\

Influence of cavity flow on turbine aerodynamics

Maxime Fiore

» To cite this version:

Maxime Fiore. Influence of cavity flow on turbine aerodynamics. Engineering Sciences [physics]. ISAE
- Institut Supérieur de I’Aéronautique et de I'Espace, 2019. English. NNT: . tel-02126215

HAL Id: tel-02126215
https://theses.hal.science/tel-02126215

Submitted on 11 May 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-02126215
https://hal.archives-ouvertes.fr

R
.

i
§
;
i
3-_{“
!

16 m—

THESE

En vue de 'obtention du

DOCTORAT DE L’UNIVERSITE DE
TOULOUSE

Délivré par : l'Institut Supérieur de I’Aéronautique et de I’Espace (ISAE)

Universiteé
de Toulouse

Présentée et soutenue le 07/05/2019 par :
MAXIME FIORE

Influence of cavity flow
on turbine aerodynamics

JURY
PauL TUCKER Cambridge Rapporteur
Virrorio MICHELASSI ~ Baker Hughes (GE) Rapporteur
I[sABELLE TREBINJAC Ecole Centrale Lyon Examinateur
J.-F. BOUSSUGE CERFACS Examinateur
Eric LIPPINOIS Safran Aircraft Engines Examinateur
NicorLas GOURDAIN ISAE Directeur
Pierre GINIBRE Safran Aircraft Engines Invité

Ecole doctorale et spécialité :
MEGEP : Dynamique des fluides
Unité de Recherche :
CERFACS-CFD (UMR 5318) et ISAE-DAEP







Remerciements

Je remercie les membres du jury d’avoir gentiment accepté d’évaluer mes travaux de
these: Madame la présidente du jury, professeur Isabelle Trébinjac pour sa grande
expertise concernant les turbomachines et son extréme gentillesse. Un grand merci
aux deux rapporteurs professeur Paul G. Tucker et professeur Vittorio Michelassi
pour avoir lu mon travail en détails. C’est une des principales raisons qui m’a poussé
a rédiger le manuscrit en anglais, la possibilité d’étre lu par ces références dans le
domaine des turbomachines.

Mes premiers remerciements relatifs a mes connaissances vont a mes encadrants qui
m’ont fait confiance, suivi et ont permis que cette these se passe dans les meilleures
conditions possibles. Jean-Francois, merci pour ton aide, tu as toujours été de bon
conseil pour les présentations et les rendre un peu moins pénibles a suivre que les
premieres versions réalisées. Nicolas, ta compétence technique dans les turboma-
chines et les simulations numériques n’ont jamais cessé de m’impressionner. Je suis
extrémement reconnaissant pour toute ’aide que tu m’as apporté, toujours avec
gentillesse et humilité. Tout ceci sans oublier les petits mots de soutien qui sont tres
importants dans les moments un peu plus difficiles d’'une theése. Eric, je te remercie
pour l'accueil et 'accompagnement au début de la these a Safran Aircraft Engine et
plus généralement tout du long de la these. Autant sur le plan personnel que tech-
nique, je suis tres admiratif de ta personne. Merci Pierre, les quelques connaissances
que je peux avoir des turbines, c’est une petite partie de toutes tes connaissances.

Ces trois années de these au Cerfacs n’auraient pas été si agréables sans la présence
de stagiaires, doctorants, post-doc, permanents, personnel administratif (Chantal la
joie communicative), secrtariat (Nicole et Marie) et équipe informatique. Un grand
merci a 1’équipe "elsA": Majd, mon premier co-bureau, pour toute ta gentillesse,
ta bienveillance (je pense aux vacances), et ton aide durant la thése. Mathieu, un
grand merci pour toutes ces discussions agréables, ton aide (et ce jusqu'a la sou-
tenance), je me demande vraiment ce qu’attend Ferrari pour te recruter | Romain
(Biolchi), transmets moi un peu de ta tranquillité. Marc, merci pour toute ton
aide sur elsA, Antares et plus généralement pour ton extréme humilité et simplic-
ité, pensée pour Frédéric, Alexia et Adele également. Je remercie Félix (la classe),
Valou (notre goal), Jarjar (pour la gentille relecture de these), Kelu (le mec cool),
Omar (la sérénité incarnée), Quentin (monsieur vélo), Julien (I’agenda de ministre),
Christopher (le goal de haut niveau), Luis (le vrai expert en turbomachines), Nico
(le buteur), Greg ('homme qui attendait le train sur un terrain de foot), Mélissa,
Dario (il est enfin possible d’associer vos deux prénoms dans des remerciements de
these) Pierre et Laure (j'essaierai d’étre plus assidu sur les pots de départs / ar-
rivé), pour ces quelques pauses partagées ensemble. Je ne saurais également oublier
la team "LBM": Gauthier, Thomas (Tastoul), Florian, Christophe, Johan, Danny
et Bastien (je te mets dans cette case car méme si tu fais de la combustion, un
jour la LBM fera de la combustion). Je remercie I’équipe de foot du Cerfacs, I'En
Avant Cerfacs, pour ces trois années passées. Je profite de ces remerciements pour
m’excuser de ne pas avoir envoyé certaines feuilles de match, il est possible que cela



nous ait coiité quelques points (et une place en poule 4). J’en remercie les joueurs:
Nico (tes talents de dissimulation ne sont plus a démontrer), Camille (le président
en poste), Ekhi (comment fais-tu pour courir autant ?), Victor (les gourdes sont
dans ta voiture !), Crespo, Romain (Bizzari).

Je pense a 'ONERA au sein duquel j’ai fait mon stage de fin d’études. Merci a
Maxime Bouyges, je n’aurais pu espérer meilleur co-bureau, la stabilité des écoule-
ments, le foot, nos prénoms, cela faisait beaucoup trop de points en commun pour ne
pas s’entendre. Merci a Pierre, expérimentateur dans I’ame, grand joueur de foot, le
tout dans une modestie et simplicité légendaire. Merci a mes encadrants: Maxime,
je ne pensais pas qu’il était possible d’avoir un encadrant avec qui je jouerais au
foot et qui aurait toujours cet esprit d’'un jeune étudiant insouciant. Olivier, merci
pour ta gentillesse et toute 'attention que tu portes pour m’aider. Grégoire, je suis
tres admiratif de votre compétence scientifique (ce qui rend toujours difficile pour
moi le tutoiement), le tout dans une tres grande gentillesse et simplicité. Un grand
merci a vous trois car vous m’avez beaucoup aidé a la suite du stage ainsi que pour
pouvoir réaliser cette these, je vous en suis tres reconnaissant.

Je remercie mes amis du foot de Montech, c’est toujours un plaisir de vous retrouver:
Benoit (nous étions amis avant de naitre je pense), José (le vrai buteur espagnol),
Gaby (le goal au dégagement redoutable), Pierre (petit machoc), Thibault (ton
entrain m’impressionnera toujours), Yécin (le vrai joueur pro), Julien Gayet (la ci-
saille), Julien Ambal (le grand gaillard), Morad, Christopher, Romain (dans un 777).

Je remercie mes amis du lycée (communément appelé le groupe "ninooon" en référence
a cette expression émise par Kelyann lorsque quelque chose ne se passait pas comme
prévu). Merci & Kelyann (mon bindéme de SVT), Pierre (& nos premiers ramassages
de balles au tennis), Charlie (c’est un monde parallele...), Etienne (un jour on aura
la Ligue des Champions avec le PSG), Anto (avait-on vu quelqu’un travailler si peu
en math et avoir d’aussi bonnes notes 7), Florian (je suis stiir qu’au moment auquel
j'écris, tu es en train de courir), Vince (je serai toujours la pour te rappeler les fins
de soirées difficiles), Victor (si un jour nous sommes ennuyés avec la justice, toi seul
pourra nous sauver), Anastasia (la premiére docteur, tu peux étre fiere de ton par-
cours), Eloa (tu es la prochaine sur la liste des docteurs, ¢a va bien se passer), Maud
(le temps semble glisser sur toi, tu me donneras la recette j’espére un jour !), Nora
(je ne peux m’empécher d’avoir ta voix dans ma téte lorsque cette phrase apparait:
"mais d’accord"), Chachou (notre artiste du groupe), Emilie (pas trop de folies).
Merci a Matthieu et César pour les quelques fois ot 1’on peut se voir dans I'année et
bonne chance a toi César pour la derniere ligne droite dans ta these. Merci a Stella,
tu me fais penser que I'on ne saurait se restreindre a la science, la littérature compte
aussi | Une petite pensée pour Juliette ma voisine et amie de longue date, bonne
chance pour tes derniers examens de notaire. Julie-Marie, merci pour ton amitié.

Je remercie ma famille: mes grands-parents, oncles, tantes et cousins, mon frere
et mes parents pour tout ce qu’ils m’ont apporté, je leur dois beaucoup.

-11-



Résumé

Les turbomachines sont largement utilisées pour la production d’électricité et pour
la propulsion aérienne. Une augmentation, méme minime, du rendement de ces
machines peut avoir un effet important sur la consommation et les émissions pol-
luantes a 1’échelle mondiale. Concernant la propulsion aérienne, les architectures
a fort taux de dilution ont permis d’augmenter le rendement propulsif (la con-
version des gaz éjectés en sortie de la turbomachine en poussée pour 'avion par
principe d’action/réaction). Le rendement thermique a également été amélioré en
augmentant le taux de compression entre I’entrée de la turbomachine et la chambre
de combustion. L’augmentation du rendement thermique étant devenu de plus en
plus difficile a obtenir, un intérét croissant est porté aux prélevements d’air dans
une turbomachine. Ces prélevements alimentent le systéeme d’air secondaire pour
la pressurisation cabine, les étanchéités des paliers des arbres haute et basse pres-
sion, etc. Une partie de cet air sert également a refroidir les composants en aval
de la chambre de combustion fonctionnant dans un environnement de plus en plus
chaud. Cet air sert a alimenter les cavités en pied de turbine sous la plateforme
pour refroidir les disques rotor. Cependant, une partie de cet air s’échappe dans la
veine principale ce qui occasionne des pertes supplémentaires pour la turbine par
des phénomenes de mélange. Cette thése a pour objectif de mieux comprendre ces
phénomenes d’interaction entre l'air de cavité et de veine principale afin d’en réduire
les pertes associées. Cette problématique est étudiée par I'intermédiaire de simula-
tions numériques sur deux configurations testées expérimentalement et 'utilisation
d’une approche basée sur des bilans d’énergie connue sous le nom d’exergie. Dif-
férentes modélisations de 1’écoulement et de la turbulence ont été employées au cours
de cette these avec des simulations RANS, LES et LES-LBM basées sur différents
codes CFD: elsA, AVBP et Pro-LB. Les simulations numériques ont d’abord été
menées sur une cascade d’aubes linéaire basse vitesse en amont de laquelle se trou-
vait une cavité avec entrefer. Cela a permit d’étudier le phénomeéne d’interaction
entre ’air de veine et de cavité pour différentes géométries d’entrefer et débits de cav-
ité. L’étude de cette configuration a permis de montrer 'influence de I’écoulement
de cavité sur les écoulements secondaires se développant dans l'espace inter-aube
et la couche de mélange a l'interface cavité/veine principale sur les instationnarités
observées dans la veine principale. La seconde configuration d’étude est une turbine
bi-étage avec cavités et différents débits de cavité en pied, plus proche d’une con-
figuration industrielle. L’effet de rotation du disque par rapport a la configuration
en grille d’aube linéaire a permis de montrer que l'injection de I'air de cavité dans
la veine principale est réalisée selon un mécanisme complexe avec 'influence des
sillages amont, de l'effet potentiel aval et de I'entrainement dans la cavité avec un
processus d’alimentation des structures secondaires (structures normales & la direc-
tion de ’écoulement) de fagon similaire a la cascade d’aubes linéaire.

Mots-clés: aérodynamique turbine, écoulements de purge en pied d’aube, espace
inter-disque, entrefer, processus de mélange, pertes, simulations numériques.
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Abstract

Turbomachinery is widely used for electrical power generation mechanical drive and
aviation industries. Any efficiency improvement can have a significant impact on
overall fuel consumption and global emission. The continuous effort to improve effi-
ciency by higher pressure ratio, temperature and aerodynamic improvement in the
main annulus passage of the gas turbine made possible to reach a high degree of
efficiency. Since the current benefit for increased pressure, temperature and main
annulus aerodynamic improvement have become more and more difficult to achieve,
a further insight has been given to the flow in mixing and cooling areas. These topics
are inherent in gas turbines due to hot gas flows in the main annulus downstream
of the combustion chamber. Some relatively cold air is collected at the compressor
to achieve various tasks through the secondary air system as bearing pressurization
or turbine disc cooling in order to ensure a safe operation. However, the cooling
comes as a cost since it is compressed at an appropriate pressure but does not con-
tribute to the cycle output and the net contribution is negative. In addition, the
cooling that blows in the cavities of the turbine reduces the output power due to
losses associated with the main annulus mixing processes. This thesis aims at un-
derstanding the loss generation processes that occur in the main annulus due to
the additional purge flow blowing. This phenomenon is tackled using numerical
simulation of two configurations with experimental data available and the use of a
method to track loss generation based on an exergy formulation (energy balance in
the purpose to generate work). This formulation enables a local and directional eval-
uation of losses. RANS, LES and LES-LBM simulation have been performed with
the different solvers available during this thesis: elsA, AVBP and Pro-LB. First, the
simulations were led on a low speed linear five nozzle guide vane cascade with an
upstream cavity to primarily study the interaction process between the cavity and
the mainstream flow over different rim seal geometries and purge flow rates. This
configuration made possible to highlight the influence of the purge flow on secondary
flows developing in the passage as well as the influence of the mixing layer at the
rim-seal interface on pressure fluctuations and passage vortex unsteadiness. The sec-
ond configuration is a two-stage low-speed low pressure turbine more realistic and
closer to an industrial configuration. Different purge flow rates could be supplied
in the cavity. The additional rotating effect induced by the rotor disc as well as
rotor /stator interaction provided additional phenomena compared to the linear cas-
cade configuration: a complex blowing of the cavity flow in the mainstream due to
the cavity entrainment effect, wakes and potential effect, an interaction of upstream
wakes and secondary vortices on downstream rows while the feeding process of sec-
ondary structures by the cavity flow showed similar behavior than the linear cascade.

Keywords : axial turbine aerodynamic, cavity purge flow, wheel-space, rim seal,
mixing processes, loss accounting, exergy analysis, numerical simulation.
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Nomenclature

Latin letters

(Eot, Ex, E,,e) Total, kinetic, potential and internal energy

Q
G
A

r

Heat source

Pressure loss coefficient downstream blade
Area

Loss coefficient

Pressure coefficient around blade
Constant pressure heat capacity
Constant volume heat capacity
Dimension of space

Velocity distribution function
Cavity aspect ratio

Enthalpy

Shape factor

Low-pass filter function kernel
Knudsen number

Prandtl number

Universal gas constant

Specific mixture gas constant

[kg.m?.s7?

[kg.m?.s72. K~1.mol™1]

(m?.s2. K1

R., Res, Rey Reynolds number based on characteristic, displacement and momen-

tum thickness
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t Time [s]
trelar Relaxation time [s]
T.  Turbulence intensity [—]
u;  Velocity field (uy,ug,us) [m.s™!]
VvV Volume [m3]
x; Coordinate system (z1,r2,23) [m]
yT  Non dimensional wall distance [—]
(st, n*, r") Streamwise, normal and radial non-dimensional wall distance [—]
B Availability function [kg.m 2572
F Body forces [m=2.s72
I Integral length scale [m)]
k Turbulent kinetic energy [m?.s72]
L Characteristic length [m)]
M Particle position at (x,y,z) [—]
Ma  Mach number [—]
p Pressure [kg.m™1.s72]
Q Heat transfer [kg.m~2.s72]
Ro  Rossby number [—]
s Entropy [kg.m~L.s72]
W Work [kg.m 2572
Y Loss coefficient in terms of enthalpy [—]
Greek letters

(0,6) Boundary layer displacement and momentum thickness [m)]
a Particle velocity lattice [—]
I6] Reduced frequency [—]
X Exergy [kg.m=2.577]
A Characteristic length of the mesh [m]
€ Turbulent dissipation [kg.m™2.572]
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Efficiency

Ratio of specific heat capacity
Wavenumber

Thermal conductivity
Dynamic viscosity

Coefficient of bulk viscosity
Kinematic viscosity

Pulsation or angular velocity
Collision operator
Instantaneous flow field variable
Density field

Viscous stress tensor
Reynolds stress tensor
Kolmogorov length scale
Useful work

Particle speed

Subscripts and superscripts

1

edge

ref
tot

turb

eq

Fluctuating quantity from Favre averaging
Fluctuating quantity from Reynolds averaging
Normalized value at the wall or in time
Reynolds averaging operator

Favre averaging operator

Critical

Edge of the boundary layer

Reference state
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Turbulent quantity
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rev  Reversible process

Abbreviations

SGS Subgrid Scale Model

BGK Bhatnagar-Gross-Krook

CFD Computational Fluid Dynamics

DMD Dynamical Mode Decomposition

DNS Direct Numerical Simulation

LES Large-Eddy Simulation

NSCBC Navier-Stokes Characteristics Boundary Conditions
RANS Reynolds Averaged Navier-Stokes

RSM Reynolds Stress Models

SFC Specific Fuel Consumption

TCF/TVF Turbine Center Frame/Turbine Vane Frame
URANS Unsteady Reynolds Averaged Navier-Stokes
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Introduction

Context

The Twentieth century have shown the development of heavier-than-air flying ma-
chines. The Wright brothers demonstrated that the basic technical problems had
been overcome at the start of the century by succeeding the first controlled powered
fly on December 17, 1903 near Kitty Hawk, N.C. Flight capabilities made quickly
possible to flight over longer distance with Louis Bleriot that was able to flight
from Calais, France to Dover, England on July 25, 1909 in a monoplane with a
25-horsepower engine. The first and second World War induced the strong devel-
opment of aviation especially for military purposes with the development of the
Fokker Eindecker fighter (1915). Most of the developments in the aeronautical in-
dustry prior and during World War II happened in the military sphere with a main
breakthrough being the development and first operations of reaction engines. The
theory on jet engine was first introduced in England by Frank Whittle in 1928.
Hans von Ohain (engineer at Heinkel company) began jet engine developments in
1935 in Germany and demonstrated the feasibility of jet engine propulsion in early
1937 and first flight of an aircraft equipped with a jet engine in 1939 with the
Heinkel He 176. Based on these works, the Junkers aviation firm produced the
first jet engines (Junkers Jumo 004) for the military aircraft, the Messerschmitt Me
262 in 1940. Concerning commercial air passenger service, it began in the United
States as soon as 1914 but knew strong development during the interwar period
with the Boeing’s 247 introduced in 1933 and the DC-3 from the Douglas Aircraft
Company. From technological breakthrough during Second World War, the first
commercial aircraft equipped with reaction engines was the Comet developed by De
Havilland company in United-Kingdom with first flight in 1949. Growing demand
for passenger airline services soon pushed the commercial aviation industry to even
further advancements in passenger capacity and comfort, new elevation capabilities,
and speed. This growth still continues in the 21%" century: the number of people
transported has increased by 60% since 2003 and may double in the next 20 years.
Meanwhile, pollution, noise, cost and safety issues are becoming increasingly criti-
cal, with ever more restrictive standards. Jet engines were the most able to tackle
these different issues due to high power generation, low emission, possibility of heat
generation while having a relative compactness and reliability. This explains why
this technology have become the most popular type of engine to equip commercial
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aircraft over the past decades.

To reach the standards promoted by the International Civil Aviation Organization
(ICAQO), the efficiency of the engine (i.e. its fuel consumption) has to be improved.
Indeed, for an A320 aircraft, a reduction by 15% of the fuel consumption would
represents a saving of 1.4 millions litres of fuel (~ 1000 cars emissions) and 3600
tons of COy (~ 240 000 trees absorption) per aircraft by year 2020. With almost
20 000 existing aircraft in the world, it thus represents an important economic and
environmental issue. With rising of oil prices, fuel consumption has become the
dominant cost factor in all airlines. This enforces airline companies to invest in
new fuel saving approaches. In the context of global warming and global energy
consumption increase, the reduction of aeronautical transport footprint is also a
common expectation. One of the main potential fuel reduction lies in the engines
themselves by increasing their efficiency. Before World War Two, turbomachine de-
signs improvements largely proceeded on a trial and error basis. The explosion of
research on aircraft engines in the 1940’s and 50’s led to a better understanding
in the flow mechanisms that were still improved until nowadays making possible to
reach high degrees of efficiency.

The increase in energy conversion has been mainly accomplished through three
paths. The use of bypassing flow engines such as turbofan architectures where
more flow is accelerated in the bypass annulus compared to the primary one that
contributes to a better propulsive efficiency. The increase of pressure ratio and com-
bustion chamber temperature that improve the thermal efficiency. Some current
engines can operate up to 50 atmospheres (the pressure ratio between combustion
chamber inlet and engine inlet) and 2000 K. Aerodynamic designs improvement of
the mainstream components like compressor, combustion chamber or turbine en-
abled a more efficient transfer of work between the shaft and the mainstream air.
An alternative measure of engine efficiency is the Specific Fuel Consumption (SFC)
which is the input fuel mass flow required by the engine to get a unit of thrust.
Wisler [1] showed that a 1% increase in the aerodynamic efficiency of low pressure
turbine could improve in the same magnitude the engine specific fuel consumption
for a modern commercial turbofan engine. Main annulus designs improvement con-
tributing to the thermal (cycle) efficiency. The increase of thermal efficiency by an
increased pressure and temperature ratio led to an increase of thermal stresses for
the turbine component requiring additional cooling system to ensure a safe oper-
ation of the gas turbine. The secondary air system consists in air bleeding at the
compressor to be supplied in the different parts of the turbine like the blades or
inter-disc cavities to cool down the environment. An optimal efficiency being found
between the potential thermal efficiency gain due to pressure/temperature increase
and loss associated to the secondary air system. As material limitations and ever
more complex aerodynamic solutions in the turbine main annulus have made more
and more difficult to improve its efficiency, new ways have been investigated. This
is especially true for the study of secondary air interaction with the main annulus
flow. Since temperature has constantly increased in the gas turbine main flow path,
the need for cooling system has been increased to maintain a safe operation for the
gas turbine. Additional losses related to theses secondary air systems have also in-
creased. Therefore, a promising way to reduce losses in the turbine has emerged by

-XIV-



optimizing the bleed air system, this being possible under a better understanding of
the interaction processes between the secondary and mainstream flow. The study
of this interaction is mainly possible in three ways: analytical, experimental and
numerical approaches.

Numerical simulation tools have start to developed since 1970’s. These tools make
possible to develop new technical solutions, reduce the conception time as well as
the number of configurations to be tested experimentally. With the increase of the
computational power, Computational Fluid Dynamics (CFD) has appeared to be an
interesting way to study the flows that can be difficult to access with experimental
means. Over the years, the increasing computer capabilities made possible to use
numerical methods providing more insight in the flow behavior in gas turbine: two-
dimensional Euler computation (inviscid flow), 2.5-dimensional Euler computation
(two-dimensional computations over several blade span), three dimensional Euler
computation. Current methods used in the industry deal with viscous and turbu-
lent flows by performing Reynolds Averaged Navier-Stokes (RANS) and unsteady
computations with Unsteady-RANS (URANS) simulations. These simulations take
into account the periodic unsteadiness arising for instance, from the relative mo-
tion of the blades and for low frequency instabilities but fully model the turbulence.
To overcome this limitation, a solution is the use of Large-Eddy Simulations (LES),
which is an unsteady approach that solves the large eddies of turbulence and models
only the smallest ones with a more universal behavior. However, the LES of a full
stage of turbomachinery is about 100 to 10000 times more expensive than a URANS
simulation depending on the Reynolds number (Re'® [2]) which ranges between 10
and 107 in turbomachinery for aeronautical applications. This approach is currently
mainly used for research purposes. This thesis aims at studying the impact of a
particular part of the secondary air system related to the inter-disc cavity cooling
by assessing the influence of the cavity flow on the turbine main annulus flow. This
study is led using numerical simulations. This section will be devoted to give more
details about the notion of efficiency in a gas turbine and secondary air system
briefly introduced previously.

Gas turbine principles

A gas turbine is based on the Joule-Brayton cycle (1872) which describes the work-
ings of a constant-pressure steady heat engine exchanging work and heat with a
flow crossing the engine. The ideal cycle is first introduced as a reference to be then
compared against a real cycle. The notion of isentropic process that will be used
for some processes of the cycle refers to a process composed of a succession of states
that can be reversely recovered without heat transfer and primarily seen as a process
with no loss generation. The departure from the isentropic process corresponding to
loss generation measured by a quantity called entropy (see Fig. 1). The fluid that
is generally ambient air is collected at the inlet of the gas turbine (1) and drawn
into a compressor where the flow is compressed, under an isentropic process (1-2).
The compressed air then runs in a combustion chamber where fuel is added under
a constant pressure (isobaric) process. The pressurized air and fuel mixture is then
ignited releasing energy that mimic an external heat release (J, in the Brayton cycle
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and causing the fluid temperature and combustion products to increase (2-3). The
fluid is then expanded in a turbine under an isentropic process (3-4). Part of the
extracted work is given back to the compressor and the propulsion fan in an aircraft
engine, the remaining useful work (W) is then either used to accelerate the flow in
a nozzle providing a propulsive jet to generate thrust or expanded in an additional
turbine to generate power on the shaft. This last configuration can be used for elec-
trical power generation, induce the rotation of the main rotor of an helicopter or the
propeller of an aircraft for instance. The flow is finally released into the atmosphere
considered as a constant pressure environment (4-1). Usually, a gas turbine operates
in an open circuit since the exiting fluid is not driven back as an intake to the gas
turbine. The open circuit gas turbine cannot be said to operate on a thermody-
namic cycle, however, its performance is often assessed by treating it as equivalent
to a closed cycle. For a cyclic gas turbine in which the fluid is circulated continu-
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Figure 1: Ideal and real (denoted ’) Brayton cycle in T-S (a) and P-V diagrams (b)

ously, one criterion of performance is the thermal or cycle efficiency n = W /Q, with
W the net work output and @), the heat supplied emanating from the combustion
process of the fuel with air. The cyclic heat engine achieves maximum efficiency
by operating on a reversible cycle called the Carnot cycle. For a given (maximum)
temperature of supply T},.. = T5 at which all heat generated by the combustion
process is received and a given minimum temperature of heat rejection 7},;,=T1,
the thermal efficiency is Dcarmot = (Timaz-Tmin)/Tmae = 1-(p1/p2)?~7). The Carnot
engine is a useful hypothetical device in the study of the real gas turbine thermody-
namic cycle since it provides a measure of the best performance that can be achieved
under the given boundary conditions of temperature or pressure indifferently. In a
real engine, losses are generated during the different processes of the Joule-Brayton
cycle. Compression and expansion are generally not isentropic. Adiabatic nature
of the processes is generally an acceptable assumption in compressors and turbines
since the thermal transfer at the walls are generally low compared to the work trans-
fer but losses are generated during the various processes. For the compressor (see
Fig. 1), the pressure increase is lower (1,2’) with respect to the isentropic process
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(1,2) while for the turbine, the pressure decrease is lower (3',4’). The output power
is decreased compared to the isentropic process and lead to an additional specific
fuel consumption to achieve the same power output as the isentropic process. In
addition, all the heat is generally not supplied at the maximum (specified) temper-
ature and is not rejected at the lowest (specified) temperature since the flow exiting
the nozzle has generally a higher temperature compared to the ambient one. The
efficiency of the real Joule-Brayton cycle is a function of temperature, pressure ratio
and components efficiency (see Fig. 2a).
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(a)
Figure 2: Thermal efficiency for the ideal and real processes at different inlet com-
bustion chamber temperature for compressor and turbine efficiency set to 0.9 (a)
and propulsive efficiency for the jet engine based on the ratio between outlet and
inlet velocity (b)

Turbine component

The work extracted by the turbine is partially used to drive the compressor by a shaft
linking compressor and turbine components. This architecture is known as jet engine
and is the simplest configuration encountered in gas turbine (see Fig. 3a). Modern
gas turbines are often composed of two or three steps of compression and expansion
processes. The flow at the inlet is compressed in the low, intermediate and high
pressure compressor stages and is expanded in high, intermediate and low pressure
turbine stages. Each stage level being linked by coaxial shafts. Under a nominal
and stabilized regime, the power extracted by high and intermediate turbine stages
equilibrate the power given to the intermediate and high pressure compressor stages.
The low pressure turbine is linked to the low pressure compressor. The low pressure
compressor is generally composed of the fan module and additional stages known as
booster. The fan module accelerates air at the inlet and partially redirects the flow in
the intermediate or high pressure stages to follow the Joule-Brayton cycle, while the
remaining flow is driven outward to generate thrust by accelerating the flow and is
referred as turbofan architecture (see Fig. 3b). In commercial aircraft engines where
the purpose is to accelerate the flow, turbofan and propeller architectures are more
usual since they provide a better propulsive efficiency (7,) than jet engines. The
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overall efficiency of the turbomachine being the product of thermal and propulsive
efficiency. By accelerating the flow, the gas turbine induces thrust under the action
reaction principle. The propulsive efficiency quantifies the conversion of the fluid
acceleration by the gas turbine to the net thrust for the gas turbine. From simple
approach, the propulsive efficiency can be approached by 7, = 1/(14+(tput/Uin))
where u;, and u,,; are velocity at the inlet and outlet of the gas turbine. This
equality states that it is more energy efficient to accelerate a large amount of air by
a small amount, than it is to accelerate a small amount of air by a large amount,
even though the thrust is the same! (see Fig. 2b). This is why turbofan engines and
propellers are commonly used since more mass flow experiences lower acceleration by
fan or propeller over a large area compared to highly accelerated flow at outlet for jet
engines. Propeller architectures are generally used for low to medium speed ranges
while turbofan architectures are generally used for high subsonic flows since propeller
architectures suffer from shocks issues at such velocity speed, strongly decreasing
their efficiency. The analysis of the Joule-Brayton cycle shows that the engine

High-pressure High-pressure Fan

compressor turbine By-pass flow
High-pressure Nozzle

shaft

ow-pressure

shaft . Low-pressure
Low-pressure Combustion turbine

compressor chamber
P (b)

()

Figure 3: Jet engine (a) and turbofan (b) architectures Adapted from Wikipedia:
The jet engine

Exhaust flow

efficiency is increased with the turbine inlet temperature and pressure ratio increase.
Pressure ratio increase for compressors leads to a reduction of flow path section that
increase relative tip gap and induce more losses. Temperature increase requires
the use of additional devices to cool down combustion chamber and turbine due
to limit of metallurgical components. This leads to more complexity that generate
more losses. Performance enhancement for gas turbine application is generally a
trade-off between the potential increase in the cycle efficiency and the undesired
side effects of this potential energy conversion increase. The focus will be given to
low pressure turbines in this thesis. Burnt gases from the combustion chamber are
expanded in the high pressure turbine, then travel in the Turbine Vane Frame (TVF)
/ Turbine Center Frame (TCF)? to be finally expanded in the low pressure turbine.
The mechanical constraints for rotor cascade are high due to high rotation velocity.

for propulsion efficiency close to one, there is virtually no thrust
2Refers to the structural frame that separate the high pressure turbine and the low pressure
one. Some frame can be used as nozzle guide vane and are referred to turbine vane frame
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In current aircraft engines, the rotation velocity of low pressure turbine is mainly
limited by the velocity at the tip of the fan blade (when losses related to shocks
become important) since they are coupled by the shaft. In upcoming and future
commercial aircraft engines, inertial constraints for low pressure turbine could be
increased since the low pressure turbine and fan will be coupled by a gearbox which
will make possible to increase the rotational velocity of the low pressure turbine
inducing higher stress for this component. The incoming turbine temperature went
from 1050 K of the Whittle W1 engine (1940) to values currently observed around
1800 K for high pressure turbines that is well above the melting point of the turbine
components. The thermal stress is also important in the low pressure turbine since
the temperature at the inlet has kept increasing during these past few decades to
achieve higher efficiency of the thermodynamic cycle. Thermal and mechanical
constraints are high for the turbine components and can reduce the operating life
or even induce damages. Additional systems must be provided to ensure a safe and
efficient operation of the engine. This is make possible by the use of the secondary
air system.

Secondary air system

Low pressure
compressor High pressure
compressor

High pressure Turbine
turbine bearing

——

Compressor bearing % Low pressure

) ) ) __ turbine
[JLow pressure air [ Intermediate pressure air [ High pressure air

Figure 4: Sketch of a gas turbine secondary air system. Courtesy of Rolls-Royce,
The Jet Engine [3]

The engine internal air system is defined as those airflows which do not directly
contribute to the engine thrust since not participating in the combustion process.
Some relatively cold air called secondary air is bled at the tip and hub of the com-
pressor to be expelled overboard in a system of external pipes to the gas turbine or
underneath the main gas path (see Fig. 4). Up to one fifth of the total engine core
mass airflow may be used in the secondary air system. An increasing amount of
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work is transferred to the air as it progresses in the compressor to raise its pressure
and temperature. Therefore, to reduce engine performance losses, the air is taken as
early as possible from the compressor, taking into account pressure and mass flow
rates requirements of each particular function/component®. Secondary air can be
used for different purposes:

e feed the ventilation systems of flight station compartment;

e cool down engine accessories where a considerable amount of heat can be
produced of which the electrical generator;

e pressurize bearings on which the various shaft rotate and equilibrate the axial
efforts of the rotor discs (axial loads);

e cool down the cavities at shroud especially where vanes are held and at the
tip of rotor blades in order to control the turbine blade tip clearances;

e cool down the vanes and blades since the mainstream temperature is often well
above the melting points of alloys used for the blades and platform. Secondary
air can be used in different technological solutions. Cold air can travel through
ribbed channels in the inner vane/blade part to increase turbulence and heat
transfer. Impinging jet technologies can promote heat transfer with inner blade
skin. Film cooling on blade and platform where cold air blows promotes a thin
layer of cold air to protect the component.

Under the mainstream passage, cavities are induced by the necessary gaps between
the static and rotating rows. Specific platform shapes are generally designed at the
interface between two adjacent rows referred as rim seal in order to prevent the hot
main annulus gas ingestion (see Fig. 5b). However, these architectures are generally
not sufficient to prevent overheating and potential damages for rotor discs. Part
of the mainstream flow could enter in these cavities and impinge rotor discs. Since
the rotor discs are mechanically loaded, the additional thermal stress could decrease
strongly the operating life of this component or even lead to mechanical failure.
Part of the secondary air is therefore supplied to cool down the cavities underneath
the mainstream passage. Secondary air, commonly called purge flow when dealing
with cavity air supply, is injected either axially with swirl or radially in holes cir-
cumferentially spread and makes possible to cool down the air in the cavities. The
temperature ratio between the secondary and mainstream flow is typically in the
order of 0.6 for the first low pressure turbine stage and tends to increase in down-
stream stages. In addition, a sealing effect is promoted at the rim seal interface
since the pressurized cooling air prevents ingestion of the hot main annulus flow. A
schematic view of a secondary air system in the turbine is proposed in Fig. 5.

3Due to the use of passive devices for the secondary air system, the pressure at the station
where the air is collected must be higher than the pressure where air is supplied
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Figure 5: Secondary air system in a turbine component (a) and at the rim seal
interface (b). Courtesy of Rolls-Royce, The Jet Engine [3]

Main context ideas and purpose of this thesis

The overall efficiency of a gas turbine can be split in two contributions that are
propulsive and thermal (cycle) efficiency. The first contribution is mainly induced
by the gas turbine architecture and the ability to accelerate slowly a great amount
of flow. The thermal efficiency depends on pressure, temperature ratio (between
the incoming flow and the inlet of the combustion chamber) and the efficiency of
the different components in the gas turbine (compressor, combustion chamber, tur-
bine, nozzle). Higher thermal efficiency have been reached by increasing pressure
and temperature ratio, leading to stronger thermal stresses for the turbine. The
temperature increase enforced the use of additional cooling system known as sec-
ondary air systems where some relatively cold air is collected at the compressor.
For the turbine cavities underneath the platform, this system cools down rotor discs
but induces additional losses for the turbine by blowing of the cavity purge flow in
the main annulus. From an efficiency point of view, the challenge in designing this
system is twofold:

e the ability to improve the thermal transfer in the cavity to reduce the amount
of purge flow taken at the compressor. From an engine designer’s point of
view, minimizing purge flow for engine efficiency must be balanced against the
probability of unexpected thermal degradation and seal life;

e the interaction process between the purge and mainstream flow that induces
losses and reduce the efficiency of the turbine.

This thesis aims at providing a general framework to evaluate the potential benefit of
an increased temperature to the thermal efficiency versus the potential side effects
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due to more flow extracted at the compressor to cool down the turbine and the
additional flow blowing in the turbine main annulus. As it will be seen, the thermal
efficiency benefit and bleed air negative effect on the gas turbine efficiency can
be approached by general thermodynamic analysis. The current thesis focuses on
the last contribution that requires a more local analysis. The goal is to better
understand the interaction process between the purge and mainstream flow, the
underlying mechanisms of loss in order to reduce their contribution and increase the
turbine efficiency that contributes to the thermal cycle efficiency.

Overview of the thesis

To understand the temporal and spatial evolution of the purge flow blowing in the
mainstream and inducing losses, the underlying phenomena related to non-uniform
time-varying ingress-egress at the rim seal interface need to be described.

This description is proposed in Chap. 1 introducing the processes occurring in the
turbine cavity, main annulus and rim seal leading to the ingestion and blowing phe-
nomena taking place at the rim seal interface. The description of the fluid motion
in the turbine cavity is first introduced by considering simplified cavity to reach
more complex and realistic configuration. The related disc pumping effect on the
ingestion process is discussed. Then, the influence of the main annulus flow as well
as local processes at the rim seal interface on ingestion are presented. These phe-
nomena are responsible for the unsteady non-uniform flow at the rim seal interface
that can leak in the mainstream and induce additional losses compared to a smooth
configuration (i.e. without technological effects).

Loss generation of the blowing flow in the mainstream requires a quantification of
loss. In this study an exergy formulation has been used and will be presented in
Chap. 2. This notion of exergy, not commonly used in gas turbine, consists in per-
forming energy balances in the purpose to generate work. The use of this approach
in current study aims at setting under a same basis the different benefits (if one
can increase the temperature in the combustion chamber) and drawbacks associ-
ated to purge flow taking place at the different scales (whole gas turbine, turbine
component and locally in the turbine). The use of this approach in the numerical
simulations performed in this study requires several prerequisite steps. This con-
cerns the simulation convergence, temporal and spatial averaging procedure that
will be detailed in this chapter to be compliant with the exergy formulation. The
study of loss incurred by purge flow requires the knowledge of the existing literature
about the mechanisms of loss without and with purge flow blowing at the hub of
the turbine. So, this chapter will be devoted to introduce the mechanisms of loss
known at current stage of knowledge.

The study of loss generation in the mainstream due to purge flows has been led
mainly by two configurations for which experimental data were available. Chapter 3
is devoted to the study of the first configuration which is a static linear cascade with
an upstream cavity including various rim seal geometries and purge flow rates. Dif-
ferent numerical approaches (RANS, LES and LES-LBM) are used in this chapter
to analyse the effect of turbulence modelling and turbulence injection at the inlet of
the domain. A description of the main annulus flow field, the flow at rim seal inter-
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face and unsteady phenomena is proposed. The influence of the rim seal geometry
and purge flow rate is studied in conjunction with the exergy analysis to describe
the different mechanisms taking place in the turbine component and the underlying
mechanisms of loss.

Chapter 4 introduces the second configuration studied numerically with a LES solver
that is a two-stage rotating turbine configuration. The main purpose of this con-
figuration is to study the influence of multi-rows interactions and rotating cavities
under the hub platform known to strongly influence the ingestion and blowing pro-
cess at the rim seal interface. The same strategy based on exergy balance is used to
characterize the mechanisms of loss and the influence of purge flow.

Appendix A is devoted to describe the numerical basis used in this study. Therein,
a brief historical review leading to the well-known Navier-Stokes equations and the
corresponding system of equations for modelling fluid dynamics is introduced. An
alternative approach to model fluid dynamics is also introduced based on the Boltz-
mann equation. Turbulence modelling issues contained in all previous set of equa-
tions are introduced and potential modeling approaches are detailed. Spatial, tem-
poral discretization of the equations and numerical parameters are also described.
This chapter makes possible to evaluate the degree of uncertainty related to the
numerical simulation as well as some numerical assumptions on which special care
is required to properly analyse the result of the numerical simulations. Details for
temporal and spatial averaging procedure concerning numerical simulation data is
also proposed.

Appendix B introduces and details the energy-related equation used to draw the
exergy analysis proposed in Chap. 2. The boundary layer thickness estimation used
in the study to split the whole domain in boundary layer contributions and a re-
maining domain is introduced in App. C.

At the begin of each chapter, an abstract/introduction is proposed in blue box. Sim-
ilarly, each chapter is concluded by a summary and discussion of the major results
in same blue boxes. When important partial results are described in a section, a
summary of the section is proposed in green boxes.
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Theory is when you know everything but nothing
works. Practice is when everything works but no
one knows why. In our lab, theory and practice are
combined: nothing works and no one knows why.

— Albert Einstein

Ingestion and blowing processes
at rim seal interface

-

N\

This chapter describes the physical phenomena leading to ingestion and
blowing at rim seal interface. The underlying phenomena were depicted by
Johnson et al. [4] with several main mechanisms: the three-dimensional and
time-dependent vane/blade pressure field in main annulus, the disc pump-
ing effect in the cavity and localized effects in the rim seal. These local
effects are related to three dimensionality of the rim seal region and geom-
etry, the turbulent transport and flow entrainment in the overlap region.
The first two mechanisms tend to impose a time-dependent pressure field
slightly above (mainstream field) and below the rim seal interface (cavity
field), while the third mechanism tends to modify the permeability function
or discharge coefficient of rim seal. For a local pressure drop imposed by the
mainstream and the cavity across the rim seal, the local mass flow rate of
ingress or egress is driven by geometry and phenomena occurring at the rim
seal interface. In the cavity, the main characteristics of the flow field will
be introduced by presenting simpler configurations flow field to illustrate
some features of the flow for more complex geometries encountered in low
pressure turbines and further explain the disc pumping effect. In the main
annulus, sources for pressure asymmetry and unsteadiness will be discussed
to explain the time-dependent vane/blade pressure field. The main mecha-
nisms at the rim seal interface impacting the discharge coefficient will also
be depicted. Large scale flow structures have been identified more recently
to be a potential source of ingress for cavity in low pressure turbines and
will be discussed in last part of this chapter.
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1.1 Characterization of the turbine cavity flow

The purpose of this section is to describe the main flow features related to enclosed
rotor /stator cavity encountered in turbines. The description is structured by going
from simple to more complex physics/flow features and follows overall the chrono-
logical understanding on this topic. A turbine cavity can be primarily seen as a
two facing disc configuration, one rotating being the rotor disc and a stationary disc
being confined between an inner shaft and the hub platform of main annulus at the
circumference (see Fig. 1.1). The laminar flow encountered in one and two-discs
configurations with possible rotation is first introduced since analytical models have
been derived to describe the corresponding flow behavior. The influence of the inner
and outer shaft as well as turbulence influence on the cavity flow is more complex
and cannot be properly handled analytically. Thus it will be discussed based on
experimental data and numerical simulations.

1.1.1 Modeling the laminar disc flow

1.1.1.1 Flow initially at rest over an infinite rotating disc

Ekman [5] (1905) was among the first to explore the flow behavior of a fluid initially
at rest over an infinite rotating disc assuming a bulk rotation of the fluid far from
the disc known as "free disc' configuration. Later on, Von Karmén [6] studied
analytically the same configuration assuming that the flow far from the disc is at rest.
He derived a self-similar profile, solving exactly the axisymmetric stationary Navier-
Stokes equations in cylindrical coordinates. Using a matched asymptotic expansion,
Cochran [7] obtained a more accurate solution to the problem and pointed out that
the mean axial velocity far from the disc converged to a constant negative value that
is now referred to the "Von Karméan viscous pump' phenomenon. When describing
the main feature of the flow in this kind of configuration, the fluid is coupled to
the disc motion in a non-slipping velocity condition which leads to a fluid velocity
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Figure 1.1: Sketch of a one stage turbine including the cavity between the nozzle
guide vane and the rotor

tangential to the wall and equal to the local disc velocity. When moving away from
the disc normal to its surface, a thin layer of fluid is put in rotation due to viscous
effects and radially ejected due to the centrifugal and Coriolis forces. This effect is
larger at the disc periphery because it features the highest local rotational velocity.
Because there is a net radial outflow close to the disc surface, this flow must be
compensated to satisfy the conservation of mass resulting in an inflow in the axial
direction toward the disc (see Fig. 1.2a). In addition, outside of the boundary layer
developing in the vicinity of the rotating disc, the flow was shown to be rotating
with an inviscid core flow manner. In rotor/stator disc configurations encountered in
turbine cavity, the rotation of the disc can induce a rotating core flow that extends
to the stationary disc. This observation motivated the study of a rotating core flow
on a stationary disc as described in the next subsection.

Pumping effect

Figure 1.2: Flow behaviour of a fluid initially at rest put in motion by a rotating
disc (a) and a rotating fluid over a stationary disc (b). From Schlichting [8]



1.1.1.2 Rotating flow over an infinite stationary disc

The rotating fluid over an infinite stationary disc was first studied by Bédewadt[9],
applying the same strategy as Cochran to derive a self-similar solution. The flow
analysis showed that far from the disc centrifugal and Coriolis forces are exactly
balanced by the radial pressure gradient. Closer to the disc, since the circumferential
velocity has to decrease to vanish at the disc, the centrifugal forces diminish and the
pressure gradient leads to a radially inward flow that is balanced by an axial flow in
the opposite direction to the disc. Batchelor [10] showed that the ratio of fluid and
disc rotation velocities were sufficient to characterize the steady laminar flow over
an infinite disc.

1.1.1.3 The flow between two facing discs

In the same work, the author extended the analysis to two infinite parallel discs by
obtaining the differential equations of the motion and gave a description of the nature
of the flow for various ratio of angular velocity between the two discs. Faller [11] was
able to unify the three fundamental flows: rotating disc over a flow at rest, rotation
flow over a static disc and the mixed conditions of rotation under one parametrized
set of equations. The disc and fluid are considered to be rotating around the same
axis x with angular velocities wy and wy respectively. Two key parameters are the
inter-disc Reynolds number Re, = h? w/v (with h the inter disc distance and w
the system angular velocity, see Fig. 1.1 for characteristic length) and the Rossby
number Ro that describes the angular velocity difference between the fluid (f) and
the discs (d)

_AQ

Q Q

_|_

) 1.1
2—Ro 2+ Ro (1.1)

In the expression eq.(1.1), it is possible to retrieve the Bodewadt layer for Ro = 1
and Q = ¢, Ekman layer for Ro = 0 and Q = {24, the Von-Karman layer for Ro = -1
and 2 = ). Figure 1.3 shows non dimensional axial velocity u,, azimuthal velocity
ug and radial velocity components u, evolution against axial coordinate for three
inter disc Reynolds numbers Re;, € {102, 103, 10} where velocity components are
defined as:

uz(x) = uif), up(z) = uiEf), up(z) = %, (1.2)

where * superscript indicates dimensional quantities and r a reference radius. The
description of these unenclosed rotating disc configurations can illustrate some of
the main characteristics of enclosed cavity flow that will be then discussed and can
be used as initial design criteria for the kind of complex geometry encountered in
low pressure turbine cavities.

1.1.2 Enclosed annular rotor/stator cavity flow

In turbine cavities, rotating and stationary discs are in alternating sequence with
stationary disc on the upstream part and the rotating disc on the downstream part

4.
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Figure 1.3: Auto-similar velocity profiles of the laminar flow between a rotor and a
stator for different inter-disc Reynolds numbers Re;,. Top: axial velocity, middle:
azimuthal velocity, bottom: radial velocity. The analytical derivation and compu-
tation of the velocity profiles is proposed in Bridel-Bertomeu [12]

when considering the cavity between a stator rotor stage and conversely for the cavity
between an upstream rotor row and a downstream nozzle guide vane row. Because
of the enclosed environment, the first complication is the coaxial inner annulus being
the shaft that can strongly modify the idealized picture of a flow over an infinite
disc. Batchelor [10] and Stewartson [13] have considered the flow theoretically in this
situation, with diverging predictions on the flow behaviour. Nevertheless, experi-
mental works have shown that time-variant phenomena of considerable complexity
can be observed under certain geometrical conditions as stated by Maroti et al. [14].
Further complications emerge by considering the presence of the main annulus hub
platform in the outer part. This configuration of enclosed cavity facing rotor /stator
discs strongly differs from a free disc configuration and analytical description of the
flow cannot be derived from the Navier-Stokes equations. Before considering any
possible turbulent flow in the cavity, Roger and Lance [15] and Sirivat [16] showed
respectively numerically and experimentally that the laminar flow regime in an en-
closed or partially enclosed rotor/stator cavity in these two studies can be classified
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depending on the axial gap h. If h is large enough, the Bodewadt (stator) and
Ekman (rotor) layers are separated. However, for small values of h, the boundary
layers merge and the flow behaves like a "torsional Couette flow". For turbulent
flows, Daily and Nece [17] have conducted an extensive experimental study and con-
cluded on the existence of four main flow regimes depending on two dimensionless
parameters, the disc Reynolds number Rey = riw/v and the aspect ratio of the cav-
ity G = h/ry where r( is the outer radius of the discs and v the kinematic viscosity
of the fluid. Owen and Rogers [18] used boundary layer equations to determine the
transition line equations between the four regimes in the (Rep, G) diagram:

e the two laminar regimes (category I for merged boundary layers, II for sepa-
rated) are separated by a line Rey G'/5 ~ 2.9;

e the transition to turbulence for flows with separated boundary layers (regime
IT to IV) occurs at Rey ~ 1.58 x 10°;

e the common boundary to the two turbulent regimes (category III for merged
boundary layers, IV for separated) is defined by Rey G'%/3 ~ 7.8 x 1073;

e the line between regimes I and III is such that Rey G199 ~ 366;

e the common boundary to regimes II and III satisfies the equation
Reg G915 ~ 4.6 x 10°.
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Figure 1.4: Categories of flow encountered in enclosed rotor-stator cavity. Adapted
from Owen and Rogers [18§]

Figure 1.4 shows a diagram first introduced by Owen and Rogers [18], that summa-
rizes these results and gives a visual representation of the domains of definition of
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all four regimes in the (Rey, G) plane. Depending on the distance between the two
discs, the rotating speed and fluid viscosity, the flow structure has been characterized
using experiments and numerical simulations. If the two discs are comparatively far
from each other, an inviscid rotating fluid core develops in the axial center of the
cavity rotating in a rigid body manner. On both discs, a thin boundary layer is
developed. The core is dominated by an axial flow toward the rotating disc, while in
the outer region, the flow is directed towards the stator disc leading to fluid move-
ment in the meridional plane. If the discs are close to each other, the mentioned
boundary layer merges conversely and the inviscid core disappears.

1.1.3 Ingestion process without external flow

NGV Rotor

Platform
- -

PP/ Rotor

Core disk

flow
A

Inner shaft

/
Sealing flow (V

Figure 1.5: Sketch of turbine cavity and main annulus with main central core and
pressure increase with radius

The Reynolds number and cavity aspect ratio encountered in low pressure turbine
cavity are generally high enough to be within the domain of turbulent and separated
boundary layers between the stator and rotor side. This boundary layer flow is
feeded by the purge flow and recirculation within the cavity which may include some
ingested flow (see Fig 1.5). Despite the complicated flow in these cavities, the rigid
body rotation observed for laminar infinite discs stands as a good approximation
of the central flow (see non-zero azimuthal velocity of central Fig. 1.3). Based on
an inviscid version of the Navier-Stokes equations (Euler) expressed in cylindrical
coordinates, one can derive a relation between the radial pressure evolution and the
azimuthal velocity by

dp _ pu
dr  r

(1.3)
The rigid body rotation of the central core induces an increase of tangential velocity
component with radius resulting in a pressure increase with radius. Furthermore,

increasing the disc rotation speed leads to a tangential velocity increase in the core
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flow and thus higher pressure in the outer part of the core flow slightly below the
rim seal. If the pressure exceeds the pressure level of the main stream, this can lead
to flow from the cavity blowing into the main annulus. This process is known as the
disc pumping effect. Without any external flow, the pressure field can exhibit slight
azimuthal non-uniformities in the cavity and in the mainstream close to the rim seal.
The potential purge flow blowing into the main annulus is therefore generally not
homogeneous azimuthally. To satisfy mass conservation in the cavity, this outflow
has to be compensated by an equivalent inflow. Even without any purge flow, the
mainstream flow is ingested in the cavity due to radial pressure gradients. These

“NDNO

Cw=0 Cw=930 Cw=1800

Figure 1.6: Observed flow patterns in the wheel space for simple rim seal at various

non-dimensionalized purge flow rate C,, supplied in the cavity. From Phadke and
Owen [19]

azimuthally non-uniform patterns of flow transfer between the cavity and the main
annulus have been especially observed by Phadke and Owen [19] and are generally
to be avoided when the mainflow is at high temperature. The second possibility
that can be made in conjunction with the former mechanism is the supply of purge
flow, which can partially compensate the cavity flow blowing into the mainstream
due to disc pumping effect. This ingestion process is referred to rotationally induced
ingress in the literature.

Among the first experiments of rotor/stator cavity with rim seal without external
flow, Bailley and Owen [20, 21] conducted experiments aiming at determining the
minimum amount of purge flow 7 (non dimensionalized by C,, = m/(u 1)) to
be internally supplied to prevent ingestion. This coolant flow was compensating
the fluid blowing from the cavity due to the disc pumping effect and was shown
to increase linearly (with a coefficient a depending on rim seal geometry) with
the rotation velocity. This velocity, non dimensionalized by the rotating Reynolds
number Rey and the gap between static and rotating arm s (G, = s/rg) provides
the following equality for simple rim seals:

Cuwmin = oG Rey. (1.4)

This study was supplemented for more complex rim seal geometries including axial
overlapping (see for example geometry 5 in Fig. 3.2) at same gap size by Phadke
and Owen [19] (see Fig. 1.7). They observed similar linear relationship between the
minimum sealing flow required to seal the cavity C,, ., and rotating Reynolds num-
ber Rey. Reducing the gap size was shown to decrease the required purge flow rate
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supply especially when approaching the boundary layer thickness over the free disc.
At the time, geometries with small radial clearance in axial overlapping geometries
were shown to be more favourable since they minimize the coolant flow requirements
regarding simple axial geometry (see rim seal designs 5 and 6 in Fig. 1.7). Also,
decreasing the radial clearance was shown to have more effect than increasing the
axial overlap.
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Figure 1.7: The different rim seal geometries (a) and the corresponding variation of
Cwmin With Reg with G. = 0.01. Adapted from Phadke and Owen [19]
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From simplified approach, the turbine cavity can be seen as a two facing
disc configuration. Analytical developments on infinite disc configuration
have been able to derive the flow motion in the cavity due to the rotating
rotor disc. For Reynolds numbers observed in gas turbine cavity, the flow
is characterized by two thin boundary layers developing on the rotor and
stator disc separated by a core flow. In real configuration where the inner
shaft and enclosed cavity contribution are to be taken into account, exper-
imental studies have shown the turbulent nature of the flow and confirmed
distinct boundary layers developing on rotor and stator side. One of the
main flow feature is that the central inviscid core rotates and induces a pres-
sure increase with radius. This pressure increase causes the cavity flow to
egress and the mainstream flow to be ingested in the cavity. The increasing
need of sealing flow with increasing disc rotation speed was confirmed in
rotor/stator experiments showing linear trend between sealing supply and
disc rotation for a wide range of rim seal geometries.

~




1.2 The superimposed mainstream flow

1.2.1 Quasi-symmetric axial flow in the main annulus

Without external flow, the ingestion process was shown to be induced by the disc
pumping effect promoted by the rotation of rotor disc. The minimum sealing flow
rate Cy min Was shown to be increasing with the rotation Reynolds number Rey of
the rotor disc. In real gas turbine application, an external flow is added to the
rotating cavity corresponding to the main annulus flow. Phadke and Owen [22]
conducted experiments of rotating cavity including quasi-symmetric mainstream
flow. When the mainstream Reynolds number Re, = wury/v was sufficiently high
regarding the rotation Reynolds number, the minimum sealing flow rate Cl pin Was
no longer depending on the rotation Reynolds number Rey but only on the Reynolds
number of mainstream flow (see Fig. 1.8). When dealing with configuration taking

y/ ' Symbol Reg/ 10° | I~ Symbol Reg / 10°

- 00 ©¢ 04 o 08 x 12 v 2 00 € 04 o 08 x 12 vJ

e .02 x 06 o 10 & 0 02 x 06 o 10 &

0 0.2 0.4 0.66 0.8 1 1.2 0 0.2 0.4 0.66 0.8 1 1.2
Re,/ 10°[-] Re,/ 10°[]

(a) (b)

Figure 1.8: The effect of Rey on the variation of Cy, i, With mainflow Reynolds Re,,
for axial rim seal at two gap ratio Ge¢ = 0.01 (a) and Gc¢ = 0.02 (b). Adapted from
Phadke and Owen [22]

into account both the cavity and main flow, two effects drive the ingestion process
according to the authors: the rotationally induced ingress strongly related to the
rotation Reynolds number and the externally induced ingress. Depending on the
characteristic Reynolds numbers of these two phenomena, the minimum sealing flow
necessary can either be rotationally, externally dominated or a combination of the
two, known as combined ingress. The externally induced effect is strongly related
to the flow field imposed in the main annulus by the Reynolds number in the main
field Re,. For small values of Re, /Rey, the rotation effect dominate and sealing flow
rate evolves according to Rey. For large values of Re, /Rey, there is an external-flow
dominated regime in which the ingestion process is virtually independent of Rey. In
modern gas turbine, the ratio is generally high enough to consider the main annulus
influence as the dominant contribution to the ingress process compared to the disc
pumping effect. The purpose of this subsection is to highlight the main contributors
for understanding the influence of main flow on ingress process.
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1.2.2 Swirling flow without blades

The effect of the main flow swirling without blades on the ingestion process of
a rotor/stator cavity with rim seal and purge flow was originally investigated by
Daniels et al. [23]. The experiments were conducted at a rotating Reynolds number
Reg = 5.1 x 10°, on simple and axial overlapping rim seals (rim seal geometry 3 and
6 in Fig. 1.7) with two gap width between the static and rotating arms s/ry = 0.0024
and s/ro = 0.0048. The swirling fraction of the mainstream flow was set to a fraction
of the tangential velocity at the tip of the rotating disc, respectively 0.6, 1 and 2
times the tangential velocity. C0s gas was used as purge flow. Sealing effectiveness
was assessed by measuring the C0y concentration C regarding COy concentration of
the purge gas C, and in the simulated gas path C, through the sealing effectiveness
parameter ¢:

b= 2 (1)
C, —C,

For simple and axial overlapping with the two gaps width tested, the tangential
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Figure 1.9: Sealing effectiveness for simple (a) and axial overlapping (b) rim seal
s/ro = 0.0048, at various mainstream swirl flow fraction. Adapted from Phadke and
Owen [22]

velocity in the mainstream did not affect significantly the sealing effectiveness (see
Fig. 1.9). The decrease of the radial gap width was confirmed to result in a significant
improvement in sealing effectiveness compared to an increase of the axial overlap
of the seal. Later, Bohn and Wolff [24] published an improved correlation based
on measurements in a 1.5-stage gas turbine and demonstrated the dominant impact
of the rim seal geometry on the minimum required coolant flow. The correlation
proposed alleviated the knowledge of Cy, min as in the experiments of Phadke and
Owen [22]. These correlations were extrapolated to real engine conditions, and are
relevant for a rough first estimate in a design process as shown by Teuber et al. [25].

1.2.3 Non-axisymmetric pressure distribution

Non-axisymmetric and time-dependent pressure distribution in the main annulus
is due to rotor/stator system and interaction. The high turning/swirling flow in-
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duced by blades cannot be responsible for the ingress process and non-axisymmetric
disturbances observed in the experiments and pushed towards further investigations.

1.2.3.1 The origin of non-axisymmetric pressure distribution for a tur-
bine stage

For a rotor/stator configuration with a cavity in-between, Dadkhah et al. [26] and
Bohn et al. [24] were able to demonstrate that the pressure asymmetry in the main-
stream flow was mainly due to the imposed vane pressure field that modulated the
level of mainstream gas ingress. The nozzle guide vanes induce circumferential pres-
sure asymmetry in the downstream region leading to alternating regions of ingestion
and blowing occurring at the rim seal interface depending on the local pressure. The

Ingress

Cavity

(a)

Figure 1.10: Ingress/egress process at the rim seal interface due to wake and poten-
tial effects. From Sangan et al. [27] (a). Streamlines of mainstream gas (red) and

rim seal gas (blue) indicating a toroidal recirculation in the rim seal. From Savov
et al. [28] (b)

rotating rotor row also generates pressure asymmetry in the upstream flow region
due to potential effect (see Fig. 1.10a). However, the influence on the ingress process
at rim seal interface was not as clear as with the vane effect, as it was dependent
on rim seal geometry. Bohn et al. [29] and Turner [30] experimentally studied the
addition of the rotor blade and showed an increase of the sealing effectiveness for
the axial rim seal, but a reduction for an open rotor/stator configuration. The
influence of the geometry was also reported by Savov et al. [31]. They showed a sig-
nificant sealing efficiency modification for a single overlapping rim seal when adding
downstream blade, while the efficiency was less sensitive for double overlapping.
Nevertheless, the time instantaneous pressure field, which contains blade passing
component was shown to be important for ingress, as stated by Roy et al. [25],
who measured the time averaged unsteady pressure signal at various locations in
the mainstream between the vane blade row. Savov et al. [31] concluded that the
ingress process is dominated by the peak-to-trough vane pressure field and is mod-
ulated by the unsteady potential pressure field imposed by the downstream blade
row.
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1.2.3.2 The effect of non-axisymmetric pressure on ingress process

Unlike swirling motion, pressure asymmetries were shown to promote ingestion pro-
cess as stated early by Abe et al. [32] who reported experimental measurements of
ingress in the cavity downstream the vanes row. As stated by Phadke and Owen [22],
the ingestion process was shown to be mainly driven by the external flow at suffi-
ciently high Reynolds number compared to the rotational one. It was unclear to the
authors at that time whether the ingress process was due to the flow itself, or to
potential pressure flow inhomogeneity, since they were only able to derive a quasi-
symmetric flow with relatively low pressure fluctuations. Additional experiments
conducted with main flow-driven ingress with spatially aperiodic pressure distri-
bution showed that C, ., increased with the peak-to-trough pressure asymmetry
amplitude. The authors were able to show that the externally induced ingress was
mainly fed by pressure asymmetry in the mainstream.

Carrying these experiments, the authors remarked that after ingress had occurred,

Cw=0 Cw=930 Cw=1800

Figure 1.11: The effect of C,, on the observed flow patterns in the wheel space for
Gec = 0.01, Rey = 0, Re, = 0.2 x 10°

the fluid migrated transversely across the wheel space characterized by a tangential
instability of the flow and static pressure lobes. Double axial overlapping available
showed that this "ring road" created by the rim seal enabled the transfer of most
of the flow from the high to the low pressure regions in the external-flow annulus
compared to simple gap geometries (see Fig. 1.6 and 1.11).

1.2.3.3 Unsteadiness at the rim seal interface

Experiments of simple gap seal with and without vanes upstream of the seal showed
that approximatively twice the coolant flow is required to maintain a given disc
cavity coolant effectiveness for a seal located downstream of the vanes compared to
a seal with axial flow across the rim seal, as stated by Green and Turner [30]. The
distance between the trailing edge and the rim seal was also shown to have an impact
on coolant requirements since driving the wake residual strength: the experiments
conducted by Chew et al. [33] showed that the coolant required to obtain 70 to
80% of cooling effectiveness was increased by 50 to 70% when the trailing edges of
the vanes were positioned at the rim seal compared to 60% axial chord upstream.
The increased ingress tendency when the blade to vane distance was reduced was
attributed to stronger unsteady interaction between the wake and potential effect
leading to strong pressure fluctuation in the rim seal region.

-13-



4 N

Inclusion of the mainstream flow leads to two competing phenomena for
the ingress process: the rotational effect due to the rotor disc depicted in
last subsection and the externally induced effect. The latter effect is mainly
related to the pressure asymmetry in the main annulus imposed by the
vane pressure field and modulated by the rotating blades. For cavity typi-
cally encountered in real applications, the main annulus effect is generally

K dominant. j

1.3 Local effects at the rim seal interface

1.3.1 Shear layer

Unsteadiness in the main annulus was shown to have strong influence on the ingress
process at the rim seal interface. Even at the rim seal interface, unsteady flow
features were shown to develop. De la Rosa Blanco et al. [34] studied the effect
of purge flow injection from an upstream rim seal clearance on hub endwall flows
development. They observed a shear layer spanning the rim seal gap and rolling
up in series of vortices. These vortices were subsequently convected in the inter-
blade passage. This observation promotes the idea of unsteady interaction. Rabs
et al. [35] reported similar vortex structures and concluded on the development of
Kelvin-Helmholtz instability in the shear layer due to differences in tangential ve-
locity components between the main annulus and the rim seal flow. The instability
leads to periodical vortex shedding in the rotor passage. The shedding process fre-
quency was shown to be influenced by the rim seal geometry as stated by Chilla et
al. [36] as well as Savov et al. [28] The unsteady activity due to Kelvin-Helmholtz
instability intensifies and increases ingress occurrence for high levels of velocity mis-
match between the mainstream and rim seal flows as stated by Savov et al. [28].

1.3.2 Turbulent mass transport

In addition to the shear layer process at the rim seal interface, the interaction of the
mainstream and rim seal flow results in a recirculation zone in the rim seal mixing
the flow, as reported in early studies of Ko et al. [37, 38]. This recirculation zone is
a toroidal vortex that spans the annulus and is named as gap recirculation zone (see
Fig. 1.10b). The vane pressure distribution modulates the recirculation. However,
the flow being essentially in the tangential direction, a modeling of the recirculation
by a turbulent process mixing has been proposed. This observation was supported
by the large wavelength of the vortical structure which are of greater amplitude
compared to the perturbation due to the vane pressure field. The recirculation zone
which was early on not fully understood have seen the emergence of turbulent trans-
port models assuming that the dominant source of mixing in the rim seal is driven by
the recirculating flow. The ingestion is treated as a turbulent transport process for a
given seal, assuming an effective eddy viscosity (representing the overall effect of all
the length scales of ingress) acting across the difference in seal effectiveness between
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the cavity value (one) and the mainstream value (zero). Under this hypothesis,
numerous studies have been devoted to build orifice models.

The flow in rim seal region is characterized by a toroidal vortex spanning in
the annulus, leading to a zone of strong mixing under turbulent processes.
This has promoted the development of orifice models to characterize experi-
mentally various rim seal geometries based on turbulent mixing assumption.

1.4 Large scale flow structures in the cavity

The previous description of cavity, main annulus and rim seal flows from theoret-
ical and experimental developments gave further insights on the main underlying
phenomena promoting ingress/egress processes. The levels of ingress were mainly
evaluated on experimental analysis and empirical models to predict flow rates to
seal the cavities in simplified configurations. Even though these models are used in
the design phase, some flow mechanisms remain unknown and the highly unsteady
interaction in real configurations remains challenging to tackle with experimental
studies, as they give scarse insight of the flow physics. Thus, they are generally
not sufficient to obtain improvement in sealing process understanding. Therefore,
numerical studies of the rim seal flow, mainly based on a Reynolds-averaged Navier-
Stokes (RANS) or Unsteady Reynolds-averaged Navier-Stokes (URANS) have been
conducted as first numerical approach due to the low computational costs. At the
time, it was noted that the flow field inside the rotor-stator wheel space converges
much slowly compared to the main annulus flow that could be partially explained by
the local low Mach number as compared to the higher Mach number in the main an-
nulus. Overall, the investigations based on (U)RANS formalism were able to predict
some trends. However, prediction of sealing effectiveness with early CFD was proven
to be challenging as stated by O’Mahoney [39] reporting under-prediction of inges-
tion with small sector configuration conducted with RANS simulation compared
to experiments. Numerical simulations and experimental studies indicated impor-
tant unsteady flow effects that explained some differences identified in comparing
predicted and measured sealing effectiveness. Among the complex unsteadiness pro-
cesses occurring in the mainstream flow passage, relatively large structures rotating
in the cavity were observed. Accounting for these structures showed improved results
regarding experimental data [29].

1.4.1 The main features of the large scale flow structures

The description of large scale flow structures is generally challenging from a nu-
merical point of view since full annulus is needed and very high accuracy in time
integration to avoid dispersion problems. Bohn et al. was among the first to observe
a local ingestion zone rotating at approximately half the rotor speed using URANS
simulation over a one stage axial turbine with a cavity in-between. In early full
annulus URANS simulations and corresponding experiments of Cao et al. [33] and
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Jakoby et al. [40], energetic large-scale rotating structures inside the wheel space
have been evidenced. More recently, Savov et al. [28] as well as Beard et al. [41]
reported rotating structures in the cavity. The number of lobes of these large scale
structures were shown to be uncorrelated with the blade or vane number that sup-
ports the theory of instability that may be triggered by the azimuthal gradients.
An example of radial velocity and pressure contours on an axial plane are shown

Figure 1.12: Instantaneous radial velocities (left: -70 to 50 m.s™!) and pressure
(right: -15 to 15 kPa), Rey = 6x10°. From Cao et al. [33]

in Fig. 1.12 from URANS simulation performed by Cao et al. [33]. These large
scale structures were observed both with and without a forced main annulus flow
as stated by Boudet et al. [42], Cao et al. [33], as well as Jakoby et al. [40]. This
suggests that this process is inherently initiated by the cavity. Depending on the
configuration, related unsteady fluctuations confined to the small rim seal region
or extended further in the disc cavity and the main annulus with potential inter-
action. The low frequency content was shown to possibly have the stronger spatial
interaction with fluctuations, overcoming pressure fluctuations induced by the main
flow. This generates non-negligible noise in the mainstream as stated by Schadler
et al. [36]. Despite large scale structures being generated by the cavity, they can
interact with mainstream under a non-linear process leading to a modification of
the main frequencies of the process, as stated by Boudet et al. [43]. The purge flow
was shown to have a damping effect on large scale flow structures with potential
cancelling of the phenomenon as stated by Julien et al. [44] and Wang et al. [45].

1.4.2 The different likely initial mechanisms

The first possible path leading to large scale flow structure are the inertial waves due
to Coriolis forces imposed to the inviscid core flow by the rotation of the disc. At
the rim seal interface, De la Rosa Blanco et al. [34] studied the effect of purge flow
injection from an upstream rim seal clearance on hub endwall flows development.
They observed a shear layer spanning the rim seal gap and rolling up in series of
vortices. Rabs et al.[35] reported similar vortex structures and concluded on the
development of Kelvin-Helmholtz instability in the shear layer due to differences
in the tangential velocity components between the main annulus and the rim seal
flow. This effect has been observed to be the strongest and clearest at high purge
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flow rates and has been associated with unsteady measurements in the outer seal
region. Wlassow [46] observed oscillations at 0.8 times the frequency of rotation
in a configuration with cavity at shroud, the author attributed this unsteadiness
to Helmholtz-type instability. For seals with extended axial overlapping, the rim
seal region is similar to a Taylor-Couette configuration (fluid confined in the gap
between two rotating cylinders), hence the flow instabilities are expected to occur
based on the Rayleigh criterion. Taylor-type structures have been observed in LES
simulation by Gao et al. [47]. These rotating flow modes have been attributed to
either intrinsic unsteadiness of the rim seal flow or interactions of the sealing and
the annulus, or cavity flows. In some conditions it is clear that these modes play
a dominant role in ingestion. In other cases, their significance relatively to other
effects, such as vane and blade pressure generated asymmetries, is not clear. The
number of vortex pairs appear to be geometry related. Capturing these large scale
flow structures in numerical simulation is challenging since the results were shown
to be dependent on the turbulence model used when performing (U)RANS simula-
tions. The dependence to turbulence model can be reduced through the use of LES.
O’Mahoney et al. [39] conducted numerical computations based on an URANS and a
LES approach demonstrating a significant improvement of the numerical results for
the LES approach, which showed a much closer agreement with experimental mea-
surements of the cooling effectiveness. Another main uncertainty source in many
previous studies is the periodicity assumption in the circumferential direction which
may suppress the development of large-scale structures inside the wheel space, as
stated by Jakoby et al. [40].
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Despite significant contributions from analytical and experimental develop-
ments, some lack of knowledge remains in the ingestion process with dif-
ficulty to predict ingress amounts. Based mainly on numerical simulation
and experiments devoted to the analysis of the flow in the cavity, large scale
flow structures were observed in the cavity with frequencies and lobe number
which were shown to be uncorrelated to the blade number and the rotation
rate of the gas turbine. These large scale flow structures were shown to
potentially induce strong pressure variation in the cavity, and could propa-
gate in the mainstream with amplitudes of the order of magnitude of those
observed in the main annulus. The cascade of effects leading to these struc-
tures remains an open problem, with hydrodynamic instabilities identified
as a likely mechanism by some studies.

-

~

J

-

The ingestion and blowing processes at the rim seal interface is influenced
mainly by three mechanisms: the positive radial pressure gradient in the
cavity that is induced by the central inviscid rotating core flow between sta-
tor and rotor disc wall, the core flow imposing a pressure distribution under-
neath the rim seal that drives the rotationally induced ingress phenomenon,
superimposed instability phenomena in the cavity strongly modifying the
pressure distribution with frequency and pattern periodicity often decorre-
lated from geometrical feature (number of nozzle guide vanes, blades). On
the other side of the rim seal, the pressure distribution is mainly imposed in
the main annulus by the upstream wake and potential effect of downstream
blade. The ingestion/blowing process induced by this phenomenon (exter-
nally induced ingress) is generally in competition or dominant at Reynolds
number encountered in gas turbine applications. The pressure distribu-
tion imposed by the cavity and main annulus flow is three-dimensional and
unsteady, inducing a complex ingestion and blowing process at rim seal in-
terface. For an imposed pressure distribution up and down the cavity the
amount of flow crossing the rim seal is controled by the geometry of the rim
seal and localized turbulent effects. The importance of these effects have
pushed towards the use of orifice models based on turbulent transport across
the rim seal to characterize the amount of ingress/egress across the rim seal
\and have shown to recover the proper values obtained experimentally.

~

J

-18-



Say little about what you know and nothing at all
about what you don’t know. Why not simply say
more often : I don’t know.

— Sadi Carnot

Analyzing losses in the flow field

-

Efficiency can be the most important parameter for gas turbine and char-
acterizing the losses which determine the efficiency is a critical aspect in
the analysis of this device with complex flows. A difficulty that generally
emerges in efficiency purposes is the difficulty to link global efficiency of the
gas turbine obtained from general thermodynamic considerations with the
loss induced locally in the different components and processes encountered
by the flow in the gas turbine. In the current study, it may be not obvious
to relate the potential increase in combustion chamber temperature (ben-
efit for thermal efficiency) with the loss induced by more flow collected at
the compressor and the loss incurred by purge flow in the turbine. In this
chapter is introduced an approach based on exergy (energy available to gen-
erate work) to put on a same basis these different phenomena impacting the
efficiency of the gas turbine at different scales. A description of the main
source of losses in a gas turbine (at current stage of knowledge and available
in the literature) with special emphasis for the account of cavity flow will
be presented. This description will be held by increasing complexity from
two-dimensional flow field to three-dimensional effects including purge flow.

~
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2.1 Loss accounting and tracking using an exergy
formulation

A definition of loss in a turbomachine has been proposed by Denton [48] that is
generally agreed and defined as any flow feature that reduces the efficiency of the
turbomachine. It is commonly accepted for example that the trailing shed vortex
process downstream a blade of a turbine is a loss and may be measured by a decrease
of total pressure. However, it is generally difficult to draw a link between this local
phenomenon and a reduced efficiency for the gas turbine that would be, according to
Denton, a loss for the gas turbine. A second difficulty that emerges from this notion
of loss is the variability in the nature of the physical phenomena (heat transfers,
mixing processes, etc.) inducing loss. Also, the possibility to add in a same balance
the contributions measured locally (for example the trailing shed vortex process
downstream a blade) and at higher scale (for example at the scale of the component
based on global thermodynamic considerations) would be desirable. This section will
be devoted to provide a general framework to put on a same basis these different
phenomena for which different levels of measures are used (while all the phenomena
occur locally) in the purpose to see how it affects the thermal efficiency of the gas
turbine. The framework that has ben chosen to be used in current study is based on
the notion of exergy. The exergy is a composite quantity depending of the state of
the flow with the enthalpy quantity and the level of irreversibility of the flow with
the entropy quantity. These last two quantities will be first introduced by recalling
the general thermodynamic laws that are essential equality to understand the work
and heat transfers occurring between the flow crossing the gas turbine and the gas
turbine itself as well as the irreversibility transported by the flow. A special emphasis
will be given to the entropy quantity since this quantity is generally the one used to
track loss generated in the gas turbine as it was popularized by Denton [48]. Then,
the notion of exergy will be more explicitly defined as a thermodynamic quantity
The purpose will be to draw a link between the exergy levels at a certain scale for
example locally in the fluid or at the scale of the component studied and its general
impact on the efficiency of the gas turbine. An example of this approach will be
provided for a whole gas turbine. Finally, a transport equation for exergy will be
derived that is particularly suitable for numerical simulation since balance can be
performed at each grid point to highlight locally regions of loss generation. The
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influence of turbulence in the loss generation will be also accounted at the end of
this section.

2.1.1 The general thermodynamic laws

In order to introduce the notion of exergy, general thermodynamic laws will be intro-
duced. Mass and momentum conservation equations from Navier-Stokes equations
are supplemented by total energy equation that was derived in the framework of
thermodynamics. Thermodynamics deals with the study of work and heat transfer
of a fluid system with a surrounding system. This approach is based on the notion of
equilibrium state making possible to use a limited number of quantity like pressure
and temperature for example to describe all other properties of the flow. The notion
of equilibrium state refers to the absence of unbalanced forces, chemical reactions
and temperature for the system. The whole fluid in a component of a gas turbine
for example have quantities such as pressure which vary throughout, so that there is
no single value that characterizes all the material within the device. If so, the con-
ditions for the three types of equilibrium to hold on a global basis are not satisfied
when the complete region of interest is seen as a whole. To deal with this difficulty,
the flow field can be divided in a large number of small mass elements, over which
the pressure, temperature, etc. have negligible variation, and consider each of these
elements a different system with its own local properties. In defining the behavior of
the different systems the working assumption is that the local instantaneous relation
between the thermodynamic properties of each element is the same as for a uniform
system in equilibrium.

2.1.1.1 First principle of thermodynamic

The first principle of thermodynamics applied to the considered fluid system that
states on the total energy conservation can be written in differential form as:

d(Etot) = d(e + Ek + Ep) = oW + (5@ (21)

where Ey, e, B, E,, W and ) are respectively total, internal, kinetic energy,
potential energy of the fluid, the work and the amount of heat transferred between
surrounding and the fluid system. The convention is taken as positive when work
or heat is given to the fluid. From current equation was derived the total energy
conservation of Navier-Stokes equation set eq.(A.1.2) proposed in Sec. A.8c with the
account of potential energy!'. For the flow in a turbomachine, W can be the work
given to the fluid by the rotor blades for a compressor (positive work) or extracted
from the fluid by the turbine (negative work). W can also be the pressure work
associated to the pressure variation of the fluid during a compression or expansion
process. The heat () can be transferred with the flow at the wall of the turbomachine.
These transfers of work and heat modify the total energy of the fluid that can be
stored and transferred in the different forms of energy. The notations d and ¢

!The potential energy variation related to gas turbine flows is generally gravity but this contri-
bution is very small compared to kinetic and internal energy variations and so omitted since low
or no altitude variations is experienced by the fluid in the gas turbine
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denote conceptual and physical differences between the terms. Changes in Fyy;
represent state changes which do not depend on the path taken to achieve the
change. Work and heat are not state variables and are only defined in terms of
interactions with the system. The first principle was originally proposed by Sadi
Carnot (1796-1832) in 1824 in his unique book Reflections on the Motive Power of
Fire [49]. Almost thirty years were needed before the main ideas of this author
were understood and popularized by Lord Kelvin introducing the thermodynamic
of systems (Latin expression literally standing for work production by heat) to this
field.

2.1.1.2 Second principle of thermodynamic

The first principle stated the conservation of energy for dynamical systems following
conservation laws from the fundamental laws of dynamics introduced by Newton.
In addition to this energy conservation law was proposed the second principle that
can be expressed in two parts. The first part is a definition of a thermodynamic
property: entropy of the system, denoted s, introduced by Rudolf Clausius (1822-
1888). If 6@,y is the heat transferred to the system during a reversible incremental
state transformation, and T is the temperature of the system, the resulting change
in entropy is:
5Q7"€'U

ds = T (2.2)
The second part of the second law known as Clausius inequality states that for any
process, the change in entropy for the system is

> %
T

ds (2.3)
The equality occurs for a reversible process. The concepts of reversibility and irre-
versibility are important in the analysis of gas turbine plants. A closed system (as
the flow moving in a control volume of the turbomachine) moving slowly through
a series of stable states is said to undergo a reversible process if that process can
be completely reversed in all thermodynamic aspects, i.e. if the original state of
the system itself can be recovered (internal reversibility) and its surroundings can
be restored (external reversibility). An irreversible process is one that cannot be
reversed in this way. The idea behind the second principle is that despite energy
conservation from first principle, energy experiences quality degradation in the pur-
pose to generate work that prevent from recovering reversible process. Entropy is
used as a measure of this energy quality degradation. Entropy is generally an un-
familiar quantity because no absolute reference, as opposed to most quantities that
the fluid mechanics deals with like velocity (defined with reference to the reference
frame of the study) and temperature (with reference to the absolute zero or to the
temperature at which water freezes). Also, it cannot be seen or measured directly,
its value can only be inferred by measuring other properties. The fluid considered is
a simple compressible substance. The thermodynamic state of this fluid is specified
when two independent intensive thermodynamic properties (pressure and temper-
ature, for example) are known. Any other thermodynamic quantities of the fluid
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can be recovered with among them entropy. Therefore, the purpose is to derive an
expression for entropy based on these two independent quantities. For incremental
reversible processes in a simple compressible substance, the heat addition to the
fluid is

0Q) = Tds. (2.4)

Under the assumption of a reversible process, the only force producing work onto
the system is pressure force onto the volume V of the system

SW = pdV. (2.5)

Although the association of work with pdV and heat addition with T'ds is only true
for a reversible process. The sum of these quantities, as expressed by the first law,
is a state change which means that it does not depend on the path to achieve this
change especially irreversible ones. For an infinitesimal process where the variation
of kinetic and potential energy are negligible, total energy conservation eq.(2.1) leads
to the equality (known as Gibbs equation) that holds for irreversible processes:

de =Tds — pdV (2.6)

where the convention is taken positive when energy is supplied to the system. When
pressure forces are applied onto the surface of the fluid system, the first principle of
thermodynamics can be written as:

d(e + Ek + Ep) = dp//) + 5Wnonfpressu7"e + 5@ (27)

where Wi,on—pressure refers to non-pressure works. A convenient practice is to add
pressure forces to internal energy to obtain a quantity known as enthalpy h:

h=e+p/p (2.8)
that gives:
d<h + Ek: + Ep) = 5Wnon7pressm"e + 6@ (29)

Neglecting the potential energy compared to kinetic and internal energy, this makes
possible to write the variation of total enthalpy hi; = h + Fj:

d(htot) - 5Wnon—pressure + 5@ (210)

This last quantity is of particular interest in the context of gas turbine flows. For ex-
ample, for compression or expansion processes where no heat is transferred (Q = 0),
total enthalpy is conserved along a stator row while reduced to Wqp: in a rotor
row. More generally, in real processes, this quantity is relevant of the potential
energy of the flow as the sum of the main energy contributions that are internal,
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kinetic energy and work transfer with pressure. Similarly to the internal energy, the
enthalpy can be expressed as a function of entropy:

dh = d(e +p/p) =de + (1/p)dp + pd(1/p)
= Tds — pd(1/p) + (1/p)dp + pd(1/p) (2.11)
=Tds+ (1/p)dp.

For a perfect gas, i.e. following perfect gas equation, the enthalpy depends only on
temperature

dh = ¢,dT (2.12)

and an explicit expression can be derived for entropy based on thermodynamics
quantities as

ar  d
ds = o~ r P (2.13)
p

where r is the molar gas constant that holds for a ¢, function of the temperature.
Assuming ¢, independent of T gives by integrating last equation:

—rln 2. (2.14)

T'ref pref

As=5— 5.5 =cpln

Alternatively, entropy can be expressed in terms of temperature and density by:

+rin L. (2.15)

ref pref

As = ¢, In

These equations only give changes of entropy relatively to a reference state s,.s.
The absolute value of entropy is always arbitrary. The temperatures, pressures and
densities used in these equations may be either all static values or all stagnation
(total) values because by definition the change from static to stagnation conditions is
isentropic, meaning that the passage from static to total quantities in the expression
of entropy does not incur any entropy change.

2.1.2 Exergy: a link between loss and gas turbine efficiency

From last subsection, enthalpy and entropy are shown to be two important quanti-
ties. The enthalpy that deals with the heat and work transfer of the flow with the
gas turbine (first law of thermodynamic). Entropy (second law of thermodynamic)
that is an indicator of deficiency in the flow field, i.e irreversibility generated in the
flow field. It remains two issues that need to be clarified at current stage. The first
concerns the relation between this entropy change due to irreversibility and the lost
opportunity to produce or extract useful work for the gas turbine. Indeed, an im-
portant question is the relation between the (local) loss measures for components i.e
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entropy that can be measured locally from thermodynamic property and loss mea-
sures based on global system (i.e. thermodynamic cycle) considerations exposed
in the introduction of the thesis. The second issue concerns the loss measurement
method that can be adopted and the way to put on a same basis this measure per-
formed at different scales, i.e. locally in the flow, at the scale of a whole component
or the gas turbine since the flow locally or at the scale of the components typically
operate as a part of a more complex fluid system.

To deal with these last two requirements, we consider a steady-flow device, which
can exchange heat () and shaft work W,z with the surroundings during a process
from an initial state X to a subsequent state Y is according to eq.(2.10):

Wihart = Q + (Piot,x — Piot,y) (2.16)

Without loss of generality, this may represent the steady flow in a gas turbine that
can exchange work with the shaft and heat provided to the flow by the combustion
of fuel or heat transfer at the wall of the gas turbine in contact with the fluid. For
given initial and final states, the change in stagnation enthalpy is specified. The
first law gives no information concerning the magnitude of the heat addition @) but
the larger the heat addition the larger the shaft work. The second law, however,
puts a bound on the maximum heat addition and thus the maximum work that
can be obtained for a given state change. This upper limit can be determined
by examining a situation in which the mainstream flow exchanges heat only with a
reservoir at temperature 7,..,. For current study, we will mainly consider two types of
reservoir. A first reservoir at temperature Tj corresponding to the calm atmosphere
at condition (pg,7p) in which the turbomachine operates. A second reservoir at
temperature 7' that is a total temperature. This can be seen as the situation of a
component of the turbomachine operating in between other components and where
T corresponds to either local temperature of the wall or the exit temperature of the
component. Let’s consider first the case of a reservoir at Tj.

2.1.2.1 Heat transfer with a reservoir at 7

For the considered process between X and Y, the entropy change of the reservoir is
As = -Qo/Ty. From the second law, the entropy change of the stream flow between
inlet and outlet must be such that the total entropy changes occurring in the device
plus the environment equal to or is greater than zero. Any difference from zero
represents the departure from reversibility. The second law, applied to the fluid
system which passes from state X to state Y is:

(SY - SX) - T Asirrev >0 (217)

Qrev = (sy — sx)Tp being the outwards heat transfer between X and Y with
surrounding atmosphere at Ty. The quantity As;..., is the entropy generated as a
result of irreversible processes. Combining eq.(2.16) and (2.17) leads to:

[Wshaft]real - (htOtX - TOSX) - (htoty - TOSY) - TOASirrev- (218)
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The entropy change S;..., is equal to zero or positive. The maximum shaft work
that can be obtained for a state change from X to Y is therefore the difference in
the quantity h;, — Tos,

[WShaft]reversible - <ht0tX o TOSX) o (htoty o TOSY) ) (219>

The notation of maximum and reversible are used indifferently since the maximum
work extracted is obtained for the reversible process. The comparison of eq.(2.18)
and (2.19) shows that for the given state change, the difference between the maxi-
mum shaft work and the shaft work actually obtained is ToAS;,.e, Which is the lost
work for the process or equivalently the heat generated during the process due to
irreversibilities. The quantity h;,; —Tps is known as the steady-flow availability func-
tion denoted B as defined by Horlock [50]. It is a composite property which depends
on both the state of the fluid (with the total enthalpy hyy) and the temperature
of the reservoir (here Tj). Based on availability function B, the maximum work
that can be extracted from a fluid at initial state X can be defined. This quantity
known as exergy denoted y corresponds to the availability function at beginning of
the process Bx minus the availability function of the reservoir By = By with which
heat transfer can occur, here the atmosphere at the so-called "dead-state" (pg, Tp):

Xx = BX — Bo. (220)

Exergy can be equally used to obtain the maximum shaft work that can be obtained
for a state change from X to Y since:

[Wshaft]rev =Bx — By = (BX - BO) - (BY - BO) = XX — Xy (221>

[WShaft]real = XX — Xy — TOASirrev- (222)

2.1.2.2 Heat transfer with a reservoir at T

As stated, in some configuration, the temperature of the flow heat transfer is not
the environment one (locally the heat transfer with the wall of the main annulus for
example). When the reversible heat is released at temperature T in the presence of
an environment at 7Ty, the heat transferred Q,., supplies a reversible heat engine,
delivering external work (W,),., and rejecting heat (Qg),e, to the environment. The
total work output from the extended control volume is (Bx - By), if the flow is
again between states X and Y. But the work from the reversible external engine is

YT T,
[We]reversible :/ ( T 0) erev- (223>
X

The maximum reversible work obtained from the inner control volume V is therefore
equal to

Y(T—%

[WShaft]reversible = Bx — By — (We>rev =Xx T Xy — / T

X

) AQren. (2.24)

-26-



For a real irreversible flow process in the control volume V between fluid states X
and Y with the sum of heat rejected at temperature T (Q = Q,y), the work output
is W. Heat @)y may also be transferred from V directly to the environment at 7Tj.
From the steady-flow energy equation, one can obtain:

[Wshaft]real = htot,X - htot,Y - Q - QO' (225)

The entropy flux from the control volume associated with the heat transfer is:

Y
d
/ ) (2.26)
x I To
so the entropy increase is given by:
Y
d
Sy — Sx = Ascreated — /X 762 - 612_’:)) (227)

The lost work due to irreversibility within the control volume is

[WShaft]reversible - [Wshaft]Teal = (BX - BY) - (htot,X - htot,Y - QO)

= Bx — By — /XY (T ;T()) dQ — ((Ptot,x — Ptory) — @ — Qo)

Y dQ
= TO(SY - 3X> + TO + QO = TOAscreated'

x T

(2.28)
Thus, the work lost due to internal irreversibility within the control volume when
heat transfer takes place at T is still ToAS;prev, as when the heat transfer is limited
to transfer with reservoir at Ty. The actual work output in a real irreversible process
between stable states X and Y is therefore

YT -1,
[Wshaft]Teal - [WShaft]reversible - / ( T 0 )dQ - TOASiTTC’U
X

(2.29)

YT -1,
:BX_BY_/ ( T O)dQ_TOASirrev
X

= XX — Xy — X?’ut - TOASirrev

with 9, = 1) ;(/ (T — Ty)/TdQ being the work potential, sometimes called the ther-
mal energy of the heat rejected. In gas turbine processes, the transformation of
part of the exhaust thermal energy into useful work can be or not performed, both
situations being found in practice. Considering an exhaust nozzle for example, there
is no chance to recover additional directly work from a stream that emerges in the
atmosphere at a temperature T greater than 7,?. For a high pressure turbine, the

In electrical power plant, the heat released at the nozzle can be transferred to the incoming
flow by a heat exchanger making possible to partially used the energy available in the exhaust gas
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heat transferred at the walls will be transmitted to the environment by conduction
and this available heat will be lost. At the outlet of the high pressure turbine how-
ever, heat released passing in the low pressure turbine and nozzle will be partially
expanded to generate useful work. The thermal energy is also generally important
when dealing with the efficiency assessment or work extracted by a component and
depends on the perspective taken. From the component perspective, operating in an
environment at 7y and releasing heat at T>Tj, the potential work available in the
thermal energy between T and Ty (X(?ut) will be released in the atmosphere and lost
for the turbine if none of the work represented by the hypothetical Carnot cycle is
realized. Conversely, considering the turbine component as part of a more complex
system including for example additional downstream turbine stages or nozzle, the
thermal energy at the outlet of the turbine will be possibly transformed partially
or fully in useful work in these components and the thermal energy is here no more
a loss for the turbine. An additional implication of thermal energy available is the
blade row inefficiencies in multi-stage turbines. The work output of the succeeding
blade rows is higher than if the upstream rows were isentropic. Irreversibility in first
stages provides additional heat to the flow compared to the isentropic process that
can be expanded in downstream stages since still under pressure (this phenomenon
is responsible for the higher efficiency obtained from a polytropic analysis of the
multi-stage configuration compared to an isentropic one, better known as the reheat
effect). The above analysis has been concerned with heat transfer from the control
volume to the reservoir. To account for all heat transfers with the reservoir, one has
to address the possible heat supplied by the reservoir to the fluid system. Without
loss of generality, this heat supplied can correspond to the combustion of fuel in
the combustion chamber releasing heat that is here hypothetically supplied by the
reservoir to the fluid system. In electrical power plant, the heat available at exhaust
of the gas turbine can travel into a heat exchanger to transfer thermal energy to
the flow before entering in the burner to increase thermal efficiency (recuperative
cycle). Therefore, we consider heat dQ) = d@Q,., transferred from a reservoir to the
control volume. Then that heat could be reversibly pumped to the control volume
(at temperature T') from the atmosphere (at temperature 7p) by a reversed Carnot
engine. This would require work input:
Y
(We)reversibie = / L TTo)dQ. (2.30)

X

Under this new arrangement, eq.(2.24) for the reversible work delivered from V'

would become
Y17 -1,

Wiew = (XX - XY) + /X ( T )erev (231)

and eq.(2.29) for the work output from the actual process would be

W= (XX - XY> + Xan - ]cv"eated (232)

where I cated = ToAScreateqand Xz% is the work potential or thermal energy of the
heat supplied to the control volume V'

Y
o T —"1Ty
&= [ e (2.3)
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Figure 2.1: Exergy fluxes in a turbomachine

If heat were both transferred to and rejected from control volume V', then a combi-
nation of eq.(2.29) and eq.(2.32) would give

W = (XX - XY) + Xan - XoQut - TOAscreated (234)

This last equation can be interpreted in terms of exergy flow xx, work output W
and work potential by

Xx = W + (X?ut - Xan> + TOAScreated + Xv- (235)

This equation makes possible to have a sight in the energy transformation processes
from the entering flow. The available exergy xx can be transformed in:

e the actual work output W;

e the thermal exergy (X(?ut — Xf,i) of the heat rejected less the heat supplied;
e the work lost due to internal irreversibility Ty ASereated;

e the leaving exergy yy.

A sight of these different contributions for the turbomachine is proposed in Fig. 2.1.
Based on the lost work due to irreversibility in the different components I.,cqteq , if
the heat transferred from the control volume is not used externally to create work,
but is simply lost to the atmosphere in which further entropy is created, then Xc?ut
can be said to be equal to IOQut: the lost work term due to external irreversibility.
This is typically what happens when the flow of the turbomachine from an aircraft
is released in the atmosphere. The hot gas potential work cannot be recovered.

Another form of eq.(2.35) is thus
Xx + XSL =W+ Z Icreated + IaQut + Xv- (236)

This steady-flow equation can be used to obtain the difference between the maxi-
mum work possible from the fuel and the actual work (or work equivalent) obtained
from the turbomachine. This may be done at the scale of the turbomachine or divid-
ing arbitrarily in regions (e.g. components: inlet, compressor, combustion chamber,
turbine, nozzle) and summing the contributions making possible to obtain an exergy

-929_



statement for the whole turbomachine.

To give the reader an idea of these different contributions, Horlock [50] proposed
to look at realistic Joule-Brayton cycle of a turbomachine with main characteris-
tics: pressure ratio 12:1, maximum to inlet temperature ratio 5:1 (T = 1450 K,
To = 290 K), the compressor and turbine having polytropic efficiencies of 0.9 and
the combustion pressure loss being taken as 3% of the inlet pressure to the cham-
ber. The corresponding contributions as a fraction of the fuel exergy (the maximum
reversible work) are given in Fig. 2.2. The thermal efficiency indicating the work

_ o4l
= 1 Work output
(<]
5 0.35- 2 Combustor loss
= 03 4 3 Compressor loss
g - 4 Turbine loss
£ 0.25] 5 Eout
£ 021
3
= 0.15-
=
2 0.1
s
= 0.05-
1 ] .
1 2 3 4 5
Component

Figure 2.2: Example of work output and exergy losses in a gas turbine as a fraction
of the fuel exergy

output (1) is shown to be around thirty five percent. In the combustion chamber
contribution (2) has been added the natural limit provided by Carnot stating that
between a hot source at T}, (in the combustion chamber) and a cold source at Tj
(the atmosphere) only 1-(74/T}4.) of thermal energy provided by the combustion
process can be converted useful work. For the present case, since (Ty/Tnae) = 1/5,
20% of fuel energy originally available as the heat supplied by the combustion of the
fuel is lost and the corresponding remaining energy available to produce work is Xz%'
The remaining contribution is related to internal irreversibility in the combustion
chamber producing entropy. The term (5) corresponds to the energy transferred at
the wall of the gas turbine and at the outlet of the gas turbine in terms of thermal
energy and available exergy at the outlet of the gas turbine Y,;. The thermal energy
is associated to the heat transfer of the fluid with the wall of the gas turbine and
the exiting flow from the gas turbine that is still hot compared to atmosphere (po-
tential thermal work lost). Compressor and turbine loss (3 and 4) have relatively
lower contributions compared to these last two sources of loss and correspond to
internal irreversibility in these components. However, since the net power output is
the difference between the turbine work and the compressor work that is roughly
in the ratio 2:1, a small change in the power output of the turbine (by increasing
its efficiency) causes a much larger proportional change in the gas turbine power
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output

From this analysis, several observations can be made about exergy. Exergy is a
composite quantity between total energy in the flow with total enthalpy (k) and
the subtracted entropy term (Tps). Thus, exergy provides the available energy in
the purpose to generate work. Conversely to energy, exergy is always destroyed
during conversions because of the irreversible nature of energy conversion process.
It depends on properties of both a matter or energy flow and the environment since
the available work of the environment B, has been subtracted (y=DB-By). The at-
mosphere contains a tremendous amount of energy but because the atmosphere is
in a dead state, the energy contained has no work potential. The greater the dif-
ference between the temperature T of a given state and the temperature T of the
environment, the greater the value of for exergy.

2.1.3 Balance equations for exergy and useful work

Last subsection showed that performing balance of exergy at the inlet and outlet of
the considered domain or component and linking the different domains/components
together, it was possible to draw an exergy balance for the gas turbine that explicitly
makes reference to the heat supplied to the gas turbine due to the burnt fuel @, (or
the exergy available to generate work from this heat released XZ%), the extracted work
W and so to the efficiency of the gas turbine as the ratio of these two quantities. It
remains that the flux balance of total enthalpy and entropy at inlet and outlet of the
considered domain/component obtained from the thermodynamic definition of total
enthalpy and entropy (eq.(2.11) and eq.(2.14)) providing the exergy balance for the
component is not a local measure as it would be expected for example as proposed
earlier to measure the loss of the local vortex shedding process downstream of a
blade trailing edge. To alleviate this current issue, the purpose is to derive transport
equations for total enthalpy, entropy and as a composite quantity of these two for
exergy in order to obtain a local balance (for numerical simulation for example, it
means that one could draw balance of exergy at the scale of the grid point). In
the following is proposed a transport equation for exergy and an analysis of the
different contributions over control volumes. The details of the derivation of the
different equations is given in App. C and only final expressions are given in this
chapter. As stated in eq.(2.20), the exergy is defined relatively to the dead-state
environment denoted 0 by

X = B — By = (huot — ho) — To(s — o). (2.37)

2.1.3.1 Transport equation for total enthalpy
Total enthalpy is obtained relatively to total energy according to eq.(2.8) by

hiot = Etot + p/p. (2.38)
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From the energy balance of the Navier-Stokes equations, one can derive a transport
equation for total enthalpy by:

8(pht0t) a(phtotuj> o 0 ap
g T aw, " ag,ul T W) Ty,

(2.39)

2.1.3.2 Entropy transport equation from energy conservation equations

Previous subsection provided a measure of entropy based on thermodynamic quan-
tities. Entropy, through the second law of thermodynamics, was shown to measure
irreversibility as transfers between different energy nature (kinetic, thermal) that
cannot be recovered and used to produce work for the gas turbine. The idea is to
look at balance equation of these different energy contributions to draw a balance
equation for entropy. As mentioned, only the final expressions for balance equations
are given in the section but the derivation of these different equations is proposed
in App. C. The total energy transport equation corresponding to the energy con-
servation of the Navier-Stokes set of equation eq.(A.8¢) introduced in Sec. A.1.2 is
written as:

8(pEtot) (9

5 + o, (pEioruj + puj — mi5u; + q;) = pFiu; + Q. (2.40)

Transport equation for kinetic energy Ej can be derived by multiplying momentum
equation eq.(A.8b) introduced in same section with wu;:

o(pE) 5 ou; Ou;
or T+ o, P s i) = il p = Ty

(2.41)
Subtracting kinetic energy equation to total energy equation gives transport equa-

tion for internal energy:

d(pe) O : Ou; ou;
Z (pujetq) =0 —potd 4, S0 2.42
at + 833'] (puje+QJ) Q pax] +TU8$]' ( )

The last two equations makes possible to draw the energy transfers between internal
and kinetic energy of the fluid. It is to be noticed that the last two equations for
internal and kinetic energy have been written in a particular manner to make corre-
spond right-hand side of these two equations. However additional terms transferred
left-hand side can be found. Internal (or thermal) energy equation right-hand term
provides two terms with a sink term related to pressure work that can be transferred
to kinetic energy. For example, when a fluid system is heated by a combustion pro-
cess, the internal energy of the fluid is increased. The expansion process in the
turbine lead to transfer toward kinetic energy by pressure work that is a useful work
for the turbine. The second term is a source term for internal energy and is related
to the transfer of kinetic energy to internal energy due to velocity gradients and
viscosity of the fluid. The velocity gradients locally increase internal energy of the
flow. Based on thermodynamic relation introduced in last subsection and equation
energy conservation, the purpose is to derive a transport equation for entropy. The
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enthalpy form of the Gibbs equality given in eq.(2.11) yields to d(ph) = T'd(ps)+dp
that holds for all small changes. This equality can be used to express the entropy
changes (d(ps)/dt) experienced by a fluid particle

d(ps) _ d(ph) dp
T = 2.4
dt dt dt’ (243)

From the energy balance of the Navier-Stokes equations, one can derive a transport
equation for total enthalpy by:

O(phior) + O(phiot) _ O(pLiot) + I(pEiot) + dp + A (puy)

ot Ox; T Ox; ot Ox;
5 (2.44)
p .
= aTEj(Tijuj — )+ o " Q.
Substituting the expression of enthalpy in eq.(2.43) leads to
d ou;  Jq; -
(ps) ) (2.45)

dt - Tijaiﬂfj B 3:1:1

Under the assumption that the fluid follows the Fourier’s law (¢; = —k(0T'/0x;) for
heat transfer), one can obtain

dips) 1 _0Ou; 1 0 or
@& T o, Ta%( km) (2.46)

Integrating throughout a control volume V;,s(t) enclosed in the surface 0V (t) = Agys(t)
moving with the fluid and integrating by part the term related to temperature gra-
dient leads to:

/d(dZS) :/;Tijgz; +/ (5%) /Q /kaT ey (2.47)

Writing back the Fourier’s law for last right-hand term (¢; = —k(9T/0x;)), the
transport equation for entropy can be finally written in differential form as

d(ps) O(psu;) O(@/T) 1  Ou; A [(OT 20
~—— PN , ~—~—
(1) (2) (3) (4) (5) (6)

with:
(1) temporal variation of entropy;
(2) convective term of entropy;
(3) entropy due to thermal transfer in and out of the volume and can be positive
or negative. The entropy of a fluid particle can thus decrease only if there is heat
conducted out of the particle, the entropy being transferred to the surrounding. The
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second law of thermodynamics however still holds since entropy for the considered
volume and surrounding is zero or increases;

(4) the local entropy generation due to viscous dissipation that means the degrada-
tion of mechanical energy into internal energy due to shear process;

(5) entropy generation due to heat transfer across temperature differences in the
fluid;

(6) entropy generation due to heat source in the volume.

It can be noticed that pressure forces have no effect on entropy generation meaning
that the transfer of internal energy to kinetic energy through pressure work does not
induce entropy creation. Conversely, the transfer of kinetic energy to internal energy
trough the viscous term induces entropy creation. Body forces have no influence on
entropy production. This last equation shows that all entropy variation cannot be
associated to irreversibility in the domain. Indeed, terms (3) and (6) are related
to heat transfers or production, meaning that these processes can occur while not
inducing any loss generation for the flow system of interest. On the contrary, terms
(4) and (5) induce entropy production under irreversible process leading to loss
generation. Based on transport equation for total enthalpy eq.(2.44) and entropy
eq.(2.48), one can write a transport equation for exergy:

dpx)  Olpxw;) 0 Ty
8t + 8xj a ij (TZJUJ (1 T )q]) T TZ] 8xj T2

To 811,1 )\To oT 2 0p
(5r) + % a0

This equation can be integrated over a control volume V (the detail of the integration
of the different terms is given in Sec. B.2.2.3 of App. B), and yields to

a d
i /// (px)dV + #(pX)anjdAIO = Ponagi+ Xg + Pvut+ Por+— /// pdV (2.50)

with

® P =~ (p — po)uw jnj — (Tijtw j)n;) dArmw. This is the integrand of force
with velocity on all moving subsurfaces and hence the net total shaft power due
to either pressure or shear forces. This term will be positive for a compressor
and negative for a turbine;

o x, = [[] 0/0x;(1 — (To/T))q;dV. This is the rate of transfer of mechanical
work potential. It is associated with the heat transfer across the surface of the
control volume. For a fixed dead state pressure py , its value depends on the
pressure p at the location at which the heat is added;

o Oy, = -[[[(To/T)7;;(du;/Oz;)dV that is the rate at which the kinetic energy
of the flow is converted into internal energy inside the control volume. The
dissipation mechanism involves viscous stresses working against fluid deforma-
tion;

o Oyr =-[[[ M(To/T?) (T /0x;)* dV is the rate of energy generation by thermal
mixing which reduces any differences in temperature in the flow field.
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Figure 2.3: Control volume located around a turbine stage. Example of viscous and
thermal irreversibility creation from exergy approach. Adapted from Miller [51]

The last two terms are responsible for the degradation of energy. This equation is
also suitable for shock waves handling. Indeed, a shock wave is a thin layer over
which the quantities vary deeply but continuously. The associated loss generated
corresponds to velocity and temperature gradients contained in the terms v, and
®g7. In the framework of numerical simulations, when one wants to properly evalu-
ate the loss related to the shock based on viscous and thermal dissipation, the shock
thickness must be discretized by several grid points that is generally impracticable
in real configurations since shock thickness is in the order of the mean free path
(~ 6 x 107® m for air at ambient conditions). To deal with this issue, a jump
condition for entropy is generally applied, leading to

b, — T # [p05(0; — )] - 1A Ay, (2.51)

at the location of the shock wave. The location of the shock wave can be obtained
by a shock sensor for example. More details are given in App. B Sec. B.2.2.3.

Figure 2.4 provides a sketch with these different contributions in the case of a tur-
bine. Exergy balance provides a general framework for accounting the potential
work that can be transferred between the fluid and its environment as well as the
different contributions. When looking at the different contributions of exergy bal-
ance for a turbine, ®y, is associated to local velocity gradients and viscosity of
the fluid that depends on local temperature. Velocity gradients come from several
contributions: the formation of a boundary layer over wetted surfaces (hub, shroud,
blades) that induces velocity gradients from the wall where velocity is zero to free
stream velocity; acceleration and deceleration processes induced by the blade; shear
layer downstream of the blade trailing edge or at the rim seal interface; secondary
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Pshaft

Figure 2.4: Control volume located around a turbine stage. Example of viscous and
thermal irreversibility creation from exergy approach. Adapted from Miller [51]

vortices with velocity gradients from the center of rotation to outer radius of the
structure. These contributions will be more detailed in Sec. 2.2 about the losses
in a turbine. In addition, turbulence transports kinetic energy from large scales to
small scale flow structures where energy is dissipated in thermal energy. More de-
tails about this contribution are given in Sec. 2.1.4. This expression also shows that
the loss associated with viscous dissipation is lower when the temperature at which
it occurs is higher. A given velocity distribution and related velocity gradients at
high temperature is less crucial than at lower temperature (incurs less loss). The
heat transfer with borders is generally performed partially with the walls of the gas
turbine (hub, shroud and blade) that are generally at lower temperature than the
mainstream flow and that can be increased by cooling. This means that some heat
flux through the term Yy, is taken by the walls to the flow. This induces a decrease
of the thermal energy of the flow and so less thermal energy will be transferred to
the useful kinetic energy. This is typically what happens when the flow transfers
locally heat with a system at temperature 7' (the system being the wall). Mainly
by conduction processes, the heat is evacuated by the wall to the nacelle of the gas
turbine in contact with the ambient environment (reservoir at 7). Since no Carnot
engine can be used, this thermal energy is lost. In gas turbine, the heat transfer
is generally low compared to work transfers but this statement can become wrong
especially in low-diameter gas turbine where surface exchange with walls are impor-
tant in magnitude compared to the potential work to be extracted. At the scale of
the turbine component as proposed in Fig. 2.4, the heat transfer is not only per-
formed with the wall but with downstream components at the outlet of the domain.
In this case, the heat work available between 7' (temperature of the outlet border)
and T; the ambient one depends on the perspective adopted.
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e If we consider the turbine as part of the gas turbine with downstream other
turbine stages or a nozzle, the heat available at temperature 7" and flow at
pressure p > po will be possibly transformed into useful work in the down-
stream components since expansion is still possible. In this case, the potential
work between T' and T} is not a loss for the turbine.

e When considering the turbine as an isolated component transferring heat with
outlet at T and all this potential heat transferred to the ambient at Ty, the
potential work between T and T will be here a loss for the turbine.

The third term that needs to be further detailed is the one related to temperature
gradients ®yr. In a gas turbine, the heat transfer at the wall introduced previously
can promote temperature gradients from the wall to the free stream. The purge flow
supplied to the blade, hub or cavities is generally provided at a lower temperature
compared to the mainstream one. In the case of high pressure turbine, hot streaks
can be produced by the combustion chamber. Also, compressibility effect at rela-
tively high Mach number can induce temperature gradients in the flow field. The
thermal gradients induce entropy rise through the thermal dissipation term ®gr.
The terms &y, and ®yr correspond to contributions contained in entropy trans-
port equation and are useless in the perspective of producing work. The terminology
used in the literature for these two terms is the viscous and thermal anergy (exergy
being associated to a useful contribution while anergy being useless in a work ex-
tracting perspective). In other words, when the exergy decreases of some amount,
the anergy increases of this same amount. Since the exergy balance eq.(2.50) is
homogeneous with a power balance, it may be more rigorous to call &y, and Py as
anergy production rates that are proportional to the velocity and temperature fields
disuniformities. But, over a same period of time in steady conditions, this equation
simply states that the variation of exergy between inlet and outlet of the domain
corresponds to thermal heat transfer in the domain, energy transferred with the
shaft, and irreversible anergy produced due to thermal and velocity gradients. In
the following, viscous/thermal entropy or anergy will be used indifferently but one
has to remind that these two quantities are equal when viscous or thermal entropy
is multiplied by the reference temperature of the environment leading to a quantity
homogeneous with an energy: the anergy. The effect of heat transfer at the wall
compared to adiabatic one was assessed by Shyang Maw Lim et al. [52] that studied
the turbine of a turbocharger. An exergy balance showed that heat transfer, ther-
mal irreversibility were increased and potential work extracted decreased when the
temperature of the wall was colder. The entropy production due to thermal gradi-
ents can be important especially in components with high temperature gradients.
For example, by considering the Bejan number [53] that compares entropy produc-
tion related to temperature and velocity gradients: Be = (®yr)/(Pyu+Pvr), this
quantity can be up to 0.4 in a high pressure turbine. The entropy production and
potential loss of extractable work can be reasonably understood for velocity gradi-
ents contribution where higher quality energy (mechanical energy) is transformed
into lower quality energy (thermal energy) from an extracting work perspective. For
the contribution related to temperature gradients, entropy is clearly generated from
this quantity but this is more difficult to ascertain the impact on work extracted by
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the shaft since already a thermal form of energy. Shyang Maw Lim et al. [52] showed
that when the cooling was increased in the turbocharger, heat flux and thermal en-
tropy were increased but with small impact on work extracted on the shaft. Some
information on this observation are provided by Miller [51]. The author studied an-
alytically (based on thermodynamic consideration) an isentropic turbine operating
between the particular fluid state and a fixed dead state static pressure py. This
means that the author is in the perspective of considering the turbine as an isolated
system transferring heat with surrounding at pressure and temperature (po,7p).

From this perspective, as stated earlier, the exit temperature of the turbine may be
above the dead state temperature. It follows that extra useful work could still be
theoretically extracted from exhaust by a Carnot engine exhausting to dead state
temperature and recovering exergy. However, a turbine can only extract work by
pressure or shear forces acting on moving surfaces and so a turbomachinery designer
has no access to this component (see Fig. 2.5a). This approach can be considered
as a so-called "figure of merit". A figure of merit consists in factoring out one or
several contributions to exergy balance when considering that this quantity will not
be recovered or recovered by another system?®. The associated work that could be
extracted by an isentropic turbine operating between the particular fluid state (p,T")
and fixed dead state temperature is the "flow mechanical work potential" denoted
in this study =Z. A transport equation can be derived for flow mechanical work po-

]

Hot
streak

Figure 2.5: The split of exergy x in the flow mechanical work potential Z and flow
thermal work potential, marked on a h-s diagram (a) and a control volume located
around a turbine stage exhibiting the thermal creation from the flow mechanical
work potential approach (b). Adapted from Miller [51]

3Tt has been found that application of this approach to jet propulsion devices concludes that
the largest exergy losses are due to non-equilibrium combustion, exhaust heat and kinetic energy.
However, it appears that optimization of a thrust-producing device to promote maximum exergy
output may lead to less-than-optimal result if the objective is to produce thrust for propulsion
(decrease of thermal efficiency to the benefit of propulsive efficiency).
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tential = similarly to exergy equation. The details of the derivation are proposed in
Sec. B.2.2.4. The reference temperature is no more the dead state temperature T
but the isentropic exhaust temperature T,,:

y—1

T.,=T (i’f) N (2.52)

d(p= -
// (gt ) #(P:)anj dAIO = Pshaft + Xq,Tex + (I)Vu + \I]therm + \I]reheat + ‘I]recool

(2.53)
In this equation the net rate of work input Py, s and rate of viscous dissipation
dy, are the same as for exergy. The net rate of transfer of mechanical work by
heat to the control volume surface x,r,, is the same as for exergy except that the
temperature is at T,,, temperature at the end of isentropic expansion process. This
equality shows that entropy creation by thermal mixing (temperature gradients) has
no effect on turbine work but new thermal creation terms appear. The new terms
involved are:

® Uyerm = [[[(v—1/7)(1/p)(Op/0x;)q;dV is the rate of thermal creation. This
is the rate at which mechanical power potential is created by internal heat
transfer across a finite pressure gradient within the fluid. The term is positive
if heat flows across a positive pressure gradient, and negative if it flows across
a negative pressure gradient;

o Uochear = [[[(1 — (T0r/T))7:;(0u;/Oz;)dV is the viscous reheat. This is the
"'reheat effect” which causes the polytropic efficiency of a machine to be differ-
ent from the isentropic efficiency. The effect results from dissipation of kinetic
energy raising the internal energy locally with the fluid. The effect is known
as the 'reheat effect" as it is identical to a heat being added locally in the
flow. If this "reheat" occurs at a pressure above the ambient one, then me-
chanical work potential is created locally in the flow. This is the reason why
dissipation of the same amount of kinetic energy in a high pressure turbine,
or compressor, stage has a less deleterious effect on isentropic efficiency than
if it had occurred in a low pressure stage;

o Uoort = [[[(1=(Teu/T))(v—1/7)(1/p)(Op/0x;)q;dV * is the thermal recool.
This is similar to the viscous reheat term, but it is instead caused by the
thermal creation term. When this term is positive it reduces the internal
energy locally within the fluid. The effect is known as the "recool effect" as it
is identical to a heat being extracted locally within the flow. If the pressure at
the location at which it occurs is above the ambient then the local mechanical
work potential of the flow is reduced. Once again this is similar to a reversible
Carnot engine extracting heat locally from the flow. It can be noticed that
this term can also be negative and in this case the thermal recool term changes
sign.

4At a one-dimensional level these last two terms could be explained following Rayleigh theory
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This last equation provides two main important features. The anergy produced by
velocity gradients and subsequent mixing (transformation of kinetic into thermal
energy) can be residually recovered (as a second order term) since increasing locally
temperature of the flow (if still under pressure) and some expansion can be used
to generate work. This equation shows that a second heat transfer term, "thermal
creation" does modify the mechanical work potential of the flow. This term is
shown to occur in regions of the turbine where heat transfer occurs across a finite
pressure difference. Miller [51] conducted numerical simulations on bent pipe and
high pressure turbine blade. Applying this approach the author was able to show
that convective cooling can raise efficiency by around 0.5% and therefore should be
considered as part of the design process. Also, thermal mixing in the free stream has
a negligible effect on efficiency and thus can be ignored in the design process. This
approach proposed by Miller further explains why Zlatinov [54] only studied velocity
gradient term for entropy production in the perspective to study the performance
of a high pressure turbine.

The following subsection will be devoted to the application of this approach and
equations to numerical simulation in order to track losses in the simulation domain.
As it was suggested, irreversibility appearing in exergy balance equation emanates
from viscous and thermal non-uniformity that are held by the entropy transport
equation and also referred as anergy terms when entropy term is multiplied by
the reference temperature. Therefore, this analysis will be led using the transport
equation for entropy since volume viscous dissipation and thermal dissipation appear
in this equation. Furthermore, this equation has received further developments from
a numerical point of view making possible to more properly be used numerically. It
is to be noted once again that the account of the thermal heat transfer x, depends
on the perspective taken and the possibility to transform the thermal work in useful
work. For the thermal mixing term Py, it depends on considering the general
exergy equation or a figure of merit like the useful work for a turbine. In the general
framework that will be used, these different contributions will be taken into account.

2.1.4 The application of exergy to numerical simulation

When using entropy to track loss generation, mainly two approaches have been de-
veloped. A first approach where the different terms of entropy transport equation
are evaluated from temperature and velocity gradients of the flow field and referred
as direct method. A second method in which the entropy transport equation is inte-
grated over small control volumes. This second approach known as indirect method
is obtained, under some assumptions that will be discussed, with classical expres-
sion for entropy based on two independent thermodynamic quantities as proposed
in eq.(2.14).

2.1.4.1 Direct method and the account of turbulence

In the direct method, the entropy production terms on the right-hand side of
eq.(2.48) are to be calculated based on numerical simulation performed. In lam-
inar flow, shear work due to velocity or temperature gradients results directly in
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entropy production, there is no intermediate. In turbulent flow, however, the trans-
fer of mechanical energy to turbulent kinetic energy stores energy in one position,
while its conversion into heat may happen downstream due to the convection of tur-
bulent kinetic energy. This process has mainly two consequences. In turbulent flow,
shear work at one point in the flow can result in entropy production downstream
losing locality of entropy production as in laminar flow. Also, part of the shear
work is hold by turbulent contribution. In other word, part of viscous and thermal
entropy production are due to turbulent fluctuations. As suggested in App.A about
the numerical methods to deal with turbulent flows, turbomachinery flows are at
sufficiently high Reynolds number so that the flow would face predominant effects
of turbulence.

When dealing with turbulent flows, different approaches can be applied from fully
resolved simulation containing all the turbulent spectrum (DNS) to partially or fully
modeled turbulence (LES and RANS) (see Sec. A.2). For DNS, terms (4) and (5) of
eq.(2.48) related to viscous and thermal dissipation can be evaluated since turbulent
contribution is contained in the output of the simulation. For (U)RANS approach,
the output of the simulation contains only the mean contribution and additional
treatment must generally be performed to recover the turbulent contribution. For
LES, the situation is in-between. Part of the turbulent cascade is solved meaning
that the direct output of the simulation contains the mean flow contribution and
part of the turbulent one. Some part of turbulence contribution is modeled (small
eddies) and similarly to RANS additional processing must be performed to recover
this contribution to entropy production.

2.1.4.1.1 (U)RANS approach The case of RANS modeling is first studied by
applying Reynolds averaging to the entropy transport equation (2.48) which lead
to the equation known as Reynolds averaged Clausius-Duhem equality [55]. The
resulting equation can be shown to be:

0 )+ 2 () + 2 () 4 (L) = Ty L0
ot \P7) T 9, \PU) T g, P ) T 5 \T) = T o, " T B
(1) (2) (3) (4) (5) (6)
T2 &cj 8xj
—_———  ——
™) )

(2.54)

where is reminded that . and . correspond to the Reynolds mean quantities and
fluctuations with:

(1) temporal variation of mean entropy;

(2) convective term of mean entropy;

(3) convective term of fluctuating entropy;

(4) turbulent flux of viscous entropy (correlation of entropy/velocity fluctuation);
(5) entropy production by direct dissipation;
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(6) entropy production by turbulent dissipation;
(7) entropy production by heat transfer with mean temperatures;
(8) entropy production by heat transfer with fluctuating temperatures.

Terms (5) and (7) can be directly computed since they are only composed by mean
quantities as direct output of the (U)RANS simulation. If only the mean (resolved)
part of the flow field is used to evaluate right-hand side terms of the equation, en-
tropy production could be underestimated. The discrepancy can be important as
stated by Wheeler et al. [56] which performed DNS and RANS simulations of a high
pressure turbine blade and splitted entropy source term in mean and fluctuating
parts. Over the whole domain, entropy production due to fluctuations was shown
to contribute to 40% of entropy production even if the boundary layer around the
blade was laminar for most part of the blade. The account of modeled fluctuations
in RANS formalism is therefore important to accurately estimate entropy produc-
tion. Several approaches have been developed to evaluate terms (6) and (8) of
Reynolds averaged transport entropy equation eq.(2.54). with for example the sep-
arate time averaging approach. A detailed description of the method can be found
in Adeyinka and Naterer [57]. However, these methods introduced complexity and
additional terms that cannot generally be obtained readily from the numerical sim-
ulation. This observation has pushed the way towards simplified models based on
classical RANS closure approaches and linear eddy viscosity model that assumes a
Boussinesq relationship between turbulent stresses and the mean strain rate through
an isotropic eddy viscosity. The purpose is to obtain an expression for terms (6)
and (8) of eq.(2.54) in terms of mean quantities and equivalent turbulent viscosity
Ly The viscous stress tensor can be expanded as:

dui de ,dui
= - . 2.

The second term on the right-hand side represents the viscous stress associated
with the bulk viscosity x4’ and this term is usually negligible in turbomachinery
flows except in presence of large density gradients (for example locally within shock
waves) that may give large velocity divergence and since a normal stress may be
considered as a pressure. For the purpose, terms (5) and (6) of eq.(2.54) can be
then expressed as:

di; dw;,  dw;\ du;
Tj@xj H (dfﬁj * del> dQTj ( )

, O, duj — duj du
— = ! L. 2.57
T”@a:j M(dl'J * dl’l> dﬂ?j ( )
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Based on the transport equation for turbulent kinetic energy k = 1/2 (u;)2

ok L ok 1 oujp’ 1 0ujuu; N 0%k
— Uj— = — — - v
ot T Ox; po Ox; 2 Ox; Ox3
=~ —— —_— —
Local i Pressure Turbulent

derivative Advection diffusion transport Molecular

transport

(2.58)
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it can be noticed that dissipation e appears in eq.(2.57) meaning that one can write:

7 .

, Ouy o Ouj Ou;

7

Ti: = v
T0r; v Ow;Ow; (2.59)
= pe.

This kind of approach has been applied by several authors with among them Kramer-
Bevan [58] and Kock and Herwig [59] onto a fully developed laminar and turbulent
heated pipe. In the turbulent case, due to steep gradients of T close to the wall,
entropy production was shown to be accumulated in this part of the flow field. This
was due to insufficiently resolved meshes close to the wall and enforced the use of
analytical expression for entropy production terms in the immediate vicinity of the
wall. Alternatively, the assumption can be made that the rate of production of
turbulence kinetic energy equals the rate of its dissipation to produce entropy. This
leads to a new expression for eq.(2.57):

’

, Ou, —0u;
](9xj ]axj

A classical practice in RANS averaging is to write the Reynolds stress tensor puju]
as:

—— ou;  Ouy 2 k2
j )

by making the assumption that the turbulence field driving normal stresses (that
can be seen as an addition to static pressure) and that gradients of density in the
flow direction are negligible (the second term on the right-hand side is neglected).
Under this assumption, eq.(2.57) can be written as:

g (aui auj) i (2.62)

Tijail’j — Hiturd al'j + 8331 aiﬂj

where 14,4 i an equivalent turbulent molecular viscosity. This approach was pro-
posed by Moore and Moore [60] leading to express the turbulent viscous dissipation
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in terms of the mean quantities and an equivalent turbulent viscosity g, similarly
to RANS approach itself. In addition, the same approach can be applied to the
thermal turbulent contribution leading to:

7\ 2 —\ 2
or T
— | = —— 2.
A (axj) Aturd (895]-) (2:63)

where Ayrb = €p fhrurd/ Priurs is the turbulent molecular conductivity with Pry,,,, = 0.9
the turbulent Prandtl number. L

In addition, the turbulent entropy flux u;s" is generally neglected since it generally
cannot be obtained from turbulence models. The Reynolds averaged of entropy flux
is generally simplified under the assumption of low thermal turbulence that leads
to:

(;) _ ; (2.64)

Since the Reynolds averaging of entropy is not available from conservative and tur-
bulent quantities from the simulation, this variable is replaced by entropy of the
mean field. This leads to a new formulation for Reynolds averaged entropy trans-
port equation:

d,~ 0 ([ — g\ _ om  Om\ 10w A+ A (0T \°
ot (ps) + ox; <puis + T) = (p o purn) Ox; - ox; ?835]- * T? Ox; '

(2.65)
This approach has been used originally by Moore and Moore [60] considering the
notion of effective viscosity by pers = p + firurey and in the context of tracking losses
in turbomachine by Tailliez and Arntz [61] and Zlatinov [54]. Although these models
attempt to minimize complexity, it is difficult to ascertain if the essence of relevant
irreversibilities has been captured with sufficient accuracy with these approaches.
It should be particularly noticed that this model makes several assumptions: the
temperature fluctuations are small compared to the mean temperature. Turbulent
dissipation/temperature fluctuation equilibrates turbulent production while there
are local regions in boundary layers, for example, where turbulence kinetic energy
and temperature fluctuations do build up without balance with dissipation.

2.1.4.1.2 LES approach In LES approach, the RANS formalism applied to
entropy transport equation gives a potential modeling for unresolved scales. An
equivalent turbulent viscosity/diffusivity is given by the subgrid scale model and
velocity /temperature gradients are given by the resolved part of the flow as a direct
output of the simulation. Equation 2.65 can be then used to recover the turbu-
lent contribution not resolved by LES approach. However, it should be emphasized
that this contribution is not the total contribution of turbulence as in RANS but
only some part of the turbulence production. This contribution depends on the
local mesh refinement. Based on the entropy transport equation in RANS formal-
ism eq.(2.54), terms (6) and (8) can however be computed from the output of the
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LES simulation since fluctuating quantities can be obtained from a temporal av-
eraging. Lengani et al. [62] conducted LES simulation onto T106A low-pressure
turbine profile configuration and applied direct entropy approach to track losses.
For this configuration, LES simulation of half blade height was performed with very
dense mesh (X* < 30, YT < 1 and Z* < 8) with high order spatial and temporal
scheme (4th order). For this mesh approaching 500 million points, 98% of turbulent
spectrum energy as shown to be resolved. The present author expressed mean fluc-
tuating terms as a direct output of the simulation by a temporal averaging over the
fluctuating quantities.

2.1.4.1.3 Indirect evaluation of entropy production Entropy production
can also be estimated from the imbalance of the left-hand side of eq.(2.54). The
entropy production that will be noted S, in differential form can be written as:

Sgen = gt (7s) + 8?5,- (puis) + 88901 (pu;s”) + 81 (;{) : (2.66)

Integrating former equation spatially over the simulation domain leads to:

3 = - 1T q
///V SgendV = ///V o (7s) dv + //a VpsuidAi+ //a P dA; + / /5 TdAi (2.67)

and integrating over a period of unsteady phenomena At,, one can obtain:

(1) (2) (3)
L v Lo s o
SgendV dt = — (ps) dVdt + pst;dA;dt
Aty S, Jv° Aty Jas, Vat( ) Aty Jar, Mov
i o Mg [ ff G
Aty Jas, avp Aty Jar, JovT
(4) (5)

(2.68)

Term (1) corresponds to the mean entropy production within the considered volume

V over a period of time At,. Term (2) refers to the integral over a period of time
At, of phenomena having the same period. Therefore, this term is equal to zero
or a statistically steady flow. Terms (4) and (5) are equal to zero at the wall of
the domain, fluctuation of velocity and temperature being equal to zero. It remains
the contribution at free boundary of the volume V. Making the assumption that
thermal fluxes and fluctuation of entropy-velocity are negligible, one can finally
express entropy production per unit of volume and time by:

1 _
A7 / /// SgendV dlt = // psuidA; = m(Sout — Sin)- (2.69)
u J Aty \% oV

The entropy generated inside a control volume is then the difference between en-
tropy flowing in and out. Entropy at inlet and outlet of the control volume can be
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Figure 2.6: Accumulated entropy in a rotor configuration, based on entropy flux
through axial cut from volume integral of direct entropy generation Sg.e; from
eq.(2.48) and volume integral of indirect entropy Singirect from eq.(2.69) (a). Com-
parison of direct and indirect methods for entropy using two different meshes (b).
Adapted From Zlatinov [54]

evaluated using an explicit formulation of s based on two thermodynamic quantities
as proposed in eq. (2.14) (s = Spep+cpIn (T /Trey) —7In (p/prer)). An interpretation
of entropy has been proposed by Denton [48]: Entropy may be considered to be like
"smoke" that is created within the flow whenever something deleterious to machine
efficiency is taking place. [...] Once created, the "smoke" cannot be destroyed and it
1s convected downstream through the machine and diffuses in the surrounding flow.
The concentration of "smoke" at the exit from the machine includes contribution
from every source within the machine and the loss of the machine efficiency is pro-
portion to the average concentration of "smoke" at its exit. Entropy based on two
thermodynamic quantities measures a concentration of smoke accumulated from the
reference (increases monotonically all along the domain). Spatial derivative of this
quantity gives entropy production that can be either zero or positive. At the scale
of the cell, direct entropy production based on velocity and temperature gradients
that provides entropy production should be equivalent to a flux integration at the
boundaries of the cell with entropy from two thermodynamic quantities. Bejan [53]
compared direct and indirect method neglecting turbulent flux in indirect method for
a turbulent flow in a pipe and showed good agreement of the two methods. However,
Herwig and Kock [63] showed that in a highly turbulent flow this approximation can
lead to strong discrepancy compared to the direct method. Zlatinov [54] compared
direct and indirect methods on a RANS simulation of rotor-stator high pressure tur-
bine stage. He showed that indirect approach can give accurate entropy production
estimation when integrated over axial planes of the domain (see Fig. 2.6a). However,
this method can give negative entropy generation when looking at a particular cell
of the domain.® For the direct method, the quadratic dependence of source terms in

5The author postulated that the cause of the local inconsistency is that the CFX finite volume
code he used conserved mass, energy and momentum but not necessarily entropy.
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velocity and temperature gradient, the computational domain meshes are often too
low (see Fig. 2.6b). Between the two meshes used only 3% in total loss and 1% in
change in net purge flow losses was observed while an underestimate of 53% and 41%
of entropy production was observed in entropy production. Direct method converges
to the correct value of dissipation only for high grid densities. This is especially due
to secondary flows that introduce regions of high gradients away from the relatively
well resolved endwall regions. The regions out of boundary layers and wakes being
generally coarsened. This observation was also earlier stated by Kock [59]. The
discrepancy in entropy production is due to additional numerical viscosity due to
spatio-temporal discretization (see Sec. B.3 in App. B). Indirect method used to
obtain entropy evolution in the domain is shown to be less dependant to the mesh
than direct one. This trend observed in the literature remains difficult to justify as
the inlet-to-exit values are the result of what is produced/destroyed in the domain.
Since the indirect method can locally give wrong entropy production with negative
values, the ability for the indirect method to recover better entropy generation levels
is difficult to ascertain.

2.1.4.2 The use of entropy compared to pressure or enthalpy to track
losses

The assessment of loss generation in a component is generally performed using total
pressure measurements at the inlet p;y i, and outlet planes pyot our. Theses quantities
being non-dimensionalized by various quantities, for example dynamic pressure at
the inlet of the domain (piotin — Pin) to build a loss coefficient (,:

Cp _ ptot,out - ptot,in‘ (270)
ptot,in — Din

This practice comes from viewing turbine