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Preface

The thesis titled "Optimization of an aero engine using both intercooling and inter-turbine burning” is
a research about the effects that an intercooler and an inter-turbine burner have when combined in
an aero engine. 4 aero-engines are optimized with the TSFC in mind. The model focusses on the
thermodynamic aspect of the aero-engine. The results are that advantages and disadvantages of the
combined cycle can be concluded and which elements are important in improving the efficiency of the
combined cycle and reducing the NOy emissions. The thesis has been performed by me as partial
fulfilment of requirements of a Master of Science degree at the faculty of Aerospace engineering, TU
Delft, The Netherlands.

Aerospace is an innovative industry which always aims to reduce costs and emissions. For aero-
engines this is mainly by improving used materials and techniques and by implementing new methods.
One such method is the introduction of new engine architectures such as intercooling and inter-turbine
burning. The main motivation was to contribute to engine innovations by investigating the effect that
an intercooler and inter-turbine burner have on an aero-engine.

| would like to thank my supervisors Dr. Arvind G. Rao and Dr. Feijia Yin for their assistance on the
thesis. Because of their assistance, | was able to deliver the results. They also helped when problems
were encountered and made me think of new solutions when a problem arose during the thesis. | would
also like to thank my parent whose constant support was always helpful during my studies.

T. Blondeel
Delft, September 2020






Summary

The thesis focusses on the effects that an intercooler (IC) and an inter-turbine burner (ITB) have on the
cycle performance of a UBPR engine. The IC is located between the low-pressure compressor (LPC)
and the high-pressure compressor (HPC). It exchanges heat between the core flow and the bypass flow
reducing the temperature in the core flow. This has the advantage of a lower HPC-inlet temperature
reducing the work needed to reach maximum compression. This also reduces the combustion inlet
temperature which reduces the turbine inlet temperature (TIT) or increases the power density of the
core. The ITB reduces the TIT by transferring some of the fuel to the ITB. This reduces the NOXx
emissions. The objective is to analysis the effect that several design parameters have on the on-design
performance and to analyze the optimized cycles to compare the advantages and disadvantages of
each. Both the IC and ITB improve the thrust specific fuel consumption (TSFC) of the cycle. They
also both reduces the NOx emissions. The ITB reduces the NOx emissions more because of the extra
degree of freedom during take-off. Varying the ITB energy fraction dependent on the ambient conditions
has a positive effect on the NOx emissions during take-off at a slight TSFC increase. Combining an IC
and an ITB in the cycle does not add the benefit of each for the TSFC but does add the benefit for NOx
emissions as it reduces this even more. The IC-ITB engine is thus found to be optimal over the other
engines because the NOx emissions are substantially lower than for the other investigated cycles.
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Introduction

This chapter introduces the thesis. First the general backline is given followed by a small introduction
to the used methodology. Secondly, the lay-out of the thesis is explained.

1.1. Previous work and motivation

Aviation is an important contributor to greenhouse gasses and other emissions. It is one of the sectors
that has the fastest growth. There is an incentive to reduce these emissions on a global scale. Since
aviation accounts for more than 2% of the total emissions globally and is a fast growing sector, it is an
important sector to keep an eye on to reduce emissions. A person flying a transatlantic flight will have
the same impact on the climate as the average European has by heating their home a whole year-round
as it produces 986 kg €O, [1]. The original estimates for 2020 were that the emissions in aviation would
be 70% higher than in 2005. The International Civil Aviation Organization (ICAQO) estimated that these
could rise to 300-700% by 2050. [2]

Through the International Airline Transport Association (IATA), the aviation industry has given itself
targets: a decrease in fuel used by 1-1.5% per year, stabilize the €0, levels at a 2020 target and halve
the emissions by 2050 compared to 2005. In general, these changes should come from technological
enhancements such as improving the engine or developing alternative fuels, improving infrastructure,
and operational measures such as improved flight procedures. When no action is undertaken, the red
line in figure 1.1 is the prospected C0O, growth. Some measures have to be taken to meet the 2550
goal. Such as technology increase, biofuels and possible radical technologies as seen in the figure. [3]

SCHEMATIC CO2 EMISSIONS REDUCTION ROADMAP (IATA)

m== Emissions assuming no action Aircraft technology (known), operations and infrastructure measures No action

— Carbon-neutral growth 2020 Biofuels and radically new technologies

Gross emissions trajectory Economic measures +— Technology

- - Operations
e ~t+— Infrastructure

Biofuels and
radical tech

_______ 5 CNG 2020

C0, Emissions

-50% by 2050

Not to scale

2005 2010 2020 2030 2040 2050

Figure 1.1: Schematic of €0, prediction in 2050. [3]

One option of reducing the emissions of aviation is looking at innovative engine architectures. Most
aero-engines used in modern aircraft are Brayton cycles. Adapting this cycle allows for changes that

1



2 1. Introduction

may improve the performance of these engines. The first improvement in history was to increase the
turbine inlet temperature and the pressure ratio. Then a fan was included to increase the propulsive
efficiency by bypassing some air around the core cycle. The effect was a reduction in thrust specific fuel
consumption (TSFC), which also reduces the €0, output. This fan had the effect that a more energetic
core was needed and this increased the production of NOy. This contributes to ozone (0;) formation
and methane depletion in the upper layer of the atmosphere. The overall effect of NOy emissions is
that the atmosphere heats up [4].

Lowering the pressure and the temperature in combustion will result in less N Oy emission. However,
a more fuel-efficient engine generally prefers a higher pressure, which will also increase the tempera-
tures, resulting in more NOy. Other emission gasses are also investigated, such as carbon oxide, but
the engine’s architecture has little impact on this. Unburned hydrocarbons generally follow the same
trend as CO. There is also soot, which is predominantly carbon particles with a diameter larger than
6nm. SOOT is a known carcinogen. No immediate influence of pressure and temperature in the engine
is found to the production of SOOT.

The two architectures that are investigated are inter-stage turbine buring and intercooling. Intercool-
ing is the process where air is cooled during the compression. For aero-engines, this mostly happens
between the low pressure compressor (LPC) and the high pressure compressor (HPC). The air is by-
passed after the LPC and exchanges heat with the bypass flow via the intercooler (IC). This cooler
air has some pressure losses because of the physical implementations of the heat exchanger. This
cooled air is then fed to the HPC where it will continue the regular cycle. Inter-turbine burning happens
between the high pressure turbine (HPT) and low pressure turbine (LPT). Extra combustion chambers
are added in between the turbines. Generally, this happens between the HPT and the LPT. In this
location, an extra combustion chamber is attached, where fuel can be added to the flow independent
of the main combustion chamber. By using an inter-stage turbine burner, the engine specific power
output increases. An inter-turbine burner (ITB) also allows for a higher degree of freedom during off-
design operations and a lower maximum temperature in the main combustion chamber.[5] It could also
be used to implement a new alternative fuel into this second combustion chamber.

Most of the research done on intercooling is performed at Chalmers University by Thomas Grond-
stedt and Konstantinos Kyprianidis[6—11] and at MTU by Michael Flouros[12—-17]. At Chalmers, an
average fuel reduction of 3-5% was found over all the papers and all the intercooling configurations.
This is mainly due to the reduced work needed for the HPC because the cooling flow is at a lower
temperature and the combustion inlet temperature no longer limits the overall pressure ratio (OPR).
Different architectures were investigated, a single pass IC, a double pass IC, and a reverse flow IC.
The architectures all had the same advantages and disadvantages. A lower engine weight was found.
The IC added weight but the reduction in weight from the HPC was greater. The nacelle was larger
since the addition of the IC made the bypass larger in size. Intercooling resulted overall in a fuel re-
duction of 3-5%. Another possible advantage was a reduction in NOy since a lower temperature in
the HPC could mean a lower temperature in the combustion chamber, which would result in less ther-
mal NOy formation. The disadvantages are an increased complexity of the design and that the cycle
prefers higher OPR. The OPR was limited by the HPC blade height and the fan sizing, which could be
improved using a geared fan. The geared fan architecture was not investigated previously. At MTU, the
IC-engines were also all equipped with a recuperator. The recuperation system uses the hot exhaust
gas to preheat the combustion inlet air. A TSFC reduction between 9.1 and 13.1% was found for the
intercooled recuperated systems. It was not clear how much was from the IC, how much was from the
recuperator and how much was from combining the systems.

Inter-turbine burning in modern aero-engines is previously investigated by Feijia Yin and Arvind
Gangoli Rao at Delft University of Technology[5, 18]. In inter-turbine burning, the results showed that
it had worse fuel performance when only on-design performance was analysed. It did however al-
ready show a reduction in NOy of up to 40% while the TSFC increased by 5%. Including off-design
performance showed that an engine architecture with an ITB was better in achieving the hot-day-take-
off constraint than a conventional engine. This meant that the inter-turbine burned engine could be
smaller, or the conventional engine needs to be sized up to accommodate the off-design performance.
When this was included, a TSFC reduction of 4% in cruise and up to 7% in take-off was the result.

The methodology used is to create four engine architectures. A conventional (baseline) engine,
an intercooled engine (IC-engine), an inter-stage turbine burning engine (ITB-engine) and an engine
which combines an IC and an ITB (IC-ITB engine). These 4 engines will be optimized using Gas
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turbine simulation program (GSP) and a MATLAB optimization sequence based on sequential quadratic
programming. All 4 engines are optimized to the same operating conditions with the same inlet mass
flow at cruise condition. The optimized variable is the minimization of the TSFC. Then, the engine
architectures are compared to each other. This is done for the TSFC, the N0y emissions and maximum
temperatures in the cycles.

1.2. Research question, aims and objectives

This section explains what the goals and the questions are for the thesis. The research questions are
given as well as the research objective.

Intercooling has positive effects on the fuel economy of a jet engine and possibly on the produced
NOx in the combustion chamber since the combustion chamber inlet temperature can be lower. It does
make the architecture more difficult since there is an extra component and the installation penalty is
most likely higher than for a conventional aero-engine. inter-turbine burning has positive effects on
the produced NOx emissions, on the off-design performance of an aero-engine and on the lifetime of
an aero-engine since the maximum temperature can be lower. It makes the architecture more difficult
since it needs an extra combustion chamber between the HPT and LPT and might need cooling of
this LPT. The planned research will combine the two approaches together to find the advantages and
disadvantages of the new setup. The addition of the 2 architectures can be seen in figure 1.2. The IC
is defined as the added green block and the ITB is the added purple block.

T = Temperature

o

p = pressure

s = entropy Combustor

Compressor —

Inlet -

Figure 1.2: T-S diagram of Brayton cycle with IC and inter-turbine burning.[19]

The main research question is: Is an engine architecture using intercooling and inter-turbine burning
advantageous in comparison with the currently used architecture that does not use these two compo-
nents or one of the two components? Since this is a broad scope towards the research, this can be
split into multiple research sub-questions.

1. Is the proposed architecture better from an emission viewpoint?

» Can the C0, emission be reduced with the new architectures?

» Can the N0y emission be reduced with the new architectures?
2. Is the proposed architecture better from a fuel economy viewpoint?
3. Is the idea better from an operation viewpoint, considering maintenance?

* What is the maximum temperature in the engine?

* What is the maximum temperature during cruise flight?

4. What are the design and operational challenges?
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The research objective is then as follows. Find advantages and disadvantages of an engine architec-
ture using intercooling and inter-turbine burning and make recommendations based on the findings by
simulating and optimizing the jet engine with the use of the Gas Turbine Simulation program (GSP).

1.3. Lay-out

The first following chapter is the literature review. The literature review focuses on the basics of an
aircraft engine and what the effect is adding an IC and an ITB separate. It explains the used method-
ologies by the other researchers and summarized their results. A part is also used to note the effects
of turbine blade cooling. The most common emissions are laid out and followed by a description of the
used software, GSP and MATLAB. Following this, the own methodology is explained. The models are
laid out. The cooling model is validated. The emission model is derived and the exergy calculations
are explained. After this, a chapter is dedicated to a parameter analysis. In this chapter, all the relevant
parameters that influence the cycle are varied in cruise flight to measure the effect of changing a single
parameter on the models. The variables changed are: bypass ratio (BPR), fan pressure ratio (FPR),
LPC pressure ratio, HPC pressure ratio, turbine inlet temperature (TIT), IC effectiveness (explained in
the methodology), IC pressure loss, bypass split ratio (how much of the bypass goes through the IC
and the ITB energy fraction (how much of the energy is added in the ITB). The chapter after this is
the on-design optimization. In this chapter, the 4 engine architectures are optimized. This results in
tables that quantify the optimized results. This is done for the baseline engine, for multiple IC-engines
with varying IC effectiveness, for multiple ITB-engines with varying ITB energy fraction and for multiple
IC-ITB engines that with varying IC effectiveness and ITB energy fraction. Then, the off-design anal-
ysis is laid out in the following chapter. In this chapter, a top of climb condition is added and a spool
speed limiter is added in the take-off operation. The effect is that the engines change to satisfy these
conditions. These new 4 engines are now compared to see the effect on these off-design conditions.
This done for both the TSFC and the NOy emissions. The exergy analysis is presented after this in
the next chapter. In this chapter, the results of the exergy analysis on the 4 engines created in the
off-design optimization are presented. All components can now be compared to see how much each
component contributes to the losses. After this, the conclusion is presented with recommendations.
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All the research presented in this section has to do with improving the fuel economy of an aero-engine
or improving the emissions. It is divided into 6 sections: a section on intercooling, inter-turbine burning,
turbine blade cooling, emissions, exergy, and a 0D simulation program called GSP.

2.1. Aircraft Engine

A current turbofan engine is a machine that has been designed based on a Brayton cycle. It takes in
inlet air, which then goes through a fan. The air splits between a bypass and a core cycle. In this core
cycle, the air gets compressed through a compressor. Then it enters a combustion chamber where fuel
is injected into the core flow, adding energy to the flow at a nearly constant pressure, which raises the
temperature of the flow and the specific heat capacity. The hot gas expands further through a turbine
to produce turbine power, which is then used to drive compressor mounted on the same shaft as the
turbine. The extra power is left after the turbine exits this core section to the ambient air at an increased
velocity and increased temperature. The bypass flow gets a total pressure increase from the fan and
accelerates and exits the engine to the ambient air. Both these flows exert a thrust force to the aircraft
and accelerate it or keep it at a constant velocity counteracting the drag of the aircraft.

The ideal Brayton cycle is shown in figure 2.1.The compressing stage is shown between point 0 and
point 3 while the compressor is from 2 to 3. The combustion happens in the combustor shown between
3 and 4 (at constant pressure) and the turbine driving the compressor is shown between 4 and 5. The
net work from the ideal Brayton cycle is then from point 5 to point 8. In a real cycle the compressor and
turbine lines are not vertical anymore since efficiencies are not 100%. The temperature at point 3 will
be slightly higher for the same pressure, and the extracted net work will be slightly lower.

p

T = Temperature 3
p = pressure

s = entropy Combustor

Turbine

Nozzle
> P
0

Compressor —]

Inlet

Figure 2.1: T-S diagram of ideal Brayton cycle. [19]
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The amount of net work that can be taken out of the engine is related to the maximum temperature
of the engine and the pressure ratio. A higher pressure ratio will result in higher thermal efficiency(n:x),
as seen in equation 2.1. The heat capacity ratio (y) is dependent on the gas composition.

1

~ OPRY-1/v (1)

Nen =1
The optimal pressure ratio is however not the one giving the highest thermal efficiency. It is the one
giving the maximum net work output. This means maximizing the area inside the T-S diagram in figure
2.1. This Brayton cycle can then be adapted by adding extra components such asan IC oran ITB or a
recuperation system that heats the flow before the combustion chamber with hot air from the exhaust.

2.2. Intercooling

Research about intercooling has already been done widely. This will be summarized here. The effects
this might have on the cooling flow will be described and studied in section 2.4.

The basic thermodynamic process of intercooling is visible in figure 2.2. The green cycle is the
added process compared to the conventional Brayton cycle. The fan and the LPC compress the core
flow. Cooling happens trough the IC with the bypass flow. After the IC, the air gets compressed further
to the desired pressure ratio. For the same pressure ratio as a conventional cycle, a lower combustion
inlet temperature is achieved. This changes the optimal cycle and thus also the optimal pressure ratio.
Other benefits are that the air is at a lower temperature and less work is needed to compress the colder
flow. Some disadvantages are pressure losses, weight addition, installation penalty from the wider
engine body and the optimal pressure ratio being too high for the current level of technology.

T = Temperature p3
P = pressure Turbine
s = entropy Combustor
Nozzle
5
T Po

Compressor —

Inlet —7

Figure 2.2: T-S diagram of aero-engine with IC

2.2.1. Intercooling in Gas Turbines

A first paper by Caniere et al. [20] investigates how intercooling can raise the cycle efficiency in an
air-cooled gas turbine. They found that an increased cycle efficiency is not necessarily the result of
a higher turbine inlet temperature (TIT). A found result was the importance of the pressure ratio split
between the LPC and the HPC at which the IC was installed. The intercooling should happen early in
the compression to maximize the HPC’s benefit and minimize the pressure losses. This corresponded
with the IC position in a turbine built by GE, the LMS100 [21]. The LMS100 is however a gas turbine
for ground operations. The design range was an OPR between 20 and 50, and the TIT was between
1100 and 1600. In this region they found that using an IC gave a better cycle efficiency than a con-
ventional engine. This was mostly from the reduced work needed to further compress the flow and
the cooling flow extracted from the HPC had a lower temperature. Maximum efficiency was not found
in this research. It was expected that this was mainly due to the design range of the OPR, since the
optimum was expected to be found at a higher OPR than 50. The results of the cycle efficiency shown
as the contour lines can be seen in figures 2.3 and 2.4. It is noticeable that indeed the IC finds better
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efficiencies but that the optimum efficiency for this intercooled engine is above the graph (higher OPR).

The method in which they modeled the compression and the expansion is not useful since in total
there were only 4 stators and 4 rotors. This is less than for modern aero-engines. It is however useful
that they found the best results were for high OPR and that the intercooling itself should happen at a
relatively low pressure ratio. An external supply of water performed the cooling of the IC itself. This
will not be the case in aero-engines since the only cooling flow for the IC will be the bypass flow or the

ambient air.
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Figure 2.3: Cycle efficiencies for conventional [20]
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2.2.2. Intercooling in early aero-engines

Saravanamuttoo et al. [22] investigated the IC and concluded a positive effect on the thermal efficiency
compared to a conventional engine. Walsh et al. [23] expanded upon this investigation by including an
optimization for an intercooled engine which found that an intercooled engine works better at a higher
OPR. They found a correlation between the thermal efficiency and a multitude of variables and it can
be lower or higher than the thermal efficiency of a conventional engine. The typical variation can be

2P‘I{IIO 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600

TIT[*C]

Figure 2.4: Cycle efficiencies with intercooling [20]

seen in figure 2.5 where the thermal efficiency becomes significantly better at high OPR.

0.4

Thermal efficiency versus overall pressure ratio

+ Intercoocled
o Conventicnal

30 40 50
Owerall pressure ratio

20 60

Figure 2.5: Typical thermal efficiency variations for an intercooled and a convention turbofan[23]

2.2.3. Intercooling in modern aero-engines

Grondstedt et al. [9] investigated the performance of an intercooled turbofan engine in 2010. A fuel burn
reduction of 4.3% was found, which was optimized to 5.5% using a multidisciplinary design optimization.
This was mostly achieved by the IC allowing for higher OPR, which was previously limited by the
combustor inlet temperature. The intercooled engine also had a higher specific thrust, which allowed

the engine to be 163kg lighter.
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Kyprianidis et al. [6] further elaborated on this design by adding a recuperated core. A recuper-
ated core is where the airflow after the HPC is going through a heat exchanger that exchanges the
heat between the air out of the HPC and the exhaust gasses after the LPT, as can be seen in figure
2.6. In this figure, the IC is the outward part of the engine where the bypass flow crosses the core
flow. The recuperator is rearward, where the core exhaust gasses pass the core combustion inlet to
exchange the heat. The benefits of having variable geometry and different combustion technologies
were investigated.

[ Intercooler
Il |

Figure 2.6: Intercooled Recuperated core turbofan engine. [6]

The design of the OPR for such an engine is no longer constrained by the HPC exit temperature
as would typically be the case for a conventional engine but by the HPC blade height. The mission
fuel reduction for this design was 3.2%, mainly due to the increase in thermal efficiency and the lower
engine weight. The intercooled and recuperated engine is compared to conventional engine in table
2.1. This found design gave the T-S diagram seen in figure 2.7.

—0—EIS 2020 Intercooled Core
—&- EIS 2020 Conventional Core

Temperature

Entropy

Figure 2.7: T-S diagram for intercooled core and conventional core at TOC. [6]
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Table 2.1: Comparison of the parameters of an intercooled aero-engine with a conventional turbofan engine [6]

Conventional core IC
EIS 2020 EIS 2020

MTOW (1000 kg) 206.5 202.6

OEW (1000 kg) 113.0 111.2
Engine dry weight Ref. —5.9%
LPT weight Ref. —271%
Core weight Ref. —32.5%
Added components weight (as % of engine dry weight) - 1.7%
Block fuel weight Ref. —3.2%
Midcruise SFC Ref. —1.5%
Thermal efficiency Ref. +0.007
Propulsive efficiency Ref. +0.000

Having a variable IC nozzle could regulate the amount of cooling flow going into the IC influenced the
pressure losses and effectiveness. Figure 2.8 shows that the net thrust can be increased by allowing
more cooling mass flow through the external part of the IC. This increases the heat transfer that takes
place but also increases the pressure losses. An optimum could be found, which increased the net
thrust by 2%.
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Figure 2.8: Optimized performance of a variable IC nozzle during take-off. [6]

A recuperated core with variable geometry in the LPT is then also investigated. The results of this
variable LPT geometry can be seen in figure 2.9. This also gave a reduction in mission fuel.
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Figure 2.9: Effects of variable LPT geometry on recuperated aero-engine. [6]

The high OPR cycle gives new problems since there is a higher NOy emission in this region. This
follows the trend that higher OPR gives higher NOy emissions, as seen in figure 2.10.
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Figure 2.10: NOy emissions for different existing and future aero-engines. [6]

Zhao et al. [10] investigated the effect of a two-pass cross-flow IC. A two-pass cross-flow IC had
the advantage of low internal pressure losses, but it had relatively high external pressure losses. The
author mentioned that the overall heat transfer was on the lower side, but it was enough to increase
the OPR in cruise from 55 to 75. The cooler flow after the HPC resulted in less cooling flow mass
needed. A variable nozzle was chosen that opened during take-off and had a smaller area in cruise.
The achieved fuel burn reduction was 3.2% in comparison with a baseline conventional engine. A
corresponding snowball factor gave a total net fuel burn reduction of 4.8%.

Kyprianidis et al. [7] decoupled the specific thrust optimization setting of the intercooled and con-
ventional aero-engine since they might perform optimally at a different specific thrust. The installation
of the IC was inboard of the engine between the LPC and the HPC; it featured a flow splitter and an
auxiliary variable geometry nozzle. This was the same configuration as in [6]. However, now it allowed
for a different specific thrust for both engines and thus a different propulsive efficiency. The found fuel
reduction was lower. This was because there now was a minimum blade height requirement that set a
limit on the intercooled core size and OPR. This smaller core was also a problem since this limited the
size of the fan. A larger fan lowers the fan speed and increases the LPC shaft diameter. This would
increase the HPC hub to tip ratio, which does not agree with a smaller core found from intercooling.
The specific thrust for an intercooled core was higher. The intercooled engine had a higher thermal
efficiency than the conventional engine. The propulsive efficiency of the intercooled engine was higher
due to the higher ST. This counteracts the benefits of improving the core efficiency. A possible solution
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to this problem might be to install a geared fan such that the minimum shaft constraints on the LPC are
removed. The benefits however, were found highly dependent on pressure losses in the IC.

The optimization by Grondstedt et al. [9] was done on three aspects: mechanical design, an aircraft
model, and an engine performance model. The data was verified using a CFD study on the IC. Since an
IC allows for a temperature reduction in the HPC exit, a higher OPR can be achieved. The current trend
of increasing the bypass ratio (BPR) and thus relatively smaller cores also helps to integrate ICs. The
cooling flow was modelled according to Wilcock et al. [24] The IC was verified using a parametric CFD
study and a comparison to empirical data. In the conventional engine, the OPR, BPR, and fan pressure
ratio (FPR) were the fundamental optimization values. Including an IC added the pressure ratio split
between the HPC and the LPC. The optimization found a temperature reduction of 67K delivered by the
IC, the internal pressure loss was 3.2% and the external pressure loss was 5.4%. Inside the bypass
flow, an IC mass flow ratio was found most optimal at 15.9 which means 15.9 parts of the bypass
flow go around the IC and 1 part enters the cold side of the IC. Since no open literature was available
regarding modeling the external part of the IC, a CFD study was included to validate the heat transfer
and the pressure losses. For the internal part of the IC, this data was available. The design used
an auxiliary exhaust nozzle since this gave better results than a mixed nozzle which was investigated
by Xu et al. [25] To optimize for the full mission, the auxiliary nozzle area was chosen as the varying
parameter. A variable HPT was also investigated but was discarded because of the high temperatures
in said component.

The modelling by Kyprianidis et al. [6] was done for a variable geometry. In figure 2.11 the effects of
the variable geometry are plotted in cruise condition. It is shown that a smaller effectiveness is better
for the TSFC in cruise since it was reduced by 2%. This was achieved with a reduced nozzle area up
to 40%. Designing such a nozzle will be challenging.
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Figure 2.11: Optimized performance of a variable IC nozzle during cruise. [6]

Kyprianidis et al.[8] expanded upon this by incorporating a geared fan. It was found that reducing
specific thrust increased propulsive efficiency but decreased thermal efficiency since there was less
heat transfer in the IC. Increasing the BPR lowered the specific thrust but increased engine weight.

In figure 2.12, the specific thrust at TOC is always on the x-axis, and the efficiencies are given on
the y-axis. The points of minimum TSFC and minimum fuel are not the same since an IC always had
the disadvantage of an installation penalty. The bigger nacelle means more drag. The lowest TSFC
was found for the lowest specific thrust, this aligned with the highest BPR.

The IC mass flow ratio was also varied, assuming a constant effectiveness. Low IC mass flow rates
were found to be optimal. With a high IC mass flow ratio, large amount of air would go trough the cold
side of the IC. This would increase the sizing of the IC and the sizing of the nacelle. This increases
nacelle drag and pressure losses in the IC. The results can be seen in figure 2.13. Higher mass flow
rates did lower the weight of the engine. The lowest TSFC again did not match the lowest mission
fuel. An optimum was found between a lower TSFC, the weight reduction of the IC and the installation
penalty.
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Figure 2.12: Specific thrust versus efficiency [8]
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Figure 2.13: IC mass flow ratio versus efficiency [8]

The pressure ratio at which the IC was placed was found to be on the lower end. This would improve
the core efficiency and lower the TSFC. The optimal IC pressure ratio for total mission fuel was higher
since this meant a lower engine weight and a shorter engine. Results can be seen in figure 2.14.
For a split on the higher end, the overall efficiency of the engine went down. This was because the
propulsive and thermal efficiency also went down. However, the overall mission fuel was found at a
slight non-optimal efficiency since again this had a positive result on the engine weight.

A higher OPR was optimal. This would increase the temperature in the inlet of the IC such that
more heat could be extracted. It also increases the thermal efficiency of the core. Results can be seen
in figure 2.15.
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Figure 2.15: OPR vs efficiency [8]

The IC effectiveness was also varied. A higher effectiveness resulted in more pressure losses on
both sides. Results can be seen in figure 2.16. It was found that optimizing the TSFC of an engine was
not necessarily the same as optimizing mission fuel.
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Figure 2.16: IC effectiveness versus efficiency [8]

2.2.4. IC conclusion

While it was shown that an IC has a significant effect on the TSFC, the effect on the overall used
mission fuel was lower. The important aspects to account for were always the sizing of the core. Since
it became smaller, limiting factors became the HPC blade height and the sizing of the fan. The sizing of
the fan itself could be resolved with a geared fan. The rise in thermal efficiency counters the pressure
losses going with the IC. Another significant part of the reduction in TSFC was the engine weight since
the HP section could be designed for less work. The lower temperatures in the combustion chamber
could help to reduce the NOy emissions, and the fuel reduction helps the reduction in C0,. Adding an
IC to an aero-engine has the disadvantage of an increased installation penalty and a more complex
design since a variable geometry was needed to ensure that the advantages during take-off and top of
the climb were not lost in cruise.
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2.3. inter-turbine burning

inter-turbine burning is the idea that fuel is not only added in the combustion chamber before the turbine
stages, but also afterwards. This can be in a secondary combustion chamber between the generally
defined HPT and LPT. It can also be at multiple locations or even a continuous burning across the
whole turbine is possible.

2.3.1. inter-turbine burning in aero-engines

The effects of burning fuel in the turbine has been investigated by Liu et al. [26] for a turbojet and a
turbofan engine in 2001. They investigated the base engine versus multiple configurations of inter-
turbine burning, namely 1 extra combustion stage, 2 extra combustion stages and continuous burning.
The focus was the effect that inter-turbine burning had on the specific thrust and on the TSFC. The
result of the turbofan engines versus the compressor ratio is seen in figure 2.17. The TSFC for the ITB
was slightly higher than the conventional engine but the ST was a lot higher. It was also noted that
inter-turbine burning become more efficient at higher BPRs as seen in figure 2.18.
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Figure 2.17: Performances of turbofan engines vs compressor pressure ratio at a Mach number of 0.87, TIT of
1500K reheat temperature of 1900K, BPR of 5 and a FPR of 1.65. [26]

It also becomes more efficient at higher FPRs as seen in figure 2.19. It is still visible that the base
engine has a better TSFC. This stops however at larger BPRs since the base engine does not have
the power to drive such a big fan in this case.
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Figure 2.20: Performance comparison of ITB versus baseline engine. [26]

All the comparisons were made with the same design conditions. This already showed some ad-
vantage for the inter-turbine burning. This can be improved since the inter-turbine engine operates
optimal at different conditions than the base engine. It favours a higher pressure ratio, a higher BPR
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and higher fan pressure. No optimization was done to compare these 2 engines, the only change was
an increase in OPR from 30 to 60, a BPR from 8 to 12 and a FPR from 1.65 to 1.72. The results are
shown in 2.20.

It shows that the inter-turbine engine is better at higher compression ratios and higher BPRs. It also
shows higher specific thrust which might mean the engine is better suited for off design performances.

This research was expanded by Chen et al. [27] They concluded that inter-turbine burning was most
beneficial for land based applications since the cooling requirements for air based operations were too
high. The research then focused on the land-based application.

A study on inter-turbine burning was also performed by Liew et al. [28], to focus on the off-design
performance on a jet engine. This was a study based on a supersonic jet engine and the results found
that inter-turbine burning had a positive impact on the fuel economy of the mission, both in the subsonic
as in the supersonic region. Better results were found in the supersonic region.

2.3.2. inter-turbine burning in modern aero-engines

The aero-engine for commercial purposes was investigated by Yin et al. [18] It was investigated on the
premise of reducing bleed air and reducing NOy emissions in aero-engines. It followed from the trend
that aero-engines are having an increased OPR and an increased TIT. This however increases the
NOy emissions. Two T-S diagrams showing 2 different approaches to inter-turbine burning are seen in
figure 2.21.

& Egual temperature reheat cycle, &L ower HPT operating temperature, mointuin required
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Figure 2.21: T-S diagram of inter-turbine burning aero-engine for 2 different applications. [18]

The effect of the ITB was investigated to see the effects on the NOy emissions and on the cooling
requirements in both the HPT and the LPT. An in-house cooling model was used for the latter. The
engine performance was modelled in GSP. The NOy emissions were estimated using an in-house
prediction tool based on Cantera’s reactor networks. [29] The geometry of the combustor is based
on the same methodology as Shakariyants et al. [30]. Since kerosene is a complex fuel, the Aachen
surrogate was used which has been developed at TU Aachen by Honnet et al. [31]. The results
showed that an ITB reduces HPT cooling requirements since the TIT temperature is lower. The thermal
efficiency of the turbine is lower since part of the heat is added at a less efficient pressure in the cycle.
The turbine efficiency improvement counteracts this since there is less cooling air required. The NOx
emissions are up to 40% lower compared to a conventional engine setup as can be seen in figure 2.22.

It is expected that the ITB can increase the engine OPR while keeping the NOy emissions low. This
inter-turbine architecture is then analysed using an off-design analysis by Yin et al. [5] The difference
with the on-design analysis is that now different settings were analysed to provide a better understand-
ing in the performance during a complete flight mission. A visualization of the engine configuration can
be seen in figure 2.23
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Figure 2.23: ITB turbofan comparison with Very High BPR Geared Turbofan engine. [5]

The model was again made in GSP where the same setup was used. The first optimization resulted
in maximizing the BPR, the FPR, and the OPR for both the conventional and inter-turbine burning
aero-engine. The TIT of the inter-burner engine was however 300K lower while the TSFC was 1.5%
higher. When the off-design criteria are considered however, it followed that the baseline engine was
not feasible for the hot-day take-off condition since the flat rating temperature was not high enough.
The baseline engine had to be iterated to allow for a flat rating temperature of 25°C. This resulted in
a bigger engine core and thus a smaller BPR and a smaller OPR which followed in an increase of the
TSFC of 4.9% over the baseline engine. This made the inter-turbine burning engine more fuel efficient.
The ITB gives a second combustion chamber which gave an extra degree of freedom which allowed
the engine for a higher maximum thrust and thus has better off-design performance characteristics.
The reduction in TSFC found is visualized in figure 2.24.
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Figure 2.24: TSFC reduction of ITB compared to revised. [5]

The ITB also came out with a better maintenance and lifetime since the maximum temperature in
the cycle is lower. The only disadvantage found was the need for a variable bleed valve and a variable
stator vane since the surge margin for the LPC was reduced.

2.3.3. ITB conclusion

At first glance, it seemed like an ITB was only usable to give more thrust in the engine or to reduce
the NOy of the engine. When being further investigated it was found that the extra degree of freedom
allowed the core to be designed smaller which resulted in a higher BPR, higher OPR and thus also a
decrease in TSFC and C0,. Besides this, also the maximum temperature in the engine became smaller

which means a longer lifetime.
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2.4. Turbine blade cooling

The effects of turbine blade cooling are known to be advantageous for cycle efficiency of a gas turbine.
Improving the TIT has been the most important factor to increase the gas turbine efficiency. It has
been so successful that not a lot of people challenge the principle. This is the best way to continue
going forward to increase the efficiency of a gas turbine. It has however been shown that the efficiency
gains at very high temperature may be countered by the extra losses that accompanied the larger
cooling flow rates. It has already been shown that for fixed pressure ratios, changing the TIT gave
maximum cycle efficiencies found temperatures close to those found in currently used jet engines.[32]
One cooling model will be further explained. This is a model by Jonsson et al.[33]. It is a model that
offers flexibility in usage with concise number of parameters. For turbine efficiency loss due to cooling,
a linear reduction in polytropic efficiency dependent on the cooling ratio is further explained.

2.4.1. Cooling model for mass flow
There are multiple ways to model the cooling flow. Since only the mass flow is needed for the engine
performance model, only correlations will be reviewed.

One publication by Jonsson et al. [33], models the cooling flow based on correlations. The cool-
ing fluid mass flow rate was calculated following equation 2.2. The equation consists of the cooling
mass flow (), the gas mass flow before cooling (m), the corresponding heat capacities at constant
pressure ¢, and ¢, 4, the gas temperature at the inlet (T ¢,p exit) @nd the coolant temperature at the
inlet (T cmpr exit), the blade temperature (7, ), and 2 parameters defining the efficiency of the convective
cooling (b) and the film cooling (s).

ThCCp_C —b <Tg,cmb exit — Ip >S (22)

Thg Cp.g Ty - Tc.cmpr exit
The specific heat capacities ¢, , and ¢, . are calculated following equation 2.3. The variables
used are the enthalpy of the gas/coolant at the inlet temperature(hg cmp exitsfic.cmpr exit) @nd at the blade

temperature(h,, 4,h,, ). The corresponding temperatures use the same subscripts.

hb c hc cmpr exit h cmb exit — hb
Cpe = LT, 2omet 29 (2.3)

Tb - Tc,cmpr exit Pg Tg,omb exit — Tb

Since the mixing of the cooling flow influences the work in the turbine, a momentum balance is in-
troduced which gives a loss in pressure which is converted to a reduction in turbine polytropic efficiency
by using equations 2.4 and 2.5

Aop o oML TG
=——KkMz{ =———K;Ap <0 (2.4)

Dtbn,inlet mgy mgy
Np,cton = Mpucton — An; An >0 (2.5)

In which the mixing loss factor {, heat capacity ratio x4, and the Mach number are set values based on
the layout of the cooling flow and parameter K. The average values are found in [33]. These correlations
might be incorrect however since they are validated based on F-class land based turbines which deliver
a 10 times higher quantity of power then current aero-engines.

2.4.2. Cooling losses

Research on the cooling losses has been done by Horlock et al. [32]. It is known that implementing
cooling in an aero-engine has pressure losses because the cooling air and the hot gas need to mix. In
the nozzle guide vanes, the first mixing of cooling flow occurs. Itis assumed that this section completely
mixes before the mixture goes through the first rotor. A semi-empirical relation linking the hot gas mass
flow and the cooling flow is found to define the polytropic efficiency l0ss(An stage ) divided by the original
polytropic efficiency (7 stage ) iS given in equation 2.6 where the cooling fraction () is defined as inlet
cooling mass divided by inlet gas mass. This relation had a good comparison to experimental data.
The temperature of the cooling air is however not included in the constants in this relation thus this will
not be further expanded upon.

AN stage /1M stage = —0.125¢ (2.6)
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2.5. Emissions

The emissions in an aero-engine are one of the driving factors for developing new technologies. The
main contributors are carbon dioxide (C0,), Nitrogen oxides (NOy), carbon monoxide (C0), and un-
burned hydrocarbon UHC. The production of these gasses should be limited going forward to improve
the environmental impact of aviation.

The reactants producing the emissions in an engine are air existing mainly of nitrogen and oxygen
,and fuel exisiting mainly of hydrocarbons and some sulfur. [34]

Air = N2 + 02 (27)
Fuel = C,LH, + S (2.8)

The products in the combustion chamber are mainly the following: The previously mentioned 4, ac-
companied by water (H,0), dioxygen (0, ), Soot,and sulfur oxides (S0yx)[34]

CO, + H,0 + N, + O, + NOy + UHC + CO + Copor + SOy (2.9)

The 2 emissions that will be looked further upon here are the N0y emissions and the C0, emissions.

2.5.1. Carbon dioxide

Carbon dioxide is a green house gas which naturally occurs from a complete combustion. It is influential
to global warming. It has a linear relation to the fuel burned and is thus linearly related to the TSFC.
Meaning a lower TSFC will give less €0,.[35]

2.5.2. Nitrogen Oxides

Most of the nitrogen oxides that are emitted from an engine are in the form of NO,. A general approach
however is to combine all oxides of nitrogen under the term NOy. There are multiple mechanisms that
produces these gasses, namely thermal N Oy, nitrous oxide mechanism, prompt NOy and fuel NOy

The production is dependent on the flame temperature, the combustor inlet temperature is also
influential to the production of NOy since this influences the flame temperature. The pressure of the
combustion chamber is very important to the formation of NOy. Higher pressure ratios generally lead
to a better TSFC but worse performance considering NOy. Maughan et al. found that NO,, « P™ where
P is the pressure inside the combustion chamber and n ranges from 0.5 to 0.8. This n is dependent on
the temperature of the combustion. For lower temperatures, n is lower. At low temperatures, prompt
NOy is the main contributor to NOy production and at high temperature, thermal NOy is the primary
contributor to emissions. [36]

Most of the NOy is formed by thermal NOy at higher temperatures. It is an endothermic reaction
that has an exponential growth above a flame temperature of 1800K. It is also found that, since the
production is dependent on the flame temperature, the combustor inlet temperature is also influential
to the production of NOy. [35]

Generally, correlations are used to estimate the amount of NOy produced. The variables influencing
the correlations are often the mean residence time, the chemical reaction rates and mixing rates. One
such correlation is given by Lefebvre et al. [37]. This correlation gives excellent results based on
existing engines from 1955 and 1970 with pressure ratios of 13.5 and 26. It is only correct for spray
combustors, for LPP combustors and can be used if the maximum temperature T,z (primary zone) is
changed by Tt (stoichiometric flame temperature). It is also dependent on the combustion volume and
the combustor airflow rate. Not on the pressure.

NOy = 9 x 1078P125V_ exp (0.01Ty;) /maTp,[g/kg] fuel (2.10)

Another correlation is found by Odgers and Kretschmer [38]. This correlation also uses a flame
temperature and the pressure but also accounts for the residence time and gives this to be between
0.8 and 1 ms. dependent if airblast atomizers or pressure atomizers are used.

NO, = 29 exp — (21,670/T.) P%%° x [1 — exp —(2507)][g/kg fuel] (2.11)

One more correlation presented by Lewis [39], states that the formation of NOy is only dependent
on the pressure and the temperature after the combustion. This is because the residence time is not
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used as the important time but the relaxation time of the nitrogen molecules. This is the same in all
air based combustion systems. Since this correlation is based on aero-engines and in general the
residence times of aero-engines are roughly all the same, this equation gave good results. This is not
the case when it is used for different gas turbines since then the residence time is different.

NO, = 3.32 x 10~% exp (0.008T,) P%5[ppmv] (2.12)

253.CO

Carbon monoxide is a gas that forms mostly in fuel-rich environments since there is then a lack of
oxygen to complete the burning towards C0,. In a lean environment, there is however also CO present.
This comes due to the dissociation of C0,. Highest CO emission values are found for low power setting
with low combustion temperatures.

2.5.4. UHC

UHC emissions are the unburned hydrocarbons which is a toxic pollutant. They generally form with
incomplete burning of the fuel or when the fuel gets burned and other carbon bonds of lower molecular
weight form. It is difficult to model the total formation of UHC but in general it follows the same trend
as for CO.

2.5.5. Soot

Soot is described as particles formed during the quenching of gases at the outer edge of flames of
organic vapours, consisting predominantly of carbon, with lesser amounts of oxygen and hydrogen
present as carboxyl and phenolic groups and exhibiting an imperfect graphitic structure. They are
particles with a diameter larger than 6nm and are a known carcinogen. [40] Good mixing of the fuel
and the air is important to minimize the formation of Soot. But since no immediate influence of pressure
or temperature is present, it is assumed that adding an IC will not influence Soot and for an ITB, the
mixing needs to be adequate but that is also not in OD gas path.
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2.6. Exergy

The exergy of a system is the maximum amount of work that can be obtained by bringing it to equilibrium
with the environment through a reversible transformation. The capacity to generate work is a combined
property of the thermodynamic state of the system and the environment. Since a system can always
produce more work if it is brought towards a vacuum. This is called the useful work potential which
is described by Gibbs as: the maximum amount of mechanical energy that one can obtain from a
system, the difference being inevitably lost to the environment due to the implications of the second
law of thermodynamics. This second law states that the total entropy of a system can never decrease
and can only remain constant when all processes are reversible. The exergy of a system is always the
same, the only things that can change the exergy is the state of the system and the conditions of the
environment.[41]

2.6.1. Closed System
In a closed system, the thermodynamic exergy (E) is defined by the internal energy of the system (U),
the entropy (S), and the pressure (P). It is defined according to equation 2.13.

E=Wee = (Ui = U)) + B (V = W) = To(S = So) (2.13)
The potential energy (PE), the kinetic energy (KE) and the chemical energy (QE) of the system must

be added to this to give the total value of the exergy in the system as seen in equation 2.14.
E=W;—Uy)+ BV —V) —To(S—Sy) + PE+KE + QE (2.14)

The chemical energy here is the maximum amount of work when its elements are chemically trans-
formed to match the elements of the environment.

2.6.2. Open System

In an open system, a control volume (V) is added to the equation as can be seen in equation 2.15.

E=U;—Uy)+PRWV-V)—To(S —So) + (P —FR)V (2.15)

In equation 2.15, some components cancel each other out, and other components are the definition
of enthalpy (H) which is the internal energy and the product of the pressure and the volume. Thus, the
exergy is now defined by equation 2.16.

E = (H — Hy) — To(S — So) + PE + KE + QE (2.16)

2.6.3. Efficiency

Exergetic efficiency is then the ratio of the first law efficiency of the thermal cycle to the efficiency of
the reversible cycle in the same system. It is a way of defining a system that is rather new but can be
used to find where a lot of hidden losses happen in a system.
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2.7. Software

This section will describe the software used to to support the research. To simulate gas turbines, a
simulation application is Gas Turbine Simulation Program (GSP). This is a component based modelling
system where a variation of gas turbine components can be included in the simulation. The optimization
of the engine will be done by using MATLAB build in optimization toolbox.

2.7.1. Gas Turbine Simulation Program

GSP is a program that calculated gas turbine performance characteristics from a design point. It is suit-
able for off-design analysis. Both steady-state (off-design) and transient simulation can be performed.
This is done numerically by defining the engine system states and then solving this for conservation
of mass, energy and momentum. The individual components comprising the engine are selected in a
menu and then accordingly connected. All these components have some driving design parameters.
These variables vary from design parameters to component maps which define the characteristics of the
component in steady-state or transient simulation. This allows for adapting models such that extra com-
ponents can be added and a new engine model is easily created. This model is solved using a generic
solver. The solver creates a set of non-linear equation which are sent to a solver. The components
in GSP are modelled using the component maps which represent their multi-dimensional non-linear
characteristics. The standard model in GSP is 0-dimensional, which means only averaged gas prop-
erties at the inlet and exit of each component are used to model the component. This 0-dimensional
assumption creates only small inaccuracies. The model also solves processes which span multiple
components. such as shaft power, secondary air flows (cooling), sensor and fuel pumps.[42]

Different components add different sets of states and equations. The object oriented solving offer a
lot of freedom to simulate different architectures. The different types of components are visible in figure
2.25.

The system is modelled according to the model architecture seen in figure2.26. First the system is
initialized. Following the design point is calculated. from this point, the steady states are calculated.
This is all done using Newton-Raphson method to find the roots of the state equations. The transient
simulation will not be used in this research.

2.7.2. Optimization
The optimization will be done in MATLAB using the optimization toolbox and an API connection to
GSP. The used optimizing algorithm is sequential quadratic programming (sqp). This is an iterative
method for a constraint non-linear problem. It solves a series of subproblems which each linearise the
non-linear problem. This is extensively described by Nocedal et all. [43]

The constraints tolerance used is 1e-6. The tolerance for the first-order optimality is also 1e-6.

2.7.3. Example usage

The models that will be used in this research will all have the design condition as cruise. This requires
cruise conditions such as altitude and cruise speed. The design point will have the design parameters
changed such that the design thrust is as required and the TSFC is minimized. The steady-state model
is then solved at an off-design condition with a specified thrust. This gives corresponding parameters.
These parameters are now used to do a boundary check. For example the TIT might not agree with
the cooling air temperature and mass flow. This means that the cooling flow fraction in the design point
has to be changed. This is done until the equality and inequality constraints are satisfied with respect
to minimizing the TSFC during cruise flight.
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Methodology

A lower TIT is advantageous to the NOy emissions and a higher OPR is better for the TSFC. This is
conflicting since a higher OPR means a higher combustion inlet temperature and this increases the TIT.
Introducing new engine architectures can overcome this paradox. The engine architectures that will be
discussed here are the ITB and the IC. An ITB helps with lowering the TIT. An IC helps with achieving
a higher pressure ratio with lower work. An extra advantage is that an IC provides cooling air at a lower
temperature such that less cooling air is needed. To investigate the pros and cons of introducing ITB
and intercooling, four engines will be simulated to see if they are beneficial towards the TSFC and the
NOy emissions. These are a conventional engine (baseline), an engine using only an IC (IC-engine),
an engine using only an ITB(ITB-engine), and an engine using both an IC and an ITB(IC-ITB-engine).
All these engines will be subjected to an on- and off- design performance. The on-design (cruise flight)
will be used to model the TSFC during cruise and the off-design simulation will verify if the engine can
accomplish the performance requirements at these conditions, and if not, adapt the engine design until
the off-design requirements are satisfied. The thrust requirements at different operating conditions are
listed in table 3.1.

Table 3.1: Design conditions at various operating conditions

Operating points  Altitude Mach Number Thrust Required Flat rating temperature

Top of climb 11000m 0.85 60kN ISA+15K
Cruise 11000m 0.85 47kN /
Hot-day Take-off 0 0 300kN ISA+25K

3.1. ITB model

An ITBis an elementin a gas turbine where fuel is added after the HPT and before the LPT. With the idea
of lowering the energy density in the main combustion chamber and thus also lowering the HPT inlet
temperature. This might allow for higher pressure ratios since the maximum HPT inlet temperature at
hot day take-off stays the same but some of the fuel is added to the ITB which will lower this temperature,
lower cooling requirements and a higher specific power of the core. The ITB will be modelled using a
constant pressure loss of 3% in the secondary combustion chamber and an energy split fraction chosen
(equation 3.1) to be the same as chosen by Yin et al. [18]. This equation consists of the energy going
into the ITB defined by the product of the lower heating value (LHV) of the fuel and the mass flow of
this fuel (my) divided by the total energy going into the system.

LHV, - my,
LHV; -msy + LHV, -m,

ITB; = 3.1

In equation 3.1, subscript 1 stands for the main combustion chamber and subscript 2 stands for the ITB.
LHV is the lower heating value of the fuel and the m, stands for the mass of that fuel in kg/s. The used
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fuel in both combustion chambers will be Jet-A with an LHV of 42.8 MJ/kg. The ITB energy fraction is
how the research will define how much of the total fuel is going to the ITB.

The used fuel Jet-A/A1, JP-8, Avtur for which the following fuel specifications hold. A H/C ratio of
1.9167, an LHV of 42.8 MJ/kg, a Cp at the fuel reference point of 288.15K of 2093 J/kg K.

The constant pressure loss due to mixing and combustion inside the ITB will be a constant 3% for
all operating conditions. The combustion efficiency is set to 99.5% which is slightly lower than for the
main combustion chamber which operates at 99.7%.

3.2. IC model

An IC in an aero-engine is a heat exchanger placed between the core flow and the bypass flow. In this
case, the hot side is cooled between the LPC and the HPC. The cold side of the IC is a fraction of the
bypass flow. A passive system will be used in this analysis which means that during all flight phases,
the IC will be used.

Internal Bypass
External Bypass ;
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—t e
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Figure 3.1: Two pass cross-flow heat exchanger [10].

An IC type suited for this purpose is a cross-flow heat exchanger seen in figure 3.1. The hot side
will be inside pipes and the cold side will go around these pipes. A split ratio indicates how much of
the bypass flow will go through the cross-flow heat exchanger and how much will go around the heat
exchanger. An effectiveness of 0.5 is used as the baseline for the IC-engine. This means that 50% of
the maximum heat transfer happens. The pressure losses on the cold and hot side are set to 3% for
an effectiveness of 0.5 at cruise. This is in line with the existing literature. [6, 7, 7, 9, 10, 25, 44]

The heat exchanger cross-flow is also validated using the method of Zukauskas et al. [45]. and the
inside of the tubes is validated by using Dittus-Boelter which is a formula to find the Nusselt number in
turbulent pipe flow as shown in equation A.1. This methodology can be seen in Appendix A.

Reynolds analogy is further used to change the pressure losses if the engine goes in other operating
modes, such as the sea level static (SLS) ISA+25 take-off condition. Here the heat transfer is different
than the heat transfer during cruise (effectiveness is kept constant). The difference in heat transfer has
a linear effect on the pressure loss based on Reynolds analogy.
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3.3. Cooling model

The following section derives the cooling model. It consists of 2 subsections. One about the cooling
mass and one about the polytropic losses in the turbine due to cooling.

3.3.1. Cooling mass required
The used cooling model is based on the work done by Jonsson et al. [33]. The equation giving the
model is equation 3.2 and is explained in section 3.

M _ %Py (Tg—be

mg_ cpe \Tp — T,

(3.2)

Firstly, the variable parameters of this model are chosen such that they give the same cooling flow
requirements as presented by Yin et al.[46] based on the inlet temperatures of the components and
varying the parameters b and s. The effect of changing the parameters can be seen in the following
figures. In figure 3.2, a b of 0.07 and an s varying between 1 and 2 is shown with a constant coolant
temperature of 1040K (which approximates an OPR of 66). In figure 3.3, the effect of a colder flow
is shown. It is noticeable that even small differences in a high temperature environment have a high
impact on the cooling flow needed.
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Figure 3.2: m. over m, for a constant b of 0.07 and a varying s between 1 and 2
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Figure 3.3: m, over m for a constant b of 0.1, a constant s of 1.5 and a varying cooling flow temperature
between 600 and 1050K.
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Then the parameters b and s are chosen by applying weighted least squares onto the model and
data given by [46]. The results of this are a constant s of 1.5 and a b of 0.105 for the stators and a b of
0.07 for the rotors. The fitted data is seen in figure 3.4
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(a) Stator and rotor 1 of HPT. (b) stator and rotor 2 of HPT.

Figure 3.4: Cooling required for rotor and stator of HPT. Parameters b and s to 0.1 and 1.5 for stators and 0.66
and 1.5 for rotors to match literature [46]

The convective parameter b will be scaled down 25% to account for the cooling improvements
possible in future engines. This results in a used b of 0.75 for stators and a b of 0.495 for rotors. The
film cooling parameter s is held constant at 1.5.

3.3.2. Efficiency loss factor of turbine cooling

The loss factor is well described by Horlock et al.[32] and by Wilcock et al. [24]. It is a parameter
defining how the polytropic turbine efficiencies change when cooling air is added in the turbine. It is
defined as cooling mass over gas path mass. Two different loss factors will be used in the report. In
the parameter analysis the presented result is for a loss factor of 0.125 to minimize the effect of this
parameter and look at the effect the parameters have more clearly. In the on- and off-design sections,
the cooling loss factor will be 0.5. This means that the polytropic efficiency will decrease with 0.5% for
each added % of cooling mass. This value aligns with previous literature [5]. The loss factor is also
investigated. The results are that a high loss factor is most detrimental for cycles that have high TIT
and LPT inlet temperature. This is seen in Appendix B

3.4. Engine performance model

The engine performance will be modelled using the Gas Turbine Simulation Program (GSP). All the
components will be modelled in the program. The bleed control will be given based on the cooling
model just as the pressure loss and temperature change in the IC and the pressure loss and fuel flow
in the ITB. Each engine will be optimised to TSFC at cruise with a cruise thrust of 47kN. The minimum
thrust at TOC is 60kN and the minimum thrust at SLS ISA+15 will be 300kN. All the components
in the model can be seen in figure 3.5. And the stations given are listed in table 3.2. The bleed
controls(components 2-4, 6-8) define how much air is bled from the HPC to the stators and rotors that
need cooling. Component 5 is used as a thrust control required for off-design performance. The used
efficiencies are seen in table 3.3. The bounds for the on/off-design optimization are seen in table 3.4.
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Figure 3.5: Overview of components in intercooled ITB-engine.

Table 3.2: Station numbers used in IC-ITB design in GSP. For the cases were only IC or ITB is used, there is no
change in the skipped component.

Core In  Out Bypass In Out IC cold side In Out
Ambient 0 1

Inlet 1 2

Fan core side 2 21 Fan duct side 2 13

LPC 21 25 | Flow Splitter Bypass 13 14 | Flow Splitter IC 13 114
IC hot side 25 26 | Bypass duct 14 16 | IC cold side 114 115
HPC 26 3 Bypass exhaust 16 19 | IC duct 115 116
Combustion chamber 3 4 IC exhaust 116 119
HPT stage 1 4 43

HPT stage 2 43 45

ITB 45 46

LPT 46 5

Core exhaust 5 9

Table 3.3: Component efficiencies of engine model. Efficiency of HPT and LPT is lower if cooling is required.

Component Parameter Notation Value
Fan Polytropic efficiency Nran (%] 93
LPC Polytropic efficiency Nepc [%] 93
HPC Polytropic efficiency Nupc [%] 91
Main combustion chamber Combustion efficiency Neomp [%0] 99.7
Pressure ratio Teomb 17] 0.95
HPT Uncooled polytropic efficiency  nypr [%] 93
ITB Combustion efficiency Nirg [%] 99.5
Pressure ratio mre[—] 0.97
LPT Uncooled polytropic efficiency  n.pr [%] 92.5
Bypass duct Relative pressure loss APyyct/Pn [%] 2
LP shaft Mechanical efficiency Nmwpr [%0] 99.5

HP shaft Mechanical efficiency Nmupr [%] 99.5
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Table 3.4: Engine constraints of on/off-design optimization.

Parameter constraints

On-Design
mlcruise [kg/S] 51 7
BPR [-]

5-15
FPR [-] 1.1-2
LPC PR [-] 2-5
HPCPR[]  4-20
TT4eryise [KI < 1900

OPR ryise <70
Off-Design

OPR;otal <75
N1 [%] <106
N2 [%] <119

The engine model is verified using the known data of the GE90. The available data of GE90 is used
as input The inlet air mass flow is varied to match the thrust requirement. Accordingly, the other cycle
parameters are iterated. The found parameters at 100% thrust are summarized in table 3.5.

Table 3.5: Results of optimization with known constants of GE90 [47]

Parameter Known Model A%
my - 1374kg/s

BPR 8.33 8.33

fan PR - 1.58

LPC PR - 1.1

HPC PR 23 23

TT4 - 1725K

me/msys - 0.0917

wy Thrust 100% 430kN  3.515 3.515 +0%
wy Thrust 85% 365kN 2.844 2.876 -1.2%
wy Thrust 30% 129kN 0.917 1.002 +8.5%
wy Thrust 7% 30.1kN 0.304 0.296 -2.7%

It is optimised to have the same fuel flow at 100% thrust and then varies the inlet air mass flow, the
fan PR, the LPC PR and the TIT to find the given thrust holding in respect the OPR at take-off. The
cooling flow is dependent on the temperatures in the turbine and the cooling model. The results for the
30% thrust are 8.5% higher but for the 85% and the 0%, the results are quite good with a difference
of -1.23% and -2.7%. The cooling flow of 9.17 % corresponds to the HPC bleed given in the EASA
certificate data sheet of 9%. [48]. The model gives good fuel results for the 100% and 85% thrust
cases.

3.5. Emissions model

The €O, are linear to the TSFC in aero-engines and therefore no model will be used to estimate the
CO0,. lt follows the TSFC [35]. For the NOy modelling, multiple correlations are available. one such
correlation is from Lewis et al. [39] This correlation rates the NOy emissions based on the temperature
and pressure after combustion. It is shown in equation 3.3. The emission index for NOy (EINO,) is
calculated from the TIT (Tr,) and the turbine inlet pressure (Pr,). It does not account for temperature
rise in the combustion chamber.

EINO, = 2.77 - 1077 - exp(0.008Ty,) - P%°[gN O, /kgfuel] (3.3)
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Equation 3.4 splits this by using the compressor exit temperature (Py3) and the FAR. It also includes
a pressure loss component (AP) in the equation. 3.5 and divide it by 194. This is a large discrepancy
in the dependence on the TIT. It is based upon low NOy LDI combustion.[49] One problem with this
correlation is the fact that it requires a pressure loss value in the combustion chamber. This value is
estimated in the current research to be 0.05 for the main combustion and 0.03 for the ITB. This assumed
pressure loss is for all engines the same and therefor has no influence on the end result.

EINO, = 1.359 - exp(Tyr3/194)FARY P55 (AP /Pp3) 055 [gN O, /kgfuel] (3.4)

Another way to calculate the NOy is by using the NOy severity index (Syo,) by NASA [50]. It is given
by equation 3.5. It is noticeable that the exponent used with the temperature is the same as with
equation 3.4. The pressure has a different exponent and they have the water/air ratio (w) which includes
the effect of the ambient humidity. The severity parameter then must be multiplied dependent on the
combustion method. The variation in the severity parameter is now standardized and independent of
which combustion technology used. The severity parameter can be multiplied by a number which gives
the estimated NOy emission index based on figure 3.6. For current turbofan engines, the multiplication
factor is 32. This can be reduced by using different combustors. This will not be looked upon and only
the severity factor will be used. Conventionally used engines now have a severity factor of 1 at take-off
conditions when T3=810K and P3=27bar. The severity can be reduced by using different combustion
technologies, different combustion ways (ITB) and by changing the inlet conditions (IC). The relative
humidity will be kept constant at 0%, which is the values seen in figure 3.6.

_ Pr3
Sno, = (2965)
Equation 3.4 will be adapted to a severity factor since equation 3.5 has no FAR or TT4 included.
The pressure loss component is removed since this is combustion depended and assumed constant.

This forms equation 3.6. For the new scaling, it was assumed that all conventional engines had a FAR
0.03 (equivalence ratio of 0.45).

0.4

) [gNOx/kgfuel] (3.5)

Trs —826  6.29 — 100w
194 53.2

EINO, = 1.043 - exp(Tr3/194)FARY P59 [gN O, /kgfuel] (3.6)
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Figure 3.6: NOx emissions versus severity index for current and future engines.(T and P in non S| units)[50]

The scale of the figure is changed compared to the original one in figure 3.6. The new correlation
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gives lower EISNO, results for older low pressure cycles and approximates newer cycles good. The
results based upon existing cycles is seen in table 3.6. The results show the difference between the
NOjy severity factor by equation 3.5 and the results from the adapted severity factor based on equation
3.6. This shows that the new method has good correlation with the old method while it includes a FAR
and is thus more suited to novel cycles.

Table 3.6: Results on EISNOy for given parameters and the difference with the new approximation.

1 (graph) 2 (graph) 3 (LEAP) 4 (LEAP) 4[5]

TT3 [K] 700 811 830 730 1050
PT3 [K] 10.34 27.6 33.7 11.8 66
EISNOy 0.38 1 1.2 0.47 4.9
EISNOx new 0.28 0.87 1.1 0.37 5.0

For the ITB, the Sullivan’s correlation is used.[51] This approximates the NOy emissions for reheated
engine cycles based on the fuel flow split, the exit temperatures of the combustion chambers and the
stoichiometric fuel-to-air ratio (FAR,). It is seen in equation 3.7. NOy is the newly calculated emission
value. NOy, is the NOy emission if all the fuel were added into the main combustion chamber. The
equation further uses a fuel split ratio (y) seen in equation 3.8, the vitiated air mass ratio («) seen in
equation 3.9. Subscripts 1 and 2 signify the combustion chambers. ATIT = TIT, py — TITypr, b=1.5
and c=250K.

=yb + (1 —y)lex ATIT 8.1a (3.7)
oy =7 y)’exp| —— -8, -

FAR,

Y= FAR, + FAR,
FAR(1 + FARy)

%= TFAR, — FAR

(3.8)

(3.9)

3.6. Exergy

Exergy, or the maximum available work in a state different from a dead (ambient) state will be used to
identify the losses in the system. It will be used to compare the component performance in the different
configurations. This method allows to quantify what benefits are present in each architecture from a
fuel economy viewpoint. The methodology used will closely follow the methodology used by Clarke
and Horlock [52]. It combines the first law of thermodynamics, conservation of energy with the second
law of thermodynamics, entropy cannot decrease and will only stay constant for a reversible process.
Each component can now be seen individually where it changes the state and thus the available work
and it also changes the entropy if the process is irreversible.

To derive the equations, first, a steady flow regime with no kinetic energy is assumed. This is seen
in figure 3.7. This figure shows as inlet the inlet mass flow times the specific enthalpy of the inlet flow.
The outputs are the output mass flow times the specific enthalpy of the output flow and shaft power
and heat going out of the system. The equation that follows from figure 3.7 is equation 3.10. The mass
flows (r;) multiplied by the specific enthalpy (h;) going in the system are on the left side and on the
right side are the mass flows (m;) multiplied by the specific enthalpy (h;) going out the system and the
shaft power (P;) and the rate of heat flow (g;).



3.6. Exergy 35

S

1

—p | T
hh | — e
UOTE T E— — m;h;
i out

i in

Fs

Figure 3.7: Exergy balance for a system without kinetic energy.
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The maximum amount of work that can now be extracted from this system is found by combining the
first and second law in equation 3.11. b in this equation is defined as h — T,,s and is known as the
steady flow availability.

E . E Ti - Too 2 .

mibi > PS + qi T, + mibi (311)
- - i -

L 2 L

in out

Enthalpy and steady flow availability can be changed with the total property if there is kinetic energy
in the system. The forces inside the system do not provide an energy component since the control
surface is static.

There are multiple velocity datums possible in an engine, relative to the engine or relative to the
ground. Relative to the engine will be noted as V and relative to the earth will be noted as C. The speed
of the engine is seen as U and thus C=U-V.

Including the kinetic energy in equations 3.10 and 3.11 gives equations 3.12 and 3.13.

Zmihoi =PS+ qu + Zmihoi (312)
i i i

IN out

Ty ‘
E mbg; | > Py + § q; — |+ E 1 bo; (3.13)
n " L -
L L L

in out

If the system relative to the earth is used, an extra component P, is needed which includes the
translation power. This includes the change in speed between all the flows and the pressure differences
that pass through the control surface. Total enthalpy and availability will now be inclusive of the kinetic
energy of the speed as seen in figure 3.8. This shows an adapted version of figure 3.7 including a
speed of the system (U) and thus a thrust power component (P) as output.
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Figure 3.8: Exergy balance for system with kinetic energy.

This changes equations 3.12 and 3.13 to equations 3.14 and 3.15, which were derived by Clarke
and Horlock for a single constituent flow [52]. The inequality is now the lost power in the component.
The thrust power can be defined in terms of the speed of the system as seen in equation 3.16. Which
derives to equation 3.17 when C is replaced by U-V.
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Maximum thrust power means that all processes should be reversible. No power is extracted out of
the system through the shaft. The heat transfer happens at the ambient condition and all outgoing
availability is 0. The available exergy in a fuel is not known exactly but is estimated. The work done on
this has been performed by Baehr [53]. It estimates by calculating the work extracted in a reversible
combustion for the given fuel as seen in figure 3.9. The reversible work (I#,..,,) is defined in equation
3.18. Which also uses a mass flow (m;), specific enthalpy (h), specific entropy (s) and the ambient
temperature (T,,).
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Figure 3.9: Reversible combustion reaction according to Baehr. [54]
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The enthalpy change in this equation is equal to the enthalpy change by combustion (AH,,) and the
entropy change (ASy,) is also because the combustion. Equation 3.18 is now rewritten as equation

3.19 where the reaction happens at constant temperature Tj,.

VVY‘EU = _AHOR + TOASOR (319)

Equation 3.19 can now be expressed in terms of the constituents in the reaction as seen in equation
3.20. It is noted that all specific exergies (¢) are given for the inlet and outlet condition which is equal
to the environment. Since the heat transfer happens at a constant ambient temperature, the exergy of
this is 0. The final term in this equation is seen in equation 3.21. Combining equation 3.19 and 3.20
gives equation 3.22.

me&s, + Mo, €0,, = Wien + Z mi&;, (3.20)
products
Z M€y, = Mco, * €co,, T Mu,0 * €H,0, (3.21)
products
mgep = —Ahg, + ToASy, + Z mi&i, — Mo, o, (3.22)
products

Since the enthalpy rise in the equation is equal to the HHYV, this can be substituted. The entropy in the
reaction can be seen in equation 3.23 and the exergy of the products - the exergy of oxygen is included
in the model by Baehr.

ASOR = mcoz . SCOZO + mH20 . SHZO() - m02£020 (323)

The exergy at these conditions is calculated already by Baehr and it was estimated that the exergy of
the fuel is 1.059 times higher than the LHV of the fuel, in this case kerosene as seen in table 3.7. This is
an approximation since the chemical composition is not exactly known. Baehr fixed this by estimating
the entropy of the fuel based on entropies of known pure substances. The entry conditions of the fuel
are the same as the tests conducted by Baehr and for deviations, enthalpy and entropy changes are
incorporated to match real conditions.
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Table 3.7: Exergetic content of fuel based on Baehr environment. [53]
Fuel petrol kerosine diesel oil fuel oil fuel oil  fuel oil fuel ol
[general] [light] [medium] [heavy]
mass fractions
C [-] 0.855 0.859 0.857 0.844 0.855 0.853 0.849
H [-] 0.145 0.140 0.134 0.138 0.125 0.116 0.106
0] [-] 0.000 0.000 0.000 0.013 0.008 0.003 0.005
N [-] 0.000 0.000 0.000 0.000 0.000 0.003 0.005
S [-] 0.001 0.001 0.009 0.005 0.012 0.025 0.035
total [- 1.000 1.000 1.000 1.000 1.000 1.000 1.000
HHV; [MJ/kg] 46.50 46.50 45.40 42.00 44,80 43.30 42.30
LHV; [MJ/kg] 43.35 43.44 42.48 38.99 42.07  40.77 39.99
Baehr-l
&f [MJ/kg] 45.96 45.99 45.00 41.55 4450 43.17 42.33
fgf [-] 1.060 1.059 1.060 1.066 1.058 1.059 1.059

The used calculation to calculate the loss factor is the balance equation with the inequality filled in
as seen in equation 3.24. This is done for each component individually. Then, the lost energy in each
component can be compared with each other when divided by the total chemical exergy going in the

system as seen in equation 3.25. This gives the specific lost exergy (L*). L*+P;" equal to 1.
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(3.24)

(3.25)



Parameter Analysis

Before the optimization is done, an analysis is performed to see what the impact of parameters is on
the TSFC. This is to find the sensitivity of the parameters on the optimization. As a centre point, the
conventional engine described by Yin et al. is used[5]. From this engine all design parameters are
varied to see the influence on different performance parameters. The design parameters are listed in
table 4.1. This analysis does not include any off-design criteria. Also, the influence of the cooling model
parameters and the loss factor on the turbine efficiency dependent on the cooling is investigated. The
loss factor is not a design parameter but does have an impact on the results.

Table 4.1: Variable parameters of parameter analysis

Parameter Range
BPR [-] 5-25

Fan PR [-] 1-1.8

LPC PR [] 2-15

HPC PR [] 5-30

TT4 [K] 1400-2700
e [] 0-1

IC Appot [%] 0-0.2

IC Apcora [%]  0-0.2

Split ratio [-] 0-1
ITB fraction [-] 0-0.5
loss factor [-]  0-0.625

Unless otherwise stated, during the parameter analysis, the design parameters in table4.2 are kept
constant to the given value.

4.1. Bypass ratio

The effect of the BPR on the TSFC and other performance parameters will be described in this section.
The BPR is changed from 5 to 25. This has a huge impact on all the performance parameters as
can be seen in figure 4.1. In figure 4.1a, the thrust drops when the BPR increases for all 4 engine
architectures. A higher BPR means less air through the core cycle and more air through the bypass.
The propulsive efficiency will increase while the average exit speed of the flow will be lower, thus a
lower thrust. The highest thrust is seen for the engine with both an ITB and an IC because the core
for this configuration has the highest power density since it has additional fuel in the main combustion
chamber and more fuel in the ITB. Figure 4.1b shows that increasing the BPR lowers the TSFC until
an optimum is reached. When it goes up further, an infeasible engine is found (more power going to
the shaft than possible). It looks like the conventional engine is the most efficient in this figure but
that is only at the given parameters which were optimized for a conventional engine. The trend is for
all engines the same and it is also noticeable that the changed architectures can all handle a larger
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Table 4.2: Constant variables of parameter analysis

Parameter Constant
BPR [-] 15

Fan PR [] 1.44
LPC PR [-] 5

HPC PR [] 9.7

TT4 [K] 1900
e[] 0.5

IC Appor [%] 0.05
IC Apeora [%]  0.05
Split ratio [-] 0.1
ITB fraction [-] 0.2
loss factor [-]  0.125

BPR which is logical since the energy density of the core is higher. As can be seen in figure 4.1c, the
BPR has no effect on the cooling air of a speciflC-engine and thus also no effect on the poly-tropic
efficiencies in the turbine. In figure 4.1d, the NOy emission index in g/kg (fuel) is presented. The
BPR has no influence on the NOy emission index since the core parameters stay the same. The only
difference is the IC which gives a lower entry temperature and the ITB which burns at a lower pressure
and temperature. The lower entry temperature lowers the NOy emissions. In figure 4.1e, the total NOy
content in grams can be seen for the engine configurations. At first glance, it looks like the benefit
of the lower entry temperature of the IC is more beneficial than the extra combustion chamber for the
ITB. This is not definite since the parameters were optimized for a conventional engine. Both the IC
and the ITB will probably have lower TITs. The ITB-engine has the same main combustion chamber
as the conventional engine. The only difference is that the EINOy is higher because more fuel is used
compared to the conventional engine since the ITB operates at a lower thermal efficiency. The Sullivan
factor cannot counteract the added fuel to the system.
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Figure 4.1: Effect of changing BPR.

4.2. Fan bypass pressure ratio

The effect of the FPR on the TSFC and other performance parameters will be described in this section.
In figure 4.2a, The thrust of the engine increases with a higher FPR. This holds until the required power
to the shaft is too high. Then the core will not deliver thrust and stall. This gives an infeasible engine
which can be seen for high values of the FPR. The conventional engine stalls first which shows that
the other architectures are more resilient. In figure 4.2b, a higher FPR means a lower TSFC, this is
because a higher propulsive efficiency is reached when more power goes to the bypass instead of
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the core cycle. The total cooling air is seen in figure 4.2c. The cooling air is constant for all cases
except the IC because a higher FPR means a higher temperature in the bypass which means a higher
cooling temperature and thus more cooling needed. This is not seen in the IC-ITB since the lower HPC
exit temperature means more fuel is needed in the main combustion chamber to reach the required
temperature. Then the constant energy fraction means that this also increases the fuel content in the
ITB. The HPT will therefore follow the cooling flow of the IC, but the ITB exit temperature is higher and
thus extra cooling is needed in the LPT. This evens out the cooling requirements for this configuration.
Figure 4.2d shows the emission index for NOx. The IC-engine has the lowest NOy emission index. The
engines containing an IC are also the only ones seeing a difference in the index for varying FPR. In
figure 4.2e. Itis seen that the IC shows the lowest total NOy. The ITB configuration uses more fuel, the
thrust is higher, and the NOy is higher. When each engine is optimized to the same thrust, this might
show different results.
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Figure 4.2: Effects of changing the FPR.

4.3. low pressure ratio
Figure 4.3a shows that the temperature reduction in the IC becomes higher for an increasing pressure
ratio since more heat can be taken out by the bypass flow since the temperature difference is larger
and the maximum extractable heat is not reached. In figure 4.3b, it is shown that the heat taken out in
the IC is not linear with the heat going out of the HPC. a Delta T of -40K aligns with a difference in TT3
of -90K and a delta T of -140K aligns with a difference in TT3 of -250K which means that even small
temperature changes in the IC can decrease the maximum temperature in the turbine significantly. In
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figure 4.4a the thrust variation for the low pressure ratio can be seen. Since the TIT is kept constant,
a higher pressure ratio means less fuel into the combustion chamber to reach this constant burner exit
temperature. The 2 configurations that contain an IC are less impacted by this since they take away
some of the heat added in the low. Figure 4.4b shows that for the optimized conventional cycle, the
optimum is found at an LPC pressure ratio of 5.5 (upper bound of 5 during optimization). The cooling
requirements increase with an increase in the LPC pressure ratio since the cooling air goes to a higher
temperature. For the cases that have an IC, this happens slower since more heat can be taken out for
a given effectiveness. Both ITB total cooling air lowers for low LPC pressure ratios. The reason is that
for a low LPC pressure ratio, the power going into the HPC is less. This means that less heat goes out
in the HPT and thus the temperature in the ITB is higher. In figure 4.4e it can be seen that again the
IC-engine gives the lowest EINOy, but they all have the same trend of: a higher LPC pressure ratio
means more NOy.
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Figure 4.3: Temperature differences before the combustion for varying LPC pressure ratio.



4.4. HPC pressure ratio 45

w
Z £
= =]
£ id
73]
— = comv L
—+—1IC
40 ITB
—&—IC-ITB
35 13
2 4 [ 8 10 12 14 16 2 4 [ 8 10 12 14 16
LPC PR [ PR LPC [
(a) Thrust to PR LPC. (b) TSFC to PR LPC.
0.5 8
—&— conv
—+—IC
ITB
0-45 —&—IC-TB - 6
o =)
— s
9 =)
Eu %xz 4
& o
w
2

2 4 5] 8 10 12 14 16 2 4 5] B 10 12 14 16
LPC PR [ PR LPC [
(c) Cooling air to PR LPC. (d) EISNOy per kg fuel to PR LPC.
5 0.12
—&— cony
P 0.1
ITB
—&—IC-ITB =
_ < 008
wr =
= ° 5
o 0.06
% .
n 2 2
&5 004
1 0.02
0 ]
2 4 6 8 10 12 14 16 2 4 6 8 0 12 14 16
PR LPC [ PR LPC [
(e) Total NOy to PR LPC. (f) Total NOx per kN to PR LPC.

Figure 4.4: Effect of changing low pressure ratio.

4.4. HPC pressure ratio

Figures 4.5a and 4.5b show that a higher pressure ratio decreases the total delivered thrust and de-
creases the TSFC. The NOy production is lowest for the 1C-engine and the lowest EINOX is also for
the IC and increases for an increased pressure ratio. Thus, higher pressure ratios benefit the non-
conventional cycles more than the conventional cycles.
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Figure 4.5: Effect of changing HPC pressure ratio.

4.5. Turbine inlet temperature

For the parameter analysis of the TIT, all architectures have an optimum that is dependent on the total
cooling air needed. If the cooling air requirements become too high, the thrust goes down and the
TSFC goes up. The effect of the IC is not very noticeable in figure 4.6c since the scale is large but
for a TT4 of 2200K, the difference between conventional cooling and IC cooling is 0.45 and 0.55. A
more realistic TT4 is however in the range of 1900K or lower. In figure 4.6d, the NOy emission index is
presented. It is noticeable that this is not a linear relation but it is not as exponential as initially thought.
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In figure 4.6e the NOy increases for higher TITs. This is mainly because the NOy correlation is based
on inlet conditions and FAR which increases linear with increased TT4 for constant inlet conditions.
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Figure 4.6: Effect of changing TIT.

4.6. IC effectiveness

It can be seen in figure 4.7 that increasing the effectiveness increases both the thrust delivered and
the TSFC when all the other parameters are kept the same. The reason for this is the added fuel in
the combustion chamber becomes more when the LPC air is cooled since the HPC exit temperature is
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lower. It can also be seen that the IC-ITB configuration levels the cooling requirements from a certain
effectiveness. An ITB energy fraction of 0.2 results that there is an increase in fuel in the ITB and
thus more cooling is needed in the LPT. This means that for an optimized IC-ITB, the temperature in
the main combustion chamber will be a lot lower than for the other architectures. In figure 4.7f the
temperature change in the IC on the hot and cold side is shown. For a cross flow IC, the heat taken
out of the core flow only increases the temperature in the bypass flow by a minimal amount. A small
IC will be able to do the trick. As seen in figure 4.7e, the NOy becomes higher for the IC-ITB-engine
as the effectiveness becomes higher. This is because the TIT stays the same. More fuel is needed to
reach this temperature which also increases the fuel used in the ITB since the energy fraction stays
the same.
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Figure 4.7: Effect of changing effectiveness.

4.7.I1C pressure loss

In figure 4.8 the effect of the pressure loss on both the hot and the cold side of the IC are shown. The
values are the same for the case where the pressure loss is 5% It is noticeable that the pressure loss on
the cold side is much more influential to the performance of the aero-engine. A pressure loss difference
of 15% on the core side has an influence of 2.4% on the TSFC and 2.2% on the thrust while the same
pressure loss on the cold side has an influence of 14.8% on the TSFC and 16.6% on the thrust. This
shows immediately that for the IC, it will favour a low pressure loss on the cold side while the pressure
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loss on the hot side is not that influential. The low pressure side has more air than the high pressure
side. Since the baseline case has a high BPR, and 10% of the bypass flow goes trough the IC, The
bypass is more sensitive to pressure losses.
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Figure 4.8: Effect of pressure drop in IC.

4.8. Bypass split ratio

The influence of the split ratio of the bypass flow is shown in figure 4.9. A split ratio of 0.1 means that
10% of the flow goes through the cold side of the IC and 0.9 means that 90% of the flow goes through
the cold side IC. It is seen that when a minimal amount of flow goes through the cold side of the IC, the
TSFC is optimal. The least amount of air goes trough the cold side of the IC for constant pressure loss.
This configuration also shows the highest thrust, again because the least amount of flow is influenced
by the pressure loss. The temperature rise in the cold side(TT16) of the IC is higher for low split ratio
since less air is available to store the heat from the core side for a constant effectiveness.
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Figure 4.9: Effect of split ratio on engine performance.

4.9. ITB energy fraction

The ITB energy fraction stands for how much of the energy in the fuel goes to the ITB, since the same
fuel is used in main combustion chamber and ITB in all configurations, this is also a mass split. In figure
4.10, it is seen that for low values of fuel split, there is no cooling required in the LPT because the LPT
inlet temperature do not go above the cooling threshold. When this threshold is reached (0.15 for IC-
ITB and 0.25 for ITB), the cooling required counteracts the thrust increase while the TSFC keeps going
up. For very high values of ITB split, the temperature in the ITB becomes higher than the temperature
in the main combustion chamber and thus the NOy in the engine starts to increase exponentially. It can
be concluded that while high fuel split values are theoretically possible, they will increase the TSFC
and increase the NOy emissions when keeping TT4 constant. This effect is more noticeable in the

IC-ITB-engine since the amount of fuel used is also larger.
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Figure 4.10: Effect of changing the ITB energy fraction.

4.10. summary parameter analysis

It is noticeable in the parameter analysis that it started for a optimized conventional engine. The pa-
rameters all go to the optimum or the bounds for this conventional engine. It is also directly visible that
all the architectures using IC and IC-ITB will have lower TITs when the OPR is limited to 70 since they
can easily reach the thrust requirements. At first glance it seems that the IC-engine is better to reduce
N Oy emissions during cruise.



On-Design optimization

In this chapter, the findings of the on-design performance of the 4 engines will be analysed and reported.
The on-design performance is taken at cruise altitude of 11000m. Also, the cruise speed is 0.85 Mach
and the cruise thrust is 47kN. The matching cooling system is created using off-design performance
for take-off at ISA SLS +25K as seen in table 5.1. All the engines will use a loss factor of 0.5 based on
literature.[32] 2 different cooling models are used. Both models align with previous literature. The first
model has higher cooling requirements and aligns with [5]. and the second model is 25% more efficient
and aligns with the GE90 validation and Jonsson et al.[33]. The first cooling model will be defined as
model 1 and the second cooling model will be defined as model 2. The methodology is described in
Chapter3.

Table 5.1: Design conditions at various operating conditions

Operating points  Altitude Mach Number Thrust Required Flat rating temperature

Cruise 11000m 0.85 47kN /
Hot-day Take-off 0 0 300kN ISA+25K

5.1. Conventional Engine

First, the optimization is performed on a conventional configuration. This is done for both cooling
models. The design parameters of the 2 found optimal conventional engines within the design space
are summarized in table 5.2. The effect the cooling has on the TSFC of the engines is immediately
visible and as expected. Less turbine cooling results in a more efficient engine since the core can be
hotter for the same amount of cooling and thus a more thermodynamic efficient engine is achieved.
This translates into a more energetic core and a higher BPR. A 25% better cooling system results in a
1% more fuel efficient engine.

53
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Table 5.2: Summarized design variables for both cooling models in a conventional architecture

model 1 model 2

my[kg/s] 517 517
BPR [-] 12.98  12.06
OPR [-] 70 66.7
FPR [-] 1.446  1.446
LPC PR [-] 5 5
HPC PR [-] 9.681  9.206
TT4 cruise [K] 1626 1585
TT4 SLS ISA+25 [K] 1985 1938
HPT m,/m,s [%] 2247  23.26
LPT m,/mys [%] 0 0
TSFC [kg/kN/s] 13.50  13.63

EISNOy cruise [g/kg] 1.15 0.97
EISNOy ISA SLS [g/kg] 5.00 4.19

5.2. Intercooled Engine

The intercooled engine is summarized in table 5.3 and table 5.4 for both cooling models. The effec-
tiveness is increased from 10% to 90%. It is seen that the higher the effectiveness of the IC, the higher
the efficiency of the aero-engine. It is also beneficial for the NOy emissions both in cruise and take-off
in comparison to the conventional engine. The increased pressure drop for a higher effectiveness is
less impactful than the benefit of a higher effectiveness. It is seen that the intercooled engine favours
a higher HPC PR and a lower LPC PR for an increasing effectiveness. Once the HPC PR limit is
reached, there is no added benefit for the TSFC. This is logical since the pressure loss is percentual,
thus having it at a lower pressure means less absolute pressure loss. For the combined cycle, only an
effectiveness of 0.3, 0.5 and 0.7 will be investigated. The flow split in the IC is always kept the same
at 10% of the bypass flow.

Table 5.3: Summarized design variables for cooling model 1 in an intercooled architecture. The columns are the
varying effectivenesses from 0.1-0.9

model 1 10% IC

flow split conv. e=0.1 e=0.2 e=0.3 e=04 e=05 e=06 e=0.7 e=0.8 e=0.9
mq[kg/s] 517 517 517 517 517 517 517 517 517 517
BPR [-] 1298 13.73 1462 15 15 15 15 15 15 15
OPR [-] 70 70 70 70 70 70 70 70 70 70
FPR [] 145 144 144 144 144 144 144 144 144 144
LPC PR [] 5 437 426 4.01 3.20 3.00 285 254 255 257
HPC PR [] 968 11.16 1153 1233 1553 16.69 17.71 20 20 20
TT4 cruise [K] 1626 1601 1616 1595 1572 1541 1515 1508 1479 1452
TT4 SLS ISA+25[K] 1985 1959 1985 1967 1945 1916 1893 1894 1867 1845
HPT m./m,s [%] 2247 1946 1940 1743 1592 14.04 1257 1238 10.85 9.57

LPT m,/mys [%]
dT25 cruise [K]
dT25 SLS ISA+25 [K]

0 0 0 0 0 0 0 0 0
157 -30.8 -439 -4525 -554 -62.8 -705 -739 -83.8
190 -372 -531 -548 -67.2 -762 -855 -89.6 -101.6
dP25 cruise [-] 0.006 0.012 0.018 0.024 0.030 0.036 0.042 0.048 0.054
dP SLS ISA+25 [] 0.017 0.034 0.052 0.068 0.086 0.103 0.120 0.137 0.154
TSFC [g/kN/s] 1350 13.46 1344 1342 1339 1338 1337 1335 1335 13.35
SNOy cruise [g/kg] 115 113 095 083 076 067 060 058 050 044
SNOy ISASLS [glkg] 5.00 4.82 429 378 355 347 286 282 246 218

[oNoNoNoNo)
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Table 5.4: Summarized design variables for cooling model 2 in an intercooled architecture. The columns are the
varying effectivenesses from 0.1-0.9

model 2 10% IC

flow split conv. e=0.1 e=0.2 e=0.3 e=04 e=0.5 e=0.6 e=0.7 e=0.8 e=0.9
mq[kg/s] 517 517 517 517 517 517 517 517 517 517
BPR [-] 12.06 1285 1354 1434 1458 15 15 15 15 15
OPR [-] 66.7 70 70 70 70 70 70 70 70 70
FPR[-] 145 144 144 144 144 144 144 144 144 144
LPC PR [-] 5 438 433 416 329 319 3.00 280 266 257
HPC PR [] 9.2 11.14 1135 1190 1514 1571 16.78 18.10 19.16 20
TT4 cruise [K] 1585 1600 1595 1609 1602 1594 1557 1532 1509 1488
TT4 SLSISA+25[K] 1938 1958 1960 1986 1984 1982 1946 1923 1906 1891
HPT m./m,s [%] 2326 23.35 2253 2201 2126 2026 17.83 16.32 15.07 14.00
LPT m./mys [%] 0 0 0 0 0 0 0 0 0 0
dT25 cruise [K] 0 -156.7 -312 -453 -487 -590 -66.6 -72.1 -77.7 -83.8
dT25 SLS ISA+25[K] O -19.0 -378 -548 -59.0 -716 -80.8 -874 -943 -101.6
dP IC cruise [-] 0 0.006 0.012 0.018 0.024 0.03 0.036 0.042 0.048 0.054
dP IC SLSISA+25[-] O 0.017 0.034 0.052 0.069 0.086 0.103 0.120 0.137 0.154
TSFC [g/kN/s] 13.63 1359 1356 13.54 1350 13.47 13.44 1343 1341 134

SNOy cruise [g/kg] 097 099 094 08 080 075 067 059 054 048
SNOy ISASLS [g/kg] 4.19 447 424 393 3.71 352 315 282 260 239

In figure 5.1 the summarized results for both cooling models for the IC are presented. It can be
seen in figure 5.1a that model 1 is more efficient over the whole line as expected. The maximum
temperature in both models reaches 1950K and becomes lower once the maximum BPR is reached.
This means that a higher BPR is more important than having more efficient turbines. The SNOy for
both cruise and take-off are similar since the inlet conditions of the combustion chamber are the same.
The cooling regiment only has a small impact on the NOy emissions. Less cooling means more air in
the combustion chamber thus a lower maximum temperature, but it also means a higher BPR which in
turn decreases the air in the main combustion chamber.
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Figure 5.1: Results of different cooling models on the performance parameters of the intercooled engine.

5.3. Inter-turbine-burning Engine

Optimizing the on-design cycle for an ITB-engine will be split in 2 optimizations. One will look at the
results when the ITB is always operated over the entire flight mission, and the other will look at the
effect when the ITB is only used during take-off.

5.3.1. ITB during cruise and take-off

Firstly, the results for cooling model one are shown in table 5.5. The ITB-engine is optimized with
respect to the ITB energy fraction from 0% to 40%. It is noticeable that the ITB is always less efficient
than the conventional engine for this configuration. The added benefit of lowering the maximum turbine
temperature that ITB has, does not weigh in the drawbacks of the lower thermal efficiency and the
pressure drop.



5.3. Inter-turbine-burning Engine 57

Table 5.5: Summarized design variables for cooling model 1 in an inter-burner architecture where the
inter-burner has a constant fuel split. The columns are the varying ITB energy fraction from 0.05-0.4

model 1 conv ITBO5 ITB10 ITB15 ITB20 ITB25 I[TB30 ITB35 ITB40
my[kg/s] 517 517 517 517 517 517 517 517 517
BPR [-] 12.98 1354 14.08 1455 15 15 15 15 15
OPR [-] 70 70 70 70 70 70 70 70 70
FPR[-] 145 145 145 145 145 145 145 145 145
LPC PR [-] 5 5 5 5 5 5 5 5 5
HPC PR [-] 968 967 967 967 967 967 967 967 967
TT4 cruise [K] 1626 1608 1594 1571 1547 1491 1442 1396 1356
TT4 SLSISA+25[K] 1985 1964 1948 1922 1895 1828 1769 1714 1666
HPT m, /m,s [%] 2247 2132 2052 1912 1765 14.08 1096 821 5.92
LPT m,/my,s [%] 0 0 0 005 029 037 048 061 079
TSFC [g/kN/s] 13.50 13.68 13.76 13.85 13.97 14.08 1421 1437 1456

SNOy cruise [g/kg] 115 143 111 110 103 088 077 066 0.56
SNOy ISASLS [g/kg] 5.00 5.09 502 498 468 405 342 301 260

In table 5.6, the results for the second cooling model are shown. Overall, this gives a higher TSFC
for all engines, but the same trend is visible. It is only beneficial for the TSFC in very low fuel split
fraction of 0.05. These models also show that the BPR does not go to 15 when the amount of cooling
flow required is higher. For both models, the pressure loss added cannot overcome by having the ITB
advantages. It is less efficient than the conventional engine, but it does add benefits for high ITB ratios
in terms of the NOy emissions.

Table 5.6: Summarized design variables for cooling model 2 in an inter-burner architecture where the
inter-burner has a constant fuel split. The columns are the varying ITB energy fraction from 0.05-0.4

model 2 conv ITBO5 ITB10 ITB15 ITB20 ITB25 ITB30 ITB35 ITB40
my[kg/s] 517 517 517 517 517 517 517 517 517
BPR [-] 12.06 1266 12.98 1337 1375 13.92 14.08 14.15 14.20
OPR [] 667 669 685 70 70 70 70 70 70
FPR [-] 145 144 145 145 145 145 145 145 145
LPC PR [-] 5 5 5 5 5 5 5 5 5
HPC PR [-] 92 922 945 967 967 967 967 967 967
TT4 cruise [K] 1585 1572 1559 1542 1507 1459 1416 1372 1334
TT4 SLSISA+25[K] 1938 1922 1907 1888 1846 1787 1737 1684 1639
HPT m,/mys [%] 2326 223 2187 2098 1845 1489 11.77 857 6.1
LPT m,/m,s [% 0 0 0 0 0 0 0.09 020 0.1
TSFC [g/kN/s] 13.63 13.82 13.90 13.97 14.05 1415 1427 1440 14.60

SNOy cruise [g/kg] 097 096 099 100 092 080 070 0.60 052
SNOy ISASLS [g/kg] 4.19 433 449 458 421 371 330 281 247

5.3.2. ITB only active during take-off

No ITB in cruise but ITB in take-off is investigated. During cruise, the core air flow goes through the ITB,
but no fuel is added, the same pressure loss in the ITB of 3% is used since the turbulent elements are
still necessary during take-off. The results for cooling model 1 are visible in table 5.7. and for cooling
model 2 in table 5.8. The results for both cooling models are similar. The results are now better than
for when the ITB runs during cruise. When the ITB is only active during take-off operations, the thermal
efficiency during cruise is higher. The ITB during take-off also lowers the TIT which reduces the cooling
requirements and increases the core efficiency. The most optimal ITB fuel fraction found now is 0.15.
This results in a TSFC decrease of 1.8%. The better TSFC is already substantial for small ITB fractions
and diminishes for ITB fractions higher than the optimum of 0.15. Because not burning ITB in cruise
and only using it in take-off conditions has effects on the cycle. The ITB has an exponential effect on
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both the OPR and the BPR of the engine. For an increasing ITB ratio during take-off, it is observed that
the OPR becomes lower and the BPR becomes higher during take-off operations. As seen from the
fact that the design BPR becomes lower for increasing ITB energy fraction. Two effects are noticeable
in the cycle. First, the pressure ratio during take-off becomes lower for higher ITB energy fraction. This
has the effect of reduced cooling requirements. Secondly the increasing BPR during take-off means
less air going through the core which increases the temperature rise in the core. This increases the
maximum temperature in the core during take-off and results in more cooling required. An optimum
fuel split fraction of 0.15 is found for the design. The N0y reduction in comparison to the conventional
engine lies between 13% for the smallest ITB fraction to 75% for the highest ITB fraction. The ITB
fraction that offers the best TSFC has a 32.6% reduction in the NOy emissions during take-off. During
cruise it only reduces the NOy emissions by 7%. Mostly from the lower FAR due to less cooling.

Table 5.7: Summarized design variables for cooling model 1 in an inter-burner architecture where the
inter-burner has a constant fuel split during take-off and no ITB burning during cruise. The columns are the
varying ITB energy fraction from 0.05-0.4

model 1 no ITB cruise conv  ITB05 I[TB10 ITB15 ITB20 ITB25 |I[TB30 ITB35 ITB40

my[kg/s] 517 517 517 517 517 517 517 517 517
BPR [-] 12.98 13.82 14.04 1404 1351 129 1202 1112 10.23
OPR [] 70 70 70 70 70 70 70 70 70
FPR [-] 145 145 146 146 146 146 147 147 148
LPC PR [] 5 5 5 5 487 466 448 427 408
HPC PR [-] 968 962 96 96 982 1027 1066 11.13 11.63
TT4 cruise [K] 1626 1620 1615 1598 1551 1512 1463 1420 1378
TT4 SLSISA+25[K] 1985 1929 1901 1862 1795 1747 1690 1638 1593
HPT m,/m,s [%] 2247 1839 167 146 11.02 852 587 375 224
LPT m,/mys [%] 0 0 0 005 007 022 030 043 0.66
TSFC [g/kN/s] 13.50 13.49 1345 1342 1343 1346 1352 1361 1375
SNOy cruise [g/kg] 115 113 113 107 094 084 073 063 054

SNOy ISASLS [g’kg]  5.00  4.39 3.85 3.37 2.72 2.32 1.89 1.53 1.23

Table 5.8: Summarized design variables for cooling model 2 in an inter-burner architecture where the
inter-burner has a constant fuel split during take-off and no ITB burning during cruise. The columns are the
varying ITB energy fraction from 0.05-0.4

model 2 no ITB cruise conv  ITB05 ITB10 ITB15 1ITB20 ITB25 |ITB30 ITB35 ITB40

my[kg/s] 517 517 517 517 517 517 517 517 517
BPR [-] 12.06 1279 1311 1340 1322 1250 11.75 1079 9.9
OPR [] 66.7 70 70 70 70 70 70 70 70
FPR [-] 145 146 146 146 146 146 147 147 148
LPC PR [-] 5 5 5 5 493 47 455 438 423
HPC PR [-] 921 962 961 96 970 1017 1047 10.86 11.19
TT4 cruise [-] 1585 1597 1597 1560 1567 1509 1459 1409 1372
TT4SLSISA+25[-] 1938 1903 1879 1865 1813 1742 1677 1620 1581
HPT m, /m,s [%] 2326 2062 19.06 17.95 1468 1044 6.85 408 2.59
LPT m,/mys [%] 0 0 0 0 005 009 016 026 065
TSFC [g/kN/s] 13.63 13.60 1355 1352 1350 1351 1355 13.63 13.78

SNOy cruise [g/kg] 097 107 107 107 100 083 069 060 053
SNOy ISASLS [glkg]  4.19 420 3.89 340 282 226 177 145 117

5.3.3. ITB comparison

In figure 5.2, the summary is seen for both the ITB cases, when the ITB is always working and when
the ITB only works during take-off. It is seen in figure 5.2a that the ITB-engine prerformance improves
in both cases when the cooling model is most efficient (model 1) and the TSFC is lower when the ITB
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only works during take-off. An optimum TSFC is found for an ITB fraction of 0.15 and 0.2 for model 1
and model 2, respectively. The maximum temperatures are also lower when the ITB only works during
take-off. The NOy emissions for cruise condition are lowest when the ITB is running during cruise,
which is logical cause this adds the Sullivan correlation. The NOy emissions during take-off are lowest
when the ITB only works during take-off. Since the case where the ITB only works during take-off is
much more fuel efficient than the other case, only this case will be further investigated and combined
with the IC to see the combined effect.
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Figure 5.2: Effect of different cooling models on both ITB configurations. One where the ITB is always burning
fuel and one where the ITB only burns fuel during hot day take-off.

5.4. Engine with both IC and inter-turbine-burner

Combining the 2 architectures creates an engine with both an IC and an ITB. It is investigated if they
have a positive effect on the performance and the emissions of an aero-engine. The engines are made
for ITB fuel fractions ranging from 0.05 to 0.25 and this is done for a varying IC effectiveness of 0.3,
0.5 and 0.7. This is done for both cooling models. The results for cooling model 1 are seen in tables
5.9, 5.10, and 5.11 and the engines for cooling model 2 are summarized in tables 5.12,5.13 and 5.14.
The effect is again present that both the IC and the ITB increase the maximum BPR and lower the
necessary cooling. Since the ITB also increases the BPR during take-off condition while lowering the
pressure ratio at the same time, an optimum ITB fuel fraction is found for the IC-ITB-engines. The
TSFC and the SNOy values are seen in figure5.3 and 5.4 for model 1 and in figure 5.5 and 5.6 for
model 2. The data to create the mesh is shown as the red lines in the figures. The conventional engine
is located at an ITB fuel fraction and effectiveness of 0. In cooling model 1, it is seen that an ITB
never showed better TSFC than an IC once it reached an effectiveness of 0.3. The IC-ITB is only more



60 5. On-Design optimization

beneficial if a low effectiveness is used in the IC. Once a high enough effectiveness is reached in the
IC, the IC-ITB will have a worse TSFC compared to only an IC. The NOy emissions during cruise are
influenced by the ITB only when no IC is present. Once an IC is present in the architecture, the ITB has
little impact in the cruise NOy emissions. Both IC and ITB show good NOy reduction in comparison to
the conventional engine. For take-off, the ITB has a larger impact on the emissions then the IC. For a
varying fuel fraction between 0 and 0.25, the engines using an ITB all reach a NOy reduction of more
than 50%. The IC-engine also reaches this, but only for very high effectiveness. In model 2, the same
results are seen for the TSFC, a reduction to the conventional engine and a lower TSFC for the pure
intercooled engine. The NOy reduction during cruise is again mainly created by the IC. The reason that
the cruise emissions for the ITB-engine are larger is because the ITB allows for a higher BPR and a
higher pressure ratio which increases the FAR and Pr;. The NOy reductions during take-off are again
dominated by the ITB. For all ITB-engines, again a reduction of 50% is achievable for fuel fractions
higher than 0.25. The IC reduces it by a maximum of 40% for high effectiveness which is still a great
reduction.
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Figure 5.3: TSFC comparison for all architectures for cooling model 1. Conventional engine in the left corner.
Increasing effectiveness follows the eff(IC) line and increasing ITB energy fraction follows the ITB line. Low ITB
fractions have increased TSFC to counteract ITB pressure loss. High ITB fractions have increased TSFC from

lower thermal efficiency. increased IC effectiveness decreases TSFC.
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Figure 5.4: Comparison of NOy emissions for all architectures for cooling model 1. Conventional engine located

in top corner (yellow region). Increased IC effectiveness follows the eff (IC) line and increased ITB energy
fraction follows the ITB line.
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Figure 5.5: TSFC comparison for all architectures for cooling model 2. Conventional engine in the top corner.
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Figure 5.6: Comparison of NOy emissions for all architectures for cooling model 2. Conventional engine located
in top corner (yellow region). Increased IC effectiveness follows the eff (IC) line and increased ITB energy
fraction follows the ITB line.

Table 5.9: Cooling model 1 on a combined engine with effectiveness of 0.3.

model 11C10% eff30 conv  IC ITBO5 ITB10 ITB15 I[TB20 ITB25
my[kg/s] 517 517 517 517 517 517 517
BPR [-] 12.98 15 15 15 15 15 14.04
OPR [-] 70 70 70 70 70 70 70
FPR [-] 145 144 144 145 145 145 146
LPC PR [-] 5 401 372 366 308 294 279
HPC PR [-] 9.68 12.33 13.28 1346 1595 16.66 17.48
TT4 cruise [-] 1626 1595 1560 1546 1552 1545 1497
TT4 SLSISA+25[-] 1985 1967 1870 1830 1826 1803 1743
HPT m,/m,s [%] 2247 1743 1251 107 1056 947  7.00

0 0 0 0 0.14 0.19
-429 411  -405 -343 -326 -30.8
-631 476 -465 -38.7 -36.3 -33.6
dP cruise [-] 0.018 0.018 0.018 0.018 0.018 0.018
dP SLS ISA+25 [-] 0.052 0.051 0.050 0.048 0.046 0.044
TSFC [g/kN/s] 13.50 13.42 13.45 1343 1340 1341 13.44
SNOy cruise [g/kd] 1.15 0.83 0.78 0.75 0.78 0.78 0.69
SNOyx ISASLS [g/kg] 5.00 3.78 3.12 2.67 2.67 2.59 2.16

LPT m,/mys [%]
dT cruise [K]
dT SLS ISA+25 [K]

[cNeoNeNeNe]
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Table 5.10: Cooling model 1 on a combined engine with effectiveness of 0.5.

model 11C10% eff50 conv  IC ITBO5 I[TB10 ITB15 I[TB20 ITB25
my[kg/s] 517 517 517 517 517 517 517
BPR [-] 12.98 15 15 15 15 15 15
OPR [-] 70 70 70 70 70 70 70
FPR [-] 145 144 144 144 145 146 147
LPC PR [-] 5 3.00 2.88 284 249 248 246
HPC PR [-] 9.68 16.69 17.38 17.58 20 20 20
TT4 cruise [K] 1626 1541 1535 1524 1536 1534 1538
TT4 SLSISA+25[K] 1985 1916 1886 1850 1852 1837 1834
HPT m,/m,s [%] 2247 14.04 1239 10.84 11.07 1029 9.97

LPT m,/mys [%] 0 0 0 0 0.01 029 0.91
dT cruise [K] 0 554 -53.0 -522 -44.8 -446 -44.3
dT SLSISA+25[K] 0 672 -615 -60.0 -50.4 -49.4 -482
dP cruise [-] 0 003 003 003 003 003 003
dP SLSISA+25[] 0 0.086 0.083 0.081 0.078 0.075 0.072
TSFC [g/kN/s] 13.50 13.38 13.45 1343 1341 1344 1351

SNOy cruise [g/kg] 115 0.67 0.67 0.65 0.70 0.70 0.71
SNOy ISASLS [g/kg] 5.00 3.17 275 2.42 2.39 2.36 2.25

Table 5.11: Cooling model 1 on a combined engine with effectiveness of 0.7.

model 11C10% eff70 conv  IC ITBO5 ITB10 I[TB15 ITB20 ITB25
mylkg/s] 517 517 517 517 517 517 517
BPR [-] 12.98 15 15 15 15 15 15
OPR [] 70 70 70 70 70 70 70
FPR[-] 145 144 145 145 145 145 146
LPC PR [-] 5 254 253 253 253 251 250
HPC PR [-] 9.68 20 20 20 20 20 20
TT4 cruise [K] 1626 1508 1502 1493 1487 1488 1494
TT4 SLSISA+25[K] 1985 1894 1866 1837 1818 1806 1804
HPT m,/m,s [%] 2247 1238 1091 975 893 841 8.8
LPT m,/mas [%] 0 0 0 0 003 035 097

dT cruise [K]
dT SLS ISA+25 [K]

628 -640 -639 -638 -635 -63.1
855 -73.8 -73.0 -720 -705 -68.7
dP cruise [-] 0.042 0.042 0.042 0042 0.042 0.042
dP SLS ISA+25 [-] 0120 0.115 0.113 0.110 0.106 0.101
TSFC [g/kN/s] 13.50 13.35 1344 1342 1342 1345 13.52
SNOy cruise [glkkg] 115 058 057 056 055 055 0.56

SNOy ISASLS [glkg] 5.00 282 244 214 196 186  1.92

[eoNeNeNe]
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Table 5.12: Cooling model 2 on a combined engine with effectiveness of 0.3.

model 2 IC10% eff30 conv  IC ITBO5 ITB10 ITB15 I[TB20 ITB25
my[kg/s] 517 517 517 517 517 517 517
BPR [-] 12.06 14.34 1463 15 15 14.18  13.47
OPR [-] 66.7 70 70 70 70 70 70
FPR [-] 145 144 145 145 146 146  1.46
LPC PR [-] 5 416 402 394 361 297 281
HPC PR [1] 921 1190 1226 1247 1354 16.48 17.33
TT4 cruise [K] 1585 1609 1597 1604 1596 1543 1495
TT4 SLSISA+25[K] 1938 1986 1935 1919 1891 1824 1761
HPT m,/m,s [%] 2326 2201 18.69 17.77 1627 1294 9.70
LPT m,/mys [%] 0 0 0 012 015 007 0.15
dT cruise [K] 0 453 -440 -433 401 -33.0 -31.1
dT SLSISA+25[K] 0 548 -51.4 -50.2 -459 -37.0 -34.2
dP cruise [-] 0 0.018 0.018 0.018 0.018 0.018 0.018
dP SLSISA+25[] 0 0.052 0.050 0.049 0.048 0.046 0.044
TSFC [g/kN/s] 13.63 1354 1358 1354 1352 1350 13.52

SNOy cruise [g/lkg] 097 0586 0.84 086 085 077 0.68
SNOy ISASLS [glkg] 4.19 393 337 3.08 290 253 215

Table 5.13: Cooling model 2 on a combined engine with effectiveness of 0.5.

model 2 IC10% eff50 conv  IC ITBO5 ITB10 ITB15 ITB20 ITB25
mylkg/s] 517 517 517 517 517 517 517
BPR [-] 12.06 15 15 15 15 15 13.58
OPR [] 66.7 70 70 70 70 70 70
FPR[-] 145 144 145 145 145 146 146
LPC PR [-] 5 319 310 3.04 278 273 247
HPC PR [-] 921 1571 16.08 16.40 17.87 18.09 20
TT4 cruise [K] 1585 1594 1570 1554 1555 1551 1468
TT4 SLSISA+25[K] 1938 1982 1925 1886 1870 1847 1754
HPT m,/m,s [%] 2326 2026 16.94 1501 1429 13.06 8.80
LPT m,/mas [%] 0 0 0 0 003 036 0.19
dT cruise [K] 0 -59.0 -57.5 -56.3 -51.1 -50.11 -44.5
dT SLSISA+25[K] 0 716 669 -649 -57.9 -559 -48.4
dP cruise [-] 0 003 003 003 003 003 003
dP SLSISA+25[] 0 0.086 0.083 0.082 0.079 0.076 0.072
TSFC [g/kN/s] 1363 1347 1353 1350 1348 1351 13.52

SNOy cruise [glkg] 097 075 071 069 071 071 059
SNOy ISASLS [glkg] 4.19 352 3.00 258 252 243  1.89
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Table 5.14: Cooling model 2 on a combined engine with effectiveness of 0.7.

model 2 IC10% eff7l0 conv  IC ITBO5 I[TB10 ITB15 I[TB20 ITB25
my[kg/s] 517 517 517 517 517 517 517
BPR [-] 12.06 15 15 15 15 15 13.99
OPR [-] 66.7 70 70 70 70 70 70
FPR [-] 145 144 144 145 145 146 146
LPC PR [-] 5 2.80 269 265 252 251 250
HPC PR [1] 921 1810 1879 19.06 20 20 20
TT4 cruise [K] 1585 1532 1531 1517 1518 1517 1449
TT4 SLSISA+25[K] 1938 1923 1905 1866 1851 1836 1748
HPT m,/m,s [%] 2326 16.32 1514 13.30 12.70 11.85 7.92
LPT m,/mys [%] 0 0 0 0 0.04 044 045
dT cruise [K] 0 721  -69.0 -67.7 637 -634 -63.3
dT SLSISA+25[K] 0 -87.4 -79.9 -77.6 -71.8 -70.3 -68.9
dP cruise [-] 0 0.042 0.042 0.042 0.042 0.042 0.042
dP SLSISA+25[] 0 0.120 0.116 0.113 0.110 0.106 0.101
TSFC [g/kN/s] 13.63 1343 1350 1348 1347 1350 13.54

SNOy cruise [g/lkg] 097 059 060 058 059 059 0.50
SNOy ISASLS [glkg] 4.19 282 256 224 214 203 1.61







off-design

For the off-design analysis, the TOC ISA+15 is added with a required thrust of 60kN. All engines had
the same issue that this condition could not be met by any configuration since spool speed 1 goes to
106% before the required thrust is reached. In this section, analysis will be conducted with respect to
the operating limits at off-design conditions

6.1. Conventional

The results for the conventional engine are reported in table 6.1. Since the cooling is rated at the SLS
ISA+25 condition, this is also the flat rated temperature. It is noticeable that the conventional engine
with a design PR of 70 has a standardized emission index that is 3 times higher than the standardized
emission index for LEAP(1.1 in take-off and 0.37 in cruise). It is already noticeable that any measure
to optimize the TSFC has a negative effect on the NOy emissions for a conventional cycle.

Table 6.1: Summarized results for conventional engine

Parameters Design Cruise TOCISA+15 TO SLS ISA+25
conventional 55kN 47kN 60kN 300kN 300kN
W1 [kg/s] 517 498.09 511.61 1196.64 1147.39
BPR [-] 11.62 12.13 11.37 11.88 11.89
OPR [] 70 63.89 74.25 60.67 60.48
Fan PR [-] 1.52 1.46 1.57 1.43 1.43
LPC PR [] 5 4.83 5.1 4.55 4.56
HPC PR [] 9.18 9.08 9.3 9.3 9.26
TT4 [K] 1614 1568 1758 1808 1939
HPT m./m,5[%] 19.08 19.08 19.08 19.08 19.08
LPT m,/my5[%] O 0 0 0 0
N1 [%] 100 96.03 106 98.56 102.7
N2 [%] 100 98.25 104.58 105.44 109.43
TSFC [g/kN/s] 13.54 13.84 14.04 6.57 6.93
EISNOy [g/kg] 1.12 0.88 2.08 4.05 6.93
6.2. ITB

Adding an ITB is already known to reduce the maximum temperature in the engine by replacing some of
the fuel of the main combustion chamber to a second combustion chamber after the HPT. It is noticeable
in the results that this shift is not necessary during TOC. The N1 spool speed limits the TOC condition
and the ITB does not reduce this. One other aspect is that the temperature limit during take-off SLS ISA
does not reach the maximum temperature of SLS ISA+25 when no fuel is added to the ITB. A choice
between a slightly worse TSFC in ground operations or a reduction in NOy emissions is created. The
cases presented are the cases for which during SLS ISA+25 an ITB energy fraction of 0.1,0.15 and
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0.3 is used for the design of the cooling system. This gives a representation along the optimized result
and a view on what happens for high ITB energy fractions. It is noticeable that for the ITB10 case seen
in table 6.2, the flat rated temperature is the designed temperature while no cooling is needed inside
the LPT. This is because the optimizer chose the maximum LPT temperature to be 1450K, the exact
temperature for which no cooling is needed. A higher ITB fraction than 0.1 will require cooling in the
LPT and it is therefore not possible to increase the flat rated temperature of the ITB10 case. This effect
of reducing the N0y emissions during take-off is noticeable for all ITB-engines. A choice can be made
on how much fuel is burned in the ITB. The fuel from the main combustion chamber can be sent to
the ITB if the TT46 maximum is not exceeded. This can significantly reduce the NOy emission during
take-off operations that are not constrained by inlet temperature such as for the ISA+0 condition. In the
ITB-engine with a design ITB energy fraction of 0.1, The LPT limiting temperature is not yet reached
(lower than 1450K). A higher energy fraction is thus possible. This temperature limit is reached for an
energy fraction of 0.23 on this engine configuration. This does lower the TIT and has an effect on the
emissions and the TSFC. The reduced NOy emissions however are now 58% lower for an increase
in TSFC of 6.5% during take-off at ISA+0. In contrary to no fuel in the ITB during SLS ISA+0 which
minimizes the TSFC during this condition.

Table 6.2: Summarized results for ITB with design flat rated fuel split of 0.10

TOC TOnoITB TOITB10 TOITBmax TO

ﬁaéﬁg“eters ?;f’,'\jg” g‘;'ﬁe ISA+15  ISA ISA ISA ISA+25
60kN  300kN 300kN 300kN 300kN
W1 [kg/s] 517 49877 51257 1197.78  1196.32 119257 1147.22
BPR [] 1247 1303 122 12.75 13.08 14.09 13.09
OPR[] 70 63.79 7425  60.57 57.71 52.76 57.58
Fan PR [] 152 145 157 1.43 1.43 1.44 1.43
LPC PR [] 491 475  5.01 4.47 4.88 5.43 4.89
HPC PR [-] 934 924 945 9.46 8.24 6.76 8.21
TT4 [K] 1875 1745 1766 1576 1623 1696 1817
TT46 [K] 1157 1123 1268 1312 1347 1450 1450
HPTm, /mys[%] 14.92 14.92 14.92  14.92 14.92 14.92 14.92
LPTm,/m,ys[%] O 0 0 0 0 0 0
N1 [%] 100 95.96 106 98.46 98.43 08.38 102.57
N2 [%] 100 08.17 104.57 105.44 98.05 90.8 101.81
TSFC[g/kN/s] 1352  13.82 14.03  6.56 6.67 6.99 7.04
EISNOy [ghkg]  1.14 0.9 213 414 3.23 2.72 5.51

The optimal TSFC for on-design was found for the case were the cooling system is designed for an
ITB fraction of 0.15. The results for an ITB fraction of 0.15 for off-design are shown in table 6.3. A higher
ITB configuration shows lower NOy emissions and lower TSFC during all phases except SLS ISA+25.
The cooling requirements in the HPT are lower but in the LPT, the cooling requirements are higher to
fulfil the hot day take-off requirement. The optimiser chooses a lower BPR for this case than for the
case where ITB fraction is 0.1. The reason for this can be seen in the take-off limitation. The OPR for
this case during take-off is lower but the BPR is higher. This is an interesting relation following from
increasing the ITB fraction noticed already in the on-design performance. The pressure ratio will go
down and the bypass ratio will go up. This is also noticeable in table 6.3 between the ISA+0 conditions.
The ITB fraction goes from 0 to the limited maximum. During this transition, the NOy emission reduce.
The BPR increases and the OPR reduces.
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Table 6.3: Summarized results for ITB with design flat rated fuel split of 0.15

TOC TOnoITB TOITB15 TOITBmax TO

ﬁaé?g“eters ggksl'\?“ g‘;‘,ﬁe ISA+15  ISA ISA ISA ISA+25
60kN  300kN 300kN 300kN 300kN
W1 [kg/s] 517 498.83 51256 1198 119542  1191.55 1146.29
BPR [-] 1241 1297 1214  12.68 13.29 14.39 13.32
OPR [] 70 63.8 7425  60.58 56.16 51.26 55.91
Fan PR [-] 152 145 156 1.43 1.43 1.44 1.43
LPC PR [] 488 471 498  4.44 5.06 5.53 5.08
HPC PR [-] 942 931 954 9.53 7.74 6.46 7.68
TT4 [K] 1598 1552 1740 1787 1698 1662 1824
TT46 [K] 1152 1118 1263 1305 1369 1480 1481
HPT m,./m,s[%] 12.06 12.06 12.06  12.06 12.06 12.06 12.06
LPT m,/mys[%] 0.07 007  0.07 0.07 0.07 0.07 0.07
N1 [%] 100 9597 106 98.5 98.46 98.41 102.6
N2 [%] 100 98.15 10458 105.4 95.31 89.09 098.76
TSFC[g/kN/s] 1349 1379 14 6.54 6.74 7.08 7.12
EISNOy [g/kg]  1.07 084  1.99 3.86 2.81 2.44 4.76

The following presented case is for an ITB fraction of 0.3. This is the optimal take-off energy fraction.
The fact that the engine has to be overdesigned (higher cruise thrust) resulted in a higher take-off energy
fraction. The results are presented in table 6.4. Everything between 0.15 and 0.3 follows a consistent
trend. A slightly better TSFC and lower NOy emissions. The design BPR is again lower and during TO,
it is seen that a higher ITB energy fraction increases the BPR and lowers the OPR. This has the effect
that the cooling temperature is lower, but the core becomes more powerful and requires more cooling.
This shows that a higher ITB energy fraction is better for engines with a higher design specific thrust.
The case where the design ITB fraction is 0.4 is not presented since the TSFC for this case increased
to a cruise TSFC of 13.98 (+1.5%).

Table 6.4: Summarized results for ITB with design flat rated fuel split of 0.30

. . TOC TOnolITB TOITB30 TOITBmax TO
Parameters Design Cruise ISA

ISA+15  ISA ISA ISA+25
ITB30 S5kN — 47kN &okN 300N 300kN  300kN 300kN
W1 [kg/s] 517  498.97 51255 119845  1190.6 118714  1141.86
BPR [] 155 1207 113 1178 13.7 14.85 13.68
OPR [ 70 63.82 7425 6065 50.07 45.99 50.09
Fan PR [] 152 145 156 143 143 144 143
LPC PR [-] 452 438 461 442 5.21 5.46 5.2
HPC PR [] 102 1006 1033  10.28 6.7 5.86 6.71
TT4 [K] 1510 1466 1646 1686 1565 1547 1683
TT46 [K] 1104 1070 1212 1248 1448 1559 1559
HPT m,/mys[%] 447 447 447 447 447 4.47 4.47
LPT m./mys[%] 031 031 031 031 0.31 0.31 0.31
N1 [%] 100 96 106 9861 98.52 98.5 102.67
N2 [%] 100 9805 10464 10537  87.93 83.84 91.47
TSFC [gkN/s] 1348 1377 1398  6.52 747 75 7.56
EISNO, [g/kg] 084 065 157 3 1.79 1.62 3.04

6.2.1. results

The optimal case for ITB-engines is the case with an ITB energy fraction of 0.3. An reduction in the
TSFC of 0.6% and a decrease in NOx emissions from 26% in cruise to 60% at take-off compared to
the conventional engine. This is a significant improvement to the on-design results. A higher specific
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thrust is more beneficial for ITB architecture.

6.3.1C

The modified results for the IC based upon the TOC ISA+25 condition will be presented in this section.
The only presented results will be the case for an effectiveness of 0.3,0.5 and 0.7. This is done to see
if the results follow the same trend, namely a higher effectiveness is better despite the scaling pressure
losses. It is noticeable that the NOy emissions are lower than for the on-design engine. An increase in
specific thrust decreases the N0y emissions for the engine during cruise.

In table 6.5, the results will be presented for the IC with an effectiveness of 0.3. This case is followed
by the case with an effectiveness of 0.5 seen in table 6.6. It shows that a higher effectiveness is still
beneficial to reduce the NOy emissions and the TSFC for a given specific thrust. Lastly, the case for
an effectiveness of 0.7 is shown. Again, the TSFC and the NOy emissions are better for the higher
effectiveness as seen in table 6.7

Table 6.5: Summarized results for IC with an effectiveness of 0.3

TOC TO TO

:DCa:;Smeters ?;3'\?” f;‘li',f’je ISA+15  ISA ISA+25
60kN  300kN  300kN
W1 [kg/s] 517 499 514 1198 1148
BPR [-] 1425 1493 1391 1456 1458
OPR [] 70.03 6375 7475 61.01 60.82
Fan PR [-] 152 145 157 144  1.44
LPC PR [] 207 29 3.03 28 2.81
HPC PR [] 15.78 1543 16.08 1592 15.81
TT4 [K] 1711 1665 1868 1934 2074
HPT m,/mys[%] 21.09 21.09 21.09 21.09 21.09
LPT m,/mys[%] O 0 0 0 0
N1 [%] 100.01 9596 106 08.76  102.91
N2 [%] 100.02 97.84 104.91 106.17 110.16

TSFC [g/kN/s] 13.5 13.78 13.98 6.59 6.95
EISNOy [g/kg] 1.16 0.93 2.14 4.38 7.35

Table 6.6: Summarized results for IC with an effectiveness of 0.5

TOC TO TO

Parameters Design Cruise ISA+15  ISA ISA+25
IC50 55kN 47kN 60kN 300kN  300kN
W1 [kg/s] 517 499 513 1197 1148
BPR [-] 14.69 15.4 14.34 15.01 15.04
OPR [] 70 63.68 74.74 61.14 60.93
Fan PR [-] 1.52 1.45 1.56 1.44 1.44
LPC PR [-] 2.84 2.79 2.89 2.74 2.76
HPC PR [] 16.73 16.27 17.09 16.8 16.65
TT4 [K] 1669 1625 1823 1897 2035
HPT m./m,5[%] 18.09 18.09 18.09 18.09 18.09
LPT m./m,5[%] O 0 0 0 0

N1 [%] 100 9596 106 99.01 103.18
N2 [%] 100 9768 10493 106.39 110.23

TSFC[g/kN/s] 1343 1373 1394 6.6 6.96
EISNOy [g/kg] 092 074  1.68 354  5.86
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Table 6.7: Summarized results for IC with an effectiveness of 0.7

Parameters Design Cruise |Ts(?68r 15 ;rs(?,_\ ;[-SC,)A+25
IC70 55kN 47kN 60kN 300kN  300kN
W1 [kg/s] 517 499 513 1196 1147
BPR [] 14.93 15.67 14.57 15.28 15.31
OPR [] 70 63.64 74.74 61.23 61.04
Fan PR [-] 1.52 1.45 1.56 1.44 1.44
LPC PR [-] 2.63 2.59 2.67 2.58 2.6
HPC PR [-] 18.31 17.72 18.73 18.39 18.21
TT4 [K] 1634 1593 1785 1870 2007
HPT m./m,5[%] 16.1 16.1 16.1 16.1 16.1
LPT m./my5[%] O 0 0 0 0

N1 [%] 100 9597 106.25 99.14 103.34
N2 [%] 100 97.57 10494 106.74 110.57
TSFC [g/kN/s] 13.4 13.72 13.9 6.62 6.98
EISNOy [g/kg] 0.76 0.62 1.37 3.01 4.92

6.4.1C and ITB

In this section, the combined cycle results will be presented. For all the intercooled cycles, the best ITB
results are given. This is to evaluate whether an ITB and an IC benefit from each other. The results for
the combined cycle with an effectiveness of 0.3 had an optimal ITB energy fraction of 0.25. This is seen
in table 6.8. The cruise TSFC is slightly lower than for the IC alone by 0.2%. The real difference lies in
the NOy emissions. At hot day take-off, a reduction of 55% is achieved and during cruise a reduction of
34% is achieved. At take-off, the ITB offers an extra degree of freedom when the temperature limits are
not reached. A choice can be made to reduce to NOy between 34% and 57% based on how much fuel
is added into the ITB. This reduces the NOy emissions immensely compared to the intercooled engine.
It is also an improvement compared to the ITB-engine since both the NOy emissions and TSFC are
also improved considering the optimal ITB case.

Table 6.8: Summarized results for combined cycle with effectiveness of 0.3 and ITB energy fraction of 0.25.

Parameters Design Cruise ;I—SOAEW ;I'SOAno ITB ;I—S(?,_\ITBZS ;I'SOAITBmax ;I—S?A\+25
IC30ITB25 S5kN 47kN 60kN 300kN 300kN 300kN 300kN
W1 [kg/s] 517 499 513 1198 1190 1187 1141
BPR [-] 12.86 1346 12.57 13.1 15.45 16.73 15.46
OPR [] 70 63.72 74.6 61.07 50.62 46.83 50.55
Fan PR [-] 1.52 1.45 1.56 1.43 1.44 1.44 1.44
LPC PR [] 2.62 2.57 2.67 2.47 2.97 3.09 2.98
HPC PR [-] 17.93 17.48 18.3 18.02 12.34 11.03 12.37
TT4 [K] 1530 1488 1672 1726 1658 1661 1786
TT46 [K] 1083 1052 1192 1238 1461 1578 1579
HPT m./m,5[%] 5.83 5.83 5.83 5.83 5.83 5.83 5.83
LPT m./m,5[%] 0.47 0.47 0.47 0.47 0.47 0.47 0.47
N1 [%] 100 9599 106.17 98.87 98.73 98.74 102.92
N2 [%] 100 97.74 104.94 106.17 89.36 85.75 93.14
TSFC [g/kN/s] 13.45 13.75 13.95 6.56 7.24 7.56 7.65
EISNOy [g/kg] 0.76 0.61 1.42 2.88 1.97 1.87 3.32

The results for an effectiveness of 0.5 came to an optimal ITB energy fraction of 0.25 and is pre-

sented in table 6.9. The results follow the trend of the combined cycle with an effectiveness of 0.3.
Small impact on the TSFC but big impact on the NOy emissions, though smaller. During cruise, a re-
duction of 26% is achieved compared to the intercooled case and during take-off a reduction between
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25% and 52% is accomplished based on how much fuel is added into the ITB.

Table 6.9: Summarized results for combined cycle with effectiveness of 0.5 and ITB energy fraction of 0.25.

TOC TOnoITB TOITB25 TO ITBmax TO

Parameters Design Cruise ISA+15  ISA ISA ISA ISA+25
IC501TB25 S5kN — 47kN " sokN 300N 300kN 300N 300kN
W1 [kg/s] 517 499 513 1197 1189 1186 1140
BPR [] 1325 1388 1294 135 16.15 17.46 16.16
OPR [ 70 6373 7466 6125 50.21 46.49 50.12
Fan PR [ 151 145 156 144 1.44 1.44 1.44
LPC PR [ 238 234 242 23 2.71 2.8 2.71
HPC PR [-] 20 1941 2045  20.09 13.92 12.46 13.89
TT4 [K] 1520 1480 1661 1727 1668 1670 1794
TT46 [K] 1080 1050 1189 1244 1488 1606 1606
HPT m,/m,s[%] 585 585 585 585 5.85 5.85 5.85
LPT m,/mys[%] 0.18 018 0.18 0.8 0.18 0.18 0.18
N1 [%] 100 96.01 106  99.07 98.97 98.95 103.13
N2 [%] 100  97.63 10497 10658  89.62 85.89 93.26
TSFC [ghkN/s] 1345 1375 1395 6.6 7.33 7.63 7.73
EISNO, [gkg] 068 055 125 266 1.82 1.71 3.01

The results for an effectiveness of 0.7 came to an optimal ITB energy fraction of 0.20 and is pre-
sented in table 6.9. It is noticeable that for a high effectiveness, the ITB becomes less of an improve-
ment to the TSFC. For the case were effectiveness is 0.7, the combined cycle performs slightly worse
than the intercooled cycle by 0.14%. The NOy reductions are however still achievable. During cruise, a
reduction of 18% is found and during take-off a reduction between 19% and 45% is found. This shows
that the improvements of adding an ITB to an intercooled engine become less significant for higher
intercooled effectiveness. The maximum achievable effectiveness is however not 1 currently. Based
upon the previous research by Kyprianidis et al. and Xin Zhao et al.[7, 10], an IC effectiveness of 0.5
is close to what was found by CFD simulations. This is what will be used to compare the cycles. It
should be noted that when a higher effectiveness is possible despite a larger pressure loss, this would
be beneficial.

Table 6.10: Summarized results for combined cycle with effectiveness of 0.7 and ITB energy fraction of 0.2.

: . TOC TOnolITB TOITB20 TO ITBmax TO
Parameters Design Cruise

ISA+15  ISA ISA ISA ISA+25
IC701TB20 S5kN — 47kN sokN 300N 300kN 300N 300kN
W1 [kg/s] 517 499 513 1196 190 1187 141
BPR [] 1402 147 1368 1431 16.34 17.66 16.35
OPR[] 70 6367 7471 6133 52.62 4876 52.57
Fan PR [] 151 145 156 144 145 145 145
LPC PR [] 242 239 246  2.38 2.71 2.81 2.71
HPC PR [] 1993 1927 2039 20 15.05 13.44 15.03
TT4 [K] 1530 1490 1671 1749 1689 1693 1817
TT46 [K] 1102 1073 1213 1278 1458 1571 1573
HPT m,/m,s[%] 6.98 698 698  6.98 6.98 6.98 6.98
LPT m,/mye[%] 0.18  0.18 018  0.18 0.18 0.18 0.18
N1 [%] 100 96 10621 99.25 99.17 99.14 103.34
N2 [%] 100 9756 104.94 106.84  92.44 88.23 96.26
TSFC [g/kN/s] 1343 1374 1393  6.63 7.15 7.44 7.54

EISNOy [g/kg] 062 051  1.12 2.46 1.75 1.64 2.87
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6.5. Comparison

Comparing the conventional engine, the intercooled engine, the ITB-engine and the engine with both
an IC and an ITB will be done in this section.

The conventional engine is the baseline used and this engine shows quite high results for NOy
emissions with a TSFC of 13.84 during cruise at 47kN. The maximum temperature in the engine is
1939K and the cooling extracted from the HPC accounts for 19.08% of the mass going in. The optimal
engine for an ITB is found for the fuel split ratio of 0.3. This engine shows a reduction of the TSFC
of 0.5%, 26% reduction for the NOy emissions for the cruise condition and a reduction during take-off
between 26% and 60%.

The used effectiveness for comparison is the effectiveness of 0.5 as stated previously since this is
closest to a real achievable intercooled engine. This engine shows a reduction towards the conventional
engine for the TSFC of 0.8% and a reduction for the NOy emissions during cruise of 16% and 14% during
take-off. The intercooled engine shows better results than the optimal ITB-engine for fuel economy. It
also reduces the NOy emissions more during cruise but less during take-off.

The combined cycle is the most efficient cycle with a constant effectiveness of 0.5 and an ITB fuel
fraction of 0.25. It shows a TSFC reduction of 0.7% as compared to the conventional engine. No
improvement is seen compared to the intercooled engine. The NOy emissions do differ a lot. During
cruise, a reduction of 37% is found and during take-off a reduction between 34% and 58% is found
compared to the conventional engine. An improvement compared to both the intercooled and ITB-
engines. The results for cruise condition are visible in table 6.11 and the results for take-off are visible
in table 6.12. The engines having an ITB have 2 results for take-off. The first result is the design ITB
energy fraction and the second result is the maximum ITB energy fraction without exceeding the LPT
temperature limit of 1450K. The first value is no fuel to the ITB (optimal TSFC) and the second value
is the maximum amount of fuel to the ITB such that TT46 does not go higher then TT46 during hot day
take-off (optimal NOy emissions).

Table 6.11: Cruise comparison of TSFC and N0y emissions.

parameter cruise A

TSFC [g/kN/s] EISNOx[g/kg] TSFC [A%] EISNOy [A%)]
Conventional 13.84 0.88 0% 0%
ITB30 13.77 0.65 -0.5% -26%
IC50 13.73 0.74 -0.8% -16%
IC501TB25 13.75 0.55 -0.7% -38%

Table 6.12: Take-off comparison of TSFC and NOy emissions.

parameter Take-off ISA+0 A

TSFC [g/kN/s] EISNOyx[g/kg] TSFC [A%] EISNOy [A%)]
Conventional 6.57 4.05 0% 0%
IC50 6.6 3.54 +0.5% -13%
IC50ITB25 6.6 2.66 +0.5% -34%

7.63 1.71 +16% -58%







Exergy Analysis

To analyse where all the individual component losses in the engine are, an exergy analysis is performed
on the different cycles. The optimal ITB-engine will be compared with the ITB15 engine. The IC50
engine will be compared with both the IC30 and IC70 engine and lastly the conventional engine, the
ITB30, the IC50 and the IC50ITB25 engine will be compared since they are the optimal designs for the
specific architecture. The conventional engine is used as baseline to compare. The methodology is
explained in Chapter 3.

71.1TB

The exergy analysis is performed on both the cruise condition and the take-off condition at ISA+25.
Since the speed of the engine is 0 during the take-off condition, the thrust power is 0. This shows as
extra loss in both the cold exhaust and the hot exhaust. The results for cruise flight are presented in
figure 7.1. The results for SLS ISA+25 are visible in figure 7.2. ¢, is the main combustion chamber,
¢, is the ITB, cd is the cold duct and cold, is the cold exhaust. It is noticeable that the ITB shifts the
losses during operation. Adding an ITB means less cooling is needed in the system. More air must be
compressed to the maximum pressure (cooling air for later stages in the turbine is extracted at lower
temperatures). Because less air is extracted for cooling, the losses in the HPC are higher. In return less
cooling is needed and the losses in the HPT are lower. The losses in the main combustion chamber
also become larger for a higher ITB fraction during take-off. The only difference here is how much air
goes through the combustion chamber and how much air goes around it. It is more beneficial to heat
the air to a higher temperature with less air instead of a lower temperature with more air. The cold and
hot exhaust are both more beneficial for the ITB cycle and no changes for the fan.
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Figure 7.1: Exergy destroyed in each component for the ITB configuration during cruise.
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During take-off condition, the losses of the main combustion chamber are now split towards the ITB
combustion chamber. This in turn lowers the losses in the cold exhaust and increases the losses in
the hot exhaust which is as expected. More fuel is added to the system in total and this translates to a
higher enthalpy at the end of the cycle.
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Figure 7.2: Exergy destroyed in each component for the ITB configuration during hot day take-off.

7.2.1C

The results for the IC during cruise are presented in figure 7.3 and during take-off are presented in
figure 7.4. The same trend is seen as for the ITB in the combustion chamber because of the cooling.
More losses are expected in the combustion chamber for a higher effectiveness. A higher effectiveness
also increases the losses in the IC. An effect of the IC configuration was that a higher effectiveness
increased the pressure ratio of the HPC and reduced the pressure ratio of the LPC. Therefore, the LPC
losses are almost completely gone. The HPC losses are larger despite that the compression happens
at a lower temperature since the pressure ratio is larger. The combined losses during compression
are lower. In the HPT the effect of reduced cooling is visible. The pressure ratio in the HPT is higher
for the intercooled cases but the losses for the highest effectiveness are almost equal to what is lost
in the conventional HPT. This is also observed in the LPT. The losses are reduced while most of the
power of the LPT goes to the unchanged fan. The cold duct and the intercooled duct (icd) have an
almost constant loss. The loss in the cold exhaust is lower for the intercooled cases since some of the
air that normally goes through the cold duct now goes through the intercooled duct. The losses in the
intercooled exhaust increase for a higher effectiveness since the air comes out at a higher enthalpy.
The losses in the hot exhaust are significantly lower for a higher effectiveness and the losses in the
shaft also reduce since less power must go through the shaft.
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Figure 7.3: Exergy destroyed in each component for the intercooled configuration during cruise.
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Similar results are seen during take-off. This is because the constant effectiveness in all operations.
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Figure 7.4: Exergy destroyed in each component for the intercooled configuration during hot day take-off.

7.3. Combined

In the combined cycle it is seen that both architectures add the losses in the combustion chamber in
figure 7.5 and figure 7.6. The combined cycle has slightly lower losses inside the IC since the BPR
is higher. Addition of the ITB is seen to reduce the losses in the HPT significantly. The IC lowers the
losses in the exhaust more than the ITB. The combined cycle needs least power in the shaft. Most of
the shaft power reduction is from the more efficient compression from the IC but the ITB also reduces
the shaft power by increasing the BPR.
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Figure 7.5: Exergy destroyed in each component for all configurations during cruise.

The same trend is seen during take-off with the difference that the ITB now consumes fuel and
this is seen in the ITB combustion chamber. This increases the losses in the hot exhaust since this
increases the enthalpy at the end of the cycle.
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Figure 7.6: Exergy destroyed in each component for all configurations during hot day take-off.

The main benefits that are given by intercooling an engine with respect to the TSFC are in the
compressor. The lower temperature at the HPC inlet lowers the power needed and this reduces the
associated losses. It also reduces the temperature after the combustion chamber, and this is visible at
the exhaust where less power is lost due to it being unusable. The benefits of the ITB with respect to
the exergy are that it reduces the cooling needs and reduces the lost power due to this during cruise.
During take-off or when the ITB is burning fuel, it increases the TSFC and this is mainly from exergy lost
in the core exhaust. A benefit that cannot be seen in the exergy analysis is the extra degree of freedom
in operation at sea level conditions. In figure 7.7 the comparison to the conventional is presented for
cruise and in figure 7.8 this is done for take-off.
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Figure 7.7: Exergy destroyed in each component compared to the conventional engine during cruise.
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7.3. Combined
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Figure 7.8: Exergy destroyed in each component compared to the conventional engine during take-off.
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Conclusions

This chapter makes conclusions on the results presented in the thesis.

Firstly, the parameter analysis shows that it is important to keep the cooling flows rather small. If
this is fulfilled, it is best to maximize the pressure ratio and the BPR. An intercooler allows for higher
pressure ratio while keeping the compressor exit temperature low and an ITB allows to keep the TIT
low which both benefit cooling. For the IC-engine, the cold side pressure loss is more detrimental for
the TSFC as the hot side pressure loss. The reason for this is because there is a higher mass flow
going through the cold side. If the mass through the cold side is reduced, the heat transfer becomes
limited by the cold side instead of the hot side.

In the on-design optimization, it is seen that a 25% reduced cooling mass flow results in a 1% more
fuel efficient baseline engine. For the IC-engine, itis 0.7% more efficient. For the ITB-engine this results
in a 0.8% more efficient engine. For the IC-ITB engine, it results in a 0.6% more efficient engine. This
shows that cooling efficiency is more important for the conventional engine and becomes less impactful
as the IC and ITB architectures are added. The on-design optimization also shows that an ITB-engine
where the ITB burns all the time (take-off and cruise) is less efficient than an ITB-engine where the ITB
burns only during take-off. An ITB should thus only be used as a method to change take-off behaviour
since it is too detrimental for the TSFC during cruise.

In the on-design optimization, the NOy emissions are also investigated. This shows a reduction
of all novel cycles compared to the baseline engine. An ITB engine lowers the NOy emissions more
during take-off. An IC engine lowers the NOy emissions more during cruise. Combining the cycle into
the IC-ITB engine lowers the NOy emissions even more but not by the same degree as only an ITB or
an IC. This is seen on both cooling models.

8.1. Off-Design conclusion

The off-design optimization delivers quantifiable results since this is an engine that accounts for more
operating conditions. This showed that all the engines in the on-design optimization needed to be
changed to meet the off-design conditions. Where design thrust for the on-design engines was equal
to the cruise thrust (47kN),the off-design conditions changed the design thrust to 55kN for all engine
architectures. This was since the limiting factor was the low pressure spool speed. This was limited
to 106% (100%=design N1). An IC and an ITB had no influence on N1 and had the same new design
thrust as the baseline engine. This new baseline engine was 2.5% less TSFC efficient. Mainly because
the BPR was lower. Following from this is a larger core which reduces the temperatures for quasi the
same fuel flow (2.5% more). Thus the NOy emissions during cruise were 25% better than for the on-
design engine from this as well. The IC-engine used for comparing is the engine with an effectiveness
of 0.5. This engine had a 2.6% higher TSFC than its on-design counterpart. This also had lower NOx
emissions. The ITB-engine used for comparing is the most efficient ITB-engine. Namely with an ITB
energy fraction of 0.3. This is different than the optimal energy fraction for the previous on-design
iteration which had an optimal energy fraction of 0.15. A design ST that is higher thus results in a
higher optimal energy fraction. Compared to its previous on-design counterpart, the TSFC was 2.5%
higher during cruise. The IC-ITB engine has an effectiveness of 0.5 and an ITB energy fraction of 0.25,
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which shows that combining the 2 diminishes the effects of the ITB. The IC-ITB engine has also a 2.5%
increased TSFC compared to its optimal on-design counterpart.

Comparing the off-design engines to the baseline engine which has a TSFC of 13.84, the IC engine
had a TSFC that was 0.8% lower, the ITB engine had a TSFC that was 0.5% lower and the IC-ITB
engine had a TSFC that was 0.7% lower. The most efficient engine is thus the IC-engine. The effect
that the IC and the ITB have on each other for the TSFC is thus not beneficial since both influence the
temperatures of the core cycle. The positive effect both cycles have is larger for higher temperatures
and combining them is thus not efficient for the TSFC.

The baseline engine had a higher standardized NOy emission than LEAP. Mainly because it has a
higher pressure ratio and a higher turbine inlet temperature which are both important key parameters for
estimating the NOy emissions. It was 2.2 times higher during cruise and 3.7 times higher during take-
off. This shows that improving the cycle for minimal TSFC has a negative effect on the NOy emissions.
All new architectures improve this behaviour though. The IC engine lowers the NOy emissions by 16%
during cruise and 13% during take-off compared to the baseline engine. The ITB engine lowers the NOx
emissions by 26% during cruise and up to 60% during take-off compared to the baseline engine. The IC-
ITB engine lowers the NOy emissions by 38% during cruise and up to 58% during take-off compared
to the baseline engine. This is take-off reduction seen in the ITB-engine and the IC-ITB engine is
from increasing the ITB energy fraction during ISA SLS+0 above the design ITB energy fraction. This
is possible since the design ITB energy fraction is based upon the SLS ISA+25 condition. The ISA
SLS+0 condition has a lower air inlet temperature. This lowers the overall temperature in the engine.
The maximum temperature limits are however still in place. The maximum LPT inlet temperature is still
1450K. The ITB energy fraction can be higher in the ISA SLS+0 condition up until it reaches this 1450K.
This results in an increased TSFC during take-off ( 15%) and reduced N Oy emissions. The ITB energy
fraction can also be lowered in this condition up until the maximum TIT temperature is reached. This
results in reduced N Oy emissions of -26% for the ITB-engine and -34% for the IC-ITB engine compared
to the baseline engine. This does decrease the TSFC such that it is -0.8% lower during take-off for the
ITB engine compared to the baseline engine. and 0.5% higher during take-off for the IC-ITB engine
compared to the baseline engine. The IC engine has a 0.5% increased TSFC compared to the baseline
engine during take-off at ISA+0.

In the exergy analysis it is seen that the components which lose the most exergy are: the fan, the
combustion chambers and the exhausts. A bit lower but still noteworthy are the compressors and the
turbines. The component which losses the least is the shaft. In cruise flight, the different architectures
have almost no influence in the losses in the fan. The IC-engine and the IC-ITB engine lower the losses
in the LPC. This is mainly because these architectures lower the LPC pressure ratio and increase the
HPC pressure ratio. The IC has losses from the pressure losses. Lowering these can be important to
increase the benefit of an IC engine. In the HPC it is seen that the ITB has an increased loss compared
to the conventional and the IC also has an increased loss but smaller. The IC-ITB engine adds these
losses. The reason is that less cooling means a larger portion of the HPC mass flow is compressed
to the maximum pressure (bleed flows for later stages in the turbine). This effect is lower on the IC-
engine since this engine increases the BPR more than the ITB engine. In the combustion chamber,
the new architectures increase the losses. This is added for the IC-ITB engine. The losses in the
HPT are reduced most for the ITB-engine and the IC-ITB engine. The ITB reduces the cooling flow
most thus the efficiency is highest. Then until the exhaust there are almost no significant differences
in losses. The IC-engine and the IC-ITB engine reduces the losses in the cold exhaust but the losses
in the Intercooled exhaust are higher than the reduction since heat is added to this part. The reduction
of losses in the hot exhaust is high for the IC-engine and the IC-ITB engine. During take-off, almost
the same thing happens. Except, the ITB-engine and the IC-ITB engine shift losses from the main
combustion chamber to the ITB which is less efficient. The ITB increases the losses in the hot-exhaust
and reduces the loses in the cold exhaust which it did not do during cruise (not burning) and reduces
the losses in the cold exhaust. This is because now the core cycle delivers more thrust and thus the
bypass needs to deliver less thrust. Adding all the results, it follows that both cycles have net positive
effect compared to the baseline engine for the TSFC. The ITB improves the HPT most and is negative
for the combustion chambers and the IC improves the hot exhaust significantly while adding losses in
the IC from the heat transfer and thus also in the exhaust of the IC.
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8.2. Research questions
Then to look at the research questions:

1. Is the proposed architecture better from an emission viewpoint?

» The C0O, emissions are lower in all new architectures but best when only using an IC.

* The NOy emissions are lower in all new architectures but decrease significantly more for the
IC-ITB engine.

2. Is the proposed architecture better from a fuel economy viewpoint?

* The same as for the C0O, emissions, it is better for all new architectures but best for the IC
engine with a 0.1% margin.

3. What is the maximum temperature in the engine?

* The maximum TIT in the conventional engine is 1939K during hot day take-off, 1683K for
the ITB-engine, 2035K for the IC-engine and 1794K for the IC-ITB engine. The IC engine
reaches a hotter TIT by 96K compared to the baseline engine. The maximum TIT in the
ITB-engine is 256K lower than for the baseline engine and the maximum TIT in the IC-ITB
engine is 145K lower compared to the baseline engine. The addition of an ITB decreases
the maximum TIT and the addition of an IC increases the maximum TIT. The effect of the
ITB is larger.

4. What are the design and operational challenges?

* Adding an IC is a challenge since the IC needs to be fitted in the bypass. The pressure losses
need to be minimized while the heat transfer needs to be maximized. The IC discussed here
is a passive component. Adding an ITB is adding a new segment in between the HPT and
the LPT. This will make the engine longer and could reduce reliability since it is a component
that has active elements in it (fuel pump).m TIT and the addition of an IC increases the
maximum TIT. The effect of the ITB is larger.

The fuel reductions found for both the IC-engine and the ITB-engine were not as large as found in the
literature. The TSFC for these 2 cycles matched the literature but the found TSFC for the conventional
was lower. The difference in the conventional engine is a lower BPR (11.62) compared to different
literature and this gave a lower TSFC. [5-18]

If only the TSFC matters, the IC-engine is the preferred engine. But NOy emissions are also of great
importance now and this shifts the favour to the IC-ITB engine. The ITB has an extremely positive
impact on the NOy emissions. It reduces the emissions compared to the IC-engine by 27% during
cruise and up to 52% during take-off. This for an increase in TSFC of 0.1%. This engine also has lower
maximum temperatures which can be beneficial for design choices.






Recommendations

This chapter includes the recommendations based on the results and on possible improvements for
future work.

9.1. Recommendations from results

The research objective was to find advantages and disadvantages of an engine architecture using
intercooling and inter-turbine burning and make recommendations based on the findings by simulating
and optimizing the jet engine with the use of the Gas Turbine Simulation program (GSP). The model
found that for the current design limitations, the IC-ITB engine was favourable. If only the TSFC matters,
the IC-engine is the preferred engine. But NOy emissions are also of great importance now and this
shifts the favour to the IC-ITB engine. The ITB has an extremely positive impact on the NOy emissions.
It reduces the emissions compared to the IC-engine by 27% during cruise and up to 52% during take-
off. This for an increase in TSFC of 0.1%. This engine also has lower maximum temperatures which
can be beneficial for design choices. Disadvantages are the added complexity of the engine in the form
of extra components.

9.2. Recommendations from methodology

This section highlights recommendations for future work and points out possible improvements on the
current methodology and results.

» Exergy analysis is a handy method to split which component is responsible for which losses. This
is an method that offers more insight compared to polytropic efficiencies Since all components
have different mass flows and operate at different temperatures.

» Some future model implementations might increase the efficiency of all the cycles. Now, Reynold
analogy was used to model the IC. This could be improved by modelling a complete IC in the
engine performance model. This could give a better coupling between the heat transfer and the
pressure losses.

* The pressure losses in the combustion chamber and the ITB were set constant. This also could
be coupled to a combustion model which could better estimate these losses during all operation
modes.

« A different fuel type in the ITB might also benefit the emissions more than the used fuel Jet-A.
This combined with new combustion techniques could influence the emissions and the pressure
loss in the combustion chamber.

* The NOy emission were modelled based on a correlation, if this was included in a combustion
model, the results could differ and more accurate estimation could be given.

+ Since this was only a thermodynamical analysis, adding the sizing and weight can greatly improve
the accuracy of this study. This would also make the design inlet mass flow a variable and this
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9. Recommendations

could have interesting effects on both the IC and the ITB since both seem to perform better with
higher ST. It would also account for the differences in the shaft power since less shaft power could
mean a lighter shaft.

Adding more novel architectures could change the results, for example a recuperator could change
the dynamic between all the components and might thus have different results.

It was not possible in the current design to have the IC split ratio as a design variable since the
used code did not allow for this to be set variable in the API. A different method which allows more
control on the optimization could allow for the integration of more design variables. The points
were the bleed air was extracted (fraction of enthalpy gain) were also not variable in the API, this
could have an effect since the pressure ratios were a variable.

Off-design optimization had to be performed by checking the model to the off-design condition
manual. This because the software did not allow to combine an optimized engine in an off-
design setting without changing the mode from design mode to steady-state mode. A model
which combined this could greatly improve the time needed to reach an optimum.
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Validation of intercooler modelling

The following code was used to validate the design choice for the intercooler, namely a constant pres-
sure loss of 3% in cruise for an effectiveness of 50%. This is then scaled using Reynolds analogy for
all other flight phases or varying effectiveness.

Nup = 0.023Res/*prn (A1)
The Prandtl number comes from the fluid used and the Reynolds number is found using equation A.2.

The number n is a factor dependent on heat going out of the flow or heat going in to the flow where n
is 0.3 or 0.4, respectively.

VD;
Re, = 22 2in (A2)
u

The heat transfer coefficient can be calculated using the Nusselt number and the thermal conductivity.
po Nuk (A.3)

Din .

The thermal resistance to heat transfer is given as equation A.4.

R = ! (A.4)

"~ hd, '

Where A;, is the total inside area of the tubes. The resistance of the tubes itself is given by equation
A5.

DO‘U.
inc%)

Ryan = ZnkanL
The resistance of the cooling flow is calculated using the layout of the intercooler. Itis dependent on how
the tubes are stacked together and the distance between them. The speed of the flow is dependent on
the frontal size of the heat exchanger, and 2 parameters, the longitudinal pitch SL and the transversal
pitch ST. The diagonal pitch SD is also used to define the smallest area in the intercooler for the cold
side. The maximum speed in this configuration happens along the ST line or the SD line as can be
seen in figure A.1. This all follows the procedures by Zukauskas et al. [45].

(A.5)
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Figure A.1: Representation of staggered flow bank. The hot flow goes through the pipes and the cold flow goes

around the pipes.
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Figure A.2: Full view of HE, first top view of circumference. Second, frontal view where the core lies inside of the

HE.

If the maximum speed happens along the SD line, it is given by equation A.6. On the ST line it is

given by equation A.7.

S ST
max = Ve — Dyue
ST

Vax = Vie————
max ‘2- (SD - Dout)
Now the Reynolds number is calculated using equation A.8

— plqnaxl)out
u

Re

The Nusselt factor calculated using equation A.9

025
Nu = C3C2RemPr"P—

Ts

(A.6)

(A7)

(A.8)

(A.9)

Where C, = 1, n = 0.36 and C3 and m depend on the Reynolds number, and are summarized in Table
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A1,

Table A.1: C; and m based on Reynolds number [45]

Re Cs m

1<Re<40 075 04
40<Re<1000 0.51 0.5
1000<Re< 10° 0.26 0.6
10° <Re< 10° 0.076 0.7

Now the heat transfer coefficient is also calculated using equation A.3. The resistance is then
calculated using equation A.4 where the surface area is replaced with the surface area on the outside
of the tubes. Because the heat transfer happens in series from the inside of the tube to the outside, the
equivalent R is the sum of the partial resistances. and the heat transfer is calculated using equation
A.10

q= (T - TZ)/Req (A.10)

Using the enthalpy and the mass flow, the temperature changes in both flows can be found. For the
pressure loss along the heat exchanger, also Zukauskas et al. [45] is used. This is expressed as
equation A.11

VZ
Ap = xN, (” ’;‘”)f (A1)

Where friction factor f and correction factor
X

are given in a graphical form dependent on Reynolds number and the geometry.
N,

is the number of rows in the heat exchanger. The friction factor is shown in figure A.3 and the correction
factor is shown in figure A.4.

1.25
1.5
2

_ 25

2

(]

o

=

S

©

=

107" ' : -
10" 10?2 103 104 10°

Reynolds number

Figure A.3: Friction factor for pressure drop model from Zukauskas[45]. In the legend, the number represents the
distance between the columns over the distance between the rows. P./B,
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Figure A.4: Correction factor for pressure drop model from Zukauskas[45]. The legend represents the Reynolds
number.

If the input in the heat exchanger is between 2 lines, an interpolation is used to find the corresponding
factors. The pressure loss inside the tubes of the intercooler is found by equation A.12 and equation
A.13. Which calculate the Darcy friction factor and the pressure loss by the Darcy-Weisbach equation

[55].

A = (0.79In(Re) — 1.64)2

Ap=l<

LpV?
2D;p

)

(A12)

(A.13)



Efficiency loss factor of turbine cooling

The effect of the loss factor on the engine performance is looked upon here. This loss factor is well
described by Horlock et al.[32] and by Wilcock et al. [24]. The effect on the engines is investigated
changing the loss factor from 0 to 0.625.

In the following figures, the effects are shown when all the parameters are changed for different loss
factors. In figure B.1, the effect on the TSFC for varying loss factor is presented. It is noted that since
the BPR has no direct influence on the core cycle, it has only a small difference. This comes from the
fact that the core cycle will produce less thrust for the same fuel.
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Figure B.1: Effect of loss factor and BPR.
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Following this in figure B.2, the effect on the TSFC for varying FPR is shown. The same is seen,
almost no influence since the FPR has no impact on the core except that the exhaust flow will have
less energy. It is also seen that in the IC-ITB engine, the FPR can be higher.
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Figure B.2: Effect of loss factor and FPR.

In figure B.3 the effect of the loss factor on the TSFC for varying LPC PR is shown. The effect
is more pronounced since now it affects the cooling temperature. They are all increased since the
HPC starts at a higher pressure and thus also at a higher temperature. This effect is minimized for the
IC-engine since in this engine, the flow between the LPC and HPC is cooled.
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Figure B.3: Effect of loss factor and low pressure compressor pressure ratio.

In figure B.4, the effect of the loss factor for varying HPC PR is visible. This follows the same trend
as the LPC pressure ratio. The IC case and the IC-ITB case have the smallest impact by this factor
since the cooling flow enters colder and less cooling is required.
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Figure B.4: Effect of loss factor and HPC pressure ratio.

In figure B.5, the effect of the TIT is visible. While the conventional engine shows the best TSFC,
the influence of the loss factor is also the largest for the conventional engine. The IC-engine shows the
best performance when changing the loss factor. The ITB engine is not much difference though, +3%
for the IC and +4% for the temperature set at 1900K.
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Figure B.5: Effect of loss factor and TIT.
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