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Abstract

Since the last decades, there have been many breakthroughs in the development of thermody-
namic cycles. This is thanks to the development of the different technologies used during the design
and manufacturing phases of the different components (pumps, compressors, turbines, combustion
chamber, etc.). By improving their efficiency, it has been possible to increase the compactness of the
system. In particular, micro gas turbine based on the Brayton cycle started to be developed.

The goal of this work is to provide a program written in Python that will assess the performance
of different configurations of the Brayton gas cycle. Among the possible configurations, there are
the Gas Turbine (GT), Regenerative Gas Turbine (RGT) and the Intercooler-Regenerative-Reheat
Gas Turbine (IRHGT). The program aims to utilize performance maps of the compressor and the
turbine to model a Brayton cycle for which the performance will vary with the rotational speed and
the mass flow rate. Other developments on the evaluation of the pressure drops, efficiency of the heat
exchangers based on nominal conditions, etc. are also considered.

To develop the program, theoretical contents of thermodynamics are first dispensed in order to
understand the concept used in the implementation phase. Once the theory given, a general structure
of the program is provided. Then a description of the gas turbine elements’ model is given along with
the numerical methods involved.

In particular, the implementation of the performance maps using the least square regression (LS-
R) algorithm is covered. The algorithm is applied on a database of operating points defined by the set
of parameters (7copr, i, Neorrs Mis). The purpose is to build relations of the type f(x,y) that allow
to fully describe the compressor and the turbine. The choice of these relations with the associated

results of the regressions is discussed in the last chapter of this work.
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Chapter 1

Introduction

Since the end of the 17th century, people have started to study the conversion of the thermal energy
into work. The purpose was to utilize the available raw energy to produce works.

Denis Papin, a French person born in 1647 in the region of Chitenay, developed one of the first
conversion machines in 1690. The machine, a steam piston engine, was powered by steam which
produced a back and forth movement of the piston head generating power.

—~——y P

-“.d\’”"?éf?t: =

Figure 1.1: Watt steam machinel[1]]

Then, later in the 18th century, the British James Watt (1736 - 1819) invented and commercialized
a steam machine. Thanks to the great marketing around his product, the machine was very successful

among the merchants. Indeed, at this time many machines were powered by horses.

James Watt saw this as an opportunity by creating a unit to compare its machines to the horses.
The name of the unit was the horse power. Later the power will be expressed in Watt (W) in tribute
to James Watt. One of the machines built by Watt is depicted on the Figure[I.1]

This progressively leads to the implementation of the steam machines in Europe, and it was one of
the most important elements of the Industrial Revolution. Indeed, aside the progressive replacement
of the horses, wind and water mills also started to be replaced by mills powered by steam. At the

beginning of the 19th, other fields like mining or merchandise transportation also started to utilize the
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steam machine technology as well.

In 1872, the American George Brayton (1830 - 1892) proposed the Brayton cycle as a “recipro-
cating oil-burning engine” [2]. His engine consisted of a large cylinder where the compression, the
combustion and, the expansion of the gas were successively performed.

Nowadays, the Brayton cycle is used for gas turbines where the compression and expansion takes
place in rotating machinery, also called turbomachine. Basically, the Brayton cycle is composed of
three parts.

First the compressor that will compress the ambient air to some pressure level. Then, there is
a combustion chamber that will heat up the air to augment its level of energy. This heating-up is
performed thanks to the injection of fuel into the combustion chamber. Finally, the resulting gas from
the combustion is expanded into a turbine. The power produced by the expansion is partly consumed
by the compressor while the rest is used to feed any kind of power receiver. The expanded gas is then
released to the atmosphere. This cycle is depicted in the Figure 1.2 where the receiver is an electrical

generator.

Figure 1.2: Brayton gas cycle

There exists many variants of the Brayton gas cycles. The one proposed above is the simplest one
where the air goes through a compressor, a combustion chamber and a turbine before returning to the
environment.

Variants are Brayton cycle where heat exchangers are used to recover heat when it is possible, or
cycles where the compression and the expansion can be split into multiple stages, etc.

All these variants have been thought to solve problems encounter and to enlarge the range of pos-
sible applications where the Brayton gas cycle can be used. For instance, Brayton cycle is used in

aircraft for the propulsion, or are integrated within a power plant to produce electricity.

This work is focused on the improvement of a computer code made by the company MITIS SA

which aims to assess the performance of a multiple configuration of the micro gas turbine character-
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ized by small component. While some additions to the program are done to increase its modularity,
the main improvements are ones that will allow the computer code to utilize experimental results to

increase its accuracy.

Not all the possible improvements will be considered for this master thesis. The main concern
will be on the turbomachine and how to simulate the influence of the operating conditions on their
performances based on performance maps. These maps can be considered as the footprint of each
turbomachine. The purpose will be to be able to easily modify the program by switching from one
map to another one. Also, the integration of performance maps will give the ability to see the impact

of the rotational speed of the compressor and turbine on their respective behaviors.



Chapter 2

Notions of thermodynamics

The principle and uses of the Brayton cycle have been discussed in the introduction. As explained,
this concept has been applied for many usages, including electricity production and aircraft propulsion
which are the most common and known applications. It has been exposed that from the invention
proposed by George Brayton in the end of the 19th century, the technology did really evolve.

Indeed, the Brayton cycle engine first appears as a piston engine where the compression, combus-
tion and expansion occur in the same enclosure. Nowadays, the process is shared between at least
three components (namely the compressor, the turbine and the combustion chamber).

However, the key notions to understand how theses components behave have not been introduced

yet. This problematic will be covered by this chapter, which will introduce step-by-step those notions.

2.1 Open/closed system

The thermodynamic is a science that “’studies the exchange of energy between a system and its
environment or surroundings” [[10]. The system is defined as being the area of the space selected for
the study. Between the system and the environment lies the boundary. This boundary can either be
real or fictitious and can be static or mobile.

When the system is characterized, it has to be defined if it is an open or a closed system.

On one hand, closed systems do not exchange matter with the environment. Those systems are
characterized by a control mass well delimited in the space of study. Therefore, only heat or work can
be transferred from the system to the surroundings.

On the other hand, the open systems are ones where an arbitrary control volume well demarcated
in the space is studied. In contrast to closed systems, open systems not only exchange work and heat
with the environment, but also matter. Typical examples are the combustion chamber, heat exchanger,

turbomachines, piping,...
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2.2 State functions and variables

Let considered a system as defined in the previous section. The state functions are defined as “a
property of the system that only depends on its current state.” These functions are independent of the
past of the system and describe the equilibrium state of the system.

When the state functions can be measured (directly or indirectly), these are called state variables.
For example, the pressure p, the temperature 7' or the volume V is state variables.

In this work, the units used for the state and function variables follow the international system (SI)

of units [9].

2.2.1 Pressure

The pressure unit is the Pascal (Pa). 1 Pa corresponds to 1 N/m?, where 1 N (kg-m/s?) is the
required force to increase each second by 1 m/s the velocity of a body of 1 kg.

The pressure is also often expressed in bar. 1 bar corresponding to 1e5 Pa.

2.2.2 Temperature

The temperature unit is the Kelvin (K). 273.15°K corresponds to 0°C, temperature at which pure

water starts freezing.

2.2.3 Volume

The volume unit is the meter cube (m?).

2.3 Ideal gas equation

It can be shown that the equilibrium state of a system can be described by those three variables.
Also, among p, T" and V, only two of them are independent.
This means that a state relation defined as F(p, T', V)= 0.

For the ideal gas, the most well-known state relation is the relation of perfect gases defined in

(2.1).
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p-v=r-T (2.1)

Where m is the quantity of matter (kg), R = 8.314 J/mole-K is the universal gas constant, v the
specific volume (m®/kg) and M M is the molar mass (kg/mole[]) of the system.

The density p of the gas is given as being one over the specific volume v.

2.4 Energy

In the subsection [2.1] the notion of energy has been mentioned without characterizing it before-
hand. From the first principle of the thermodynamic, it is stated that the energy cannot be created nor
destroyed. Therefore, it can only be converted, meaning that the energy exists into multiple forms
(thermal, mechanical, electrical,...)[11].

The unit of the energy is the Joule (J), and the sum of all the energies in a system is called the total
energy F. 1 Joule corresponds to the work required to move a body over 1 meter using a force of 1
N.

The energy is a state variable. This implies that this quantity allows characterizing the state of the
system. When considering the energy, its absolute value is not something that is defined. Instead, the
energy is always computed based on a reference value. Since the interest is often in the variation of
the energy, the chosen reference value does not really matter.

Considering the variation of the total energy from a state 1 to a state 2, it is obtained that the total
energy variation is equal to the sum of the variation of the internal, kinetic and potential energy U,
KE and PFE (respectively). The internal energy U corresponds to the sum of all the “microscopic”
energy within the system.

Thus, the definition of the total energy variation is given in the relation (2.2).

AE =AU+ AKE+ APE (2.2)

"Where one mole corresponds to ~ 6 - 1023 elementary entities (atoms, molecules,...)
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with AU = Uy — Uy = m - (ug — uy): Variation of the internal energy

1
AKE = gm (v3 — v}): Variation of the kinetic energy

APE =m-g- (29 — 21): Variation of the potential energy

Where g = 9.81 m/s? is the standard gravity, z is the altitude of the system position (m), v is the
velocity of the fluid (m/s) and w is the specific internal energy (J/kg).

In the subsection [2.1] it has been said that any system exchange energy with the surroundings as
heat and work. The heat is defined as “the form of energy which is exchanged between the system
and its environment when there is a gradient of temperature between these two entities.”

As the heat is always referred as a heat flux between two bodies, the phenomenon is called heat

transfer. There exist three modes of heat transfer which are namely the

* conduction: Heat transfer through a non-flowing material due to the interaction of ”molecular
scale energy carriers within the material’[[12]

* convection: More complex conduction when considering a flowing fluid.

* radiation: The heat is transferred as electromagnetic waves.

The heat transfer is denoted (). A system that does not exchange heat with the surroundings is called
an adiabatic system.

Aside the heat transfer, the system can also exchange energy by producing a work. The work W
is “’the form of energy exchanged associated to a force applied over a certain distance”.

The work is exchanged if the force applied to the system creates a displacement of its boundary.
By extension to the definition of the work, the power generated by a system is defined as the work per
unit of time and is expressed in Watt (or W).

Both the heat transfer and work are called ”path functions” because they are both linked to the
evolution of a system and not to the state of this system. Indeed, there isn’t any guarantee that the
work or the heat transfer exchanged during a transformation and its inverse will be identical. Thus,

these are not thermodynamic variables (like the temperature or the pressure).

2.4.1 Energy balance

It has been previously mentioned several mechanisms to exchange energy from the system to its
environment. Aside from the heat transfer and the work transfer, the energy can also be exchanged

using mass transfer.
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Indeed, if the system is open, the mass entering and exiting the system will convey energy. To
recall the first principle of the thermodynamic, the energy cannot be created or destroyed.

Based on the statement, the energy balance of the system is given by the following generic for-

mulation (2.3).
E@' - Eout = (an - Qout) + (Wm - Wout) + (Emass,in - Emass,out) = AE1system (23)

With £,,.ss the energy conveys by the mass entering/exiting the system.
It is possible to write a temporal formulation (2.4) of the energy balance named power balance.

. . . . . . . . dES stem
Ei - Eout = (Qm - Qout) + (Wzn - Wout) + (Emass,in - Emass,out) = +tt (24)

With dbﬁ“fl% = 0 for a system where the variation of energy does not change in the time.

2.4.2 Energy conservation efficiency

When the system is transferring or converting energy, it is often interesting to quantify the quality

of this transfer/conversion. The efficiency is defined to provide this quantification, and its definition

is the Eesir.ed oyptut )
equired input

For example, a electric heater with the efficiency of 90% is a system such that 90% of the elec-
trical energy consumed is converted into thermal energy . Considering the combustion of fuel, the
combustion efficiency is defined as the ratio
_ Q

mfuel . HCVfuel

/)700

Where 71y and HCVy, is the mass flow rate of fuel and the heating calorific value of the fuel

injected into the combustion chamber.

2.5 Phases

When a system is considered, the transformations that the system will see are usually applied to
a fluid or a solid material. These elements are characterized by its level internal of energy and the
surrounding conditions.

The phase of an element is defined based on the arrangement of the molecules constituting the
elements. There exists three different types of phases:

* Gas: The spacing between the molecules is large and the molecules are disordered. Each
molecule is free to move within the gas in every direction.
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* Liquid: There is an internal order within the liquid. The displacement of the molecules is
limited to the translation and the rotation. The distance between each molecule is smaller than
for the gas.

* Solid: The order is perfect. The molecules can only vibrate around their respective anchor
point, and the distance between each molecule is a little bit smaller than for the liquid.

The three phases are illustrated in the Figures [2.1a, [2.1b]and 2.1¢

(a) Gas. (b) Liquid. (c) Solid.

Figure 2.1: Arrangement of the molecules depending on the phases[2].

The phase of a given fluid is determined by its level of energy and the surrounding conditions.
When there is a transition from one phase to the other, the two phases are coexisting during the

transition.



Chapter 3

Principles of thermodynamics

The previous chapter covered many concepts to start analyzing a thermodynamic system submitted
to various transformations. Among those, the notion of state variables defining the equilibrium state
of such system has been defined.

This chapter will use the first and second principles of the thermodynamic to introduce some
state variables that will be used when studying a thermodynamic cycle. Also, a classification of the

different transformations will be established.

3.1 First principle

The first principle of thermodynamics state that the energy cannot be created or destroyed, but is
rather converted from one form to another. The chapter [2] shows that for the general case, (3.1) gives

a generic formulation for the energy balance of a system.

Ein - Eout = (Qm - Qout) + (Wzn - Wout) + (Emass,in - Emass,out) = AE’system (31)

3.1.1 Enthalpy

Considering a closed system, the third term of the energy balance is nullified. Thus, the variation

of the total energy from a state 1 to a state 2 is given in the relation

1
E2 — E1 = Q1,2 — W1,2 =m- (UQ — U1> -+ §m . (U% — U%) +m - qg- (2’2 — 21) [13] (32)

Let’s note that the terms of kinetic and potential energy are often negligible compared to the internal

energy. Thus, the last two terms are supposed equal to zero for the remaining of the derivations.
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The relation (3.2)) can be adapted to be applied for the open system by introducing an accumulation

term AFE,,. This correction allows the formulation (3.3) of the energy balance.

Ql—? - W1—2 - E2 - El = AEcv (33)

/ l *.. Control
volume

Figure 3.1: System control volume.

The Figure depicts an open system with an inlet and outlet area A; and A, respectively. The
work W for this system is defined by the equality (3.4).

W:pg'AQ"UQ'At—pl'Al'Ul'At—f—W; (34)

Where p and v are the pressure and the velocity.
If it is supposed that there is no accumulation of matter in the system, the energy balance (3.2)

can be expressed as given in the relation (3.5), taking into account the definition (3.4) of the work V.

q—Ws=Ug+pa-Vo—uU —p1-Vi=hy—M (3.5)

Where ¢, ws, and h are respectively the specific work, heat and enthalpy (J/kg).
For the case of an ideal gas, the enthalpy and the internal energy only depend on the temperature

T'. Indeed, taking the relation (2.1)) from the previous chapter, the relation can easily be deduced.

h=uT)+p-v=ulT)+r-T (3.6)

3.1.2 Specific heat capacity

The previous subsection was meant to define the enthalpy. This state variable is used in place of
the internal energy when dealing with an open system.
Another quantity that is useful for the study of a system is the specific heat capacity. This state

variable is defined as the required energy to increase of 1°C the temperature of 1 kg of a substance.
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The required heat to produce this effect depends on the ways the transformation takes place. For a
transformation under constant volume constraints, it is called specific heat capacity at constant volume
and denoted c,. If the transformation is performed at constant pressure, the symbol associated with
the specific heat capacity is c,,.

It is worth noting that the specific heat capacity at constant pressure is always higher than the
¢,. When performing the transformation at constant pressure, the gas expands against the external
pressure. This means that the gas does work and, this is the reason behind the greater value of the
supplied heat when dealing with a transformation at constant pressure.

For an ideal gas, the variation of the internal energy can be linked to the specific heat capacity at

constant volume as written in the relation (3.7).

T
du = c,dT — uy —uy = / cpdT 3.7

T

Similarly, the variation of the enthalpy can be expressed using the specific heat capacity at constant

pressure.

Ty
dh = c,dT — hy — hy = / c,dT (3.8)

T

These two relations, with the equality (3.6), provide the required tools to express the gas constant r

as a function of the temperature only.

r=c

p — Cv (3.9)
Aside the gas constant, the heat capacity ratio & (3.10) is also a useful variable to be computed.

k= (3.10)

Cy

3.1.3 Carnot cycle

In the previous subsections, the first principle of the thermodynamic was used to deduce two useful
state variables, namely the enthalpy and the specific heat capacity.

Now, these new tools can be used to study the case where the transformation applied to a system
is reversible. A necessary condition for the reversibility is that the transformation has to be done in
quasi-equilibrium. This implies that if the transformation is reversed, the system goes back to its
initial state. An example of an irreversible transformation is a transformation where a heat transfer is

generated due to friction.
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(H—>(2)

Energy
source

at Ty

Insulation

(a) Process 1-2 (b) Process 2-3

(4) <—(@3) (1) «<—@)

Insulation

=~
m

(c¢) Process 3-4 (d) Process 4-1

Figure 3.2: Carnot cycle - Schematic [3]].

The Carnot cycle is a thermodynamic cycle composed of four reversible transformations illus-

trated in Figure[3.2] The transformations are defined as follows.

1 to 2 (Figure [3.2p): Reversible isothermal expansion with a heat transfer ) from the envi-
ronment to the system

2 to 3 (Figure [3.2b): Reversible adiabatic expansion

3 to 4 (Figure[3.2k): Reversible isothermal compression with a heat transfer ), from the system
to the environment

4 to 1 (Figure [3.2ld): Reversible adiabatic compression

For visual representation, this cycle has been represented in the p-V diagram [3.3] where the different

transformations are illustrated.

PA

2 7y = cong;,

W,

net,out

;= const.

VY

Figure 3.3: Carnot cycle - p-V diagram [3]].
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Using the first principle, the net work provided by the cycle is equal to Wit o = Qu — Q1.
From this result and the definition of the efficiency in chapter 2] the efficiency of the Carnot cycle is

given in (3.11)).

Wnet out QH
carnot — 7 =1- 3.11)
et T Q Qr

Considering that the working fluid is an ideal gas, it can be demonstrated that the heats () and ()1,

can be replaced by the corresponding temperature 7' of the hot source and 7 of the cold sink.

T
Nearnot = 1 - T_ZI (312)

The efficiency of the Carnot cycle is optimal. This implies that for any system playing with a hot
source Ty and a cold sink 7, its efficiency cannot be greater than the Carnot efficiency with the

same hot source and cold sink temperatures.

3.1.4 Entropy

The last lines explained that a system with a hot source 7 and a cold sink 7~ will never have an
efficiency greater than the Carnot efficiency (for the same source and sink).
It has been demonstrated in 1865 by the German physicist R. J. E. Clausius that "the cyclic integral

§ %Q is always less than or equal to zero."[3]]

o
% Q:QH—QLSO (313)
T Ty 1T}
For the Carnot cycle, the integral is equal to zeros because the two ratios %—’Lf and % are equal. From

the definition (3.13)), it can be defined a new state variable named entropy. The entropy s is always

measured based on a reference point, and its expression is given in the relation (3.14)).

5@7‘6’0

ds &
T

(3.14)

Where 0Q),., is the "infinitesimal quantity of heat exchanged in a reversible way between the system
and the environment at the temperature T."[13]
For a reversible adiabatic transformation, the 0Q),.., = 0. This implies that the entropy remains

constant. Such transformations are called isentropic transformation.
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Figure 3.4: Carnot cycle - T-s diagram [3].

3.2 Second principle

Defining the entropy gives a great tool to measure the "quality" of the transformation compared to
a similar but reversible transformation.

Based on this definition, one formulation of the second principle of the thermodynamic is that for
every transformation, the entropy of the final state of any isolated system is greater or equal to the one
of the initial state.

Considering the system defined in the previous lines, it can be said that the increase of entropy
Asy, of the cold sink has to be at least greater than the diminution of entropy Asy of the hot source.

In the case of the Carnot cycle, both variations are equal. This is illustrated on the T-s diagram 3.4

where the entropy of states 1 and 2 are respectively equal to the entropy of states 4 and 3.

3.3 Type of transformations

During this chapter, it has been mentioned several times the notions of reversible processes.
As it has been explained, a transformation is said reversible if it takes an infinite amount of time

to bring the system from its initial state 1 to its final state 2. The different types of transformation are

going to be described in the section.
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3.3.1 Isothermal transformation

The first type of transformations to be considered are the isother-
mal processes. Here, the transformation brings the system from states
1 to 2, and the equality 7, = T} is enforced.

The transformation is said reversible isothermal if during all the
processes the temperature remains constant. Such transformation is
depicted in the Figure[3.5] The ideal gas equation (2.1)) allows deriv-

ing the relation (3.15) if the mass within the system does not vary.

p1-Vi=Dp2- Vs
S pV=C (3.15)

For a compression or an expansion, the process is said isothermal
if the system is respectively cooled or heat up to bring the final state
temperature to the temperature of the initial state.

Considering an isothermal compression, the boundary work W},

V=04 m?
P; =100 kPa
T = 80°C = const.

PA

Ty =80°C = const.

>
-

0.1 0.4 V, m?

Figure 3.5: Isothermal trans-
formation [J3]].

corresponding to the area below the curve, is given in the development (3.16).

2 2
Wb:/ pdV:C-/ AY
1 1

:Clnﬁ:pl‘/llnﬁ

3.16
7 v (3.16)

With C being a constant coming from the integration. The value

of this constant depends on the condition of inlet or outlet state.

3.3.2 Polytropic transformation

The polytropic transformation, depicted in the Figure [3.6] is a
generalization of the isothermal transformation. For an ideal gas, the

polytropic transformation is characterized by the relation (3.17).
PV =C (3.17)

Where n is a constant. For n = 1, the transformation simply

corresponds to the isothermal transformation.

PV"= C = const.

PA

PVp= PV

PV" = const.

I
I
I
I
I
I
I

T
I
I
I
L

%

A
<v

Figure 3.6: Polytropic trans-
formation [J3]].
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3.3.3 Isobaric transformation

The isobaric transformation is one for which the initial and final
state are both characterized by the same pressure. Thus, the equality
P2 = p1 = po is enforced.

The Figure [3.7] illustrates such transformation. Typically, the
transformation within the combustion chamber, heat exchanger or
piping aim to be as close as this transformation.

As for the isothermal transformation, the boundary work for an
isobaric transformation is equal to the area below the curve. Here,

the expression is given in the equation (3.18).

2
W, :p0~/ dV
1
= Do (Vz —Vl) =m:-po- (V2 _Vl) (3.18)

3.3.4 Isentropic transformation

H,0

Heat

m =10 Ibm
P =60 psia

P, psia A

60 -—

|
|
|
|
|
|
|
1

Area =W,

1 Py=60psia 2
0

|

v, = 7.4863

v, =8.3548 v, ft3/Ibm

Figure 3.7: Isobaric transfor-

mation [3]].

The last transformation to be considered is the isentropic transformation. This transformation

corresponds to a reversible adiabatic transformation.

Typically, when considering the expansion or the compression of a fluid, the manufacturers aim

to build a machine which tends to minimize as much as possible the irreversibilities.

1
5204 !
|
5001 |
i Real ]
_ 4804 i expansion
3 i
é\_ﬁ 460 |
=~ as0d i Isentropic
¥ : expansion
420 |
: 2
a00{ '@ >
! As
3801 &2
3.72 3.74 3.76 3.78 3.80
s (kJ/kgK)

Figure 3.8: Isentropic and real expansion.

In the Figure [3.8]is depicted an isentropic and a real expansion. As it can be noticed, the real

expansion produces an augmentation of the entropy of the system.
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Moreover, the isentropic expansion is more efficient since the energy (in terms of enthalpy) ex-
tracted from the fluid is higher compared to the real expansion. The subscript "is" emphasizes the
final state of the isentropic transformation.

It can be demonstrated that the enthalpy at the state 2;, is always lower than the enthalpy at the
state 2. The consequence is that more work has been produced during the isentropic transformation.
For an isentropic compression, the lower enthalpy hs ;s implies that the work that the compression

machine has to perform will be smaller.

3.4 Thermodynamic properties

From now, the hypothesis of an ideal gas has been used for the computation of the previously
established state variables. However, while this hypothesis remains quite valid when dealing with
gas, it cannot be used for a real fluid (e.g. liquid water).

This problem can be solved using the Maxwell relations providing a linked between the partial
derivatives of the different state variables p, v, T" and s for a simple compressible system [3].

Those relations can be derived from the four Gibbs relations expressed in (3.19).

du = Tds — pdv (3.19a)

dh = Tds + vdp (3.19b)

da = du — Tds — sdT' = —pdv — sdT (3.19¢)
dg = dh — Tds — sdT' = vdp — sdT (3.19d)

where the state variables a and g are the Helmholtz and Gibbs function (respectively). Analyzing

these relations allows to notice that each of them are of the form

dz = Mdx + Ndy (3.20)
M N
with 8_ = 8_ (3.21)
dy |, Oz},

Using this property, the links between the different state variables are easily obtained by applying the

relation (3.21)) to the equations (3.19a) to (3.19d).

oT
ov

_ o
0s

(3.22a)

S v
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oT Ov

W s = ) (3.22b)
0s dp
% . = a_T ) (3220)
0s ov
o . =37 ) (3.22d)

The relations are called Maxwell equations are helpful in thermodynamics. They provide a
method to calculate the variation of the entropy of a system based on the measurement of the variation
of the pressure, volume and temperature.

However, this method for calculating the thermodynamic variables is limited to simple compress-
ible system and cannot be used when the system involves “electrical, magnetic, and other effects”[3]].
These are the relations used when using a digital library for the thermodynamic assessment of the
state of a pure fluid with real properties. The open-source library named CoolProp|[14] is one of the
best known and. In this work, the library will be called many time when the ideal gas approximation

is not relevant.

3.5 Entropy variation

The previous section introduced the four equations of state (3.194) to (3.19d). Among those, the

second equation allows to write the relation (3.23).
ds = cp— —1r— (3.23)

By performing the integration over the path of a transformation going from state 1 to state 2, the
relation (3.24) gives the link between the entropy variation and the temperature and pressure variation

between the two states.

Sy — 8, = / Sar — ln— (3.24)

Supposing that the variation of the specific heat capacity with respect to temperature is negligible, the

development ([3.23)) can be derived.

k
k T Ty\ F1
52—51:r-<—-ln—2—ln’@):r~ln &(—2) (3.25)
k=1 "m D1 p2 \T

Where the ¢, = k’"—fl by using the two relations ll and (3.10).
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For an isentropic process, the equality s, = s; is enforced. Thus, from (3.25)) the relations (3.26a)
and (3.26b) are obtained.

T\ -1

g—i - (f) (3.264)
_

% - (Ti) (3.26b)

3.6 Isentropic efficiency

For any real transformations, there is always an augmentation of the entropy when the system goes
from its initial state 1 to its final state 2. This implies that the difference s, — s; is greater than zero.

This can be characterized by defining the isentropic efficiency as being the image of the irre-
versibilities induced by the transformation. this type of efficiency is very frequently used when study-
ing the compression or the expansion of a fluid.

For a compression or an expansion, the isentropic efficiency is defined by stating that the pressure
ratio % is the identical for both the isentropic and non isentropic transformation. Let’s substituting
this ratio by the constant II.

Considering first the ideal case, the equation gives after a reordering of the term the relation
(3.27).

k-1

Tos="1T1-11'% (3.27)

Then, for the real transformation, the left-hand-side of the relation (3.25)) is greater than zero. This
implies that the temperature at the end of the real transformation is always greater than the one at the

en of the isentropic transformation. Thus, it leads to (3.28).

k—1

15 > T27Z‘5 =T -II' = (3.28)

As can be noticed, the real transformation leads to a final state temperature bigger than for the isen-
tropic transformation. This difference allows to define the isentropic efficiency 7;;. The definition

varies based on the desired transformation.

Tois—T1 _ hois—h1
To—T1 - ho—hq

* Compression: 7,5 =

fme oy, — I1=Ts __ _hi—ho
* Expansion: 7;; = TiToo: — Tiha.s
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Where the temperature and the enthalpy variation provide the same output result due to the ideal gas
hypothesis.
For a real fluid, the only valid definition of the isentropic efficiency is the one based on the enthalpy

variation.

3.7 Exergy

The notion of energy has been introduced in the previous pages of this report. It has been seen
that the energy can only be transformed. However, two with the same energy doesn’t necessarily hold
energy with the same quality. The quality of an energy is defined as being the potential that can be
extracted from it. This can be quantified by the exergy, also called the available energy. [3]]

When performing an exergy analysis, the initial state of the system is specified, the transformation
from the initial state to the final is done “’in a reversible manner, and the system is at a dead state at
the end of the process.”’[3]. A system at a dead state is a system that is in perfect equilibrium with its
immediate surroundings. The Figure [3.9]depicts a system with its immediate surroundings circled in

dashed red line.

Immediate ” ~————-———
surroundings

25°C
Environment

Figure 3.9: Hot Potato [3]].

When a system is at a dead state, it cannot deliver any extra energy to its (immediate) surrounding.
This means that the work done by the system has been maximized. If a gradient of temperature
remains between the system and the immediate surroundings, extra could be produced by “running a
heat engine these two levels of temperature.”[3]]

This represents the useful work potential of the system and is called exergy. “The exergy provides
an upper limit on the amount of work a device can deliver without violating any thermodynamic

laws.”[3]



Chapter 4

Thermodynamic components

In the beginning of the previous chapter, it has been mentioned that the Brayton cycle composed
of several components that are more or less complex. The behavior of these components, which is
required to realize the study of the global system, is based on the thermodynamic notions that have
been introduced all along the past lines.

This chapter will be focused on the description of those components. For each of them, it will
be provided the concepts or principles that will be used during this work. Then, a description of the

Brayton cycle itself will be provided. Different configurations will be proposed and compared.

4.1 Turbomachines

The first family of components to be studied is the turbomachines. The machines included this
family are ones “’that exchange energy between the fluid traversing it and mechanical energy supplied
to or extracted from the machine”’[4]. Those machines are rotating machines that can be categorized
into two families.

The first family of turbomachines is ones which inject or extract energy from an incompressible
flow. These transformations on the fluid are respectively performed by the pumps and hydraulic
turbines.

The second family is turbomachines dealing with compressible flow. Here, some extra effects are
taken into account. For instance, the velocity of the flow can be at some points limited due to choking
effects. Also, since the flow is compressible its density can vary along the path, the velocity will vary
along the path as well.

Turbomachines that are encompassed in this second category are compressors and gas turbines.
As for the pumps and hydraulic turbines, compressors and turbines aim to inject and extract energy

into/from the flow.
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4.1.1 General principles

Some principles used when designing incompressible and compressible flow based machines are
common for both of these families. Among these principles, it can be emphasized the velocity trian-
gle, the enthalpy and rhotalpy conservation principles, and the similarity analysis.

The velocity triangle and the conservation principles provide tools to well design the blades of
the turbomachines. The similarity is used to derive the performance of a given machine based on

non-dimensional quantities. The following lines will explain the basis of these different principles.

Velocity triangle

When considering the rotating part of the turbomachine (named rotor), there is, in addition to the
absolute frame of reference, a rotating frame which is attached to the rotor. This leads to definition of
three components for the velocity of the fluid:

» Absolute velocity v: Velocity of the fluid in the absolute frame (x,y).

* Tip blade velocity of the rotor u,: Velocity of the tip of the rotor blades in the absolute frame
x,y).

* Relative velocity w,: Velocity of the fluid in the relative frame (X, y’).

YA

Figure 4.1: Absolute and rotating frames.

The Figure 4.1 shows the representations in the space of these different definitions of the velocity.
Considering a point at P at the time t=0, this point is moving to P” at the time t=dt. The drawing

shows that the following vectorial equality (4.1)) is enforced at any time.
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V=1u,+ W, “4.1)

Another way of representations of these velocities is to draw the velocity triangle. The velocity

triangle is defined as depicted in the Figure 4.2

Figure 4.2: Velocity triangle.

Where v, is the projection of the vector v on the meridional axis.
Here, two angles « and f3, respectively the absolute and relative flow angles, can be defined. Those

angles will allow designing the shape of the rotating blade based on the desired applications.

Enthalpy and rothalpy conservation

It has been mentioned before that, for a compressible flow, the velocity can vary along the path.
The notion of static and total (or stagnation) quantities have been established to take into account this
variation of velocity. Stagnation quantities will be identified by the superscript 0.

For instance, the total enthalpy is given by

1
h0:h+§-v2 (4.2)

Now, considering an adiabatic transformation without viscous work, the total enthalpy is con-

served between the initial state and the final state.
1y - hY = 1y - hY (4.3)

Which can be reduced to h{ = h3 if we supposed that the transformation is performed without any
leakages (m; = ). The states 1 and 2 are associated to the orthogonal boundaries to the flow of the
selected control volume delimiting the studied system.

[

i0:h+§-w 3w (4.4)

Similarly, using the definition (#.4)) of the stagnation rhotalpy, it is obtained from the Euler equa-

tion (4.5)) that, within a rotor, the total rothalpy is conserved through the transformation process.
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(uly —uly) (4.5)

The rhotalpy conservation is then expressed as stated in the equality (4.6).
my -4 = 1my -9 (4.6)

Similarity

The design of the turbomachines often requires validations through experimental testing.

However, because the design of the turbomachines really depends on the application in view,
creating a new test bench for each machine is time consuming and has a high cost.

Thus, the analysis by similarity has been established to minimize the number of experimental
campaign that has to be conducted. By defining some non-dimensional quantities describing the
operating point of a given turbomachine, it is possible to extrapolate similar operating points of the
same machine or, operating point of a similar machine of another size.

This is a really powerful tool which allows to significantly decrease the time and the cost related
to the design of a new turbomachine. Indeed, it allows to do the testing on smaller turbomachines,
and then the performance of the desired machine are extrapolated. Since the machines and the asso-
ciated test benches are smaller, the cost of the experimental campaign is significantly smaller, and the

experimental results can be reused for future designed machines.

4.1.2 Pumps and hydraulic turbines

Now that the base principles have been introduced, those can be utilized to perform an analysis of
turbomachines with incompressible flow.

Among the machine exchanging energy with such type of fluid, it can be distinguished the pumps,
which are designed to raise the height (or total hydraulic energy) h of the fluid, and the hydraulic
turbines which do the opposite transformation.

The variation of the height of the fluid is similar to its enthalpy variation. Thus, the respective

power consumed and produced Wp by the pump and the hydraulic turbine can be expressed as given
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in the relation (4.7)), noting that the transformation makes the system going from state a to state b.
Wyas =m0 - (hg — hy) = 10+ Ah,, (4.7)

If the consumed power of the pump is We,a_b, its global efficiency 7, is equal to the ratio

Wpa—b
= B4 4.8
Mp Wy (4.8)

Characteristic maps

It has been shown that the power output and the global efficiency of the pump are functions of the
height variation and the flow rate of the fluid. When operating a pump, it can be useful to know how
this height variation will vary with respect to the flow rate and the rotational speed of the pump shaft.
The knowledge of these two parameters allows to fully characterized the pump.

Considering the volumetric flow rate V (m?/s) and the rotational speed N, the two following

relations (4.94) and (4.9b)) can be derived.

Ahy(Vy, Ny) (4.92)
Welec(vpa Np) (49b)

Those relations will be called characteristic or performance map and has to be determined experi-

mentally. An example of such map is given in the Figure

Figure 4.3: Characteristic maps of a pump [4]].

However, not all the operating points constituting the performance map has to be computed
through an experimental campaign. Indeed, using the similarity analysis described during the pre-

vious section, determining the operating points for one rotational speed is sufficient to deduce the rest
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of the characteristic map.

Vy
= 4.10
=N (4.102)
4-g-Ah,
= — 4.10b
V=N (4.106)

For the pump, the non-dimensional head and flow coefficients ¢ and ¢/ are defined based on the
outlet condition 2 of the pump. Those coefficients are respectively defined by the relations
and (4.10b), r, being the outlet radius of the pump.

From the definitions of these two non-dimensional quantities, the height variation Ah, and the
volumetric flow rate V can be obtained for any rotational speed.

Considering that the operating point (Vl,Ahm,Nl) is known, the similar operating point

(Va, Ahy, o, Ny) for any rotational speed N, can be obtained using the relations (4.11a)) and (4.11b).

: : N, 5
Vo=V, 2= 4.11
p72 p71 Np,l ( a)
N 2
Ahyy = Ahy - (prj) (4.11b)
p7

These relations stand since for any similar point of operation, the non-dimensional quantities
remain constant. Consequently, the pump isentropic efficiency remains constant as well.
Similar reasoning can be performed for the hydraulic turbines. For hydraulic turbines, the head

and flow coefficients are defined based on the inlet condition 1 of the turbines.

4.1.3 Compressible flow

The previous subsection introduced the pump which is a turbomachine design to increase the
energy of the incompressible fluid passing through it. However, this type of machine cannot deal
with compressible flow for which the density can vary over the distance. For instance, the air is a
compressible fluid.

The behavior of the compressible flow is more complex to describe compared to incompressible
flow. Indeed, “compressible flow is characterized by the propagation of acoustic waves” [4]. This
part of the section about turbomachines will only focus on the main principles required for the good

understanding of this work.
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Velocity triangle

With the relation (4.5]), the notion of absolute and relative velocity of the flow has been introduced.
A graphic representation of these three vectors can be done using the velocity triangle. This triangle

is drawn in the Figure 4.2

Mach number

The Mach number M is defined as being the ratio between the velocity v and the sound speed c.
M=12 (4.12)
c

The Mach number M is a dimensionless variable that gives an image of the compressible effects of
the flow. Thus, one criterion for the determination of similar operational points is to keep the Mach
number constant.

Using the Mach number allows obtaining formulas to compute the total quantities based on the

static ones. By considering first the total temperature, the relation (4.13)) can be found.

o (e (4.13)
- 2-cp_ 2:¢,-T '

For an isentropic process, it can be demonstrated that the speed of sound @ = k - r - T. Thus, the

equation (4.13) becomes (.14).

E—1
=T <1+T-M2) =T fu(M) (4.14)
Using the equations (3.26a), (3.26b)) from chapter [3| and the definition of the function fy, (M), the

relations linking the static to the total pressure, density and speed of sound can be obtained as well.

k

P’ =p- fu(M)FT (4.15a)
P’ =p- fu(M)F=T (4.15b)
& =c-\/fu(M) (4.15¢)

-
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Characteristic maps

As for the turbomachines exchanging energy with incompressible flow, those dealing with com-
pressible flow can also be fully characterized knowing a pair of independent operating parameters.
The most usual parameters are

* 1o (Kg/s): It is the corrected mass flow rate.

e II; (-): It is the total to total pressure ratio across the turbomachine. It is always defined to be
greater than one.

* N.orr (RPM): It is the corrected rotational speed of the turbomachine.

* ;s (-): It is the total to total isentropic efficiency of the turbomachine.

It can be demonstrated that the performance map of a turbomachine is determined by relations be-
tween 3 non-dimensional groups.
Considering an operating point a characterized by the mass flow rate 1, the rotational speed N,

and the inlet stagnation temperature and pressure Tﬂa and p(l)ﬂ, it is possible to derive any similar

operating points. By applying the formula (4.16a) and (4.16b)), the mass flow rate 7, and rotational

speed N, at the similar operating point b characterized by the stagnation inlet state (TR bs p‘ib) can be

computed.

Tloa p(l) b
my = My, — . == (4.16a)
T107b pcl],a
TO
Ny =N, (| =t 4.16b
b Tloa ( )

These two relations allow going from one operating point to the other without modifying the value
of the non-dimensional quantities. Therefore, going from a to b will not modify the pressure ratio 11,
the isentropic efficiency 7;s; and the Mach number M.

In particular, if the operating point b considered is defined at the reference conditions (T}.cr, Prcf),
the associated mass flow rate and rotational speed are called corrected mass flow rate 7., and cor-

rected rotational speed N,,,.-. Thus, from a measured operating point, these two corrected quantities

are obtained by applying the relation and (.17b).

Vor

(4.17a)

Meopr = N -

(4.17b)
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0 . .
Where 07 = % and 6, = I%f. T and p° are respectively the stagnation temperature and pressure
observed at the inlet of the turbomachine.
Alternatively, the reduced mass flow rate 7, can also be used to assess the performance of the

turbomachines. This non-dimensional quantity is as follows:

(4.18)

Now, if the rotational speed N and the mass flow rate 7 are assumed to be known, the two other

quantities Iy and 7;, can be calculated using the relations (4.19a) and (4.19b).

Htt(Ncorra mcorr) (4 193)
nis(Ncorra mcorr) (4 19b)

These relations can be established by the means of experimental measurements.

4.1.4 Gas compressor

The previous lines show some properties of compressible flows that add complexity to the analysis.
It is interesting to describe two types of turbomachines inducing a modification of the state of the flow.
The first category of machines to be considered is the compressor. As for the pumps, the com-
pressor can be axial or centrifugal. The axial compressor is mainly composed of a rotating part (the
rotor), followed by a non-moving part (the stator) converting the kinetic energy at the exit of the rotor

into pressure. A diagram of an axial compressor stage is given in the Figure

Figure 4.4: Axial compressor stage [4]].

The entities between each velocity triangles are the blades of the rotor (emphasized by an arrow)
or of the stator. It can be observed that the rotor blades increase the value of the flow velocity v. As

explained earlier this augmentation of kinetic energy is then recovered by the stator blades.
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Mollier diagram
The transformation induced by the compressor can be represented into a h-s diagram also named
the Mollier diagram. The Mollier diagram for one compressor stage has been drawn in the Figure 4.5]
hj

h‘; =h)

h3,i'.s,is

h3,is,>s

Figure 4.5: Mollier diagram of a compressor stage [4].

The diagram, for which the velocity triangles are given in the Figure[d.4] has to be read as follows.

* State 1: Starting from the static enthalpy and pressure h; and p;, the relations (4.4)), (4.2) and
(4.15a)) are used to calculate the total enthalpy, rothalpy and pressure.

 State 2: The transformation 1-2 takes place within the rotor of the compressor stage. Thus, the
total rothalpy is conserved over the transformation (9 = 19).

The knowledge of the total rothalpy allows determining the other quantities. The static enthalpy
(and by extension the total enthalpy) can be deduced using the relation (4.4). Concerning the
pressure, there is an increase of the static and total pressure of the fluid ’due to the diffusion in

the rotor passage” (péo) > pgo)).[4]

* State 3: The transformation 2-3 takes place within the stator of the compressor stage. Thus, the
total enthalpy is conserved over the transformation (h3 = h)).

Then, the static enthalpy can be computed using the relation (4.2). The conversion of the kinetic
energy into pressure leads to an increase of the static and total pressure (péo) > pgo)).

As a reminder, the enthalpy at the end of the process is higher than the one considering an isentropic

transformation.
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Performance maps

As for any turbomachines, the compressor can be characterized by its performance map. The map
is composed of the performance plot often completed with the efficiency hill. The performance plot
provides the total to total pressure ratio Il . as a function of the corrected rotational speed N and
mass flow rate m,.

An illustration of a compressor performance map is given in the Figure 4.6]

Hft.c

Figure 4.6: Illustration of a compressor performance map [J].

Three types of curve are emphasized on the graph. The solid lines are each associated with one
set of operating point characterized by the same corrected rotational speed N, .. It can be noticed
that each iso-rotational speed curve goes asymptotically to the infinity at a given mass flow rate. This
value corresponds to the maximal mass flow rate that can go through the compressor and is associated
with the phenomenon called choking.

This maximal mass flow rate 772cpoke . 18 strongly dependent on the stagnation conditions of the
flow. It can be shown that the value of the mass flow rate is proportional to the stagnation pressure
and inversely proportional to the square root of the stagnation temperature.

Increasing the rotational speed of the compressor has the effect to increase these stagnation quan-
tities. Since the total pressure increases faster than the total temperature, the maximal flow rate due
to the choking will increase with the rotational speed.

Then, there are the doted lines represent the isentropic efficiency contours. These contours pro-
duce together what will be called the efficiency hill.

Finally, the red dashed line is called instability line or surge line. The surge line provides a lower

bound for the mass flow rate going through the compressor.
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At this minimal flow rate, the flow starts to stall in the machine. Going beyond this limit would
lead to a backward flow in the compressor, causing irreversible damages to the compressor. Thus
when operating the machine, a certain margin is taken with respect to the surge line.

In the Figure {.6] the iso-rotational speed curves start from 70% to 102.5% of the nominal rota-
tional speed. This implies that the map is not defined for the operating points characterized by a low
rotational speed. This is generally the case for most of the compressor maps.

However, for the low rotational speeds, the flow can be supposed incompressible. Using this
approximation, it is possible to use the rules of similarity described in the section about pumps to

extrapolate the map to the lower rotational speeds.

4.1.5 Gas turbine

From now, only compressor has been introduced. However, in a gas cycle, the compressor is
combined with a turbine that will expand the gas. Except in some special configurations, the turbine
is always placed after the combustion chamber in a Brayton cycle. This choice allows providing to
the turbine a flow with very high enthalpy.

Typically, an axial gas turbine is composed of a stator followed by a rotor. The stator is designed
to create a deflection of the flow in the sense of rotation of the rotor. This will accelerate the flow
before entering the rotor.

The schematic of an axial turbine stage is drawn in the Figure

Figure 4.7: Axial turbine stage [4].
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Mollier diagram

As for the compressor, the real expansion induced by the turbine can be represented into a Mollier
diagram. The diagram is depicted in the Figure 4.8] The methodology to read the diagram is the same

as before.

Figure 4.8: Mollier diagram of a turbine stage [4].

 State 1: Starting from the static enthalpy and pressure, the total quantities can be deduced.

* State 2: The transformation 1-2 takes place within the stator of the turbine stage. Therefore, the
total enthalpy is conserved over the transformation (h = hY).

Knowing the total enthalpy of the state 2 allows computing the static enthalpy and by extension

the total rothalpy. Plus, since the flow is accelerated by the stator blades, the static and total

pressure falls from state 1 to state 2 (péo) < pgo)).

 State 3: The transformation 2-3 takes place within the rotor of the turbine stage. Therefore, the
total rothalpy is conserved over the transformation (5 = 79).

Then, the relation (4.4) allows retrieving the static enthalpy of state 3. As shown on the
schematic of the turbine stage, the relative speed of the flow is augmented when going
through the rotor passage. This generates a second drop of the static and total enthalpy and

pressure (péo) < pgo) ).

However, there exists a special stage for which “the relative velocity of the flow to the blade
row” of the rotor[4] remains unchanged, but the flow is inverted. Neglecting the very small
variation of the rotor velocity, the static enthalpy and pressure remains unchanged when passing
through the rotor.
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Performance maps

The turbines can be also be characterized by a performance map determined from experimental

results. The map is often composed of two performance plots as shown in the Figure 4.9

| 60%

80% \—/

100% Neorr

MNis,t

T T T T T

choking flow |

120%
100% 1

mcorr,t

60%

.
Ly 4

Figure 4.9: Illustration of a turbine performance map [3].

The two plots in the Figure 4.9|depict the relations mcorr ¢ (it £, Neorrt) and ns ¢ (Ige 1, Neorrt)-

As it can be noticed in the second diagram, all the curves are all stacked on each other when a
certain pressure ratio is reached. Compared to the compressor, the choking phenomenon occurs for
the same mass flow rate, regardless the rotational speed considered.

For a turbine, the expansion is mainly performed within its statoric parts. This massive drop of
the total pressure comes with a big increase of the kinetic energy of the flow.

Therefore, it is within this part of the turbine stage that the choking phenomenon will likely occur.
Since the stator is not rotating, the maximal mass flow rate is not really impacted by the rotating speed
of the rotor. This is the reason why all the iso-rotational speed curves have the same asymptotic value
for the mass flow rate.

To summarize what has been seen in this section about turbomachines, the performance map of
the compressor and the turbine have been introduced thanks to the definition of corrected mass flow
rate and rotational speed.

Also, the descriptions of the compression and the expansion have been explained using the h-s

Mollier diagrams. Those diagrams, along with the schematic of the compressor and turbine stages,
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allow describing with a decent accuracy the two previously mentioned transformation.

4.2 Combustion chamber

The previous section introduced the turbomachines. The notion of compressible has been defined,
and some important concepts have been emphasized.

In this section, the description of the combustion principle will be considered. Since the study of
the fluid mechanic inside the combustion chamber is out of the scope of this work, only combustion

equations without dynamic and non-steady effects will be considered.

4.2.1 Basis about Chemistry

As it has been mentioned, some combustion reactions will be introduced in this section. Thus, the

basic knowledge about chemistry has to be provided.

Conservation of mass

During a chemical reaction, the law of conservation of mass (also called the Lavoisier law) has to be
satisfied. This implies that the mass of all the reagents combined has to be equal to the mass of the
products. An example of chemical reaction is given in (.20).

1CH4 +209 — 1 CO3 4+ 2H50 + Heat (4.20)
16g 64g 44g 36g

It will be seen later that this reaction corresponds to the combustion of 1 mole of methane (CHy)
using 2 mole of oxygen (O,). The products of the reaction are 1 mole of CO,, 2 moles of H,O and
a certain amount of heat transfer to the surroundings. This heat transfer is the desired product of the

combustion.

Conservation of the atomic species

The second law of conservation states that, during the transformation of the reagent X into the product
Y, all the atomic elements from X have to be recovered in Y. For instance, for the equation (4.20),
there is one mole of carbon (C) in the reagents. Thus, one mole of C has to be present in the products

of the reaction.
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Proust’s law

The third law to be considered is the Proust law which states that for each chemical reactions, the
ratio between the mass of each reagent is a constant. Considering the above example (4.20), the ratio

between the mass of O, and CH4 consumed is given in the equality (.21).

mass of O, consumed

=4 4.21
mass of CH, consumed ( )

Let’s remark that the law is also valid considering the consumed quantities in mole. In molar

quantities, the relation (#.21]) becomes (4.22).

mole of O, consumed

=2 4.22
mole of CH,; consumed ( )

This ratio depends on the type of fuel used. For instance, if the fuel was propane (C4Hg), the ratio

would be equal to 5.

4.2.2 Combustion equation

The equation 4.20] was illustrating the combustion of the methane CH,. The reaction, as written
there, supposed that amount of oxygen provided for the reaction is just enough to consume all the
methane injected.

This situation, which is the reference, is characterized by an air factor A = 1 (or an excess of air

e = A — 1 =0). It is said that such combustion is at the stoichiometry.

Air factor

The air factor is then defined as being the ratio between

vl

A= ——MmMm (4.23)

H|stoichiometry

Where 5 = moleofOcomsumed 7 ot°g note that every other combustive can replaced the oxygen in the
mole of fuel consumed

relation. However, O, is the most common one. Thus, the following development will not consider
this possibility. For the following, the notation w melecules> Will be used in replacement for "mole of
<molecules> consumed”.

w02

— (4.24)
2- WCeH,
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For the case of the CH,4 being the fuel, it has been shown in the previous section that the value of
the denominator of relation (4.23) is equal to 2. Therefore, for this particular combustion, the relation

(4.24)) defines the air factor.

Generalized combustion equation

As explained, the chemical reaction (4.20)) represents the ideal case with an air factor of 1. Also, it
is considered that the combustive is pure O,. In reality, the used reagent for the combustion is ambient
air which is composed of 21% of O, and 79% of nitrogen (N,).

Thus, the generalized combustion equation (for the CH,) is defined as in the reaction (#.25).

CHy + 2) <02 + %1\@) 5 €Oy +2(A-1) Oy + 2H,0 + 2 A%NQ + Heat (4.25)

This equation, while being correct for any values of \ greater or equal than 1, has to be modified
to take into account the event for which the excess of air e is lower than zero (with e = A — 1). For

such values, the combustion equation then becomes as stated in (4.26).

79 79
CH4 + 2\ (02 + ﬁNQ) — aCOg +bCO + 2 HQO + 2 )\ﬁNQ + Heat (426)
Where coefficients ”a” and ”’b” satisfies the system (4.27).
b=1
at (4.27)
2a+b=4\-2

Both equations have been obtained based on the conservation of the atomic species. It can be
calculated that there exists a lower bound for the air factor below which the combustion will be
impossible. The condition is that the coefficient ”a” cannot be smaller than zero. For this case, the

minimal air factor \,,,;,, = —

=~

To provide some definitions, the mixture O,-fuel is said poor when A > 1, rich when A < 1 and
at the stoichiometry for an air factor A = 1. Typically, for a gas turbine the mixture is very poor with

a \ often greater than 4-5.

4.2.3 Fuel characteristic

From now, the amount of heat provided during the combustion has not been quantified. This
quantification is really important because this amount of heat is linked to quality and the nature of the

fuel.
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Heating calorific value

First, let’s define the heating calorific value HC'V of a fuel (J/kg). By definition, it is the amount

of thermal energy released during the total combustion of one physical unit of fuel” [7]].

HCV = —AH? (4.28)

combustion

With —AH? . ... being the heat released during the reaction.
The HC'V is determined at a given reference temperature 7. Considering this reference temper-
ature, the HC'V can be evaluated by computing the enthalpy difference between the reagents and the

products.

HCV = hreagenﬂT:Tg - hproducﬂT:TO (4.29)

Distinction between the lower and higher heating calorific value (respectively HC'V; and HC'V},)
have to be made. Basically, when considering the combustion of a given fuel, the amount of energy
released corresponds to the lower heating calorific value if the water remains gaseous within the
exhaust gas.

However, when the water contained in the exhaust gas have been condensed into liquid water, the
energy released from the phenomenon is added to the lower HC'V'. For this case, the higher heating
calorific value is then used instead of the lower one. In this work, only lower heating calorific value
will be considered since the condensation of the water will be taken into account.

The HC'V value depends on the type of fuel that is used. For example, the lower heating calorific
value of the CHy is around 50 MJ/kg.

Adiabatic flame temperature

The second notion that can be defined is the adiabatic flame temperature 7%. If the combustion
chamber is supposed to be adiabatic (no heat transfer to the outside), the heat generated will be
fully retained within the exhaust gas of the combustor. Thus, the temperature reached by the gas is
considered to maximal and is called the adiabatic flame temperature.

The evaluation of the temperature 7' is quite similar to the one of the HCV'. Here, starting from
the reference temperature, the temperature 7 is calculated such that the enthalpy of the products is

equal to the enthalpy of the reagents.

hreagent\T:To = hp’roduct|T:Tf (4.30)
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Combustion efficiency

The combustion efficiency is defined as being the ratio between the heat injected into the combus-

tion chamber the heat that can be used for the combustion. This is expressed in the relation (4.3T).

_ Q
7/hFuel . HCVFuel

Nee 4.31)

4.2.4 Fumes composition

Previously has been presented in the equations (#.25)) and (4.26) the generalized chemical reaction

for the combustion of the methane. In a more general case, the fuel is essentially composed of carbon
C, hydrogen H, oxygen O and nitrogen N in some proportion. Therefore, the reactions (4.25) and

(4.26)) can be reformulated taking into account a general composition for the fuel.

CoHaOxN, + £ (02 + %1\5) —— mCO; + k(A — 1)y + gHgo + (mg + %)NQ (4.32a)
for A\ >1
79 n 79 'y
CmHnOxNy + KA 02 + ﬁNQ — aCOz + bCO + §HQO + (H)\ﬁ + §)N2 (432b)
for A < 1
where coefficients ”a” and ”’b” satisfies the system {.33))
b pu—
ath=m (4.33)
2a4+b=2kA+5 -3

With the factor k = (m+§ — 7). The coefficients "m” and ”n” correspond to the number of moles
of atoms of carbon and hydrogen within one mole of fuel.

From theses equations, it is possible to obtain the molar fraction x; of each fume components. By
definition, the molar fraction of the component : is the ratio between the number of moles 7n; of the

component ¢ and the total number of moles 7, all species taken together.

n;

xI; =
Ntot

From the molar fraction, the mass fraction can be obtained using the formula (4.34)

MMtot
YN,

Yi = (4.34)
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Where M M; is the molar mass (in g/mol) of the component ¢ and M M, is the total molar mass

of the fumes. The total molar mass of the fumes is obtained as stated in the relation (4.33).

MM,y = Z z; - MM, (4.35)

This method will be called the “weight factor” method.

4.3 Heat-exchangers

The last important component that has to be defined and characterized is the heat exchanger (HX).
As the name says, the purpose of this element is to transfer the heat from a hot fluid to a cold fluid.

The heat-exchangers can be classified into several categories[6].

* The recuperators: Their purpose is to recover the heat from a hot fluid to heat up a cold fluid
for direct usage. For instance, the exhaust gas from a boiler will go through a recuperator to
exchange its energy with water. For this application and for many others, the two streams within
the HX are separated by physical walls.

Alternatively, the heat exchange can be performed by direct contact between the two fluids. In
this case, nothing prevents the hot flow from mixing with the cold flow (and vice versa).

* The regenerators: For a given cycle , the purpose of the regenerators is to use a hot flow from
the cycle to heat up a cold flow from the same cycle.

By definition, the hot stream is the one that provides the heat, and the cold stream is the one

receiving the heat.

l 1 _~— Circular tube
Corrugations -
[ (orfins) -

Plate fin
(a) HX with fined plates. (b) HX with fined tubes. (c) Plate heat exchangers.

Figure 4.10: HX illustrations [6].

In the Figure .10 are depicted some illustrations of heat exchanger owning at different families.
The selected family will highly depends on the type of application that is targeted. Plate heat exchang-
ers are one of the most compact types of heat exchangers. This compactness is highly appreciated for
any system where the foot print and volume have to be as minimal as possible. However, this is at the

cost of more complicated maintenance due to the brazing of the plates.
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This section will not cover the specificity of these different families. Instead, the main notions

which are necessary to characterize the heat transfer between two fluids will be given.

4.3.1 Stream configurations

There isn’t a unique configuration regarding about the interaction between the hot and cold streams.

Indeed, here are the main categories based on flow configurations.

¢ Parallel flow HX: The two streams go through the heat exchanger in the same direction (Figure

4.11a).

* Counter flow HX: The two streams go through the heat exchanger in the opposite direction.
This configuration is more frequent than the parallel flow HX due to higher efficiency. However,
sometimes the network of piping doesn’t permit installing such configuration (Figure 4.1Tb).

* Cross flow HX, both fluids unmixed: The flow in the tube does not see the property of cross
flow varying along with the distance traveled. Both flows are unmixed (Figure 4.11c).

* Cross flow HX, one fluid mixed: The flow in the tube does not see the property of cross flow
varying along with the distance traveled. The cross flow does not travel inside isolated channels

(Figure .11d).
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(a) Parallel flow heat exchanger. (b) Counter flow heat exchanger. (c) Cross flow heat exchanger,
both fluids unmixed.

(d) Cross flow heat exchanger,
one fluid mixed.

Figure 4.11: Configurations of heat exchangers[6].

Considering the parallel and counter flow heat exchanger, two temperature differences can be defined

based on the temperature profiles (Figure [4.12)) of both fluids inside the heat exchanger.



CHAPTER 4. THERMODYNAMIC COMPONENTS 56

(a) Temperature profile for parallel flow HX [6]. (b) Temperature profile for counter flow HX [6].

Figure 4.12: Temperature profiles for different stream configurations.

The subscripts H and C' indicate which flow is considered (respectively the hot and the cold flow).
The subscripts 7 and o refer to the inlet and the outlet of the heat exchanger.

The first temperature difference ATy is defined as being the largest temperature difference be-
tween the two flows, regardless of the position inside the HX. Thus, depending on the flow configu-

ration, the AT is given by (#.36).

AT, = {THJ- — Tt; For the parallel flow (4.36)

1w — Tc,, For the counter flow
The second temperature difference AT}, corresponds to the smallest temperature difference be-

tween the two flows. Similarly to ATy, AT}, is defined by the relation (4.37).

AT, — {THp — T, For the parallel flow 4.37)

T'h o — Tc; For the counter flow

4.3.2 Heat transfer within a heat exchanger

The heat transfer rate of a heat exchanger is directly dependent on the nature of the fluids and the

heat exchanger itself. Let’s consider the following relation (4.38))

Q= AQLM —A-U-ATLy (4.38)

Where A is the global heat transfer area of the HX, and R and U are the global thermal resistance and
heat transfer coefficient respectively. The difference of temperature AT}, is called the logarithmic

mean temperature difference. Its definition is (4.39).
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ATy — AT,
ATpar = =7~ (4.39)
In < AT2>
With [n being the neperian logarithm.
Transfer coefficient
The general definition of the product A - U is written in the equation (4.40).
1 1 F, F 1
+—C R, +—T 4 (4.40)

AU To,c - hcom,o -Ac To,c - Ac v To,H * Ap To,H - hcom),H -Ap

Where Aoy, is the convective heat transfer coefficient (W/m?-K) of the fluid, F is a degradation factor
due to the clogging, 7, is the global efficiency of the surface and R,, is the wall resistance.
Making the assumption that all the ducts considered in this work are smooth and the flows are

turbulent, the convective heat transfer coefficient A, is obtained using the formula (4.41]).
Ae A
heoms = N~ =5 = 0.023 - Re®® priZe

t t

(4.41)

Where Nu, Re and Pr are respectively the Nusselt, Reynolds and Prandtl number. ). is the thermal
conductivity (W/m-K) of the fluid and D is the diameter of the duct[6].

By definition, the Reynolds and Prandtl numbers are defined as follows

v-D

Re =P v h (4.42)
7

Pr— “A' % (4.43)

Where Dy, is the hydraulic diameter, v is the velocity of the flow and p is the dynamic viscosity

(Pa-s). The hydraulic diameter and the flow velocity are respectively obtained using the two following

relations (4.44)) and (4.43)).

4- Ao
Dy, = 4.4
"= (4.44)
v —" (4.45)
pme ok

(4.46)
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With A, and P. the cross area and perimeter of the duct[6]].
Making the assumption that both D;, and D; are equal, let’s pose D = Dj = D,. Therefore, the

convective heat transfer coefficient h.,,, can be expressed as given in the relation (4.47).

A5 L\

hconv = 0.0697 - 7'('4/5 ) D9/5 . lu7/15

(4.47)

In the present work, the heat exchangers that will be used are plate heat exchangers with mi-
crochannel. The usage of “microchannel systems allows the generation of local turbulence”[15].
These local turbulence enhance the heat transfer and thus, the efficiency of the heat exchanger.

Since the channel are really small, the assumption that the exchange surface dimensions A for the
cold and the hot side are equal will be made. Also, the wall resistance R,, will be neglected. This
last assumption is acceptable when dealing with fluid for which the phase does not change during the
heat transfer. For the gas turbine application, the fluid remains gaseous during all the process.

1o corresponds to the global efficiency of the heat exchanger fins [[12]]. Since the global fin effi-
ciency depends on the wall temperature, the fluid temperature and the geometry of the heat exchanger,
it will be assumed that both sides of the heat exchanger are characterized by the same 7. Therefore,
the equality 70,, = 1o,c 1s enforced.

Finally, if the degradation factor [’ is neglected, the heat transfer coefficient U can be approached

by the simple formulation (4.48]).

hcorw,H : hconU,C

U~ (4.48)

hconv,H + hconU,C
LMTD method

In the previous lines, a definition of the heat transfer rate based on the global transfer coefficient.
This method is called the LMTD method and requires the knowledge of the geometry of the heat
exchanger. When the heat transfer rate Q has been calculated, the temperatures at the outlet of the

heat exchanger for the cold and hot stream can be computed using the two equations (#.49a) and

(4.490b).

Q =mg - Cp.H * (TH,in - TH,out) = CVH : (TH,zn - TH,out) (4493)
Q =1ic - ¢pc - (Toou = Ton) = Co - (Toour — Teun) (4.49b)
Where C corresponds to the heat capacity rate (W/K). This method requires the knowledge of the

inlet and outlet temperatures of both fluids before initiating the computation of the heat transfer rate Q
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using the relation (4.38)). Therefore, this method needs iterations in the event where these temperatures

are not known a priori.

£=-NTU method

There exists a second method for the evaluation of the heat transfer rate which does not need the

outlet temperature of the fluids. First, the maximum heat transfer rate Qmaz is computed base the

formula (4.50)).

Qma:p = szn : (Th,in - Tc,in) (450)
with C,;, = min(C’H, C’(;)

Then, the actual heat transfer rate Q is obtained by multiplying the maximum heat transfer rate by

the efficiency of the heat exchanger.

Q=¢" Qumas 4.51)
Where ¢ is the efficiency of the heat exchanger. This efficiency is a function of the ratio C,. = %,

the flow arrangement, and the number of transfer unit NTU defined as stated in the relation (4.52)

NTU = A. U (4.52)

min

It can be noticed that the definition of the NTU involves the global exchange area A and the global
heat transfer coefficient U. This implies that both the NTU and the efficiency € depend on the flow
configuration and geometry of the heat exchanger .

Here, the type of heat exchanger used for the modeled Brayton cycle is plate heat exchanger
with microchannel. Since the flow configuration for this type of heat exchanger is counter flow, the

associated relation linking the efficiency ¢ to the number of transfer units NTU is

1 — e~ NTU-(1-Cy)

T 1-C,-e—NTU -(1-C,)

€ [12]

Once the coefficient € computed, the outlet temperatures of the fluids can be obtained using the

relations (4.49a)) and (4.49D).
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4.4 Piping and pressure drop

From now, the loss of pressure inside the different elements has not been considered. However,
for a system like a gas turbine, the pressure drops have to be as minimal as possible to guarantee that
the expanded gas in the turbine is at a pressure as high as possible.

In this work, simple formula will be applied for the pressure drops computation. The pressure
drops are computed based on a pressure drop factor Dp varying from O to 1. Then the pressure at the

outlet of the component is given by the relation (4.53).

Po =pi- (1 —Dp) (4.53)

Where the factor Dp is different for each component of the system. Indeed, the probability that the
pressure drop through a combustion chamber and a heat exchanger are equal are really small.

It can be demonstrated that the pressure difference Ap = p; —p, is a quadratic function of the mass
flow rate . The simplest way to define the pressure drop is to measure difference for a nominal point
of operation. Then, using the relation (4.54) allows computing the pressure drop for any non-nominal

conditions.

Ap = Apnom I (454)



Chapter 5

Brayton cycle

In the introduction, the simplest configuration for the Brayton gas cycle has been defined as being
a cycle successively composed of a compressor, a combustion chamber and a turbine. This simple
configuration is called Gas Turbine or GT.

The previous chapter 4] described individually these components by providing the required the-
oretical notions to be able to analyze their performances. Now, the components will be considered
together as a thermodynamic cycle to assess the performances of the Gas Turbine and of its existing

variants.

5.1 Gas Turbine

The Gas Turbine (GT) is the most basic configuration of the Brayton cycle. As it is illustrated
in the Figure [5.1] the three main components are the compressor (COMP), the combustion chamber

(CC) and the turbine (TURB).

Figure 5.1: Gas Turbine (GT)

The compressor and the turbine are both installed on the same shaft. Since there aren’t any
gearbox, the rotational speed of both turbomachines is the same. The generator (G) is also attached
to the shaft to convert the generated mechanical power into electricity. When the machine starts,
the generator becomes a motor to provide the required energy to help the turbine. Indeed, at low
rotational speed the power consumed by the compressor is usually greater than the power produced

by the turbine alone.
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As it is illustrated in the Figure[5.1] the cycle can be decomposed into eight thermodynamic states.
For each connection between two elements, there are piping that will induce some pressure drops. For
each of these states, the temperature and pressure are measured in order to fully characterized the state.

The Table [5.1includes the different states emphasized on Figure[5.1]

Table 5.1: Thermodynamic states - gas cycle (GT)

State n° T P

0 To=Trey Do = Dref

1 Tyv=Tomp  P1=Damb
2 =" Py <m

3 9>177 5> p

4 T, =Ty pa < Y

5 T >> 1T, D5 < P4

6 Tg = Ts pe < ps

7 TP <19 i<

8 Ty=T7 ps=p1<p;

Where the state 0 corresponds to the reference conditions. It is worth noting that for the com-
pressor and the turbine, the stagnation quantities are used. The reason is that in this work, method
to compute the Mach number hasn’t been considered. This is the reason why the pressure ratios and
the isentropic efficiency that will be considered for the compressor and the turbine are based on total
quantities.

For each of the mentioned states, five thermodynamic properties are evaluated. Namely the tem-
perature, pressure, enthalpy, entropy and density. For the last variable, the ideal gas equation (2.1)
from the chapter [2]is used.

A graphical representation of these states can be performed by drawing some thermodynamic
diagrams. Here, the p-v and T-s diagrams have been drawn in the Figures [5.2aland [5.2b| respectively.

The choice of the T-s diagram instead of the h-s diagram is motivated by the fact that temperatures
are quantities that have an easier interpretation. Since only ideal gases are considered, the enthalpy
variation is equivalent to the temperature variation multiplied by the heat capacity at constant pressure.

The diagrams have been obtained using the computer code that will be described in the next

chapters. For now, let’s just assume that the program is just a black box.
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Figure 5.2: Thermodynamic diagrams - Gas Turbine

These two diagrams have been obtained considering ideal components. An ideal component is
characterized by the efficiency of 100%. This means that there aren’t any pressure drops, the isen-
tropic efficiency 7,5 of the compressor and the turbine is equal to 100%, and the combustion chamber
efficiency 7). is also equal to 100%.

As it can be noticed, the graphs are open. Indeed, the exhaust gas from the outlet of the turbine
is returned to the environment with all its energy. The transformation from the state 8 to the state 1
would correspond to the return at the ambient conditions of the exhaust gas.

The net work provided by the Brayton cycle corresponds to the area inscribed in the loop 1—+8—1.

Mathematically, it is obtained by computing one of the two integrals (5.1a)) and (5.1b). These two

integrals are respectively associated to the p-v and T-s diagrams.

Whet = j{ pdv (5.1a)
cycle

Wiet = % Tds (5.1b)
cycle

Now considering the T-s diagram, it shows the effect of the isentropic efficiency regarding to
the evolution of the entropy during the compression and the expansion. Here, since the isentropic
efficiency have been set to 100%, the entropy at the beginning and the end of these transformations
are equal. If real components were considered, the entropy would increase during the compression
and the expansion.

In the T-s diagram are also represented the iso-pressure lines. Both the compressor and the turbine
operate between 1 bar and 3.1 bars. It can be proved that the thermal efficiency of the ideal GT cycle

is proportional to the pressure ratio across the compressor.
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The thermal efficiency of any Brayton cycle is defined as being the ratio (5.2)) between the net

power output Wnet and the heat transfer rate from coming from the injected fuel.

- Wnet
B mfuel : HCVfuel
Where HCV},, is the low heat calorific value (J/kg) of the fuel.

Nih (5.2)

Considering the presented ideal GT cycle, the thermal efficiency 7, o7 = 24%, and the net power
output of the cycle is equal to 42.05 kW. The net power output is defined as being the power 147
produced by the turbine minus the power I, consumed by the compressor.

To compute these two powers, it is required to calculate the work involved during the expansion
and the compression. Both can be obtained by computing the variation of the total enthalpy between

the inlet and the outlet of the two turbomachines (relations (5.3a)) and (5.3b))) (respectively).

Wi =h3 —h) =c, (T§ —T7) (5.3a)
We=hy —hy = ¢, (T} = T3) (5.3b)

Then, the powers W, and W, are obtained by multiplying the works by the mass flow rate going
through each turbomachine. Due to the injection of fuel 7i2¢,, between the compressor and the
turbine, the mass flow rate of gas 1445 = 144, + 1 e 1n the turbine is higher than the mass flow rate
of air my;, .

It can be noticed that at the exhaust of the cycle, the thermal energy available within the gas is still
non-negligible. This energy at high temperature has a great potential and could be utilized to improve
the cycle and its thermal efficiency. A possible way of improvement will be given in the following

section.
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5.2 Regenerative Gas Turbine

As seen in the previous section, the gas cycle does not have a really high efficiency. This is due
to the huge amount of energy available in the exhaust gas that is wasted. However, this high-level
energy could be used to preheat the air before entering the combustion chamber.

This is done by using a heat exchanger called regenerator. By adding a regenerator, the amount of
energy to be provided to the combustion chamber to reach the same target temperature will be smaller
since the inlet temperature of the air will be higher.

This variant of the Gas Turbine cycle is called Regenerative Gas Turbine (RGT) cycle. A schematic

of this cycle is given in the Figure[5.3]

Figure 5.3: Regenerative GT (RGT)

Similarly to the GT cycle, to maximum thermal efficiency 7;; rgr of the cycle is achieved by con-
sidering all the components as ideal. In addition to the turbomachines and the combustion chamber,
the efficiency of the heat exchanger will be set at 100%.

The states from 1 to 12 can be represented by the p-v and T-s diagrams. The two diagrams are
included in the set of Figures[5.4]

As shown in the T-s diagram, there is as expected a heat transfer from the hot gas to the cold
air. This heat transfer allows using the available energy from the hot gas to heat-up the air from the
compressor. Thanks to this heat transfer, the combustion chamber only needs to raise the temperature
of the air from 630°C to 920°C.

The reduction of the difference of temperatures between the inlet and the outlet of the combustion
chamber results in a significant reduction of the consumption of fuel. For the same mass flow rate of
air, the excess of air increased from 2 to 7. Thus, the mass flow rate of fuel 724, injected is decreased

compared to the cycle without a regenerator.
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Figure 5.4: Thermodynamic diagrams - Regenerative Gas Turbine

Thanks to the regenerator, the thermal efficiency of the cycle is really improved. Indeed, from
24% for the ideal GT cycle, the efficiency of the Regenerative Gas Turbine cycle is now 65%. The
net power output is here equal to 41.35 kW.

It can be noticed that the net power produced by the RGT is slightly lower than for the Gas Tur-
bine, while the work respectively absorbed and produced by the compressor and the turbine remains
identical. The reason is that the gas mass flow rate in the turbine is smaller due to the reduction of
the amount of fuel injected in the combustion chamber. Therefore, the power produced during the

expansion is a little bit smaller than previously.
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Figure 5.5: Thermal efficiency of GT vs. RGT

The addition of the regenerator is only interesting when the pressure ratio involved is relatively

small. Indeed, it can be demonstrated that the thermal efficiency of the RGT cycle varies as the inverse
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of the pressure ratio. On the other hand, the efficiency of the Gas Turbine cycle without regenerator
increases with the pressure ratio.
The Figure [5.5] shows that, for a pressure ratio beyond 12.5, the cycle with regenerator has a

thermal efficiency lower than the cycle without regenerator.

5.3 Intercooler-Regenerative-Reheat GT

The two cycles described previously are characterized by the usage of one compressor and one
turbine. However, it happens that for some applications, the pressure ratio between the high and the
ambient pressures is too large to be handled by one stage of turbomachines.

A type of Gas Turbine that is often considered to response to this problem is the Intercooler-
Regenerative-Reheat Gas Turbine (IRHGT). For the IRHGT, the compression and the expansion are
split between a low pressure (LP) and high pressure (HP) compressor and turbine (respectively). The
low-pressure and high-pressure compressors and turbines are usually on the two different shafts due

to the difference of rotational speed. The IRHGT cycle is depicted in the Figure 5.6

Figure 5.6: Intercooler-Regenerative-Reheat GT (IRHGT)

Between the two compression stages, a water heat exchanger called intercooler is installed to cool
down the compressed air from the LP compressor before going into the HP compressor. The addition
of an intercooler will allow to increase the density of the compressed thanks to the cooling. Indeed,
when the air is compressed, its temperature is increased. However, at the same pressure, a hot gas
will have a smaller density than cold gas.

The opposite reasoning stands for the two stages of expansion. After the first stage, the expanded
gas enters a second combustion chamber to be reheated. The reheat is performed to increase the

specific volume of the gas before entering the low-pressure turbine.
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The p-v and T-s diagrams have been drawn for the case of an ideal IRHGT cycle. The two

diagrams are in the Figures and
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Figure 5.7: Thermodynamic diagrams - Intercooler-Regenerative-Reheat Gas Turbine

As depicted in the diagram T-s, four levels of pressure are involved. First, there is the low-
pressure (LP) corresponding to the pressure of the environment. From the state 2 to the state 3, the
LP compressor will raise the pressure of the air to a medium pressure (MP) level.

At the end of this first stage of compression, the air that has been heated due to the compression is
cooled down to 50°C using an intercooler. It results from the cooling a reduction of the entropy of the
air. Then, the cooled air is compressed again by a high pressure (HP) compressor to reach the target
pressure of 6 bars.

After the two stages of compression, the air is first heat-up in the regenerator by the hot gas
from the LP turbine, then by the high-pressure combustion chamber to reach to desired Turbine Inlet
Temperature (or TIT) of 920°C.

The expansion from 6 bar to 1 bar is split into two stages. Here, there is a degree of free regarding
the choice of the expansion ratio of the HP and LP turbines. One of the can be fixed in order to
maximized the efficiency or the power output of the system.

After the expansion from the high pressure to a medium pressure is done, the expanded gas is
reheated to the TIT of 920°C using a second combustion chamber. Then, the exhaust gas goes through
the low-pressure turbine to decrease its pressure to 1 bar. Finally, the remaining high quality heat in
the gas is used to heat-up the air from the high-pressure compressor.

For this particular IRHGT cycle, the thermal efficiency of the ideal IRHGT is equal 65% and the
associated net power output of 68 kW. It can be noticed that the efficiency of the cycle is identical to

the one of the RGT cycle. However, the net power produced by this enhanced cycle is 26 kW higher.
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5.4 Brayton cycle - variants

Aside the Gas Turbine, two variants have been described in the previous section. However, there
exists many other configurations that can be studied. There exists Brayton gas cycle where only the
compression is staged, or cycle where the expansion is performed before the combustion. This variant
is called Externally-Fired Gas Turbine (EFGT) and reduces the stress on the turbine induced by the
fumes.

Also, once the fumes are at the exit of the cycle, it remains low quality heat (below 200°C except
for the GT cycle) that can be used to heat-up water for sanitary usage.

The Table[5.2] gives a non-exhaustive list of existing variant of the gas cycles. A diagram for each

cycle can be found in the appendixAl

Table 5.2: Variant of the Gas Turbine cycle

Acronym Type - Name

GT Gas Turbine
RGT Regenerative Gas Turbine
IGT Intercooler Gas Turbine

IHGT Intercooler-Reheat Gas Turbine

IRGT Intercooler-Regenerative Gas Turbine
IRHGT Intercooler-Regenerative-Reheat Gas Turbine
EFGT Externally-Fired Gas Turbine




Chapter 6

Model overview

In the chapter [5] the Brayton cycle has been introduced by presenting two configurations. Also, it
has been mentioned that many other configurations (illustrated in the annex [A)) exists to cover a large
panel of applications.

This chapter will be devoted to the description of the Brayton cycle model. This model will only
consider steady state operations. Thus, transient effects like the acceleration of the turbomachines or

the heating up of the heat-exchangers will not be taken into consideration.

6.1 Python language

Python is a computing language that was created by Guido van Rossum at the Centrum Wiskunde
& Informatica (CWI - https://www.cwi.nl) in the early 1990s. Starting 1995, G. van Rossum
continued to work on Python at the Corporation for National Research Initiatives (CNRI - https:
//www.cnri.reston.va.us/). Since the very first release, the language was open source. This
means that the source code was accessible to anyone.

From this time, Python progressively gained in popularity, and the community participating in the
development of the software didn’t stop growing. Today, this language is used by many companies
and for many types of applications. Indeed, this programming language is used for website creation,
machine learning, automation, etc.

Since Python is an open source language, it lives thanks to its community which creates and shares
libraries. Indeed, what has already been implemented in the past can be freely used by the other users.
Moreover, new users can easily start developing under Python thanks to huge amount of guide and
documentation to starting learning about the Python language.

Also, Python is a programming language that allows the object-oriented programming. This
paradigm consists in the definition of blocks of code (called objects) which are able to interact through
relations, defined in order to solve a given problem. This allows creating computer code that can

evolve through the times.
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6.2 Model structure

The focus of this section is the description of the structure of the computer code itself. The
program is separated into multiple blocks which can interact between each other. Before explaining

the role of each of these blocks, the global structure of the program will be given.

6.2.1 Input file

To start the program, the user has to provide an input file that will contain all the required in-
formation to execute the program. The structure of the inputs follows the YAML scheme which is a
language that allows storing data in a structure and readable ways for the humarﬂ . The strength of
such language is that any data can be expressed under an arbitrary name.

When the python code read the file, the file will be interpreted as a nested dictionary. A dictionary
in Python can be considered as a table that can contain elements of different types. In a nested
dictionary, some of these elements are also dictionary.

Here the YAML file that is given to the program is composed of four dictionaries respectively
identified by the names "Type", "Selection", "Input" and "Extra". An example of an input files is

given in the appendix [B]

Type

The dictionary "Type" is composed of only one field that specified which variant of the Brayton
cycle is going to be studying. By specifying one of the names listed in the Table[5.2] the program will

now the variant to load in the memory.

Selection

Then, the second dictionary "Selection" is used to specialize the variant and is composed of
boolean elements. The reading of this dictionary will say to the program what extra data are expected

to be found in the dictionary “Extra”.

'"YAML stands for YAML Ain’t Markup Language.
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The first element "WHX" of this dictionary is about the choice to add a water heat exchanger to
recover part of the temperature in the fumes. If the field is set to true, the following inputs will be
required:

* cwhe: Efficiency of the water heat exchanger (%)

* Twhawater,in> Lwhzwater,out: Inlet and outlet temperature of the water (°C)

* Puhawaterin: Inlet pressure of the water (°C)

* Dpuwha,waters DPwha,gas: Water and gas nominal pressure drops (%)

Then, the field "MAP" gives the choice to use performance maps (provided by the user) for the
compressor and the turbine. If set to true, the absolute path to the performance maps and the rotational
speed of the turbomachines have to be specified. The performance maps are given as Excel sheets
where each row corresponds to an operating point characterized by Mo, Iz, Neorr and 7;s.

By default, the maps are not used. Instead, the following inputs are asked to be able to characterize

the compressor and the turbine:

* 7;s,c and 7, +: Isentropic efficiency of the compressor and the turbine (%)
* IT .: Total to total compression ratio (-)

e TIT: Turbine Inlet Temperature (°C)

The parameter "VAR_DP" included in the dictionary "Selection" is used to take into account the
variation of the pressure drops with the mass flow rate. If this feature is desired, the nominal mass
flow rate associated to the nominal pressure drop has to be specified.

Similarly, the last parameter "Var_EFF" in the dictionary allows taking into account the heat
exchanger efficiency dependency to the temperature and mass flow rate of both flows. If this option
is chosen, the nominal mass flow rate and the nominal inlet/outlet temperatures for which the heat

exchanger has the specified efficiency are required.

Input

This third dictionary contains all the default parameters that are required to assess the performance
of the selected variant of the Brayton gas cycle. As an example, the Table includes the inputs that

has to be specified.
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Table 6.1: Input - Regenerative Gas Turbine (RGT)

Input Abbreviation Unit
Reference temperature Trey °C
Reference pressure Prey Pa
Ambient temperature Tomb °C
Ambient pressure P Pa
Fuel temperature T'tuer °C
Mass flow rate of air Meir kg/s
Air factor A -
Compression ratio Il o -
Turbine Inlet Temperature TIT °C
Compressor isentropic efficiency Nis,c %
Turbine isentropic efficiency Nis,t %
Combustion efficiency Nee %
Shaft mechanical efficiency Nshaft %
Generator efficiency Ngen %
Regenerator efficiency Ere %
Combustion chamber pressure drop Dpe. Y%
Regenerator pressure drop (hot side)  Dp,c g %
Regenerator pressure drop (cold side) Dpye ¢ %
Duct pressure drop Dpayet Y%
Chimney pressure losses ADchimney Pa
Fuel composition Fuelcomp -
Air composition AT comp -

The inputs emphasized in yellow in the Table [6.1] are ones that are not used if the map of the
compressor and the turbine are used. The air factor A is used to initiate the iterative search of the mass
flow rate of fuel in the program. Any value greater than one is acceptable. Further explanations are

given in the following section.
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Extra

The last part of the YAML file is dedicated to the extra inputs that have to be provided based on

the choices made in the "Selection" part.

6.2.2 Flow chart of the model

The previous section detailed the structure of the input file to be provided at the start of the

program.

Input File

l

CycleCreate

l

Calculate

l

Output

Figure 6.1: General flow chart of the program

Once provided, the program will first read the "Type" field to select the desired configuration.
This is done by the function CycleCreate that will create the model associated to the configuration
selected. This function, for which the scheme is given in the Figure first parses the inputs file to

extract the four dictionaries "Type", "Selection", "Input" and "Extra".

Selection of

Type—»
/yp the variant 4\‘ / » Model

Input File ——Parsing of the File—»{ Dictionaries Validation
\Selech’on + Reading of J \, Estimated value of the
~—»
Input + Extra the data fuel mass flow rate

Figure 6.2: Scheme of the function CycleCreate

Then, all the data are read and stored. Based on the choice made in the "Selection" section, the

function will search information in the dictionary named "Extra". Finally, the function validates the
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inputs read to ensure that the program will run without leading to an error induced by missing or
wrong data. After this step of verification, the model for the selected configuration is created.
Once the model created, it is provided to the Calculate function. The scheme of this function is

provided in the Figure[6.3]

Update the fuel
Estimated value of the mass flow rate value
fuel mass flow rate \ /
Yes
CycleCalculate /
Model J \ Change of the fuel

fl ?
mass flow rate value ~—No Output

Figure 6.3: Scheme of the function Calculate

Here, an initial guess for the mass flow rate of fuel injected into the combustion chamber is
required. This guess value is obtained using the mass flow rate of air and the air factor \.

Then, the function CycleCalculate is called. The structure of this function varies from one con-
figuration to the other. Nevertheless, CycleCalculate is a function that follows the path taken by the
actual flow in the cycle. This function is composed of blocks (or objects) representing the elements
constituting the cycle. Based the variant chosen, the order of these blocks will be different.

Once the Brayton cycle completed, the value of the mass flow rate of fuel has been updated. If
its value is different from the initial guess, the latter is updated and the function CycleCalculate is
called again. If the two values are really closed from one to the other, the program exits the loop and
provides some outputs.

The outputs of the program are:

* The temperature, pressure, enthalpy, entropy and density for the defined states.
* The mass flow rate of fuel and the air factor.

* The power produced or consumed by the different elements.

The efficiency of the different elements.
* The efficiency of the cycle.

* The corrected and reduced quantities associated to the turbomachines.



CHAPTER 6. MODEL OVERVIEW 76

The interest of these outputs is to be able to quantify the performance of the cycle and to adapt
some of the input in order to reach the desired results. For instance, for a gas turbine the target value
for air factor is often in the neighboring of 8-10. Also, the TIT is in practice limited by the material
constituting the turbine blades. Indeed, a large temperature would destroy the turbine by reaching the
melting temperature of the material.

Next chapter will present the implementation method of each element constituting the cycle. For
each of those, the functions involved will be defined and explained. Also, some links with the theo-

retical notions seen in chapters [2] 3] and ] will be created.



Chapter 7

Brayton cycle modeling

This chapter is about the description of the different part constituting the Brayton cycle model.
The previous chapter described the main structure of the program.

When the objects have been built, two categories started to be drawn. The first category repre-
sents the object called core objects are ones for which the “’position” within the program does not
change once the type of Brayton cycle configuration have been chosen. Those are, for instance, the
compressor, the turbine, the combustion chamber,etc.

Then, there is a second category which corresponds to the flow objects. Those are essentially the
different fluids that will move through the cycle. These fluids will be submitted to various transfor-
mations induced by the core objects. The flow objects are mainly composed of the composition of
the represented fluids. Also, depending on the fluids, some specific procedures are embedded in these
objects.

This chapter dedicated to the modeling of the Brayton cycle will describe the structure of these
different objects. The methods of the implementation of the theoretical notions through numerical

tools will be explained as well.

7.1 Flow objects

The first category to be considered in this chapter is the one represented the flow objects. Those,

as it has been said, contain the information regarding the different fluids used within the cycle.

7.1.1 Composition of the fluids

Within a Brayton cycle, the working fluids are in the majority of the cases are air, gaseous fuel, and
exhaust gas. These two fluids can be decomposed, without losing in accuracy, into ideal gases. Those
gases are ones that follow the ideal equation seen in chapter 2]

From common knowledge, it is known that the atmospheric air is mainly composed of 79% of N5

and 21% of O, two gases that with a behavior closed from the behavior of an ideal gas.
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Considering now the fuel, its composition really varies depending on the location. Indeed, if the
fuel used in the system is natural gas, the principal component is CH,, but there are also C,,H,, CO,,
No,etc.

The Table[/.1| gives some data about the natural gas composition for some sites.

Table 7.1: Composition and lower heating calorific value of the natural gas [7].

Molar fraction (in %)

Location CH, CpH, CO; Ny, HCV, (kl/kg)
Slochteren (Netherlands) 81.4 3.5 09 142 38100
North sea 88.6 6.1 14 39 44690
CIS 923 43 04 3.0 46540
Algeria 87.0 126 - 0.4 49150

With CIS being the "Commonwealth of Independent States™ [16]].

As it can be noticed, the source of the fuel has a strong influence on the gas composition. There-
fore, to assure the consumer that the sold gas always has the same heating calorific value, a mixture
is made at the factory.

The different components of the fuel can all be considered as ideal gases.

Finally, there is the exhaust gas for which the composition depends on the one of the two previ-
ously mentioned gases. Indeed, the theoretical part in chapter ] about the combustion shows that the

exhaust gas composition can be obtained through one of the reactions (/. 1J).

79 79
CinHyOxNy + kA <O2 + iNQ) — mCOy + k(A —1)03 + gHQO + (mﬁ + %)NQ (7.1a)
forA\>1
79 n 79 'y
CmHnOXNy + KA 02 + ﬁNQ — aCOz +bCO + §HQO + (/i)\ﬁ + §)N2 (71b)
for A <1

Where the coefficients ”m”, ’n”, ’x”’, and ’y”” have to be determined. As a reminder k = 2 — £,
17 2

Computation of the fuel coefficients

2 99 99_.9% 99,9 99,2

In the equations, the used fictitious fuel is C,,H,O4Ny. The coefficients “m”, ”n”, ”x” and "y” are

obtained by analyzing the composition of the real fuel.
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To determine these coefficients, the knowledge of the molar fraction a:ﬂ of the different species
is required. If the fuel composition is given as the mass fraction, the conversion is made using the

formula (7.2).

MM
MM,
With M M; and M M being respectively the molar mass of the specie 7 and the molar mass of the

(7.2)

T, =Y

fuel itself. Then, a filter is applied to eliminate the species that will not react during the combustion.
Among these components considered as stable, there are the water H,O, the nitrogen N, and the
carbon dioxide CO,. Other elements, like the noble gases, could be considered as well but those are
rarely present within a fossil fuel.

Once the filter is done, the global mass fraction of the remaining part of the fuel, called fictitious
fuel, is computed. The expression of the real fuel composition is then (yc,,1,0,N,» YH,05 YN3» YCO,)-

Considering now only the fictitious fuel C,,H,O4Ny, the fuel coefficients can be obtained. This
is done by iterating over the different species contained within the fictitious fuel. Initially, the coeffi-

cients "m” to ’y” are set to 0. The following operation are then performed for each species constituting

the fictitious fuel:

* First, the program analyze the atomic composition of the component. It counts, for one mole,
the number of moles of carbon C, hydrogen H, oxygen O, and nitrogen N that composed the

component. For instance, the returning result for CH, will be (z¢, ry, xo, on) = (1, 4, 0, 0).

* Then, the contribution of the component to the fuel coefficients is taken into account. By
considering the molar fraction Tif, of the component in the fictitious fuel, the four coefficients

are updated according to the rules (7.3)).

m:m+xi‘f-mc
n=n-+2x,, T

s (7.3)
X:X—I—l‘i‘f-xo

y=Yy+xy, N
After having performed this iterative process, the computed coefficients are stored in memory to

be used during the fumes composition computations.

'with i being a given species
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Exhaust gas compositions

The preliminary computations described in the previous lines were required to compute the coef-
ficients m”, ”n”, ”’x”, and "y” of the fictitious fuel C,,H,O4Ny. From this point, the composition of
the fumes can easily be obtained.

Indeed, by performing a quick analysis of the first reaction of (7.1)), the relations (7.4a) to (7.4h)

can be obtained.

WO, | fumes = WOz|air — K * WC,H,OxNy| fuel (7.4a)
MMy
—Yo, |fumes = WOy |fumes * ~ : (74b)
Myas
y
WN, |fumes — wN2|air + wN2|fuel + 5 : owHnOxNy|fuel (74C)
M My
YNy | fumes = WNy | fumes * ~ : (7.4d)
Mgas
n
WH20 | fymes = WHzOlair T WH,0| fuel + 3 " WCnH, 0Ny fuel (7.4e)
M My.o
—YH,0 | fumes = WH0 | fumes * ————— (7.4f)
gas
W COy| fumes = WCOz|air T WCOy|fuel + M * W, H 00Ny | fuel (7.4g)
MMco
—YCOs |fumes = WceCO2 | fumes —2 (7.4h)

gas
Where w14 corresponds to the molar flow rate of the element ¢ within the fluid. The mass flow

rate 114, 1S obtained as being the sum 7145, + 17 ;.

Liquid composition

Aside the gases, water will also be used when considering the water heat exchanger. For this

particular case, it will be supposed that pure water is used.

7.1.2 Thermodynamic state assessment

A method to compute the composition of the exhaust gas based on the air and fuel composition
has been established in the previous section. Now that the required tools to determine the fluid com-
positions have been developed, it is possible to evaluate the state of the fluids.

To minimize the computation time, only the state at the beginning and ending of each core object
will be evaluated. The reason behind this choice is that it is sufficient to know the state at the inlet

and outlet of each component to assess the power production/consumption, the heat transfer between
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two fluids,etc.
Assuming that the temperature and pressure at a given point are known, there exist several possi-

bilities regarding to the evaluation of the flow state at this point.

CoolProp

The first option consists in using CoolProp [14], an open-source thermodynamic library. This tool,
as it has been mentioned in the chapter [3] uses the Helmholtz and Gibbs functions to evaluate the
desired state variables. When using CoolProp, the state is accurately assessing since the library is

solving the exact partial derivative equations.

Thermodynamic table

Now, when considering an ideal, there exists an alternative to CoolProp for the calculation of the
enthalpy and the heat capacity. In the chapter 3] it has been shown that those quantities can only be
computed using the temperature. This valuable property could be used to build a polynomial of the
type f(T) to estimate the value of the enthalpy and heat capacity for a given temperature T.

Since the middle of the last century, scientists started to conduct experiments to assess the state of
various gases to a large range of temperature. For each temperature tested, records have been made
to build a table. This table, called thermodynamic table, is composed of rows corresponding each to

one temperature value for which states have been recorded. An example of thermodynamic table is

given in Table[7.2]

Table 7.2: Thermodynamic table for the oxygen [8]

TC (°C) hpnasa (J/mole) ¢p (J/mole*K) TO (°C) hpnasa (J/mole) ¢p (J/mole*K)
50 736.1307584 29.51758442 800 25271.74169 35.22329571
100 2220.71026 29.88256682 850 27037.99708 35.42325648
150 3725.741336 30.32894942 900 28813.74896 35.60406122
200 5254.343966 30.81994073 950 30598.16324 35.77042889
250 6807.995013 31.32676593 1000 32390.61057 35.92589085
300 8386.929026 31.8283096 1050 34190.61512 36.07309892
350 9990.488785 32.30979059 1100 35997.81643 36.2140486
400 11617.40997 32.76152093 1150 37811.94092 36.35024231
450 13266.05041 33.17793622 1200 39632.78038 36.48280991
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500
550
600
650
700
750

14934.57743
16621.1243
18323.92434
20041.42857
21772.41133
23516.09118

33.55687776
33.89906903
34.20773405
34.48831749
347482775
34.99784191

1250
1300
1350
1400
1450
1500

41460.17571
43294.00453
45134.17173
46980.60227
48833.23563
50692.02159

36.61259847
36.74023957
36.86620016
36.99082115
37.11434696
37.23694811

The data from this table belong to the NASA Glenn Research Center. This research center "has
been compiling and disseminating thermodynamic data for use in its chemical equilibrium programs.
These data, widely used by the thermodynamic community, have grown from 42 species to the current
2000”[8]].

The enthalpy from these thermodynamic tables is based on a reference state. The NASA Glenn
Research Center chose the temperature of 25°C (or 298°K) for the reference state. However, in this
work the reference temperature is 20°C. Therefore, the change of reference is performed using the

formula (7.5]).

h(T) = hNASA(T) — hNASA(298) (75)

Then, from these data polynomials obtained by performing a least square regression. This method
will be explained later in this work.

The expressions of these polynomials are stated in and (7.7).

CPE%T) =ar-T?4ay-T " +ag+as-THas-T*+ag-T° + a7 - T" (7.6)
hnasa :/T MdT
R 298 R
— fg’*sj‘j - —al-T—2+a2-ln;T) +a3+a4% (7.7)
+a5-%2+a6~Tz3+a7-T45+b—7£

Where R=8.314 J/mole-K is the universal gas constant.
As mentioned previously, the least square regression is performed to fit the polynomials to the
data from the thermodynamic table. The algorithm used allows computing the coefficients a; to a;

and b,.
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Comparison of the results

The two methods presented in the previous lines both have some advantages and disadvantages
regarding to their usages. Indeed, considering first CoolProp, the library provides a function named
"PropsSI" which allows to compute a large number of properties of predefined pure fluids, mixtures,
humid air, incompressible fluids, etc. ﬂ

This method computes the properties directly by solving the partial derivatives of the Helmholtz
energy. Therefore, the obtained results can be considered as exact.

However, using CoolProp can become heavy for the computer if the call of the library is made
a large amount. Indeed, this method involves the solving of partial derivatives which require some
computing resources.

Now, considering the use of the thermodynamic tables, the only polynomials are solved for a given
temperature. Compared to the solving of the partial derivatives, the time consumed by this second
method is much smaller.

To compare the processing time of the two methods, a test has been conducted where the enthalpy
of the oxygen at 25°C has been evaluated 100,000 times using both methods. Then, the time taken by

the two methods to finish the tests has been recorded:

* CoolProp: 26.27s

* NASA tables: 0.45s

As the results show, the method n°2 is significantly faster than the method n°1. Therefore, unless
the accuracy of the thermodynamic tables is not sufficient to be reliable, the second method will be
used when considering the calculation of the enthalpy and heat capacity at constant pressure for ideal
gas.

Now, to estimate the accuracy of this method, the enthalpy for the temperature given in the ther-
modynamic table has been evaluated using both CoolProp and the NASA table. The selected
reference temperature and pressure are respectively 20°C and latm (or 101325Pa). Since the solving
of the partial derivatives of the Helmholtz energy requires two state variables, the pressure is specified
as well when using CoolProp.

The Table contains the minimum, maximum, and mean errors considering a pressure of 1 bar,

2 bars, 3 bars, and 4 bars.

2gee http://www.coolprop.org/fluid _properties/index.html| for more detailed about the avail-
able fluids.
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Table 7.3: Accuracy of the NASA table

Pressure (bar) Min error (in %) Max error (in %) Mean error (in %)

1 0.009365 0.160054 0.04083

2 0.000308 0.60843 0.050755
3 0.017788 1.388374 0.087446
4 0.0111 2.180027 0.127399

As it is illustrated in the results from the Table [/.3] increasing the pressure tends to increase the
error of the method using the thermodynamic tables. However, a finer analysis can show that it is at
low temperature that the error is maximal. At 100°C, the error for a pressure of 4 bars is just of 0.5%,

which is reasonable.

7.1.3 Properties of mixture

When considering a mixture, its composition has to be taken into account when evaluation its
thermodynamic state. This involves the usage of the molar and mass fraction to take into account the
contribution of the different components within the mixture. In this work, liquids will be considered

as pure. Also, depending on the selected state variable, the method to compute it will differ.

Enthalpy, heat capacity, and entropy

First will be considered the assessment of the enthalpy, heat capacity, and entropy of a given gas

mixture. The method is relatively simple since it only involves the usage of the formulas (7.8]).

h= Z]\;—Mh (7.82)
¢, = Z]\Z—M% (7.8b)
(= i ol (780

s = % (7.8d)

Where M M is the molar mass of the mixture. The division by the molar mass M M allows going

from quantities per unit of mole to quantities per unit of mass.
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Conductivity and dynamic viscosity

Now considering the conductivity A\. and the dynamic viscosity p, the relation linking the state
variable of the individual component and the mixture is more complex. Here, the Wilke’s method
and Mason& Saxena method[17] are used for respectively the viscosity and the conductivity. These

methods are respectively expressed in the relations (7.9b) and (7.94).

A, = . 7.9
Zy Z yj qﬁm (7.92)

— A o 7.9b
: Xz:y Zj Yj* Pij ( .

Where the ¢; ; are coefficients, and the subscripts ¢ and j refers to one component of the mixture.

The relation (7.10)) is used to compute these coefficients.

e VITALE: 2
\/8 (1+ 200)

These methods are used for the evaluation of the heat transfer coefficient U defined in chapter[5

Gij = (7.10)

7.2 Turbomachines

The previous section described the modeling of the flow objects and the method to evaluate the ther-
modynamic state of the different fluids used in the Brayton cycle.

Now, the remaining of the chapter will describe the modeling of the different core objects present
in the cycle, starting with the turbomachines. This section will cover the implementation of the
expansion/compression transformation, and the integration of the performance maps into the program

will be described as well.

7.2.1 Expansion and compression

In the chapter 3] the entropy variation has been defined as given in equation (7.11].

Sy — 81 = / —pdT — lnp (7.11)
1

where 7 is the specific gas constant (J/kg-K). If the transformation considered is isentropic, the relation

(7.12) can be deduced.
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21'5
/ Par = P2 (7.12)
1 T D1

This relation can be used to obtain the state 2;5 and the end of an expansion or compression. Indeed,
0

by considering the total temperature 77 at the inlet, and the total to total pressure ratio II;; = Z’.?—P, the
LP

integral (7.11) allows to compute the total temperature 7%, at the end of the isentropic transformation.

2is
The integral | 12“ is performed using the function “integrate” include within the package integrate
from the library scipy[18]. The temperature TQOJ»S has to be such that the equality in is satisfied.
To solve this problem, the function “fsolve” provided with the library scipy. The algorithm used by
the solver is the MINPACK’s HYBRD algorithm [[19].
Once the total temperature at the end of the isentropic transformation is known, the total tem-

perature T3 at the end of the real transformation can be obtained based on the knowledge of the

total to total isentropic efficiency 7;, of the turbomachine. From the equation (7. or (7.13b)), the

temperature 7% at the end of the compression or expansion (respectively) can be computed.

hO' _ hO
hY = h + % (7.13a)

hy = hi + (has — BY) - 7his (7.13b)

7.2.2 Integration of the performance maps

During the previous calculations, it was implicitly assumed that the total to total pressure ratio 11,
and isentropic efficiency 7;; were known. The first possibility is to set, by hand, the value of these
parameters. However, in practice their values vary with the operating point of the compressor and
turbine within the cycle.

One of the main parts of this work was about the integration of turbomachine performance maps
to the Brayton cycle model. The integration of these maps, for both the compressor and the turbine,
will allow determining the pressure ratio and isentropic efficiency of the two machines only based on
the knowledge of the rotational speed and the mass flow rate of air.

The method of the implementation of the performance maps is quite similar to the usage of ther-
modynamic tables. From operating points obtained through experimental campaigns or CFD compu-
tation, a fitting function is built to fit those points. As explained in the chapter 4] an operating point is
fully determined by two of the four parameters characterizing it. Here, the four operating parameters
are the corrected mass flow rate m,,.., the corrected rotational speed N, the total to total pressure

ratio 11, and the total to total isentropic efficiency 7;s.
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Since four parameters are involved, at least two functions of the type f(z,y), where x and y are
the known parameters, have to be built. The variable y will systematically be the rotational speed.
Then, after having decided what quantity to compute, the choice of the variable x depends on the

available known parameters.
Least Square regression algorithm
To create the interpolation through the different operating point, the least square regression (LS-R)

algorithm is used. Let’s consider the simple polynomial function z of degree 1

z= f(z,y) = aoo+aio-v+ap;-y
Where the coefficients a; ; are the unknowns. Those coefficients are computed following the scheme
@.14).

1

minimize F = —- [z — f(x, yk)]2
aeR 2 ; (7.14)
with flz,y) =aoo+a10-c+ap1-y

P is the subset of the given points. Minimizing the objective function F is equivalent to enforce all the
partial derivatives with respect to the a; ; coefficient to be equal to zeros. Therefore (7.15) becomes

the new condition.

OF

Bags ~ ; (2 — f(ar )] =0 (7.152)
OF

Fars = ; [z — [z, 00)] -2 = 0 (7.15b)
OF

Bany ~ ; [zt — f(ze, 00)] -y = 0 (7.15¢)

Satisfying those relations will ensure that the value of the function F corresponds to a stationary
point.
Then, the quality of the curve fitting can be assessed by computing the square of the residual

function 2. The definition of this function is given in the expression (7.16).

SS
2 — 1 o Tes
X SStot
with SSpee = (2 — f(@n, u))? (7.16)
keP

SStot = Z (Zk — 2)2

keP
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Where Z is the mean value of the z. If the value of the function x? is equal to the unity, the fitting
curve exactly goes through the set of points.

In practice, the algorithm can be applied to any functions. A good practice when providing the set
of points is to normalize them around the respective maximal value of each component. The normal-
izing operation allows reducing the magnitude of the different coefficients a; ;. This is necessary to

avoid getting an ill-conditioned problem.

Application to the performance maps

When considering turbomachine performance maps, each operating points are characterized by
four parameters. Two of them are independent while the two others can be computed using some
relationships. An example of performance map is given in the Table where each parameter has

been normalized around their respective maximal value.

Table 7.4: Normalized compressor map

mcorr,c Htt,c Ncorr,c Nis,c mcorr,c Htt,c Ncorr,c nis,c

0411 0.594 0.733 0.883 | 0918 0.573 0.833 0.858
0493 0.610 0.733 0.955| 0931 0.516 0.833 0.756
0.575 0.610 0.733 0997 | 0939 0401 0.833 0.470
0.657 0.589 0.733 1.000 | 0.657 0.856 0917 0911
0.733 0.561 0.733 0979 | 0.739 0.862 0.917 0.950
0.739 0.557 0.733 0975 | 0.822 0.847 0917 0.970
0.822 0.513 0.733 0910 | 0904 0.792 0917 0.951
0.847 0493 0.733 0.871 | 0930 0.754 0917 0.930
0.892 0419 0.733 0.659 | 0964 0.592 0917 0.762
0.904 0338 0.733 0471 | 0966 0476 0917 0.574
0.575 0.733 0.833 0.927 | 0.822 1.000 1.000 0.920
0.657 0.736  0.833 0.967 | 0904 0.979 1.000 0.947
0.739 0.722  0.833 0.988 | 0964 0.897 1.000 0.915
0.822 0.684 0.833 0975| 0995 0.748 1.000 0.817
0904 0.614 0.833 0.909 | 1.000 0.581 1.000 0.652

These relations are obtained by building fitting functions involving three of the four parameters.
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The LS-R algorithm is applied to a generic function to determine the value of the weight coefficients
;. j.

If the rotational speed V. of the compressor and the mass flow of air ri7,,;, are assumed to be inputs
of the problem, the state of the compressor in the Brayton cycle is fully determined by the ambient
conditions. Indeed, the corrected mass flow through the compressor can be obtained using the relation

seen in the chapter 4]

7 re
mcm"r,c = Mgy - L. (p 0f> (7.17)
Tref D1

Where T} and p{ are respectively the stagnation (or total) temperature and pressure and the inlet of
the compressor. 7,..; and p,.; correspond to the reference temperature and pressure. It can be noted
that the reference conditions are such that static and stagnation quantities are equivalent.

Then, the two relations and ((7.18b) are defined to fully characterized the operating point

of the compressor.

Htt,c = Htt,c<mcorr,07 Ncorr,c) (7183)
Nis,c = nis,c(Htt,m Ncorr,c) (718b)

Assuming that the turbine and the compressor share the same shaft, the rotational speed N, of
the turbine is known as well. Then, the pressure drop II;;; across the turbine can be obtained by
computing the upstream and downstream pressure of the turbine. Thus, from the knowledge of these

two parameters, the corrected mass flow rate 1.+ through the turbine and its isentropic efficiency

nis can be computed. The two relations and (7.19b).

mcorr,t = mcorr,t(Htt,t> Ncorr,t) (7193)
Nisit = Mist(Wtet, Neorrt) (7.19b)
The total inlet temperature of the turbine (TIT) is not known a priory. However, this unknown can be

computed from the corrected mass flow rate 7i2.,,,; through the turbine. By rearranging the terms of

the relation (7.17)), the following formulation can be obtained.

. 0 2
TIT = (M P1 > ey (7.20)
Mgas DPref

Where 1mgqs = Mgir + Mpyer, With 1ivp,e 1 the mass flow rate of fuel injected into the combustion

chamber. Its calculation will be described in the section about the combustion chamber modeling.
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Choice of the basis function

The last lines described the different relations that are required to fully characterized the two
turbomachines. These relations can be obtained by applying the least-squares regression on a given
basis function.

In this work, The type of basis function that has been considered are polynomials. The generic

formulation is given in (7.21)).

flay) =)

=1 3
Where the parameter d corresponds to the degree of the polynomial. The degree is defined such that

d—1
a7ty (7.21)

1

the sum of the power factor applied on = and y does not exceed d for each monomial constituting the

function f(x,y).
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(a) Degree 2. (b) Degree 4. (c) Degree 6.
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Figure 7.1: Polynomial fitting of 15 points.

According to the theory, a polynomial of degree N can exactly fit N+1 points. However, polyno-
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mial of high order tends to fluctuate outside the domain defined by the set of points. On the set of
Figures|(/.1|are represented the fitting of a polynomial over 15 points for different degrees d.

As illustrated in the series of graphs, when the highest degree of the polynomial increases, the
amplitude of the variations increases as well. More precisely, the magnitude at the extremity of the
domain defined by the set of points is relatively large compared to the remaining of the function. Also,
the increase of the magnitude can be observed on the ordinate. Indeed, the maximum value depicted
on the axis goes from 10 for a degree d = 2 too 700 for a degree d = 14. Here, this increase of the
scale occurs for a degree d greater than 8.

Thus, it is required to minimize the degree of the polynomial to avoid these large fluctuations.
This will be performed by using the LS-R algorithm. The algorithm allows restricting the maximal
degree of the polynomial while keeping a good accuracy at the given points. For the remaining of the
report, the abbreviation LS-RP will refer to the least square regression algorithm using polynomials

as basis functions.

7.2.3 Splitting of the performance maps

When considering the performance maps of the compressor and the turbine, the range of value
for the rotational speed can become quite large. However, if the domain to be extrapolated by the
polynomial is too wide, an evident loss of accuracy will occur.

To avoid this loss of accuracy, it would be interesting to split the maps before applying the least-
squares regression algorithm. Therefore, the polynomial will be defined by parts. However, there
isn’t any guarantee that the value of the polynomial at the junction of two parts will be the same. To
solve this issue, each part is partly superimposed on each other. Then, a linear blending is performed
to remove the discontinuity between the different parts.

Considering two functions f;(z, N) and fo(z, N) superimposed for value of N € [Nyyart, Nenals

the blended function f; »(x, V) is defined as follows:

(

fl(x7N) ifN<Nstm't
fra(@, N) =< fi(z,N) + fo(z, N) = fi(z,N))-a if N € [Noart, Nend] (7.22)
ng(x,N) if N > Nend

Where « is a coefficient for which its value is O for N = N+ and 1 for N = N,,q.
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7.2.4 Compressor maps

The algorithm will first be applied on the compressor map. In the Brayton cycle code, the inlet
condition of the compressor is specified. Thus, since the mass flow going through and the compressor
rotational speed are known, the produced pressure ratio and the isentropic efficiency associated to the

compression can be computed.

Extrapolation of the map to low RPM

Before studying the polynomial fitting of the relations defining those operating variables, the
extrapolation of the compressor performance map to the low rotational speed has to be described.
Indeed, those operating points are not always calculated when the building of the map is performed.
However, at these low rotational speeds, the flow starts to behave as an incompressible flow. There-
fore, the method of extrapolation of the performance maps seen for the pumps in chapter 4] can be
applied on the map.

As expressed in the chapter 4] two similar operating points A and B are linked by the relations

(7.23a)) to (7.23¢).

Q o Q Ncorr,c,B
c¢,B — YW, A" 7

Ncorr,c,A
Ncorr c,B
‘ corr,c,B — . corre, A o 7.23
" P " oA Ncorr,c,A ( a)
Ncorr c ?
ARY = AR, - (N—B) (7.23b)
corr,c,A
Nis,e,B = Mis,c,A (723C)

With Ah® = h3 — hY, where the inlet and outlet states of the compressor are denoted 1 and 2.
The extrapolation assumes that the gas used is air with constant ¢, = 1005 J/kg-K and r = 287
J/kg-K.

To initialize the method, the following reference conditions need to be defined:

o T9 =293.15K
.« 1Y =0
o« r =287 J/kg K

ck=92T =14
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Then, considering the known operating point A, the variation of the enthalpy 69 is obtained using the
relations seen in the section [3.6]is used. The mathematical development is expressed in (7.24), where

the inlet condition 1 of the compressor corresponds to the reference conditions specified above.

TQ, =Ty and h, = hy

0, -
2 = (TMypea) *
T,
7%, . —1T9
TS, =15 + —Ai’f — (7.24)

h?ax,z =hy+¢p- (T/OLZ — 1)

= ARY = hY, — hY,

Once the enthalpy variation ALY is computed, the one for the similar operating point B can be
obtained from the relation (7.23b).
Then, the total to total pressure ratio produced by the compressor at the operating point 5 by ap-

plying backward the relations of ((7.24). Therefore, the following development (7.25]) can be derived.

Tg, =Ty and hi; , = hy

hy o = ARy + hy

1o, — ko
T3, = % + T (7.25)
P

A part of the map extrapolated to the low rotational speed is included in the Table [7.5]

Table 7.5: Normalized compressor map (Low RPM)

mcorr,c 1_Itt,c Ncorr,c nis,c mcorr,c Htt,c Ncorr,c nis,c

0.074 0.933 0.200 0948 | 0.298 0987 0.800 0.948
0.108 0.933 0.200 0.972 | 0434 0979 0.800 0.972
0.140 0933 0.200 0.835 | 0.558 0.972 0.800 0.835
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0.167 0.932 0.200 0.557 | 0.667 0.967 0.800 0.557
0.061 0934 0200 0.896 | 0.242 0991 0.800 0.896
0.091 0933 0.200 1.000 | 0.364 0.984 0.800 1.000
0.117 0933 0.200 0.975 | 0468 0.978 0.800 0.975
0.140 0933 0.200 0.877 | 0.558 0973 0.800 0.877
0.149 0941 0400 0948 | 0.447 0999 1.000 0.948
0.217 0.940 0400 0972 | 0.651 0.991 1.000 0.972
0.279 0.938 0.400 0.835| 0.837 0.975 1.000 0.835
0.333 0935 0400 0.557| 1.000 0.957 1.000 0.557
0.121 0942 0400 0.896 | 0.363 1.000 1.000 0.896
0.182 0.941 0.400 1.000 | 0.545 0.999 1.000 1.000
0.234 0.940 0.400 0975 | 0.702 0.990 1.000 0.975
0.279 0938 0400 0.877| 0.838 0979 1.000 0.877

Compression ratio 11;;

Now that the compressor map is defined for the whole range of rotational speed, the study can be

conducted. First, the relation defining the compression ratio is ((7.26)).

Htt,c (mcorr,ca Ncorr,c) (726)

Based on the set of operating points characterizing the performance map of the machine, the
relation can be defined by a polynomial using the least square regression algorithm.

First, the minimal degree of the polynomial representing the relation has to be established. For
each polynomial built using the LS-RP, the values of the objective function F and of the x? functions
are computed.

These values have to respectively be minimal and maximal in order to minimize the error regarding
to the set of points. The table [7.6|includes the results from the analysis of the data from the Tables
[7.4] and

It has to be known that the coefficients a; ; characterizing the polynomial are different for the two

sets of operating points. This is the consequence of the splitting of the performance map.
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Table 7.6: I1;; o(1Mcorr s Neorrc) - regression results

Polynomial  High RPM Low RPM
Degree F X2 F X2
1 0.094 0.772 | 3.20E-04 0.966

2 0.046 0.889 | 1.62E-04 0.983
3 0.024 0.942 | 1.60E-05 0.998
4 0.013 0.970 | 6.81E-06 0.999
5 0.008 0.981 | 6.24E-06 0.999
6 0.008 0.982 | 5.54E-06 0.999

These results show that for a degree d = 4, the error with respect to the given points start to be
acceptable. Considering the low RPM operating points, the polynomial built perfectly fit the data

starting from a degree d = 4. The graphic representation of the two polynomials is given in the

Figures and

11 110
e N:=0.20
1.0 ® N:=0.40
1.05 4 ® N:=0.80
0.9 4 N:=1.00
0.8 | L00 \
2 0.7 4 2
B el = 0.5
051
N;=0.73 0.90
0.4 ® N:=0.83
® N=0.92
0.3 N=1.00 0.85
04 05 06 07 08 09 1.0 11 0.0 02 04 0.6 08 10
Meorre Meorr.c
(a) High rotational speed (b) Low rotational speed

Figure 7.2: Polynomial regression (d = 4) - I . ("1corr.c, Neorr,c)

The Figure [/.2b| shows that the iso-rotational speed curves are relatively closed from one to the
others. The quality of the overall extrapolation would be improved if the gap between these curves is
wider.

By applying a multiplication factor on the pressure ratio, it is possible to create an artificial in-
crease of this gap. Here, the factor selected is the corrected rotational speed N, .. Therefore, the
new relation is [I1;; ¢ - Neorr,e|(Mcorr,c, Neorr,c)-

After having applied this multiplication factor, the parametric study has been performed again.

The outputs have been written in the Table
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Table 7.7: Iy« - Neorr.e)(Mcorr.cy Neorr.c) - régression results

Polynomial  High RPM Low RPM
Degree F X2 F X2
1 0.089 0.843 | 5.70E-04 1.000

2 0.042 0.925 | 5.01E-05 1.000
3 0.021 0.962 | 1.22E-05 1.000
4 0.011 0.980 | 6.31E-06 1.000
5 0.007 0.987 | 5.91E-06 1.000
6 0.007 0.988 | 5.24E-06 1.000

Comparing the two Tables and shows that, for a even degree, the residual function x? has
a higher value. This implies that the accuracy of the polynomial is improved over the set of points.
The degree d = 4 remains the best choice based on the results of the study. Respectively, the

Figures and depict the polynomial for the high and low rotational speed operating points.

® N=0.73
1.04 ® N=083 1.0
® Ng=0.92
Ne=1.00
0.8 = 0.8 ’\""—HO—Q——._\_\_\_
»,; = ® N=0.20
~ = & N=0.40
06 N 0.6 e N=0.80
= ° = N:=1.00
. 0.4 1
0.4 4 —-.—v—v—\
021 gemes
0.2
04 05 06 07 08 09 10 11 00 02 04 06 08 10
Titeors.c Titcorrc
(a) High rotational speed (b) Low rotational speed

Figure 7.3: Polynomial regression (d = 4) - It . - Neorr.c|(Mcorr.cs Neorr.c)

Isentropic efficiency 7);; .

The second operating variable to be determined is the isentropic efficiency. The first relation to be

considered is ((7.27)), where the pressure ratio is already multiplied by the rotational speed.

nis,c(Htt,c : Ncorr,ca Ncorr,c) (727)

Considering this relation, a similar study over the degree of the polynomial has been considered. The

obtained results have been included in the Table [7.8]
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Table 7.8: 1is (It * Neopr.cs Neorrc) - régression results

Polynomial  High RPM Low RPM
Degree F X2 F X2

1 0.097 0.709 | 0.215 0.242

2 0.024 0.929 | 0.187 0.342

3 0.005 0.986 | 0.086 0.698

4 0.004 0.988 | 0.030 0.896

5 0.002 0.993 | 0.030 0.894

6 0.002 0.994 | 0.030 0.893

The results expressed in the Table show that, the fitting function has difficulties to represent

the relation for the low rotational speed operating point.

The reason behind is that the pressure ratio does not vary much on a given iso-rotational speed

curve. Therefore, as depicted in the Figure the polynomial has a really high slope.

11
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Figure 7.4: Polynomial regression (d = 3) - 1;s (It + Neorr.cs Neorr.c)

However, for the high rotational speed operating points, the variation of the pressure ratio is large

enough to provide a reliable polynomial regression.

This relation will only be used for the high rotational speeds. Thus for these operating points, a

degree d = 3 will be selected since the accuracy does not improve significantly beyond for d > 3.

Considering the inverse relation [l . - Neorrc|(Mis.c, Neorr.c) instead will transpose the graph. Us-

ing this tweak will make horizontal the iso-rotational speed curves for the low rotational speed oper-

ating points. The results from the parametric study for this part of the compressor map are given in

Table
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Table 7.9: 1L« - Neorr.e|(Mis.cy Neorr.c) - regression results

Polynomial
Degree F X2
1 9.18E-04 0.999

2 4.16E-04 1.000
3 2.32E-04 1.000
4 1.79E-04 1.000
5 1.48E-04 1.000
6 7.87E-05 1.000

Here, the regression of the points is nearly perfect considering any value of the polynomial degree
d. To avoid the generation of a polynomial with potentially high variations, the degree d = 3 has been
selected for this relation.

The Figure depicts the relation for the low rotational speed operating points.
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08— o et ee— |
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Figure 7.5: Polynomial regression (d = 3) - [ILt.c - Neopr.e] (Mis.es Neorr.c)

When increasing the natural value (in RPM) of N, the relation 7 (Il . - Neorrc, Neorr,c)
obtained by polynomial regression becomes accurate enough to be used instead.
As a summary, the Table [7.10]includes the results of the parametric studies for the retained degree

of each relation.
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Table 7.10: Compressor map - Table of relations

High RPM Low RPM
Relation Degree ) )
X F X

it © Neorr.e) (Mecorr.cy Neorr.c) 4 0.011T 0.980 | 6.31E-06 1.000
nis,c(Htt,c ' Ncorr,07 Ncorr,c) 3 0.005 0.986 - -
[Htt,c : Ncorr,c] (nis,ca Ncorr,c) 3 - - 232E'04 1000

N-1 study

The degree of the polynomial has been selected based on the quality of the regression of the set of
operating points. For each relation, the LS-RP has been applied to determine the best degree.

Now that the degree of the polynomials has been set, the N-1 study can be performed. This study
consists in comparing the error on a given operating point ¢ when the polynomial is built using the
data where this operating point ¢ has been removed. For the nomenclature, the polynomial obtained
considering the complete data is noted fy(z,y), and the one obtained for the data where the operating
point 7 is missing will be noted f;(x, y).

Considering the relations in the Table three different types of error have been computed for

each operating point 7:

* Az n: Error, in percent, on the polynomial f; (z(i),y(7)) value compared with the value of
S (2(2), y(2)).

* Azy e Error, in percent, on the polynomial fx (z(7),y(i)) value compared with the actual
value of the relation for the operating point (x(7), y(7)

i
)-

* Az .s: Error, in percent, on the polynomial f; (x(i),y(¢)) value compared with the actual
)-

value of the relation for the operating point (x(7), y(7)

The mean and maximal errors for each relation are included in the Table The results for each

operating point ¢ are given in the annex
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Table 7.11: N-1 study - error of accuracy

AZi,N (%) AZN,?“ef (%)
Relation High RPM Low RPM High RPM Low RPM
Mean Max Mean Max Mean Max Mean Max

[IIN:e o] (Mcorrcs Neorre)  5.850  60.428  0.138  2.124 | 4.161 12.456  0.065 0.191

Nis.e (INw.c, Neorr.c) 1.098  5.799 - 1.537 7.015 -
[N ) (Mis.cs Neorr.c) - 0.429 5.304 - 0.514 1.229
Azirey (%) A (Azireps A2nrer) (%)
Relation High RPM Low RPM High RPM Low RPM

Mean Max Mean Max Mean Max Mean Max

TNy ] (Ftcorres Neorre)  10.081 61323 0204 2.125 | 142259 392331 209.371 1013.865
Nis.c Ny ) Nugyrc) 2.637  9.760 - 71490  39.124 -
[TINy.c) (Dis.cs Neorr.e) - 0.942 5.998 - 83270  388.002

With TNy . = Iy e - Neorre-

Multiple comments can be made based on these results. First, considering the increase of the
errors going from fy(z,y) to fi(x,y), it can be noticed that the polynomial is more sensitive to the
removal of one operating point when considering the operating points at low rotational speed.

Indeed, for the relation [Ili . - Neorr.c] (corrc; Neorr,c)» the maximal increase of the error goes
from around 400% for the high RPM rotational speed to 1000% for the low rotational speed operating
points.

However, in absolute value the error at low rotational speed is much smaller. This is due to the
close proximity of the different points on each iso-rotational speed curve. Thus, the polynomial is
nearly a straight line for each of these curves.

The impact on the accuracy of the polynomial when removing a point depends on the location of
the point on the associated iso-curve. Indeed, from the results in the annex [C]it can be observed that
for the points located at the extremity of the curves, the error Az; y (%) isn’t very large if one of these
points is removed.

However, if one operating point at the extremity is removed, the error Az; v (%) becomes non-
negligible. When removing an extremity point, the polynomial has to perform an extrapolation of the

set of points to compute the value of the relation at this point.
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While the interpolation between is relatively accurate, the extrapolation really depends on the
quality of the fitting function. The extrapolation is often valid for the points close to the first or last
point defining the curve. This observation justified the motivation to extrapolate to the low rotational
speeds before building the polynomial. Without this extrapolation using the similarity equations of

used for the pumps, the compressor map would be unusable at low rotational speed.

7.2.5 Delimitation of the compressor map domain

When studying the compressor, for each rotational speed the range of operating points is bounded
by a minimal and maximal mass flow rate. The two respectively correspond to the surge and the choke
limits described in the chapter d The purpose of this section is to express several numerical methods

to estimate these boundary limits.

Triangulation without constraints

The first method consisted in creating a triangular mesh not constraint through the couple of points
(Mecorr.cs it c). This method has some advantages with first the rapidity of the method. Indeed, it
does not take lots of computer resources to generate the mesh. Also, once the triangles created, the
algorithm to check if the operating point is inside or outside the domain is really easy.

However, there are serious flaws that make the method unusable for the targeted application.
Indeed, while the method gives easy tools to reject or not an operating point, finding the coordinates
(Mcorr.c; it o) of the boundary for a given rotational speed is more difficult.

The other weakness of the triangulation method is that it only works well with convex hull. The
reason behind is that during the triangulation process, the program building the triangle does not
know how the points are linked together. Unfortunately, some sections of the compressor map are not
convex but concave. Therefore, when performing the triangulation, the concavity disappears and the
resulting mesh exceeds the real envelope of the map.

Figure[/.6|depicts the results of the triangulation of the compressor map. In red is represented the
compressor map boundary, and in green is represented the mesh.

As it can be seen on the graph, the surge line is misrepresented by the mesh. The limit provided

by the triangulation is very optimistic and doesn’t correspond with the reality.
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Figure 7.6: Simple triangulation of the compressor map

Triangulation with constraints

As explained in last lines, the basic triangulation method cannot handle concave hull by itself.
In order to take into consideration these shapes, some conditions have to be set to reject or not the
triangle of the mesh. A selection algorithm has been developed [20] based on the geometry of the
triangle.

To illustrate the algorithm, the triangle with its circumscribed circle on Figure[/.7|can be consid-

ered.

b
Figure 7.7: Triangle with its coordinates within the mesh

The three nodes i,, i, and 7. are respectively characterized by the coordinates (x,,va4), (T, Ys),

(2, ye). Using the coordinates, the length of the triangle edges are computed as follows.
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la

\/(Ia —14)% + (Yo — Yp)?
b=/ (26 — )2 + (Y — Ye)?

lc \/(xc - IG)Q _'_ (yc - yll)2

Then, the intermediary quantity s, called semi-perimeter, is computed using the formula (7.28)).

b
3_“+2+C (7.28)

Using [, Uy, I, and s, the radius circg of the circumscribed circle can be calculated using the relation

a-b-c
) r = 7.2
e 4~\/s~(s—la)~(s—lb)-(s—lc) (7.29)

Now that the radius of the circumscribed circle of the triangle has been computed, the triangle

will be rejected if the condition circ, < é is not satisfied. This condition is justified by noting that
for triangles outside the envelope, the radius will likely be bigger since all these external triangles has
one obtuse angle. The parameter o needs to be tuned in order to eliminate the triangles outside the
concave hull.

The series of Figures [/.8|illustrates the triangle mesh considering different values for the parame-
ter a.

The picture [7.8d| shows that for e = 3, most of the triangles outside the map domain are rejected.
However, for the low pressure ratio it still remains some non-desired artifacts. Increasing the value of
the parameter o would allow rejecting these triangles as well but, some triangles within the domain

also start to be removed. So, the value o = 3 1s a good compromise.

2D level-set

The triangulation with a condition to select the triangles provides relatively good results. However,
this method is not really robust because each time a new map is provided to the program, the value of
the parameter « has to be tuned by hand. An automatic method would consist in defining a level-set
function that would delimit the performance map domain.

First has been considered a 2 dimensional function defined by the coordinates (7i2copr. ¢, It ) of the

boundary points of the map. To build this function, a linear interpolation between these points have
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(g) a =6. (h)ya=717. (i) a = 8.

Figure 7.8: Triangulation with triangle selection condition.

been used. Linear interpolation is chosen to have an interpolated surge line that is more restrictive
than the actual surge line.

On Figure [7.9]is represented the level set function.

Compared to the triangulation, the computation of the boundary coordinates for a given rotational
speed V. can easily be found by determining the intersection points between the level-set function
fis,2p and the interpolation function I1y . (1Mcopr c; Neorrc). However, this 2D level-set function needs
to be defined by parts since for some value of mass flow rate 77y, there exist two correspond-
ing values for the pressure ratio II;; .. Also, the data need to be pre-processed to only retained the

boundary points of the maps.
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Figure 7.9: 2D level-set function.

3D level-set

The two cons of the 2D level-set can be erased by considering a 3D level-set. Here, the principle
then to be closed to the performance maps regressions described in the previous parts of this section.
However, here what is desired is a function defined inside the cloud of points and equal to the NULL

value outside the cloud.
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Figure 7.10: 3D level-set function - color bar representing the value of the pressure ratio.

The relation used to build the 3D level-set function fis 3p iS Teorre = Meopre(Iitcs Neopre). On
Figure is illustrated this level-set function. For each corrected rotational speed N, .c, the func-
tion gives all the admissible couples (7i2corr ¢, L1 ) based on the compressor map initially provided.

Considering first the surge line, the limit drawn by the function is relatively close to the expected
surge. If some margin is applied, the surge line can be nicely characterized by this 3D level-set

function.
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7.2.6 Estimation of the choke line

The choke lines can be defined by the 3D level-set function as well but, an alternative solution
using the least square regression algorithm can be considered.

In chapter {4} it has been explained that the relation Il .(7corrc, Neorre) is characterized by an
infinite slope when the compressor is choking. However, polynomials are not designed to represent
infinite slopes in for abscissa different from the infinity.

Considering the inverse relation m.copr. (Il ¢, Neopr ), the choke limit will happen when the deriva-
tive of the function is equal to zeros. Instead of considering this relation as it is, the pressure ratio can
be multiplied by the rotational speed N, .. After the parametric study on the polynomial degree d,
the results obtained have been written in the Table

Table 7.12: 11corr,c (et - Neorr,cs Neorr,c) - Tégression results

Polynomial  High RPM Low RPM

Degree F e F X2
1 0.103 0.618 | 0.130 0.865
2 0.037 0.863 | 0.033 0.966
3 0.016 0.940 | 0.011 0.989
4 0.012 0.955 | 0.008 0.992
5 0.01T 0.961 | 0.008 0.992
6 0.010 0.962 | 0.008 0.992

As for the other relation, the accuracy provided by a polynomial of degree d = 3 is already very
acceptable. The polynomials obtained for the two maps [7.4] and [7.3] are depicted in the set of Figure
/.11
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Figure 7.11: Polynomial regression (d = 3) - corr.c(Hitc © Neorrcy Neorr.c)

Considering first the map related to the high rotational speed operating points, it can be noticed
that the derivative of the iso-curves can be at most two-time equal to zeros in the domain of validity
of the map. Since the value that is interesting is the maximal mass flow rate, the mass flow rate at the
local maximum is the value that will characterize the choke line.

This method works well with the high rotational speed operating points. However, for the low
rotational speed operating points, the iso-rotational speed curves are quasi-vertical, making difficult
the regression. Also, the local minimum and maximum are really far from the boundary of the com-
pressor map.

Thus, in the event that there is no operating point for which the derivative is equal to zeros, the
maximal mass flow rate will be the one such that the compression ratio produced by the compressor

is equal to one.

7.2.7 Turbine maps

From now, only the compressor maps have been considered. However, the extrapolation of the
turbine maps using a fitting function is also required in order to characterize the turbine operating

point. In the beginning of the current section, it was said that the two relations that need to be

obtained are ((7.30a)) and (7.30D).

mcorr,t (Htt,t7 Ncorr,t) (7303)
Uis,t(Htt,t, Ncorr,t) (7.30b)

Based on what has been observed when constructing the polynomial for the compressor map, it is

preferable to multiply the pressure ratio by the rotational speed within the relation.
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Thus, instead of considering the relations (7.30a)) and (7.30b), the relations (7.3Ta)) and

will be considered for the building of the polynomials.

Meorrt (Htt,t : Ncorr,t; Ncor’r,t)

Nist (Htt,t : NCOT’T‘,ta Ncorr,t)

(7.31a)
(7.31b)

Using the least square regression algorithm, a parametric study on the degree of the polynomial

has conducted. The set of operating points considered is the one included in the Table

Table 7.13: Normalized turbine map

Meorrt  Ilgtt Neorrt  7ist | Meorrt  Ilitt  Neorrt  7ist
0.620 0342 0.692 0913 | 0945 0.618 0.846 0.955
0.768 0.392 0.692 0960 | 0.959 0.660 0.846 0.950
0.817 0424 0.692 0936 | 0979 0.746 0.846 0.939
0.857 0457 0.692 0921 | 0985 0.792 0.846 0.933
0.892 0491 0.692 0910 | 0997 0933 0.846 0.923
0957 0.605 0.692 0.876 | 0.580 0.364 1.000 0.582
0.969 0.646 0.692 0.866 | 0.723 0.416 1.000 0.834
0986 0.732 0.692 0.850 | 0.782 0.445 1.000 0.933
0.992 0.777 0.692 0.844 | 0.827 0478 1.000 0.975
1.000 0915 0.692 0.821 | 0.862 0.513 1.000 0.990
0.597 0351 0.846 0.740 | 0.932 0.631 1.000 1.000
0.750 0402 0.846 0963 | 0947 0.673 1.000 0.999
0.805 0432 0846 0977 | 0968 0.762 1.000 0.996
0.847 0465 0.846 0981 | 0976 0.807 1.000 0.994
0.881 0.500 0.846 0.977 | 0.993 1.000 1.000 0.988

After applying the LS-RP on the above data for the two relations, the results obtained have been
written into the Table [7.14]

Table 7.14: Regression results - Turbine map

POIynomial mcorr,t (Htt,t : Ncorr,t> Ncor?‘,t) ‘ nis,t<Htt,t : Ncorr,ta Ncorr,t)

Degree

F

X2

F

X

2
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1 0.044 0.768 0.103 0.111
2 0.011 0.941 0.045 0.608
3 1.97E-03 0.990 0.013 0.887
4 3.01E-04 0.998 3.94E-03 0.966
5 6.49E-05 1.000 1.70E-03 0.985
6 1.66E-05 1.000 6.23E-04 0.995

Corrected mass flow rate 1.,

For the first relation, the value of the y? and of the objective function I’ shows that the polynomial
fits quasi-perfectly the set of points for a degree d > 3 of the polynomial. However, an improvement

can be by multiplying in the first relation the corrected mass flow rate 7.0, by the pressure ratio.

To illustrate the improvement, the Figures [7.12al and [7.12b| depicting the relations 7ivcopr s (Il -

Ncorr,t7 Ncorr,t) and [mcorr,t ' Htt,t] (Htt,t ' NCOTT,t7 Ncorr,t) has to be considered.

Titcorr,e

st o - earrc

02 04 06 08 10 02 04 06 08 10
Tl o - Ne My - Ne

(a) mcor’r,t(Htt,t : NCOT"I‘,ta Ncorr,t) (b) [mcm’r,t . Htt,t](Htt,t : NCOT"I‘,ta Ncorr,t)

Figure 7.12: Polynomial regression (d = 3)

Comparing the two figures shows that multiply the mass flow rate by the pressure ratio straighten
the different iso-rotational speed curves. This is an extremely valuable result since it will make the
polynomial smoother and more regular.

The results in the Table [7.15|of the parametric study on the degree d show that the accuracy of the
polynomial really increased. As it can be noticed, for a degree d > 3 the polynomial regression is
perfect with a residual equal to one (minus some round-off). This is a huge improvement compared

to the relation Meoprt (It ¢ - Neorr.ts Neorrt) Where the required degree for a perfect fit was d = 5.
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Table 7.15: [rveorrt - it t) (Ttes - Neorrts Neorrt) - régression results

Polynomial

[mcornt : Htt,t] (Htt,t : Ncorr,ta Ncorr,t)

Degree
1

2
3
4
5
6

F
0.015
7.47E-04
9.61E-05
2.09E-05
8.87E-06
2.51E-06

X2

0.979
0.999
1.000
1.000
1.000
1.000

Isentropic efficiency 7, ;

Considering now the results of the LS-RP for the second relation 7;s +(It1+ © Neoprty Neorrt), it can

be noticed that a degree of the polynomial at least equal to five is required to reach a good accuracy .

However, it is possible to improvement the regression by multiplying the isentropic efficiency by the

pressure ratio and the corrected mass flow rate.

This operation can be performed because these two operating variables are known when the isen-

tropic efficiency is computed. The Figures from to shows the modification of the shape

of the pOlynomial when the relations nis,t(Htt,t . NCOT‘T',t7 Ncor?‘,t)a [Htt,t : 777;5715] (Htt,t . Ncom‘,t; NCOTT,t)a and

it s - Mcorrt - Mist)(Wiet + Neoprty Neorrt) are successively considered.
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(C) [Htt,t 'mcorT,t 'nis,t] (Htt,t 'Ncom‘,t, Ncorr,t)

Figure 7.13: Polynomial regression (d = 3)

The three graphs show that the polynomial has a better shape with the multiplication factor on the

isentropic efficiency. In particular, the relation [IL;; ; - 1corrt - is.t| (Lit.t - Neorrts Neorrt) provides the

best results.

This was expected since this last relation is really close to the relation [II;; -

mcor’r,t] (Htt,t :

Neorrty Neorrt). The results from the parametric study for this last relation are given in the table

(/.16

Table 7.16: [IL;t+ - corrt - Mist) (Ittt -+ Neorr.ts Neorr,t) - regression results

Polynomial [mcorr,t : Htt,t] (Htt,thorr,ta Ncorr,t)

Degree F e
1 0.016 0.977
2 4.51E-03 0.994
3 1.08E-03 0.998
4 3.79E-04 0.999
5 1.90E-04 1.000
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6 7.66E-05 1.000

To summarize what has been done, the two relations that will be used to fully characterized the
turbine are respectively [1Mcorrt + Wit t] (It t © Neorrt, Neorrt) for the corrected mass flow rate, and
it s - Mcorrt  Mist)(Liet © Neorrts Neorrt) for the isentropic efficiency. The selected degree for both

polynomials is d = 3, and the values of the objective function F and the square of the residual function

x? are given in the Table

Table 7.17: Turbine map - Table of relations

Relation Degree F X2

[mcorr,t : Htt,t] (Htt,t : Ncorr,ty Ncorr,t) 3 9.61E-05 1.000
[Htt,t : mcorr,t : nis,tKHtt,t : Ncorr,ta Ncorr,t) 3 3.79E-04 0.999

7.3 Combustion chamber

The previous section was dedicated to the integration of the turbomachinery in the program. The
main part was focused on the implementation of the relations required to fully characterized the
compressor and turbine states.

Now, the focus will be on the combustion chamber. The Python object corresponding to the
combustion is mainly characterized by four procedures. These four procedures are utilizing the law

of conservation of the enthalpy (or energy balance).

7.3.1 Lower heat calorific value

The first function that has been implemented aims to compute the lower heat calorific value (HC'V')

of the fuel at the reference temperature.

79 79
ConHa O, N + A (()2 + ﬁNZ) —— mCO0, + k(A — 1)0s + gHQO + (A + %)N2 (7.32)

<= Fuel + Air —— Fumes
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Considering the combustion equation [7.32] The HC'V is defined as being the specific heat released
by the combustion where the temperature of each element remains equal to the reference temperature
T,c¢. Using the temporal formulation of the energy balance over the reaction, the equality (7.33) can

be written.

M Fumes - HCOV = Mipye - hFuel|T:T ; + M Air - hAir|T:T ;
re re

— MFumes * hFumes\T:Tref (7.33)

Where m pymes = Mpyer + M Air-

The enthalpy of the air, fuel and fumes are computed utilizing the method expressed in the section
for the ideal gases. Since these gases are mixture, the enthalpy calculation has to take into
account the contribution of each individual within the gas.

Let’s remark that here the higher heat calorific value is not used. Indeed, the condensation of the

water is not considered in this work. This implies that the water remains in as a gas in the fumes.

7.3.2 Energy balance

Once the (lower) heat calorific value is computed, the energy balance over the control volume

delimiting the combustion chamber can be assessed.

hFuelymFuel
------------------------- H\
. - COMBUSTION T .
vy T air 4‘—>_ CHAMBER _E_> hFumes s TV Fumes
! .

/ *.. Control
volume

Figure 7.14: Combustion chamber schematic

Considering the schematic of a combustion chamber, the temporal form of the energy balance

is expressed as given in the equality (7.34).

77dFumes . hFumes = mAir : hAir + mFuel : (HCV * Nee + hFuel) (734)

Where 7). is the efficiency of the combustion.
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The combustion efficiency is defined as being the ratio between the heat injected into the combus-
tion chamber the heat that can be used for the combustion. This is expressed in the relation (/.35).
_ Q
mFuel : HCVFuel

From the relation[7.34] have been derived three functions that respectively compute the mass flow

Nee (7.35)

of air, of fuel and the enthalpy of the fumes knowing all the other variables.

7.4 Heat-Exchangers

One of the last components that had to be modeled was the heat exchanger. The purpose of a heat
exchanger is to exchange energy from one flow to the other using heat transfer.

To model the heat exchanger, the relations characterizing the heat transfer from a hot flow (H)
to a cold flow (C) needs to be implemented. To recall those relations described in the chapter []

the relations (7.36a)), (7.36b), (7.36¢) respectively describes the actual heat transfer rate from the hot

flow to the cold flow, the theoretical maximal heat transfer rate, and the relation between these two

quantities.

Q = CC . (TC,out - TC,in) = C1H : (TH,in - TH,out) (7363)
Qma:t: = Cmm : (TH,m - TC,in) (736b)
Q=¢"Qmas (7.36¢)

Where C' = 7 - cp 1s thermal heat capacity, and the index in and out specifies if the temperature is
taken at the entrance or the outlet of the heat exchanger.

Based on how the heat exchanger to be modeled is defined, the usage of these relations will vary.
For instance, for a water heat exchanger the inlet and outlet temperature of the water to be heat-up are
usually known before the computation. Indeed, for this application it is important to maintain at least
the outlet temperature constant to provide a reliable heating system.

These variations are going to be described in the following parts of this section.

7.4.1 Regenerator

First are considered the regenerator. The purpose of this category of heat exchanger is to preheat a

cold flow of a cycle using the hot flow coming from a different stage of the same cycle. This usually
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increases the thermal efficiency 7 of the systenﬂ The thermal efficiency 7 is defined as being the
ratio between the net work output of the system and the amount of energy transfer to the fluid in the
combustion chamber.

For the modeling of this first category of heat exchanger, the inlet temperature and the mass flow
rate of both flows are known. Therefore, the maximal heat transfer rate Qmam can be easily computed
by applying the equation By calculating the minimal thermal heat capacity C,,;, defines as
being the minimum between C 'm and C’C, Qmax can be obtained.

From there, the actual heat transfer rate () can be computing using the relation 1D € 1is
the thermal efficiency of the heat exchanger. In the event where the efficiency is assumed to be
independent of the operating condition of the heat exchanger, a constant value is used. In reality the
thermal efficiency of the heat exchanger depends on the temperature and the mass flow rate of the
flows. The method to take into account this dependency will be described later in this section.

Then, once the heat transfer rate Q is computed, the temperatures 7’ 4+ and T o, at the outlet of

the heat exchanger is computed using the formulas in (7.36al).

7.4.2 Water heat exchanger and intercooler

Now are considered the water heat exchanger (WHX). As it has been mentioned previously, the
purpose is to use the energy within the gas to heat-up water. This water is used for sanitary purposes
or to feed a heating system (like in a house).

It is often required for this type of application that the outlet temperature of the water remains
constant. Indeed, this outlet temperature corresponds to the starting temperature of the water into the
auxiliary loop. Thus, it is preferable to have steady condition in times for the outlet state of the water.

In this model of the Brayton cycle, the inlet temperature of the water is fixed as well. This implies
that the only degree of freedom is on the mass flow rate of the water within the water heat exchanger.
The Figure depicts a drawing of a water heat exchanger.

Therefore, the known variables are the inlet temperature 7 ;, and the mass flow rate 1, for the
gas of the cycle, and the inlet and outlet temperature for the water. Since the mass flow rate of the
water is a unknown, an iterative process need to be made.

Starting from the second relation (7.36b), the theoretical heat transfer rate Qmax can be estimated
based on the initial guess for the mass flow rate of water 77,,. Then, the heat transfer rate Q) is obtained

using the third relation (7.36c)).

3see the chapter for more information
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Figure 7.15: Schematic of a water heat-exchanger

Once Q) is computed, the guess on the mass flow rate 72,, can be updated considering the first
relation (7.36a). Indeed, the term of the relation can be reorganized to obtain the relation (7.37) that

will update the value of the mass flow rate of water.

My = @
Y Cp,w : (Tw,out - Tw,in)

In addition to the water heat exchangers that use the heat from the hot exhaust gas, water heat

(7.37)

exchangers are also used when the compression is split into several stages. Between each of these
stage, the air is water-cooled in order to reduce its temperature before the next stage of compression.

For this specific application, the heat exchanger is called intercooler.

7.4.3 Variable efficiency

It has been mentioned before that the thermal efficiency of the heat exchanger varies with the
operating conditions. In chapter ] some mathematical derivations have been to obtain the formulation

(7.38) for the convective heat transfer coefficient h.,,,, of the flow.

A5 L3\

hconv = 0.0697 - 7'('4/5 ) D9/5 . M7/15

(7.38)

This relation involved the calculation of the heat conductivity ). and the dynamic viscosity y. The
method to compute these state variables has been presented in the first section of the chapter[7]
Also, the diameter of the duct is involved in the relation. However, by making the assumption that

the geometry of the cold and hot side of the heat exchanger are really closed from one to the other,

4/5

the knowledge of the diameter D is not required anymore. Similarly, the constant 0.0697 and 7/ are
not required for the following derivation. Therefore, the reduced relation (7.39) is used instead.
\2/3
Peony = m4/5 : 01/3 - (7.39)

IS
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From the nominal condition specified in the data, the nominal convective heat transfer coefficients
Reonv,ir and heony o can be obtained using the relation (7.39). From this, the nominal heat transfer

coefficient U,,,,, 1s computed based on the definition ([7.40).

hcom; H" hcmw C
U ~ : : 7.40
h/conv,H + hcanv,C ( )

From the nominal conditions, it is also know the nominal efficiency ¢,,,, of the heat exchanger.
With the ratio C ,,,,,, of the nominal heat transfer capacity Cmin,nom and C’min’nom, the nominal num-

ber of transfer units NTU,,,,,, can be computed by applying the formula (/.41]).

1 — o~ NTU-(1-Cy)

T 1 C - e~NTU-(1-Cy)

(7.41)

Once the nominal number of transfer unit NTU,,,,,, obtained, the global area A of the heat ex-
changer is obtained based on the definition (7.42)) of the number of transfer units.

A
NTU = 2 (7.42)

min

The efficiency € of the heat exchanger can now be obtained for the non-nominal operating con-
ditions. By computing the heat transfer coefficient U, the number of transfer unit NTU is easily
obtained. Then, the relation[/.41|will provide the efficiency of the heat exchanger when the operating

conditions are not the nominal ones.



Chapter 8

Conclusion and perspectives

This chapter is here to summarize the content of the thesis. The purpose of the work was to
provide some improvement to the existing Python computer code modeling a Brayton gas cycle. To
understand how these improvements have been implemented, some theoretical contents were required
to be introduced.

The theory dispensed has been split into 3 chapters. In the chapters 2| and (3| the basis thermody-
namic has been presented. One of the points covered by the third chapter was about the assessment
of the thermodynamic state of a fluid based on the knowledge of two independent state variables. The
special case of the ideal gas has been emphasized.

Then, the chapter {4 focused on the theoretical contents about the components constituting the
Brayton cycle. In particular, the principle of similarity for the turbomachines was introduced. The
performance maps of the compressor and the turbine have been derived based on this principle.

In the chapter[5] a non-exhaustive list of variants of the Brayton gas cycle was proposed. Three
of these variants have been analyzed. The purpose was to observe the impact of a regenerator and a
bi-staged compression and expansion on the performance of the cycle.

The last two chapters covered the work done during this master thesis. The object-oriented pro-
gramming has been explored. This paradigm of programming has been found to be really powerful
thanks to the flexibility of the computer code. The chapter[6|provided an overview of how the program
is structured.

Finally, the implementation of the different model of each component has been initiated. The
main focus of the work was about the implementation of the turbomachines performance maps in
the program. It has been found that the method to implement the map required some pre-processing
of the data in order to provide an efficient polynomial regression. For instance, the multiplication
of the pressure ratio by the rotational speed when building the relations shows that it smooths the
polynomials generated by the least square regression algorithm.

The interpolation at the lower rotational speeds for the compressor was the most challenging part.

This is due to the relative proximity of the operating points characterized by the same rotational speed.
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In particular, the variation of the pressure ratio II with respect to the other operating variables is
almost nonexistent. This implies that the relations of the type x(II, N) are characterized by quasi-
vertical iso-rotational speed curves. This problem has been solved by considering the inverse relations
[I(z, N) and performing an iterative search of the value of x.

Nevertheless, there are still areas that haven’t been covered in this work. The principal one is the
consideration of the different transient effects.

To take into account the transient effects, it would be required to perform a deeper characteri-
zation of the different components of the Brayton cycle. For instance, the inertia of the assembly
turbine+compressor+generator has been considered. The modeling of the flow within the system also
needs to be studied.

Another field that hasn’t been covered in this master thesis is the modeling of the generator used to
convert the mechanical power generated by the turbine into electricity. Since it is a rotating machine,
a characteristic map should be built in order to have relation between the generation of electricity and
the rotational speed of the generator shaft.

Initially, one part of the work consisted in comparing the result from the computer code with ones
that were obtained by the means of experimental campaigns. However, due to Covid-19 crisis and
some issues regarding to the test bench, this part has been canceled due to the lack of data to be
post-processed. Thus, the work initiated during this master thesis will be continued to provide new
features continuously to the program.

A graphical interface to interact with the program will be implemented. While this is possible to
interact through the command line, the implementation of a graphical interface would allow easing

the usage of the program.
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Appendix A

Brayton cycle - Schematics

A.1 Gas Turbine

Figure A.1: Gas Turbine (GT)

A.2 Regenerative Gas Turbine

Figure A.2: Regenerative Gas Turbine (RGT)



A.3 Intercooler Gas Turbine

Figure A.3: Intercooler Gas Turbine (IGT)

A.4 Intercooler-Reheat Gas Turbine

Figure A.4: Intercooler-Reheat Gas Turbine (IHGT)

A.5 Intercooler-Regenerative Gas Turbine

Figure A.5: Intercooler-Regenerative Gas Turbine (IRGT)



A.6 Intercooler-Regenerative-Reheat Gas Turbine

Figure A.6: Intercooler-Regenerative-Reheat Gas Turbine (IRHGT)

A.7 Externally-Fired Gas Turbine

1 ()

Figure A.7: Externally-Fired Gas Turbine (EFGT)
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YAML file - GT

* "Type™
o GT
e "Selection™
o WHX: True
° MAP: True
VAR_DP: False
VAR_EFF: False
* "Input":
© T.p: 20# [°C]
O Ps: 101325 # [Pa]
O Tomp: 10 # [°C]
O P 101325 # [Pa]
O Ty 20 # [°C]
O 1hg: 0.180 # [kg/s]
o X 8#[-]
© Iy, 3.05#[-]
o TIT:920 # [°C]
O 7is,e: 80 # [%]
O miy: 80 # [%]
O Mee: 99 # [%]
O Mshagt: 99 # [%]
O MNgen: 99 # [%]
O Dpec: 3 # [%]
© Dpguct: 0.5 # [%]
©  ApDchimney: 100 # [Pa]
° Fuelcomp:
= 'CH4" 100.0 # [%]
= 'C2H6" 0.0 # [%]
= 'C3H8" 0.0 # [%]
= 'NH3" 0.0 # [%]
= 'C2H50H": 0.0 # [%)]
= '02: 0.0 # [%]
= 'H20"0.0 # [%]

o

o



= 'N2": 0.0 # [%]

= 'CO2": 0.0 # [%]

= ‘'type_prop" 'mass'
°  Aircomp:

= '02"21.0 # [%]

= 'N2"79.0 # [%]

.

'CO2" 0.0 # [%]
'H20" 0.0 # [%]
‘type_prop": 'molar

e "Extra": # Fill the inputs required based on the choices

made in "Selection"

° WHX:

° DUCT:

Nwhe: 99 # [%]
Twhawaterin: 10 # [°C]
Twhawater,out: 90 # [°C]
Puhawater.in: 200000 # [Pa]
Dpuha,water: 2 # [%]
Dpuhz,gas: 2 # [%]
Mpom,wha,water - # [KG/S]
Mpom,wha,gas- # [KG/S]
Trom,wha water,in" # [°C]
Trom,whae water out- # [°C]
Tnom,wh,gas,in" # [°C]

Tnom,whx,gas,out: # [OC]

- mnom,duct,gas: # [kg/S]

o CC

mnom,cc,gas: # [kg/S]

°© TURBO:

Compegcer: "Path/to/comp_map”
Turbeyeer: "Path/to/turb_map”
N: 110000 # [RPM]



Appendix C

N-1 study - results

This annex includes the full results from the N-1 study performed for the relations defined in the
chapter|[7]

C.1 High rotational speed

Table C.1: N-1 study - [ + Neopr.e] (Mcorr.cs Neorr.c)

Azi,N (%) AZN,ref (%) Azi,ref (%) ‘ Azi,N (%) AZN,Tef (%) Azi,ref (%)
(0411, 0.733) 82.608 1.827 82.926 (0.918, 0.833) | 1.592 5.170 6.680
(0.493,0.733) 8.791 3.820 12.946 (0.931, 0.833) | 2.271 5.268 7.419
(0.575,0.733) 0.733 0.934 1.660 (0.939, 0.833) | 7.169 12.331 20.384
(0.657,0.733) 1.990 2.619 4.557 (0.657,0.917) | 0.917 0.107 1.025
(0.733,0.733) 0.118 0.274 0.392 (0.739, 0.917) | 3.052 1.853 4.848
(0.739,0.733) 0.284 0.684 0.970 (0.822,0.917) | 2.104 3.672 5.853
(0.822,0.733) 1.412 2.154 3.597 (0.904, 0.917) | 0.284 0.631 0.917
(0.847,0.733) 0.123 0.208 0.331 (0.930, 0.917) | 1.942 5.041 6.885
(0.892,0.733) 3.740 5.975 9.492 (0.964, 0.917) | 4.437 7.330 11.443
(0.904, 0.733) 8.334 5.425 14.211 (0.966, 0.917) | 6.972 12.677 20.534
(0.575,0.833) 12.255 2.618 15.194 (0.822, 1.000) | 2.730 0.519 3.235
(0.657,0.833) 4.111 4.960 8.868 (0.904, 1.000) | 2.958 2.813 5.855
(0.739, 0.833) 0.295 0.410 0.704 (0.964, 1.000) | 2.247 4.402 6.550
(0.822,0.833) 5.211 6.670 12.228 (0.995, 1.000) | 5.331 7.801 12.716
(0.904, 0.833) 0.954 2910 3.836 (1.000, 1.000) | 14.038 13.002 28.865




Table C.2: N-1 study - 7;s (Iit.c - Neorr.c, Neorr.c)

AZi,N (%) AZN,Tef (%) Azi,'r'ef (%) ‘ AZi,N (%) AZ]\f,ref (%) Azi,ref (%)

(0.435,0.733) 1.726 9.597 11.489 (0.430, 0.833) | 0.252 0.740 0.990
(0.447,0.733) 0.815 2.485 3.280 (0.334,0.833) | 2.774 1.757 4.482
(0.432,0.733) 0.280 3.343 3.613 (0.784,0.917) | 0.814 2.796 3.633
(0411, 0.733) 0.459 3.064 3.508 (0.790, 0.917) | 0.689 1.954 2.630
(0.409, 0.733) 0.440 2.904 3.330 (0.776, 0.917) | 0.822 3.045 3.842
(0.376, 0.733) 0.365 1.652 2.011 (0.726, 0.917) | 0.000 0.002 0.002
(0.362,0.733) 0.161 0.633 0.793 (0.691, 0.917) | 0.343 1.172 1.518
(0.307,0.733) 2.601 7.125 9.912 (0.542, 0.917) | 0.875 0.799 1.681
(0.248,0.733) 4.628 2.372 6.891 (0.436,0.917) | 1.779 0.992 2.789
(0.610,0.833) 1.085 4.423 5.556 (1.000, 1.000) | 1.827 0.707 2.548
(0.613,0.833) 0.012 0.043 0.055 (0.979, 1.000) | 0.692 1.111 1.796
(0.601, 0.833) 0.403 1.780 2.176 (0.897, 1.000) | 3.061 1.602 4.712
(0.570, 0.833) 0.199 0.956 1.153 (0.748, 1.000) | 2.870 1.240 4.074
(0.512,0.833) 0.048 0.185 0.233 (0.581, 1.000) | 0.659 0.080 0.738
(0.478,0.833) 0.079 0.274 0.353

C.2 Low rotational speed

Table C.3: N-1 study - [I1i; . - Neopr.e| (Mecorr.cs Neorr.c)

AZZ',N (%) AZN,Tef (%) Azi,ref (%)

‘ AZi,N (%) AZN,ref (%)

Azi,ref (%)

(0.074, 0.200)
(0.108, 0.200)
(0.140, 0.200)
(0.167, 0.200)
(0.061, 0.200)
(0.091, 0.200)
(0.117, 0.200)
(0.149, 0.400)
(0.217, 0.400)
(0.279, 0.400)
(0.333, 0.400)
(0.121, 0.400)
(0.182, 0.400)
(0.234, 0.400)
(0.298, 0.800)

0.013
0.022
0.010
0.223
0.142
0.014
0.021
0.003
0.002
0.008
0.115
0.105
0.018
0.013
0.018

0.032
0.121
0.038
0.195
0.156
0.059
0.112
0.008
0.007
0.024
0.034
0.053
0.054
0.042
0.029

0.045
0.143
0.048
0.418
0.298
0.073
0.133
0.011
0.010
0.032
0.148
0.158
0.072
0.055
0.047

(0.434, 0.800)
(0.558, 0.800)
(0.667, 0.800)
(0.242, 0.800)
(0.364, 0.800)
(0.468, 0.800)
(0.447, 1.000)
(0.651, 1.000)
(0.837, 1.000)
(1.000, 1.000)
(0.363, 1.000)
(0.545, 1.000)
(0.702, 1.000)
(0.838, 1.000)
(0.838, 1.000)

0.025
0.028
0.094
0.096
0.025
0.015
0.120
0.136
0.162
2.124
0.175
0.104
0.071
0.161
0.16134

0.061
0.047
0.005
0.016
0.036
0.040
0.063
0.167
0.175
0.001
0.012
0.128
0.093
0.172
0.172

0.086
0.076
0.099
0.113
0.061
0.054
0.183
0.303
0.338
2.125
0.187
0.232
0.164
0.333
0.333
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Table C.4: N-1 study - [ - Neorre] (Mis.cs Neorr.c)

AZi,N (%) AZN,Tef (%) Azi,'r'ef (%) ‘ AZi,N (%) AZ]\f,ref (%) Azi,ref (%)
(0.948, 0.200) 0.244 1.002 1.249 (0.948, 0.800) | 0.065 0.281 0.346
(0.972,0.200) 0.125 0.483 0.609 (0.972,0.800) | 0.116 0.541 0.657
(0.835,0.200) 0.966 1.273 2.227 (0.835, 0.800) | 0.041 0.083 0.124
(0.557,0.200) 5.299 0.733 5.993 (0.557, 0.800) | 0.577 0.358 0.933
(0.896, 0.200) 0.202 0.727 0.931 (0.896, 0.800) | 0.241 1.021 1.260
(1.000, 0.200) 0.656 0.892 1.543 (1.000, 0.800) | 0.061 0.123 0.183
(0.975,0.200) 0.105 0.387 0.493 (0.975, 0.800) | 0.135 0.616 0.752
(0.877,0.200) 0.091 0.297 0.388 (0.877,0.800) | 0.127 0.559 0.687
(0.948, 0.400) 0.038 0.162 0.200 (0.948, 1.000) | 0.136 0.551 0.686
(0.972,0.400) 0.003 0.012 0.015 (0.972,1.000) | 0.109 0.420 0.529
(0.835, 0.400) 0.206 0.412 0.617 (0.835, 1.000) | 0.284 0.381 0.666
(0.557,0.400) 1.323 0.832 2.166 (0.557,1.000) | 0.722 0.101 0.824
(0.896, 0.400) 0.024 0.103 0.127 (0.896, 1.000) | 0.234 1.174 1.406
(1.000, 0.400) 0.423 0.852 1.272 (1.000, 1.000) | 0.270 0.368 0.637
(0.975,0.400) 0.012 0.052 0.064 (0.975,1.000) | 0.139 0.515 0.655
(0.877,0.400) 0.054 0.236 0.290 (0.877,1.000) | 0.219 0.715 0.936
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