3 3
3 4,5 2 2
8 10 7 6
3 3 2 1
3 4 2 2
3 3 3 5
2 3 2 1
4 3 3 1
67 62,5

Table A.4: Mophological overview
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Appendix B

Test results

B1 Plots
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Figure B.1: RPM of the engine
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Figure B.2: fuel consumption

Page 121



A MITSUBISHI TURBOCHARGER AND ENGINE EUROPE B.V.

5
TUDelft

PC QUT [mbar]

PC QUT [mbar]

PC OUT [mbar]

Pc OUT [mbar]

600 Richlsw.,
0 Mﬁmwm
=1 Y, ]
o
580 SRQL 90%
sl A |
s LﬁLN V]WJ\JN i\,u/ﬂxﬂul' \j'l\ll ) “f’
| | |
i
“ T 1 \} W
580 RQL 90%
seo f
mlhn‘nnwnlw Al
UUUJUUW\IHJW1 Y
h B TesﬂT:qe[] * 80

Rich 100%
650
..
é \\
|_
=¥
O ssof e
o w
500
[} 10 20 0 40 50 60
Testtime [s]
SRQL 100%
540
= I
£ 535 I ' HJ '
£ ' MuAELE
= i |l| 1 |l1 ]
© 530 T g- w
" '
525 :
1] 5 10 15
Testtime [s]
RQL 100%
555
550 ©
g 545
E :
b sof
(e}
© 535 ¢
o
530 ¢
525
[} 50 100 150 200 250 300
Testtime [s]

Figure B.3: Compressor out pressure
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Figure B.5: Turbine in temperature
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Appendix D

Matlab Code

D1 Cycle Model

1 function [eff_overall,

W_output,m_dot,v_dot2,rho_air2,rho_air4, fuel_consumption]= GTfunc (x)
2
3 $INPUTS ;
4 v_dotl = x(1); %[kg/sec]
5 PR = x(2);
6 eff _comp = x(3);
7 To = x(4);
8 T4 = x(5);
9 eff_turb = x(6);
1w ER = x(7);
1n eff shaft = x(8);
12 eff generator = x(9);
13 eff _combustion= x(10);
14 C_fuel = x(11); % 451076 for kerosene %[MJ/L]
15 rho_fuel = x(12); %[kg/L]
16 Tl = x(13); %[K]
17
18 $rho_air = 1.225; %$[kg/m"3)
19 k_293 = 1.4;
20 k_1273 = 1.4;
21 Cp_293 = 1.005; %[kJ/kgK]
2 Cp_400 = 1.07; %[kJ/kgK]
23 Cp_1123 = 1.18; %[kJ/kgK]
24
25
26 %% compressor
27
28 % v_dot= 0.283; %$[m"3/sec] %$%%% INPUT!!!!
29 % m_dot = v_dotsxrho_air; %[kg/sec]
30 P1 = 1; %[bar]
31 P2 = PRxP1l; %[bar]

w
&
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33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86

rho_airl=rhoair (P1,T1)
m_dot= v_dotl*rho_airl; $%$[m”3/sec]

hl = T1+Cp_293;

%$%T2 calculation

$computing T2 isentropic
T2s= T1+xPR" ((k_293-1)/k_293); %I[K]
$computing actual T2

T2= (T2s-T1l)/eff_comp+Tl %[K]
h2= (Cp_400)«T2;

W_comp = -m_dotx* (h2-hl)

%% scroll

rho_air2 = rhoair (P2,T2);

A2= pix(24.5e-3)"2; S[mm"2]
v_dot2= m_dot/rho_air2;

v2 = v_dot2/A2

%% Combuster

h4 = T4+Cp_1123;

rho_air4 = rhoair (ER,T4);

r4= 40e-3;
Ad= pixrd"2; S[mm"2]

v_dot4= m_dot/rho_air4;
v4 = v_dot4 /A4

%% Turbine

syms mf_dot real

T5s = T4 (1/ER) " ((k_1273-1)/k_1273);
T5 T4d—eff turbx (T4-T5s)

h5 = T5xCp_1123;

W_turb = (m_dot+mf_dot) * (h4-h5)

rho_air5 = rhoair (ER,T5)

)

%% Recuperator
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87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107

109
110
111
112
113
114
115
116
117
118
119

if T5<T6
display ('ERROR negative heat flux over recuperator')
return

else

T3 = T2 + T5 - T6

eff_recup = 100% (Cp_400* (T3-=T2))/(Cp_400* (T5-T2)); % [%]

%% Combustion chamber

Q_in= m_dot*Cp_1123%(T4-T3); S%$[KJ/sec]

fuel_ consumption = 3600xQ_in/ (eff_combustion*C_fuel); %[L/hr]
mf_dot = ((rho_fuel/1000)*fuel_consumption)/ (3600); %[kg/sec]

%% Power output

W_output = eff_shaftxeff_generatorx (eval (W_turb)+W_comp) ;

o\
o\

eff_overall = (W_output/Q_in)*100;
eval (W_turb)

end

© ® N g R W N =

T S
® N e s W N = O

clear
close all
clc

%% TD-06 —>1/2Power

SINPUTS ;
v_dotl = 0.1647; %[m"3/sec]
PR = 2.035;

eff_comp = 0.77;

T6 = 540+273;

T4 = 850+273;

eff_turb = 0.74;

ER = 0.9xPR;%1.8;
eff_shaft = 0.98;
eff_generator = 0.95;
eff_combustion = 0.95;
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19 RPM = 105%x10"3;

20 C_fuel = 20%x10"3; %[kJ/L]
21 rho_fuel = 1346; %[kg/m"3]
22 Tl = 154273; %[K]

23

24

25 %% Test configuration

26

27 $INPUTS ;
28 v_dotl = 0.1492; %$[m"3/sec]
29 PR = 2.1;

30 eff _comp = 0.74;

T6 = 300+273;

T4 = 850+273;

eff_turb = 0.74;

ER = 0.9xPR;%1.8;
eff_shaft = 0.98;
eff_generator = 0.95;
eff_combustion = 0.9;

RPM = 105%x10"3;

C_fuel = 20x10"3; %[kJ/L]
rho_fuel = 700; %$[kg/m"3]
Tl = 15+273; $%[K]

31
32
33
34
35
36
37
38
39
40

O o° o0 A A O A° O A° O O° o o° o° o

41
42

o

43 % general function
[ v_dotl PR eff_comp T6 T4 eff_turb ER eff_shaft eff_generator

eff_combustion C_fuel rho_fuel T17];

4 X

45

46 [eff_overall,
W_output,m_dot,v_dot2,rho_air2,rho_air4, fuel_consumption]=GTfunc (x);

47

48 Flow_para = m_dot*sqgrt (T4)/(PR/0.98);

49 CRPM = RPM/sqgrt (T4);

50

51 m_dotfuel = fuel_consumption*rho_fuel/1000 %[kg/hr]

52 sigma_mass = (m_dotx3600)/m_dotfuel

53 sigma_volume = (v_dot2x3600)/ (fuel_consumption/1000)

54 Stoichratio = 9;

55 phi = 1.8;

56 Stoichm = Stoichratio*m_dotfuel/ (3600+m_dot)*«100; %[%]

57 Swirl _m= m_dotfuel/3600xStoichratio/phi; % mass of air needed for rich
combustion going through swirler [kg/sec]

58 Swirl mp= 100—((m_dot—Swirl_m)/m_dot)*100

59

60 %% Display results

61

62 disp([ 'Power ' num2str (W_output) ' kWw'])

63 disp(['Efficiency ' num2str(eff_overall) 5]

64 disp(['Fuel consumption ' num2str (fuel_consumption) ' L/hr'])
65 disp(['Turbine flow parameter ' num2str(Flow_para)])

66 disp(['Corrected RPM ' num2str (CRPM)])
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clear all
close all
clc

mdot=0.1993;
Cp_400 = 1070;
Cp_1173= 1400;
k = 0.0313;

Pr = 0.69;

mu = 22.5e—-6;

Til = 370;
Tol = 990;
Tcase = (Til+Tol)/2;

r1=202e-3/2;
r2=208e-3/2;
L =450e-3;

At=2xpixr2«L; % heat transfer area
Af= pix(r27"2-rl1"2); %flow area
P = 2+pix (rl+r2);

Dh = 4%Af/P; %hydraulic diameter
Re = (mdot/Af)*Dh/mu;
f = (0.790+«1log((Re)/log(exp(l)))—1.64)"-2;

Nu= 0.023% (Re”0.8) *(Pr"0.4);

hc=(k/Dh) *Nu

Ti2=Tcase— (Tcase—-Til) rexp ((—1xhc*At)/ (mdot+Cp_400))

Q= (T1i2-Til) »mdot*Cp_400
eff_recup = 100% (Ti2-Til)/ (Tol-Til)
dTi=Ti2-Til

dh=dTi*Cp_400
dTo= dh/Cp_1173
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D2 Recuperator Calculations

The behaviour of the recuperator is modelled using the equations 3.13. The geometry is sim-
plified to a construction of two concentric tubes. For the calculation the following assump-
tions have been made:

* Fuel mass flow is neglected
The mass flows through the cold and hot sides are assumed equal.

¢ Constant Cp
The Cp is assumed constant over the hot and cold side

e constantk
The thermal conductivity is assumed constant over the hot and cold side

¢ Constant Prandtl number
¢ No heatloss to the outside world

* Thermal conductivity within stainless steel sheets is assumed to be very high in com-
parison to the air properties.

The thermal resistance thin stainless steel boundary can be neglected as the thermal con-
ductivity is high and it acts lumped.

The applied boundary conditions can be found in Table 6.6

Parameter | Value

m 0.1993 kg/s
Diameter 1 | 202 mm
Diameter 2 | 208mm
Diameter 3 | 240 mm
Length 450 mm

k cold 0.0313 W/mK
k hot 0.0627 W/mK
Pr 0.69

Cp hot 1.4 kJ/kgK

Cp cold 1.07 kJ /kgK

Table D.1: Boundary conditions used for recuperator calculations

When the equations mentioned earlier are applied the recuperator behaviour generates
the results as seen in table 4.2.
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D3 Matching model

1 clear

2 close all

3 clc

4

5 TIT = 700+273; % INPUT [K]

6 PR = 1.55; % INPUT

7 v_dot = 0.1; % INPUT m3/sec
8 rho = 1.225;

9 m_dot = rhoxv_dot; %[kg/sec]

11 TIT = 850+273; % INPUT [K]

PR = 2.035; % INPUT

v_dot = 0.1647; % INPUT m3/sec
rho = 1.225;

m_dot = rhoxv_dot; %[kg/sec]

12
13
14

o° o° o° o° o°

15
16
17 Cp_1273 = 1.18;
nt = 0.64

Pt m_dot*xCp_1273%1273%(1-(1/1.9)"(0.4/1.4))*nt

18

o° o o°

19
20
21 Poi = 0.9%PR;

22 flowpoi = m_dotxsqrt (TIT)/(PR/0.98)
23 RPMoi = 105000;

24 CRPMoi = RPMoi/sqrt (TIT)

25 v_dotoi= v_dot

26

27 %% Compressor

28

o\

29 TDO6H_16KX3s (PR, v_dotoi, RPMoi)
30
31
32

% Turbine
TDO4HL_F70 (Poi, flowpoi, RPMoi, TIT)

33
34
35
36 TDO5H_AM (Poi, flowpoi, RPMoi, TIT);
37

38 TDO06_F14 (Poi, flowpoi, RPMoi, TIT);

o° o° o o° oo o° o

39
4 TDO7S_F13(Poi, flowpoi, RPMoi, TIT);

D4 Post-process script

1 function [fft_block, fft_time, fft_freq, max_amp] = compute_fft (block,
Tend, fs, NFFT, useHanning, usedB)
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© ® N o

10
11

13
14

16
17

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39

o°

[fft_Dblock, fft_time, fft_freq, max_amp] = compute_fft (block, Tend,
fs, NFFT, useHanning, usedB)
The function 'compute_fft' computes the Fast Fourier Transform of a data
block and can optionally return the maximum amplitude of this FFT.
The Hanning window and a loglO scaling are used atomatically, but
can be
% switched off.
if nargin < 6
usedB = 1;

o° oo o

end
if nargin < 5
useHanning = 1;
end
if nargin < 4 || NFFT ==
NFFT = size(block,1);
end

nblocks = size(block, 2);

tloss = Tend/ (2*nblocks) ;
fft_time = linspace(tloss, Tend-tloss, nblocks);

fft_freq = linspace(0,fs/2,NFFT/2);

if useHanning

hanWin = hanning(size(block,1l), 'periodic');
repBlk = repmat (hanWin, 1, nblocks);
block = block .x repBlk;

end
% FFT computation
fft_block = fft (block,NFFT);
fft_block = (useHanning+l) xabs (fft_block) /size(block,1) *2;
fft_block = fft_block(l:length(fft_freq),:);
max_amp = max (fft_block);
if usedB
fft_block = 20x1logl0(fft_block);
end

end

© ® N e G A W N

[
- o

clear all
close all
clc

load ('Usable_data.mat'")
fieldnames = fieldnames (Usable_data);

RE100 = fieldnames{1l};
RE90_1 = fieldnames{2}; % Not being used
RE90_2 = fieldnames{3};
RD_1 = fieldnames{4}; % Not being used
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12
13
14
15
16
17

19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

43

44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

RD_2 = fieldnames{5};

SRQLE90 = fieldnames{6};

SRQLE100_2 = fieldnames{7};

SRQLE100_1 = fieldnames{8}; % Not being used
RE100_N4 = fieldnames{9}; % Not being used
RQLE90 = fieldnames{10};

ROQLE100 = fieldnames{11};

o

% Tests used for plotting
fields=[3 1 6 7 10 11];

var = cell(11,1);

var{l} = 'Testtime';
var{2} = 'T_FUEL_IN';
var{3} = 'P_C_OUT";
var{4} = 'T_C_OUT";
var{5} = 'P_T_IN';
var{6} = 'T_T_IN';
var{7} = 'n_TC2"';
var{8} = 'T_X 1"';
var{9} = 'AT_V_2";

var{10}= 'P_T_OUT';
var{ll}= 'T_T OUT';

for i=fields;
for j=2:1:11 ;
a=1;
b = ones(1,8)*1/8;
Usable_data. (fieldnames{i}) . (var{j})=
filter(b,a,Usable_data. (fieldnames{i}) . (var{j}));
Usable_data. (fieldnames{i}) . (var{Jj})=
Usable_data. (fieldnames{i}) . (var{j}) (20:end, 1) ;
end
end

fieldnames_neat{l}= 'Rich 90%'
fieldnames_neat{2}= 'Rich 100%"
fieldnames_neat{3}= '"SRQL 90%'
fieldnames_neat{4}= 'SRQL 100%'
fieldnames_neat{5}= '"RQOL 90%'
fieldnames_neat{6}= 'RQOL 100%"'

o\

% FFT and plot

figure

y=0;

for i=fields
y=y+1;

subplot (3,2,vy)
q=0;

for p=2:1:11
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64
65
66
67
68
69
70
71
72
73
74

75
76
77
78
79
80
81
82
83
84
85
86

a=q+1;
X=Usable_data. (fieldnames{i}) . (var{p});

fs = 10; % Sampling frequency
T = 1/fs; % Sampling period
L = length(X); % Length of signal

t = (0:L-1)%*T; Time vector
X=X (1l:length(t));

nfft=0;

[fft_out, fft_time, fft_freq, max_amp] = compute_£fft (X, t(end),

nfft, 0, 0);
fft_outh = compute_fft (X, t(end), fs, nfft, 1, 0);
$ FT=fft (X);

semilogy (fft_freq, abs(fft_out))
axis ([0 1 10e—-6 10e6])

xlabel ('Frequency [Hz]")

ylabel ('Magnitude'")

grid on

hold on

legendlist{g}=var{p};

% title((fieldnames{i}));
title((fieldnames_neat{y}));

fs,

87 end

88 legend(legendlist, 'location', 'SouthEastOutside')
89 end

1 %%% Import data excel files

2 %%% made by: Patrick Dettmers
3 %%% 13-6-2015

4

5 clear

6 close all

7 clc

8

9

I R N N R e T T < e
AW RN = S © ® N o g W N = o

o\
o\

display ('Start importing data-file')
filename = 'GT_ReX_ AllTests.xls';

[status, sheetnames] = xlsfinfo(filename) ;

for j=1l:1:1length (sheetnames)
sheetname= sheetnames{j};

[data, name, raw] = xlsread(filename, (sheetname));
names = raw(l, :);
units = raw(2,:);

%% generate structure
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25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63

64
65
66
67
68
69
70
71
72
73

75
76
77

for i=1:1:1length (names);

name=names{i};

Testdata. (sheetname) . (name)=data(:,1);

end

end

save ('Testdata', 'Testdata')

$limits

Lim(1,:) = [410 91071 ;

Lim(2,:) = [1796 2700];

Lim(3,:) = [1400 1800]; %[559 1600];

Lim(4,:) = [2000 2400];

Lim(5,:) = [1150 1500]; % [3200 3600]; %[1200 2200];
Lim(6,:) = [717 1333]; % best [2500 3000]; [600 9007];
Lim(7,:) = [1200 1350]; %[623 8521;

Lim(8,:) = [100 3007;

Lim(9,:) = [39 4007 ;

Lim (10, :) = [1496 2124]; %$[1150 1350];

Lim(11l,:) = [2736 5546]; %[4500 5546];

$removed data-sets
rem_data = [2 4 8]"';

% Adjust data-structure

for k=1l:1:1length (sheetnames)
sheetname= sheetnames{k};
for p=1:1:1length (names);
name=names{p};
Usable_data. (sheetname) . (name) = .
Testdata. (sheetname) . (name) (Lim(k, 1) :Lim(k,2));

for n=1:1:1length(rem_data)

if k == rem_data(n);

Usable_data. (sheetname) . (name) = zeros((Lim(k,2)-Lim(k,1)),1);
else

end

end
end
end

save ('Usable_data', 'Usable_data')
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78
79
80
81 display('finished exporting .mat file')

—

plot measured data
made by: Patrick Dettmers
13-6-2015

o° o o°
o° o° oP
o° o o°

clear
close all
clc

© o N g W N

%% load data file

[
- o

addpath ('line_fewer_markers_v4');
load('Usable_data.mat');
load('Testdata.mat'");

—_
sow N

% Usable_data=Testdata

e
o o

fieldnames = fieldnames (Usable_data);

]
®© N

RE100 = fieldnames{1l};

RE90_1 = fieldnames{2}; % Not being used
RE90_2 = fieldnames{3};

RD_1 = fieldnames{4}; % Not being used
RD_2 = fieldnames{5};

NN N e
@ N = S ©

24 SRQLE90 = fieldnames{6};

25 SRQLE100_2 = fieldnames{7};

26 SRQLE100_1 = fieldnames{8}; % Not being used
27 RE100_N4 = fieldnames{9}; % Not being used
28 RQLE90 = fieldnames{10};

29 RQLE100 = fieldnames{1ll};

w
S

)

% Tests used for plotting
fields=[1 3 5 6 7 10 111];

w oW w
[ R

var = cell(11,1);

w
=

35 var{l} = 'Testtime';
36 var{2} = 'T_FUEL_IN';
37 var{3} = 'P_C_OUT';
38 var{4} = 'T_C_OUT';
39 var{5} = 'P_T_IN';

40 var{e} = 'T_T_IN';

421 var{7} = 'n_TC2';

42 var{8}) = 'T_X_ 1"';

43 var{9} = 'AT_V_2"';

44 var{l0}= 'P_T_OUT';

var{ll}= 'T_T_OUT';
% var{l2}= 'P_{drop CC}[%]";

S
905 O
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48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

80

81
82
83
84
85
86
87
88
89

90
91
92

93
94
95
96
97

var_neat = cell(11,1);
var_neat{l} = 'Testtime [s]';
var_neat{2} = '"T_{FUEL} IN [C]"';
var_neat{3} = 'P_{C} OUT [mbar]"';
var_neat{4} = 'T_{C} OUT [C]";
var_neat{5} = '"P_{T} IN [mbar]';
var_neat{6} = 'T_{T} IN [C]"';
var_neat{7} = 'n_{TC} [RPM]"';
var_neat {8} = 'T_{exhaust} [C]"';
var_neat{9} = 'Fuel flow [LPH]';
var_neat{10}= 'P_{T} OUT [mbar]';

var_neat{1l1l}= 'T_{T} OUT [C]"'
% var_neat{12}= 'P_{drop CC}[

SO ~e

1"

fieldnames_neat{1l}= 'Rich 90%'
fieldnames_neat{2}= 'Rich 100%"
fieldnames_neat{3}= 'SRQL 90%"'
fieldnames_neat{4}= 'SRQL 100%'
fieldnames_neat{5}= '"RQOL 90%'
fieldnames_neat{6}= 'RQL 100%'

% correct fuel flow for energy content
D_energy = 39e3; $ MJ/Liter
E100_energy 21.28e3; % MJ/Liter
E90_energy 19.67e3; % MJ/Liter

% moving average filter
for i=fields;

for J=9 ;
a = 1;
b = ones(1,8)%1/8;

Usable_data. (fieldnames{i}) . (var{Jj})=
filter (b, a,Usable_data. (fieldnames{i}) . (var{j}));

% Usable_data. (fieldnames{i}) . (var{j})=
Usable_data. (fieldnames{i}) . (var{j}) (20:end, 1) ;

end

end

% compute pressure drop over liner
v=0;
for i=fields
v=v+1l;
P_drop(l:length (Usable_data. (fieldnames{i}) . (var{3})),v) =
(100% (Usable_data. (fieldnames{i}). (var{3})-Usable_data. (fieldnames{i}) .
./Usable_data. (fieldnames{i}) . (var{3}));

o° o o o° o°

o° o oe

Usable_data. (fieldnames{i}) . (var{ll})=
P_drop(l:length (Usable_data. (fieldnames{i}) . (var{3})),v);
end

o\

o°

compute mean RPM
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98

99
100
101
102
103
104

106
107
108
109
110
111
112

113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

137
138
139
140
141
142
143
144
145
146
147

148
149

o
°

memory allocation

Mean_RPM = ones(1,7);
q=0;

for i=fields;

a=q+1;

Mean_RPM(q) =mean (Usable_data. (fieldnames{i}) . (var{7}));

end

o

o° oo o

o0 o

O 0 o 0 0 A0 A0 A A A O° o° o° O o

o0 o o® o A% O O ° o° A° o A° o o° o° o

o\

% average to single point

for i=fields
for h=1:1:1length(var)

Averaged_data. (fieldnames{i}) . (var{h})=mean (Usable_data. (fieldnames{i})|

end
end

v=0;
for i=fields
v=v+l;
p=0;
for h=1:1:1ength(var)
p=p+1l;
Table_data(p,v) = Averaged_data. (fieldnames{i}) . (var{h});
end
end
Table_data(l:11,2:8)=Table_data
Table_data=mat2cell (Table_data, 11, 8)
Table_data(l:11,1)=var_neat;

filename = 'average_table.xlsx';
xlswrite (filename, Table_data)

for i=fields;

if i== 1| ]i==7]|i==11
comp_factor=E100_energy;

else

end

if i== 3| |i==6]|[|i==10
comp_factor=E90_energy;

else

end

if i==
comp_factor=D_energy;

else

end

Usable_data. (fieldnames{i}) . (var{9})=Usable_data. (fieldnames{i}) . (var{9
end
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150
151
152
153
154
155
156
157
158
159
160

161

162
163
164
165
166
167
168

170

171
172
173
174
175
176

178
179
180
181
182
183
184
185

187
188
189
190
191
192
193
194
195

196
197
198

o

% convert L/min to L/h

for i=fields

Usable_data. (fieldnames{i}) . (var{9})=Usable_data. (fieldnames{i}) . (var{9}) xq
end

o

% compute turbine corrected RPM

colorscheme_data = [{'r."'} {'b."} {'k."} {'yv."} {'g."} {'c."} {'m."}];

% colorscheme_area = [{'r'} {'g'} {'k"'"} {'g'} {'z"} {'g'} {'"}] ; %
sorted by fuel type

colorscheme_area = [{'D'} {'b'} {'b'"} {'g"} {'g'} {'z'"} {'z"}] ; %
sorted by CC type

colorscheme_lin = [{'-r*'} {'—gx'} {'=kx'} {'g'} {'r'} {'gs'} {'rs'}];

)

% memory allocation

corrected_RPM=ones (2811,7);

g=0;

for i=fields

g=q+1;

for r=1:1:1length(Usable_data. (fieldnames{i}) . (var{7}));
corrected_RPM(r,q)=

Usable_data. (fieldnames{i}) . (var{7}) (r)/sqrt (Usable_data. (fieldnames{i}

end
end

%% plot energy input (fuel) vs corrected RPM
if O

[
H

figure

q=0;

for i=fields
q=q+1;

) . (var{6}) (r)+27

plot (corrected_RPM(l:length (Usable_data. (fieldnames{i}) . (var{9})),q),Usablg data. (fieldname

axis ([2200 2600 50 1507);
grid on;
hold on;
lin_fit =

polyfit (corrected_RPM(1l:length (Usable_data. (fieldnames{i}). (var{9})),q)
x=linspace (2200, 2600, length (Usable_data. (fieldnames{i}) . (var{9})));
y=lin_fit(1)*x+1lin_£fit (2);
% plot(x,y, (colorscheme_lin{g}))
line_fewer_markers(x, y, 20, (colorscheme_lin{qg}));
hold on;

X=corrected_RPM(1l:length (Usable_data. (fieldnames{i}) . (var{9})),q);;
[K,V]=convhull (corrected_RPM(1l:length (Usable_data. (fieldnames{i}) . (var{9}))

o

plot (corrected_RPM(1:length (Usable_data. (fieldnames{i}). (var{9})),q),Us
% hold on

Usable_data. (fi

,9) ,Usable_data.

able_data. (field

patch (X (K),Usable_data. (fieldnames{i}) . (var{9}) (K), (colorscheme_area{qg}), 'Flacealpha',0.3);

xlabel ('corrected turbine RPM [RPM K"~{0.5}1")
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199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

239
240
241
242
243
244
245
246
247
248
249
250
251
252

ylabel ('Burner power [kW]"')

legendlist {3xg—-2} fieldnames{i};
legendlist{3xg-1} fieldnames{i};
legendlist{3*q} = fieldnames{i};

end

title('Energy/RPM plot')

legend (legendlist, "Location', '"NorthEastOutside');

end

%% plot data all test for 1 paramater
if 1

fields=[3 1 6 7 10 117];

y=0;

for j= 2:1:1length(var)
y=y+1;

figure

p=0;

for i=fields

p=p+1l;

t=linspace (0, length (Usable_data. (fieldnames{i}) . (var{1l}) (20:end,1)) /10, leng

subplot (3,2, p)

plot (t,Usable_data. (fieldnames{i}). (var{j}) (20:end, 1))
mu = mean (Usable_data. (fieldnames{i}) . (var{j}) (20:end,1));
hline = refline ([0 mul);

hline.Color = 'r';

grid on

% title(fieldnames{i});

title((fieldnames_neat{p}));

suptitle (var_neat{3j});

xlabel (var_neat{1l});

ylabel (var_neat{j});

n(i)=mean (Usable_data. (fieldnames{i}) .n_TC2);
end
end

end
%% plot data all parameters of 1 test
if O

[
h

Y=11; %fieldname (Testcase)
figure
plot (Testdata. (fieldnames{Y}) .n_TC2);

figure
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266
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269
270
271
272
273
274
275
276
277
278
279
280
281
282

284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299

u=0;

for j= 2:1:length(var)

u=u+l;

subplot (4, 3,u);

plot (Usable_data. (fieldnames{Y}) . (var{j}));

mu = mean (Usable_data. (fieldnames{Y}). (var{j}));
hline = refline ([0 mul);
hline.Color = 'r';

title(var{j});

suptitle (fieldnames{Y}) ;
grid on;

end

figure

u=0;

for j= 2:1:length(var)

u=u+l;

subplot (4, 3,u)

plot (Testdata. (fieldnames{Y}) . (var{j}));
mu = mean (Testdata. (fieldnames{Y}) . (var{j}));
hline = refline ([0 mul);

hline.Color = 'r';

title(var{j});

suptitle (fieldnames{Y}) ;

grid on

end

hold off

o\

o
)

o

figure

u=0;

for j= 2:1:length(var)

u=u+l;

subplot (4, 3,u);

plot (Usable_data. (fieldnames{5}) . (var{j}));
mu = mean (Usable_data. (fieldnames{5}) . (var{j}));
hline = refline ([0 mul);

hline.Color = 'r';

title(var{j});

suptitle (fieldnames{5});

grid on;

end

oo
)

o\

end
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Appendix E

Generator data

Outer diameter 22 mm

Inner diameter 8 mm

Thickness 7 mm

Limiting speed (grease) 124 kRPM

Dynamic load 336 kgf

Basic load 173 kgf

Contact angle 15 degrees

Race material 440C

Rolling element material | SI3Ny4

Enclosure Open, full complement

Table E.1: Specifications of D608/602C hybrid full complement angular contact bearing
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E+A Elektromaschinen u. Antriebe AG

e Built-in motor Postfach Tel.: +41(0)61 855 92 92

e Motor design CH-4313 Méhlin Fax: +41(0)61 8559299  E|ektromaschinen
e High-speed motor Switzerland E-Mail: info@EundA.ch und Antriebe

e Services Internet: www.EundA.ch

data sheet type MSpW 6/8 - 2 - a10 ENCA DBL 151515

2 pole model

The e + a - medium - frequency motor elements are wound stators and PM-rotors, of which high-speed synchronous
motors can be made.

winding: insulation class F, maximal permissible heating up 120K with a coolant temperature of 20°C

connection leads: insulation class H, Teflon insulated

rotor: material :  permanent magnets, max. temperature 150°C circumferential speed: v = 192.4 m/s
material of shaft: magnetic hollow shaft: none

cooling method: water

For machining and handling of the motorelements it’'s categorical necessary to note the precautions !
Electrical data only valid with the according inverter data !

speed n 1/min * 103 | 105 ID-Nr. 210/10S2

frequency f Hz | 1750 KD-Nr. S:

power P st kw | 10 R:

peak power kw The p%wlter ﬁpply to sinusoidal current and
sinusoidal voltage.

VOItage u v| 280 With an operatigon at static frequency inverter

current | Al 22 the currents can be 10-15% higher depending

on execution.
The input power in VA is calculated to: S= x/g-U -l

Once the motor assembly is finished by the customer, the respective tests

according to the norm EN 60034-1 have to be conducted. In any case the effective applied voltage must

suit for reaching the power.

3009 UIV] 12 1 P [kW] The torque
computes itself to:
250 10 9550 * P
M = I [Nm]
200 A 8 1
150 6 -
100 4 4
50 - 2
f[Hz] f [Hz]
0 T T T J 0 T T T 1
0 500 1000 1500 2000 0 500 1000 1500 2000
with for Fe housing dimensions in mm
‘ Lges \
label on Enca
2 thermo sensor KTY 84-130
cw-rotation
4 | o w M
—— - [a])a] T| T
a a
=100
Enca-design !
U  brown w1 L+2=80 w2
V  blue
W black mass: stator ~ 1.2 kg rotor ~ 0.22 kg
connection leads
length 400 mm D1=60 +0.051/+0.032 D5= 58 W1= 20 0/-1 d4~ 33.7 not to machine
cross section  1.23 mm? Finished by e+a
diameter 2.4 mm D2= 35 Js9 D6= 36 W2=17 0/-1 d3~ 26 according to e+a drawing no.:
100912-004.021
cable outlet according to e+a drawing no.: 290505-004.011.001 push-in path = 7 distance to push the rotor
onto the conus of the shaft
2)finished by customer Pmax = 1150 bar max. permissible oil pressure

Confidential



Synchronmotor-Ersatzschaltbilddaten
synchronous motor equivalent circuit diagram data e 'l' a

Motor VP ' mSpW 6/8-2-a10 ENCA data shest DBL 151515

motor type data sheet

Einphasiges Ersatzschaltbild / one-phase equivalent circuit diagram
U1 V1 W1 U1

i i i o—] Lar —0—] Rix 1 Xe=Xg= X+ Xo1

Ufu Umotor EP

| |

PR

Uz Vo W; Uz

Bezeichnung Formelz. | Wert Einheit |Bemerkung
description symbol | value unit |remarks
Nennleistung / rated power Pn 10 kW S1-Betrieb / S1 duty
Motorspannung / motor voltage Umotor 162 Vv

Nennfrequenz / rated frequency N 1750 Hz

Nennstrom / rated current In 22 A

Schaltungsart / circuit connection Y %% D Y

Umrichter-Aussgangsspannung / inverter output voltage U, 162 V

Vorschaltdrossel / series choke Ly 0 mH

Standerwiderstand kalt (20°)

phase stator resistance, cold (20°) Rix 0.0781 Q

Standerstreureaktanz / phase stator leakage reactance X1 0.56 Q

Hauptfeldreaktanz / phase main field reactance Xh 4.07 Q

Synchrone Motorreaktanz _

synchronous phase motor reactance Xa =X 4.63 Q

Polradspannung / magnet wheel voltage Ep 185 \%

Spannungskonstante / back EMF constant kE 3.05 V/krpm |bei 100°C / at 100°C

Drehmomentkonstante / torque constant kM 0.0413 Nm/A

Maximale Umrichter-Ausgangsspannung U 280 Vv verkettet

maximum inverter output voltage fumax phase-to-phase

Motorhauptfeldinduktivitat / motor main field inductance Ly 0.369 mH

Motorstreuinduktivitdt / motor leakage inductance Lig 0.0508 mH

Motordaten / motor data

Drehzahl / speed 105000 min”’

Frequenz / frequency 1750 Hz

Leistung / power S1 10 kw

Spannung / voltage 280 v

Strom / current 22 A
Confidential 04.02.2016 / neda

I e+a Elektromaschinen und Antriebe AG Bachstrasse 10, CH-4313 Mohlin
T +41(0)61 85592 92, F +41 (0)61 855 92 99, info@e-und-a.ch, www.e-und-a.ch



Rotor mSpW 6/8-2-a10 Confidential

- 100 _
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30 A
A
A I
I A
1.6 L0
-~ ~3- 50 5 _
5© 3 B <
3 3| © g 8 : - - :
ISTRN 3 a o N
|
1 1 \
|| gy Y
49.6 =Mitte Statorblechpaket
- =centre of stator core - Rotor nicht gewuchtet

Kanten gebrochen 0.2...0.5x45°
Allgemeintoleranzen nach ISO 2768-mH

Wellenbeispiel / example of shaft:

Rotor not balanced
119 sharp edges removed 0.2...0.5x45°

= = general tolerances according to ISO 2768-mH
04 Schiebeweg
: 35 ush-in path
25x10° _, |_ <%V/ ~ ——t b . 0
— — 5 e ?<
/ , of TS
4 . - =
L ~ ~ IS —
N © . © Y
™M N o~ - g - A
<| N - - - - - - Q. JH— - — - - o< - ’
N Q /S IS - A I
¢ o] [FLL L ZZ 740 S
Z Z Z Z !
j / Detail C
Kante gerundet Schiebeweg + 1/3 Rotorgesamtléange > | 1. : :
sharp edges removed push-in pat% + 1/3 total r%tor Iengthg C Oelanschluss/ oil connection
Massblatt e+a Motorelemente
era mSpW 6/8-2-a10 i
Diese Darstellung ist unser geistiges Eigentum. Sie darf ohne unsere schriftliche Zustimmung weder The information contained in this drawing is liited to the recipient only. Itis strictly | = etextromaschinen Revision| Stand
irgendwo kopiert, noch zur Anfertigung des Werkes gebracht oder Drittpersonen bekanntgegeben werden. confidential and is not be reproduced nor transmittet to an unauthorized party. | ™" 100912-004.021 001 11.09.2012




Stator mSpW 6/..-2-a..Enca

Lmax.
0 +2 0
W1=20 1 LFe o ., W2=17 1
I | T T B
(o0} O O (o0}
Lo (90} (90} Lo
S Ow . SR
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2l =2 83 = =
Te) © co x © Te)
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“CD). o
= IS
! _ . o _ _1 _ 1
__ Q _
1 - 1 _ \
Lxmax.
*Die Bohrung ist nicht kleiner als ein Zylinder mit [ 34.9
*The ID of the stator lamination core is not smaller than [J 34.9
Einbaubeispiel:
V Gehause
E—— i
IS
E : LFe Lmax. Lxmax.
. = 20 58 38
Wickelkopf =+ 30 68 48
T 40 78 58
gg 45 83 63
€38 60 o8 78
- N N 80 118 98
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Alle Masse / all dimensions in mm

Area of cable outlet

Anschlussenden max.
Power leads up to max.

3X AWG16

oder

6x AWG20

inkl. 3 Fuhler/ Sensor

Material PTFE
Tmax.= 260°
Litze versilbert
silver plated wire

Biegeradien min.
feste Verlegungen 3x @
freie Verlegung 5x @

bending radius min.
at fixed laying 3x @
at free laying 5x @

Bereich des Kabelabganges

Massblatt e+a Motorelemente

Diese Darstellung ist unser geistiges Eigentum. Sie darf ohne unsere schriftliche Zustimmung weder
irgendwo kopiert, noch zur Anfertigung des Werkes gebracht oder Drittpersonen bekanntgegeben werden.

The information contained in this drawing is liited to the recipient only. It is strictly
confidential and is not be reproduced nor transmittet to an unauthorized party.
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