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"When a man dwells on the pleasure of sense, attraction for them arises in him
From attraction arises desire, the lust of possession, and this leads to passion, to anger.

From passion comes confusion of mind, then loss of remembrance, the forgetting of duty.
From this loss comes the ruin of reason, and the ruin of reason leads man to destruction."

— Bhagavad Gita

" Dedicated to my beloved late father Nanda Bahadur Katuwal Chhetri and beloved
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Abstract

Dynamic non-contacting seals have been identified as the most appropriate sealing
technology for reduced-scale and high-speed turbomachinery applications since they
provide a clearance gap preventing rotor-to-seal contact during operation. Yet, any
clearance, however small, between rotor and seal permits the passage to fluid flow
across regions of unequal pressure as a leakage which penalize the overall system
efficiency.

A thorough theoretical and experimental investigation of these types of gas seal at
a reduced scale, however, is missing today. Furthermore, in thermodynamic cycles,
fluids often operate within the vicinity of the saturation line where the well-known
ideal gas law is not valid. For reduced-scale turbomachinery seals operating close
to the fluid saturation line, validated models to capture the real gas effects are not
available yet. The aim of this thesis is to address these shortcomings.

Initially, a qualitative research approach has been used for the selection of the ideal
seals for reduced-scale applications. Using the qualitative data available from the
literature of large-scale seals, a weighted decision matrix has been implemented. For
assessing the robustness of the selection process, the sensitivity analysis has been
carried out by using different weight distributions. The top two ranked seals, namely,
Hole Pattern Seal (HPS) and Pocket Damper Seal (PDS), have been identified as the
most promising seals for reduced-scale turbomachinery applications due to their low
leakage rates and their low influence on the rotordynamic system.

In order to predict the seal performance, the commonly used bulk-flow approach
has been used for the numerical modeling approach. The seal models developed by
the author considering the real gas properties along with the governing equations,
assumptions, empirical factors and the solving scheme have been discussed. Further-
more, for the comparison purpose, three different state-of-the-art models have been
implemented. As a benchmark, the predicted results from the different models are
compared with the experimental data of well-established literature. A good agreement
between the different seal models and the experimental data has been observed.

A dedicated hermetic test-rig for the experimental investigations on the reduced-scale
seal has been designed and built. A modular test section design has been adopted to
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Abstract

test different types and sizes of seals. The salient features of the test-rig are tunable
inlet and outlet pressure, tunable inlet temperature for the identification of real gas
effects, fluid changeability, leakage measurement, as well as pressure and temperature
measurement within individual seal cavities.

Six different reduced-scale seals, both on cylindrical and conical cross-section, have
been investigated experimentally at different inlet boundary conditions with R134a
and air. The experimental data for different seals were compared between the predicted
results from the developed models as a validation process. Compared to the-state-of-
the-art models, the author’s model demonstrates a superior prediction quality in terms
of leakage, cavity pressure, and temperature distribution in all test cases. The author’s
model shows an overall maximum deviation of < 2% and 5% in leakage on cylindrical
and conical seals respectively with R134a at all tested inlet pressure and over the entire
range of pressure ratios. For the air test, a maximum deviation of 4% can be observed
with the author’s model. This corresponds to a significant improvement compared to
the state-of-the-art models (up to 20% deviation) since the author’s model cuts the
deviation to experimental data by 10 to 15%. The cavity pressure distribution showed
an overall average deviation of 3% and 6% on the cylindrical and conical seals respec-
tively. The cavity temperature distribution indicated up to 1 and 1.5 K overall average
deviation on the cylindrical and the conical seals respectively. The Hole Pattern Seal
(HPS) has been identified as the most effective seal for reduced-scale applications with
20% and 10% relatively lower leakage rates with R134a and air respectively compared to
the baseline Smooth Seal (SS). The four-teeth Labyrinth seal with varying cavity pitch
(LSVPA4T) yields less leakage compared to the five-teeth Labyrinth seal with constant
cavity pitch (LSCP5T). Thus, the existence of the optimum geometrical features on the
seal with identical length and identical clearance has been highlighted.

Finally, experimental data suggests a strong impact of the real gas effects on leakage.
Compared to a high degree of superheat the leakage increases by up to 10% for an
operation close to the saturation line. The author’s model shows better prediction
quality at different degrees of superheat compared to state-of-the-art models and
demonstrates its ability to capture the real gas effect.

Keywords: Reduced-scale seal, Real gas effect, Seal model, Leakage, Cavity Pressure,
Cavity temperature, Experimental investigation, Model validation, Superheat, R134a
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Zusammenfassung

Dynamische, beriihrungslose Dichtungen wurden als die am meisten geeignete Dich-
tungslosung fiir die Anwendung in Miniatur und Hochgeschwindigkeits-Turbomaschinen
identifiziert, da sie iiber radiales Spiel verfiigen, welches eine Beriihrung zwischen
Rotor und Dichtung im Betrieb verhindert. Jedes noch so kleine radiale Spiel in der
Dichtung erlaubt jedoch das Durchstromen von Fluid, getrieben durch Druckdifferen-
zen, was zu einer Verminderung des Gesamt-System-Wirkungsgrades fiihrt.

Eine ausfiihrliche theoretische und experimentelle Untersuchung dieser Art von be-
rithrungslosen Gas-Dichtungen im Miniatur-Bereich fehlt zum heutigen Zeitpunkt.
Des Weiteren befindet sich ein Fluid, welches einen thermodynamischen Zyklus durch-
lauft, oftmals nahe der Sdttigungsgrenze, was dazu fiihrt, dass die Bedingungen zur
Anwendung des Idealgasgesetzes nicht erfiillt sind. Validierte Modelle zur Bestimmung
der Realgas-Effekte bei Miniatur-Turbomaschinen-Dichtungen, welche nahe der Satti-
gungsgrenze betrieben werden, existieren zum heutigen Zeitpunkt noch nicht. Diese
Dissertation hat zum Ziel, sich diesen Mdngeln anzunehmen.

Der Einstieg in diese Arbeit beinhaltete die Anwendung einer qualitativen Forschungs-
methode, um den idealen Dichtungstyp fiir Miniaturanwendungen zu identifizieren.
Die Benutzung der in der Literatur verfiigbaren qualitativen Daten fiir Grossanwen-
dungen erlaubte die Implementierung einer gewichteten Entscheidungsmatrix. Eine
Variation der Gewichtungsparameter erlaubte die Durchfiihrung einer Sensitivitéats-
analyse des Selektierungsprozesses. Die beiden bestbewerteten Dichtungstypen, die
Hole Pattern Seal (HPS) und die Pocket Damper Seal (PDS), wurden augrund ihrer
geringen Leckagemassenstrome und ihres geringen Einflusses auf die Rotordynamik
des Systems als die vielversprechendsten Kandidaten fiir die Anwendung in Miniatur-
Turbomaschinen identifiziert.

Ein hermetisch abgedichteter Priifstand wurde speziell fiir die experimentelle Un-
tersuchung der beriihrungslosen Miniatur-Dichtungen konzipiert und gebaut. Das
modulare Design der Testsektion erlaubte die Untersuchung von unterschiedlichen
Dichtungstypen und -gréssen. Die herausstechenden Eigenschaften dieses eigens fiir
die Untersuchung von Miniatur-Dichtungen konzipierten Priifstandes sind die frei
einstellbaren Werte fiir Einlass- und Auslassdruck, der einstellbaren Einlasstempera-
tur zur Identifizierung von Realgas-Effekten, der Moglichkeit verschiedene Fluide zu
testen, die Messung des Leckagemassenstromes sowie der Messung von Druck und
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Zusammenfassung

Temperatur in den einzelnen Kavitdten der Dichtung.

Die Eigenschaften von sechs unterschiedlichen Miniatur-Dichtungstypen mit jeweils
zylindrischem sowie konischem Querschnitt wurden bei unterschiedlichen Randbedin-
gungen mit R134a und Luft als Fluid experimentell untersucht. Die experimentellen
Resultate der verschiedenen Dichtungen wurden zu Validierungszwecken mit den
Berechnungsresultaten der in dieser Arbeit entwickelten numerischen Modelle ver-
glichen. Im Vergleich mit den bekannten, dem Stand der Technik entsprechenden,
Modellen zeigt das vom Autor vorgestellte Modell eine verbesserte Qualitdt in der
Vorhersage der Leckagemassenstrome sowie der Druck- und der Temperaturverteilung
in den Kavitdten der Dichtung fiir alle untersuchten Félle. Das vom Autor entwickelte
Modell zeigt eine maximale Gesamtabweichung fiir die Vorhersage des Leckagemas-
senstromes von <2% fiir zylindrische und <5% fiir konische Dichtungsquerschnitte mit
R134a als Fluid tiber den gesamten getesten Bereich von Einlassdriicken und Druck-
verhiltnissen. Bei den experimentellen Untersuchungen mit Luft als Fluid konnte eine
maximale Abweichung von 4% mit dem vom Autor vorgestellten Modell bezeichnet
werden. Dies entspricht einer signifikanten Verbesserung der Vorhersagequalitit ver-
glichen mit den bisher bekannten Modellen. Das in dieser Arbeit vorgestellte Modell
reduziert die Abweichung zu den experimentellen Daten um 10% bis 15% verglichen
mit den bisher bekannten Modellen (bis zu 20% Abweichung). Die Druckverteilung
in den Kavitdten zeigte eine durchschnittliche Gesamtabweichung von 3% fiir die
zylindrischen und 6% fiir die konischen Dichtungsquerschnitte. Die Abweichung der
Temperaturverteilung in den Kavitdten konnte mit 1K fiir die zylindrischen respektive
1.5K fiir die konischen Dichtungsquerschnitte beziffert werden. Die Hole Pattern Seal
(HPS) konnte mit einem verringerten Leckagemassenstrom von 20% fiir den zylindri-
schen respektive 10% fiir den konischen Dichtungsquerschnitt in R134a sowie in Luft,
verglichen mit der als Referenz dienenden Smooth Seal (SS), als effektivster Dichtungs-
typ identifiziert werden. Des Weiteren konnte in dieser Arbeit gezeigt werden, dass
die 4-Zahn Labyrinth-Dichtung mit variierendem Zahn-Abstand (LSVP4T) weniger
Leckage aufweist als eine 5-Zahn Labyrinth-Dichtung mit konstantem Zahn-Abstand
(LSCP5T). Dies verdeutlicht, dass fiir Dichtungen mit identischen Ldngen und Radial-
spielen eine optimale Geometrie existiert.

Die experimentellen Daten weisen auf einen starken Einfluss der Realgas-Effekte auf
die Leckagemassenstrome hin. Verglichen mit einem stark tiberhitzten Fluid, der
Einsatz des Fluids nahe der Sittigungslinie fiihrt zu einer Erh6hung der Leckagemas-
senstrome um bis zu 10%. Das vom Autor dieser Arbeit vorgestellte Modell verfiigt
tiber bessere Vorhersagequalitit fiir tiberhitzte Zustdnde unterschiedlichen Grades
verglichen mit den aktuell verfiigbaren Modellen und verdeutlicht daher seine Eignung
zur Erfassung von Realgas-Effekten.

Schliisselworte: Miniatur-Dichtung, Realgas-Effekt, Dichtungsmodell, Leckage, Druck
in Kavitdt, Temperatur in Kavitdt, Experimentelle Untersuchung, Modellvalidierung,
Uberhitzung, R134a
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Résumeé

Les joints dynamiques sans contact ont été identifiés comme la technologie d’étan-
chéité la plus appropriée pour les applications de turbomachines a échelle réduite et
grande vitesse, car ils permettent un dégagement empéchant le contact entre le rotor
et le joint en fonctionnement. Pour I'instant, tout dégagement aussi petit soit-il entre
le rotor et le joint permet le passage du fluide a travers les régions de pression inégale,
comme une fuite qui pénalise I'efficacité globale du systeme.

Cependant, une étude théorique et expérimentale approfondie des différents types de
joints a gaz d’échelle réduite fait défaut aujourd’hui. De plus, dans les cycles thermo-
dynamiques, les fluides operent souvent a proximité de la ligne de saturation ot la loi
des gaz parfaits n’est pas valable. Pour les joints de turbomachines a échelle réduite
fonctionnant a proximité de la ligne de saturation du fluide, aucun modele valide pour
saisir les effets réels des gaz n’est disponible pour le moment. L'objectif de cette these
est de remédier a ces lacunes.

Au départ, une approche de recherche qualitative a été utilisée pour la sélection d'un
joint idéal pour les applications d’échelle réduite. En utilisant les données qualitatives
disponibles dans la littérature sur les joints a grande échelle, une matrice de décision
pondérée a été mise en place. Pour I’évaluation de la robustesse du processus de
sélection, I'analyse de sensibilité a été réalisée en utilisant différentes pondérations.
Les deux joints les mieux classés, a savoir le type Hole Pattern Seal (HPS) et Pocket
Damper Seal (PDS), ont été identifiés comme les joints les plus prometteurs pour les
applications de turbomachines a échelle réduite, en raison de leur faible taux de fuite
et de leur faible influence sur le comportement dynamique du rotor.

Afin de prédire la performance des joints, 'approche en vrac a été utilisée pour la mo-
délisation numérique. Les modeles de joints développés par I'auteur, en considérant
les propriétés réelles du gaz, les équations qui le régissent, Les hypotheses, les facteurs
empiriques ainsi que le schéma de résolution ont été remis en question. En outre, a
des fins de comparaison, trois modeles de pointe différents ont été mis en ceuvre. A
titre de test, les résultats attendus des différents modéles ont été comparés par rapport
aux données expérimentales de la littérature bien établie. Un bon accord a été observé
entre les différents modeéles de joints et les données expérimentales.

Un banc d’essai hermétique dédié aux études expérimentales a échelle réduite a été
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Résumé

développé et fabriqué. Une conception modulaire de la section d’essai a été adoptée
afin de tester différents types et tailles de joints. Les principales caractéristiques du
banc d’essai sont réglables telles que la pression a I’entrée et a la sortie, la température
al’entrée est ajustable pour l'identification des effets réels du gaz ainsi que la varia-
bilité du fluide et la mesure des fuites. La pression et la température sont également
mesurées dans les cavités individuelles des joints.

Six différents joints d’échelle réduite, de section cylindrique et conique, ont été étudiés
expérimentalement a différentes conditions d’entrées du systeme avec du gaz R134a et
de I'air. Les données expérimentales pour les différents joints ont été comparées avec
les résultats obtenus des modeles développés en tant que processus de validation. Par
rapport aux modeles de la littérature, le modele de I'auteur démontre une qualité de
prédiction supérieure en termes de fuite, de pression dans la cavité et de répartition de
la température dans tous les cas d’essai. Le modele de I'auteur montre un écart maxi-
mum global inférieur a 2% et 5% de fuite sur les joints cylindriques et respectivement
coniques avec du gaz R134a pour toutes les pressions d’entrée testées, et également
sur toute la gamme de rapports de pression. Pour I'essai dans I'air, un écart maximal
de 4% a été observé. Avec le modele de I'auteur cela correspond a une amélioration
significative par rapport aux modéles de la littérature (jusqu’'a 20% d’écart) puisqu’il
réduit I’écart global de 10 a 15%. La distribution de pression dans la cavité montre une
déviation moyenne de 3% et 6% pour les joints cylindriques, respectivement coniques.
La distribution de température a I'intérieur de la cavité indique un écart moyen de 1
et 1,5 K pour un joint cylindrique, respectivement conique. Le type Hole Pattern Seal
(HPS) a été identifié comme le type de joint le plus efficace pour les applications a
échelle réduite, en comparaison au type de joint Smooth Seal (SS) avec 20% et 10%
de fuite en moins en utilisant du gaz R134a, respectivement de I'air. Pour le joint laby-
rinthe a quatre dents et avec un pas de cavité variable (LSVP4T), il en résulte moins
de fuite par rapport au joint labyrinthe avec un pas de cavité constant (LSCP5T) et 5
dents. Ainsi, I'existence de caractéristiques géométriques optimales pour un joint avec
des longueurs et jeux identiques ont été mis en évidence.

Enfin, les données expérimentales suggerent un important impact des effets réels du
gaz sur les fuites. En comparaison a un degré élevé de surchauffe, le débit de fuite
augmente jusqu'a 10% pour un fonctionnement proche de la ligne de saturation. Le
modele de I'auteur montre une meilleure qualité de prédiction a différents niveaux de
surchauffe, par rapport aux modeles de la littérature et démontre sa capacité a capter
I'effet réel du gaz.

Mots-clés : Joint d’échelle réduite, Effet réel des gaz, Modeéles de joints, Fuite, Pression
dans la cavité, Température dans la cavité, Recherche expérimentale, Validation de
modeles, Surchauffe, Gaz R134a
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| Introduction

The downscaling trend of turbomachinery has been in the focus of research for the
last decade driven by various applications in different fields. Reduced-scale turbo-
machinery has been identified as a promising key technology for highly efficient
decentralized energy conversion. Downscaled turbomachinery may be implemented
for example as compressors for residential heating and cooling [1, 2], for air condi-
tioning in electric and hybrid vehicles, for fuel cell air supply and pressurization in
transport application [3] or low scale decentralized electrical power generation [4].
Scaling laws for turbomachinery impose small tip diameters leading to smaller rotor
diameters and higher rotational speeds needed to achieve reasonable efficiencies at
reduced-scale. Due to the high rotor speeds and high life-time expectations, classical
bearings such as roller element bearings are not suitable due to their contacting nature,
hence contact-less gas-lubricated bearings are used instead. The advantages of this
type of bearing technology are the oilfreeness, low losses, higher life-time and fewer
components making them an ideal candidate for reduced-scale high-speed turbo-
machinery applications. However, one issue related to the down-scaling of current
technology is the relative leakage by-passing the turbomachinery, which is significantly
higher compared to large-scale machines, mainly due to relatively low clearance re-
quired to mitigate leakage which is in the range of gas-bearing clearance leading to
manufacturing limitations.

Seals are widely used in turbomachinery applications to control leakage flow. For
high rotor speeds, contacting seals like radial lip or brush seals are not appropriate
due to the frictional heat generated by the surface contact. Dynamic non-contacting
seals have been identified as the most appropriate sealing technology for high-speed
turbomachinery applications since they provide a clearance gap preventing rotor-to-
stator contact during operation. Any clearance between rotor and seal permits the
passage to fluid flow across regions of unequal pressure as a leakage which penalize
the overall system efficiency.
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Non-contacting gas seals like labyrinth seal, pocket damper seal, hole pattern seal etc.
play a crucial role in the turbomachinery system by reducing or controlling leakage of
fluid by creating a pressure loss through throttling. For high-speed turbomachinery
applications, these seals have proven invaluable due to their leakage reduction charac-
teristics and their non-contacting nature, which allows rotor speeds to be increased
significantly [5]. A summary of different types of state-of-the-art non-contacting seals
for gaseous fluids used in turbomachinery applications have been presented by Floyd
[6] and by Flitney [7].

The primary function of non-contacting seal is to reduce leakage and hence increase
system thermodynamic efficiency of the turbomachines. Despite the aforementioned
advantage, field experience have clearly shown that these seals also affects the critical
speeds and stability limits of a rotordynamic system [8, 9]. Non-contacting gas seals
possess negligible added mass terms and seal forces for small rotor motion about
centered position are generally represented by the reaction force model [10] as shown
in equation (1.1).

X
Y

X
Y

Fx
Fy

Cxx Cxy
Cyx Cyy

(1.1)
Kyx Kyy

_[KXX Kxy

This equation (1.1) relates the seal forces due to rotor motion and velocity through
direct (Kxx, Kyy, Cxx, Cyy) and cross-coupled (Kxy, Kyx, Cxy, Cyx) linear force coeffi-
cients [11]. For an accurate prediction of critical speeds and rotordynamic stability
of rotating machinery, accurate values of seal force coefficient are necessary. From a
rotordynamics point of view, seals with large positive direct damping coefficients (Cxx,
Cyy) and low or null cross-coupled stiffness coefficients (Kxy, Kyx) are desired to reduce
rotor vibration amplitudes and to improve the dynamic stability of high-speed rotors
[12]. Figure 1.1 shows the geometry and interacting forces between the seal and rotor
assembly. The forces which acts on the rotor from seals are categorized into radial (F;)
and tangential (F;) components. The radial force component in gas seals arises from
direct stiffness and cross-coupled damping coefficients which can be represented by
an effective stiffness (Kes) as shown in equation (1.2).

Kt = Kxx + Cxy{2 (1.2)

The effective stiffness has a weak effect on rotordynamic stability but has a strong effect
on the natural frequency and hence on critical speed of rotor [13]. For the gas seals
cross-coupled damping coefficients are very small and its contribution to radial force
is almost negligible [10, 13]. The tangential force arising from gas seal is de-stabilizing
in nature. This force is a combination of direct damping and cross-coupled stiffness
force coefficients which is characterized by effective damping and evaluated using



1.1. Overview of non-contacting gas seals

Rotor

Figure 1.1 — Schematic representation of a seal and a rotor in a dynamic system: Spin
and whirl motion of a rotor (right) and seal force coefficients (left)

equation (1.3).

K
Cof = Cxx — TXY (1.3)
The tangential force is calculated by multiplying effective damping coefficient times
the whirl orbit velocity. From the rotordynamic viewpoint, a positive value of effective

damping is stabilizing while a negative value is de-stabilizing.

The undesirable effect on the dynamic stability of rotor systems can mainly be at-
tributed to destabilizing cross-coupling stiffness that arises from circumferential flow
in the annular cavities within the seals, which is driven by the rotor tip speed. This ro-
tation of fluid amplifies rotor vibration by feeding energy into the whirl orbit resulting
in instability [9, 10].

1.1 Overview of non-contacting gas seals

Non-contacting gas seals are dynamic seals that maximize pressure loss and minimize
leakage by creating a barrier between moving and stationary surfaces. Although these
types of seals are used to reduce leakage in turbomachinery applications, some leakage
is inevitable due to the presence of a clearance gap together with pressure gradient. An

3
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overview of the different types of the-state-of-the-art non-contacting seals for gaseous
fluids used in large-scale turbomachinery application is illustrated in Figure 1.2.

Non-contacting Gas Seals

Y

|Lab;/rinth| | Damper | |Gcas EIJshing| [ Film Eiding| Others
! } | !

- Straight - Honeycomb i ) . .
- Stepped - Hole Pattern ) E:ézf(jin - Hydrodynamic | | (S.?rc;]rggltzmt Foil Seal
- Staggered - Pocketed 9

Figure 1.2 — Classification of the-state-of-the-art non-contacting gas seals

1.1.1 Labyrinth seal

Among many non-contacting seals, labyrinth seal offers advantages of simplicity but
also yields the moderate leakage and lowest effective damping. Amongst varieties of
non-contacting seals, labyrinth seals (LS) are the most widely used seals in turboma-
chinery applications due to their design simplicity and long past industrial knowledge.
Although very effective in reducing leakage they possess undesirable rotordynamic
characteristics, like, limited or even negative direct-damping and high cross-coupled
stiffness coefficients that may lead to rotordynamic instability [14, 15]. This type of
seal is composed of many grooves or teeth and can be of straight, stepped or staggered
type (refer to figure 1.3) depending upon their geometrical appearance. Staggered
type offers lowest leakage compared to other types of labyrinth seal at same length
to diameter (L/D) ratio and radial clearance due to its long characteristic flow length
[16, 17].



1.1. Overview of non-contacting gas seals

Figure 1.3 — Different types of labyrinth seal: (a) Stepped, (b) Straight or see-through
and (c) Staggered or interlocking

1.1.2 Damper seal

Damper seals are incorporated with unique geometrical shapes along and around
the seal inner surface, which tend to limit the development of circumferential flow
patterns, nearly eliminating cross-coupled stiffness and thus attenuating rotor vibra-
tion response [18]. This type of seals are categorized as pocket damper seal (PDS),
hole-pattern seal (HPS) and honeycomb seal (HCS) as shown in figure 1.4. Unlike
labyrinth seals, damper seal exhibits limited cross-coupled behavior and offers con-
siderable amount of radial damping [14, 19, 20, 21], and hence making the system
rotordynamically more stable.
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cavity wall hole honeycomb

Figure 1.4 — Different types of damper seal: (a) Pocket damper seal, (b) Hole-pattern
seal and (c) Honeycomb seal [22]

1.1.3 Gas bushing seal

The bushing seal is a sleeve that forms a small clearance between the rotor and seal
where leakage is limited by flow resistance. A bushing can be a ring of metal or com-
posite material, which is softer than the rotor material, inserted inside the seal housing.
There are two configuration of this seal type, namely floating and fixed bushing (refer
to figure 1.5). Fixed bushing seal has stationary bush while floating type has spring
loaded flexible bush. These types of seals yield higher leakage than the other type of
seals for same boundary conditions and same radial clearance [23].

spring bushing

i >~ Q
—

(a) (b)

Figure 1.5 — Schematic diagram of different types of bushing seal: (a) Floating and (b)
Fixed
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1.1.4 Film riding seal

Based upon their working principle, they are categorized as hydrostatic seal (refer
to figure 1.6 (a)!) and hydrodynamic seal (refer to figure 1.6 (b)?). In a hydrostatic
film riding seal external pressurized gas is injected which controls the opening and
closing of sealing gap which is independent of rotor speed [23, 24, 25]. Although this
type of seal offers good leakage performance and simplicity in design, it needs auxil-
iary external pressurization and its control system. In hydrodynamic seal, the lifting
forces are generated by the viscous shear effect of the gas film due to the rotor speed
[23]. The sealing effect are accomplished by the reverse pumping effect generated
by spiral grooves engraved either on a rotating disk or on the seal stationary faces
[24, 25]. This type of seal has best leakage resistance characteristic but requires high
operational speed to generate hydrodynamic lift and also complex to design leading to
high manufacturing cost.

groove

O Rotor ||

Figure 1.6 — Types of film riding seal: (a) Hydrostatic and (b) Hydrodynamic

1.1.5 Complaint foil seal

This seal, as shown in figure 1.7 (a), is an expanded version of leaf seal concept pro-
posed by Salehi and Hesmat as an extension of their foil bearing work for aerospace
application [26]. This seal operates similar to compliant foil bearing based on devel-
oping a high pressure thin gas film between the rotor and the top foil. The top foil is
supported by spatially variable complaint elements called spring bumps and extends
both axially and radially to restrict axial flow.

'www.mcnallyinstitute.com/12-html/12-02.html
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\ /
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Figure 1.7 — Complaint foil seal (a) and Smooth seal (b)

1.1.6 Smooth seal

The smooth seal is the simplest type of gas seal, which has a smooth cylindrical sealing
surface (refer to figure 1.7 (b)). This type of seal offers large direct stiffness due to
Lomakin effect but has highest leakage compared to other seal counterparts for similar
clearance and boundary conditions [10].

1.2 Selection of seals

To identify the most promising seal technology for reduced-scale applications and
since no work has been reported in sealing technologies for reduced-scale applica-
tions, the selection procedure has been carried out using qualitative data of different
non-contacting gas seals. The qualitative parameters of seals include leakage resis-
tance, rotordynamic performance (stiffness and damping), size, manufacturability,
adaptability with the system, design simplicity, cost, durability, and simplicity. For
the sake of simplicity, these parameters were reduced to four characteristic features:
leakage resistance, rotordynamics, overall size, and other factors, which include all the
remaining parameters. Each of these features was provided with their own range of
weights based on the priority level (refer to Table 1.1). Different weight configurations
have been analyzed to assess the robustness of the selection process.

The weightage decision matrix (refer Table A.1, A.2 & A.3 in Appendix) and sensitivity
analysis (refer Table 1.2) was performed on state-of-the-art non-contacting gas seals
using the different weighting scenarios summarized in Table 1. With the grading of
seals, the overall ranking of different seals was accomplished. The sensitivity analysis
performed by using different weight distributions tests the robustness of the selection
process. Finally, the top two ranked seals (hole pattern and pocket damper) have been
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Table 1.1 — Range of weightage value for core characteristics features of non-contacting
gas seals

Variables Weight (W)
wir w2 W3 W4 W5 W6 W7
Leakage 045 045 045 04 035 045 04
Rotordynamic 0.3 035 04 04 04 03 0.35
Axial length 02 015 0.1 015 02 02 0.2
Others 0.05 0.05 0.05 0.05 0.05 0.05 0.05
Total 1 1 1 1 1 1 1

identified as the most promising seals for reduced scale turbomachinery applications.

Table 1.2 — Sensitivity analysis of the-state-of-the-art non-contacting gas seals

Weightage (W) Rank
1 2 3 4 5

Wi Hole pattern ~ Pocket damper Hydrodynamic Hydrostatic Honeycomb
Score 4.21 4.19 3.81 3.7 3.56

w2 Hole pattern ~ Pocket damper Hydrodynamic Hydrostatic Honeycomb
Score 4.23 4.19 3.81 3.7 3.61

w3 Hole pattern ~ Pocket damper Hydrodynamic Hydrostatic Honeycomb
Score 4.24 4.19 3.81 3.7 3.66

W4 Pocket damper  Hole pattern  Hydrodynamic Hydrostatic Honeycomb
Score 4.27 4.26 3.82 3.67 3.63

w5 Pocket damper  Hole pattern  Hydrodynamic Hydrostatic Honeycomb
Score 4.36 4.27 3.83 3.65 3.6

w6 Hole pattern ~ Pocket damper Hydrodynamic Hydrostatic Honeycomb
Score 4.22 4.19 3.81 3.7 3.6

w7z Pocket damper  Hole pattern  Hydrodynamic Hydrostatic Honeycomb
Score 4.27 4.24 3.82 3.68 3.58

1.3 Scaling analysis of non-contacting gas seals

In order to highlight the evolution of the specific leakage when downscaling turbo-
machinery, a simple scaling analysis has been performed using 1D seal model with
non-ideal fluid properties assumption. The investigation is done using the Balje di-
agrams [27] for radial flow turbine. For an efficiency of 80% a specific speed (Vs) of
0.2 and specific diameter (D;) of 7.8 have been selected for the calculation while the

9
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shaft power (Pg,q) was varied from 0.5 to 100 kW. The following equations are used to
determine total inlet mass flow rate (712:,¢), inlet volume flow rate (V), rotational speed
(w) and diameter of the impeller (D).

Pghatt = Nisen 1tot Ahisen (1.4)
V _ Mtot (1.5)
P
- 0.5
(V)
N. = 1.6
° “ (Ahisen)o'75 ( )
Ah: 0.25
Ds = Dimp-% (1.7)
(V)

For the the scaling of shaft diameter, following relation between impeller and shaft has
been used.

Dihate = —Dimp (1.8)

1

8
As for the seal two cases are investigated: (1) A constant clearance of 30 um that is
independent on the rotor dimensions. (2) A clearance that evolves linearly with the
rotor diameter (R, /Dgj, = 0.0005). Figure 1.8 represents the relative leakage, rotational
speed, radial clearance and shaft diameter as a function of shaft power. The analysis
suggests that for reduced-scale machines with smaller shaft diameters the relative
leakage loss increases for a constant radial seal clearance. For a shaft diameter of 10
mm (0.5 kW-turbine) and a radial seal clearance of 30 um, the leakage loss corresponds
to almost 22% of the turbine inlet mass flow, while for a machine with a rotor diameter
of 32 mm (5 kW-machine), the relative leakage drops below to 7%.

In order to minimize this significant loss in reduced-scale turbomachinery to the
acceptable limits the radial clearance has to be significantly reduced (around 4 pum for
this particular case). However, seals with such low radial clearances are expensive to
manufacture and also depreciate rotordynamic performance as seal radial clearance
approaches to gas-bearing clearance. A tradeoff between manufacturing cost, leakage,
and rotordynamic performance is therefore identified.
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Figure 1.8 — Scaling effect on leakage mass flow rate, shaft diameter, radial clearance
and rotor speed as a function of shaft power at P;,, = 18 bar, Py, = 6 bar, T, = 82 °C, Cyq
=0.716, single tooth seal and R134a as working fluid

1.4 Effect of real gas properties on seal leakage

In thermodynamic cycles, fluids often operate close to the saturation curve (curve
which separates two-phase state). A typical PH diagram, which is often used to repre-
sent the thermodynamic cycles of vapor compression and organic rankine cycles is
illustrated in figure 1.9 to give an overview of thermodynamic state variables of a fluid.
For gas seals with fluids working near saturation point, the perfect gas assumption
is far from valid and real gas effects need to be taken into account [28, 29]. To justify
this statement, a static model (no shaft vibration) has been implemented with ideal
and non-ideal gas assumptions. For the thermodynamic properties of gas, REFPROP
database [30] has been used. For the sake of comparison a single tooth seal with a shaft
diameter of 14 mm and a clearance of 30 and 40 um has been chosen and the result
for ideal and real gases plotted in figure 1.10 as a function of the degree of superheat,
which indicates the distance to the saturation line.

Near saturation temperature with 3 K superheat a discrepancy of almost 9% in leakage
flow rate is suggested for both radial clearance value. The difference decreases with the
degree of superheat. Similar trends have been published by Wang et al. [28] and Fairuz
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Figure 1.9 — Schematic representation of PH diagram with thermodynamic state of
fluid

et al. [29]. This clearly demonstrates that the perfect gas assumption is not valid for

the fluid operating near saturation point and therefore highlights the need to account
for the real gas effect.
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Figure 1.10 — Leakage mass flow prediction using perfect gas and real gas model at P,
=18 bar, Pyy: = 6 bar, C4 = 0.716, Ty = 65.85 °C and R134a as working fluid

1.5 Problem statement

Seals are commonly used in all kinds of turbomachinery applications to minimize
secondary leakage losses and hence to increase system thermodynamic efficiency. Be-
sides the leakage reduction characteristics, seals are also known to have their influence
on rotor critical speeds, and most importantly, on rotordynamic stability of the turbo-
machinery [8], [9]. The prediction of seal performance is mainly evaluated using the
bulk-flow models, and more recently via three-dimensional CFD software. However,
the reliability of the models can only be gauged by the experimental validation.

In 1935, Egli [31] performed an analytical and experimental analysis on labyrinth seals
leakage, where he defined and determined kinetic carry-over in seals experimentally.
Benckert and Wachter [32] experimentally investigated seal performance due to desta-
bilizing force at low inlet pressures (1.42 bar). Although they performed the test at
such low-pressures their experimental data have been used by many scholars as a
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benchmarking tool to their numerical models. Childs and Scharrer [33] measured
direct damping force in a labyrinth seal reporting, however, a poor prediction quality
of their theoretical bulk-flow model compared to the experimental results. Picardo
et al. [34] performed measurements on labyrinth and hole pattern seal at elevated
inlet pressure of 70 bar and rotor speed up to 20.2 krpm at two radial clearances, and
different inlet pre-swirl ratios. Comparisons of measured leakage and rotordynamic
force coefficients were made with the predicted results from one-control-volume and
two-control-volume bulk-flow models. The predicted results suggested poor agree-
ment with the measured data, however, the one-control-volume model showed better
performance compared to the two-control-volume model.

Recently, Cangioli et al. have published their experimental data on labyrinth seals
[35, 36] and pocket damper seals [37] which were performed on a high-pressure seal
test-rig [38] with nitrogen as working fluid. In their papers, they compared the experi-
mental results with the predicted results from their modified mathematical bulk-flow
model coupled with energy equation displaying satisfactorily matching results.

So far, literature is rich in theoretical and experimental investigations on different
types of non-contacting gas seals for large-scale turbomachinery systems while at
reduced-scale like the one shown in figure 1.11 (taken from [39]), such investigation is
missing. Further, almost all of these studies considers working fluids as perfect gas.
Recently, some research works on effect of real gas on seal performance have been
published for large-scale turbomachinery application [29, 40]. However, the trends
towards down-scaled turbomachinery and its use with working fluids operated close
to the saturation line calls for new approaches in the seal selection and the imple-
mentation of real gas effects into existing seal models for predicting leakage and the
rotordynamic properties. The scaling analysis (refer to Figure 1.8) highlights leakage
as a significant source of losses in a reduced-scale turbomachinery system. For shaft
diameter less than 20 mm, the percentage of leakage mass flow is significantly higher
depending upon the clearance gap. More efficient seals require reduced clearances,
which in turn are expensive and also depreciate rotordynamic performance as seals
start to acts like plain cylindrical air bearings [10]. This highlights the fact that a seal is
not dissociable from the bearings and rotordynamics, especially at a reduced-scale.

Furthermore, reduced-scale turbomachinery are generally compact in size. More num-
ber of constriction in seal increases both manufacturing cost and an overall length
of rotor, which complicates rotordynamics. Hence, the first step in seal design phase
is to identify the optimum number of constrictions. For this purpose, one of the
working point of a reduced-scale turbo-compressor with a rotor diameter of 14 mm
running on R134a fluid is used to present the results. A seal with a radial clearance
of 30 um is hypothesized and leakage mass flow is calculated for increasing number
of constrictions which is shown in figure 1.12. The results were obtained by simple
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Figure 1.11 — Picture of heat pump organic rankine cycle (HP-ORC) compressor and
turbine unit (CTU) showing leakage flow path highlighted by yellow dotted line

one-dimensional models, one considers the real gas properties based on flow repre-
senting Fanno curve [23] and the other using the St. Venant leakage equation [14]
with perfect gas assumption. Figure 1.12 shows a clear trend of leakage with respect
to the number of seal constrictions, which highlights the existence of the optimum
number of constrictions beyond which effective leakage characteristics of seals drops.
For instance, a seal with two constrictions reveals 16.6% less leakage compared to the
seal with single constriction and with an increment of constrictions the result shows
an asymptotic behavior.

The next step in the seal design process is to finalize the overall length of the seals. The
commonly practiced method is to select the ratio of seal axial length to the diameter
of the rotor (Ls/D;) depending upon the requirement of seal overall influence on the
turbomachinery system. For shorter seal (Ls/D; < 0.333), the literature [10] suggests
implementing labyrinth seal as an effective solution offering optimum leakage and
rotordynamic performance. Furthermore, literature [10] recommends to use rough-
ened seals with geometrical features like holes, pockets or honeycomb for longer seals
(Ls/Dy > 0.333) instead of labyrinth seal to avoid rotordynamic problems.
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Figure 1.12 — Leakage mass flow prediction using perfect gas and real gas model for
varying number of constriction at P;,, = 18 bar, P,y = 6 bar, Tj, = 67.85°C, C4 = 0.716
[41] and R134a as working fluid

1.6 Research goal and objectives

The goal of this thesis is to identify the most promising seals and highlight the chal-
lenges related to the downscaling of seals. Furthermore, perform numerical and
experimental investigations on selected seals geometry to increase thermodynamic
efficiency of reduced-scale turbomachinery systems. In order to achieve this goal the
following objectives are established:

* Identify the most promising seal topologies for reduced-scale high-speed turbo-
machinery applications.

* Reduce leakage in down-scale turbomachines with relatively high clearance to
shaft diameter ratio operating near fluid saturation curve.

The methodology adapted in this thesis to accomplish research objectives are summa-
rized as follows:

* Selection of promising seals with the help of qualitative data of seals available in
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literature using weightage decision matrix and sensitivity analysis.

¢ Development of mathematical model to predict seal performance taking consid-
eration of real gas effects. Implementation of the conventional models for the
comparison purpose between the author model and the experimental results on
reduced-scale seals.

* Design and development of test-rig for the experimental investigation of selected
seals for reduced-scale application and validation of in-house developed seal
model.

The aim of this thesis is to provide better understanding and design guidelines of non-
contacting seals with minimum leakage and improved rotordynamic performance for
downsized turbomachinery application.

1.7 Organization of thesis

This thesis is composed of six chapters. An overview of each chapter is summarized
below:

Chapter 2 This chapter introduces the theoretical aspects of non-contacting gas seals.
The-state-of-the-art numerical models to predict seal performance and used termi-
nologies are also highlighted. Furthermore, the description of the developed seal
models including the comparison of results with well-established literature is pre-
sented.

Chapter 3 This chapter describes the design and development of a test-rig dedicated
to the experimental investigation of selected non-contacting seals for reduced-scaled
turbomachinery applications. The test procedure along with a description of used
instrumentation is illustrated.

Chapter 4 This chapter is dedicated to the experimental study of selected test seals
at different operating conditions. Further, the comparison between the different seal
models and the experimental results is presented and discussed. Finally, selected test
seals are categorized on their performance level in order to identify the best seals for
reduced-scale turbomachinery applications.

Chapter 5 This chapter summarizes the conclusions of the thesis including the recom-
mendations for future work.

1.8 Specific aspects of novelty
The specific aspects of novelty of this thesis are summarized in the following points.
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18

Identification of most promising seals for reduced-scale turbomachinery appli-
cation using the qualitative approach.

Design and development of a test-rig dedicated to the experimental investigation
on different types of reduced-scale turbomachinery seal operated close to the
fluid saturation line.

Development of 2D seal model to predict the seal performance. Comparison of
the author model and the-state-of-the-art seal models with the available litera-
ture as well as experimental results. The author model shows good agreement
with the existing literature at large-scale. At reduced-scale the author model has
superior prediction quality of leakage, cavity pressure and temperature distribu-
tion compared to the-state-of-the-art models.

Measurement of leakage, cavity pressure and cavity temperature in different
types of reduced-scale test seals with air and R134a as a working fluid.

Experimental proof of real gas effect in seal and the ability of the author model to
capture this effect with higher accuracy.



¥4 Seal theory and modeling

This chapter provides an overview of the different approaches used in seal analysis.
The governing equations and the empirical factors applied for non-contacting gas seal
theoretical investigation are presented. Furthermore, the models developed by the author
and the-state-of-the-art seal models along with the assumptions and limitations are
discussed. Besides, the results of the author models are compared with well-established
data of seal literature as a benchmarking process.

2.1 Introduction

The rotordynamic coefficients of seals are highly dependent on the leakage rates
through the seals, circumferential velocity and the pressure in the seal cavities [5]. The
procedures to predict these variables involve solving the governing fluid flow equations
within the seal either numerically, analytically or in combination. With the techno-
logical advancements in computing power, the computational fluid dynamics (CFD)
approach is presently popular in the investigation of seal performance. Nevertheless,
CFD is still considered to be time and cost expensive. On the other hand, bulk-flow
models offer the most-time efficient and acceptable prediction accuracy to estimate
the seal performance [42, 43]. Thereby, almost all the existing theoretical analysis
on seals uses bulk-flow model to predict the seal behavior in the turbomachinery
applications [10, 44]. To visualize the different flow phenomena and the variables used
in this chapter, a schematic representation of a single cavity seal is shown in figure 2.1.
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Figure 2.1 — Schematic illustration of a single cavity seal under operation

2.2 Brief evolution on seal modeling and analysis

The relatively large clearance together with the pressure gradient indicates turbulent
flow regimes in seals. Hence, the Reynolds lubrication equation is inapplicable for
annular seals due to the high Reynolds numbers [10]. The earliest attempt to model
the seals was conducted by Black in 1969 [45] and, Black and Jenssen in 1970 [46] using
the bulk-flow model for centrifugal pump applications. The bulk-flow model neglects
the variation of fluid velocity components across the clearance and employs averaged
velocity components [10, 47]. Furthermore, shear stress is considered only at the
surface of the seal and the rotor, and is a function of the local Reynolds number. Thus,
the bulk-flow model can be considered as a simplified version of the Navier-Stokes
equation governing the complex three-dimensional and turbulent flow within the seal.
By nature, the governing equations of the bulk-flow model represent the continuity,
the momentum and the energy conservations in the seal flow domain. The bulk-flow
models established so far can be categorized as a single and multi control-volume
analysis.

Kostyuk [48] performed an extensive analysis of labyrinth seals using the conservation
of energy and momentum in each seal cavity for compressible flow. His work is still
regarded as the basis for most of the present seal analysis. However, he did not consider
the change in the flow cross-section area due to rotor eccentricity, hence his model
cannot predict de-stabilizing cross-coupled stiffness [44]. Iwatsubo [44] wrote the
circumferential-momentum and continuity equations considering one control volume
to define the average (bulk-flow) circumferential velocity within a seal cavity. Further,
he introduced the time dependency of change in flow area in the model but he ignored
the area derivative in the circumferential direction leading to the inaccurate result
of the momentum equation [49]. Kurohashi [50] included the dependency of flow
coefficient on eccentricity into his analysis, but assumed the constant circumferential
velocity in all seal cavities [49]. Childs and Scharrer [49] modified the Iwatsubo one
control-volume model [44] and incorporated the Neumann leakage equation [51] with
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the Chaplygin discharge coefficient [52] to define the axial velocity for the leakage mass
flow rate. The Blasius [53] shear stress definition coupled with the Yamada empirical
coefficients [54] was used to model the turbulent flow. To date, this model is commonly
used as a design tool to predict the seal performance. In the one control-volume as
shown in figure 2.2 (a), the analysis only accounts for the circumferential velocity in the
seal cavity and the effect of the axial velocity is neglected. However, the experiment by
Iwatsubo et al. [55], calculated result by Rhode [56] and Stoff [57], and the CFD result
by Cangioli et al.[42] and Saba et al.[58], suggest the existence of both circumferential
flow (core flow) and the jet flow regions in the seal cavities [59] (see figure 2.3).

Wyssmann et al. [60] first introduced a two control-volume model where they sepa-
rated the core flow region into one control-volume and the axial jet flow as the second
one (see figure 2.2 (b)). For each control-volume, continuity and momentum equations
were defined. For the shear stress between the jet flow and the core flow, a 2D CFD
solution of the Navier-stoke equation was performed. However, they assumed incom-
pressible flow and neglected re-circulation velocity in the cavity due to the formation
of vortices. Scharrer [61] expanded the theory of Childs and Scharrer [49] by employing
the two control-volume concept of Wyssmann et al. [60] along with the re-circulation
velocity and compressible flow in the seal analysis [62]. For the calculation of cavity
shear stresses, he used the jet theory to determine the re-circulation velocity. Later
Klauk [63] developed a three control-volume model for a labyrinth seal analysis for
compressible fluids, where he assigns one control-volume to the vortex flow region
and two control-volumes for jet flow region, one below the teeth and one in the seal
cavity (see figure 2.2 (c)). Later, Weiser [64] extended the work of Klauk in his Ph.D.
work.

Nordmann and Weiser [65] introduced a three-control-volume model in addition to
the continuity, momentum and energy balance for each control volume. For the tur-
bulence modeling, they used semi-empirical wall shear stress by Moody [66]. Their
approach does not use any turbulence model, instead, it uses the wall shear stress
correlation by Wyssmann et al. [60]. As the friction factor directly influences shear
forces and hence the seal performance, the correct estimation of the friction factors
are crucial. The commonly used models to determine the friction factors are Blasius
[53], Moody [66], Colebrook-White [67] and Swamee-Jain [68]. The comparative in-
vestigation of the friction factors model on seal performance is described by Dereli
[69] and more recently by Cangioli et al. [35]. The close results was reported by Dereli
irrespective of the models [69], whereas, the better agreement with the experimental
data using the Swamee-Jain model was stated by Cangioli et al. [35].

Initially, Rhode et al. [71] applied finite difference methods to the labyrinth seals analy-
sis. Nordmann et al. [72, 73] used finite difference procedure to solve the compressible
Navier-Stokes equations together with the k-¢ turbulence model of Launder and Spald-
ing [74]. However, the majority of the finite difference analysis of the annular seals
has been performed along with the bulk-flow models. Benckert et al. [32] developed
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Figure 2.2 — Schematic illustration of types of control-volume in seal analysis: One
control-volume (a), two control-volume (b) and three control-volume (c)

a simple one control-volume model where he replaced a three-dimensional flow in
the circumferential direction with a single averaged circumferential velocity using a
three-dimensional finite-difference model. The main peculiarity of this model is the
implementation of a circumferential momentum coefficient describing the amount
of circumferential momentum contributed to the seal cavity from the jet flow [62].
However, this model lacks the prediction of damping force coefficients.

The theoretical analyses using the bulk-flow approach and the experimental inves-
tigations on annular seals are well documented since the early last century. Even
though the bulk-flow model is known for its time and cost-effectiveness, its prediction
accuracy relies on the empirical factors, especially on friction factors, shear stresses,
and discharge coefficients. Currently, with the advancement of computing power and
the availability of the commercial three-dimensional Computational Fluid Dynamics
(CFD) software, CFD based solution of the Navier-Stokes equations governing the flow
physics in seals is gaining in popularity. However, a proper mesh generation, solving
and post-processing of the data requires a significant amount of time for a seal full
CFD simulation. As a consequence, a hybrid CFD/Bulk-flow method was proposed by
Migliorini et al. [75]. At first, a 3D CFD was used to calculate the steady-state variables.
In a second step, the CFD solution was implemented in the bulk-flow model as aver-
aged values over the seal cavity for the identification of seal reaction forces. In their
paper, the hybrid model showed good agreement with the experimental results com-
pared to the reference bulk-flow model and reference CFD results in a much reduced
computational time. In their second paper [76], they assumed non-isothermal flow.
Comparison with previous results, suggest better prediction quality with the modified
model. Cangioli et al. [42] performed the design and analysis of CFD experiments to
develop the leakage correlation for one control-volume bulk-flow model. Their model
with CFD infused correlation showed accurate prediction results to the experiment

22



2.2. Brief evolution on seal modeling and analysis

Vortex flow Jet flow

Figure 2.3 — Illustration of vortex flow and jet flow region in seal cavity with the re-
spective control-volume used in seal analysis: Schematic representation (a) and CFD
visualization (b) [70]

result compared to the other bulk-flow models. Recently, Wu and San Andrés [77]
presented a CFD investigation on seal and rotor friction factors (crucial for dynamic
analysis) concerning the seal geometry and operating conditions. Their work aimed
at finding the dominant factors influencing the wall shear stress with the help of CFD
simulation to improve the prediction quality of the bulk-flow model.

Literature suggests that the bulk-flow model is the most widely used method as a design
tool to predict seal performance. Although CFD approaches claim better prediction
accuracy, they are time consuming compared to bulk-flow model, and do not offer the
same level of flexibility for parametric analysis.

So far, literature is rich in experimental and theoretical investigations of large-scale
seals operated with fluids where perfect gas laws are applicable. The so-called bulk-
flow model and its prediction accuracy have been well documented for the large-scale
applications. However, with the trends towards down-scaled turbomachinery and its
working fluids operated close to the saturation line, the validity of the-state-of-the-art
seal models with the existing empirical correlations is questionable.

The aims of this chapter are highlighted as follows:
* To develop own mathematical models for gas seals with the implementation of
real gas properties based on two control-volume bulk-flow model.

* To develop the most commonly used models in large-scale seal applications
using the existing literature knowledge as the baseline models.

* To compare own models and the baseline models with the existing well-established
literature at large-scale seals as a benchmarking process.
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2.3 Seal theory

The theoretical analysis employed in this thesis is the adaptation of the commonly used
bulk-flow model. The governing equations for the complex turbulent compressible
flow in the seal cavities are continuity, circumferential momentum, and energy conser-
vation. As the governing equations are coupled to each other and complex in nature,
a direct analytical solution is hard to achieve and hence simplification is essential.
As afirst step, the leakage mass flow rate in the governing equations is simplified by
the empirical leakage equation. The resulting set of the governing partial differential
equations is linearized using the perturbation method around a centered position.
The zeroth-order solution yields the leakage rate, cavity pressures, and circumferential
velocities. The temporal and the convective terms in the first-order equations are
eliminated by assuming an elliptical or circular orbit of the rotor [10]. Finally, with the
perturbed pressures and perturbed circumferential velocities in the seal, seal reaction
forces are determined. As this chapter is dedicated to the steady-state solution, the
first-order equations, and their solutions to determine seal force coefficients are not
discussed here. A detailed background on different leakage model used in seal analysis
is presented by Gamal [14]. For the sake of brevity, the relevant leakage equations with
their empirical correlations are highlighted below.

2.3.1 Correlations used in bulk-flow model

The fundamental leakage equations in the bulk-flow model comprises two correlations,
namely, the discharge coefficient and the kinetic carry-over coefficient.

Discharge coefficient

The discharge coefficient describes the vena contracta effect which relates the flow
and the pressure loss in the seal teeth. It is defined as the ratio of actual mass flow rate
to the theoretical mass flow rate in seals and denoted by a dimensionless number Cy
(see equation 2.1). Due to the presence of rotor, there is only half vena contracta effect
in the seal teeth. The value of the discharge coefficient is always < 1. In seal analysis,
the common practice is to use Chaplygin’s equation [78] or a constant value proposed
by Eser and Kazakia [41].

Od _ T'nreal (21)
Mideal

e Chaplygin’s equation Chaplygin [78] studied the vena contracta effect and postu-
lated an analytical formula (equation 2.2) to calculate the discharge coefficient, which
is a function of the pressure ratio and the specific heat capacity.
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s

Cyi= 2.2
YT r2-5-Bi+2- B2 (2:2)
where, 3; is calculated as:
(P v=1/y

¢ Eser and Kazakia To evaluate the validity of Chaplygin’s discharge coefficient, Eser
and Kazakia [41] performed two-dimensional CFD simulation on a rectangular strip
rather than an annular orifice. They compared their CFD results and the analytical
solution of Chaplygin’s equation with the experimental value. After extrapolation of
the CFD results, they concluded a constant value of 0.716 shows a better agreement
with the experimental data. Even though their analysis showed better accuracy, the
applicability of this constant value of discharge coefficient is questionable for most of
the seal operating conditions as their study focused only on two teeth seal at a very low
inlet pressure.

Kinetic energy carry-over coefficient

In a non-contact seal the kinetic energy developed due to the flow acceleration in the
orifice ideally fully dissipates in the seal following cavity. It is known, however, that
such an ideal case does not hold, as a portion of undissipated kinetic energy is carried
over to the following cavity [14, 35, 79]. This phenomenon was first demonstrated by
Egli [31] in 1935 and has a detrimental effect on leakage, especially on the short-pitched
seals. Unlike, the discharge coefficient, this coefficient has a negative effect on the seal’s
leakage performance as it’s value is always > 1. However, there is a numerical limit of
this coefficient since if the clearances continue to increase, the fluid will blow straight
through the seal acting as a seal with large single constriction [80]. In literature, there
exist many correlations for the kinetic carry-over coefficient (refer to [31, 50, 80, 81]).
The relevant ones are presented below.

¢ Vermes carry-over coefficient Based on the fluid mechanics’ approach of bound-
ary layer theory, Vermes [82] developed his own kinetic energy carry-over coefficient.
He computed the flow in the cavity as one half of a flat symmetrical jet originated from
an infinitesimally small hole [35].

i (2.4)
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where,

8.52

L,
R +7.23

(2.5)

o =

¢ Neumann carry-over coefficient Unlike, Vermes carry-over coefficient which con-
siders only the ratio of cavity length (L) to the radial clearance (R.;,), Neumann [51]
used a semi-empirical carry-over coefficient in his empirical leakage equation which
consists of the ratio of radial clearance to the tooth pitch (S) as well as the number of
seal constrictions (NT).

NT
[ = (2.6)
NT'(l—Oéi)—l—Oéi
where,
1

N\ 2
(14_1613.fg:ﬁ)

k3

Shear stress correlation

To calculate the shear stresses in seal (r;) and rotor (7,), the Darcy friction factors
for both seal (f;) and rotor (f,;) are estimated using the explicit correlation formulas.
Figure 2.4 provides a visual impression of the terminology used in the shear stress
definition. The shear stresses are calculated as:

Coordinate Seal P
N ]
0
O
3 >
8
v

Figure 2.4 — Schematic illustration of bulk velocity and shear stress in one-control-
volume

e = % F5:U2 sign (U;) 2.8)
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Tri = %fm (RTW - U1)2 Sign (RT»W B UZ) 9

For the calculation of the Darcy friction factors, two commonly used equations are
used in this work.

¢ Blasius equation [53] is regarded as the straightforward way to calculate the Darcy
friction factor. It does not considers pipe roughness and is valid for smooth pipes with
Reynolds number upto 10° [35, 83].

fa=n- (Uifhi) (2.10)

where, the coefficients n = 0.079, and m = -0.25 are the empirical values from Yamada
[84]. The hydraulic diameter Dh; is defined as:

2 (Reyri + Bi) L

Dh; =
(Reri + Bi + L)

(2.12)

e Swamee-Jain equation The friction factor correlation proposed by Swamme and
Jain [68] is valid for rough surfaces and is claimed to be more accurate than the Blasius
equation [83].

1 es 5.74 —2
P = — 2.13
fS’L 4 <10g10 <37Dh1 + (Resi>0'9>> ( )

1 er 5.74 -2
= (1 2.14
fri=1 (Oglo (3.7Dhi i (Ren)o'9>> e

where, the hydraulic diameter Dh; is calculated by using equation 2.12. The Reynolds
numbers for seal (Rey;) and rotor (Re,;) are calculated as:

1% v

Resi =

27



Chapter 2. Seal theory and modeling

2.3.2 The St. Venant leakage equation

The St. Venant equation [14] is the modified version of one-dimensional flow equation
developed by Vennard and Street [85]. Vennard and Street performed an energy balance
on a flow element to derived the Euler equation. After integrating the Euler equation
with the isentropic flow and no change in height, the flow velocity was expressed in
terms of density and pressure. St. Venant used the equation by Vennard and Street
with the perfect gas assumption and therefore eliminated the density term from the
equation. The resulting final equation is termed as the St. Venant equation as shown in
2.16. He used this equation to calculate leakage for labyrinth seals with the assumption
of isentropic throttling process in seal teeth and followed by an isobaric dissipation in

the cavity.
P\ P\
< P ) — P (2.16)

where, C;; and p; corresponds to the discharge and the kinetic energy carry-over
coefficient, for which various correlation can be used.

i

:Cd,i'#i'lDi'Ai_ 2-9%
v-R-T; v—-1

2.3.3 The Neumann leakage equation

The empirical leakage equation proposed by Neumann [51] is shown in 2.17. In his
leakage equation, he used Chaplygin’s discharge coefficient to account for the con-
traction of flow in seal constriction and a semi-empirical kinetic carry-over coefficient
to address the undissipated kinetic energy. He assumed the seal flow as isothermal.
Many scholars [10, 41, 49] used his leakage equation in their work and still prominent
in seal analysis as a basis equation.

P2~ P?

ZZCZ zAz ! 2.17
m dyi " M RT, (2.17)

2.3.4 The modified Neumann leakage equation

Cangioli et al. [35] modified the leakage equation of Neumann [51] and generalized
it to account for the real gas effect (see equation 2.18). Furthermore, they coupled
the energy equation in their investigation and published matching results with the
experimental data [40]. In one of their papers [36], they also included a heat transfer
model and structural-mechanics model to evaluate the radial thermal growth in a seal
and rotor assembly. Also, Cangioli et al. [42] published a hybrid CFD infused bulk-flow
model with their modified Neumann leakage equation to develop a better correlation
for the discharge coefficient. They highlighted accurate prediction results from their
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modified model compared to the other numerical models. Recently, Cangioli et al.
[37] performed a two control-volume bulk-flow analysis on Pocket damper seal (PDS)
using the modified Neumann leakage equation.

i = Ca; - i - Ai - v/ pi-1Pic1 — piP; (2.18)

2.4 Development of mathematical seal model

To predict the leakage, cavity pressure and circumferential velocity distribution in non-
contacting gas seals, numerical models have been implemented in MatLab for both
real and perfect gas fluids. These models are based on the control volume bulk-flow
approach. Seals with multiple restrictions are modeled as a series of nozzles followed
by expanders.
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Fanno curve

Figure 2.5 — Fanno curve showing the changes in states across the seal

Figure 2.5 shows an enthalpy-entropy diagram highlighting the change of the state
variables in the constrictions and the following cavities. In the constriction the gas
accelerates with constant entropy and this acceleration is accompanied by a sharp
pressure drop. After the flow acceleration, the gas jet expands and dissipates in complex
turbulent vortices at constant pressure within the following cavity. Ideal dissipation
would give total recovery of the original enthalpy, at the lower gas pressure in the cavity
(Isenthalpic process). However, in a real annular seal, due to heat transfer from or to
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the fluid and due to the addition of work through the rotating shaft, the transformation
in a seal is not necessarily isenthalpic. Further, there is some recovery of pressure
[23] due to residual kinetic energy. The mass flow rate is constant along the seal, and
because the density decreases as the pressure drops, the flow velocity becomes higher
at each subsequent constriction. Ideally, in each constriction the enthalpy drop would
correspond to the isentropically evolving velocity (Ah = V?/2). The enthalpy drop for
different values of density defines the Fanno curve. This curve represents successive
thermodynamic states of a gas flow governed by dissipation of kinetic energy.

2.4.1 Own seal models

The exchange of energy due to the shear forces between the rotor and the seal will
result to the enthalpy variation across the seal. To highlight this issue, two different
models with isenthalpic flow assumptions and adiabatic flow assumptions have been
developed. In summary, The governing equations for turbulent compressible flow are
continuity, circumferential momentum, and energy equation in each cavity of the seal.
The thermo-physical properties of the working fluid are evaluated using the REFPROP
[30] database. The following assumptions are used in the governing equations.

* The working fluid is in a single phase.

» The pressure is constant within a seal cavities.

» The wall shear stress is calculated using circumferential velocity and axial velocity
is neglected.

* The isenthalpic model contains energy equation only in seal constriction consid-
ering relative velocity.

* The adiabatic model take account of energy equation, both, in seal constriction
considering relative velocity and seal cavity considering circumferential velocity.

Governing equations

The derivation of the governing equations is borrowed directly from the book of Childs
[10] and White [86]. The schematic representation of the control-volume with flow
variables is shown in figure 2.6.

Continuity equation
The continuity equation for the control-volume is taken from [10]:

= (pidi) + o5
(pidi) + ( .

It 90 > + 11 —my; =0 (2.19)
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Figure 2.6 — Schematic illustration of the control-volume and flow variables

where, A; is the cross-sectional area of seal cavity and defined by equation 2.20.

A; = Li(Bi + Rayrs) (2.20)

Circumferential momentum equation
Applying the control-volume in the circumferential direction in the seal cavity, the
circumferential momentum equation is obtained as [10]:

~ 90

A; OP; 0 A U2 0 : .
_ﬁi 8GZ +(Triari — Tsiasi) Li (pZ RZT : > +o (piAiUi) +1mi Ui —1iiUi—y (2.21)
where, a,; and a5; denote the nondimensional lengths of rotor and seal cavity respec-
tively upon which shear stress acts. The dimensionless lengths are defined by equation
2.22 for tooth-on-rotor and by equation 2.23 for tooth-on-stator seals.

2B; + L
ag; =1 Ui = % (2.22)
(A
2B; + L
as; = TJ“ ap =1 (2.23)
[

Energy equation: Isenthalpic
The energy equation for isenthalpic transformation is used to calculate static enthalpy
(hss) in seal constriction and is defined by equation 2.24:

Ve, . -
hatg = hip — —2bd V; i (2.24)

2 "~ CaiRearipi-1
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Energy equation: Adiabatic
Applying the conservation of energy in a control-volume with the adiabatic flow as-
sumption, the energy equation in the seal cavity is expressed as [86]:

0 0 P piU; A; . P; . P
at (ez‘Pz‘Ai)-i-% Kfﬁz‘ + /Jz‘) < R, )] +1 41 <€out + Pi) —1m; <€m + pz‘_11) = 7R Liw

(2.25)

The RHS of the equation represents the rotor frictional power loss, e is the total energy
of the fluid, and consists of internal energy (1) and kinetic energy (U?/2). Also, enthalpy
(h) is denoted as the sum of internal energy and flow work.

2 P 2
e:u+U— e—i——:h—i—U— (2.26)
2 P 2

Finally, using the relation of equation 2.26, the energy equation 2.25 can be stated as:

% ((Uz + 72) pz’Ai) + % ((hz + 7’) %ﬁ) + 1M1 (hi + 72) — 1y (hiﬂ + 1)

= T, M'RTLZ‘U)
(2.27)
Similarly, the energy equation for the seal constriction is expressed as:
\Z ey
oo = By oy rebi Vi 2.28
sti = Ttoti=1 = 79 " CaiRearipia (229

2.4.2 Solution procedure

The governing equations are solved iteratively to find the solutions for desired thermo-
physical fluid properties within each control-volume. The schematic flow algorithm
used in the adiabatic model is shown in figure 2.7 and for the isenthalpic model in figure
B.1 in appendix. The solutions need to satisfy the following zeroth-order equations:

T = 1hip1 = Mo (2.29)

o (Ui — Ui—1) = (Tri@ri — Tsiasi) Ls (2.30)
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. U1,2 . UZ2—1
mo | hy + ? — g | hij—1 + 5 = riar; L; Ryw (2.31)

Initially, a guess leakage mass flow is calculated assuming seal with single constriction

Boundary conditions:
Fluid, Pi, Ty, Poyt, Seal geometry (NT =i, Ry, S; Lj Hi),
Rotor (D, , material properties, RPM), preswirl
i=1y
Call REFPROP for thermodynamic properties; Calculate Cy, p = 1; Use
energy equation to calculate velocity [eqn. 2.28]; Calculate Mach number

5 True False .
Mgyess = Ca1-Pin- Rer1- C1 |(_| Mach > 1 | Mguess = Ca1-Pin- Rer1- Vi

——)l i >1; set: m; = Mgyess |(—
Sle
’*‘

Call REFPROP for thermodynamic properties; Calculate

- Cgi» M Calculate shear stresses [eqn. 2.8, 2.9]; Solve .
Decrease 1iyess iteratively continuity [eqn. 2.29], circumferential momentum Increase mgyess
A [egn. 2.30] and energy equation [eqn. 2.31] in every CV till \
density converges; Calculate teeth Mach number
7
P downstream < P P downstream > Pout & un-choke

out Compare downstream
and outlet pressure
Pdownstream > I:’out & ChOkei Pdownstream = Pout
Leakage mass flow rate (m;)
Cavity pressure, cavity temperature
Cavity circumferential velocity

Figure 2.7 — Iterative solution scheme of author two control volume bulk-flow model

taking consideration whether flow is choked or un-choked. For multiple constrictions,
this start mass flow rate is used to calculate the axial leakage velocity using equa-
tion 2.24 or 2.28, and hence relative velocity in each constriction is calculated using
equation 2.32.

Vieti = \/V2+UZ, (2.32)

where, U;_; is the circumferential velocity in the prior cavity.

Furthermore, using the energy equation static enthalpy in each constriction is calcu-
lated. As the flow in constrictions is assumed to be isentropic, with the known value
of entropy in the preceding cavities and calculated static enthalpy in each constric-
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tion, static pressure and Mach number distributions are determined using REFPROP
database. The discharge coefficient, kinetic carry-over coefficient and shear stress
correlation are selected as desired. In the case of the isenthalpic model, each cavity
enthalpy remains fixed to the known inlet value. The cavity pressure remains the same
as that of teeth pressure due to the isobaric dissipation assumption. With these two
flow properties, entropy and other thermodynamic variables are obtained.

For the adiabatic model, similar assumptions to the isenthalpic model holds only in
the seal constrictions. Additionally, this model use energy equation with friction effect
as mentioned in equation 2.31 to calculate the cavity enthalpy distributions. The cavity
pressure distributions are determined taking residual kinetic energy into account.
With the calculated cavity pressure and enthalpy values, required thermodynamic gas
properties are acquired using the REFPROP database.

In summary, the solution procedure initiates with a first guess mass flow rate. The cou-
pled zeroth-order continuity, circumferential momentum, and the energy equations
are solved iteratively in all control-volumes till the density converges to a designated
desired value. Further, the calculated downstream pressure is compared with the
prescribed outlet pressure. If the calculated pressure is lower than the given outlet
pressure, the guess value of mass flow is reduced. Conversely, if the calculated pressure
is higher than the given outlet pressure and the flow is un-choke (Mach < 1), the guess
value of mass flow is increased. This process is repeated until the proper convergence
is achieved.

2.5 Development of the St. Venant mathematical seal model

The governing equations for this model are continuity and circumferential momen-
tum equations (see section 2.4.1 and 2.4.1). The basic assumption of this model is
a single-phase working fluid following the ideal gas law. The St. Venant equation
[85] is used as a base leakage model in the continuity equation. The zeroth-order
solution of the governing equations results in steady-state leakage, cavity pressure, and
circumferential velocity distribution.

Initially, guess leakage mass flow rate through the seal is calculated assuming a single
constriction using St. Venant equation as shown in equation 2.16 in section 2.3.2. The
leakage calculation is initiated with a guess mass flow rate and the known values of
the inlet variables. Further, using the St. Venant equation 2.16 and circumferential
momentum equation 2.30, the unknown downstream pressure and circumferential
velocity are calculated, which will be used as the upstream value for next tooth. The
adjacent cavity pressure and circumferential velocity are determined in a similar man-
ner. In this way, the calculation is performed until downstream of the last constriction.
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The mass-flow is iterated until the calculated downstream pressure and Mach number
corresponds to the imposed boundary condition. In the governing equations, the
discharge coefficient, kinetic carry-over coefficient, and shear stress correlation can be
adapted as per the requirements.

2.6 Development of the Neumann mathematical seal model

In this model, the governing equations and the assumptions are similar to the St.
Venant mathematical model (refer to section 2.5). Furthermore, the solution proce-
dure is analogous to the St. Venant model. The only difference in this model is the
implementation of the Neumann leakage equation (refer to section 2.3.3) instead of
the St. Venant leakage equation. Similar to the other models, the discharge coefficient,
kinetic carry-over coefficient, and shear stress correlation can be adjusted. This model
employs the corrective iterative method to solve the governing equations to predict the
leakage mass flow rate, cavity pressure and cavity circumferential velocity distributions
in the seal.

2.7 Development of the modified Neumann mathematical seal
model

Recently, Cangiloi et al. [35] proposed an improvement to the existing state-of-the-art
bulk-flow models by introducing the energy equation in their analysis. They considered
the effect of the energy equation to better characterize the real gas properties due
to the enthalpy variation in the seal cavities. However, they assumed the enthalpy
variation in the seal cavities only for the centered rotor (zeroth-order). They performed
sensitivity studies on commonly used correlations and compared the results with the
experimental data to identify the most accurate combination of correlations to be
implemented in the bulk-flow model. Their study concluded that the model with the
Neumann leakage equation, Swamee-Jains’s friction factor correlation, Chaplygin’s
discharge coefficient and Kurohashi’s kinetic carry-over coefficient [50] showed the
best tradeoff in the estimation of seal performance. The modified Neumann equation
(refer to the equation 2.18) in this thesis is a generalized form of the Neumann equation
by Cangioli et al. [35] and referred as the Neumann model in this work.

The solution procedure is similar to the author models as described in section 2.4.2.
Initially, a guess leakage mass flow is introduced. With the known values of mass
flow rate, inlet pressure and inlet density, the modified Neumann equation is used
to determine the subsequent cavity pressure and density until the density converge.
This process continues until the downstream pressure and Mach number matches
with the prescribed boundary conditions. Similar to the other models, different kinetic
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carry-over coefficient, the discharge coefficient, and the shear stress correlations can
be selected. The output are leakage flow rate, cavity pressure, cavity circumferential
velocity, and other thermo-physical properties.

2.8 Results and discussions

In this section, the numerical results of the author models and the-state-of-the-art
models described in section 2.4 are compared with existing literature to benchmark the
seal models. For the sake of comparison, all the seal models employ identical discharge
coefficient, carry-over coefficient and shear stress correlation as implemented in the
reference model. The seal geometry and the operating conditions of the reference
cases are listed in table 2.1. The abbreviations used for the different models to present
the results is shown in table 2.2.

Table 2.1 — Seal geometry and operating conditions of the reference case [35]: Nitrogen

Boundary conditions Case A Case B
Inlet pressure (bar) P;, 72.75 35.03
Outlet pressure (bar) Py, 50.89 25.14
Inlet temperature (K) Tj, 287 294
Rotational speed (rpm) 12000 10000
Inlet swirl velocity (m/s) Uy, 101 (positive) 110 (negative)
Rotor radius (mm) R, 110 110
Radial clearance (mm) R, 0.3 0.3
Cavity pitch (mm) L 4.7 4.7
Cavity depth (mm) B 4 4
Tooth width (mm) ¢, 0.2 0.2
Number of teeth NT 14 14
Absolute roughness (um) e 3.2 3.2
Discharge coefficient (-) Cy Chaplygin Chaplygin
Carry-over coefficient (-) u Neumann Neumann

Shear stress correlation (Pa) = Swamee-Jain  Swamee-Jain

Table 2.2 — Abbreviation of implemented seal models

Acronym Definition

AdiabModel Author’s model with adiabatic flow assumptions

IsenModel Author model with isenthalpic flow assumptions
NeumannModel Based on Cangioli et al. [35] with Neumann leakage equation [51]

IdealModelNeumann Ideal model based on Neumann leakage equation [51]
IdealModelSt.Venant Ideal model based on St.Venant leakage equation [14]

Figure 2.8 shows the comparison of leakage between experimental results of Cangioli et
al. [35] and the numerical results obtained from different seal models. For the positive
inlet pre-swirl (refer to Case A in table 2.1), there is over-prediction of leakage by all the
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models. The maximum and the minimum discrepancy of 7.5% and 0.2% have been
observed by the ideal St. Venant model and the modified Neumann model respectively.
The reference model indicated a minor deviation of 1.2% whereas the adiabatic model
and the isenthalpic model showed a deviation of 4.9% and 6% accordingly. In the case
of negative pre-swirl (refer to Case B in table 2.1), all the models under-predict leakage.
The maximum relative deviation of 10.3%, 9.4%, 7.4%, 7.1%, 7%, 6.9% and 5.7% were
monitored by the modified Neumann model, adiabatic model, reference model of
Cangioli et al. [35], Thorat and Childs model [35], isenthalpic model, ideal Neumann
model and ideal St. Venant model respectively. Despite the existence of deviations in
all models, the predicted leakage mass flow rates are within the band of measurement
uncertainty, hence justifying the validity of all seal models.
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Figure 2.8 — Prediction quality of the leakage mass flow by different seal models com-
pared to the experimental data of Cangioli et al. [35]

Besides the comparison of the seal models with the literature in nitrogen as a working
fluid, a similar investigation has been performed in air and the result is presented in
table 2.4. The seal geometry and operating conditions are shown in table 2.3. The
prediction accuracy of leakage mass flow from the model developed by the author with
the adiabatic flow assumption matches well with the reference experimental values at
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all operating conditions. However, a significant under-prediction from the author’s
model has been noticed for the radial clearance of 0.4 mm compared to the experi-
mental result from Scharrer [59] which, in author opinion appears to be measurement
or presentation error. This statement is justified when comparing the results with the
model from Bradley [87].

Table 2.3 — Seal geometry and operating conditions of the reference case: Air

Boundary conditions Case C [41] Case D [59] CaseE [59]
Inlet pressure (bar) P;, 3.08 8.25 3.08
Outlet pressure (bar) Py, 1.01 0.943 0.943
Inlet temperature (K) Tj, 300 283.15 283.15
Rotational speed (rpm) - 3000 3000
Inlet swirl velocity (m/s) U;, 20 (positive) 60 (positive) 60 (positive)
Rotor radius (mm) R, 77 75.7 75.7
Cavity pitch (mm) L 3 3.05 3.05
Cavity depth (mm) B 3.2 3.2 3.2
Tooth width (mm) w 0.2 0.15 0.15
Number of teeth NT 16 16 16
Discharge coefficient (-) C; Eser and Kazakia (0.716)  Chaplygin Chaplygin
Carry-over coefficient (-) u Neumann Neumann Neumann
Shear stress correlation (Pa) 7 Blasius Blasius Blasius

Table 2.4 — Comparison of leakage between author’s adiabatic model and reference
literature with air as a working fluid

Case Ry (mm)  1ieyp [59] (kg/s) 7 [87] (kg/s)  hagiap (kg/s) RDev: Adiab & Exp (%)

0.33 0.11 0.098 0.1064 3.3
D 0.4 0.178 0.12 0.135 242
0.5 0.189 0.16 0.18 4.71
0.33 0.039 0.036 0.0385 1.3
E 0.4 0.064 0.046 0.049 235
0.5 0.067 0.061 0.065 2.7

For a published result of Cangioli et al. [35] with negative inlet pre-swirl (refer to case
Bin table 2.1), the comparison of cavity pressure and circumferential velocity distri-
bution are shown in figures 2.9 and 2.11 respectively. All the investigated seal models
predict cavity pressure accurately with respect to the reference model of Cangioli et al.
[35] with a minor under-prediction. The author’s adiabatic model indicated the lowest
deviation of 1.3% at seventh cavity compared to the ideal Neumann model and the
ideal St. Venant model which, showed almost identical value of 1.6% in the same cavity.
Furthermore, in the case of air test (refer to case C in table 2.3), the adiabatic model
slightly over-predicts pressure with a relative difference of 2% in the last cavity (see
figure 2.10) compared to the reference model of Eser and Kazakia [41]. Unfortunately,
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literature lacks the measurement of cavity pressure. On the other hand, numerical
results showed good agreement with each other, thus highlighting the reliability of all
seal models.
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Figure 2.9 — Prediction quality of the cavity pressure distribution by different seal
models compared to the experimental data of Cangioli et al. [35]: Case B

Additionally, figure 2.10 displays the cavity circumferential velocity profile estimated
by the author’s adiabatic model and the reference model of [41] for both rotating and
stationary rotor in test case C as mentioned in table 2.3. The implemented adiabatic
model under-predicts circumferential velocities for both rotor operating conditions.
The maximum relative error for the rotating case is 7% in the seventh cavity while the
non-rotating case is 15.1% in the last cavity.

Figure2.11 shows the comparison of the cavity circumferential velocity distribution
predicted by different seal models and the reference model of Cangioli et al. [35] for
negative inlet pre-swirl ratio. Compared to the other seal models, the adiabatic model
demonstrates a better agreement with the reference model. However, the highest
relative error of 70.6% has been noticed in the seventh cavity, but at a velocity very
close to zero. The adiabatic model shows under-prediction of circumferential velocity
in all the cavity whereas the ideal Neumann and the ideal St. Venant model indicated
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Figure 2.10 — Pressure and circumferential velocity distribution from adiabatic model
and reference literature [41]: Case C

similar higher value in over-prediction ranging from 25% till 680%.
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Figure 2.11 — Prediction quality of the cavity circumferential velocity distribution by
different seal models and Cangioli et al. [35] model: Case B

2.9 Conclusion

This chapter presents the theoretical background employed in the seal modeling
process. The most commonly used Bulk-flow model in seal analysis, its types, the
governing equations, assumptions and the different correlations used in this model
have been discussed. The lack of validation of the-state-of-the-art bulk-flow models on
reduced-scale turbomachinery seals with working fluid operated near to the saturation
point has been highlighted. To address these issues, two mathematical seal models,
namely, isenthalpic and adiabatic, considering the real gas properties of the fluid
have been developed. Further, three different state-of-the-art seal models have been
developed for comparison. Finally, the prediction quality of the seal models developed
in this work have been compared with the available well-established literature at large-
scale seals as a benchmarking process. The following conclusions can be drawn from
this chapter:

¢ The bulk-flow model is the most widely used method as a design tool to predict
seal performance. Although CFD approaches claim better prediction accuracy,
they are time expensive compared to the bulk-flow models. The prediction
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accuracy of the bulk-flow model relies on many correlations that are used to
simplify the complex three-dimensional turbulent flow in seals, hence, these
correlations need to be properly selected. Furthermore, a hybrid CFD / Bulk-flow
model can be used in seal analysis as a trade-off between prediction accuracy
and cost.

The comparison of the predicted leakage has been performed between exper-
imental results available in the literature and numerical results obtained from
seals models developed in this work. Overall, four different cases at large-scale
seals with air and nitrogen as working fluids, both, positive and negative inlet
pre-swirl velocity at high, medium and low-pressure inlet conditions have been
investigated. All the implemented seal models showed good agreement within
the range of measurement uncertainty.

Accurate prediction quality of the cavity pressure distributions have been ob-
served in all test cases between the reference literature and the implemented seal
models with minor deviations.

The adiabatic model developed by the author suggests good agreement on the
cavity circumferential velocity to the reference literature for both positive and
negative pre-swirl case whereas both ideal Neumann model and the ideal St.
Venant model showed poor prediction performance with respect to the reference
case.

In summary, for large-scale seals, the bulk-flow models developed by the author in-
cluding the-state-of-the-art bulk-flow models illustrated good agreement to the ex-
perimental data for leakage. Furthermore, the numerical results of cavity pressure
distribution obtained from all investigated seal models match well with the reference
literature. The aforementioned points demonstrate the validity of all models for leak-
age and cavity pressure prediction in large-scale turbomachinery. On the other hand,
the adiabatic model developed by the author showed the lowest deviation with respect
to the reference model of Cangioli et al. [35] (so-called generalized Neumann equation
for real gases) compared to the both ideal models (Neumann and St. Venant), hence,
highlighting the advantage of the energy equation and real gas properties in the seal
analysis.
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8] Design of reduced-scale seal and
test-rig

This chapter provides a detailed description on the design and development process of
test-rig to perform experimental investigations on reduced-scale clearance seals. Also,
the design and manufacturing of the selected seals, seal housing and assembly procedure
including the mounting of the measurement probes in the seal assembly are discussed.
Furthermore, the design specifications, instrumentation, measurement capabilities, and
operating procedure is presented.

3.1 Introduction

Alarge number of numerical and experimental investigation is available on seals for
large-scale (D, > 0.1 m) turbomachinery applications. However, only limited exper-
imental data is available for real gas effects on seals at large-scale application. For
reduced-scale seals, to the author’s knowledge, no such investigations have been
published yet. To predict seal performance at reduced-scale for high-speed turboma-
chinery application, where the working fluid have non-ideal properties, a new model
has been developed and implemented. To validate the model and also to examine seal
performance experimentally, a dedicated test-rig for such reduced-scale seals needs to
be developed. This chapter summarizes the design and development of the test-rig
including the test seals assembly and instrumentation that allow the experimental
assessment of reduced-scale seals operated at different boundary conditions serving
as a source of validation of the numerical model.

3.2 Objectives of the experimental campaign

The objectives of the experimental campaign are as follows:

¢ Test and compare the performance of different seals at reduced-scale.
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* Gather experimental data for the validation of different seal models.

* Capture real gas effects.

3.3 Design specifications

The first step prior to the conceptual design of the test-rig is to characterize the specifi-
cations and requirements of the experimental rig. The technical requirements of the
seal-test-rig are summarized as follows:

e Hermetic test-rig up to the pressure level of 30 bar.

» Capability of testing seals at varying inlet and outlet pressure with a maximum
seal inlet pressure of 25 bar and a maximum pressure ratio of 4.

* Ability to condition the inlet fluid pressure and temperature to capture the effect
of the seal operating close to the saturation line (real gas effects).

* Flexibility of testing different types of seals in a universal seal housing.
* Versatility of test-rig to use different test fluid.

» Adaptability of testing the influence of seals on different rotor and gas-bearing
high-speed reduced-scale turbomachinery systems.

 Alignment mechanism between seal and rotor.

» Leakage, pressure, and temperature measurement at the inlet and exhaust as
well as within the seal along the leakage path.

3.4 Testloop

Taking into consideration of the design specifications, a dedicated test-rig for reduced-
scale seal investigation has been designed and developed. The test-rig is mainly com-
prised of a reciprocating compressor, heat exchangers, thermostat, seal test section,
piping, electrical cabinet and measurement probes. Figure 3.1 shows a photograph
of the operational seal test-rig displaying some of the major components which are
divided into two main section, namely, test loop and test section. The schematic
diagram and position of the test-rig is provided in figure 3.2.

The main purpose of the test loop is to feed the seal test section with a continuous
supply of test fluid, mainly refrigerant R134a. Beside R134a, commonly used gases
like air, nitrogen, and argon can be easily fed in a loop as a test fluid. The test loop is
equipped with a reciprocating compressor, a variable frequency drive to control the
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Measurement equipment
(Coriolis flow meter, thermocouples,
pressure scanner)

Reciprocating / ‘

compressor =

\

Figure 3.1 — Photograph of the operational seal test-rig showing test loop including
compressor assembly (left), and adaptable seal test section (right)

compressor motor, a coalescent type high-grade oil separator, three flat plate type
heat exchangers, a Lauda thermostat, supply from a cooling source, two Coriolis mass
flow meters, a liquid separator, a filter drier, three pressure regulators, eight manome-
ters, four pressure transducers, a differential pressure sensor, fourteen thermocouples,
valves, piping, and an electrical enclosure. A brief overview of the main components of
the test loop is presented below.
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Figure 3.2 — Schematic flow chart of the test-rig
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¢ Speed controlled compressor

A semi-hermetic reciprocating four-cylinder compressor, 4FDC-5Y ! model from Bitzer,
with a maximum 6.4 kW input power star-connected motor has been employed in the
test loop. The compressor is the backbone of the test loop which raises the pressure
level and maintains the continuous flow of refrigerant R134a in a closed loop. Depend-
ing upon the inlet condition, the discharge pressure ranges from few bars till 35 bar
and refrigerant mass flow varies from a couple of g/s till almost 150 g/s.

To control the speed of the compressor and hence the mass flow rate, the Bitzer VARI-
PACK frequency inverter FDU+16 2 model has been installed in the test-bench. The
frequency range varies from a minimum of 25 Hz to a maximum of 70 Hz. For the
capacity control of the compressor, an external setpoint signal of 0-10 V has been used
to activate minimum and maximum speed of the compressor.

¢ QOil separator

The compressor in the test-rig is a reciprocating piston type, hence, oil is used as a
lubrication. A small fraction of the oil escapes with the discharged refrigerant. The
oil in a system not only reduces the heat transfer rate in heat exchangers but also the
presence of oil droplets in the gas lubricated seal- bearing-rotor assembly may lead
to a fatal consequence in high-speed turbomachinery. To avoid this issue, a Temprite
coalescent oil separator 922R 3 series model has been implemented. This oil separator
is capable to filter contaminants down to 0.3 um.

¢ Heat exchangers

To maintain the desired seal inlet temperature two flat plate heat exchangers have
been used. The first heat exchanger (SWEP B5THx20/1P-SC-M *) removes the excess
heat of the superheat fluid from the compressor using water as a cooling fluid. The
second heat exchanger (SWEP B5THx30/1P-SC-M °), serves as a seal inlet temperature
regulator and is controlled by a precision thermostat (Lauda Variocool VC 2000 W 6).
Furthermore, to maintain the desired suction pressure to the compressor, another heat
exchanger (SWEP B25THx70/1P-SC-M 7) has been employed. The existing 40 kW cold
unit with water/glycol mixture as a heat transfer fluid is used to sub-cool the working
refrigerant to maintain the stable desired compressor suction side pressure.

https://www.bitzer.de/shared_media/documentation/kb-104-7.pdf

%https://www.bitzer.de/shared_media/documentation/cp-100-2.pdf

3https://temprite.com/products/coalescent-oil-separators/920r-series-w-reservoir/

*https:/ /www.swep.net/products/b5t/

Shttps:/ /www.swep.net/products/b5t/

®https://lauda-brinkmann.com/summary/?product_type=variocool&product=Variocool_VC_2000_W

"https://europe.swepbusiness.net/residential-heating/heat-pumps/b25t/b25thx70-1p-sc-m-2x28u-
20-2x1-22u-20-/prod14147-070.html
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e Pressure regulators

To reduce the high pressure from the source, such as compressor or pressurized cylin-
der, to a lower desired value, three different (KPR 8 Swagelok) pressure regulators have
been embedded in a test-rig. The maximum inlet pressure is rated as 248 bar and the
outlet pressure control ranges from 0 to 34.4 bar. Each pressure regulator is fitted with
two manometers to have a visual inspection of the inlet and outlet pressure. Out of
three pressure regulators, one is fitted to the seal inlet to set the desired pressure, the
second one is installed at the outlet of the seal test section to maintain the desired
low-pressure. The third one is fitted to the pressurized cylinder, to perform the leakage
test of the whole test-rig.

¢ Liquid separator

As discussed in the previous section 3.4, the low-pressure heat exchanger is maintained
in two-phase fluid to establish a stable suction pressure to the compressor. Depending
upon the operating conditions, situations can occur when some portions of the liquid
refrigerant are carried-over into the compressor and as a consequence liquid-hammer
might occur which leads to compressor damage. A liquid separator, (FA-12/15 9 ESK
Schultze), has been selected and installed at the outlet side of the heat exchanger to
prevent compressor damage.

¢ Filter drier

To extract the residual moisture and contaminants of the working fluid, a filter drier
(FT1-16-CDM '° ESK Schultze) has been installed between the liquid separator and
the compressor suction side.

3.4.1 Seal test section

The seal test section is the heart of the test-rig since it contains the test seals and the
relevant instrumentation to measure the seal performance. The back-to-back test
approach, two identical seals placed opposite to each other with inlet at the center, is
adapted in order to cancel out the axial thrust force of the rotor. A central gas input
divided into streams of symmetric flow path towards the two seals. The exit flow of
both seals are fed back into the test-rig by two individual outlets. Figure 3.3 shows
the seal test section and its relevant components. It is composed of the test seal, the
seal outer housing, fluid inlet and outlet housings, and a dummy rotor. The seal and

8https:/ /www.swagelok.com/downloads/webcatalogs/EN/MS-02-230.PDF
https:/ /www.esk-schultze.de/Produktgruppe.php?Code=FA&p=28&la=en
Yhttps:/ /www.esk-schultze.de/Katalog/ESK_Katalog_min.pdf#page=52
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its housing are composed of multiple channels to measure pressure and temperature
distribution along and around the seal fluid flow. The housing also holds and positions
the centering mechanism for the rotor using two orthogonally placed micrometric
screws and proximity probes on each side. The assembly steps of the seal test section
are illustrated in figure C.6.

Centering Seal Proximity
mechanism housing probe

Dummy rotor
Pressure tap

Thermocouple

(a) (b)
Figure 3.3 — Photograph of the seal test section mounted in a test bench (a); isometric
cut view of test section highlighting the components and instrumentation (b)

3.4.2 Instrumentation

The test loop is equipped with pressure, temperature and mass flow measurement
probes to monitor the performance of all the relevant components within a test loop.

The absolute pressure at different locations in a test loop is measured via four piezore-
sistive pressure transducers. Three pressure transducers are installed to monitor the
pressure at the inlet of the pressure regulator, bypass pressure at the outlet of the
manual needle valve and exit side of the low-pressure heat exchanger respectively.
The pressure measurement ranges from 0 to 40 bar with a working temperature rang-
ing from -40 to +125°C. A fourth pressure transducer has been used to measure the
compressor suction pressure. The measurement range varies from 0 to 20 bar with
an operating temperature ranging from -20 to +50°C. Prior to the installment of pres-
sure transducers in a test loop, each of them were calibrated (refer to section C.1 in
appendix) indicating measurement error of +500 Pa. Besides the absolute pressure
measurement, differential pressure indicator has been installed to monitor the health
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of the oil separator.

The temperature of the fluid was measured at inlet and outlet of each heat exchanger,
compressor suction and discharge sides including the bypass loop and near the pres-
sure regulating valves using 1.5 mm sheath-diameter type K thermocouples. The
immersion depth of each thermocouple is set to around 8 times the diameter of the
thermocouple. All the thermocouples were calibrated using a temperature calibra-
tor and a precision resistance temperature detector (RTD) as a reference probe. The
calibration result is displayed in figure C.5 in the appendix which shows an average
accuracy of £0.5 K in the desired range of 0 to +80°C.

The mass flow rate was measured using two Coriolis type mass flow meters supplied
by Emerson!!. The total mass flow rate into the seal was measured by CMFS040 model
whose measurement range varies from 0 to 111 g/s. Since the flow is split into two par-
allel streams, an additional flow meter is used to measure one of the outlets to identify
whether the flow distribution is split symmetrically between the two seal sections.

The pressure and temperature measurement at the seal inlet, outlet and inside the
seal were carried out using a Scanivalve pressure scanner and thermocouples respec-
tively. At the inlet and outlet side of seal, pressure measurement was conducted at
three equally spaced (circumferential) positions and averaged. Also, along the seal
length, pressure measurement was performed at four equally spaced positions in each
flow cavity. For the pressure measurement, 16 channel temperature compensated
Scanivalve pressure scanner, DSA 3217 ' model, has been used. The temperature mea-
surements within the test section have been carried out using mineral insulated 0.5
mm sheath-diameter type K thermocouples. To measure the seal inlet and outlet tem-
perature, three thermocouples have been installed on each side at an equally spaced
position and averaged measurement value was recorded. Regarding the temperature
measurement within the seal, two orthogonally placed thermocouples were employed
in each seal cavity. Due to the space constraint in the seal flow cavities, the immersion
depth of 0.5 mm has been chosen.

An overview of the measurement probes used in the test-rig is provided in table 3.1.

Uhttps://www.emerson.com/documents/automation/product-data-sheet-elite-series-coriolis-flow-
density-meters-micro-motion-en-66748.pdf
2https://scanivalve.com/media/28047/dsa3217-18_1604.pdf
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Table 3.1 - Lists of measurement probes

Description Type Range Accuracy Manufacturer
Pressure transducers Piezoresistive =~ 0-40bara  + 0.25% of span WIKA
Pressure transducer Piezoresistive  0-20 bara =+ 0.5% FSO Kistler
Pressure scanner (16 ch) Piezoresistive 0-17.24bara £ 0.05% FSO Scanivalve
Diff. pressure sensor - 1 bar - Temprite
Thermocouples K -40-1000°C 1.5K ES
Flowmeter Coriolis 0-111g/s + 0.25% of span Emerson
Flowmeter Coriolis 0-55g/s + 0.25% of span Emerson

3.5 Experimental procedure

The experimental procedure is categorized into three chronological steps, namely
experiment protocol, testing, and data acquisition.

3.5.1 Experiment protocol

Prior to the experimental testing of seals, the following steps are performed:

* Mounting of the test seal in the seal housing along with the dummy rotor, inlet
and outlet housing, thermocouples and pressure taps fitted with the custom
made fittings. The assembly procedure of all the components and instrumenta-
tion is provided in figure C.6. The inlet supply and outlet flexible pipes of the test
loop are connected to the designated fittings forming a closed flow loop. Finally,
the whole test section is mounted on the support table.

* To guarantee a leakage-free system, the test-rig is charged with few grams of
R134a refrigerant and pressurized till 30 bar with the argon gas from the pressur-
ized cylinder. Once stable pressure is reached in the test-rig, refrigerant detector
is used to physically inspect the leakage. Also, the pressure of the test-rig is moni-
tored at least for 1 hour. After ensuring the leak-free system, the centering of the
rotor is performed and the pressurized gas is released from the rig. Furthermore,
the seal test section is insulated to reduce the heat transfer between the test fluid
and the environment.

e For the R134a test, the rig is vacuumed before it is filled with the right amount of
working fluid.

e The desired suction pressure to the compressor is established by cooling down
the refrigerant using the 40 kW cold source (refer to point 1 in figure 3.4). Once
the desired stable pressure is achieved, the compressor is ready to start.
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3.5.2 Testing

After commissioning the test-rig by realizing the experiment protocol, the actual
experimental investigation of the test seal begins. The schematic of the thermodynamic
cycle of the test-rig under test conditions is illustrated in figure 3.4. The following
procedures are carried out during the testing phase:
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* Once the compressor is switched on, the discharge pressure and temperature

of the refrigerant increases (from point 2 to point 3 in figure 3.4). Initially, the
test section is at ambient temperature, to avoid condensation of refrigerant,
the inlet pressure needs to be lower than the saturation pressure. This task is
accomplished by the pressure regulating valve (refer to PRV1 in figure 3.2). The
discharge pressure and temperature are continuously tracked.

* After the compressor discharge pressure and temperature reached a stable condi-

tion, the pressure at the seal inlet is slowly increased till the desired value (points
4 and 5 in figure 3.4) via PRV1. The inlet temperature (point 5 in figure 3.4) is
controlled from the heat exchanger with the help of thermostat. The intended
outlet pressure (point 6 in figure 3.4) is maintained through PRV2 (refer to figure
3.2). Furthermore, PRV2 also reduces the exit pressure (from point 6 to 7 in figure
3.4), and the refrigerant flow is connected to the low-pressure heat exchanger
forming the closed flow loop (from point 7 to 1 in figure 3.4). Once the inlet and
outlet boundary condition is stable, measurement data is logged and saved.



3.6. Test-rig key feature
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Figure 3.4 — Schematic representation of the thermodynamic cycle of test-rig under
test conditions

3.5.3 Data acquisition

National Instrument, NI PXIe - 1078 !3 has been used for acquiring the data. The
tracking and recording of the process parameters; especially mass flow rates, pressures,
temperatures, and other auxiliary variables were carried out by LabVIEW [88] user
interface. The final results were obtained by averaging the 100 data points recorded at
a sampling rate of 0.5 Hz.

3.6 Test-rig key feature

The key features of the seal test-rig are summarized as follows:

* Hermetic test-rig ranging from 3 mbar to 30 bar absolute pressure.

* Adaptable to any state-of-the-art fluid used in reduced-scale turbomachinery
applications.

e Modular design to test any seal geometrical features at a reduced-scale.

* Leakage mass flow measurement capability up to 55.5 g/s including temperature

Bhttps://www.ni.com/pdf/manuals/378197a.pdf
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and pressure measurement within the seal flow region.

 Seal inlet and outlet fluid pressure independently tunable to obtain test seal
leakage map.

 Adjustable inlet fluid temperature to experimentally investigate the real gas effect
in seal performance.

* Allows to measure the pressure and temperature evolution inside the seal section
to provide more accurate data to validate the different seal models.

3.7 Limitations of test-rig

The identified limitations of the test-rig are as follows:
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e The main limitation of the test-rig with a current layout is to perform an ex-
perimental investigation at elevated inlet pressure exceeding 15 bar due to the
insufficient heating capacity of the used thermostat leading to a formation of
two-phase flow at the seal inlet. However, this limitation can be eliminated by
installing a thermostat right after the pressure reducing valve which acts as a
throttling device and hence drastically reducing the exit side fluid temperature.

* The minimum feasible low-pressure in the test-rig for refrigerant R134a is 2.2
bar, corresponding to the achievable -8°C in the heat exchanger. The cold source
temperature can be set to -17°C, equivalent to 1.5 bar for R134a. Nevertheless,
mitigating the losses in the cold source supply line would be able to reduce the
low-pressure side by some limits.

* In the case of air test, the maximum seal inlet pressure 5 bar was selected for the
testing purpose due to the constraints of the supply source. However, using an
air compressor or a pressurized air cylinder can avoid this limitation.

* The diameter of the test rotor was fixed to 14 mm for the whole experimental
campaign. Nonetheless the rotor diameter can be changed as per the require-
ment by adapting the seal housing and the rod seals at both ends of the seal test
assembly.

* The current test-rig has a fluctuating discharge pressure due to the reciprocating
nature of the employed compressor, leading to the non-stable inlet pressure at
the seal test section. A pressure settling chamber at the discharge end of the
compressor would mitigate this effect.

* For R134a test, the identification of the right amount of fluid is crucial for the
safety of the compressor. The general norm employed in HVAC systems was
not valid in this test-rig. So, a trial-and-error method has been implemented to
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figure out the proper amount of refrigerant, resulting in 1.4 to 1.5 kilograms. The
undercharged test-rig demonstrated high discharge temperature and fluctuating
suction pressure, whereas, overcharged system was identified by the presence of
liquid refrigerant in the suction line and also the high-compression ratio leading
to high-discharge temperature.

 So far, the test-rig is capable of measuring pressure, temperature, and leakage
mass flow of test seals with a stationary rotor. However, the test section can be eas-
ily modulated to the rotating system to perform the experimental investigation
of seals rotordynamic properties i.e. stiffness and damping.

3.8 Design of reduced-scale test seals

As stated in section 1.2 of chapter 1, Hole Pattern Seal (HPS) and Pocket Damper Seal
(PDS) were identified as the best promising seals for reduced-scale high-speed turbo-
machinery application. For the sake of performance comparison between different
types of seals, most commonly use Labyrinth Seal (LS) and Smooth Seal (SS) have been
opted.

Considering the existence of optimum number of constrictions (refer to figure 1.12),
rotordynamic issues and compact nature of the existing high-speed turbo-compressor
with a rotor diameter of 14 mm, the ratio Lg/D; of 0.6 and four number of constrictions
have been chosen for the identified promising seal topologies. The design of these
seals’ geometric features were carried out by applying the scaling laws on the available
literature on large-scale seals [14, 89, 90, 91]. For the comparison purpose, the selected
seals (HPS and PDS) including Labyrinth Seal and Smooth Seal with identical axial
length and radial clearance have been chosen. A schematic diagram is presented in
figure 3.5 to provide a visual overview of seal and rotor terminology.

< Ls >
Seal
Cavity 1 . Cavity 2 T
4“— L ——p B
t
‘n —>» & l 0&'
\>-::\q — A
—_—
Rer Constriction .
Rotor !

Figure 3.5 — Schematic representation of seal and rotor nomenclature
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3.8.1 Design of Hole Pattern Seal

The idea of a roughened seal surface which not only reduces leakage but also enhances
the rotordynamic performance of the turbomachinery was proposed by von Pragenau
in 1982 [92]. Von Pragenau introduced an iso-grid configuration with concave and
convex triangular patterns in his analytical analysis showing an increase in the stability
of the system by reducing the undesired cross-coupling stiffness. Later, Childs and Kim
[93] experimentally demonstrated that the hole pattern seal (HPS), one with knurled
structures and other with diamond-shaped, showed better leakage and rotordynamic
performance compared to the other textured seals. Due to the advantages offered by
the HPS seal, many investigations have been performed over time to find the optimum
geometrical features and reported in literature [90, 91, 93, 94, 95].

Based on the existing literature [90, 96, 97], for large-scale applications, the HPS ge-
ometrical features are adapted to the reduced-scale application investigated in this
work using the scaling law. The published results [90, 94, 97] suggest an optimum
asperity ratio (Y) of 0.69 as an effective seal configuration, where the asperity ratio (Y1)
is defined as follows:

f; f hol
T sur.ace area of holes 3.1)
seal inner surface area

Furthermore, Childs et al. [96] reported decreased leakage and improved rotordynamic
performance with increased diameter and deeper holes compared to small-sized and
shallow holes. Taking this into account and considering the number of constrictions
including the selected seal length to diameter ratio (Ls/Dy), staggered pattern HPS with
3 holes in axial flow direction has been designed for the tests. Due to the reduced-size
and space limitations, which resulted in manufacturing issues, an asperity ratio of 0.41
has been chosen for the HPS seal design. Figure 3.6 displays the general picture of the
HPS test seal and the geometry is provided in table 3.2.

Figure 3.6 — Photograph and cut-view of manufactured Hole Pattern Seal (HPS) used
for testing
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3.8.2 Design of Pocket Damper Seal

Commonly used labyrinth seals are known to have flow induced destabilizing reaction
forces arising due to the circumferential flow within the seal cavity. By restricting the
development of circumferential flow within the seal cavity by introducing partition
walls, the instability problem of the labyrinth seal can be mitigated. Geometrically, the
PDS seal resembles a labyrinth seal with the multiple partition walls in the cavities
(refer to figure 3.7). The partition walls divide the circumferential cavities into smaller
pockets, which obstructs the circumferential flow and hence increases the effective
damping by reducing the destabilizing cross-coupled forces. Experimental results [21,
37, 98] and field experience [99, 100] have demonstrated the beneficial effects of the
PDS seals. Gamal [14] performed comprehensive studies on the PDS seal to investigate
the effects of geometrical features such as cavity depth, cavity pitch, constriction
profile, and constriction thickness. The results showed a reduction in leakage with
thick and flat profile constrictions, shallow cavity depth, and increased cavity pitch.
The field experience by Li et al. [100] reported higher positive damping and stiffness
with a low number of constrictions and increased leakage rates. Hence, these results
highlight the existence of a tradeoff between leakage and rotordynamic performance.

Considering the aforementioned literature knowledge, the design of reduced-scale
PDS was carried out. Figure 3.7 shows designed and manufactured PDS seal and
dimensions are provided in table 3.2.

Figure 3.7 — Photograph and cut-view of manufactured Pocket Damper Seal (PDS) used
for testing

3.8.3 Design of Baseline Seal

In order to evaluate the performance of HPS and PDS seals, the widely applied Labyrinth
Seals (LS) and Smooth Seal (SS) have been chosen as the baseline seals with identical
axial length and radial clearance.
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¢ Labyrinth Seals

Literature [14, 100] suggests that seals with short cavity pitch and higher number of
teeth have more leakage and lower rotordynamic performance than seal with bigger
cavity pitch and less number of teeth for the identical Ls/D;. To assess the existence of
these effects at reduced-scale, 3 types of Labyrinth seals have been designed.

Three different designs of Labyrinth seal have been envisaged, namely, 4 teeth Labyrinth
Seal with increasing cavity axial pitch (LSVP4T), 4 teeth Labyrinth Seal with constant
cavity axial pitch (LSCP4T) and 5 teeth Labyrinth Seal with constant cavity axial pitch
(LSCP5T). Seals dimensions are provided in table 3.2 and figure 3.8 illustrates the
feature of the reference Labyrinth seals.

58



3.8. Design of reduced-scale test seals

(b) Labyrinth Seal Constant Pitch 4 Teeth: LSCP4T

i
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(c) Labyrinth Seal Constant Pitch 5 Teeth: LSCP5T

Figure 3.8 — Photograph and cut-view of manufactured Labyrinth Seals used for testing:
(a) 4 teeth with varying cavity pitch (b) 4 teeth with constant cavity pitch (c) 5 teeth
with constant cavity pitch
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e Smooth Seal

Smooth seals are categorized as annular seals with a smooth inner surface, hence
straightforward to manufacture. Due to the smooth surface, these seals yields large
cross-coupled destabilizing forces and relatively high leakage compared to the other
types of seals with identical clearance and Ls/D; ratio. On the contrary, these seals
offer high centering forces (direct stiffness) [13] due to increased positive Lomakin

effect [101].

A Smooth Seal (SS) has been designed and manufactured with similar clearance and
Ls/Dy as other test seals. Figure 3.9 shows manufactured smooth seal and its dimension

is listed in table 3.2.

Figure 3.9 — Photograph and cut-view of manufactured Smooth Seal (SS) used for

testing
Table 3.2 — Reduced-scale test seals and dimensions

Description HPS PDS LSVP4T LSCPAT LSCP5T SS
Rotor diameter (mm) D, 14.03 14.03 14.03 14.03 14.03 14.03
Radial clearance (um) Ry 35 35 35 35 35 35
Length-diameter ratio Ly/D, 0.6 0.6 0.6 0.6 0.6 0.6
Cavity pitch LI (mm) - 2.3 2 2.3 1.6 -
Cavity pitch (mm) L2 - 2.3 2.2 2.3 1.6 -
Cavity pitch (mm) L3 - 2.3 2.6 2.3 1.6 -
Cavity pitch (mm) L4 - - - - 1.6 -
Hole diameter (mm) H 2 - - - - -
Cavity / hole depth (mm) B 2 2 2 2 2 -
Tooth width (mm) ¢, - 3x0.4+1x0.3 4x0.4 3x0.4+1x0.3 5x0.4 -
Number of hole / pocket 48 3x4 - - - -
Asperity ratio (Y1) 0.41 - - - - -
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Experimental investigation of test
seals and validation of seal model

The experimental results of different types of test seals operated with air and R134a
at different boundary conditions are presented in this chapter. The measured leak-
age, cavity pressure and temperature distributions are compared with the results of
different seal models to characterize the prediction quality of the individual model at
reduced-scale. Furthermore, selected seals are experimentally tested at different degrees
of superheat on R134a, which allows to highlight the real gas effect on seal performance.
Finally, the implemented seal model is experimentally validated and best seal topology
for reduced-scale turbomachinery applications is identified.

4.1 Introduction

Pocket Damper Seal (PDS), Hole Pattern Seal (HP) and the most commonly used
Labyrinth Seal (LS) and Smooth Seal (SS) have been chosen for the experimental
investigation and comparison. As described in chapter 3.8, all test seals have been
designed with identical inner diameter (ID) and axial length of 14.06 mm pm and 8.4
mm respectively for the sake of comparison. A single dummy rotor of outer diameter
(OD) of 14 mm and length of 250 mm has been used for the test purpose. All the
numerical results based on the author’s model consider adiabatic flow assumptions in
the seal cavities and the leakage mass flow rate is made non-dimensional using the
relation as shown in equation 4.1.

mexp/model
4.1)
Pin Cin : R2

clr,in

MnponD =

where 77,0, p is non-dimensional leakage, 171¢,) /moder the leakage mass flow rate either
from experiment (denoted by exp) or from model in kg/s, p;, denotes inlet fluid density
inkg/m3, C;, is fluid inlet speed of sound in m /s and R ;,, is seal inlet radial clearance
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inm.

4.2 Seal characterization: Metrology

After manufacturing of test seals, an assessment of manufacturing deviations of indi-
vidual seals and dummy rotor has been performed. This step is crucial to determine
the actual clearance between the test seals and the dummy rotor. Due to initial man-
ufacturing errors two sets of seals have been used for this investigation. The first set
is summarized in table 4.2, where the resulting seal clearances are strongly conical.
The second set (summarized in table 4.3) consists of a constant seal clearance. It is
noted that the geometrical measurement of test seals have been conducted only on the
inlet and outlet seal side due to the miniature seal size. The inlet and outlet clearance
is linearly interpolated to determine the dimensions for the inputs of the numerical
models. The seal design and their geometrical features are discussed in chapter 3.8
and summarized in table 3.2. The nomenclature of the test seals is summarized in
table 4.1. The experimental results are presented separately for the cylindrical and
conical seals geometries. The numerous experiments have been performed on the

Table 4.1 — Abbreviation of test seals

Acronym Definition

HPS Hole pattern seal

LSCPAT  Labyrinth seal constant cavity pitch with 4 teeth
LSCP5T  Labyrinth seal constant cavity pitch with 5 teeth
LSVPAT  Labyrinth seal varying cavity pitch with 4 teeth

PDS Pocket damper seal
Rar Radial clearance
SS Smooth seal

Table 4.2 — Manufacturing deviations of conical seals and a dummy rotor

Designation Measured value [mm] R [pml]

Rotor 13.998 +1um -

LSCPAT [14.035 (in) - 14.023 (out)] £1pm [18.5 (in) - 12.5 (out)] £1um
LSCP5T [14.063 (in) - 14.057 (out)] £1pm [32.5 (in) - 29.5 (out)] £1um
LSVP4AT [14.066 (in) - 14.054 (out)] £1pum [34 (in) - 28 (out)] £1um
SS [14.062 (in) - 14.056 (out)] £1pum [32 (in) - 29 (out)] £1um

different types of test seals for the characterization and validation purpose of different
seal models. The working fluid tested are R134a and air. For R134a, several tests have
been performed at various inlet pressures and inlet temperatures to investigate the
effect of the proximity of the seal inlet conditions to the saturation curve. An overview
on the experimental testing is listed in table 4.4.
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Table 4.3 —- Manufacturing deviations of cylindrical seals and a dummy rotor

Designation Measured value [mm] R
Rotor 14.026 +1um —
HPS 14.102 +1um 38 £1um
LSCP5T 14.102 +1pum 38 +1um
LSVPAT 14.102 +1pum 38 +1um
PDS 14.102 +1pm 38 +1um
SS 14.102 £1pum 38 £1um

Table 4.4 — Summary of the experimental measurements

Leakage Cavity pressure Cavity temperature Degree of superheat

HPS v v v
LSCP4AT v v v
LSCP5T X X v
LSVP4AT v v v
PDS v v v
SS v X v

4.3 Investigations on cylindrical seals

This section presents the comparison between experimental data and numerical re-
sults of different state-of-the-art seal models including the model developed by the
author performed on the cylindrical test seals as listed in table 4.3 with R134a and air as
a working fluid. Furthermore, the numerical results of leakage obtained from different
implemented seal models are compared with the existing experimental and numerical
results of Cangioli et al. [35] operating with nitrogen as a benchmarking process on
large-scale seal. The state-of-the-art seal models investigated in this work are catego-
rized as the Neumann model (described in ref. [40], [35]), the ideal Neumann model
[51] and the ideal St. Venant model [14]. The detailed descriptions of seals models
have been discussed in the previous chapter 2.4. The following nomenclature has been
used for the different implemented models to present the results (refer to table 4.5).

Table 4.5 — Abbreviation of implemented seal models

Acronym Definition
AdiabModel Author’s model with adiabatic flow assumptions
NeumannModel Based on Cangioli et al. [35] with Neumann leakage equation [51]

IdealModelNeumann Ideal model based on Neumann leakage equation [51]
IdealModelSt.Venant Ideal model based on St.Venant leakage equation [14]

4.3.1 Comparison of seal models with literature on large-scale seal

The comparison of leakage between the published results of Cangioli et al. [35] and
the numerical results obtained from the different seal models (Table 4.5) is shown in
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figure 4.1. The geometrical features of the "Cangioli" test seal and rotor including the
operating boundary conditions is highlighted in chapter 2.1. For the positive pre-swirl,
all models display an over-prediction in leakage. The maximum and the minimum
discrepancy of 7.5% and 0.2% have been observed by the ideal St. Venant model and
the Neumann model respectively. Likewise, the rest of the models indicated up to 6%
deviation. On the contrary, all the seal models under-predicts leakage in the case of
negative pre-swirl with a maximum deviation up to 10% by the Neumann model.
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Figure 4.1 — Prediction quality of the leakage mass flow by different seal models com-
pared to the experimental data of Cangioli et al. [35]

Referring to the figure 4.1, all the implemented models showed good agreement with
the measured leakage mass flow rates within the range of measurement uncertainty,
thus validating all the seal models implemented models in this work for large-scale
seals.

4.3.2 Comparison of different seal models on reduced-scale seals with R134a

To evaluate the prediction quality of the-state-of-the-art and the author’s model at
reduced-scale, numerical results using namely the Vermes [82] and the Neumann [51]
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4.3. Investigations on cylindrical seals

empirical kinetic energy carry-over coefficients, are compared with the experimental
measurements. The presentation of the numerical results also include the manufac-
turing error effects, which highlight the models sensitivity to the seal clearance at
reduced-scale. In general, numerical results for all test seals and test conditions sug-
gests a + 2.8% deviation in prediction for a geometrical tolerance of + 1 um between
seal and rotor. The results are presented mostly at 12 bar and one individual case
at 5 bar inlet pressure. The numerical results are shown for high-pressure ratios to
evidence the choke flow conditions predicted by different seal models.

Pocket damper seal (PDS)

Figure 4.2 highlights the numerical results obtained using the Vermes and the Neu-
mann carry-over coefficient in different seal models against experimental data for
the PDS at an inlet pressure of 5 bar. With the implementation of the Vermes carry-
over coefficient in different seal models, the author model demonstrates the highest
prediction accuracy compared to the state-of-the-art models at all pressure ratios. A
maximum deviation of 1.3% at a pressure ratio of 3.07 and a minimum deviation of
0.2% at a pressure ratio of 1.43 has been monitored in comparison to the author’s
model. The Neumann model suggests an underprediction in leakage for the entire
pressure ratios ranging from 14% to 4% at low and high-pressure ratios respectively.
Regarding the ideal Neumann model, numerical results show good agreement with
experimental data for low-pressure ratios with a minimum deviation of 0.9% at a pres-
sure ratio of 1.43. However, the deviation increases with pressure ratio and reaches a
maximum value of 8.9% at a pressure ratio of 3.07. Likewise, the ideal St. Venant model
yields an inferior performance compared to other models for all pressure ratios with a
maximum overprediction of 23.3% at a pressure ratio of 3.07.

With the Neumann carry-over coefficient, the author’s model suggests a small over-
prediction in leakage compared to the experimental data for all pressure ratios. The
highest deviation of (5%) has been monitored at a low-pressure ratio of 1.43 while
the lowest one (3%) occurs at a high-pressure ratio of 3.07. It is noted, however, that
the predicted data is still within the bound of the measurement error. The Neumann
model shows an underprediction of leakage in all pressure ratios with a maximum
discrepancy of 9.1% at a low-pressure of 1.67 and a minimum deviation of 2.3% at a
high-pressure ratio of 3.07. The ideal Neumann model shows overprediction in leakage
with the lowest variation of 3.9% at a low-pressure ratio of 1.67. However, this variation
diverges with increasing pressure ratio and reach a maximum value of 14.3% at a pres-
sure ratio of 3.07. Concerning the ideal St. Venant model, there is an overprediction of
leakage for all pressure ratio stretching up to 29% at a pressure ratio of 3.07.

The author’s model with the Vermes carry-over coefficient is suggested to offer the
better leakage prediction accuracy to the experimental results compared to the-state-
of-the-art models over the range of pressure ratios on Pocket damper seal (PDS) at 5
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Figure 4.2 — Comparison of leakage between experimental measurements, the author
model and the-state-of-the-art models on Pocket damper seal (PDS) at 5 bar inlet
pressure, 25°C inlet temperature, varying PR and R134a as a working fluid

bar inlet pressure. Besides leakage, the author’s model also captures the choke flow
condition as well as the shape of the leakage evolution with pressure ratios.
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Figure 4.3 compares the prediction of the state-of-the-art seal models and the author
model using the Vermes and the Neumann carry-over coefficients with the experimen-
tal results for the PDS operated at an inlet pressure of 12 bar. With the application of
the Vermes carry-over coefficient, the author shows minor underprediction in leakage
at all pressure ratios with a maximum and minimum deviation of 2.5% and 1.6% at
a pressure ratio of 1.43 and 2 respectively. On the other hand, the Neumann model
underpredicts up to 10% at a pressure ratio of 1.43 and by 4.1% at high-pressure ratios
(3.07). The ideal Neumann model results suggest an underprediction of a maximum
8.2% in leakage at a low-pressure ratio of 1.43 and overprediction up to 4.4% at a
high-pressure ratio of 3.07. Regarding the ideal St. Venant model, results show a good
agreement at low-pressure ratios, whereas, for increasing pressure ratio, the results
diverge up to a maximum discrepancy of 18.4% in overprediction at a pressure ratio of
3.07.

By implementing the Neumann carry-over coefficient in the different seal models, the
author’s model overpredicts leakage compared to measurement data for all pressure
ratios. The maximum and minimum deviation of 3.1% and 2% is noticed at a pres-
sure ratio of 2 and 3.07 respectively. On the contrary, the Neumann model shows an
underprediction in leakage by 6.8% at a low-pressure ratio of 1.43, which decreases
with increasing pressure ratio yielding a good agreement with experimental result
at high-pressure ratios of 3.07. In the case of the ideal Neumann model, leakage is
underpredicted at low-pressure ratios with a maximum deviation of 4.1% at a pres-
sure ratio of 1.43. However, an increasing pressure ratio, numerical results turn into
overprediction reaching a maximum value of 8.1% at a pressure ratio of 3.07. On the
other hand, the ideal St. Venant model demonstrates overprediction in leakage for
all pressure ratios with a minimum and maximum difference of 0.4% and 24.3% at a
pressure ratio of 1.43 and 3.07 respectively.

At elevated test pressure on pocket damper seal (PDS), the author’s model with the
Vermes carry-over coefficient is suggested to achieve a better prediction accuracy
of leakage over the complete range of pressure ratios compared to other models.
Furthermore, using the Neumann carry-over coefficient in the seal models, both the
author and the Neumann model show a good prediction accuracy (< 4.1%). For
the choke flow prediction, the author’s model suggested a good agreement with the
experiment compared to the state-of-the-art models.
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Figure 4.3 — Comparison of leakage between experimental measurements, the author
model and the-state-of-the-art models on Pocket damper seal (PDS) at 12 bar inlet
pressure, 50°C inlet temperature, varying PR and R134a as a working fluid

Labyrinth seal (LSVP4T)

The comparison of leakage between different seal models and the experimental results
using the Vermes and the Neumann carry-over coefficient is presented in figure 4.4
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for the labyrinth seal with 4 teeth and varying axial cavity pitch (LSVP4T). Among the
different seal models with the Vermes carry-over coefficient, the author’s model shows
very good agreement with the experiment for the entire pressure ratios indicating a
maximum and a minimum overprediction of 1.7% and 0.02% at pressure ratios of 2.5
and 1.43 respectively. However, the Neumann model underpredicts leakage for the
range of pressure ratios under investigation. The highest discrepancy of 9.8% has been
noticed at a low-pressure ratio of 1.43. However, this discrepancy reduces with the
increasing pressure ratio showing a minimum value of 2.75% at a high-pressure ratio
of 3.07. Similarly, the ideal Neumann model suggests an underprediction in leakage at
low-pressure ratios indicating an error up to of 6% at a pressure ratio of 1.43, whereas,
overpredicting leakage at high-pressure ratios with a maximum deviation of 6.2% at
a pressure ratio of 3.07. In the case of the ideal St. Venant model, a matching perfor-
mance has been observed at low-pressure ratios, meanwhile, the numerical results
diverges with the increasing pressure ratios approaching up to 20% at a pressure ratio
of 3.07.

The prediction quality of different seal models using the Neumann carry-over coeffi-
cient highlights an overprediction in leakage by the author’s model at all pressure ratios.
A maximum deviation of 6.2% has been observed at a pressure ratio of 2.5. Amongst
the other models, the Neumann model shows good agreement with the measured
data, especially, at higher pressure ratios. On the other hand, this model underpre-
dicts leakage at low-pressure ratios deviating up to 6% at a pressure ratio of 1.43. The
ideal Neumann model indicates 1.6% of underprediction at a low-pressure ratio of
1.43, whereas with increasing pressure ratio, the model overpredicts leakage by up to
11.4% at a pressure ratio of 3.07. Furthermore, the ideal St. Venant model overpredicts
leakage for all pressure ratios with a minimum and maximum discrepancy of 2.8% and
26.5% at a pressure ratio of 1.43 and 3.07 respectively.

Regarding the measured leakage value on 4 teeth Labyrinth seal with varying cavity
pitch (LSVP4T) at 12 bar inlet pressure, the author model with the Vermes carry-over
coefficient offers a higher accuracy than the rest of the seal models. The Neumann
model with the Neumann carry-over coefficient showed second-best performance
in terms of leakage prediction. As suggested by figure 4.4, the author’s model also
captures the trend of choking following the pattern of the experimental data, whereas
the rest of the models predict this phenomenon to happen at higher pressure ratios.
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Figure 4.4 — Comparison of leakage between the experimental measurements, the
author model and the-state-of-the-art models on Labyrinth seal (LSVP4T) at 12 bar
inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid

Labyrinth seal (LSCP5T)

Figure 4.5 illustrates the prediction quality of leakage between the different seal models
with the Vermes and the Neumann carry-over coefficient on labyrinth seal with 5 teeth
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and constant cavity axial pitch (LSCP5T). The implementation of the Vermes carry-
over coefficient on the seals models yields an underprediction in leakage at almost
all pressure ratios. A maximum and minimum deviation of 6.8% and 5.1% has been
observed at the pressure ratio of 1.43 and 3.07 respectively. Similarly, the Neumann
model shows underprediction of leakage for all pressure ratios. The highest and lowest
discrepancy up to 14.4% and 9.3% have been noticed at low and high pressure ratios
respectively. Likewise, the ideal Neumann model displays underprediction of leakage
for all pressure ratios. A difference of 13.5% has been noticed at a low-pressure ratio of
1.43. However, this discrepancy decreases with increasing pressure ratios and shows a
minimum value of 2.7% at a high-pressure ratio of 3.07. Regarding the ideal St. Venant
model, numerical results highlight an underprediction of leakage at low-pressure ratios
stating up to 10% at a pressure ratio of 1.43, decreasing to 2.7% at a pressure ratio of 2
and then turning into an overprediction by 8% at a pressure ratio of 3.07.

With the Neumann carry-over coefficient, the author’s model demonstrates accurate
leakage prediction at all pressure ratios with a maximum overprediction of 1.2% at
a pressure ratio of 2.5. The Neumann model underpredicts leakage over the entire
pressure ratios by up to 8.8%. In the case of the ideal Neumann model, leakage is
underpredicted at low-pressure ratios with a maximum deviation of 7.2% at a pressure
ratio of 1.43. However, with the increasing pressure ratio, numerical results intersects
experimental data indicating overprediction of leakage with a maximum deviation of
4.5% at a pressure ratio of 3.07. Similarly, the ideal St. Venant model shows up to 3.8%
of underprediction in leakage at a pressure ratio of 1.43, however, with the increment
in pressure ratios, the deviation reduces and finally intersects the measurement data
resulting in overprediction of leakage with a maximum value of 16.2% at a pressure
ratio of 3.07.

The comparison of experimental and numerical results on the labyrinth seal with 5
teeth (LSCP5T) at 12 bar inlet pressure highlights the prediction quality of different
seal models. The numerical results of all models yield poor performance of the Vermes
carry-over coefficient for the 5 teeth Labyrinth seal, suggesting the existence of the
optimum number of teeth beyond which the use of the Vermes carry-over coefficient is
questionable, and instead, the Neumann carry-over coefficient needs to be employed
to achieve a better performance. Besides the seal geometrical features, the Neumann
carry-over coefficient also considers the number of teeth in the equation whereas the
Vermes correlation does not take this into account (refer to equations 2.4 and 2.6 on
chapter 2.3.1). To better understand and highlight this effect in reduced-scale seals,
at least two more seals with different number of teeth needs to be manufactured and
tested, ideally with 3 and with 6 teeth. With regards to the choke flow prediction, the
author’s model achieves a better performance compared to the other seal models by
illustrating a similar trend with the experimental data, whereas other seal models are
suggested to capture this flow phenomenon at higher pressure ratios.
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Figure 4.5 - Comparison of leakage between the experimental measurements, the
author model and the-state-of-the-art models on Labyrinth seal (LSCP5T) at 12 bar
inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid
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4.3.3 Comparison of different seal models on reduced-scale seals with air

To gauge the prediction accuracy of different seal models at reduced-scale operating
on different working fluids, the most commonly used working fluid i.e. air has been se-
lected and experimentally investigated. The numerical results consider manufacturing
error to expose the sensitivity of the models with the seal clearance at reduced-scale
seal performance. Overall, numerical results for all test seals and test conditions in-
dicate around =+ 2.8% deviation in prediction with the geometrical tolerance of + 1
pm between seal and rotor. For the air test, all seals have been investigated at an inlet
pressure of 5 bar and inlet temperature of 25°C.

Pocket damper seal (PDS)

Figure 4.6 compares the different seal models using the Vermes and the Neumann
carry-over coefficients against the experimental results on Pocket damper seal (PDS).
With the application of the Vermes carry-over coefficient, the author model yields
an overprediction in leakage for all pressure ratios with a maximum and minimum
deviation of 5.7% and 2.5% at a pressure ratio of 4 and 1.67 respectively. Note that all
the predicted points are within the measurement errors. Conversely, the Neumann
model shows the underprediction of leakage at all pressure ratios ranging from 11.3%
and 1.3% at pressure ratios of 1.67 and 4 respectively. The numerical results of the
ideal Neumann model suggest an overprediction in leakage by up to 19.5% at a high-
pressure ratio of 4 and by 6.6% at a pressure ratio of 1.43. Similarly, the ideal St. Venant
model indicates the highest deviation amongst the other models with a minimum and
maximum value of 7.8% and 23.6% at a pressure ratio of 1.43 and 4 respectively.
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Figure 4.6 — Comparison of leakage between the experimental measurements, the
author model and the-state-of-the-art models on Pocket damper seal (PDS) at 5 bar
inlet pressure, 25°C inlet temperature, varying PR and air as a working fluid
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Using the Neumann carry-over coefficient, the author’s model indicates the overpredic-
tion of leakage at all pressure ratios. A maximum deviation of 11% has been observed
at a pressure ratio of 4. Compared to the other models, the Neumann model illustrates
a better prediction quality, suggesting 7.2% underprediction at a pressure ratio of 1.67.
With increasing pressure ratio the deviation decreases turning into a 3.2% overpre-
diction at a pressure ratio of 4. In the case of the ideal Neumann model, leakage is
overpredicted for all pressure ratios with a minimum and a maximum difference of
11.8% and 25.3% at a pressure ratio of 1.67 and 4 respectively. Similarly, the ideal St.
Venant model shows overprediction of leakage at all pressure ratios varying from 13.2%
to 29.7% at a pressure ratio of 1.43 and 4 respectively.

Referring to the result in figure 4.6 on pocket damper seal (PDS) with air as a working
fluid, the author’s model with the Vermes carry-over coefficient demonstrates the high-
est prediction accuracy compared to the other seal models. Similarly, the Neumann
model with the Neumann carry-over coefficient ranked as the second-best model in
terms of leakage prediction. On the other hand, the author’s model predicts the choke
flow pressure ratio, whereas other models capture this effect at higher pressure ratios.

Labyrinth seal (LSVP4T)

Figure 4.7 represents the comparison between the numerical results of different seal
models and the experimental data using the Vermes and the Neumann carry-over
coefficient on the 4 teeth Labyrinth seal with varying cavity axial pitch (LSVP5T).
With the implementation of the Vermes carry-over coefficient, the author’s model
shows good agreement with the experimental results compared to the-state-of-the-art
models over the range of pressure ratios. A minimum and maximum overprediction
of 4.5% and 6.5% has been recorded at a pressure ratio of 1.43 and 4 respectively. The
Neumann model underpredicts leakage at all pressure ratios with a 9.8% deviation at
a low-pressure ratio of 1.43. The error, however, diminishes with increasing pressure
ratio and reaches a minimum value of 0.4% of overprediction at a pressure ratio of
4. The ideal Neumann model shows overprediction in leakage for the entire pressure
ratios indicating a minimum deviation of 8.7% at a pressure ratio of 1.67, meanwhile,
the deviation diverges with pressure ratio up to 21% at a pressure ratio of 4. Likewise,
the ideal St. Venant model demonstrates inferior performance compared to other
models at all pressure ratios stretching up to 25% in overprediction at high-pressure
ratios.

Regarding the employment of the Neumann carry-over coefficient in the seal models,
the author’s model shows an overprediction of leakage for all pressure ratios. The lower
and higher deviation 0f 9.5% and 11.5% has been noticed at a pressure ratio of 1.67 and
4 respectively. Among the other models, the Neumann model shows good agreement
with the measurement data indicating up to 5.7% underprediction at low-pressure ratio
(1.67) and 4.2% of overprediction at a pressure ratio of 4. The ideal Neumann model
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Figure 4.7 — Comparison of leakage between the experimental measurements, the
author model and the-state-of-the-art models on Labyrinth seal (LSVP4T) at 5 bar inlet
pressure, 25°C inlet temperature, varying PR and air as a working fluid
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displays overprediction of leakage over the entire range of pressure ratios extending
up to 26% at high-pressure ratios. Likewise, the ideal St. Venant model overpredicts
leakage for all pressure ratios with a maximum discrepancy of 30.8% at a pressure ratio
of 4.

The leakage test on labyrinth seal with 4 teeth and varying cavity pitch (LSVPAT) with
air highlights the better prediction quality of the author’s model compared to the
experimental results with the use of the Vermes carry-over coefficient. Furthermore,
the Neumann model with the Neumann carry-over coefficient suggests matching
results with the measured data. For the choke flow prediction, the author’s model
shows matching results analogous to the experimental data, whereas, other models
predict choke at higher pressure ratios.

Labyrinth seal (LSCP5T)

Figure 4.8 shows the prediction quality of different models using the Vermes and
Neumann carry-over coefficient for the 5 teeth Labyrinth seal with constant cavity
pitch. Considering the Vermes carry-over coefficient, the author’s model demonstrates
better prediction accuracy at all pressure ratios with a minimum and a maximum
overprediction of 0.7% and 6.5% at a pressure ratio of 1.43 and 4 respectively. On the
other hand, the Neumann model underpredicts leakage showing a minimum and a
maximum deviation of 4% and 12.5% at a pressure ratio of 4 and 1.43 respectively. In
the case of the ideal Neumann model, leakage is overpredicted at all pressure ratios
with a minimum and a maximum deviation of 2.9% and 17.6% at a pressure ratio of
1.43 and 4 respectively. Similarly, the ideal St. Venant model suggests overprediction in
leakage ranging from 3.9% to 20.7% at a pressure ratio of 1.43 and 4 accordingly.

With the implementation of the Neumann carry-over coefficient, the author model
overpredicts leakage for all pressure ratios with a minimum and a maximum deviation
of 8% and 14% at a pressure ratio of 1.43 and 4 respectively. Among the other models,
the Neumann model shows good agreement with the measured data, especially, at
higher pressure ratios with a minimum deviation of 0.56%. However, this model
underpredicts leakage at low-pressure ratios deviating up to 6.4% at a pressure ratio
of 1.43. The ideal Neumann model shows overprediction in leakage at all pressure
ratios extending up to 26% at high-pressure ratio. Similarly, the ideal St. Venant model
overpredicts leakage for all pressure ratios with a minimum and maximum difference
of 11.6% and 29.8% at a pressure ratio of 1.43 and 4 respectively.

The results presented in figure 4.8 demonstrates the validity of the author’s model using
the Vermes carry-over coefficient. Similarly, the Neumann model with the Neumann
carry-over coefficient also suggests a good agreement with leakage prediction. On the
other hand, the author model predicts the choke flow with good accuracy, whereas,
the other models predict choke flow at higher pressure ratios.
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Figure 4.8 — Comparison of leakage between the experimental measurements, the
author model and the-state-of-the-art models on Labyrinth seal (LSCP5T) at 5 bar
inlet pressure, 25°C inlet temperature, varying PR and air as a working fluid
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Referring to the results of R134a and air in different seals, no fundamental difference
is detected between the experimental and the numerical data of the author’s model.
The conclusion drawn from the R134a test applies to air test as well in a qualitative
manner.

4.3.4 Comparison between the different seals

In this section the performance of the different seals are compared for R134a and air at
12 and 5 bar inlet pressure respectively. As evidenced by all the previous test results, the
author’s model is suggested to achieve the best performance in prediction of leakage
and choke flow and has therefore been selected for the numerical analysis. The manu-
facturing error and the measurement errors have been omitted in the presented results
for clarity, and average clearance is considered to compare with the experimental data.

Test fluid: R134a

The experimental measurements and numerical prediction of leakage for all test seals
at 12 bar inlet pressure is shown in Figure 4.9. For the identical seal clearance and
operating conditions, the Hole pattern seal (HPS) demonstrates the lowest leakage
overall pressure ratios compared to the other seals. The Smooth seal (SS) shows the
highest leakage with up to 17% higher leakage compared to the Hole pattern seal
(HPS). Noteworthy, the 4 teeth labyrinth seal with varying cavity axial pitch (LSVP4T)
reveals a slightly lower leakage than the 5 teeth labyrinth seal with constant cavity
pitch (LSCP5T) at all pressure ratios, thus indicating the existence of optimum seal
geometrical features. The minimum and maximum difference of 0.2% and 0.6% at
a pressure ratio of 1.43 and 3.07 has been noticed between the LSCP5T seal and
the LSVPAT seal. In comparison to the HPS seal, the LSCP5T and the LSVPAT seals
indicated up to 8.2% and 7.6% higher leakage respectively. Compared to the HPS seal,
the Pocket damper seal (PDS) displays almost 10% higher leakage. It is noted that in
this analysis the PDS can be associated to a labyrinth seal with 4 teeth and a constant
cavity pitch.

The experimental results suggests the Hole pattern seal (HPS) to be the most effective
seal yielding the lowest leakage. Furthermore, improvement in leakage reduction has
been experimentally evidenced with 4 teeth Labyrinth seal with varying cavity pitch
(LSVP4T) compared to 5 teeth Labyrinth seal with constant cavity pitch (LSCP5T)
for the identical clearance and identical seal axial length. Hence, highlighting the
existence of optimum seal geometrical features for a given overall seal length, leading
not only to an optimum leakage performance (refer figure D.15 in appendix) but also to
a reduction of manufacturing cost and time. This unique experimental characteristic
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Figure 4.9 — Experimental and numerical comparison between the different seals at 12
bar inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid

has been captured by the author’s model. The improvement offered by the LSVP4T
seal can be better understood by examining the kinetic energy carry-over coefficient
(equations 2.4 and 2.6). Both equations highlight the dependency of the kinetic energy
carry-over coefficient, which is directly proportional to the cavity axial pitch, hence
leading to less dissipation of kinetic energy in the seal cavity with a small pitch.

Test fluid: Air

To grade leakage performance of the different test seals operated with air, the com-
parison of the experimental data together with numerical results of test seals has
been summarized in figure 4.10. Similar to R134a test, Hole pattern seal (HPS) seal
demonstrates the highest performance with a minimum leakage compared to the other
seals for all pressure ratios. Conversely, Smooth seal (SS) indicates the highest leakage
extending up to 24% higher leakage compared to HPS seal. The 4 teeth Labyrinth seal
with varying cavity pitch (LSVP4T) revealed 9.6% to 16% high leakage relative to HPS
seal, whereas, the LSCP5T seal shows 9.2% to 12% increased relative leakage. In this
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case, the LSCP5T seal indicates less leakage compared to the LSVPAT seal (1.6% to 6%).
Furthermore, the PDS seal displays 13% to 20% higher leakage compared to the HPS
seal.

[ B B
2280_‘ ((%m Q @ g 4& -
o B vV o_~" & 1
4 B
X 2601 /’8 -
3 v <X
©
S 2401 ./5 ]
% [ v /_/ o 0] @) O

S O
£ 220f o :
Sl % ©
N

200F o -
[ |O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
1.5 2 2.5 3 3.5 4

Pressure ratio [-]

¢  Experiment: LSVP4T O  Experiment: HPS

------- P> AdiabModel: LSVP4T < Experiment: PDS

Experiment: LSCP5T — —%- — AdiabModel: PDS
AdiabModel: LSCP5T VvV  Experiment: SS

Figure 4.10 — Experimental and numerical comparison between the different seals at 5
bar inlet pressure, 25°C inlet temperature, varying PR and air as a working fluid

For the air test, the hole pattern seal (HPS) demonstrated the lowest leakage over the
entire pressure ratios. Both labyrinth seals indicated similar leakage characteristics
with a minor improvement for the 5 teeth labyrinth seal. Similar to the R134a test,
the existence of optimum seal geometrical features for a given overall seal length has
been highlighted (refer figure D.16 in appendix). Nevertheless, author’s model shows a
similar trend with the experimental results on LSVP4T and LSVP5T.

4.3.5 Comparison of cavity pressure distribution

Besides the accurate prediction of leakage is required to determine the system effi-
ciency, the accurate prediction of the pressure distribution within the seal cavities is
crucial to assess the influence of seal on the rotordynamic system. To examine the
quality of the author’s model in terms of pressure prediction, the experimental data are
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compared with the numerical results. The numerical results have been compared with
the measured data obtained from different seals at varying boundary conditions and
two discrete fluid, namely R134a and air. For the sake of brevity, the numerical results
are presented for average seal clearance. The measurement uncertainty of the pressure
scanner is rated to be 8.6 mbar, which is negligible compared to the measured values,
thus omitted in the results. For the sake of comparison, the predicted numerical results
from the Neumann model is presented on the test seals with R134a.

Pocket damper seal (PDS): R134a

Figure 4.11 shows the comparison of seal cavity pressure distribution between the
experimental data, the author’s model and the Neumann model prediction on the
Pocket Damper Seal at 12 bar inlet pressure and varying pressure ratios. The author’s
model demonstrates good agreement with the measurement data at all pressure ratios.
The model underpredicts the cavity pressure with a maximum deviation of 5, 2.7 and
0.6% in the first, second and third cavity respectively at a high-pressure ratio of 3.07.
At other pressure ratios, the author model shows underprediction of pressure up to
3% in the first cavity, whereas a negligible deviation can be reported on the other two
cavities. A similar trend has been monitored for 5 and 9 bar inlet pressures (refer to
figure D.19 and D.20 in the appendix).

The Neumann model shows underprediction of the cavity pressure in the first cavity
with a maximum deviation of 4.9% in the first cavity at the pressure ratio of 3.07. On
the other hand, it indicates up to 4% overprediction in pressure in the second cavity at
the low-pressure ratio. In the case of third cavity, the Neumann model underpredicts
pressure up to 8% at the high-pressure ratio of 3.07. At low-pressure ratios, this model
yields overprediction in cavity pressure turning into underprediction of the cavity
pressure with increasing pressure ratios.

The author’s model shows better agreement with the experimental data on the pre-
diction of the seal’s cavity pressure distribution compared to the Neumann model
at all pressure ratios. For both models, the highest deviation up to 22% overpredic-
tion has been noticed at the exit of the seal when the choke flow occurs. The high
deviation at the exit of the seal can be attributed to the expansion effects, which have
been neglected in the models due to its complexity in nature to implement in the
two-dimensional model.
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Figure 4.11 — Comparison of cavity pressure distribution between experiment, the
author model and the Neumann model on Pocket Damper Seal (PDS) at 12 bar inlet
pressure, 50°C inlet temperature and varying PR with R134a as working fluid

Labyrinth seal (LSVP4T): R134a

Figure 4.12 represents the comparison of cavities pressure distribution between the
experimental data, the author model and the Neumann model on the 4 teeth labyrinth
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seal with varying cavity pitch (LSVP4T) at 12 bar inlet pressure with varying pressure
ratios. The predicted results from the author model highlight a fine match with the
measured data with a maximum overprediction of 3.2% in the last cavity at a high-
pressure ratio of 3.07. For the first and second cavity, author’s model indicated a
negligible deviation.

Regarding the Neumann model, the numerical results yields an overprediction of
pressure in all cavities at a low-pressure ratio by up to 5% in the last cavity. Similarly
to the pocket damper seal, this model displays a shift towards an underprediction
of pressure in all cavities with a maximum deviation of 8.3% in the last cavity at a
high-pressure ratio of 3.07.

Referring to the comparison of cavity pressure distribution between the experimental
results and the numerical results from the author’s model and the Neumann model,
the author’s model demonstrates a better prediction accuracy. The good agreement
between the cavity pressure distribution of the author’s model highlights the reliability
of the leakage prediction. Furthermore, both models showed the highest deviation in
the prediction of seal exit pressure the choked flow conditions. A similar explanation
to the pocket damper seal applies here as well.
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Figure 4.12 — Comparison of cavity pressure distribution between experiment, the
author model and the Neumann model on Labyrinth seal (LSVP4T) at 12 bar inlet
pressure, 50°C inlet temperature and varying PR with R134a as working fluid

Pocket damper seal (PDS): Air

Figure 4.13 highlights the comparison of cavity pressure distribution between the
measurements and the author’s model on the Pocket damper seal (PDS). For the range
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of tested pressure ratios, the author’s model yields an underprediction of the pressure
distribution in all cavities. At low-pressure ratios, a maximum deviation of 3% has
been observed in the first cavity. However, with increasing pressure ratio, the deviation
increases and extends up to 6% at a high-pressure ratio of 4. The highest overprediction
of 23.5% has been noticed on the seal outlet at the choke flow region.
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Figure 4.13 — Comparison of cavity pressure distribution between experiment and
the author model on Pocket Damper Seal (PDS) at 5 bar inlet pressure, 25°C inlet
temperature and varying PR with air as working fluid

Labyrinth seal (LSVP4T): Air

Figure 4.14 highlights the comparison of the cavity pressure distribution between the
experimental data and the numerical results based on the author’s model on the 4
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teeth Labyrinth seal with varying cavity pitch (LSVP4T) operated in air. The predicted
cavity pressure distribution matches the experimental data very well at all pressure
ratios. At a pressure ratio of 4, the model yields a maximum overprediction of 1.3%,
1.6% and 2.5% in the first, second and third cavity respectively. At choked conditions,
the model overpredicts the exit pressure up to 23%.

The outcome of the comparison between the experimental and numerical data of
the cavity pressure distribution on two different types of seals with air and R134a
demonstrates the good prediction quality of the author’s model. The highest deviation
of pressure appears on the seal outlet at high-pressure ratios due to the choked flow
where uncontrolled expansion occurs, which is not taken into account in the author
model.
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Figure 4.14 — Comparison of cavity pressure distribution between experiment and the
author model on Labyrinth seal (LSVP4T) at 5 bar inlet pressure, 25°C inlet temperature
and varying PR with air as working fluid
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4.3.6 Comparison of cavity temperature distribution

Besides the leakage and cavity pressure measurement, seal cavity temperature mea-
surements have been carried out on different seals with R134a and air. This section
presents the comparison of the measured and the predicted seal cavity temperature.

Pocket damper seal (PDS): R134a

Figure 4.15 compares the cavity temperature distribution from the experimental data
and from the predicted result based on the author’s model and Neumann’s model for
the Pocket damper seal (PDS) at 12 bar inlet pressure. The author’s model overpredicts
the cavity temperature over the entire seal pressure ratios with a maximum deviation
of 2.4 Kand 1.6 K in the first and the following cavities respectively at a pressure ratio
of 4. With a decrease in pressure ratio, the deviation in cavity temperature reduces
and aligns well with the measured values. The similar prediction accuracy have been
observed at 5 and 9 bar inlet pressure (refer to figure D.24 and D.25 in appendix).

The Neumann model also overpredicts the cavity temperature in the first cavity for all
pressure ratios with a maximum deviation ranging up to 2.2 K. In the last two cavities,
the model underpredicts the temperature distribution at all pressure ratios with a
maximum deviation of 2.6 K in the last cavity at high pressure ratios.
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Figure 4.15 — Comparison of cavity temperature distribution between the experiment,
the author model and the Neumann model on Pocket Damper Seal (PDS) at 12 bar
inlet pressure, 50°C inlet temperature and varying PR with R134a as working fluid
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Labyrinth seal (LSVP4T): R134a

Figure 4.16 illustrates the numerical results and the experimental results of the cav-
ity temperature profile on the Labyrinth seal (LSVP4T) at 12 bar inlet pressure. An
overprediction of the cavity temperature by the author’s model can be observed at
all pressure ratios in the first two cavity. The maximum deviation of 2.8 K has been
recorded in the first cavity at a pressure ratio of 3.07. The results in the second cavity
suggests negligible deviation over the complete range of investigated pressure ratios.
In contrast to the first two cavities, the author’s model underpredicts the temperature
in the last cavity for almost all pressure ratios with a maximum deviation distribution
up to 1.1 K.

The Neumann model suggests a similar trend of the temperature distribution as the
author’s model. The model indicated overprediction in temperature resulting up to
3.5Kand 1.2 Kin the first and second cavity respectively at a high-pressure ratio of 4.
However, in the last cavity model underpredicts the cavity temperature at all pressure
ratios.

Referring to the measured and predicted results of two seal models on two different
seals types, both models yields a similar prediction quality in the cavity tempera-
ture distribution. However, the author’s model reveals a marginally lower deviation
compared to the Neumann model.
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Figure 4.16 — Comparison of cavity temperature distribution between the experiment,
the author model and the Neumann model on Labyrinth seal (LSVPAT) at 12 bar inlet
pressure, 50°C inlet temperature and varying PR with R134a as working fluid
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Cavity temperature distribution: Air

The comparison of the cavity temperature distribution between the measured data
and predicted results on the Pocket damper seal (PDS) and the Labyrinth seal (LSVPAT)
with air at 5 bar inlet pressure illustrates the superior performance of the author’s
model. A maximum overprediction of 0.4 and 0.2 K can be observed for the PDS (refer
figure D.26 in appendix) and LSVPAT (refer figure D.27 in appendix) respectively at a
pressure ratio of 4.

4.4 Investigations on conical seals

In order to examine the robustness of the author’s model, irregular and non-identical
clearance seals, labyrinth seals with different geometrical features have been experi-
mentally tested with R134a and compared with the author’s model using the Vermes
kinetic carry-over correlation. For brevity, the results are presented at 5 and 9 bar
inlet pressure. Special measure was undertaken to maintain same inlet boundary
conditions for all seals in order to have robust data for comparison. An overview of
the test seals with their dimensions is listed in table 4.2. The definition of the used
abbreviation for test seals is listed in table 4.1.

4.4.1 Comparison of leakage on individual test seals

Labyrinth seal (LSVP4T)

The prediction of leakage by the author model at 5 and 9 bar inlet pressure is presented
in figure 4.17 for the 4 teeth Labyrinth seal with varying cavity pitch. The numeri-
cal results shows very good agreement with the experimental results for both inlet
pressure at all pressure ratios. The model indicates underprediction of leakage at a
low-pressure ratio of 1.43 for both inlet pressures with a maximum deviation of 4%
and 3.5% respectively.
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Figure 4.17 — Comparison of non-dimensional leakage between the experiment and
the author model on Labyrinth seal (LSVP4T) at inlet pressure of 5 and 9 bar with inlet
temperature of 25° and 40° respectively, varying PR and R134a as a working fluid

Labyrinth seal (LSCP5T)

Figure 4.18 displays the comparison between the experimental and the numerically
predicted data from the author’s model at 5 and 9 bar inlet pressure for the 5 teeth
Labyrinth seal with constant cavity pitch (LSCP5T). For a 5 bar inlet pressure, the
model overpredicts the leakage over the range of pressure ratios. The maximum and
minimum deviation of 5.5% and 3.5% can be observed at pressure ratios of 2.5 and
1.67 respectively. At 9 bar inlet pressure, the author’s model underpredicts leakage by
up to 5% at the lowest tested pressure ratio, whereas the deviation for higher pressure
ratios is negligible.
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Figure 4.18 — Comparison of non-dimensional leakage between the experiment and
the author model on Labyrinth seal (LSCP5T) at inlet pressure of 5 and 9 bar with inlet
temperature of 25° and 40° respectively, varying PR and R134a as a working fluid

Labyrinth seal (LSCP4T)

The comparison between the measurement and the author model on 4 teeth Labyrinth
seal with constant cavity pitch (LSCP4T) at 5 and 9 bar inlet pressure is shown in figure
4.19. For 5 bar inlet pressure, a maximum deviation of 3.2% is reported at a pressure ra-
tio of 2.5. Similarly, at 9 bar inlet pressure, the author’s model highlights overprediction
at all pressure ratios. The maximum deviation of 4.5% has been observed at a pressure
ratio of 2.5.

The author’s model suggests a good agreement with the experimental results in seal
leakage prediction at different inlet boundary conditions over the range of pressure
ratios irrespective of the seal clearances and seal types. The indication of the higher
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Figure 4.19 — Comparison of non-dimensional leakage between experiment and the
author model on Labyrinth seal (LSCP4T) at inlet pressure of 5 and 9 bar with inlet
temperature of 25° and 40° respectively, varying PR and R134a as a working fluid

deviation compared to the cylindrical seal can be attributed to the assumptions of
linear interpolation in clearances, which may not corresponds to reality. Thus, the
validity of the author’s model with regards to the leakage is illustrated experimentally
on seals with non-constant clearance.

4.4.2 Comparison of cavity pressure distribution

To quantify the performance of the author model regarding the pressure prediction
within the seal cavities on irregular seals with non-uniform flow cross-section, the
predicted data is compared with the measurement results on labyrinth seals with
different geometrical configuration at 5 and 9 bar inlet pressure.
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Labyrinth seal (LSVP4T)

Figure 4.20 shows the comparison of cavity pressure distribution between the mea-
sured data and the predicted results from the author model for the 4 teeth Labyrinth
seal with varying cavity pitch (LSVP4T) at 9 bar inlet pressure. The author’s model
suggests an accurate prediction quality in the first and the second cavity with a minor
underprediction at the high-pressure ratios, whereas up to 11% of underprediction
has been observed in the last cavity at high pressure ratios. A similar result has been
recorded at 5 bar inlet pressure (refer to the figure D.28 in the appendix).
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Figure 4.20 — Comparison of cavity pressure distribution between the experiment
and the author model on Labyrinth seal (LSVP4T) at 9 bar inlet pressure, 40°C inlet
temperature, varying PR and R134a as a working fluid
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Labyrinth seal (LSCP4T)

The prediction quality of the author model with the cavity pressure distribution on
the 4 teeth Labyrinth seal with constant cavity pitch (LSCP4T) at 9 bar inlet pressure is
shown in figure 4.21. The author’s model indicates an underprediction of pressure in
all cavities for all the tested pressure ratios. A maximum deviation of 4%, 8.5%, and
12% have been observed in the first, second and third cavity respectively at a pressure
ratio of 3.07. A similar prediction quality has been noted at 5 bar inlet pressure with
comparatively less deviation in all cavity and all pressure ratios (refer to figure D.29 in
appendix).

The comparison of the seal cavity pressure distribution between the numerical results
and the measurement data on test seals suggests a reasonable prediction accuracy of
the author’s model on non-identical irregular conical seals. The existence of increased
deviation in cavity pressure compared to the cylindrical seals could be justified due
to linear interpolation of the clearance. The author’s model indicates the highest
deviation to experimental data in the last cavity and on the seal outlet pressure at high
pressure ratios where choked flow occurs. At choke flow, flow expansion occurs to
match the lower outlet pressure of the seal, which is not implemented in the author
model due to the complex flow nature.
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Figure 4.21 — Comparison of cavity pressure distribution between the experiment
and the author model on Labyrinth seal (LSCP4T) at 9 bar inlet pressure, 40°C inlet
temperature, varying PR and R134a as a working fluid
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4.4.3 Comparison of cavity temperature distribution

This section presents the results with regards to the seal cavity temperature distribution
prediction by the author model versus experimental data. The results for two labyrinth
seals tested are shown for the comparison purpose.

Labyrinth seal (LSVP4T)

Figure 4.22 represents the temperature evolution for the labyrinth seal with four teeth
and variable cavity pitch (LSVP4T). For all the test conditions, the author’s model
shows good prediction performance. The highest discrepancy of 1 K on the first cavity
and lowest of 0.5 K on the last cavity has been recorded at a pressure ratio of 3.07. Test
results at 5 bar inlet pressure shows an opposite trend with a maximum and minimum
difference of 1.1 Kand 0.2 K on last and first cavity respectively at a pressure ratio of
3.07 (refer figure D.31 in appendix).
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Figure 4.22 — Comparison of cavity temperature distribution between the experiment
and the author model on Labyrinth seal (LSVP4T) at 9 bar inlet pressure, 40°C inlet
temperature and varying PR with R134a as working fluid
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Labyrinth seal (LSCP4T)

Figure 4.23 displays the results of cavity temperature profiles on the 4 teeth Labyrinth
seal with constant cavity pitch at 9 bar inlet pressure. The maximum and the minimum
deviation of 2.3 K and 0.4 K can be observed in the first and the last cavity respectively.
Furthermore, in the case of 5 bar inlet pressure, the highest discrepancy of 0.3 K in the
last cavity can be observed (see figure 4.23 in appendix).
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Figure 4.23 — Comparison of cavity temperature distribution between experiment
and the author model on Labyrinth seal (LSCP4T) at 9 bar inlet pressure, 40°C inlet
temperature and varying PR with R134a as working fluid
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4.5 Investigations on seals operating to the proximity of the
fluid saturation line

In a thermodynamic cycle, the working fluids often operate near the saturation point
where commonly practiced perfect gas assumption is not valid and hence real gas
properties need to be implemented in the numerical model. The author’s research
topic focuses on seals for reduced-scale turbomachinery applications working on a
fluid, like refrigerant R134a, which are generally operated near the saturation point.
A theoretical analysis of real gas properties and their deviation from the perfect gas
assumptions on seal leakage has been discussed in Chapter 1.4. To highlight the issue
related to real gas effects, all test seals have been experimentally tested at 9 and 12 bar
inlet pressure with varying temperatures at a fixed pressure ratio of 2 and R134a as a
test fluid. For the sake of visual clarity, the average seal clearance has been used in
the-state-of-the-art models. The results are presented for the cylindrical seals (Pocket
damper and Hole pattern) and the conical seals (Labyrinth and Smooth).

The measured data are compared with the numerical results of different seal models
to evaluate the performance of seal models in the vicinity of the fluid saturation line.
For brevity, the average temperature without measurement uncertainty has been
considered to present the results.

4.5.1 Pocket damper seal (PDS)

Figure 4.24 presents the comparison of leakage between the experiment and different
models at 9 and 12 bar inlet pressure with varying inlet temperature. The experimental
data suggests up to 9% increased non-dimensional leakage near the saturation line
compared to the tested highest inlet temperature of 59°C (24 K superheat). This clearly
suggests a significant effect on leakage resulting from the real gas effect. i.e. the
proximity of the inlet conditions to the saturation line. At 9 bar inlet pressure, the
author’s model shows a good agreement with the experimental results at all degrees of
superheat with a maximum deviation of 1.2% at the inlet temperature of 37.2°C (1.8 K
superheat). The Neumann model underpredicts leakage over the complete range of
inlet temperatures. The maximum deviation has been observed near the saturation
point with 1.8 K superheat.

At 12 bar inlet pressure, the author’s model underpredicts leakage with a maximum
deviation of 3.2% in the vicinity of the saturation line (1 K superheat). Likewise, the
Neumann model showed underprediction of leakage for all inlet temperatures with
a maximum deviation of 7% at a superheat of 1 K. The measured data suggests up to
10% higher leakage near the saturation line (1 K superheat) compared to the increased
degree of superheat of 26 K.

The results highlights the effects of the degree of superheat on seal leakage perfor-
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Figure 4.24 — Comparison of different model performance on seal leakage with varying
degree of superheat on Pocket damper seal (PDS) at 9 and 12 bar inlet pressure, PR of 2
and R134a as working fluid
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mance. Both experimental data as well as the author’s model suggest an increase in
non-dimensional leakage with a decreasing degree of superheat, which suggests a
strong effects related to the real gas effects, i.e. the deviation of the working fluid behav-
ior from a perfect gas. The ability of the author model to capture this effect has been
shown. The Neumann model shows a similar trend of leakage with the varying inlet
temperature. However, the ideal Neumann and the St. Venant model illustrate their
inability to capture the trend compared to the measurements due to the assumption of
an ideal gas in their equations. The coincidence of the matching results from the ideal
Neumann model can be better understood by referring to the previously presented
results (refer to figure 4.3) where the investigated pressure ratio and inlet temperature
are aligned.

4.5.2 Labyrinth seal (LSVP4T)

Figure 4.25 represents a superheat test on the four teeth Labyrinth seal with varying
cavity pitch (LSVP4T) at 9 and 12 bar inlet pressure. In the case of 9 bar inlet pressure,
the author’s model suggests an underprediction of leakage with a maximum deviation
of 5.2% at a superheat of 2 K. With the increase in inlet temperature the deviation
decreases and shows a minor 0.5% overprediction of leakage at 24 K of superheat. The
Neumann model displays underprediction of leakage over the entire range of inlet
temperature with a maximum deviation of 9% at low superheat of 2 K. In the case of the
ideal Neumann and the St. Venant, both models yield nearly the constant leakage with
varying inlet temperature. The experimental data reported up to 11% relatively higher
leakage near the saturation line with 2 K superheat compared to the 24 K superheat.

At 12 bar inlet pressure, the author’s model underpredicts leakage by up to 3% near
the saturation point (1.5 K superheat), whereas a negligible deviation of 0.6% has been
observed at the highest degree of superheat (26 K). At a low superheat of 1.5 K, the
Neumann model underpredicts leakage by 5.2%, whereas, at higher superheat up to
3.5% deviation has been monitored. The ideal Neumann and the St. Venant model
displayed no influence on leakage to the degree of superheat due to the hypothesis of
an ideal gas. In the vicinity of the fluid saturation line, the measured data indicates up
to 10% increase in leakage.

The author’s model reveals its better prediction performance at different levels of
superheat and demonstrates its ability to capture the experimental trend. Furthermore,
the Neumann model underpredicts leakage, yet is able to capture the experimental
trend. The ideal Neumann and the St. Venant model show no effects in leakage
regardless of the inlet temperature. As discussed in the Pocket damper seal (PDS), the
matching results from the ideal Neumann model can be attributed to the selected
pressure ratio and temperature range where the model showed good agreement with
the measured results (see figure 4.4). The experimental data reveals a pronounced
effect on leakage near the saturation region as a function of the level of superheat, i.e.
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Figure 4.25 — Comparison of different model performance on seal leakage with varying
degree of superheat on Labyrinth seal (LSVP4T) at 9 and 12 bar inlet pressure, PR of 2
and R134a as working fluid

the proximity to the saturation line.
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4.5.3 Labyrinth seal (LSCP4T)

The comparison between the measurements and the numerical results of different seal
models with varying degrees of superheat at 9 and 12 bar inlet pressure is illustrated
in figure 4.26 for the 4 teeth Labyrinth seal with constant cavity pitch (LSCP4T). The
author’s model highlights the underprediction of 3.8% in leakage near the saturation
point, however, shows up to 5% overprediction at a high superheat of 25.5 K. The
Neumann model shows up to 8% underprediction of leakage at a superheat of 1 K,
whereas, a negligible deviation has been observed at a higher degree of superheat.
Both, the ideal Neumann and the St. Venant model showed no influence in leakage over
the range of investigated inlet temperature. The measurement data suggests elevated
leakage extending up to 7% in the vicinity of the saturation point (1 K superheat)
compared to 25.5 K superheat.

For 12 bar inlet pressure, the author model suggests a maximum deviation of 2% over
the range of superheat. The Neumann model displayed underprediction of leakage in
all cases of inlet temperature with a maximum deviation of 6% at a low superheat of
1 K. The ideal and the St. Venant model yields an overprediction of leakage without
considerable effects over the range of inlet temperature. Near the saturation point, the
experimental results highlighted up to 10% relatively increased in leakage compared
to 20 K superheat.

The good agreement between the author’s model and the measured data on the 4 teeth
Labyrinth seal with constant cavity pitch (LSCP4T) has been highlighted. The effect of
superheat on seal leakage has been experimentally and numerically demonstrated by
the author’s model as well as by the Neumann model. The consequence of ideal gas
assumptions on seal leakage performance has been illustrated with reference to the
ideal Neumann and the St. Venant model.
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Figure 4.26 — Comparison of different model performance on seal leakage with varying
degree of superheat on Labyrinth seal (LSCP4T) at 9 and 12 bar inlet pressure, PR of 2
and R134a as working fluid
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4.5.4 Labyrinth seal (LSCP5T)

Figure 4.27 presents the comparison of leakage between the experimental data and
different seal models at varying degrees of superheat for the 5 teeth Labyrinth seal
with constant cavity pitch (LSCP5T) at9 and 12 bar. At 9 bar inlet pressure, the author
model shows a good agreement with the measurement data over the full range of tested
superheat. Near the saturation point with a 1.2 K superheat, a maximum 3% deviation
has been recorded whereas at a superheat of about 24 K, a maximum deviation of 9%
has been noticed. The Neumann model showed 5% and 2% deviation at 1.2 K and
24 K superheat respectively. The ideal Neumann and the St. Venant model reported
overprediction of leakage over the range of superheat with no influence on the degree
of superheat. The measurement showed up to 13% of increased leakage at 1.2 K
superheat compared to 24 K of superheat.

At 12 bar inlet pressure, the author’s model shows a maximum deviation of 3% at
low superheat of 2.5 K whereas a negligible deviation at increased superheat. The
Neumann model reported up to 7% and 4.5% of deviation at 2.5 K and 27 K superheat
respectively. Similar to the other seals, the ideal Neumann and the St. Venant model
displayed no effect in leakage irrespective of the degree of superheat. The matching
leakage by the ideal Neumann model near the saturation line can be attributed to the
coincidence of the investigated pressure ratio and the temperature range as shown in
figure 4.5.
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Figure 4.27 — Comparison of different model performance on seal leakage with varying
degree of superheat on Labyrinth seal (LSCP5T) at 9 and 12 bar inlet pressure, PR of 2
and R134a as working fluid
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Hole pattern seal (HPS)

The experimental investigation on the effect of the varying inlet temperature on leakage
has been performed on the Hole pattern seal (HPS) at two different inlet pressures.
Figure 4.28 represents the experimental results obtained at 9 and 12 bar inlet pressure
against the degree of superheat. At 9 bar inlet pressure, the experimental data shows a
higher leakage near the saturation line compared to the high degree of superheat. At
a low degree of superheat of 2.4 K, the measurement indicates a 8.2% higher leakage
compared to 26 K superheat.
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Figure 4.28 — Experimental investigation of leakage with varying degree of superheat
on Hole pattern seal (HPS) at 9 and 12 bar inlet pressure, PR of 2 and R134a as working
fluid

Similarly, at 12 bar inlet pressure, a leakage increase of 8.8% can be observed with
1.5 K of superheat compared to 24 K superheat. In general, the experimental data
clearly highlights the effect of superheat and thus the real gas effect on seal leakage
performance.
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Smooth seal (SS)

To analyze the effect of superheat on Smooth seal (SS) leakage performance, the
experimental investigation has been conducted at 9 and 12 bar inlet pressure. The
outcome of the test is shown in figure 4.29. The test results highlight a similar effect of
leakage with the degree of superheat resembling the findings on other test seals. For
both inlet pressures, the result suggest up to 10% more leakage in the vicinity of the
saturation line compared to the higher level of superheat.
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Figure 4.29 — Experimental investigation of leakage with varying degree of superheat
on Smooth seal (SS) at 9 and 12 bar inlet pressure, PR of 2 and R134a as working fluid

4.6 Summary and conclusion

In this chapter, a brief summary of the different test seals geometry along with their
dimensions is provided for both constant and varying clearance geometries. Initially,
the prediction quality of leakage by the different models is assessed for large-scale
seals using the experimental data from literature. To evaluate the performance of
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the different models at reduced-scale seals, the experimental results obtained within
this work are compared with the predicted numerical data from the seal models with
R134a and air at different inlet boundary conditions. The effect of the kinetic energy
carry-over in seal leakage is investigated within the different seal model using the
correlations by Vermes [82] and Neumann [51]. The comparison of cavity pressure
and temperature distribution has been carried out between the experiments and the
different models. The author model demonstrated better quality compared to the-
state-of-the-art models in terms of leakage, pressure, and temperature prediction at
reduced-scale cylindrical seals. Furthermore, to examine the robustness of the author
model, the conical seals with non-identical clearance have been experimentally tested
and compared with the predicted results of the author model. Finally, the non-ideal
behavior of the fluid operating in the vicinity of the saturation line and its effect on the
seal leakage performance has been experimentally demonstrated. The ability of the
author model to capture this non-ideal behavior of the fluid in the proximity of the
saturation line has been illustrated. The limitations of the commonly used seal models
to predict the non-ideal behavior of the fluid has been identified.

The following conclusions have been drawn from the results acquired in this chapter:

Cylindrical seals

* At large-scale seals (D, > 0.1 m), different seal models show a good agreement
with the experimental data and the reference model of the available literature
[35] with nitrogen as a working fluid. The author’s model prediction lies within
the measurement uncertainty range, hence suggesting the validity of the author’s
model.

* To evaluate prediction quality of the-state-of-the-art and the author model at
reduced-scale, numerical results using empirical kinetic carry-over coefficients
by Vermes [82] and Neumann [51], are compared with the experimental mea-
surements.

With R134a, the author’s model with the Vermes kinetic energy carry-over co-
efficient demonstrated a better quality in terms of leakage prediction with the
maximum average deviation of < 2%, whereas, the author model with the Neu-
mann carry-over coefficient reported up to 5% deviation. However, in the case
of the 5 teeth Labyrinth seal with constant cavity pitch (LSCP5T), the author’s
model with the Neumann carry-over coefficient indicates a maximum deviation
of 1.2% in leakage compared to 6.8% with the Vermes carry-over coefficient. This
suggests an existence of a tradeoff between both carry-over coefficient to the
number of teeth in a seal, hence, the need for further investigation in this topic is
highlighted. The-state-of-the-art-models yield poor performance compared to
the experimental data, with the St. Venant model reaching the highest discrep-
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ancy.

With air, the author’s model with the Vermes carry-over coefficient suggests good
agreement with the experimental data of different seal over the range of pressure
ratios showing an overall maximum deviation of 4%. The St. Venant model indi-
cated the highest deviation and followed by the ideal Neumann model whereas
the Neumann model with the Neumann carry-over coefficient reported moderate
prediction accuracy with an overall maximum deviation of 6%.

Besides the leakage prediction, the author’s model predicts choked flow condi-
tions with a very good agreements to the experimental data, whereas the-state-
of-the-art model indicate choked flow at higher pressure ratio compared to the
experiments.

In general, numerical results of all test seals at different operating conditions
suggest a +2.8% deviation in prediction accuracy with the geometrical tolerance
of + 1 um between seal and rotor, thus highlighting the high sensitivity of the
models to the clearance in reduced-scale seals.

The experimental results reveal the Hole pattern seal (HPS) as the most effec-
tive seal with the lowest leakage characteristics indicating up to 20% and 10%
reduction in leakage compared to the Smooth seal (SS) and other test seals (PDS,
LSVP4T, and LSCP5T) respectively, and therefore recommended for reduced-
scale turbomachinery applications. Furthermore, improvement in leakage re-
duction has been experimentally evidenced with 4 teeth Labyrinth seal with
varying cavity pitch (LSVP4T) compared to 5 teeth Labyrinth seal with constant
cavity pitch (LSCP5T) for the identical clearance and identical seal axial length.
Hence, suggesting the existence of optimum seal geometrical features on the
given overall seal length leading not only to the optimum leakage performance
but also to a reduction of manufacturing cost and time.

The cavity pressure distribution predicted by the author model matches the
experimental data very well irrespective of the seal types, test fluid, and inlet
conditions. The maximum deviation of 5% has been recorded in some specific
case, whereas for most of the test cases an average deviation of <3% has been
observed. At the outlet of the seal, the highest deviation extending up to 20% has
been reported at the high pressure-ratio with a choked flow. The occurrence this
high deviation at the exit of the seal can be attributed to the expansion effects
which have been neglected in the models due to its complexity in nature to
implement in the two-dimensional model.

The cavity temperature distribution predicted by the author model demonstrates
good agreement with the experiments for all test seals and test conditions. In the
worst-case scenario, a maximum deviation of about 2.8 K has been monitored.
However, on average, this discrepancy has been found out to be <1.2 K.
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Conical seals

* The author’s model reports a relatively high deviation in leakage ranging up to
5% for the conical seals compared to <2% on the cylindrical seals. The indication
of the higher deviation compared to the cylindrical seal can be attributed to
the assumptions of linear interpolation in the teeth clearances, which may not
corresponds to the reality.

* The comparison of the seal cavity pressure distribution between the numerical
and the experimental data suggests a reasonable prediction accuracy of the
author’s model on irregular conical seals. The existence of increased deviation
(up to 10% in worst-case scenario) in cavity pressure compared to the cylindrical
seals could be justified due to linear interpolation of the clearance. The author’s
model yields the highest deviation at the seal outlet when operated under choked
flow. The same reason like in the cylindrical seals applies here.

e The comparison of the cavity temperature distribution between the author’s
model and the measured data shows matching results for all test seals and test
conditions. In the worst-case scenario, a maximum deviation of 2.3 K has been
monitored. However, on average, this discrepancy has been found out to be <1
K%.

Degree of superheat

* Experimental data suggest an increase in non-dimensional leakage for a decreas-
ing degree of superheat of the inlet state. The comparison between the highest
and the lowest degree of superheat suggests a 10% difference, which implies a
non-negligible real gas effect, i.e. a significant deviation from the perfect gas as-
sumption. The author’s model reveals its better performance quality at different
levels of superheat and showed its ability to capture the experimental trend, i.e.
the real gas effect. The Neumann model shows a similar trend of leakage with the
varying inlet temperature. However, the ideal Neumann and the St. Venant model
illustrated their inability to capture the trend compared to the measurements
due to the assumption of an ideal gas in their equations.

The good agreement between the experimental results on large-scale and reduced-
scale cylindrical and conical seals with nitrogen, R134a, and air at different boundary
conditions (inlet pressures and temperatures) highlights the robustness of the author’s
model. The good agreement on leakage, cavity pressure, and temperature distribution
in all test cases experimentally validates the author model.
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5.1 Summary and conclusion

To achieve reasonable efficiency and lifetime, gas-lubricated bearings are employed
in reduced-scale high-speed turbomachinery applications. Dynamic non-contacting
seals have been identified as the most appropriate sealing technology for such high-
speed rotor-bearing systems since they prevents surface contact during operation.
However, any clearance between rotor and seal permits the passage of fluid across
regions of unequal pressure as a leakage, which penalizes the system efficiency. The
primary function of the non-contacting seal is to reduce leakage and hence increase
the system efficiency. Despite the aforementioned advantage, field experiences have
revealed significant effects of the seals on the rotor eigenvalues (eigenfrequencies and
rotordynamic stability.

In this PhD-thesis, the gap in the literature at reduced-scale seals has been highlighted.
One of the objectives of the thesis is to identify the most promising seal technology for
reduced-scale applications. Since no work has been reported in sealing technologies
for reduced-scale applications, a qualitative approach has been used for the selection
procedure of seals, which suggests the pocket damper and the hole pattern seals to be
the most promising geometries.

An overview of the different approaches used in seal analysis has been presented and
the commonly used bulk-flow modeling techniques to predict the seal performance
has been discussed. Based on the bulk-flow theory, the development of an own 2D
model with the governing equations, assumptions, and the solving scheme considering
the real gas properties is presented. As a benchmarking process, the comparison be-
tween developed models and the results from the well-established literature [35, 59, 87]
on large-scale seals have been conducted.

The detailed description of the design and development process of the test-rig ded-
icated to perform the experimental investigations on reduced-scale seals has been
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provided. Furthermore, the design and manufacturing of the seals, modular test sec-
tion, instrumentation, measurement capabilities, and operating procedure has been
discussed.

The experimental investigation of different types of reduced-scale seals operated with
air and R134a at different boundary conditions have been conducted. The measured
leakage, cavity pressure, and temperature distributions have been compared with the
results of different seal models to characterize the prediction quality of the individual
model. The investigation of the effect of the kinetic energy carry-over in seal leakage
has been performed within the different models using the correlations suggested by
Vermes [82] and Neumann [51]. A non-dimensional leakage comparison has been
performed between different seals, for both on R134a and air. Furthermore, different
seals have been experimentally tested and compared with different models at different
degrees of superheat on R134a to highlight the real gas effect on seal performance.

The research presented in this thesis allows to draw the following conclusions:

» The scaling analysis highlights leakage as a significant source of losses in reduced-
scale turbomachinery systems. For shaft diameters less than 20 mm, the relative
leakage mass flow > 10%.

 Using the Qualitative Research Method combined with the Sensitivity Analysis,
the Hole Pattern Seal and the Pocket Damper Seals have been identified as
the most promising seals for reduced-scale and high-speed turbomachinery
application.

* The existence of an optimum number of seal teeth/constrictions has been high-
lighted experimentally and numerically on labyrinth seals beyond which the
effectiveness of the seal drops.

* On large-scale seals, different models yield good agreement with the experi-
mental leakage data published in the literature [35, 59, 87]. Furthermore, the
numerical results of cavity pressure and circumferential velocity distribution ob-
tained from the author model suggests a good match with the reference literature
[35].

* The comparison between the measured data and the different models has been
conducted on cylindrical reduced-scale seals to assess the prediction accuracy
using two different empirical kinetic carry-over coefficients of Vermes [82] and
Neumann [51].

With R134a, the author model with the Vermes kinetic energy carry-over coef-
ficient demonstrated the better quality in terms of leakage prediction with the
maximum average deviation of < 2%, whereas, the author’s model with the Neu-
mann carry-over coefficient yields up to 5% deviation. However, in the case of 5
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teeth Labyrinth seal with constant cavity pitch (LSCP5T), the author’s model with
the Neumann carry-over coefficient indicated a maximum deviation of 1.2% in
leakage compared to 6.8% with the Vermes carry-over coefficient. Thus indicated
the existence of a tradeoff between both carry-over coefficient to the number of
teeth in a seal, hence, the need for further investigation in this topic has been
highlighted. The-state-of-the-art-models showed poor performance for the leak-
age prediction over the range of investigated pressure ratios, with the St. Venant
model yielding the highest deviation.

With air, the author model with the Vermes carry-over coefficient demonstrated
good agreement with the experimental data of different seal over the range of
pressure ratios showing an overall maximum deviation of 4%. The St. Venant
model indicated the highest deviation and followed by the ideal Neumann model
whereas the Neumann model with the Neumann carry-over coefficient reported
moderate prediction accuracy with an overall maximum deviation of 6%.

The experimental investigations of different seals with air and R134a suggests
the Hole pattern seal (HPS) to be the most effective seal in terms of leakage
characteristics indicating up to 20% and 10% reduction in leakage compared to
the Smooth seal (SS) and other test seals (PDS, LSVPAT, and LSCP5T) respectively.
Furthermore, improvement in leakage reduction has been experimentally evi-
denced with 4 teeth Labyrinth seal with varying cavity pitch (LSVP4T) compared
to 5 teeth Labyrinth seal with constant cavity pitch (LSCP5T) for the identical
clearance and identical axial length. Thus the existence of optimum seal geomet-
rical features on the given overall length has been highlighted leading not only to
the improved leakage performance but also reduction of manufacturing cost and
time.

On the seals with a conical clearance evolution, the author’s model demonstrated
good agreement with the experimental results in the prediction of leakage at
different inlet boundary conditions over the range of pressure ratios irrespective
of the seal clearances and seal types. The author’s model with the Vermes carry-
over correlation reported relatively high deviation in leakage ranging up to 5%
in conical seals compared to <2% on the cylindrical seals. The indication of
the higher deviation compared to the cylindrical seal can be attributed to the
assumptions of linear interpolation in clearances which may not corresponds to
the reality.

The cavity pressure distribution predicted by the author’s model on the cylindri-
cal seals suggests matching results to the measurement data irrespective of the
seal types, test fluid, and inlet conditions. A maximum deviation of 5% has been
recorded in some specific cases, whereas for most of the test cases an average
deviation of <3% has been observed.

In the case of conical seals, the comparison of the cavity pressure distribution
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on test seals demonstrated a reasonable prediction accuracy by the author’s
model. The existence of increased deviation (up to 10% in worst case scenario) in
cavity pressure compared to the cylindrical seals could be justified due to linear
interpolation of the clearance.

At the outlet of the seals, a deviation extending up to 20% has been observed at
a pressure ratios with a choked flow. The occurrence of such high deviation at
the exit of the seal can be attributed to the expansion effects which have been
neglected in the models.

* The cavity temperature distribution predicted by the author’s model demon-
strated good agreement with the experiments for all test seals and test conditions.
The results on the cylindrical seals highlighted up to 2.8 K deviation (worst-case
scenario. However, on average, this discrepancy has been found out to be < 1.2
K. On the other hand, the test results of conical seals indicated up to 2.3 K as a
maximum deviation, whereas, on average < 1 K has been stated.

* A leakage increase reaching up to 10% for fluid operated in the vicinity of the
saturation line compared to an increased level of superheat (distance to the
saturation line) has been experimentally demonstrated on different seals. The
author’s model illustrated its better performance quality at different levels of
superheat and demonstrated its ability to capture the experimental trend. The
Neumann model indicated a similar trend of leakage with the varying inlet tem-
perature. However, the ideal Neumann and the St. Venant model failed to capture
the measurement pattern due to the assumption of an ideal gas in their equa-
tions.

5.2 Implications and recommendations

An overview of the suggestions, within the context of this thesis, to the seal practitioners
in the field of turbomachinery applications are as follows.

e Commonly used seal models are valid at large-scale seals on fluids with com-
pressibility factor (Z = PV/RT) near to unity.

 For the numerical modeling, the approach followed by the author (i.e. adiabatic
flow assumption with continuity equation to calculate leakage instead of us-
ing the empirical leakage equations, which are validated for large-scale seals
with ideal gases) is recommended due to its better prediction quality of seal
performance irrespective of fluid, operating boundary conditions, and size.

* Atreduced-scale, the-state-of-the-art models show poor performance and are
therefore not recommended.
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e The accurate measurement of the clearance between the rotor and the seal is piv-
otal. The prediction accuracy of the seal models are more sensitive for reduced-
sized seals due to the higher relative geometrical deviation due to manufacturing
errors.

 For the robustness of the experimental data, centering of the shaft and seal,
proper insulation, and stable operating conditions with the thermal equilibrium
in the test section is recommended.

* For reduced-scale turbomachinery, the Hole Pattern Seal is suggested following
the evidence gathered from the experimental campaign.

e For the seals operating within the proximity of the fluid saturation line, the
commonly used ideal Neumann and St. Venant modeling approach is not recom-
mended, instead, the author’s modeling approach is recommended.

5.3 Further research prospects

The presented research highlights several avenues for the further explorations on the
experimental and numerical aspects of turbomachinery seals:

* Due to the condensation effect (as a result of sudden expansion) happening in
the seal test section, the present experimental work on test seals was limited to
12 bar inlet pressure for R134a. This limitation can be overcome by placing a heat
exchanger coupled with the thermostat near the seal inlet section. By so doing,
tests can be conducted at elevated pressure and temperature which serves as a
validation tool of the numerical model at a wide spectrum.

¢ To check the prediction quality of models at large-scale seals with R134a, the
manufacturing and the testing of the different sized seals are encouraged.

* To support the experimental findings of the optimum number of teeth and cavity
pitch distribution, further tests need to be conducted with varying numbers of
teeth and cavity pitch distribution seals while keeping the clearance and the
overall axial length constant.

* The experimental investigation of the Hole pattern seal (HPS) and the Pocket
damper seal (PDS) in a dynamic test-rig supported on gas lubricated bearings
should be performed to examine the influence of these seals on rotor-bearing
stability. The findings can be used to assess the reliability of the qualitative
selection process of reduced-scale seals.
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LVAppendix: Selection of seals

A.1 Background

One of the objectives was to select the most promising seal technology for reduced-
scale applications. Since no work has been reported in sealing technologies for
reduced-scale applications, the selection procedure has been carried out with the
help of Decision-Matrix Method using qualitative data of different non-contacting gas
seals. For this purpose, a Focus Group methodology, a qualitative research tool, was
selected as an ideal survey tool for the selection of the non-contacting gas seals.

A.2 Focus group

A Focus Group is a group interaction of approximately six to ten people who share
similar characteristics or common interests to collect data on topics of interest to the
researcher [102]. It is suitable for exploratory, descriptive and explanatory research
with a goal to gain insights from a target group, who has knowledge about the topic
of issue, at low cost and with the minimal amount of time [103], [104]. The main
objectives of the Focus Group are listed below:

¢ Identify the characteristics features of non-contacting gas seals

¢ Define ranking of the characteristics features and weightage points for each
feature

* Select promising seal topology based on the above points

A.2.1 Instrument development for Focus Group

Prior to performing the Focus Group, the relevant literature review in non-contacting
gas seals has been carried out by the author in order to have the better understanding
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of the subject of interest. Further, a short summary of the different types of state-of-
the-art non-contacting gas seals was prepared for handing to the participants so as to
familiarize them the topic of discussion. This was carried out to provide a framework
and a structure for the Focus Group meeting.

A.2.2 Site selection

The Laboratory of Applied Mechanical Design (LAMD), Neuchatel, focuses on the
design and experimental investigation of reduced-scale turbomachinery. The field
of expertise of LAMD has the similar body of knowledge and most of the on-going
research is inter-related with each other. For this reason, LAMD has been selected as a
site for the Focus Group discussion.

A.2.3 Participants selection

The participants for this Focus Group were selected from the working team of LAMD.
The selection was based upon the knowledge and experience gained in the field of
turbomachinery. For this work, six individuals were selected from the team so as to
form a Focus Group.

A.2.4 Focus Group: Outcome

Each participant were handed a material containing a brief summary of different
types of non-contacting gas seals. The qualitative parameters of seals were identified
which includes leakage resistance, rotordynamic performance (stiffness and damp-
ing), overall size, manufacturability, adaptability with the system, design simplicity,
cost effective, durability and maneuver simplicity. For the sake of simplicity, these
parameters were reduced to the four core characteristics features: leakage resistance,
rotordynamics, overall size and other factors (this factor includes all the rest parame-
ters). Finally, participants were asked to provide their own weightage value for each of
these core features.

A.3 Results and discussion

This section contains the results from the performed focus group discussion. The
topics of discussion and the outcomes of the focus group have been illustrated. Further,
core features of non-contacting gas seals identified from the discussion concerned
with the reduced-scale machines has been presented. The detailed analysis of the
topics discussed, responses received from the participants and overall attitudes of
the non-contacting seals gas for reduced-scale turbomachinery are highlighted in
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following sections.

A.3.1 Preliminiary results

The participants were allowed to put their individual views and the characteristics
features which they think is necessary on reduced-scale non-contacting gas seals. This
session of discussion was broad in nature. The collective features which participants
highlighted are as follows: Leakage resistance, damping & stiffness (rotordynamics be-
haviour), manufacturability, overall size, adaptability with the system, design simplicity,
cost effective, lifetime (durability) and maneuver simplicity. Further, the discussion
was focused on the preliminary features of seals with an aim to select the core features.
The identified core features are: Leakage resistance, rotordynamics performance, over-
all size and other factors (this includes manufacturability, lifetime, cost, adaptability
etc.). Taking these four features in considerations, each participant was asked to pro-
vide their own weightage value on each feature based upon their priority level. The
outcomes of the weightage value for each core feature are discussed below.

Leakage resistance

Leakage was ranked first on the priority feature of the seals and every participant has
allocated more weightage value for leakage. The minimum and maximum value from
the Focus Group was 30% and 45% respectively.

Rotordynamic performance

This feature was identified as the second most priority feature of seals from the group
discussion for the selection process of non-contacting gas seal. The minimum and
maximum weightage value for this feature from the Focus Group was 30% and 40%
respectively.

Overall size

This feature includes the axial length and outer diameter of the seal. For reduced-scale
application, this feature is also a crucial factor as long axial length of seal leads to
longer shaft length, hence making shaft heavy which may influence to system stability.
This feature was ranked third in priority level. The minimum and maximum weightage
value for this feature was 10% and 20% respectively.
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Others

This feature comprises all the other remaining features of seals (i.e. manufacturability,
lifetime, cost, system adaptability and design simplicity) which were highlighted during
group discussion. Though, these features cannot be neglected but in comparison to
previous features they plays less effective role in seals selection process. So they were
set to lower priority and were assigned less weightage. Collectively, 5% of weightage
was allocated for this feature.

A.3.2 Selection of non-contacting gas seals

Referring to the range of weightage value obtained from Focus Group for four core
features of non-contacting gas seals, weightage decision matrix was performed. Each of
these features were provided with their own range of weights based on the priority level.
Different weight configurations have been analyzed in order to assess the robustness
of the selection process. The feature others with lowest priority level was always kept
constant with weightage of 5% during the selection process.

Table A.1 — Weighted decision matrix of non-contacting gas seals: Leakage and Other
variables as constant value with varying Rotordynamic and Axial length variables value

Var w1 ST SP SG HC HP PD FX FL HS HD CF SB

Lke 045 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 0.3 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 0.2 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 18 24 356 421 4.19 307 33 3.7 381 355 3.12

Var W2 ST SP SG HC HP PD FX FL HS HD CF SB

Lke 045 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 035 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 015 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 175 23 361 423 4.19 312 345 3.7 381 35 313

Vaao W3 ST SP SG HC HP PD FX FL. HS HD CF SB

Lke 045 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 0.4 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 0.1 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 1.7 22 366 424 419 317 36 3.7 3.81 345 3.12
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Table A.2 — Weighted decision matrix of non-contacting gas seals: Rotordynamic and
Other variables as constant value with varying Leakage and Axial length variables value

Var r W4 ST SP SG HC HP PD FX FL. HS HD CF SB
Lke 04 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 0.4 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 015 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 1.7 22 363 426 4.27 3.09 345 367 382 345 3.1
Varrm W6 ST SP SG HC HP PD FX FL. HS HD CF SB
Lke 035 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 0.4 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 0.2 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 1.7 22 36 427 436 301 33 365 3.83 345 3.08

Table A.3 — Weighted decision matrix of non-contacting gas seals: Axial length and Other
variables as constant value with varying Leakage and Rotordynamic variables value

Var - W6 ST SP SG HC HP PD FX FL HS HD CF SB
Lke 045 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 0.3 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 0.2 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 18 24 36 422 419 307 33 37 381 355 3.2
Var w7 ST SP SG HC HP PD FX FL HS HD CF SB
Lke 04 1 2 3 3.7 4 3.3 3.6 4 4 3.8 4 3.5
Rdc 035 1 1 1 4 4.5 5 3 4 3.5 4 3 3
Alh 0.2 1 2 3 3 4.2 5 2 1 3.5 4 4 3
Ots 0.05 5 4 3 2 4.5 4 3 2 3 2 1 1
Tot 1 1.2 175 23 358 424 4.27 304 33 368 382 35 31
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A.4 Concluding remark

Focus Group methodology as a qualitative data collection tool was used to select the
most promising non-contacting seals for reduced-scale application. For this purpose
six participants from the LAMD team were selected. A short summary of the different
types of state-of-the-art non-contacting seals was handed to the participants during
the discussion session. During the discussion, participants emphasized their individ-

ual features on non-contacting gas seals. The features of non-contacting gas seals
which they highlighted are: leakage resistance, rotordynamics performance (damping &
stiffness), manufacturability, overall size, adaptability with the system, design simplicity,
cost and lifetime (durability). These features were merged into four major features i.e.
leakage, rotordynamics performance, overall size and other factors. For each feature,
range of weightage value was given by each participant. These ranges of value were
used for decision matrix and sensitivity analysis for the selection of seals. Finally, the
most promising seals, namely, Hole Pattern Seal and Pocket Damper Seal have been
selected as an outcome of the Focus Group.
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ing

B.1 Development of mathematical seal model

Fluid, Pi,, Tiy , Poyt, Seal geometry (NT =1, Ry S L, H;),
Rotor (D, , material properties, RPM), preswirl

Boundary conditions:

i=1y

Call REFPROP for thermodynamic properties; Calculate Cy, 1 = 1;
Use energy equation to calculate velocity; Calculate Mach number

True v False
Myuess = Ca1-Pin-Rer1- C1 |(—_| Mach > 1 | mguess = Cq1-Pin-Reir1- V1

—)l i > 1; set: mi; = Mgyess |(7

3|
Za
A

Decrease mgyess

Call REFPROP for thermodynamic properties; Calculate
Cy,iv Hj; Calculate shear stresses; Solve iteratively continuity Increase mgyess
and circumferential momentum in cavities while energy in Y
teeth till density converges; Calculate teeth Mach number

Pdownstream

<
Pout Compare downstream Paownstream > Pout

> P, . & un-choke

Pdownstream out

and outlet pressure
> Poy & ChOKeJ( Pdownstream = Pout

Leakage mass flow rate (ri1;)
Cavity pressure, cavity temperature
Cavity circumferential velocity

Figure B.1 - Iterative solution scheme of author two control volume bulk-flow model
based on isenthalpic flow assumptions
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C.1 Calibration of probes
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Figure C.1 - Calibration data of Kistler pressure transducer
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Figure C.2 — Calibration data of WIKA pressure transducer: High pressure side
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Figure C.3 — Calibration data of WIKA pressure transducer: Low pressure side
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Figure C.4 — Calibration data of WIKA pressure transducer: Bypass side
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Figure C.5 - Calibration data of thermocouples
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C.2 Seal test section

Figure C.6 — Exploded view of the seal test section: assembly steps in a chronological
order
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Figure C.7 — Exploded view of the seal housing showing thermocouples, custom made
fittings for pressure taps and thermocouples, test seals, O-rings, and scanivalve tubings
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D.1 Cylindrical seals

Comparison of leakage
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Vermes carryover coefficient (VKE)
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Figure D.1 — Comparison of leakage between the experimental measurements, the
author model and state-of-the-art models using Vermes carry-over coefficient on
Pocket damper seal (PDS) at 5 bar inlet pressure, 25°C inlet temperature, varying PR
and R134a as a working fluid
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Neumann carryover coefficient (NKE)
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Figure D.2 — Comparison of leakage between the experimental measurements, the
author model and state-of-the-art models using Neumann carry-over coefficient on
Pocket damper seal (PDS) at 12 bar inlet pressure, 25°C inlet temperature, varying PR
and R134a as a working fluid
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Figure D.3 — Experimental and numerical comparison of PDS seal using Vermes kinetic
carry-over coefficient at 9 bar inlet pressure, 40°C inlet temperature, varying PR and
R134a as a working fluid
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Figure D.4 — Experimental and numerical comparison of PDS seal using Neumann
kinetic carry-over coefficient at 9 bar inlet pressure, 40°C inlet temperature, varying PR
and R134a as a working fluid
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Vermes carryover coefficient (VKE)
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Figure D.5 — Experimental and numerical comparison between the author model and
state-of-the-art models on PDS seal using Vermes kinetic carry-over coefficient at 12
bar inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid
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Neumann carryover coefficient (NKE)
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Figure D.6 — Experimental and numerical comparison between the author model and
state-of-the-art models on PDS seal using Neumann kinetic carry-over coefficient at
12 bar inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid
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D.1.1 Labyrinth seal (LSVP4T)
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Neumann carryover coefficient (NKE)
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Figure D.7 — Experimental and numerical comparison between the author model and
state-of-the-art models on Labyrinth seal (LSVP4T) seal using Neumann kinetic carry-
over coefficient at 12 bar inlet pressure, 50°C inlet temperature, varying PR and R134a
as a working fluid
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Vermes carryover coefficient (VKE)
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Figure D.8 — Experimental and numerical comparison between the author model and
state-of-the-art models on Labyrinth seal (LSVP4T) seal using Vermes kinetic carry-
over coefficient at 12 bar inlet pressure, 50°C inlet temperature, varying PR and R134a
as a working fluid
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Vermes carryover coefficient (VKE)
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Figure D.9 — Comparison of leakage between experimental measurements, author
model and the-state-of-the-art models using Vermes carry-over coefficient on Pocket
damper seal (PDS) at 5 bar inlet pressure, 25°C inlet temperature, varying PR and air as
a working fluid
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Neumann carryover coefficient (NKE)
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Figure D.10 — Comparison of leakage between experimental measurements, author
model and the-state-of-the-art models using Neumann carry-over coefficient on
Pocket damper seal (PDS) at 5 bar inlet pressure, 25°C inlet temperature, varying
PR and air as a working fluid
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D.1.2 Labyrinth seal (LSVP4T)
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Figure D.11 — Comparison of leakage between experimental measurements, au-
thor model and the-state-of-the-art models using Vermes carry-over coefficient on
Labyrinth seal (LSVPAT) at 5 bar inlet pressure, 25°C inlet temperature, varying PR and
air as a working fluid
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Vermes carryover coefficient (VKE)

250 340
2401
3201
T
230} qHP %E
300t
2201
210t 280t
o 200¢ 260}
&5 -
8 190t
_ : : 240 : : :
g 1.35 1.4 1.45 1.5 2.4 2.45 2.5 2.55 2.6
o)
é 360
o 360t
c 340t
S
< ¥ 340} gE
320t ‘:I:’
320t
300t
300t
280t
280t o
260t
= . 260t : J. :
3 3.05 3.1 3.15 3.9 3.95 4 4.05
PO  Experiment @ IdealModelNeumann
X  AdiabModel IdealModelSt.Venant
NeumannModel

Pressure ratio [-]

Figure D.12 — Comparison of leakage between experimental measurements, author
model and the-state-of-the-art models using Neumann carry-over coefficient on
Labyrinth seal (LSVP4T) at 5 bar inlet pressure, 25°C inlet temperature, varying PR and
air as a working fluid
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D.1.3 Labyrinth seal (LSCP5T)

Vermes carryover coefficient (VKE)
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Figure D.13 — Comparison of leakage between experimental measurements, au-
thor model and the-state-of-the-art models using Vermes carry-over coefficient on
Labyrinth seal (LSCP5T) at 5 bar inlet pressure, 25°C inlet temperature, varying PR and
air as a working fluid
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Neumann carryover coefficient (NKE)
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Figure D.14 — Comparison of leakage between experimental measurements, author
model and the-state-of-the-art models using Neumann carry-over coefficient on
Labyrinth seal (LSCP5T) at 5 bar inlet pressure, 25°C inlet temperature, varying PR and
air as a working fluid
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Figure D.15 — Experimental and numerical comparison between the different seals at
12 bar inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid
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Figure D.16 — Experimental and numerical comparison between the different seals at
12 bar inlet pressure, 50°C inlet temperature, varying PR and R134a as a working fluid
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D.1.4 Cavity pressure distribution: R134a

P. =5 bar
N

BAQ vy

320f h
300} § ------------------------ § """"""" % """"""""" % ]
B A _:
2 260f ;
S - §“
= [
O 240 h
c_u 1 1 1 1
5 P, =9 bar
2 340 T rrr*rr1 rrr1rrrr1rrrr1rrrr1rrrr1r 1~ 1
- [
E 320} ]
<@ L T B
S 300f é """"""""""""""""""""
Z Tt % ““““““““““
280F .
260 é :
240 :

14 1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
Pressure ratio [-]

$  Experiment i AdiabModel

Figure D.17 — Comparison of leakage between the experiment and the author model
on Pocket Damper Seal (PDS) at 5 and 9 bar inlet pressure, 25°C and 40°C inlet temper-
ature respectively and varying PR with R134a as working fluid
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Figure D.18 — Comparison of cavity pressure distribution between the experiment
and the author model on Pocket Damper Seal (PDS) at 5 bar inlet pressure, 25°C inlet
temperature and varying PR with R134a as working fluid
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Figure D.19 — Comparison of cavity pressure distribution between the experiment
and the author model on Pocket Damper Seal (PDS) at 5 bar inlet pressure, 25°C inlet
temperature and varying PR with R134a as working fluid
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Figure D.20 — Comparison of cavity pressure distribution between the experiment
and the author model on Pocket Damper Seal (PDS) at 9 bar inlet pressure, 40°C inlet
temperature and varying PR with R134a as working fluid
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Figure D.21 - Comparison of cavity pressure distribution between the experiment and
the author model on Pocket Damper Seal (PDS) at 12 bar inlet pressure, 50°C inlet
temperature and varying PR with R134a as working fluid
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Figure D.22 — Comparison of cavity pressure distribution between the experiment and
the ideal Neumann model on Pocket Damper Seal (PDS) at 12 bar inlet pressure, 50°C
inlet temperature and varying PR with R134a as working fluid
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Figure D.23 — Comparison of cavity pressure distribution between the experiment and
the ideal St. Venant model on Pocket Damper Seal (PDS) at 12 bar inlet pressure, 50°C
inlet temperature and varying PR with R134a as working fluid
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D.1.5 Cavity temperature distribution
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Figure D.24 — Comparison of cavity temperature distribution between the experiment
and the author model on Pocket Damper Seal (PDS) at 5 bar inlet pressure, 25°C inlet
temperature and varying PR with R134a as working fluid
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Figure D.25 — Comparison of cavity temperature distribution between the experiment
and the author model on Pocket damper seal (PDS) at 9 bar inlet pressure, 40°C inlet
temperature and varying PR with R134a as working fluid
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Figure D.26 — Comparison of cavity temperature distribution between experiment
and the author model on Pocket Damper Seal (PDS) at 5 bar inlet pressure, 25°C inlet
temperature and varying PR with air as working fluid
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Figure D.27 — Comparison of cavity temperature distribution between experiment
and the author model on Labyrinth seal (LSVP4T) at 5 bar inlet pressure, 25°C inlet
temperature and varying PR with air as working fluid
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D.2 Conical seals
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Figure D.28 — Comparison of cavity pressure distribution between the experiment and
the author model at 5 bar inlet pressure, 25°C inlet temperature, varying PR and R134a
as a working fluid
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Figure D.29 — Comparison of cavity pressure distribution between the experiment and
the author model at 5 bar inlet pressure, 25°C inlet temperature, varying PR and R134a
as a working fluid
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Cavity temperature distribution
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Figure D.30 - Comparison of cavity temperature distribution between experiment and
author model on Labyrinth seal (LSVPAT) at 5 bar inlet pressure, 25°C inlet temperature
and varying PR with R134a as working fluid
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Figure D.31 - Comparison of cavity temperature distribution between experiment and
author model on Labyrinth seal (LSCP4T) at 5 bar inlet pressure, 25°C inlet temperature
and varying PR with R134a as working fluid
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