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Abstract

This study analyses the feasibility of an engine architecture using bypass cooled cooling air as a method
for reducing specific fuel consumption of current and future high bypass turbofan engines. As cooled
cooling air reduces required turbine cooling massflow, a major source of loss in modern aeroengines, it
is believed that the concept can improve engine efficiency. No extensive or explicit study on the merits
of this concept has been performed, however.

Using the 0-D engine analysis software GSP, engine performance parameters at Take-Off and
Cruise, such as, specific fuel consumption and (specific) thrust were evaluated against altering feed
cooling air temperature by 0 to -300K and heat exchanger induced pressure losses of 0 to 8% in the
bypass. This was done for two test cases; the Leap-1A engine (TOC OPR 50, CRZ BPR 11.1, TO FN
121kN) representing current conventional technology and GTF2050, a geared turbofan engine (TOC
OPR 75, CRZ BPR 17.1, TO FN 174kN) with entry into service of 2050. For the Leap-1A engine the
specific fuel consumption increased up to 1.9% at cruise and for GTF2050, the increase was up to
4.1%. It is shown that the change in fuel consumption is linear with the decrease in cooling fraction, as
for both engines the specific fuel consumption increases by +0.34% per percent cooling air reduction.
With a reduction in cooling fraction, the exhaust pressure of the core increases, resulting in a higher
thrust (up to 2.3%). It is shown that the optimal take-off bypass ratio for minimum fuel consumption
shifts up, for the GTF2050 engine from 16.4 to 17.5.

Furthermore, scenario tests and an exergy analysis were performed to find that the impact of dif-
ferent mechanisms; the pressure loss in heat exchanger has minor impact on performance; change in
turbine efficiency has small impact; the effect of changed turbine massflow and heat rejection into the
bypass are the dominant phenomena.

It is concluded that as a method for reducing fuel consumption, cooled cooling air with the bypass
as a heat sink is not feasible for conventional architectures even with extreme design parameters such
as high OPR and BPR. Heat rejection to the bypass cannot be effectively utilised and no improvement
in core efficiency from reduced cooling air can compensate. In the edge case where there is no heat
transfer in cruise, there is an observed specific fuel consumption benefit of up to 4%. The achievable
benefit will be lower, however, when accounting for installation penalties.

It is recommended to focus turbine cooling studies on the impact and feasibility of active cooling
massflow control without heat rejection, investigate alternative heat sinks for cooled cooling air (e.g.
cryogenic fuel), and only consider bypass cooled cooling air as last resort when up-flowing cooling
schemes is not permissible or ineffective.
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Introduction

As the effects of climate change are becoming increasingly problematic, it is imperative that the aerospace
industry—being a substantial contributor—becomes more sustainable. Governmental bodies have set
ambitious goals to reduce emissions: ACARE has set a goal by 2050 to reduce carbon emissions per
traveller per km by 75%, and NO, emissions by 90% outright [2]: a goal which is to be achieved whilst
the aerospace industry is growing steadily at around 3-5% per year [3].

Despite public desire for fully electric propulsion, aircraft designs will rely on liquid fuel-based aero
engines as the primary source of power [4]. As an all-electric commercial-scale aeroplane requires
significant improvements in the storage density of batteries, and other component performance for
commercial applications [5], [6], it is therefore important to investigate and develop concepts that can
improve the efficiency of aero-engines.

Over time, improvement in engine efficiency has been driven by many factors including improve-
ments in component efficiency [7]. For civil aviation, the use of sole-jet engines has given way for
turbofan engines with high bypass ratios. High bypass ratios offer greater propulsive efficiency: unfor-
tunately, this is diminishing in returns as the weight and size of the engines scales up [8]. As well as
improvements in propulsive efficiency, a universal design trend in aero engines to increase thermody-
namic efficiency is higher overall pressure ratio (OPR) and increasing turbine inlet temperature (TIT)
[71, [9], [10], an approach which puts more strain on the turbine cooling schemes. The remainder of
this chapter will discuss the problem of this increased strain, and propose research objectives that aim
to test a specific method of addressing this issue.

1.1. Problem Statement

In current aero engine designs, the TIT already exceeds the melting temperature of the material used
downstream of the combustion chamber, requiring cooling by the turbine components. The amount
of cooling air massflow m, needed, as depicted in equation 1.1, scales with the ratio of the difference
between the turbine inlet temperature T, the maximum allowable metal temperature T}, and the differ-
ence between T, and the feed cooling temperature T, [11]-[13]. In the equation, m,, represent the
core massflow. Additionally, the performance of a specific cooling scheme, a cooling effectiveness ¢,
is defined.

@_C o u, 1 (1.1)
Meore Ty —T. €

As shown in Figure 1.1, with the trend of increasing turbine inlet temperature, an even higher cool-
ing performance is required. Additionally, this is the case whilst rising overall pressure is increasing
the temperature of the cooling air. Subsequently, an increasingly large percentage of air is bled off for
turbine cooling. Significant improvements have already been made in the effectiveness of the turbine
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2 1. Introduction

cooling schemes [7], [14]. Methods for the reduction in feed temperature are still in their infancy, how-
ever.
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Figure 1.1: Turbine Inlet Temperature and Maximum Material Temperature development over time (Figure [15] data [14])

The primary issue with taking increasingly large massflow fractions from the core for cooling pur-
poses is that the act of cooling is inherently inefficient (causes for this will be explored in more detail
in section 2.1.2). To understand the order of magnitude of inefficiency, however, we can consider the
‘’exchange rates’ between the cooling fraction, the specific fuel consumption (SFC) and the specific
thrust (SFN). Kurzke [11] found for a sample pure jet engine that a 1% increase in cooling fraction
would result in a thrust decrease of 0.33% when keeping the combustor outlet temperature (T4) con-
stant, and 0.66% when keeping the stator outlet temperature (SOT) constant. Walsh [16] did a similar
study for SOT constant for 1400 and 1600 K and found the same result for thrust. Notably, for the
lower SOT case, fuel consumption actually decreased with increasing cooling fraction (namely -0.33%
SFC for 1% cooling fraction)!. For the case with SOT=1600K the exchange rates changed to +0.44%
SFC -1.53% SFN in line with the findings from Kurzke. Furthermore the impact of cooling flow when
applied to a turbofan engine with a moderate bypass ratio of 4.5 was found to be larger than that for the
true jet-engine. Namely, per percent cooling flow, the specific fuel consumption increased by +0.20 to
+0.96% and the specific thrust changed by -1.29 to -2.02%.

In summary, the impact of cooling is overall significantly negative especially at higher bypass ratio
and stator outlet temperature.

1.2. Research Question and Objectives

The Cooled Cooling Air’ (CCA) concept promises to address this issue of cooling costs. By placing a
heat exchanger in the bypass flow, and passing the cooling flow through it, the cooling feed tempera-
ture can be reduced—therefore improving the cooling potential per unit of massflow. In turn, the cooling
fraction can be decreased, reducing the overall penalty from cooling. Although the concept has already
been considered in literature, a dedicated investigation into the feasibility of the concept has yet to be
conducted. The following research question has therefore been formulated:

Is the use of a heat exchanger in the bypass flow for the cooling of (HPT) cooling air a feasible
strategy to improve future engine performance?

"for constant thrust however, the SFC would decay again, resulting in a net SFC increase



1.2. Research Question and Objectives 3

Given that the concept will likely have limits on its feasibility, it is interesting to understand the drivers
behind this. Conversely, beyond the direct impact on cooling performance, the concept may also be an
enabler for increasing the feasibility limits of the engine overall, potentially yielding even larger benefits.
With this in mind, the following research objectives have been defined:

1. To evaluate and determine the feasibility of CCA as a strategy to improve turbine cooling perfor-
mance, and therefore overall engine efficiency;

2. ldentify important drivers, in overall engine design parameters, that affect the feasibility of the
concept and compare with engine design trends;

3. Understand under which conditions is the CCA concept feasible to improve engine efficiency with
fixed cycle temperature limits;and,

4. Associate the changes in cooling performance driven by CCA design parameters, with the loss
mechanism and identify the mechanisms most affected.






Literature

2.1. Cooled Cooling Air

The Cooled Cooling Air concept aims to address the increasing turbine cooling duty. By means of a
heat exchanger that draws air from the bypass, the cooling air is cooled down. This in turn leads to
a reduction in cooling mass flow. A schematic of the concept as placed in the engine is presented in
Figure 2.1.

Figure 2.1: The Cooled Cooling Air concept as fitted on an engine [17]

In order to understand the CCA concept and the impact that it has the concept history will be explored
in addition to the relevant mechanisms at play. In section 2.1.1 the literature dedicated to or mentioning
the CCA concept is presented. In section 2.1.2 the loss mechanics due to turbine cooling in general
are discussed. Followed by methods for the quantification of the required cooling massflow in section
1.1. Finally, relevant mechanisms and considerations to CCA specific are discussed in section 2.1.4.

2.1.1. Cooled Cooling

Cooled Cooling air as a strategy has been applied for over 2 decades in industrial gas turbines [16]. In
these systems the cooling air is passed through a gas to air heat exchanger with the sink being the fuel
(natural gas). Increasing the fuel temperature makes sense as it improves the combustion efficiency
and the energy transferred from the cooling air is retained in the system.

The Initial investigation into cooled cooling air systems specifically for aero engines was performed
by Beuring and Chang [12]. Both bypass air and fuel were considered as a heat sink, with both show-
ing an impressive positive impact on fuel consumption. The investigation considered a temperature
change to the cooling air of 111 and 222 K (200 and 400 ° F). The systems were simulated on a scaled
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6 2. Literature

engine with OPR 50 and varying BPR (0.51 for BP and 0.44 for fuel based system) against a conven-
tional baseline engine with OPR of 32 and BPR 0.42. At cruise conditions, an improvement in SFC
of -4.6% and -3.3% for the bypass and fuel based systems, respectively. The specific thrust for the
engines however also decreased, with the bypass based system most affected with a 3.1% reduction.
From the performed analysis, however, it is unclear what the specific contribution of the CCA system
is, as the changes in both OPR and BPR will have impacted the results. It was remarked that for fuel, to
prevent gumming and choking deposits, temperature limits on the fuel could jeopardise the feasibility
of fuel as a heat sink.

Given the low storage temperature, cryogenic fuels do still seem to be a more promising heat sink
for CCA [18]. The use of cryogenic fuel as the sink was proposed in a 2014 study modelling cooling
air, the impact of cooled cooling air was quantified without modelling the effect of the increased fuel
temperature, however. Here, a slight increase in SFC (+0.4%) and SFN (+0.6%) was found [19] for
the use of cooled cooling air only. In this study, the cooling temperature was reduced by 300K and the
required cooling flow dropped by 47% as a result.

More recently, a CCA system was part of the design concept "Active Core” within NEWAC [20]
(a large EU funded engine research projects; see section 2.2.2). As the name suggests, the cooled
cooling air concept evaluates the potential benefit of actively controlling flows in the engine in order to
uncouple the design point from the worst case scenario. For cooling air this is particularly interesting
as during cruise the amount of cooling duty is significantly lower than at take-off. In the investigation
the cooling fraction was still considered to be fixed across all phases of flight, however the flow from
the bypass through the HEX is controlled. A benefit to SFC of £0.9% for a 100K drop in the cooling air
temperature was presented [20]. This result may perhaps not be generally applicable; “the technolo-
gies do not consistently benefit all phases of flight” [21]. If a similar or even larger benefit to SFC can
be achieved by controlling the cooling flow directly was not investigated.

Another engine project implementing CCA, namely ULTIMATE, used the same active control strat-
egy [22]. The marginal benefit of the CCA system was not evaluated independently. In other words,
the concept was applied across all the scenarios, with the same CCA heat exchanger parameters. As
the off-take ducts in the BP are a major source of loss, extensive design studies for them have been
performed [23]-[25].

2.1.2. Turbine Cooling Loss Mechanisms

In order to appropriately assess the CCA concept, the relevant loss mechanisms related to cooling
(and CCA as a whole) must be considered. Additionally, exploring these loss mechanisms will provide
insight into both the required modelling fidelity for a meaningful result, and provide guidance into any
limitations and caveats in the modelling if the required fidelity cannot be achieved in a more complete
model. Farokhi [26] identifies four effects of turbine cooling, as listed

» Coolant massflow does not contribute to power conversion;
» Pressure loss inside the cooling passes;
» Mixing losses and increased profile drag that arise from coolant injection; and,

» Entropy rises as a result of heat transfer between the coolant and the gas.

Arguably, coolant massflow and pressure loss can be grouped together as loss of potential work.
Similarly, coolant injection and heat transfer can be collected together as factors affecting turbine effi-
ciency decrease. Such a grouping is done by Kurzke and Halliwell [11]. Taken in these combinations, it
appears that loss of potential work yields the greatest impact on overall engine performance [27], [28].
The effects are visualised on a T-S diagram as given in Figure 2.2. Cooling fraction is reduced by 2%
for both the stator (NGV) and rotor (blade) (4% in total) and isentropic efficiency is improved by 2%.
Furthermore, the power output and SOT are kept constant. The NGV and blade cooling air are added
discretely in front and behind the blade, respectively.
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Temperature T

Entropy s

Figure 2.2: Effects of change in polytropic efficiency (blue) and cooling air massflow (red) with constant SOT and power output
[29]

In this scenario, one can observe that a lower NGV cooling reduces the combustor outlet tempera-
ture required for a given stator outlet temperature. Note, that at the same time, a reduction in cooling
massflow does lead to increased massflow through the combustion chamber. Dampening the reduc-
tion in fuel burn one might expect for a T4 decrease. Furthermore, the increased massflow through the
combustion chamber, and hence the turbine, gives rise to an increased power output of the turbine and
therefore the temperature drop over the whole turbine is reduced. Conversely, the potential maximum
work output is increased.

Thermodynamic considerations alone are not sufficient to understand the impact of cooling on poly-
tropic efficiency. The interaction between the nominal gas flow and injection of air, known as “jet in
crossflow” (JICF), and the subsequent formation of films results in a highly complex flow field [30]. This
interaction is extensively researched, with several literature reviews available on the topic (the reader
is referred to [31]-[34]). In the JICF problem there are four types of vortical structures; a jet shear layer
(prompted by Kelvin-Helmontz instability); a horseshoe vortex caused by the blocking of the gas flow
boundary layer; wake vortices formed in the wake of the jet; and a counter-rotating vortex pair induced
in the jet from the shear with the main gas flow [35], [36]. A schematic of JICF with the different vortical
structures is given in Figure 2.3.

When it comes to predicting the losses attributable to cooling injection, especially without a spec-
ified turbine geometry, there is a degree of uncertainty. Regarding the preliminary methods for loss
prediction, the assumption is that there is a linear relationship between the efficiency drop of the tur-
bine and the cooling massflow. This relationship is summarised in Table 2.1. Alongside the modelling
uncertainty, injection loss in the design of the cooling scheme is naturally fundamental to this ratio.
Hence, there are variable results found in literature.

The work of Denton [37] focuses on classifying and understanding all relevant loss mechanisms in
the turbine, and finds an expected 1% efficiency drop per percent cooling fraction. It should therefore
additionally be considered relevant. Other sources make an estimate of the ratio on the basis of an
idealised case where two streams meet at an angle. A background on this standard case can be found
in books on internal flows [38].
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Figure 2.3: Vortical structures in a jet in crossflow [35], [36]

Kerrebock [39] in a book on the general design of aero engines provides a ratio of 0.5% isentropic
efficiency drop per percent cooling fraction. Horlock [40] presents a comparison of accounting methods
for turbine efficiency and indicates a ratio of 1.4%, though it is to be noted that given the objective of
that research was a comparison of accounting methods, the ratio presented may not be relevant for
modern design purposes. Walsh and Fletcher [16] provide ratios specific to the location of the coolant
injection; the highest loss is caused by suction-side injection, with pressure-side injection being the
lowest contributor. Furthermore, a distinction is made between stators and rotors, with rotors having
a ratio that differs from stators by a factor of two. This is supported by Gaunter’s methodology [27].
The algorithm for loss prediction can account for different cooling injection types. Of these types, the
penalty for the scheme with predominantly leading edge film injection is reported below in 2.1. The
reported ratios, however, are the lowest reported sourced from experimental and numerical research
from before 1970 [41].

—Anis per % m;/Meore Source
1% [37]
0.5% [39]
1.4% [40]
Stator Rotor
0.25-0.75% 0.5-1.5% [16]
0.15-0.18% 0.3-0.36% | [27], [41]

Table 2.1: Turbine Efficiency drop per percentage cooling fraction

The key takeaways from the review of the loss mechanisms for turbine cooling are

» The reduction in turbine specific power output and entropy production from mixing are the domi-
nant loss mechanism from cooling and hence for appropriate loss modelling the accurate predic-
tion of the required cooling massflow is key;

* When quantifying the drop in turbine efficiency due to cooling injection, a linear ratio between the
two can be used, where a value of £0.5:1 for Stators seems appropriate; and,

» The turbine efficiency drop from cooling injection in rotors is twice as high as in stators.

2.1.3. Quantification of the Cooling Requirement

The required cooling massflow needs to be determined in order to quantify the impact of the CCA
concept. A simple approach is to assume the massflow fraction with and limit the compressor exit
temperature. Fundamentally, a relationship between the cooling feed temperature and the cooling
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massflow needs to be defined. Assuming an initial design cooling massflow and feed temperature are
available, the cooling requirement can be scaled. Rolt et al. [22] provide the following equation for the
estimation of turbine cooling:

(Tg,ref - Tc)(m4/m4,ref)0'65

mc = m ref
ore (Tg,ref - Tc,ref)

(2.1)

In this equation, the subscript "ref’ stands for the reference case that the cooling requirement is
scaled from. An alternative yet similar approach, one that doesn’t require a reference point but rather
the maximum allowable material temperature and the fluid temperatures, as presented in equation 2.2.
The constants can be tuned to match the design cooling scheme.

Tf’lc _ b(Tg —Tb)S
mcore Tc - Tc

Typically, the cooling requirement has been modelled as linearly dependent with the temperature
difference (ie. s = 1). Kurzke considers the entire turbine stage as one machine with b = 0.04. Walch
and Flectcher [16] present a chart with a relationship defined for NGV and rotors separately. The cool-
ing requirement is plotted against SOT and hence it is not clear what the value of constant b used is,
yet it can still be observed that the relationship is linear with respect to the temperature(s = 1), and
additionally that the constant b is higher for rotors than stators. This is in line with the recommended
values of Jonsson [42] with b = 0.05 for stators and b = 0.06 for rotors. In this work it is also suggested
that the exponent s can be varied slightly around unity to match with the cooling system.

(2.2)

Tiemstra [19] presents a semi-empirical approach for evaluating cooling performance, and hence
the cooling requirement. This approach evaluates the combined impact of cooling features, providing
a prediction specific to cooling scheme design. This is also a drawback of the approach, as it requires
a cooling scheme to be defined or assumed. A comparison, shown in Figure 2.4, suggests that the
conventional scaling approach performs poorly at higher feed pressure.
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Figure 2.4: Comparison cooling requirement with maximum metal temperature of 1200 K as required by conventional scaling
(b = 0.04;s = 1) [43] and cooling model [19]

In a later investigation [44], the model was compared to again to conventional scaling, but now with
the values recommended by Johnson [42]. Again, the conclusion was drawn that the omission of a
pressure component from the conventional method means that it underestimates the cooling require-
ment at high overall pressure ratios and overestimates at lower OPR. In the specific case tested in the
investigation, there is a match in the methods regarding predicted cooling requirement for a take-off
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overall pressure of 60 for s = 0.97. For high OPR, the exponent s should hence be reduced slightly
from 1; and for low-to-moderate OPR, it should be increased slightly to improve the match across the
domain.

2.1.4. Relevant Loss & Gain Mechanisms and General Considerations

There are several additional loss and gain mechanisms that are specific to the CCA concept; Pressure
loss through the heat exchanger, energy rejection from core and entropy production from heat transfer,
thrust recovery in the bypass and weight addition [22]. Beyond these loss/gain mechanisms there are
some aspects of the CCA design that may influence engine design or vice versa, these are qualitatively
discussed in this section. These individual mechanisms compound through the engine, and therefore
the overall efficiency impact is a function of the engine design in total. This is detailed in section 2.2.

Additional Pressure Loss
Due to the need for an additional heat exchanger and associated ducts, pressure loss occurs in both
the cooling flow and the BP off-take air.

For the cooling flow, it is important that the pressure loss be minimal; such that the cooling flow can

endure the pressure losses through the complex cooling passages in the turbomachinary components
and have a sufficiently high “pressure margin” to enter the gas path [45], [46]. This pressure margin is
typically low given the advances of cooling schemes as well as reductions in pressure losses upstream
of the cooling holes (CC & turbine inlet). For pressure loss sustained by the bypass off-take, the thrust
that can be generated by this flow decreases.
Regarding the scale of these pressure losses, the heat exchangers for cooled cooling included in the
NEWAC & ULTIMATE projects were assumed to have a pressure loss for the bleed air less than 1%
and +5% for the BP off-take flow [17], [22], [47]. Investigations into design of off-take ducts found an
additional 3-7% loss for the BP off-take flow [23]-[25].

Thrust Recovery

As the bypass flow temperature increases, the energy rejected by the cooling flow can be partially
‘recovered’ in the form of increased thrust [22]. An exergy assessment of an intercooled engine showed
that the loss of thrust caused by the pressure loss in the heat exchanger was similar to the thrust
‘recovered’ from the expansion at a higher temperature [48].

Engine Weight Change

Changes to the engine weight have a direct impact on the performance of the aircraft as a whole (see
section 2.2.1). Heat exchanger systems add weight to the engine. However, given that the cooled
cooling air system increases the specific power output of the core, the engine can be downsized.
Bruening and Chang [12] calculated an increase of 4.3% in engine thrust to weight ratio.

Qualitative Considerations
* Induced thermal stresses. These occur as a lower cooling temperature creates an increased
temperature difference between the inner and outer wall of the components. This may therefore
limit the minimum cooling temperature.

* Increased air requirements for lean combustion may become restrictive for the maximum cooling
fraction [17].

» The relationships between cooling effectiveness and massflow may not hold for excessive tem-
peratures [19].

+ Alternative NGV material, like ceramics, could reduce the need for cooling significantly [49], [50]

» Complexity of cooling feed systems: NGV can be both root- and tip-fed, whereas blades can only
be root fed [14]. This means that feeding the cooling air from the HEX into the blades is non-trivial,
as the air needs to travel from the heat exchanger located in the bypass past the main gas path
into the centre of the engine (see figure 2.1).
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2.2. Overall Engine Considerations and Trends

Chasing higher performance engines have changed radically over time; the bypass ratio, turbine inlet
temperature and the overall pressure ratio have all increased significantly. The historical trend of this
is depicted in Figure 2.5.
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Figure 2.5: Certified engine design parameter trend [15]

The feasibility of the CCA concept is dependent on overall engine design parameters. It is therefore
interesting to consider current and future engine designs. This also permits prediction about whether
the concept will become more feasible in the future.

2.2.1. Engine Design Drivers

As a starting point for engine design, the driving constraints and objectives are evaluated. Besides in-
herent engineering aspects, there exist also external drivers, either defined by governmental regulation
or as the result of interfaces with the aircraft; for example the safety requirements of a blade-off event
[14] or power supply to the aircraft’s environmental control system [51].

In Figure 2.6, a mind-map is presented with the most relevant drivers for engine design. Given the
scope of the research and the targeted fidelity of the results, not all aspects driving detailed engine
design are detailed in the scope of this study. This is highlighted in the figure via colour-coding.

Furthermore, a distinction between the natural drivers is made qualitatively in Figure 2.6. Some are
clear physical constraints that must be respected, whilst other driving metrics can only be assessed
following an (initial) engine design. The latter can hence be considered from a design perspective to
be target objectives for optimisation. The remainder of this section is structured along these drivers.

Performance

Engine performance is naturally a key design driver, with two main dimensions: thrust and efficiency.
Net thrust (FN) is the result of a net velocity (and pressure) difference between the inlet and outlet.
Typically, the core exhaust is choked, and hence there is a net pressure differential at the outlet that
also produces thrust. This relationship is given by

FN = titoan (Vexn = Vio) *+ Aoxn (Pexn = Pu). 2:3)

Here, the subscript “exh” refers to the exit state and o to the free stream conditions. From a design
perspective, the required thrust is a fixed to suit target airframes. Typically, multiple thrust requirements,
in combination with mission profiles (“thrust ratings”), are defined along the development [14]. It is often
useful, as well as the absolute thrust, to evaluate the thrust per unit of intake air also known as the
specific thrust (SFN), given by the relationship
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Figure 2.6: Mind-map of the relevant drivers of engine design on a qualitative constraint — objective axis. Green: drivers that
form the core focus of the analysis, Blue: a subset of the drivers considered, Red: not covered.

FN
SFN = —. (2.4)
Min
Notably, with increasing bypass ratio and decreasing fan pressure ratio, the total massflow of en-
gines increases significantly for the same thrust levels and hence SFN decreases. For commercial
aviation, the specific thrust is useful for comparing architectures that would have similar inlets, and can
provide insights into take-off and climb performance [14].

The definition of overall engine efficiency is the ratio of useful work output over the work input. The
useful power output is the thrust multiplied by the aircraft speed (free stream velocity). The power
input comes from chemical energy stored in the fuel; namely fuel massflow, i, multiplied by the lower
heating value, LHV.

~FN-14,
Ntot = m = Npropth (2.5)

Alternatively, the performance parameter SFC (Specific Fuel Consumption) is also often used. SFC
is the ratio of fuel massflow to thrust
L Ve
SFC = FN N T]totLHV'
The overall efficiency can be broken down into two components: thermal and propulsive efficiency
(see 2.5). The thermal efficiency defines how effectively the (ideal) thermal power released from fuel
is converted to kinetic energy of engine exhaust flows. Conversely, propulsive power describes how
effectively this kinetic power is used to generate thrust for the aircraft:

(2.6)

n
Thermal Power Input %, Kinetic Power ——> Thrust Power

The thermal efficiency is determined by all forms of loss inside the engine and in an ideal cycle is
limited to the Carnot efficiency. Using this, the maximum thermal efficiency is
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The ideal kinetic power, W 44, in the flow is defined by the ideal turbine power output minus the
ideal compressor required power. The specific form of this ideal kinetic power is

—1
Wsgo _ E(1 - %) - (OPRy7 - 1). (2.8)
@z T28 opry
From this equation, one can find that for a given temperature ratio, there exists an overall pressure
ratio which maximises the power output. This pressure ratio is called the optimal pressure ratio. The
ideal thermal efficiency and the ideal specific kinetic power are plotted for various temperature and
pressure ratios in Figure 2.7.

It can be observed that for increasing thermal efficiency at maximum power output, the tempera-
ture ratio and the (optimal) pressure ratio increase. This fundamental thermodynamic result on core
performance is the driver behind the increase in TIT and OPR seen in modern engines.

Considering the propulsive efficiency in an idealised case (no nacelle friction, velocity misalignment),
as given below, yields

n _ Z mVoo (Vexh - Voo)
prop = 1. :
% 2V, - V3)

Note that limy_ v (Mprop) = 1: Which is to say, the smaller the exit velocity, and thus smaller resid-
ual kinetic energy in the wake, the higher the efficiency. Naturally, decreasing the velocity difference
also reduces the thrust per unit massflow. To ensure sufficient thrust power, yet maximise efficiency,
modern engines have increased massflow significantly at lower velocities. This translates to the ob-
served rise in BPR and decline of FPR.

(2.9)

Next, engine emissions are considered. When it comes to CO, emissions they are directly related
to the fuel burn. But for Nitrous Oxide (NO,) emissions, another key factor in aircraft environmental
impact [2], [53], the details of the combustion process itself is also key.

The NO, formation mechanisms, thermal and prompt, increase significantly with temperatures and
pressures above a certain point [54]. Any increase in TIT and OPR without improvements in combus-
tion technology hence lead to increased NO, emissions. There is therefore an implicit trade-off to be
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made between NO, and CO, when determining the appropriate OPR. This trade-off has been codified
in the emission targets by the Committee on Aviation Environmental Protection (CAEP), as is shown
in Figure 2.8:
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Figure 2.8: NO, target as function of overall pressure ratio

Thermal Management

Thermal management is essential to engine design, and becoming an increasing challenge for aircraft
and engine design [51]. Turbine cooling is the most consequential of thermal management challenges.
The requirements on turbine cooling and its impact are discussed in previous sections 2.1.2 and 2.1.3.
Van Heerden et al. [51] present an extensive overview of current and potential future thermal man-
agement in engines and aircraft. From this, two topics will be highlighted in the rest of this section: T3
temperature limits and oil engine cooling.

With the increase of OPR, the temperature at the HPC outlet has been ever-increasing to the point
that the temperature of the compressor components are nearing their limits. Given the high degree of
complexity when it comes to designing compressor blades, and the choice of their materials, this issue
is not easily overcome. Many design studies, even for engines into 2050, thus constrain T3 as is noted
in Table 2.2.

An important component of thermal management in the engine is cooling by means of lubricating
oil. Shafts and gears generate a substantial amount of heat due to friction; the energy is absorbed
by the lubricant. The lubricant in turn needs to be cooled, this is done by means of so-called Fuel to
Oil Heat Exhangers (FOHEX) in addition to Air to Oil Heat Exchangers (AOHEX) [55]-[58]. The fuel
is stored at low temperatures and acts as a good sink. Additionally, increasing the temperature of the
fuel also increases combustion efficiency [58]. The fuel temperature however cannot become too high
as gumming or even coking deposits would form. Hence, the fuel alone is not always sufficient to cool
the lubricant and is then supplemented by AOHEX [55]. Note that the fuel can therefore not be used
as a sink for the CCA concept, unlike as suggested by Gu and Min [59].

Aerodynamics

Aerodynamic considerations show up in almost all levels of engine design. In particular when it comes
to turbomachinery, the right number of stages, the use of variable stator vanes or bleed to prevent
engine stall, etc. [11]. The scope of this section will be limited to tip losses in blades and specifically
the constraints that arise from it. First, losses related to compressibility effects that limit tip speed are
discussed. Second, losses related to tip leakage that limit the last compressor blade’s height are con-
sidered.
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In order to limit losses from transonic effects the flow speed near the tip of turbomachinery compo-
nents should be limited [11]. In practical terms, this limits the speed of the fan tip, which is the rotational
speed by the fan diameter. For higher BPR and engine massflow the fan diameter increases meaning
the rotational speed has to decrease. In conventional 2-spool architectures, this also means the rota-
tional speed of the low pressure turbine, also known as the booster; and the low pressure turbine are
also reduced. For both, this negatively impacts the component efficiency. Additionally, the LPC stage
pressure ratio that can be reasonably achieved reduces: meaning that the number of stages would
need to increase to maintain the same LPC pressure ratio. Introducing a gear between the LPC and
fan is a way to decouple the rotational speeds for the components; allowing them to operate at the
most efficient operating conditions. A graphical demonstration of the relationship between BPR and
the turbomachinery components is given in Figure 2.9.
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Figure 2.9: Impact of BPR for given fan tip speed on low pressure turbo-machinery component parameters for conventional and
geared turbofans [11]

An alternative solution to a gear is to opt for a 3-Spool architecture. The LPT turbine rotational
speed is still linked to the fan; but the compressor between the fan and HPC is uncoupled. Note that
no future engine concept uses this architecture (see section 2.2.2).

Tip leakage is another relevant turbomachinery loss mechanism. Air flows from the pressure side
of the blade over the edge to the suction side, potentially creating separation bubbles and vortices. In
Figure 2.10a this phenomena is visualised.

The impact of this effect is dependent on the ratio of the blade height and the gap between the tip
and the wall; in which a small tip gap is favourable [37]. The blade height is determined by axial flow
area and (for example) the mean radius of the rotor. The former is dictated by the total (core) massflow
and pressure; and the latter is a non-trivial choice based on structural and aerodynamic considerations.
For high OPR, the axial flow area is such that the last blade row on the HPC is of the order of tens
of millimetres [22]. At this scale, the tip leakage losses start growing unacceptably large. Significant
advancements aimed at reducing the impact, such as the use of shrouded blades and active clearance
control systems, are detailed in literature [61]. Despite these advances, tip leakage can still have a
large impact for very low blade heights. One method to model the impact is to apply a correction to
the efficiency as function of the blade height, as is shown in Figure 2.10b. Often, the blade height is
directly or implicitly (via OPR) constrained, as can be observed in Table 2.2.

Size

The overall size of an engine has both practical and performance implications. Engines are designed
with a range of airframes in mind. In order to ensure there is enough clearance between the engine
and the ground, the fan diameter cannot be too large.
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Figure 2.10: Blade tip leakage

In terms of the performance impact, the size of the engine dictates the size of the nacelle. Air flowing
past the nacelle experiences drag, reducing overall thrust. Additionally, the nacelle weight increases
with the diameter. The drag and the weight grow with the BPR whereas the fundamental propulsive
efficiency has decreasing benefit from increasing BPR. This implies there is an optimum BPR for overall
“installed engine” performance [11]. For this feasibility study a specific airframe is not defined, but in
comparison to the reference baseline engines, the fan diameter may not grow.

Weight

Managing weight in aircraft design in general involves careful management of tradeoffs, as there is a
risk of positive feedback loops making it difficult to find suitable equilibria. Namely, for every unit of
mass the aircraft, needs to generate lift. This, in turn, causes drag, which is to be overcome by the
engine by burning fuel. An incremental increase in the aircraft weight means that for all these steps
additional extra weight is added. This is demonstrated in Figure 2.11.
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Figure 2.11: Schematic of The Aircraft Weight Feedback Loop

This feedback loop naturally holds for changes in engine weight too. In order to quantify the impact of
the weight changes of an engine without an aicraft model one can consider semi-emperical relationships
like the one given in equation 2.10 [62].

— d
AFB = 151ASFC + 0.206(AW) + 1.6( ——— — 1) (2.10)

fan,ref
This specific equation was developed for a mission of length 13000 km or 7000NM. The AFB is the
additional fuel burnt over the whole mission, ASFC is the weighted average of the change in SFC for
MTO (1%), MCL (6%) and CRZ (93%).

Engine Design Constraints
The various drivers explored above, as well as other factors, inform the appropriate constraints to
apply in conceptual design studies. In Table 2.2, a non-exhaustive overview is given of various design
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constraints as found in recent projects. The aim of this table is to inform the constraints applied to this

thesis.
Comp. | Parameter Consrain Engine Type Note Ref.
HPC | Last blade >12 mm IRA [63]
height >12.7 mm [64]
>15 mm [65]
Max. outlet 880K @CRZ | yr. 2050 GTF & OR "for cooling and | [66]
temp. (T3) structural integrity
reasons”
1063K @MTO | yr. 2050 GTF& IC TF Limit from 2050 | [22]
992K @MCL Baseline engine’
880K @CRZ operating point
900K @MTO | ICTF [67]
1000K yr 2025 GTF & ITB TF | "to ensure satis- | [68]
factory engine life”
OPR 75 yr. 2025 GTF & ITB TF [68]
CC | Max. outlet 1950K @MCL | IRA [63]
temp (T4) 1950K@MTO | yr. 2050 GTF& IC TF [22]
1890K@MCL
1850K @MTO | IC TF [67]
2200K @MTO | yr. 2025 GTF & ITB TF [68]
HPT | Max. metal 1350K generic GTF & OR
temp. (Tp) 1337K @MTO | IRA [63]

Table 2.2: Summary of Specific Engine Constrains from Literature

2.2.2. Recent Research on Innovative Configurations

To examine the feasibility of the CCA going forward in time, it is interesting to investigate what a future
engine will look like. Although developments are being made on (hybrid) electric propulsion, this is
considered out of scope. This section discusses specific engine design concepts, most of which were
part of large EU funded projects. The purpose of this is to identify engine trends and identify a good
future engine baseline for the thesis project. Additionally, attention is paid to specific concepts and
architecture that may yield synergies with the CCA concept.

As a starting point; Sieber [69] provides a review of large engine projects (that commenced prior to
2015). An overview including more recent projects is provided in Table 2.3. Of the engine projects, the
following four have developed whole engine platforms; NEWAC, LEMCOTEC, ENOVAL & ULTIMATE.

In NEWAC four engine concepts were developed for entry into service (EIS) of 2050; with Inter-
cooled and Recuperative Core (OPR %25); “Active Core” (OPR 35-40); “Flow controlled core” (OPR
35-40); Intercooled core (40-50). The first two concepts are 2-shaft geared turbofans, the flow con-
trolled concept a geared counter rotating fan engine and the last concept used a 3-spool direct drive
turbofan. In the active core concept, the cooled cooling air is implemented as is discussed in section
2.1.1. The NEWAC project also operated as validator for new lean combustion methods [17].

LEMCOTEC and ENOVAL were highly integrated projects. The main objective of LEMCOTEC is
the development and validation of engine-core technologies for future engines whereas ENOVAL ac-
cesses whole engine concepts with some of these core technologies. Three engines with EIS 2025
were developed as part (with hardware realised at module level). The full engine concepts are all
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geared turbofan engines with BPR 16.2 at various sizes (TO FN: 86kN, 252kN, 340kN) with corre-
sponding OPR (55, 73, 59).

The ULTIMATE project is comparatively a significantly smaller project (3.1 M€) [70]. In total 7 dif-
ferent engine concepts with EIS 2050 were developed. 5 of which are geared turbofans, and 2 are
geared counter rotating open rotor concepts. In the concepts various novel combined cycles as well
as combustion technologies, such as pulsed detonation combustion, were tested [71].

Next to these engine projects, Mastropierro et al. [66] modelled and optimised a midsize (FN:
183kN) geared turbofan and open rotor engine designs for EIS 2050, using “Propulsion Object Ori-
ented Simulation Software”. the optimised GTF design has a BPR of 16.8 and OPR 75. This research
is particularly noteworthy for the extensive engine data provided.

Three common core architectures can be found in the reviewed literature. Namely Conventional,
Intercooled and Intercooled Recuperated. Figure 2.12 shows the thermal efficiency of the architec-
tures, as well as a representative T-S plot. Of the architectures, IRA is the most thermally efficient, but
is limited in OPR. This ultimately limits the ability to increase BPR and therefore propulsive efficiency.
IRA is most suited for small engines, for which the ideal pressure ratio is lower due to the last blade
height penalty and general parasitic losses [11], [88]. Given the low comparative OPR the T3 is mod-
est and hence turbine cooling is less of a concern. In the Intercooled architecture, T3 is similar to a
conventional cycle, in spite of the higher OPR. This means both architectures have high turbine cooling
requirement. Given that for the intercooler the BP air is already used as a heat sink, it may be more
difficult to install a heat exchanger for CCA too.
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Figure 2.12: Qualitative representation thermal efficiency of different architectures as function of OPR [69]

High level conclusions that can be drawn from the considered literature are summarised below;
» Bypass Ratios are expected to grow to 16-20 for future engines (EIS 2025-2050).

» The expected OPR s strongly architecture dependent; with Intercooled and recuperated OPR<30;
(geared) conventional turbofan OPR 50-75 and for Intercooled 50-90.

» HPC tip leakage and material temperature limits form the current constrain on T3/OPR (not turbine
cooling).

+ All future concepts utilise lean combustion methods.
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» Geared Turbofan engines with 2 spools seems to become the new norm, with no direct drive 2
spool and few 3 spool concepts being proposed by researchers or manufacturers.
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Project Focus Ref
Abbrv. Title Year | Tech. Comments
UEET Ultra Efficient Engine | 1999- | Core, LP, | Turbofan, BPR 10-20, | [72]
Technology 2005 | Noise, OPR 35; Geared
Subsys- Turbofan; Intercooled
tem & | Turbofan
integra-
tion
EEFAE Efficient and Environ- | 2001- | Core & LP | Turbofan, BPR 7, | [73]
mentally Friendly Aero | 2005 OPR 35 Geared
Engine Turbofan; Intercooled
Recuperated
SILENCER | Significantly Lower | 2001- | Noise Turbofan, aircraft, na- | [74],
Community Exposure | 2007 celle, new design and | [75]
to Aircraft Noise retrofit
VITAL Environmentally 2005- | LP Turbofan, Geared Tur- | [76],
Friendly = Aero En- | 2011 bofan, Contra- rotating | [77]
gine Turbofan, BPR 10-14
NEWAC New Aero Engine Core | 2007- | Core Turbofan, Geared | [17],
Concepts 2011 Turbofan, OPR 40-50; | [20],
Intercooled & Inter- | [78]
cooled Recuperated
DREAM Validation of Radical | 2008- | OR & Alt. | Open Rotor, (Turbo- | [79]
Engine Architecture | 2012 | Fuel fan)
Systems
OPENAIR Optimisation for Low | 2009- | Noise Turbofan, Geared Tur- | [80],
Environmental  Noise | 2013 bofan, aircraft [81]
Impact Aircraft
LEMCOTEC | Low Emissions Core- | 2012- | Core Turbofan, Geared | [82],
Engine Technologies 2017 Turbofan, Open Rotor, | [83]
OPR up to 70
E-BREAK Engine  Breakthrough | 2013- | Subsystem| Turbofan, Geared | [84],
Components and Sub- | 2017 Turbofan, Open Rotor, | [85]
systems Turboshaft
ENOVAL Engine Module Valida- | 2014- | LP Turbofan, Geared Tur- | [86],
tors 2018 bofan, BPR up to 20 [87]
ULTIMATE Ultra low emissions | 2015- | Core, LP | Intercooled Geared | [70],
technology innovations | 2018 | & Waste | Turbofan with Pulsed | [71]
for mid-century aircraft heat re- | detonation combus-
turbine engines covery tion/ supercritical-CO,
cyclel/..., (Counter
Rotating) Open Rotor

Table 2.3: Overview of large recent European engine programs and UEET (Part replicated from [69])



Methodology

3.1. Engine Analysis

In this section, the engine analysis method will be discussed. Important definitions and the fundamen-
tals of 0-D cycle analysis are presented. There are excellent resources on engine design available
(the reader is referred to [11], [14], [16]). A few items that are of particular relevance to the thesis are
highlighted in the section: modelling of a cooled engine and operating conditions.

For the engine analysis, the 0-D engine analysis software tool developed by NLR and TU Delft is
used. Extensive information on the development and characteristics of the software can be found in
literature [89]. For the purposes of this thesis, some important characteristics of the software will be
highlighted throughout this chapter.

3.1.1. General Engine Analysis

As a starting point for the general engine analysis, the engine is idealised into a set of discrete con-
ditions. These conditions are so-called stations and provided with a unique identifier. This is done
in accordance with the standard guidelines [90]. A schematic of the engine with stations numbering
used across this report is provided in figure 3.1. Note that there are elements included which may not
be present in specific cases, like the gear and heat exchanger. These elements are still modelled but
functionally dormant (ie. Gear ratio=1:1, 7g4¢q, = 1).

The core thermodynamic principles make up the fundamental rule-set for the engine analysis. As
only the steady states at the stations are defined, the conservation of mass

Zm=o (3.1)

and the conservation of energy

W+Q+Zrhihi=0 (3.2)

without accumulation terms, are sufficient. The thermodynamic gas model used by GSP completely
defines the thermodynamic state of a substance through the pressure, temperature, and composition
of the substance

h;, s; = f(T;, P;, composition) (3.3)

The entropy production within the system is defined as the sum total of the entropy from heat transfer
and the net contribution of entropy transfer from mass flows.

9 N s = o, (3.4)
Tref

21
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Figure 3.1: Process flow diagram of a 2 shaft geared turbofan with a CCA HEX in the bypass (see figure A.1 for an annotated
version)

Turbomachinery
The turbomachinery components are modelled as single-stage machines. Firstly, the compressors are
modelled as single-stage machines with the corresponding equations for Euler work

W = m(hin — hout) (3.5)
and isentropic efficiency:

— AI/Videal — hin - hout,ideal (3 6)
AW hin - hout .

Nis

The polytropic efficiency is a construct which defines the isentropic expansion or compression as
a sequence of infinitely small ideal expansion and compression processes, each with the same con-
stant isentropic efficiency. The formula for the polytropic efficiency under such a definition is given by
Equation 3.7:

Y. 0Widgeat _ dhigeal

Mpoly = YoWw dh (3.7)

With the ratio of temperature for polytropic gasses
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Toutideal Pout\r—D/Y
— =\7_ (3.8)
Tin ( Pin )
the isentropic and polytropic efficiencies can be related symbolically
Tout _ (Pout\0'="D/mpoyy 1 Poui\@—D/y
- =\t -1 (3.9)
Tin ( Pin ) nis( )

Pin
For turbines, the numerator and denominator are flipped when compared to compressor in the
definition of isentropic efficiency

AW hin - hout
= = , 3.10
s AWigeai  hin — hout,ideal (3-10)
and polytropic efficiency
>ow dh
= = . 3.1
ool = S S Wigeal  APideal (1)

Similarly, as was done for the compressor efficiencies, for turbines, the following relationship applies
under the same underlying assumptions.

v/(r-1)

Pout Tout v/((y—=Dnpoly) < 1 Tout )
= == —-1)+1 3.12
Pi ( T ) 77is( Tin ) ( )

In order to simulate the off-design performance of the different turbomachinery components, so-
called “performance maps” are used. Performance maps are defined using the pressure ratio and

corrected mass flow
Pt | Tin R Vret
Megr = M—— | — ——, (3.13)
cor Pin Tref Rref Y

Tref Rref Vret
Negr =N |——— 3.14
cor T. R vy ( )

and the corrected rotor speed

The compressor map, used for the low and high pressure compressors in this thesis, is given as
a sample in 3.2. The map is scaled in accordance with the specified design point state to tailor the
performance map to the specific application. Though it can be argued there are inaccuracies introduced
by using such a general performance map for the off-design performance, such an approach is common
for preliminary engine design [11], [14], [16].

In order to be able to apply the last blade correction to the HPC in case, if relevant, the last blade
height is to be determined. In order to do this, information about the compressor gas path is needed.
The hub-to-tip ratio is assumed to be 0.925 and the Mach number at the compressor outlet is 0.254
based on suggested value in literature [17]. Using the definition for the blade height

hy = Riip — Rhup (3.15)

and the flow area
As = TL'(thip — Rhubz) (3.16)

the last blade height can be related to the flow area and the hub-to-tip ratio

Riip/Rhub A3
(1- Rtip/Rhub)z) o (3.17)

T
Furthermore, the flow area can be determined using the massflow, assumed mach number and the
thermodynamic state at the HPC outlet

hb(l +

> psVs T PyJ(RTs) - MsyJyRT;  PsMsy¥'

(3.18)
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Figure 3.2: Sample compressor map used for determining off design performance [89], where Wc is the corrected massflow, Nc
is the corrected rotor speed and PR is the pressure ratio. The red line (along the top) indicates the surge line.

Combustion Chamber

The energy released from an ideal chemical reaction per unit of fuel in the combustion chamber is
defined by the lower heating value (LHV). The lower heating value of the fuel, Jet A/A-1, is 43.2MJ/kg
[91]. The difference between the ideal and real energy release, caused by the formation of combustion
radicals, is defined by the combustion efficiency, n.,omp. The enthalpy at the exit of the combustion
(station 4) can be determined using the energy balance

Th4h4 - Tfl3h3 = meHV Ncomb (319)

The massflow at the exit of the combustor is the sum of the entry air massflow, m3, and the fuel
massflow, m;. In this thesis, the outlet temperature (thus implicitly h,) of the combustor is fixed and the
fuel massflow is to be solved using the aforementioned equation. Note that the gas mixture is different
post-combustion, and as a result, the specific heat is increased.

Heat Exchanger

Despite being core to the cooled cooling air concept, the heat exchanger performance is prescribed.
This was to be an initial step of the approach in order to established requirements on a detailed heat
exchanger design. However, as the cooled cooling concept is shown by the results to be infeasible,
there is no need to define a more detailed model.

The heat exchanger performance is prescribed implicitly by setting a coolant feed temperature
change, AT,

Tye = T3 + AT, where AT, <0 (3.20)

With the new coolant temperature, the enthalpies at the hot side of the heat exchanger are defined
and the cold side outlet condition (h;,-) and the heat duty can be determined:

Q = mc(hze — hac) = Myo3(h107 — h103) (3.21)
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A common heat exchanger performance metric and/or design input is the effectiveness ¢, given by

__Q _ Q
T Qmax [y minl T — THI (3.22)

For numerical reasons, the coolant feed temperature change as is taken as the input parameter,
however. As the parameter directly determines the cooling fraction, the simulation stability is greatly
improved when compared to a prescribed effectiveness.

Exhaust Nozzle

The main gas flow(s) accelerate(s) through the exhaust nozzles before leaving the engine. Thrust is
produced in the process as shown in Equation 2.3. The velocity at which the flows leave is dependent on
the total pressure of the flow and the ambient pressure. The critical pressure ratio, a ratio of upstream
and downstream pressure marking the transition from choked to unchoked flow, is defined as

y—1 )(y—l)/y

PR, =(1—-———_
erit ( ms(y + 1)

(3.23)

As for convergent nozzles, the flow is limited to mach number of 1, the velocity can be determined
for both choked (PR < PR.,;;) and unchoked flow (PR > PR ,i;):

V. — Y VRTS‘) P9/Poo > PRcrit
exh =) J2(hg — hsy) otherwise

The static enthalpy at the outlet is determined from the ideal expansion shown in Equation 3.8.

(3.24)

3.1.2. Cooled Engine Analysis

In a cooled engine, one needs to account for the impact that the introduction of this air has on the turbine
performance. Turbine cooling air is added in a distributed fashion across the stages. The equations
used in the engine analysis, however, are 0-D. A solution to this is to consider the cooling flow to be
added discretely before and after the turbine [11]. The air added before the turbine, so-called "non-
chargeable”, will contribute to the power output of the turbine, whereas the air added after the turbine
does not contribute to the power generation and is called "chargeable”. Typically, all of the stator cool-
ing air and only some of the rotor cooling air are considered non-chargeable in single-stage machines.

As most current and future high pressure turbines in literature use a two-stage high pressure tur-
bine, the aforementioned approach is adapted under the assumption that the two-stage machine can
be modelled as a virtual one-stage machine. The cooling flows are subsequently accounted as charge-
able or non-chargeable based on the perceived impact they have. This method of accounting is shown
in Figure 3.3.

In GSP, a distinction is made between the portion of cooling flow contributing to the extraction of
power (“Press. Frac.”) and affecting just the total massflow rate (“Frac. Eff. T.flow”). The “Press. Frac.”
parameter dictates what part of the flow is considered non-chargeable. In GSP, this flow expands with
the turbine pressure ratio, but starting from the feed temperature to a fictitious outlet temperature. This
means that for the same work that is extracted per unit, massflow is lower when compared to the main
gas flow. Note that the mixing with the main flow as discussed below occurs after this expansion. The
“Frac. Eff. T.flow” parameter is used to specify if the massflow of the cooling flow is to be considered
part of the total turbine flow for the purposes of specifying the operating point on the turbomachinery
performance maps only. It should be noted that this only affects off-design performance, as the maps
are scaled at the design point. For the purposes of this investigation, the distinction between these two
effects is not made and corrected massflow and the parameters “Press. Frac.” and “Frac. Eff. T.flow”
are kept the same.



26 3. Methodology

Virtual Rotor
NGV
o~
o
1 ) J
Y T
WNGV,virtuaI WRotor,virtuaI

Figure 3.3: Method of accounting for multi-stage turbine cooling flow [11]

Another important consideration is how the cooling and bulk flows are mixed. Several methods for
this are discussed in Greitzer et al. [38]. In GSP, the flow is instantaneously mixed using a mass-
average. Any excess pressure is not considered, however the option to account for the increase in
enthalpy for the cooling flow from flowing through a rotating channel can be included. Power is ex-
tracted from the shaft to increase the enthalpy of the cooling flow. If the net power output of the turbine
is to remain constant, The average enthalpy of the flow at station 41 will be slightly larger and will be
slightly lower at station 42. Crucially, the enthalpy at station 45 is unchanged, however, under the
assumption that the turbine efficiency is unaffected. The overall engine performance is hence not af-
fected, and therefore the choice was made not to model this specific effect.

In this study, the required cooling massflow is calculated according to the method given by Equation
2.2 (with b = 0.05 for stators and b = 0.06 for rotors, and s = 0.97) given its ease of use and good
correspondence for the considered OPR domain when compared to higher order methods. The gas
temperature, required in the method, is determined for the (virtual) stator and rotor separately. The
gas temperature is approximated as the geometric average between the inlet and outlet stations for a
fictitious uncooled turbine. Specifically, the temperature of the stations of this fictitious uncooled turbine
is calculated using the actual pressure ratio, turbine efficiency, the combustor outlet temperature and
an assumed degree of reaction of 0.5. The gas temperature for the stator is
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3 1 )
Ty stator = T4(Z + Z(HHPT)"""'V(V 1)/”), (3.25)
and for the rotor
1.3 Npoly (Y —=1)/¥
Ty rotor = T‘*(Z + 7 (Hypr) oo ) (3.26)

3.1.3. Operating Conditions

Aero engines go through cycles with many different thrust settings and environments, and thus they go
through different operating conditions. For preliminary design, typically three representative points are
selected: Take-Off, Top of Climb, and Cruise [11], [68]. The first two conditions represent extremes the
engine can be expected to operate nominally, whereas the latter is where the engine works for the ma-
jority of the time. At Take-Off conditions, the maximum operating temperatures are reached, as well as
often the highest spool speeds. Therefore, the cooling circuit and the mechanical integrity of the shafts
and disks are assessed at this condition. The Top of Climb condition is the most demanding condition
from an aerodynamic point of view, and the maximum corrected massflow and overall pressure ratio
occurs there. Finally, the Cruise condition, given the long duration, is by far that which most affects
overall fuel consumption of the engine. The weights for the different flight phases to the average SFC in
equation 2.10 exemplifies of this. Hence, at Cruise, the specific fuel consumption should be minimised.

Given that the focus of this thesis is the cooling system, the Take-Off conditions will be investigated
and considered as the primary design point. Although multipoint design studies are common nowadays
[11], this is not natively possible with the GSP software tool. As well as Take-Off, the Cruise condition
will also be considered; as ultimately the objective of the investigated CCA solution (and therefore the
metric for feasibility) is to reduce the specific fuel consumption at Cruise conditions.

Regarding the ambient conditions, the international standard atmosphere (ISA) is used with a +15K
temperature off-set at Take-Off. The specifications of the environment at the considered operating con-
ditions are presented in Table 3.1.

Parameter Unit | Take-off | Cruise | Top of Climb*
Altitude km 0 11.3 10.7
Ambient Static Temperature K| 303.15 | 216.65 228.60
Ambient Mach Number - 0.2 0.78 0.82
Water Vapour Mass Fraction - 0.01 0.01 0.01

Table 3.1: Atmospheric conditions for ISA air of the operating conditions (*Top of Climb only for verification)
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3.2. Approach & Test Cases

3.2.1. Overall Performance Analysis

In order to address research objective 1, which covers the feasibility of CCA as a strategy to improve
turbine cooling performance, the CCA concept has been applied directly to two engine test cases.
Dedicated GSP models were implemented to assess the achievable SFC at Cruise and Take-Off as a
function of the main HEX design parameters.

With increasing CCA heat exchanger effectiveness, the massflow (fraction) through the combus-
tion chamber and the HPT increase. This results in an increased core-specific power output. This
means that for the same engine parameters, the core exhaust pressure increases for higher coolant
temperature change, and subsequently net engine thrust increases. However, excess(-ive) core ex-
haust pressure implies unused potential in the exhaust, unfairly penalising the CCA concept in terms
of SFC. One method of using this excess energy is increasing the bypass ratio.

In an ideal scenario, one would re-optimise the engine. This includes all engine parameters: fan
pressure ratio, bypass ratio, overall pressure ratio and potentially even T4. However, this is a difficult
exercise: conversely increasing bypass ratio without accounting for induced changes in component
efficiencies is a fair (and generous) method to use the excess energy.

Hence, the parameters that were changing in the engine design are the effectiveness of the heat
exchanger (in this case, determined by AT.), and the BPR. In the simulations completed for this study,
the AT, was varied from OK to -300K. This domain was chosen to align to the temperature change com-
mon in the literature (see section 2.1.1), which is typically determined at around -200K. Furthermore,
increasing temperature differences between the cooling temperature and gas temperature significantly
beyond the domain chosen for these simulations would result in an increasing level of thermal stresses
induced onto the turbomachinery components (see section 2.1.4).

The bypass ratio domain used in these simulations is informed by initial trials of granularly increas-
ing the bypass ratio until the exhaust pressure is insufficient (ie. lower than ambient pressure). This
results in a take-off bypass ratio domain for the Leap-1A engine covering the range 10.22 to 11.72, with
the higher bypass ratio only achievable when employing the CCA heat exchanger. For the GTF2050
engine, following a similar approach, a take-off bypass ratio domain of 16.14 to 17.94 was determined
for investigation.

With these parameters, an initial performance domain was established, presented in section 5.2.1.
Every state in the engine is determined, and the SFC, thrust, and exhaust pressure in particular, are
examined to determine the feasibility of the CCA model as applied to an existing engine design.

These specific fuel consumption results are then normalised to be expressed in percentage terms
with respect to the baseline SFC. This permits comparison of trends between the two test cases, as
well as between the two operating conditions under consideration, on a like-for-like basis.

Subsequently, when the result is then mapped for bypass ratio versus exhaust pressure at a given
heat exchanger coolant temperature change, it is possible to establish a function to determine the by-
pass ratio such that the exhaust pressure is kept constant. This permits the easy addition of further
variables to the study, in this case the pressure loss in the heat exchanger, which enables a more
holistic assessment of the overall efficiency of the system—further addressing research objective 1.

3.2.2. Scenario Impact Tests

Scenario Impact Tests (SITs) were conducted to establish the feasibility of the CCA concept, and the
applicability of the earlier results, in exceptional conditions. This additionally provides useful data that
can establish more clearly the dominant factors driving the underlying results. These SITs covered:

1. Evaluating the impact at Take-Off of the cooling flow-to-HPT efficiency relationship
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2. Evaluating the Cruise SFC for lower CCA HEX effectiveness than at the design condition (TO)
3. Evaluating the Sensitivity of specific fuel consumption on cooling requirement parameters

From literature, it is known that increasing cooling flow has a definite impact on turbine efficiency.
The scale of this impact is highly dependent on turbomachinery design parameters and the cooling
scheme employed. Even so, for a given turbomachinery geometry, it is difficult to predict the added
losses from the cooling injection. Therefore, it is useful to examine the order of impact from changing
the turbine efficiency. A significantly higher or lower result from tests run under alternative HPT effi-
ciency assumptions can therefore be indicative of relevance (and dominance of any effect on overall
efficiency) of this specific mechanism. SIT 1 tested this by comparing the nominal results (using the
method discussed above) to the same simulation where the value of the HPT efficiency is fixed at the
baseline instead of being variant in cooling massflow.

SIT 2 follows the guidance of literature regarding the marginal impact of the heat exchanger at
Cruise. For every AT, value set for Take-Off, multiple AT, were tested (at increments of 0.2x covering
the range from 1.2x to 0x) for the corresponding Cruise conditions.

The final scenario (SIT 3) aims to test the robustness of the underlying relationship between cooling
temperature and required massflow assumed in the overall performance impact simulations. These
simulations follow Equation 2.2, which covers the cooling massflow needed based on cooling tem-
perature, material allowable temperature, and gas flow temperature; with a decrease in the cooling
temperature also decreasing the required massflow. Values for the input parameters exponent s and
the maximum allowable material temperature are varied from 0.9 to 1.05 and 1380 K to 1440 K re-
spectively. The values for the constant b are not considered, as the impact on cooling requirement is
simply linear. Note that the exponent s and the allowable material temperature are varied beyond the
range found in literature. Thus, if the initial results hold even at these different input parameters, the
underlying principles of the Performance Impact Analysis can be understood to be robust.

These SIT tests therefore address research objectives 2 and 3 regarding the parameters and condi-
tions necessary for feasibility, and provide the foundations for further investigation of research objective
4, which is explored in detail in the Exergy Analysis detailed below.
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3.2.3. Exergy Analysis

In order to better understand the phenomena driving the impact of the cooled cooling air concept on
engine SFC, an exergy analysis is performed. Exergy is a measure of the total available work that can
be extracted from an energy source (for the fundamentals of exergy analysis, the reader is referred to
[92], [93]).

Exergy destruction during a process is therefore a quantification of irreversibly and equivalent to
the loss of potential work. Considering the scale of the exergy destruction and rejection at each com-
ponent provides insight into the relative impact of different loss sources. Furthermore, the change in
the exergy destruction and rejection as a function of the CCA HEX design parameters reveals pros and
cons of the CCA concept with respect to the different loss mechanisms. This result provides a definite
answer about its feasibility and limits from a thermodynamic standpoint. In the following paragraphs,
the definitions and equations used for the exergy analysis are presented.

The definition of exergy, ¢, at station i reads
G = h? - hgo - Too(si - Soo) (327)

Where the subscript o refers to the condition in the reference environment, which, in gas turbine
simulation, corresponds to the (typically SSL) ambient environment [93]. Note that exergy, as is the
work potential, is wholly dependent on the choice of reference environment.

Combining the balance equations for energy and entropy of an open control volume, at steady state
with no chemical reactions and discrete interactions, lead to the exergy balance reported in Equation

[Zm(]m—[zm(]out+ZQ(l—T%O)—W—I:O (3.28)

Here, the subscripts in and out refer to flows in and out of the control volume. Q and T refer to
the heat flux and associated heat transfer temperature (i.e. wall temperature). W refers to the work
performed by the flow. Finally, I is the exergy destruction, which is proportional to the entropy generation

s

I =Typgs (3.29)

It is possible to distinguish between differing kinds of exergy following the introduction of fuel in the
combustor. The fuel exergy is defined as chemical energy, and is composed of two parts: reactive
and concentration exergy. The former relates to the energy associated with chemical reaction of the
species not in the reference environment whereas the latter is the exergy related to the change in the
concentration of the species [93]. A definition of the chemical exergy (per mole) (., of an ideal gas
mixture is given in equation 3.30

Sen =) 1lky+ RTw Y xelny, with O = —RTo ) Inyp (3.30)
k k k

Where ¥ is the chemical exergy per mole of species k and y, and x;° are the molar concentrations
of species k in the current mixture and the reference mixture respectively. By definition, combustion air
has a chemical exergy of 0. After the combustor, the net chemical exergy of the working fluid is then
greater. Due to the addition of cooling air, and through the expansion process the specific chemical
exergy of the working fluid is not constant, and will vary through the engine.

It is clear that the chemical exergy cannot be calculated assuming the concentration of fuel in the
environment. As the fuel practically does not exist in the reference system, equation 3.30 is undefined.
It would result that y;° = 0 and that In(y;”) = —. To resolve this issue, one can consider an ideal
reaction of the hydrocarbons in the fuel to form carbon dioxide and water, species that do exist in the
reference system (i.e. the environment).
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1 1
CiHy + (x+ Zy)o2 - xCO; + zyH,0 (3.31)

The chemical exergy of the fuel Z]Eh can now be expressed as a function of the higher heating value
(HHV) or enthalpy of formation and the chemical exergy and entropy of the species (derivation [94]).

- N 1 1 1 \- - 1 .

et = HHV — T, [éf +(x+ Zy)§02 — x5¢o, — §y§H20] —(x+ Zy)zgf +x(Eb, + 3y (3.32)
For alarge set of common gaseous fuels, the value of the chemical exergy has been determined and

expressed as a ratio with respect to a lower heating value, ® = (;h/LHV [95]. The fuel assumed in the

analysis, Jet A/A-1, can be modelled as an equivalent molecule of form C;H,; with an LHV=43.2MJ/kg

[91] and ©=1.06 [94], [95].

For the high pressure turbine, there are multiple mechanisms at play that induce exergy destruction.
Some that are specifically dependent on the cooling massflow, as discussed in Section 2.1.2. For
the exergy analysis, a distinction will be made between mixing losses and losses from expansion.
Mixing losses arise from the heat transfer between the cooling flow and the main gas flow and viscous
losses. The pressure drop of the coolant flow from the heat exchanger outlet to the mixed out state
are accounted here. The viscous losses from the injection of coolant specifically are not included here,
rather they are calculated from the change of expansion loss based on the reduced turbine efficiency.

Imixing = Too((m41541 — M statorSac — MaSs) + (MysSas — MerotorSac — m41542)) (3.33)

Regarding the expansion loss, exergy destruction is determined from the entropy production

jexpansion = TooMyq (54-2 - 54-1) (3.34)

or the exergy balance

iexpansion = Th41(§41 - (42) — Whpr. (3.35)

In order to understand the changes caused by the reduction in cooling temperature, the effects are
uncoupled (by running multiple simulations). First, the cooling massflow and temperature are reduced.
Second, the turbine efficiency is increased. Third, the engine bypass ratio is increased (to utilise the
exergy increase at the outlet). It should be noted that the exergy loss quantity is dependent on the pres-
sure ratio of the turbine. Furthermore, the pressure ratio is dependent on the combustor and coolant
massflow and inlet temperature. Therefore, when associating exergy losses to these specific effects,
the order of the effects is relevant.

As exergy left in exhaust flows outside the control volume can not be accessed any more, one can
speak of an exergy loss despite no exergy destruction.

Exexh,lost = Exexh,th + Exexh,ch + Exexh,lost,kin (3.36)

All the thermal, calculated with static exhaust temperature, (and chemical exergy) left in the exhaust
flow is considered lost. Given that the mere act of (kinetic) exergy leaving the control volume is the
sole mechanism by which propulsive power is generated, not all the kinetic exergy leaving the system
is lost. Conceptually the same as propulsive efficiency, the following is a definition of the lost or unused
exergy in the flow.

V2 V2

exh

2 2

Exexh,lost,kin = [m(kin]exh - VooFNexh = mexh(( ) - (Voo (Vexh - Voo))>_Voerxh (P - POO) (3-37)

2 2

. . Vexn Vs
EXexh jostkin = mexh(T — VexnVoo + 7) — Vo Aexn (P — Pwo)
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The core exhaust, with its high excess temperature, will therefore a high exergy loss both per unit
massflow and in absolute terms. Conversely, given the low thermal exergy and modest kinetic exergy
of the bypass flow, the specific exergy loss of the BP is low. Nonetheless, given the high massflow,
the bypass’ exhaust loss is a significant contributor to the overall exergy destruction.
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3.2.4. Test Cases

In this thesis, two test cases are used as baseline for the investigations: the Leap-1A and a concep-
tual future engine “GTF2050”. In this section, the two engines will be introduced, including the rationale
for choosing them. Following that, the design and operating conditions of the engines will be presented.

The CFM Leap-1A engine is a mid-sized engine with max thrust of up to 155 kN that was introduced
into service in 2016. A so-called “workhorse” of the aeronautical industry, it has been applied to short-
and mid-haul flights with over 2400 engines in service already [96]. A render of the engine is provided
in Figure 3.4a.

The Leap-1A engine was chosen as a baseline as it represents the cutting edge of the current en-
gine generation’s technology. The specific variant considered is the Leap-1A26 with a nominal take-off
thrust of 121 kN, as a specific numerical model was available in house for this variant.

(a) CFM Leap engine Leap-1A/-1BEngines (b) Enoval high BPR ratio geared turbofan engine [97] similar to
the GTF2050

Figure 3.4: Representative renders of the testcase engines

The “GTF2050” is a geared turbofan engine concept for entry into service around 2050. In Figure
3.4b arender is given of what such an engine might look like (note that the figure is from another engine
project ENOVAL). The engine is an adaptation of the engine concept presented by Mastropiero et al.
[66]. The conceptis in line with general trends (BPR 16-20, OPR 50-70, two-spool geared architecture)
as discussed in section 2.2.2. Compared to the Leap-1A engine, this concept engine represents a con-
ventional mid-size future engine with a higher design take-off thrust of 183 kN. This specific reference
was chosen as the paper presenting the engine contains an extensive set of operating parameters
particularly useful for verifying the model implementation.

However, the GTF2050 modelled in this thesis differs from the engine presented by Mastropiero et
al. [66] in the material selected for the high-pressure turbine, and therefore in the high pressure turbine
temperature limit. In the reference, it is assumed that the NGV will be made out of a ceramic material
that will not require any cooling. The total cooling fraction required in this theoretical engine is hence
only 6%. Given the expectations of future engine technology as discussed in Chapter 2, this is a rather
optimistic assumption. Regardless, the CCA concept requires that a significant (nominal) amount of
cooling air is used to make any sense. Therefore the material used in the HPT of the adapted engine
will have a maximum allowable material temperature of 1380K in line with the findings presented in
Table 2.2. The implications, as discussed in Section 4.1.2, of this modelling assumption are that T4 is
adapted from 2040 to 2080 and the cooling fraction from 6% to 27% at Take-Off.

For both of the reference engines, the overall engine parameters for the design Take-Off and Cruise
condition are presented in Table 3.2.

The component efficiencies are defined at the TO condition as presented in Table 3.3. For the turbo-
machinery components, the cruise and off-design efficiency will be scaled using generic performance



34 3. Methodology
. Leap-1A GTF2050

Parameter Unit T CRZ TO CRZ
Thrust (Net), FN kN | 120.6 20.05 | 174.2 30.23
Bypass ratio, BPR - | 10.42 111 16.14 17.10
Overall pressure ratio, OPR -| 34.0 3698 | 60.1 62.1
Specific thrust, SFN m/s | 2351 1169 | 173.8 79.8
Specific fuel consumption, SFC  g/kNs | 9.86 14.68 8.37 13.69
Fan Diameter m 1.98 2.84

Inlet massflow, m, kg/ls | 512 171 1002 379
Fuel massflow, i, kag/s | 1.20 0.29 1.37 0.38
Cooling massflow, m, kg/s | 5.75 2.20 16.01 5.73
Cooling fraction, ri. /1, - 0.15 0.274
HPC exit temperature, T3 K| 960 730 1057 865
Combustor exit temperature, T4 K| 1938 1550 | 2080 1680
HPT SOT, T41 K| 1877 1488 | 1926 1580
Fan pressure ratio BP - | 1.593 1.54 1.39 1.386
Fan pressure ratio core - | 1.549 1.5 1.27 1.67
LPC pressure ratio - | 1.695 1.7 2.3 2.46
HPC pressure ratio - | 15.66 14.5 | 2092 19.90
LP shaft rotational speed rom | 3892 3663 | 7928 7330
HP shaft rotational speed rom | 17490 16312 | 16336 13958

Table 3.2: Leap-1A and GTF2050 overall baseline engine parameters at Take-Off and Cruise

maps. Note that in contrast to the work of Mastropierro, in this simulation the turbomachinery nom-
inal performance is specified in the model by defining the polytropic efficiency rather than isentropic
efficiency. The impact of isentropic efficiency is dependent on the specific pressure ratio to which it
is applied [98]. It is therefore not fair to assess the performance using the isentropic efficiency of a
(yet-to-be-designed) component when the pressure ratio is not yet fixed, when the pressure ratio of the

component is varied in the analysis.

Parameter Unit | LEAP-1A | GTF2050
Fan 1,01y - 0.92 0.93
Fan core 1,01y - 0.92 0.93
booster/LPC 1,1y - 0.91 0.87
HPC 1501y - 0.92 0.85
Combustor 1¢omp - | 0.9995 0.9995
Combustor PR - 0.95 0.97
Mechanical n;; - 0.995 1
Mechanical fixed loss kW 0 50 per shaft
Fan Gear n;, - n.a. 0.995
Fan Gear ratio - n.a. 4.3:1
HPT uncooled 71,4y - 0.9255 0.8858
HPT nominal 1,4y - 0.908 0.825
LPT np01y - 0.89 0.90

Table 3.3: Leap-1A and GTF2050 design (TO) component efficiencies

3.3. Overview of Key Assumptions




Type Assumption Relevant Impact Mitigation/ Justification
Section(s)
General Component Design Efficiencies/Pressure losses 2.2.13.2.4 | Moderate Bench-marked against literature. Will affect also
Engine (Neutral) affect baseline performance. marginal cost of cool-
Modelling ing is dependent however, in part, on HPC and
HPT performance.
Core size can be scaled without affecting compo- | 3.1.1 High Limited scaling of massflow only.
nent efficiencies (except HPC) (Optimistic)
Component off-design Performance 3.1.1 Low Dependency of CCA parameter on operating con-
(Neutral) dition of turbo-machinery is limited (only HPT mod-
erate impact, which is accounted for)
CRZ and TO operating conditions sufficient to as- | 3.1.3 Medium
sess concept feasibility
Cooling Off-take at HPC exit 3.1.2 High First stage cooling flow from bulk of total cooling
(Optimistic) flow.
Maximum allowable TBC temperature not consid- | 2.1.4 Medium Requires more detailed design of the cooling
ered (Neutral) scheme than is in scope for the investigation.
Likely respected when upon appropriate T}, limit.
Cooling Massflow fraction cruise is fixed at take-off | 6.2 High Necessary assumption for fidelity model. Investi-
value (Neutral) gation into active cooling flow management given
as recommendation.
Required cooling fraction can be determined using | 2.1.3 3.1.2 | High (conser- | Comparison with higher fidelity methods [19] show
feed and gas temperature 3.2.25.3.3 | vative) decent match for OPR 160 [44]. Alternative coeffi-
cients simulated in SIT3
All HPT cooling flows affected by CCA HEX 21.4 Medium First stage cooling flow from bulk of total cooling
(Optimistic) flow
HPT stage efficiency is linearly dependenton cool- | 2.1.2 3.2.2 | Low Small contribution compared to lost work effect
ing massflow 5.31 (Neutral) [27], [40] and confirmed in SIT1.
Total pressure of cooling flow assumed at gas | 2.1.4 High
pressure for mixed thermodynamic state (Optimistic)
HEX A heat exchanger with a total relative pressure loss | 3.1.1 3.2.1 | Low Required effectiveness is low (<0.4).
of less than 8% can be designed to meet the re- (Neutral)
quired effectiveness
The method of determining heat exchanger ef- | 3.2.2 5.3.2 | High Alternative cruise performances evaluated in SIT2.
fectiveness at cruise by means of prescribing the (Optimistic)

Table 3.4: Overview of Key Assumptions; Impact is a qualitative assessment based on (uncertainty of) relevance to CCA performance assessment; where an “optimistic” impact is favourable

Take-Off coolant temperature change is sufficient
to assess concept feasibility

for the CCA feasibility
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Method Verification

4.1. Baseline Engine Implementation

4.1.1. Leap-1A

In order to validate the Leap-1A26 model, information made available as part of the certification pro-
cess was used. Specifically, the fuel flow from the ICAQ’s emission databank [99] was compared to
the predictions of the numerical model developed. At four conditions the fuel flow, as obtained from rig
tests, is specified: Take-Off, Top of Climb, Approach and Idle. The model parameters are chosen such
that take-off fuel consumption adheres to the reference data. The fuel massflow for the other conditions
was changed for until the thrust setting was matched. The comparison with the simulation results is
presented in Table 4.1. The ambient condition of the cases Take-Off and Top of Climb are as specified
in Table 3.1. The atmospheric conditions assumed for the calculation of the engine performance at
the Approach and Idle operating points are taken to be the same as at Take-Off, and the fuel flow is
changed until the thrust matches the thrust setting reported in the emission databank. However, the
airspeed of the Approach and Idle case are Mach 0 and 0.4 respectively.

Case Thrust setting | Reference (ICAO) Error
Take-Off 100% 0.855kg/s input
Top of Climb 85% 0.705kg/s 1.9%
Approach 30% 0.242kg/s 8%

Idle 7% 0.088kg/s 12%

Table 4.1: Leap-1A26 Model Validation based on fuel flow as reported by the ICAO [99]

The GSP model is tuned with respect to the data of the engine corresponding to Take-Off conditions,
that then is considered as the design point. At the Top of Climb condition the match is good considering
generic turbo-machinery performance maps are employed for off-design calculations. At low thrust set-
tings, there is a substantial mismatch, however. Given that the shaft speeds at these conditions is low
compared to the design point, the accuracy of the turbomachinery maps is more relevant and hence
an error in performance between the real engine and the model is likely. At this operating condition,
bleed valves are used to prevent compressor stall. A difference in bleed flow changes the massflow
in the engine and hence the operating condition of both the compressors and that of the turbines. An
error in the bleed flow is therefore a likely cause for the relatively large error in fuel consumption.

Although a better match over the whole domain is desirable, the conditions of interest (TO & CRZ)
are predicted well as at these conditions no bleed flow is used to prevent stall. Regarding the CRZ
specifically, the ambient conditions are similar to those of TOC and, unlike the approach and idle op-
erating points, the shaft speed is reasonably high.

37
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4.1.2. GTF2050

In order to verify the GTF2050 engine model as well as the use of GSP in general, the reference engine
for the GTF2050 from Mastropiero et al. [66] has been replicated. This is done for all the operating
conditions in the paper; Take-Off, Cruise and Top of Climb. In the GSP model, the Take-Off condition
is taken as the design condition. The results of this verification exercise are presented in Table 4.2.

Parameter Unit Reference Deviation

TO CRz TOC TO CRz TOC
Thrust(Net), FN kN | 183.46 3256 49.99 | <0.01% -0.02% -0.95%
Bypass ratio, BPR -| 1614 16.84 16.08 Input +0.13% +0.36%
Overall pressure ratio, OPR -| 60.1 62.1 75.4 Input <0.01% -3.73%
Specific thrust, SFN m/s | 183.1 84.6 1113 | <0.1% -0.04% -1.80%
Specific fuel consumption, SFC g/kNs | 8.28 1260 13.73 | <0.1% +0.04% +1.34%
Inlet massflow, ri; kg/s | 1002 385 449 Input +0.02% +0.87%
Cooling fraction, m_ /M, -| 0.063 0.063 0.063 Input Input Input
HPC exit temperature, T3 K| 1053 860 1011 <01% <01% +2.1%
HPT SOT, T41 K| 1921 1540 1890 Input Input Input
Fan pressure ratio BP - 1.39 1.39 1.51 Input <0.5% -0.5%
Fan pressure ratio core - 1.27 1.29 1.37 Input <0.5% -0.5%
LPC pressure ratio - 2.3 2.67 2.43 Input <0.5% +0.4%
HPC pressure ratio -] 2092 1990 22.65 Input <0.2% -3.6%
LP shaft rotational speed rom | 7928 7330 8380 Input  +3.65% -2.68%
HP shaft rotational speed rom | 16336 13958 16439 Input +2.74% -4.19%

Table 4.2: Reference engine [66] engine parameters and replication error GTF2050 at Take-Off, Cruise and Top of Climb.

In general, a good match can be observed between the GSP model and the reference engine.
Given that the design condition is TO and extensive information was available to calibrate the model,
there is a near identical match for this operating condition. Regarding the prediction at Top of Climb,
OPR and the RPM of the two stools are the quantities that deviate most from the reference engine.
This suggests that the turbomachinery performance maps are likely not sufficiently similar to the maps
used in Mastropierro et al. This result was somewhat expected, as the performance maps used are the
default ones in the GSP suite and belong to turbomachinery with a lower pressure ratio than those of
compressors and turbines of an EIS2050 engine. For the Cruise condition, which is together with the
design point the operating condition where the CCA concept will be assessed, the match is still close.

Regarding the impact of the cooling flow on the overall engine performance, in the reference engine,
the cooling fraction is set to 6.3% as opposed to the computed 24% using the prediction method for
cooling flows adopted in this study. In order to compensate for the ’lost’ turbine work the combustor
temperature is increased by 40 K. Comparing the reference case and the baseline case used in the rest
of the thesis; the overall thrust reduces from 32.56 kN to 30.23 kN and the SFC at the Cruise condition
increases from 12.6g/kNs to 13.69g/kNs. Similarly, at the Take-Off condition the thrust reduces 183.4
kN to 173.83 kN, a 5% reduction. Notably, the Take-Off SFC only decreases by 2% from 8.28 g/kNs
to 8.38 g/kNs. This comes down to more efficiently using the energy in the core, with the exhaust total
pressure reducing from +1.7 bar (chocked) to +£1.15 bar (unchocked). Note that this exhaust pressure
may be considered too low for an actual engine, as with engine degradation the exhaust pressure will
reduce lest the combustor temperature is increased.
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4.2. Cooling Model Implementation

The testing of the cooling model implementation is documented in this section. By looking at the model
response when a change in the coolant temperature is imposed, it is possible to confirm the model has
been implemented correctly, as discussed in the following from both a quantitative and qualitative point
of view.

In Figure 4.1 the cooling fraction as well as the HPT efficiency are plotted as function of the heat
exchanger coolant temperature change.
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Figure 4.1: Verification of cooling model: coolant fraction and HPT isentropic efficiency as function of the HEX effectiveness.

As expected, the required coolant fraction decreases while increasing heat exchanger effective-
ness. Notice that the impact of a finite temperature change across the heat exchanger has a decaying
impact on the required cooling flow. The HPT efficiency is assumed to be linearly dependent on the
cooling massflow, hence the observed trend is coherent (dm./dn;s = constant).

The relationship used to predict the required cooling massflow, see 2.2, is proportional to the tem-
perature difference between the gas flow bulk temperature and the maximum allowable material tem-
perature. At the same time, it is inversely proportional to the difference between the blade temperature
and the cooling air temperature. It follows that the required massflow is nearly linearly dependent with
the ratio of these two temperature differences. In Figure 4.2 the cooling fraction and marginal temper-
ature ratio are plotted. Note that the cooling air massflow rate curve pertaining to the Leap-1A engine
has been calculated by considering a lower value of the constant (byatched = 0.85b,0m) from equation
2.2 in order to match the reference 15% cooling flow at nominal TO condition.

If the original value of b is used, the curve for Leap-1A and for GTF2050 collapse onto each other.
Furthermore, the lines are nearly linear with a coefficient of +£0.105. This value is approximately equal
to the sum of the two model constants bggior = 0.05 and b,y = 0.06. It can therefore be concluded
that the cooling model is implemented correctly.
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Figure 4.2: Verification of the cooling model: cooling fraction as function of HPT relative entry to coolant temperature (variable
for equation 2.2).
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4.3. Exergy Analysis Implementation

The code for the exergy analysis has been implemented in the Matlab environment. In order to verify
that the exergy equations are applied correctly, the code has been used to reproduce the results of the
exergy analysis for an intercooled turbofan engine that is documented in the literature [48], [100].

In these papers, several different engine configurations were considered as well as some uncon-
ventional intercooled configurations were presented. For the purposes of verification, the “IC geared”
configuration was used, as it is the simplest configuration that still includes a heat exchanger. Further-
more, the Take-Off condition will be considered for the comparison, as the component performances
are explicitly stated for this operating point. The engine parameters from the paper [100] are reported’
in Table 4.3.

Parameter Unit | Value
Thrust (net) kN | 291.91
SFC g/kNs | 8.20
BPR -1 171
OPR - 79
Fan npoly - | 0.935
IPC 7poly -] 0.922
HPC npoly - | 0.925
HPT np01y - | 0.907
LPT 7poly - 1 0.9325
Fan BP PR - | 1.446
Fan Core PR - | 1.25
IPC PR -] 4.95
HPC PR - | 1277
T3 (HPC exit) K 885
T45 (LPT entrance) K| 1417
Inlet massflow kg/s | 1214
Core entry massflow m,, kg/s 69
Cooling fraction m/m,, -| 0.14

Table 4.3: Engine Take-Off parameters for a geared intercooled engine from literature [100] to be used for verification of the
exergy analysis implementation

The engine working fluid is modelled as an ideal gas, with ¢,=1.006 kJ/kg in the case of air and
c,=1.21 kJ/kg in the case of the flue gas. Note that for the exergy analysis performed for the GTF2050,
the 'real’ gas model of GSP is instead used. Beyond the ideal gas assumption, several other assump-
tions have been made to match the cycle to the specified performance, as discussed below.

In order to find the temperature difference across the intercooler, the inlet and outlet temperature
were computed from the surrounding components. The intercooler inlet temperature was based on the
fan and IPC pressure ratio, efficiency and an assumed inlet temperature of 288.15K. The intercooler
outlet temperature was computed using the HPC pressure ratio, efficiency, and exit temperature. With
the stated specific fuel consumption and the thrust, it is easily found that the fuel massflow is 2.39 kg/s.
Based on this massflow rate and assuming that LHV=43.2MJ/Kg, ncomp = 0.9995, as for the GTF2050,
to determine the temperature at the combustor outlet, it results that the value is about + 2110 K is
found. This result exceeds the maximum allowable temperature (1900 K) indicated in paper [100]. On
the contrary, if the LPT inlet temperature is taken equal to the original value reported in the paper, a
value of 1844K was found for T4. This latter value was deemed more realistic and was used in further
calculations.

For both the high pressure and the low pressure shafts, a mechanical loss of 50 kW is assumed,
the same as applied to the GTF2050.

"Fan core PR computed from LPC & HPC PR, OPR and assumed constant pressure across the IC
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As there is no information in this paper regarding the fraction of the BP flow used for the intercooler,
this is assumed to be 10% of the total massflow rate at the Take-Off condition. This assumption is based
on observing drawing of the engine gas path, the massflow rate of the air to be cooled. Regarding the
gas path, the report refers to an “openness” setting of 60% at Take-Off. This is interpreted to mean that
at Take-off, the effective flow area is 60% that of the geometric flow area on the drawing.

Furthermore, for an ambient airspeed of 50 m/s the model prediction of the net engine thrust
matched the value reported in the reference perfectly. At this condition, the nozzle of the bypass flow
and that of the bypass off-take flow are unchoked. Whereas the nozzle of the core flow is chocked.

The computed thermodynamic states as well as the mass flows for each of the engine stations are
provided in Table 4.4.2

Station Description T [K] | P [bar] m [kg/s]
1 Inlet 288.15 1 1214
21  Fan Core exit 309 1.25 69
23 IPC exit 506 6.19 69
25 IC exit 457 6.19 69
3 HPC exit 885 79 59.34+9.66°
4 CC exit 1844 | 75.05 61.73
45 HPT exit 1417 | 30.81 71.39
5 LPT exit 798 3.56 71.39
9 Core exhaust 685 1.92 71.39
13 Fan BP exit 323 1.446 1145
19 BP exhaust 323 1 1030.5
105 BP-OT IC exit 323 1.37 114.5
109 BP-OT exhaust | 352 1 114.5

Table 4.4: Thermodynamic states at engine stations for replicated geared intercooler from literature [100].

A breakdown of the corresponding exergy losses according to the results in ref [100], both for the
reference and as found via the implemented model, is given in Figure 4.3.

In general, the match with the reference model is good. The total exergy loss in the whole engine
is 0.95% higher than the reference one.

the largest discrepancies are observed for the exhaust nozzles. This is also where the largest
uncertainty in the calculations are, as the impact on the design assumptions (i.e. duct losses) are
compounded over the engine. When combining the exergy losses from the BP and BP-OT exhausts,
the net result is higher still than in the original study. Increasing IC pressure loss would shift some of
the excess BP exergy loss to the IC. Furthermore, the exergy destruction for the high pressure com-
ponents, including the combustor, is slightly over-estimated. The uncertainty about the combustor exit
temperature is likely to be the cause. Regarding the high pressure compressor and turbine, the small
discrepancy in loss could in part be the result of the mechanical efficiency that is applied onto the shaft
(it is unknown what this loss is in the reference model).

2where 59.34+9.66 represents CC inlet and HPT cooling air respectively
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Figure 4.3: Irreversibility breakdown (exergy destruction and unused exergy in exhaust) according to the results in [100]
and calculated with the model.






Results & Discussion

5.1. Summary of Results Presented

The adoption of a CCA configuration is assessed for both the LEAP and GTF2050 engine. To this
purpose, the performance of the two engines is evaluated for different values of the main design vari-
able of the heat exchanger AT, and of the BPR. The results from these simulations are given in the
carpet plots in Figures 5.1 (TO) and 5.2 (CRZ) for Leap-1A and Figures 5.3 (TO) and 5.4 (CRZ) for the
GTF2050.

The first observations are that for both Take-Off and Cruise, as well as for both of the engines, the
SFC significantly increases with the value of AT.. For the Leap-1A engine, the SFC at take increases
from the baseline 9.86 to 10.12 g/kNs for the AT, = —300. At Cruise the SFC increases from 15.2 to
15.5. Similarly, for the GTF2050 engine, the specific fuel consumption ranges from 8.38 to +8.68 g/kNs.

For both engines, the specific thrust increases at both conditions. The change is +2.4 m/s for the
Leap-1A and + 4.5 m/s for the GTF2050 at Take-Off and +2 m/s for both engines at Cruise. This
change is driven by the increased core exhaust pressure, which is the result of an increased massflow
through the combustion chamber and high pressure turbine.

These values are subsequently normalised with respect to the baseline fuel consumption and thrust,
in order to compare the relative change. This percentage change plot is given in Figures 5.6 (TO) and
5.7 (CR2). It is shown that for both conditions, the order of the SFC and the SFN change as a function
of the coolant temperature change for the GTF2050 is double that of the Leap-1A. When looking at
the impact of a percentage cooling flow change, it is found to be similar for both engines, as is demon-
strated in Figure 5.8.

To quantify the performance impact of pressure loss across the heat exchanger, a nominal case
(without any pressure loss) was compared to a case with 8% relative pressure loss. For the 8% pres-
sure loss case, the SFC and SFN changed by approximately 0.2% at both TO and CRZ conditions.

In order to better understand the interactions between pressure loss and coolant temperature change,
a detailed analysis was then conducted into the bypass off-take thrust. The results of this analysis
showed that an increase in relative pressure loss, at all temperatures, results in lower net thrust. Addi-
tionally, the magnitude of this interaction is greater for higher coolant feed temperature changes.

These results show that locally, therefore, pressure loss has quite a significant impact on thrust.
However, in terms of overall engine performance, the impact is quite small relative to the impact of the
cooled cooling air more.

Three scenario impact tests, as described in section 3.2.2, were then conducted:

1. Evaluating the impact at Take-Off of the cooling flow to HPT efficiency relationship
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2. Evaluating the Cruise SFC for lower CCA HEX effectiveness than at design condition (TO)
3. Evaluating the Sensitivity of specific fuel consumption on cooling requirement parameters

SIT 1 showed that without a change to the HPT efficiency, the overall SFC increased slightly fur-
ther in comparison to the nominal overall performance impact as in the aforementioned simulations.
The relevance of the effect increases as the exhaust pressure approaches the ambient pressure. The
percentage range is from 20% at 1.1P,, to 9% for >1.25P,,. From this, we can conclude that this mech-
anism of changing turbine efficiency is both relevant and not dominant when considering the other
mechanisms.

The SIT 2 results, which tested incremental changes in the effectiveness of the heat exchanger at
Cruise, demonstrated that for a cruise effectiveness equal, there was still an SFC penalty from applying
the CCA concept. For substantially reduced cruise effectivenesses, there is an SFC benefit (however,
this does not include weight and pressure penalties). The observed performance improvement from
the reduction in (uncooled) cooling air at Cruise is 0.18% SFC per percent of cooling air, which is in
line, albeit on the low end, comparing to findings in literature [11], [16].

The results of SIT 3, which adjusted the parameters of the relationship predicting the required cool-
ing fraction, found that the SFC trends did not (significantly) depend on the chosen input parameters.
The maximum allowable material temperature does influence the required cooling fraction strongly,
and therefore has a significant impact on the absolute value of the specific fuel consumption.

The final set of results presented in this chapter concern the Exergy Analysis conducted as part of
this study. This involved a decomposition of all of the sources of exergy loss in the GTF2050 engine
for four test cases, covering inputs where AT, was at OK and -300K, and where APy;x was at 0% and
8%. This provided a summary of the AT, , APyx and cross-product AT, and APyx dimensions. The
results showed that for cases that have a higher AT, , the exergy loss has a notable increase, with only
minimal increases associated with a positive change in APy, at both low and high AT, cases. These
results are in line with the higher SFC corresponding to these dimensions.

To further understand these findings, the set of underlying components with the greatest observed
movement was then analysed (see Figure 5.21). Breaking this down to two primary groups of compo-
nents: the heat exchanger and the downstream nozzle; and the high-pressure turbine and downstream
components, a detailed examination was then conducted on the different mechanisms that cause ex-
ergy loss, and how they are affected by the AT, and APygx dimensions identified earlier. From this
exercise, the relative impact of the mechanisms are quantified (see section ?? for further detail and
discussion).
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5.2. Overall Performance Impact

5.2.1. Coolant Feed Temperature Change Impact at Various Bypass Ratios

The specific fuel consumption and specific thrust are plotted as function of the design parameters: by-
pass ratio and the coolant temperature change. Note that the bypass ratio at Cruise (not plotted) is
larger than the design bypass ratio. First, the results for the Leap-1A engine are presented in Figures
5.1 and 5.2 for the Take-Off and Cruise conditions. Second, the performance of the GTF2050 is given
in Figures 5.3 and 5.4 for the Take-Off and Cruise conditions.
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Figure 5.1: Leap-1A Specific fuel consumption and specific thrust as a function of bypass ratio and coolant temperature change
at Take-Off
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Figure 5.2: Leap-1A Specific fuel consumption and specific thrust as a function of bypass ratio and coolant temperature change
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As these figures show, for the Leap-1A engine, at both conditions the specific fuel consumption and
specific thrust increase with coolant temperature change. This provides some preliminary evidence for
the infeasibility of the cooled cooling air concept in reducing fuel consumption.

More coolant through the combustion chamber results in a higher fuel flow (from 1.18 to 1.24 kg/s at
TO for AT, = —300K) to reach T4. Subsequently, higher massflow through turbines and lower cooling-
related losses decreases the pressure ratio required to supply HPC.

For the design bypass ratio (10.42), the required HPT pressure ratio experiences a 4% decrease
at both TO and CRZ conditions. This leads to a higher core exhaust pressure, as can be observed in
Figure 5.13. In this case, gross thrust is increased by 1.07kN at takeoff and 0.29kN at Cruise. Addition-
ally, the thrust of the bypass off-take increases slightly due to the expansion at higher temperatures:
at takeoff, this change in gross thrust is from 6.93 to 7.47 kN; at Cruise the equivalent change is from
2.58 to 2.68 kN.
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Figure 5.3: GTF2050 Specific fuel consumption and specific thrust as a function of bypass ratio and coolant temperature change
at Take-Off

Particularly notable for the GTF2050 engine is that the bypass ratio yielding the minimum Cruise
SFC increases with the use of cooled cooling air. This observation is also valid for both the Leap-1A
engine, but less obvious as all the tested BPR’s are above the optimum. For the GTF2050, at this
Cruise-SFC minimising optimum BPR, the SFC still increases compared to an uncooled baseline en-
gine.

Given that the baseline BPR at Cruise is nearly optimal, the optimal BPR can be approximated for
the lower coolant temperatures by fixing the exhaust pressure. This is because for this constraint, the
propulsive efficiency of the exhausts remains constant. Moreover, for this condition, the thrust is nearly
constant (changing <0.2%). Note: although the specific thrust is slightly higher for the core exhaust
than the bypass, this is balanced by the increased thrust in the bypass off-take due to the heat transfer.
In Figure 5.5 the BPR for constant exhaust pressure is shown. Initially this optimum was determined
using the exhaust pressure at Take-Off, however, this yields an exhaust pressure Cruise that is lower
than the baseline. Hence, another curve is plotted for which the cruise exhaust pressure is kept con-
stant.

In both the GTF2050 and Leap-1A engines, the same trends are observed: SFC and SFN in-
crease with coolant temperature change. For the largest coolant temperature change case (-300K),
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Figure 5.5: Design bypass ratio for achieving constant core exhaust pressure at Take-Off and Cruise for the GTF2050 engine
with varying coolant temperature

the GTF2050 engine shows a larger absolute change in SFN compared to the Leap-1A, with SFN at
+4.5m/s versus +2.4m/s at takeoff. In this case, both engines have a similar SFN of +2m/s at Cruise.

At both conditions, the GTF2050 engine has a higher SFC change (in both absolute and relative
terms). Compared to the baseline, the GTF2050 engine the SFC increases by +4.5% at Take-Off to
+4.2% at Cruise. For the Leap-1A engine, the changes are +2.3% to +1.9% respectively. To better
compare the specific fuel consumption and the specific thrust, Figures 5.6 and 5.7 are plotted for Take-
Off and Cruise respectively.
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Figure 5.7: Normalised specific fuel consumption and specific thrust as a function of bypass ratio and coolant temperature change
at Cruise. In blue the GTF2050 and in red the Leap-1A

The rate of change (given by the ratio :%) seems to be about the same for GTF2050 and Leap-
1A. The normalised change for a given BPR is double that in the case of the GTF2050 compared to
the Leap-1A. For the same temperature coolant change, the impact on the required cooling fraction
is larger for the GTF2050 engine than the Leap-1A as was also earlier shown in Figure 4.1. This is
demonstrated when considering the cooling fraction versus the SFC change shown in Figure 5.8. This
result implies that the dominant mechanisms must primarily scale with the cooling massflow as op-
posed to just the coolant temperature change.
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5.2.2. Heat Exchanger Pressure Loss Impact

To examine the impact of pressure loss in the heat exchanger, relative total pressure loss values from 0
to 8% are prescribed and the impact on specific fuel consumption and thrust is tested across the whole
domain. Results are shown based on the GTF2050 engine, but the observations also hold for the
Leap-1A engine. The actual pressure loss is dependent on the design of the heat exchanger and will
correlate with the design effectiveness. The trade-off between the design effectiveness and acceptable
pressure loss can be made quantitatively with the result of this analysis: the direct impact on SFC and
SFN of an 8% pressure loss is shown in Figures 5.9 and 5.10 for Take-Off and Cruise respectively.
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Figure 5.9: Impact of pressure loss across the cooled cooling air heat exchanger on specific fuel consumption and specific thrust
for the GTF2050 at Take-Off. In Blue 0% and in red 8% total relative pressure loss.
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Figure 5.10: Impact of pressure loss across the cooled cooling air heat exchanger on specific fuel consumption and specific
thrust for the GTF2050 at Cruise. In Blue 0% and in red 8% total relative pressure loss.



5.2. Overall Performance Impact 53

With a fixed off-take fraction of 1.5% (noting that the optimal fraction is likely smaller given the
current maximum effectiveness of approximately 0.35). Additionally, under this model, as the BPR
increases, the off-take massflow is also increased, while coolant flow decreases. The optimal off-take
massflow is likely to be lower, especially for increasing BPR. Consequently, the observed performance
penalties are conservative in nature.

As the applied pressure loss on the bypass off-take flow has no upstream influence, any observed
changes to SFC and SFN are a direct function of changes to the bypass off-take thrust. With this, the
SFC and SFN are inversely proportional, and hence the relative change is the same for both!. This
shift appears to be a fixed amount across the domain of approximately +0.2% SFC and -0.2% SFN at
both Take-Off and Cruise.

In order to quantify the relationship better, the bypass off-take thrust is considered more closely.
For the different coolant temperature change settings, the impact of pressure loss on normalised (local)
net thrust is calculated. The results for Take-Off are shown in Figure 5.11 and in Figure 5.12 for Cruise.
As the inflow state for the bypass off-take is the same across the whole domain, the following analysis
is independent of the bypass ratio.
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Figure 5.11: Normalised bypass off-take thrust impact of pressure loss across the cooled cooling air heat exchanger for the
GTF2050 at Take-Off

In both conditions, the pressure loss is amplified in terms of thrust reduction. As pressure loss
increases, the marginal thrust penalty grows. This can be attributed to the relationship between the
exhaust exit pressure, temperature and the jet velocity.

V109 = /ZcpT109\/1 — (P /P109)—D/Y « FGgp_or for an unchocked nozzle (5.1)

Considering only the pressure-dependent square root and filling this in at Take-Off, P103 is 1.448
bar and the ambient pressure is 1.013 bar.

"This equal relative change is valid only for small changes in overall thrust with constant inlet and fuel massflow: SEN, - BN

SFN, ~ FN,
SFC; _ FN,
SFC, ~ FN,

whereas,
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yields a 12% reduction in exhaust velocity. This translates to the observed net thrust decrease of 13%
for the case with no heat transfer to 17% for the case with highest heat transfer. At Cruise, the effect
of the pressure drop is higher as the ratio of P103 to the ambient pressure is lower to begin with.

In conclusion, the effect of pressure loss on the bypass off-take thrust is substantial. The penalty
to specific fuel consumption and thrust is about 0.2% for 8% pressure loss. This effect is secondary
compared to the overall SFC and SFN change from cooled cooling air.
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5.3. Scenario Impact Analysis

5.3.1. SIT 1: Evaluating the Impact at Take-Off of Cooling Flow to HPT Efficiency

Relationship
In this scenario the impact on engine performance of the improvement in HPT efficiency driven by the
reduction in cooling flow is simulated. The results reported in Figure 5.13 show the specific fuel con-
sumption for the nominal case and the case for which the HPT efficiency is kept constant.
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Figure 5.13: Impact of marginal HPT efficiency change driven by cooling flow on Leap-1A Take-Off SFC for various bypass ratio’s
and coolant temperature change settings. The carpet in blue is the nominal case and red is with constant HPT efficiency.

As expected the specific fuel consumption for the constant HPT efficiency case is worse than the
nominal case. Next to the fuel consumption the exit pressure margin drops for the same engine pa-
rameters. As the efficiency improvement scales with the reduction in cooling flow, the largest deviation
in SFC and P9 are observed at the highest cooling flow temperature drop.

It can be observed that contribution of the change in HPT efficiency is relevant but not dominant com-
pared to the overall change from cooled cooling air. In order to quantify this observation the marginal
change in SFC from including the HPT efficiency change is compared to the overall shift in efficiency
and plotted in Figure 5.14.

For each bypass ratio the SFC at zero coolant temperature change is taken as the baseline. Sub-
sequently, the change in SFC is determined for the case with and without changing HPT efficiency,
designated as ASFC|; —yarianle @nd ASFC|;—yariable- The contribution of the HPT efficiency change is
then taken as the difference between these two

ASFC|17=constant—>variable = ASI:C|71=variable - AS|:C|r/=constamt (5-2)
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Finally, this relative change is normalised with the overall change.

03}

variable [‘]

0.28

0.26

0.24

0.22 -

variableﬁconstant/ASFCM

0.2 -

0.18 |-

0.16 |-

0.14 |-

0.12 -

0.1

0.08 -

0.06 |-

\ \ \ \ \ \
1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4 1.45 1.5

Relative Normalised SFC change, ASFC|,

Core Exhaust Pressure, P9 [bar]

Figure 5.14: Relative size of the shift in specific fuel consumption due to the change in HPT efficiency compared to the overall
shift from cooled cooling air.

The scale of the contribution of the HPT efficiency for most of the domain is around 10-14%. When
the core exhaust pressure approaches the atmospheric pressure however the relative impact of the
efficiency correction grows rapidly. This can be attributed to the relationship between the exhaust
pressure and the thrust as shown earlier in equation 5.1. Which implies that a marginal change in
exhaust pressure near the ambient pressure has a larger impact on the thrust and in turn on specific
fuel consumption. Given the relationship between core exit pressure and BPR, the latter is also a good
predictor for the relative impact on SFC from changing HPT efficiency. One might expect a similar
relationship with respect to the coolant temperature change, given it's impact on exhaust pressure.
However the relative importance of the HPT efficiency change is largely independent from the coolant
temperature change.
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5.3.2. SIT 2: Evaluating Cruise SFC for Lower CCA HEX Effectiveness Than at

Design Condition (TO)
Figure 5.15 shows the impact of changing the Cruise heat exchanger effectiveness with respect to the
Take-Off condition on the overall fuel consumption. In the figure the temperature change of the coolant
is varied from zero to the temperature chance set at the design condition (TO). The results are nor-
malised with respect to the baseline Cruise SFC.
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Figure 5.15: Impact of changing Cruise HEX Effectiveness on GTF2050 Cruise SFC for various Take-Off coolant temperature
change settings at constant cruise core exhaust pressure

This analysis shows that as the heat exchanger performance goes down at Cruise, the SFC im-
proves. In particular, the drop cooling fraction of 13% at 300K translates to an 2.3% SFC improvement
(equivalent to a 0.18% per percentage cooling flow). This represents an extreme case where the heat
exchanger does not have any impact at Cruise. Walsh [16] found exchange rates of 0.20% to 0.96%
at constant SOT and Kurzke [11] 0.33% at constant T4.

Note: there are some considerations regarding these results. This modelling assumes no pressure
loss and no penalty for additional weight of the heat exchanger. Therefore, the reported SFC benefits
are not practicably realisable in a built engine. Additionally, in Figure 5.15, the point is indicated where
the heat exchanger effectiveness at Cruise and takeoff are equal. At all Cruise coolant temperature
changes tested, this remains above 0; this means that if a fixed effectiveness is prescribed the trends as
discussed earlier in this chapter will be observed also. In the case that the heat exchanger is designed
to have a substantially lower effectiveness at Cruise compared to Take-Off there is an SFC benefit to
be had. This result is in line with the examples of the cooled cooling air concept in literature, where a
benefit is observed if the heat exchanger is bypassed in Cruise.
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5.3.3. SIT 3: Evaluating the Sensitivity of specific fuel consumption on cooling
requirement parameters

The sensitivity of the engine performance to the input parameters, s and T},, of the cooling requirement

equation for the GTF2050 engine is given in this section. In Figure 5.16 the impact of the exponent s

on the cooling requirement over the considered feed temperature change domain is given. Similarly,

the cooling requirement for various values of the maximum allowable material temperature is given in

Figure 5.17.
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Figure 5.16: Required Cooling fraction as function of the feed coolant temperature change for various values of model exponent
s. The nominal value of s is 0.97.
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Figure 5.17: Required Cooling fraction as function of the feed coolant temperature change for various values of maximum
allowable material temperature. The nominal value of Tj, is 1380 K.
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It can be observed that the dependency of the cooling requirement as function of the exponent s
is low. The impact on the engine performance is therefore also small. It should be noted that in this
case, the difference between the gas temperature and the allowable material temperature is compara-
ble to the difference between the coolant temperature and the allowable material temperature. If the
ratio between these temperature differences moves away from unity, the dependency of the cooling
requirement on the exponent will become larger.

The relationship between the required cooling fraction and the allowable material temperature is
significant. Given that the baseline cooling requirement is decreases with increasing T, both the take-
off and cruise specific fuel consumption improve. In order to see if the fuel consumption trends with
respect to the cooling feed temperature change (as reported in the previous sections) is affected, the
SFC is normalised with respect to the SFC found in case of no cooled cooling. In Figure 5.18 the SFC
change at Take-off is presented and in Figure 5.19 at Cruise.

o]

- 1.05
g
(@]
%
) 1.04 |-
L
n
o)
2
& 1.03p —e—T,=1380 K (nom)
° —— T,=1400 K
8 -8-T,=1420 K
Q. —
(2]
C
o
o
©
< 1.011
i)
(0]
QD
©
% 1 | | | | |
=z 0 —-60 —-120 —-180 —240 —-300

Coolant Temperature change, AT, [K]

Figure 5.18: Impact of maximum allowable material temperature on relationship between (normalised) specific fuel consumption
and the feed coolant temperature change at Take-Off.
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Figure 5.19: Impact of maximum allowable material temperature on relationship between (normalised) specific fuel consumption
and the feed coolant temperature change at Cruise.

For both the Take-off and Cruise condition, it can be observed that the overall trend in specific fuel
consumption when employing cooled cooling holds for different maximum allowable material temper-
atures. For the Take-off condition, the relative change in fuel consumption decreases with increasing
T,. This is, however, not the case for the cruise condition, for which the relative change is (mostly)
unaffected. It is hypothesised that this difference is down to the relative importance of the coolant-gas
mixing loss in the turbine. As, at Cruise, the temperature difference between the gas path and the
coolant temperature is significantly smaller than at Take-off.
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5.4. Exergy Analysis and Breakdown Contributing Mechanisms

In order to compare different types of losses, an exergy analysis is performed. The results from take-
off GTF2050 analysis as presented in the previous section are used for the exergy analysis. With the
quantification of the various exergy loss sources, it is also possible to better understand why the adop-
tion of the CCA HEX does not lead to any improvement in the engine SFC.

A top level overview of the exergy analysis is presented in table 5.1. Four different cases are
analysed, exploring the extremes of the considered heat exchanger design domain. The feed coolant
temperature change is set to 0 and -300 K and the heat exchanger pressure loss is set to 0 and 8%.
For the cases with a reduced coolant temperature, the bypass ratio is increased from 16.14 t0 17.94 in
order to keep the core exhaust pressure equal amongst all cases.

Exer MW
Type Baseline AT, gyA[PHEj AT APHex
Exergy in Fuel, Exfg 60.94 63.13 60.94 63.13
Total Destruction, I 23.09 2429 23.19 24.39
Lost in Exhaust, ExXexh jost 25.69 26.62 25.63 26.55
Propulsive Power: Exgei—] — EXexh jost 12.15 1222 1212 12.18
Propulsive Power: FN - V,, 12.14 12.20 12.10 12.16

Table 5.1: Overview of exergy rates in the engine as a result of heat exchanger design parameters at take-off

The fuel is the source of exergy for the system. As the inlet and outlet temperature of the combustor
are fixed the exergy from the fuel linearly scales with the fuel massflow. A large part of this exergy is
destroyed in the engine or leaves the engine in the exhaust flows. The difference between the exergy
in the fuel and the sum of the destruction and exhaust loss is equal to the propulsive power. A com-
parison is made between the propulsive power as calculated from the exergy analysis and using the
net thrust. As the difference between these methods is minor, it is demonstrated that all losses in the
engine are accounted for in the exergy analysis.

An overview of just the irreversibilities in the engine is given in figure 5.20. The various loss mech-
anisms are grouped on the basis of the components they refer to. As the thrust is nearly identical in all
the cases, an increase in absolute exergy losses means lower engine efficiency.
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Exergy loss rate [kW] .10%

Figure 5.20: Irreversibility breakdown (exergy destruction and unused exergy in exhaust) as a function of the CCA HEX design
parameters

The results in figure 5.20 are in line with the results shown in the previous chapter for the intercooled
engine used for verification of the exergy analysis implementation. The largest contributors to exergy
loss in the baseline engine are associated with the combustion process and the discharge into the en-
vironment of the exhausts. The core exhaust loss is significant given the relatively high temperature,
and hence enthalpy of the flow that leaves the engine there, while the contribution from the BP exhaust
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is small on a per massflow basis. However, because of the high massflow, this is still large in absolute
terms. Furthermore, most of the other losses are occurring in the turbomachinery components with the
HPT being a significantly large contributor, due partly to the high cooling flow (27% of core massflow)
if the cooling air is not cooled.

When comparing the results in figure 5.20, an immediate observation can be made regarding the
total exergy loss: it is higher for the case where the cooling air is cooled and only slightly higher in
the case of viscous losses in the CCA heat exchanger. This result is in line with the observations with
respect to SFC made in the previous sections.

Figure 5.21 presents a more detailed breakdown of exergy losses in components which are most
affected as a result of the cooled cooling air heat exchanger design parameters.

ATC = 0K APHEX =0%

ATC = 300K APHEX =0% . — cc
HPT mixing

AT, = 0K APpex = 8% II HPT other
mEm HEXdp
HEX heat
AT, = 300K APuex = 8% I I
¢ HEX BP-OT th
1.4 1.5 1.6 1.7 1.8 1.9 I BP-OT kin
Exergy loss rate [kW] 10*

Figure 5.21: Focused irreversibility breakdown (exergy destruction and unused exergy in exhaust) of the greatest dependants
of the CCA HEX design parameters

It can be observed that, as expected, there is a large reduction in losses in the HPT when the cool-
ing air is pre-cooled, thus enabling a reduction of its massflow rate. Furthermore, given the reduced
cooling flow temperature in combination with the slight increase in turbine efficiency, the exhaust tem-
perature is reduced with respect to the baseline case. In turn, this reduces the loss associated with the
core exhaust. However, this reduction is obtained by transferring part of the exergy content of the core
exhaust to the bypass air flow, with the result that no efficiency improvements are obtained. The net
heat rejection to the environment is indeed larger in the cases of the CCA concept, and the total fuel
burn is greater. Furthermore, the loss in HPT (from decreased mixing losses and slight isentropic effi-
ciency increase) is largely compensated by the exergy destruction in the heat exchanger. The causes
thereof are explored in more detail below by evaluating the exergy flows and associated losses in the
HEX, BP duct and nozzle, the turbines, and the core nozzle.

Looking more closely at exergy losses directly associated with the CCA heat exchanger, there are
two relevant mechanisms causing thermodynamic irreversibilities: the heat transfer itself, and the ad-
ditional pressure loss over the heat exchanger. An overview of the thermodynamic states and the
associated exergy losses for the case with AT, = —300K and a APygx = 8% for the TO operating
condition of the engine is presented in figure 5.22.

Due to the high temperature difference in the heat exchanger, the exergy destruction to exergy
transfer ratio is substantial, namely 980kW compared to 708kW transferred to the bypass off-take.
Considering that the effect of reducing cooling temperature yields diminishing marginal benefit to the
required turbine cooling massflow in addition to the induced thermal stresses, it is unlikely that T4c
could be reduced much further. With this, the log mean temperature difference will be significant even
for very small temperature differences between stations 3c and 107. Therefore, the fundamental ex-
ergy destruction from heat transfer will be large even with an optimised HEX design.

Furthermore, the increase in exergy in the bypass off-take flow only yields minimal benefit when it
comes to increasing thrust, as the pressure ratio for expansion is low. The total energy in the BP-OT
flow is increased by 706kW, which translates to a kinetic energy increase at the outlet of only 242kW;
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Figure 5.22: Schematic of the CCA heat exchanger and the bypass off-take exhaust, reporting the exergy losses and thermo-
dynamic states at take-off condition

the remaining is vented as thermal energy. Note that even in the case of a higher P103 the benefit
would only be effectively increased up until the nozzle is choked. Therefore, most of the transferred
energy would still go unused.

The exergy loss from the pressure loss endured over the heat exchanger is relatively small com-
pared to the other exergy losses. The direct exergy destruction is 103kw for 8% pressure drop. Fur-
thermore, a reduction in pressure reduces the nozzle’s ability to convert the total exergy into kinetic
exergy. This also implies that the impact is compounded with additional thermal exergy from the heat
transfer. In the case without heat transfer, this leads to a reduction of kinetic exergy by 124kW. In the
case with heat transfer, the reduction is 164kW. Part of the reduction in kinetic exergy translates to
a reduction of propulsive power, the remainder is conserved in the exhaust by means of an increase
in thermal exergy. Hence, the marginal loss in the exhaust is caused specifically by the reduction in
propulsive power (from 246 kW to 210kW). This reduction (17% of nominal power) is consistent with the
observed thrust decrease in the bypass off-take observed in figure 5.9. The total exergy loss change
from pressure loss is 139 kW. In the nominal case, the propulsive power is 213kW: this means that
the net effect on the thrust is about neutral, a conclusion also made by Zhao et al. [100] in a similar
scenario, namely the bypass off-take for an intercooler.

To understand the driving mechanisms for the turbines, three steps are considered. These three
steps represent the three changing parameters that directly influence the turbine exergy loss: the cool-
ing fraction, the HPT efficiency and the BPR. The effect of the three steps is demonstrated sequentially
on a T-s diagram in figure 5.23.

Firstly, a reduction in the cooling ratio from 27% to 14% results in multiple effects on the turbine:
there is a higher massflow through the system, a higher T41, and subsequently, a greater T45; poly-
tropic efficiency remains constant.
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Figure 5.23: T-s diagram of both HP and LP turbines for the AT, = —300K case w.r.t the baseline case demonstrated in steps at
Take-off.

As a result of this higher massflow, the pressure ratio becomes smaller. This drop reduces exergy
destruction by 167 kW or 20% of the total exergy reduction in the HPT.

The net effect of the above is that per unit of massflow, there is more exergy remaining in the flow at
the LPT exit. Note, regarding the T4 to T41 temperature drop, the magnitude of the change is reduced
by the lower coolant temperature.

The change in cooling flow also reduces mixing losses, as this is a fundamental source of entropy
production from heat transfer: these are lower by 131kW, or 15% of HPT exergy destruction change.
As the cooling flow is at a significantly reduced temperature when compared to the baseline case, the
entropy production from heat transfer is significantly larger per unit massflow. If the cooling fraction
was reduced without the reduction in temperature, the mixing losses would reduce by 1199kW instead.

Secondly, the change in HPT efficiency: there is less exergy destruction in the turbine itself than in
the baseline case. For this particular case, the HPT polytropic efficiency increases from 0.825 to 0.860.



5.4. Exergy Analysis and Breakdown Contributing Mechanisms 65

Comparing with the previous step, the exergy destruction is decreased by 364kW or 43% of the total
exergy reduction in the HPT.

Thirdly, increasing the bypass ratio enables the extraction of the exergy margin created by the two
aforementioned mechanisms. With the BPR increasing from 16.14 to 17.94, the massflow at the core
exit is reduced by 9.4%. As the massflow in the HPC is reduced, the HPT per unit massflow power
output largely stays the same. This can be observed in the T-s diagram by considering the HPT outlet
temperature. This temperature and hence the HPT-specifc power is not identical, however, as two
factors change.

These are that the HPC-specific power input increases (3.7%) due to the “last blade height” correc-
tion, and that the mechanical loss per unit massflow for the high pressure shaft increases (4.2%) as it
is defined in absolute terms. Both of these effects are the result of the method of scaling and are not
inherent to the application of the CCA concept. Nonetheless, down-scaling an engine core will induce
efficiency losses due to non-linearities such as the aforementioned. A scaling study on conventional
and intercooled engines by Rolt et al. also shows an increased SFC from scaling down engines [22].
In absolute terms, the exergy destruction decreases by 189kW or 22% of the total exergy reduction in
the HPT.

The LPT per unit massflow power output is increased significantly as the fan absolute required
power is increased and the total LPT massflow is decreased. The net exergy destruction in the LPT in-
creases from 679kW to 769kW. The exergy in the core exhaust is reduced per unit massflow (compared
to the previous step) and in absolute terms is significantly lower. Compared to baseline, the exergy
in the exhaust increases but due to the massflow reduction the absolute exergy loss in the exhaust is
reduced by 79kW.

A summary of the exergy losses attributable to the discussed effects is presented below in table
5.2.
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Exergy Loss [kW]

Comp. | Mechanism Baseline AT, APpex  AT.APpex
Fan Isentropic efficiency 2186 +3 +0 +3
LPC Isentropic efficiency 555 -52 +0 -52
Pressure Loss duct 84 -8 10 -8
HPC Isentropic efficiency 1663 -158 10 -158
CcC Heat transfer 12288  +930 +0 +930
Incomplete Combustion 31 +3 +0 +3
Pressure Loss 113 +7 10 +7
Shafts | Mechanical Loss 261 +1 +0 +1
HPT Isentropic efficiency 1817 -720 +0 -720
Mixing Loss 2506 -131 10 -131
LPT Isentropic efficiency 679 +90 +0 +90
HEX Heat Transfer 0 +980 +0 +980
Pressure Loss 0 +0 +103 +104
Core Propulsive Efficiency 376 +1 +0 +1
Exh. Thermal Exergy 8565 -80 10 -80
BP Propulsive Efficiency 15548 +92 +0 +92
Exh. Thermal Exergy 949 +6 +0 +6
BP-OT | Propulsive Efficiency 252 +182 -99 +54
Exh. Thermal Exergy 14 +542  +99 +630

Table 5.2: Change in exergy losses as a result of heat exchanger design parameters at take-off



Conclusions & Recommendations

6.1. Conclusions

The outcomes of the analysis described in this paper find clear conclusions. All the results covered in
the scope of this study definitively show that there is no significant benefit to SFC from the CCA concept
at both Cruise (CRZ) and Take-Off (TO). This result is consistent across a range of variables, including
ones that are deliberately constructed to be at the extremes of normal conditions. These results persist
even under permissive assumptions which, on net, would be expected to be generally favourable to
the CCA concept as a mechanism for increasing efficiency.

It can be observed from the results that the core specific power output increases, which if not utilised,
increases the specific and absolute thrust. But, when utilised by increasing the bypass ratio, the spe-
cific thrust cannot be effectively traded to improve SFC.

One exception to this conclusion is that when the Cruise heat exchanger effectiveness is (signif-
icantly) reduced compared to Take-off effectiveness, there is a theoretical specific fuel consumption
benefit to be had. This benefit does not include penalties to account for several important installation
effects.

Exergy analysis showed the relative scale of the loss and gain mechanisms associated with cooled
cooling. One dominant loss source is heat rejection to the bypass off-take. This causes direct exergy
destruction in the HEX (980kW) and another 684kW vented out the exhaust. A limited amount of the
energy transferred is utilised to increase thrust (the net effect is small, but sufficient to compensate an
8% pressure loss). Another significant loss source is additional combustion losses (940kW) caused
by an increased combustor air and subsequent fuel massflow. The main improvement from cooled
cooling air is observed in the high pressure turbine where the total exergy destruction is reduced from
4323 to 3472 kW.

Reduction in injection losses (n;s improvement) between main gas flow and the cooling flow is the
predominant factor, accounting for 43.3%. In Scenario Impact Test 1 the effect of this phenomena on
the whole engine performance was shown to be moderate, however. Net losses from mixing are re-
duced by 131kW accounting for only 15% of the total HPT improvement, as the benefit from a reduced
cooling flow (-1199kW destruction) is dampened by the lowered cooling temperature. Finally, re-scaling
the engine is necessary to utilise the additional exergy left in the core flow. (For a full analysis of the
complex set of exergy loss changes, see chapter 5.4).

67
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6.2. Recommendations

Findings from the exergy analysis reinforce the expected result that losses from HPT cooling are signif-
icant, and suggest that further investigation on improving SFC should look at non-CCA methods such
as the feasibility of active cooling massflow control; improvements in acceptable material temperatures,
and other technologies that may reduce cooling requirements.

The scope of this study did not consider alternative heat sinks, which may be worth investigating. Of
particular interest would be those where the heat rejection of a CCA system is not to the environment
(e.g. cryogenic fuel). Very high OPR and TIT parameters were excluded from this study because of
limitations in current (and projected) HPC and low-NO,-combustion technology, respectively.
Furthermore, in the investigation, it was assumed that increased cooling flow can always be used to
meet cooling requirements. If this were to be limited, i.e. by higher combustor massflow requirements,
it may become viable to consider reducing the coolant feed temperature.

In general, the infeasibility of the CCA concept, as determined by this study, warrants validation
given that it contradicts expectations from literature. It is therefore recommended that follow-up studies
examine the methodology utilised here and whether the conclusions can be replicated under alternative
approaches. This will help to refine our understanding of the CCA concept as a whole.
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Annotated Process Flow Diagram
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Figure A.1: Annotated process flow diagram of a 2 shaft geared turbofan with a CCA HEX in the bypass
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