N

Mondragon
Unibertsitatea

Faculty of
Engineering

DEVELOPMENT OF A NUMERICAL FLUID-STRUCTURE
INTERACTION METHODOLOGY TO MODEL TRANSIENT
LEAKAGE PHENOMENA

MIKEL EZKURRA MAYOR
Mechanical and Industrial Production department

APPLIED ENGINEERING PHD PROGRAM

Thesis supervisors:

DR. JON ANDER ESNAOLA RAMOS
DR. MANEX MARTINEZ AGIRRE

Arrasate-Mondragén, July 2021






Saioari, Laiari eta Ibairi, nire bizitzaren zutabeak

Amari eta aitari, zauden lekuan zaudela...

iii






ACKNOWLEDGEMENT

Tesi hau egiteko aukera sortu zitzaidan, espero ez nuen momentuan, egun batetik
bestera... eta hegan pasa diren urte luze hauetako abenturari ekin nion.

Eskerrik asko Mondragon Goi Eskola Politeknikoari, bere langileen kapazitazio-
rako planaren bidez tesi hau egiteko emandako aukeragatik, eta horretarako jarritako
baliabideengatik. Neurri berean, eskerrik beroenak Ampori tesi hau aurrera eramateko
egindako apustuagatik.

Bizitzako etapa honek arrasto sakona utziko du nigan, zalantzarik ez dut. Jakin-
tza berriak, ikuspuntu anitzak, lanarekiko ardura eta jarrera, etab. ekarri dizkit, eta bide
honetan lagun izan ditudanak. Horiek guztiak ere badira (bazarete) lan honen protago-

nista.

Hasteko bihotzez eskertu nahi ditut zuzendari eta lagun izan ditudan Jon Ander
eta Manex. Ezingo nuke gidari hoberik izan. Aztarna utziko nau zuen zientziarekiko
grinak, zehaztasun beharrak, ideien etorriak, soluzioak planteatzeko erraztasunak eta,
bereziki, landu dugun harreman pertsonalak. Hitzak ez dira nahikoak zuengandik jaso
dudan guztia eskertzeko, beraz zorretan nago...

Tesi honetako protagonista handiak balbulak izan dira, zenbat ikasi dudan! Eta
zenbat aldi berean oraindik ikasteko. Lan-talde jatorra eta aberatsa izan dut inguruan.
Kolaborazio lan honetan eskerrak, benetan, Ampoko Berrikuntza taldeko Leire, Arianne,
Irati, Arkaitz eta Mikeli. Bestalde, unibertsitateko lankide diren Done eta Xubani, eta
gurekin aritutako Unairi, bihotzez eskerrik asko. Bide honetan lagun eta sostengu izan
zarete.

Saiakuntza esperimentalek ere ekarri zizkidaten buruko-minak. Laborategiko kez-
kak eramanerrazagoak izan ziren Larraitz eta Erikarekin, irribarre batekin eta beti la-
guntzeko prest. Eta ezin ahaztu gainazalen ingeniaritza pasioz bizi duten Alaitz eta Inigo,
ilusio horrekin kutsatu nautelako aholku eske joandako bakoitzean. Mila esker!

Eskerrik asko lankideei. Gertukoenak ditudan Mekanika Aplikatuaren arloko la-
gunei, eta Egituren Mekanika eta Diseinua ikerketa-taldekoei, tesi hau egiteko esfortzua
guztiona izan delako, eta niregatik kezkatu zaretelako. Era berean, Fluidoen ikerketa-
taldekoei, zuen eguneroko munduan atzerritar den honen kezkak argitzen lagundu dida-
zuelako.

Eskertu beharrean nago baita ere denbora honetan zeharka sortu zaizkidan hain-
bat arazotan beraiengandik onena eman didaten Harkaitz, Angel, Maider eta beste asko.

I am sincerely grateful to Davide, who I met at the right time in the right place.
I admire your continuous willingness to help. I'm lucky to have met you on this adven-
ture.



I would also like to thank Sharon for her professional help, rigour and interest in
my work. You can add one more thesis to your long list.

Tesiek izaten duten gorabeheretan lagungarri izan da egoera beretsuan izan zare-
tenak ondoan izatea: Unai, Mikel, Arantxa eta Peru. Azkenean esan dezakegu iritsi garela
bidearen amaierara, eta esfortzuak bere saria izan duela.

Eta lan-esparrutik kanpo bidelagun izan zaituztedanak ere gogoan izan nahi zai-
tuztet, “zeri buruzkoa zen zure tesia...” edo “zer moduz doa tesi hori...” galdetzera ausartu
zaretenoi, edo galdetzeko momentua ez zela eta ni beste zerbaitetan entretenitzeko nire-
kin izan zaituztedan guztioi. Eskerrik asko!

Azkenik, etxekoak, gertu-gertuan izan zaituztedanak beti. Mila esker ama eta
aita, honainoko bidea erakusteagatik eta nigan jarritako konfiantzagatik. Mila esker anai-
arreba eta familiakideak, gaiaren inguruan behar nuenean hitz egin eta behar ez nuenean
isilik egoten jakin duzuelako. Eskerrik asko Saioa, eskerrik asko Laia eta Ibai. Lan honen
esfortzua ulertu eta partekatu duzuelako, eta zuentzat izan behar zen nire denboraren
zati bat lan honetan dagoelako. Zuen irribarre bakoitza da nire energia.

vi



LABURPENA

Estankotasuna bermatzea ezinbesteko betekizuna da fluido bat biltegiratzea edo
garraiatzea eskatzen duten aplikazioetan. Thesak agertzeak ondorio larriak ekar ditzake,
bai sistema horretan, bai haren inguruan. Badira presio eta tenperatura altuak dakartza-
ten aplikazio kritikoak, hain zorrotzak ez diren aplikazioetan ohikoak diren juntura poli-
merikoak erabiltzea ahalbidetzen ez dutenak. Kasu kritiko horietan, ezinbestekoa da me-
tal-metal kontaktuan oinarritutako itxierak diseinatzea. Horietan, kontaktuaren geome-
triak eta gainazaleko akaberak nabarmen baldintzatzen dute estankotasuna.

Tesi honetan zenbakizko metodologia berri baten garapena aurkezten da, metal-
metal kontaktuan oinarritutako sistemetan ihesen hasiera eta garapeneko fenomeno ira-
gankorrak simulatzeko. Emaitza gisa, ihesen kokapena eta emaria identifikatzen dira,
sistemaren egiturak eta barneko fluidoak baldintzatzen dituztenak. Horregatik, proposa-
tutako metodologia fluido-egitura interakzioa (FSI — Fluid Structure Interaction) jaso-
tzen duten eredu multifisikoetan oinarritzen da.

Thesaren aurrerapena zehazteko, proposatutako metodologiak esperimentalki ze-
haztu beharreko irizpide bat behar du. Horretarako, iragazkortasuna kontaktu-presioen
arabera zehazten duen prozedura bat proposatzen da. Karakterizazio hori kontaktu-pre-
sio uniformeak dituen sistema baten gainean egin da, eta ondorioztatu da posible dela
barneko fluidoarekiko eta itxiera bermatzen duen indarrarekiko independentea den ihes-
irizpide bat definitzea.

Azkenik, garatutako zenbakizko metodologia bigarren sistema baten gainean ba-
liozkotu da; bigarren sistema horrek, berriz, itxierako kontaktu-presio ez-uniformeak ditu.
FEredu numeriko horren emaitzek esperimentalki ikusitakoarekin bat datozen ihesaren
kokapena, atari-presioa eta emaria erakutsi dituzte.
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RESUMEN

Garantizar la estanqueidad es un requerimiento indispensable en aplicaciones que
exigen el almacenamiento o transporte de un fluido. La aparicion de fugas puede suponer
graves consecuencias, tanto en dicho sistema como en su entorno. Existen aplicaciones
criticas que implican altas presiones y temperaturas, las cuales no permiten el uso de
juntas poliméricas que son habituales en aplicaciones menos exigentes. En estos casos es
indispensable el diseno de cierres basados en contacto metal-metal, en los que la geome-
tria del contacto y el acabado superficial condicionan significativamente la estanqueidad.

En esta tesis se presenta el desarrollo de una nueva metodologia numérica para
simular fenémenos transitorios de inicio y desarrollo de fugas, en sistemas basados en
contacto metal-metal. Como resultado se identifica la localizacién y el caudal de las fugas,
que estian condicionadas tanto por la parte estructural del sistema como por el fluido
contenido. Por ello, la metodologia propuesta se basa en modelos multifisicos que con-
templan la interaccion fluido-estructura (FSI — Fluid Structure Interaction).

Para determinar el avance de la fuga, la metodologia propuesta requiere de un
criterio que debe ser caracterizado experimentalmente. Para ello, se propone un procedi-
miento que determina la permeabilidad en funciéon de las presiones de contacto. Esta
caracterizacion se ha realizado sobre un sistema que presenta presiones de contacto uni-
formes, revelando que es posible definir un criterio de fuga independiente del fluido con-

tenido y la fuerza que garantiza el cierre.

Finalmente, se ha validado la metodologia numérica desarrollada aplicandola so-
bre un segundo sistema cuyas presiones de contacto no son uniformes en el cierre. Los
resultados de este modelo numérico han mostrado una localizacién, presion umbral y
caudal de fuga acordes con lo observado experimentalmente.
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ABSTRACT

In applications that require the storage or transport of a fluid, ensuring leak-
tightness is essential. The emergence of leaks can have serious consequences, both for the
system and its environment. There exist critical applications which involve high pressures
and temperatures, which do not permit the use of polymeric seals that are common in
less demanding applications. In these critical cases, it is necessary to design seals based
on metal-to-metal contact, where the geometry of the contact and the surface finish have
a significant influence on leak tightness.

This dissertation presents the development of a new numerical methodology to
simulate transient leak initiation and development phenomena, in systems based on
metal-to-metal contact. As a result, the location and flow rate of leaks are identified,
which are conditioned by both the structural part of the system and the contained fluid.
For this reason, the proposed methodology is based on multiphysics models that consider
fluid-structure interaction (FSI).

To determine the progression of leakage, the proposed methodology requires a
criterion that must be experimentally characterised. To this end, a procedure is proposed
that determines permeability as a function of contact pressures. This characterisation
was performed on a system that presents uniform contact pressures, revealing that it is
possible to define a leakage criterion independent of the contained fluid and the sealing
force.

Finally, the developed numerical methodology was validated using a second sys-
tem whose contact pressures were not uniform at closure. The results of this numerical
model revealed leakage location, threshold pressure and flow rate in accordance with that
observed experimentally.
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This chapter describes the general framework of this dissertation. It begins by
establishing the background and motivation of the present work. Afterwards, work ob-
jectives are set based on the research gaps identified in the literature review, and the
outline of this thesis document is described.

Leaks are identified as a major problem in several applications, which could cause
potential harmful consequences in the oil and gas sector, automotive and aeronautical
sectors, chemical industry, and biomechanical applications, among others.

Numerical simulations have significantly contributed to the design of engineering
systems and the understanding of their behaviour. As a result of ever-increasing calcula-
tion capacity and developments in modelling, multi-physics simulations have made it
possible to predict behaviours which cannot be addressed with analytical models. Fluid-
structure interaction (FSI) is a particular case of multi-physics problems, which consists
of modelling the mutual interaction between fluid flow and deformable structures. Ap-
plications of FSI are found in a wide range of natural and engineered fields. The main
contribution of the present study is the development of a novel numerical methodology
to predict leakage behaviours, which takes into account the complex interaction between
fluids and solids. Thus, the prediction of the leak location and flow rate is provided,
which enables the design of systems according to an admissible leakage threshold.






1.1. BACKGROUND

1.1 BACKGROUND

Leakage is the undesired escape of liquid or gas through a hole or crack. Fluid
storage and transport are vital processes in several industrial applications, such as water
or gas supply, cooling/heating systems or oil and gas extraction. Leakage may lead to
severe consequences as it may cause natural disasters, costly breakdowns of the systems
where they occur or even the loss of human life (Martinsanz, 2015). It is therefore im-
portant to understand and predict the leakage behaviour of systems to reduce the risk of

such events occurring.

A traditional solution for leakage control is the use of seals or gaskets, which are
usually made of polymeric materials. The main advantage of these elements is that they
easily deform under pressure and adapt to surfaces as a result of their low rigidity, which
prevents the passage of fluids. In addition, they are low cost. However, the temperature
and pressure requirements of some applications mean that their use is not possible. Nu-
clear applications, subsea or underground equipment, the aviation industry, ultra-high
vacuum vessels, petroleum recovery and cryogenic applications are examples where pol-
ymeric sealing is unfeasible. Therefore, it is necessary to achieve closure by means of
direct metal-to-metal contact (Rafols, 2016; Xin and Gaoliang, 2016; Shvarts and
Yastrebov, 2018). Metal surfaces involve a rough surface, as a result of the machining
processes used. As a consequence, surfaces in contact are imperfect and, at certain con-
ditions, fluid can find a path leading to a leak (F. Bottiglione et al., 2009; Putignano et
al., 2013; Pérez-Rafols and Almqvist, 2018).

Flow rate through a gap depends upon a large number of factors, such as geome-
try, fluid properties, pressure and the interaction between the fluid and the surface in
the flow path. In practice, it is hard to accurately define the geometry considering mac-
roscopic and microscopic aspects which define the leakage channel. Uncertainties exist
also for fluid and material properties due to pressure and temperature changes, particu-
larly if a fluid phase change happens. Lastly, even if the total pressure drop throughout
the leak is known, pressure changes along the flow path are hard to predict. Hence,
accurate prediction of leak rate is a significant challenge (Chivers, 2002).

Many researchers have contributed to leakage prediction by both experimental
(Murtagian et al., 2004; Marie and Lasseux, 2007; Zhang et al., 2019; Vladescu et al.,
2019) and analytical-numerical ways (F. Bottiglione et al., 2009; Lorenz and Persson,
2009; Pérez-Rafols, Larsson, Van Riet, et al., 2018; Shao et al., 2019). The extreme con-
ditions of some environments (such as subsea or underground appliances) make the pre-
diction of leaks by experimental means unfeasible (Xin and Gaoliang, 2016). Conse-
quently, numerical models are an indispensable tool to gain knowledge in these applica-
tions. Numerical solutions have been proposed using both structural simulations and flow
simulations (also known as Computational Fluid Dynamics, CFD). The former predict
leakage focusing on contact pressure loss, stress pattern or gap determination (Beghini
et al., 2015; Gorash et al., 2016; Nelson et al., 2017). The latter estimate the leak flow
rate after making a prediction of gap dimensions based on the load applied to the system
(F. Bottiglione et al., 2009; Mondal et al., 2014; Silva and Deschamps, 2015). However,
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to perform an in depth leak analysis it is necessary to take into account complex inter-
actions between structures and fluids, which are not accounted for in such works.

A fluid flow exerts forces on the adjacent structure, which causes deformation. In
the same vein, structural deformations may affect the fluid flow. This phenomenon is
known as fluid-structure interaction (FSI), the mutual interaction between a fluid flow
and a deforming structure. Numerical partitioned approaches solve flow and structural
problems separately, and a coupling algorithm performs the interaction between the fluid
and the structure. The information exchanged between domains depends on the coupling
method. In cases where structural deformations are small, the fluid domain is hardly
affected. Consequently, it is only necessary to transfer the fluid results to the structural
solver (one-way coupling calculations). When the deformation of the structure signifi-
cantly affects the fluid domain, in addition to the aforementioned exchange the structural
solution is also transferred to the fluid solver (two-way coupling calculations). In general,
two-way coupling solutions are more accurate, especially in cases of large deflections
where the fluid domain is strongly influenced by the structural deformation. A benefit of
one-way coupling simulation is significantly lower computational time (Benra et al., 2011;
Hou et al., 2012; Zienkiewicz et al., 2014).

Leaks are an issue of critical concern in valve design, which are mechanical com-
ponents that play a major role in most industries. Their main purpose is to allow, prevent
or regulate the fluid flow, by means of a movable part which opens, closes or partially
obstructs the channel. Leaks in valves can be classified as external or internal (Goharrizi
and Sepehri, 2011). External leakage means that fluid is lost out of the circuit, whereas
in an internal leakage fluid is displaced to another location within the circuit, due to
inadequate sealing of the gap between the valve body and the moveable element. In both
cases leakage affects the safe operation of the system and could lead to environmental
damage and waste of resources. For this reason, an accurate prediction of the leakage
behaviour of valves is vital. The principal reasons for valve failure are improper seating
and the valve being stuck in either the open or closed position (McElhaney, 2000). Thus,
the sealing zone is considered as critical in the valve design stage.

Numerical modelling plays an essential role in valve design. It is an indispensable
tool to guarantee the integrity of valve components under extreme conditions. Structural
simulations ensure the correct service of the valve components, whereas the behaviour of
the fluid is verified by means of CFD flow simulations (Cavallo et al., 2005; Leutwyler
and Dalton, 2008; Schmidt et al., 2009; Ahn et al., 2011; Song et al., 2014; Yang et al.,
2017). In addition, there are several works in the literature which consider FSI in valve
simulation. Partitioned approaches are broadly used due to the wide range of software
available. Both one-way coupling approaches (Wang et al., 2009; Song et al., 2009; Beune
et al., 2012; Song et al., 2014) and two-way coupling approaches (Choi et al., 2010;
Gonzalez et al., 2016; Tao et al., 2018; Pan et al., 2019) are found.

As regards valve leakage modelling, it is important to calculate the transient
evolution: from the absence of leakage, through its onset, and to its development and
progress. Throughout this process, fluid domains that were previously isolated by the
blocking element become connected. In the same way, when a valve is operated to open



1.1. BACKGROUND

or close, the fluid domains are required to connect or separate (see Figure 1.1). This
presents a numerical problem that has to be solved, since two isolated watertight fluid
domains cannot become a single domain. In fact, numerical methods can only work with
initially connected computational domains (Beune et al., 2012).

(a) (b)

Figure 1.1: (a) When the valve is closed the fluid chambers on each side are isolated,

marked in green and red. (b) When the valve opens, both chambers become a single
fluid domain.

Both structural and CFD solvers have their own capabilities or workarounds to
address the described problem (Medvitz et al., 2007; Liu et al., 2016; Gorash et al., 2016;
Anwar et al., 2016; Al-Azawy et al., 2017). In contrast, works that consider FSI broadly
avoid the problem of how to connect fluid domains by linking them permanently with a
channel of negligible dimensions (Beune et al., 2012; Su et al., 2014; Song et al., 2014).
However, the initial conditions of the simulation do not correctly reflect the physical
conditions in the absence of leaks, thus the described simulations are not able to model
leakage initiation.

In summary, the following steps are required to numerically model and diagnose
the transient leakage behaviour of a system: (i) addressing the problem of numerically
connecting two isolated fluid domains, (ii) determining whether leakage will occur, (iii)
finding the leakage location and pathway, and (iv) calculating the leak rate. First, a
solution has to be proposed to model the flow between hitherto watertight fluid domains.
In this regard, a criterion considering both structural and fluid conditions must be estab-
lished to determine under which conditions leakage starts. Then, this criterion has to be
verified locally in the locations where fluid is present. This enables the identification of
the route a leak will take, which is not an obvious task. Lastly, a law needs to be estab-
lished to quantify the approximate leakage flow according to geometrical, structural and
fluid parameters at the time considered.
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1.2 MOTIVATION

Valves are used extensively in several applications, where they play an important
role in ensuring effective and safe closure. Numerical simulations are an indispensable
tool in the design of these mechanical components, and in ensuring a safe and competitive
product. The most accurate simulations are those that consider a two-way FSI coupling,
as this means that both the fluid domain and the structural domain are updated accord-
ing to the conditions of the system.

Numerical modelling of leakage presents the challenge of connecting fluid domains
that were hitherto isolated. The works analysed in the literature propose a number of
solutions to this problem, but none provide a transient analysis of leakage from its ab-
sence to its development. Addressing this problem contributes to the state of the art by
ensuring a better understanding of leakage behaviour. In addition, it has important im-
plications for other applications, such as the modelling of valve operations.

However, connecting isolated fluid domains is not the only issue for modelling
leakage: determining the leakage location, as well as setting a leakage criterion which
determines the leakage pathway and flow rate must also be considered. In terms of path
determination, the spatial arrangement of a leak greatly depends on the geometry of
contact, and the surface roughness (Shao et al., 2019). These factors lead to a non-
uniform contact between the sealing surfaces, and consequently fluid must seek a route
which is often tortuous. In addition, the loads or fluid pressure in the system may change,
which can result in a regression of the leak which must also be predicted.

With respect to a leakage criterion, establishing an objective rule which ensures
the absence of leaks is of utmost importance. Too strict a criterion may lead to overdi-
mensioned devices and actuators of the valves, whereas a lack of proper definition of the

criterion may not ensure safe performance.

Therefore, in this work a new methodology to predict transient leakage behaviour
is developed, which is based on a two-way coupled FSI approach. The purpose is to give
the most accurate prediction of the sealing behaviour of two structural elements in con-
tact, when it is subjected to an internal fluid pressure. Furthermore, the two-way coupled
simulation provides the most accurate representation possible of the system behaviour at
the sealing zone, as it considers the interaction of the structural and fluid domains and
the resulting changes in geometry.

The aim of the developed methodology is to enable the direct identification of
leaks in a numerical model, by assessing structural and fluid conditions. In addition, an
experimental procedure to predict the leakage outflow rate is proposed, regardless of the
sealing force and the fluid contained in the system.

In conclusion, the key challenges addressed in the present research are:

e Develop an FSI-based numerical methodology to identify the leak location
and its progression.
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e Determine the evolution of leaks over time, so that their location and pathway
is predicted based on the local fluid and structural conditions. It should be
noted that leaks could progress or regress depending on these conditions.

e Propose an experimental methodology which results in the establishment of a
leakage criterion. This criterion enables an accurate prediction of the leak
onset and leakage flow rate.

1.3 RESEARCH OBJECTIVES

The main objective of this research is to develop a numerical two-way coupled
FSI methodology to model transient leakage phenomena.

To this end, the following technical objectives are stated:

e Objective 1: define a numerical methodology to connect two initially iso-
lated fluid domains.

e Objective 2: define a numerical methodology to identify the evolution of
leaks between two solids in contact, so that their location and the corre-
sponding path is determined.

e Objective 3: develop an experimental bench to characterise a leakage cri-
terion, which determines the onset of leakage and the outflow rate as the

leakage progresses.

e Objective 4: validate the developed numerical methodology and leakage

criterion in a case study.

1.4 DISSERTATION OUTLINE

This thesis document has been divided into four technical chapters (chapter 2 to
chapter 5) so as to achieve the aforementioned operational objectives, as shown in Figure
1.2.

Chapter 2 introduces the numerical methodology developed to connect isolated
fluid domains, giving response to Objective 1. In this section, the main facts concerning
geometry and structural and fluid model definitions are explained. The geometrical model
must fulfil some requirements to permit the application of the developed methodology,
and also specific subroutines have to be implemented both in structural and flow solvers
so that the model behaves appropriately. Once each domain is defined, how to properly
perform the two-way coupled FSI analysis is presented.

Chapter 3 describes an algorithm that complements the methodology set out in

Chapter 2 to determine the leakage pathway, and hence fulfil the needs of Objective 2.

Chapter 4 focuses on the determination of a leakage criterion in order to address
Objective 3. An experimental setup is designed and manufactured to identify leakage
onset and progress. A methodology is explained to quantify the leakage flow rate for
specific structure and fluid conditions, based on fluid pressure measurement and mechan-

ical contact pressure simulation.
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Chapter 5 meets the demands of Objective 4 of validating the developed meth-
odology by means of a case study. Experimental tests are carried out and a two-way
coupled FSI simulation is performed using the developed leak detection methodology.
Results of the simulation and experimental tests are compared and discussed to validate
the predictions of the numerical model.

Finally, in Chapter 6 the overall conclusions of the thesis are summarised and
future research lines are defined.

[ LEAKAGE ]
oot
Isolated fluid
domains

Complex phenomenon

Determine leakage ]

pathway Leakage criterion J

No fluid elements Progress between When flow is permitted
between domains fluid cells and leakage flow rate
_l_ _l _l_ DEVELOPED
METHODOLOGY
HOWTO HOWTO
CONNECT DETERMINE THE kel
ISOLATED FLUID LEAKAGE RATE o VALIDATION
DOMAINS PATHWAY

iie

Fluid 1 Fluid 2

Figure 1.2: Organisation of the thesis.
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This chapter provides an overview of the methodology developed to numerically
connect two fluid domains separated by solid elements. Structural and fluid parameters
are considered to determine the behaviour of a fluid between two solid surfaces in contact.
Fluid-structure interaction (FSI) was taken as a key aspect in the development of this
methodology, and a general overview of FSI is presented. The solutions provided by other
authors to address the problem of numerically connecting isolated fluid domains are also
examined. None of them however, contribute to a transient modelling of that connection.
Therefore, the general approach of the developed methodology is presented, which can
be implemented in any multiphysics simulation solver. In the current work Ansys soft-
ware was chosen, as it is a robust and widely accepted multiphysics simulation tool. In
this regard, the particular aspects of the implementation in the selected software are
described. Finally, the potential applications for the use of the developed methodology
are presented.
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2.1. FLUID-STRUCTURE INTERACTION

2.1 FLUID-STRUCTURE INTERACTION

Fluid-structure interaction (FSI) is the mutual interaction between a deformable
structure and an internal or surrounding fluid flow. The fluid exerts forces which deform
the structure and at the same time the fluid adapts to the new configuration of the
surrounding structure.

Fluid-structure interaction is present in several natural and engineered systems.
The interactions between a tree and wind or groundwater with the soil are known exam-
ples of the former, and applications of the latter can be found in automotive and aero-
nautic sectors, biomechanics, constructions, etc. A selection is presented below to clarify
the concept of FSI:

— Automotive sector: inflation of air bags and impact of a person on them,
door seals, design of valves that restrict flow, etc. (e.g. Jaiman et
al.(2012)).

— Aerodynamics: wings of an aircraft, blades of a turbo-machine, etc. (e.g.
Guruswamy (2002), Takizawa et al. (2015)).

— Biomechanics: interaction of blood flow with natural or artificial heart

valves and arteries, functioning of the respiratory system, etc. (e.g. Su et
al. (2014), Al-Azawy et al. (2016a)).

— Constructions: design of bridges or tall buildings and their interaction with
the wind (e.g. Huang et al. (2013), Kavrakov and Morgenthal (2018)).

— Offshore: platforms in the ocean and wave impact, motion of a boat, etc.
(e.g. Jaiman et al. (2009)).

— Energy and distribution: liquid or gases transported in pipes and passing
through valves, wind turbine design and operation, engines, etc. (e.g. (Lin
Wang et al. (2016), Ferras et al. (2018)).

The complex interaction between solids and fluids may be modelled numerically.
Methods which integrate the solution of different physics, such as structural and fluid
behaviours, are implemented in simulation software. They enable the understanding of
behaviour resulting from coupled phenomena which cannot be predicted with analytical
models (Hou et al., 2012). However, not all problems involving fluids and structures
require FSI modelling. Pressure vessels are subjected to the constant pressure of the
contained fluid, which can be modelled as a boundary condition in a structural solver,
whilst the behaviour of a fluid conducted by a pipeline does not need structural elements
when modelling in a Computational Fluid Dynamics (CFD) solver. In the stated cases
structural deformation does not substantially affect fluid flow, so the solution may not
vary significantly if FSI is considered or not. Conversely, FSI is crucial to achieve accu-
rate results when the interaction between the fluid and the structure affects the response
of a system. Therefore, considering FSI is a must when high security is a requirement
(e.g. nuclear and chemical industry) and in post-accident analysis (Tijsseling, 1996;
Ferras et al., 2018). Liquid and gas distribution is one of the critical sectors because of
the harm a possible failure could cause.

11
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2.1.1 Governing equations

The solution of an FSI problem requires the formulation of a coupled problem
that gives answer to the following requirements (El Hami and Radi, 2017):

1. Solving the structural problem, to describe the behaviour of the structure in

terms of displacement wu, strain € and stress o.

2. Solving the fluid problem, to describe the behaviour of the fluid in terms of
pressure p and velocity v.

3. Ensuring the conditions in the fluid-structure interface, influenced by (i) the
force exerted by the fluid as a boundary condition for the structural problem,
and (ii) the velocity imposed by the structure as a boundary condition for the
fluid problem.

Moreover, the thermal conditions must be taken into account if the temperature
affects the domains under study.

The whole analysis is composed of the structural domain, €2 , and the fluid do-
main, € . The subscripts s and f respectively denote solid and fluid. Their boundaries
are tepresented by ' and TI',, and the fluid-structure interface is defined by

L. =0 NnQ, (see Figure 2.1).

Figure 2.1: Fluid and structural domains in an FSI system.

Structural equations

The structural domain is governed in € by the equation of motion (Equa-

tion (2.1)) and linear elasticity in the material behaviour (Equation (2.2)). All subscripts
(4, j, k) represent spatial dimensions:

cdv Oo (2.1)
pP—r-—"=pg,
dt Oz,
o, =Ab.e, +210e,, (2.2)

where:

p° density of the solid.
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2.1. FLUID-STRUCTURE INTERACTION

v, velocity components of the solid.
stress tensor components of the solid.

g, acceleration due to gravity.

Ev

A Lamé’s first parameter, y — ~“Y
(1+v)(1-2v)

, being F Young’s modulus

and v the Poisson’s ratio.

o Lamé’s second parameter or shear modulus, p’ = L
2 (1 + 1/)
Kronecker delta, which is 1 if ¢ = j, and 0 otherwise.

1
2

v, n 81)_7.
ij Oz,

strain tensor components, €; =

€4 trace of strain tensor.

In the case of solving numerical problems with heat conductive solid bodies, a
simple conduction equation is used:

Sﬁ_i ﬁSaTS +q 2.3
P ot Ox, Oz, nt? (2:3)
where:
e specific internal energy of the solid.
K° thermal conductivity of the solid.

1" temperature of the solid.

q;, internal heat sources of the solid.

In thermal fluid-structure interaction problems Equation (2.3) must be consid-
ered.

Flow equations

In the fluid domain, the description of fluid flows is generally based on an Eulerian
formulation. For linear incompressible viscous fluids, known as Newtonian fluids, their
behaviour is governed by the following equations in Q_ :

; do; 802‘ R o4
P qt 3$j_pgi7 ()
81); 0
=V, 2.
o (25
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2. DEVELOPMENT OF A NEW METHODOLOGY TO CONNECT ISOLATED FLUID DOMAINS

p density of the fluid.

v, velocity components of the fluid.
stress tensor components of the fluid.
7 fluid viscosity.

P fluid pressure.

In thermal fluid-structure interaction problems, conservation of energy must be

considered:
o o) o fon o] afo]
p——+p =1 - ol e
0 oz, Gx]. 8:17], oz 3| 0,
. ' (2.7)
v, 9| .oT"|,
Oz, O, oz,
OT'
£
hl. = — 9 (2.8)
where:
¢ specific internal energy of the fluid.
h, heat flux.
T temperature of the fluid.
k' thermal conductivity of the fluid.

q heat sources of the fluid.

For a complete temperature field coupling, the energy equation should be solved
both for the solid bodies and the fluid.

Boundary conditions at the interface

Two conditions are used at the interface to ensure equilibrium: the kinematic
condition and the dynamic condition.

On the one hand, the kinematic condition guarantees the no-slip condition, as-
suming that the velocities are equal at the interface:

14



2.1. FLUID-STRUCTURE INTERACTION

v =0 at T, . (2.9)

i i fsi

On the other hand, the dynamic condition guarantees the mechanical equilibrium
at the interface:

o'n =o.n at T, (2.10)

/A i ot

where n_and n,_ are the unit normal vectors that point outwards from the solid

and fluid domains.

2.1.2 Solution procedures

Many strategies have been proposed to numerically solve FSI problems. Selecting
the most appropriate depends on the characteristics of the problem (Rugonyi and Bathe,
2001; Belostosky et al., 2014). These strategies can be grouped into two: the monolithic
approach and the partitioned approach (Figure 2.2).

— — —
Solid Solid
t”

bt
(a)
— > i Interface —» Interface —»
[ Solid | [ solid |
t“ tu+1

(b)
Figure 2.2: (a) Monolithic and (b) partitioned approaches (based on Hou et al. (2012)).

The monolithic approach considers the dynamics of both the fluid system and the
structural system in a single set of equations which must be solved at the same time.
The interface conditions are an implicit part of the problem. A specific code must be
developed to solve the particular combination of physical problems and thus, higher
expertise is required. The main advantage of the monolithic approach is that it is poten-
tially more accurate. However, it is more complex to solve because it requires higher
calculation resources, and cannot take advantage of off the shelf specific solvers (Hou et
al., 2012; Drewczynski et al., 2012).

The partitioned approach is also referred to as staggered or segregated, and takes
advantage of previously developed and tested specific solvers for structural and fluid
problems. The boundary conditions are explicitly used to link fluid and solid solutions.
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2. DEVELOPMENT OF A NEW METHODOLOGY TO CONNECT ISOLATED FLUID DOMAINS

Each domain is considered independently, with its corresponding meshes and algorithms,
so code development is required only to program the information transfer between solv-
ers. In fact, the main challenge is to use a stable and accurate coupling algorithm to link
the solutions of the two domains for each time step (Tijsseling, 1996; Wang, 2013; Garelli
et al., 2016). In this regard, FSI simulations can be classified as one-way coupled or two-
way coupled as shown in Figure 2.3.

Fluid |
analysis I

Fluid

analysis

Data

transfer —)
Structure
analysis

(a) (b)
Figure 2.3: (a) One-way and (b) two-way coupled FSI approaches.

Data | T4
transfer

In one-way coupled simulations, it is considered that the fluid domain is hardly
affected by the resulting small structural deformation. This allows CFD and structural
problems to be calculated independently with unidirectional data transfer: only fluid
pressure is transferred from CFD to the structural domain. In two-way coupled simula-
tions, structural deformation due to fluid pressure affects the flow field and, therefore,
fluid and structural domains must be considered simultaneously with bidirectional data
transfer. Pressure is exported from CFD to structural analysis, and deformation is trans-
ferred from structural to CFD so that the geometry of the fluid domain is updated at
each solution iteration, until both solutions converge (Zienkiewicz et al., 2014; El Hami
and Radi, 2017).

Two-way coupled problems are further classified as weakly coupled (or explicit)
and strongly coupled (or implicit) (Benra et al., 2011). In the former case, flow and
structural equations are solved and corresponding data is transferred once per time step,
which does not ensure a converged solution. In the latter case, multiple fluid and
structural iterations and data transfers are performed within each time step to achieve a
synchronised and converged solution (Figure 2.4). Caution is required in explicit
calculations, since significant errors could be accumulated throughout the solution. In
general, implicit solutions are recommended although the total computational cost can

increase significantly.
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Solid Solid —| ( Solid }—| ( Solid J
tn tn+ 1

t‘n tn+l
(a) (b)
Figure 2.4: (a) Explicit and (b) implicit partitioned procedures (based on El Hami and
Radi (2017)).

Considering the different solution procedures discussed in this section, it can be
concluded that the monolithic approach leads to better convergence and is recommended
for problems with large deformations where both domains influence each other (Ha et
al., 2017). However, the partitioned approach is widely employed because optimised ex-
isting solvers can be used and coupled. In such cases, strongly coupled approaches should
be used to ensure accuracy, which implies a large number of iterations per time-step, or
very small time-steps, and subsequently a much higher computational cost (Rugonyi and
Bathe, 2001; Vassen et al., 2011; Belostosky et al., 2014).

2.1.3 Computation of moving boundaries

Structural calculations are mainly simulated based on Lagrangian formulation.
This means that the mesh is fixed to the structure and, consequently, elements deform
as the structure moves. On the other hand, when simulating fluids, Eulerian formulation
is usually chosen. The mesh is still and the fluid particles cross the domain (see Figure

2.5).

Lagrangian

LT Y
AR RN

Eulerian

L T T T AT
AT T T T VA A

Figure 2.5: A block of material impacting a rigid wall, both in the Lagrangian and Eu-
lerian reference frames (Ansys Inc., 2017a).

To deal with the fluid domain motion associated with structural displacements in
FSI simulations, numerical methods can be classified into fixed mesh and moving mesh
methods (see Figure 2.6) (Hou et al., 2012; Basting et al., 2017; El Hami and Radi, 2017;
Kim and Choi, 2019):
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2. DEVELOPMENT OF A NEW METHODOLOGY TO CONNECT ISOLATED FLUID DOMAINS

e Fixed mesh methods (also known as non-conforming mesh methods or inter-
face-capturing methods): a fixed fluid mesh is used regardless of the changes
in the interface.

e Moving mesh methods (also known as conforming mesh methods or interface-
tracking methods): the fluid mesh follows the motion of the structure to ensure
that the boundary of both the fluid mesh and the structural mesh coincide.

-
-
T 1T
TTTT

(a) Fixed mesh. Left: t = t;; Right: t = 6

(b) Moving mesh. Left: ¢ = #; Right: ¢t = ¢,
Figure 2.6: (a) Fixed and (b) moving meshes (Hou et al., 2012).

Immersed Boundary methods (IB), cut-cell methods, and level-set methods are
examples of fixed mesh methods. They permit the use of Eulerian formulation for solving
the fluid flow and Lagrangian formulation for calculating the structure motion (Kim and
Choi, 2019).

The Arbitrary Lagrangian—FEulerian (ALE) finite element formulation (Hirt et al.,
1974; Hughes et al., 1981) is the most widely used moving-mesh technique (Takizawa,
Tayfun E. Tezduyar, et al., 2014). The Lagrangian formulation is used in zones with
small motion, and the Eulerian in zones where the mesh is not able to follow the motion
(T. Tezduyar et al., 1992). The deforming-spatial-domain/stabilized space-time
(DSD/SST) method (T. Tezduyar et al., 1992; T. E. Tezduyar et al., 1992) is also a
general-purpose moving-mesh technique.

In moving mesh methods it is easy to transfer the information to perform an FSI
calculation in a partitioned approach, because the information exchange is directly trans-
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2.2. CONNECTION OF ISOLATED FLUID DOMAINS IN NUMERICAL MODELS

ferred through the fluid-structure interface (El Hami and Radi, 2017). When the struc-
ture moves the fluid mesh must be updated. Fluid elements are moved and deformed,
and consequently the mesh needs to be regenerated at regular intervals. This procedure
entails a high computational cost, especially when small elements are used to obtain a
higher resolution of what happens at the interface and in 3D problems.

ALE formulation has been the preferred method for handling moving interfaces
involved in FSI modelling (Takizawa et al., 2012). However, when there is a large dis-
placement of the structure ALE methods fail due to excessive mesh deformation (Basting
et al., 2017).

2.2 CONNECTION OF ISOLATED FLUID DOMAINS IN NUMERICAL
MODELS

When a leak happens, the fluid flows from a chamber where it was contained to
a new location which was not accessible before. Therefore, the fluid domains that have
been isolated previously become connected. In principle, it is not possible to numerically
simulate the discontinuity that happens in this process, as numerical methods cannot
work with initially separated domains (Beune et al., 2012). A continuous flow field is
required so that information is transported in the fluid domain.

The same problem arises in valve opening and closing operations (Wu et al., 2014;
Song et al., 2014), since separated upstream and downstream chambers become con-
nected, or vice versa. Consequently, different workarounds have been found in the liter-
ature to address this problem. Some are limited to just structural simulations, others
only address flow simulations, and a third and final group performs FSI models which
are a combination of both.

2.2.1 Workarounds in structural simulations

In structural simulations which contain a fluid, its pressure is usually considered
as a constant and uniform external boundary condition. In the cases where the fluid
remains steady this model is sufficient. However, when leak and manoeuvring phenomena
are considered in a structural model, a uniform pressure is not an appropriate approach.
An optimum model should consider that the area where the fluid pressure is applied
enlarges as the fluid penetrates through the surfaces that are in contact.

Ansys Mechanical includes the Fluid Pressure Penetration (FPP) technique
(Ansys Inc., 2016b) to represent the pressure exerted by the fluid as the closure opens
(see Figure 2.7) (Gorash, Dempster, W. D. Nicholls, et al., 2015; Gorash, Dempster, W.
Nicholls, et al., 2015; Gorash et al., 2016; Anwar et al., 2016). The main advantage of
this tool is that the area under pressure is updated as the fluid opens the contact between
the surrounding surfaces. However, using FPP the value of pressure is predetermined and
constant, whereas real fluid pressure changes over position and time as the structure
deforms. Furthermore, the definition of FPP is not accessible from Ansys Mechanical
Graphical User Interface (GUI) and it must be programmed by the user (using APDL
commands).
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ELEMENT SCLOTICN ELEMAT SCLUTICH
STEF-Z

1B =1

TIME=1.01
COMTFPRS (HCAUG)
M =, 2754

SME =.05171

s
1034473 045954
O0GTA6 017237 o2eize 040719 05171

Figure 2.7: Example of a sealing simulation model taking into consideration the FPP
technique. Pressure is applied in a wider area in (b) than in (a) as the contact between
solids disappears (Ansys Inc., 2017d).

2.2.2 Workarounds in CFD simulations

In CFD numerical models only the fluid domain is considered. The structural
elements are considered as boundary conditions of the problem, which implies that solid

elements are treated as completely rigid.

Some alternatives to solve the problem of how to connect isolated fluid chambers
can be found in works in the biomechanical sector. When modelling the full pumping
cycle of a ventricular assist device it is necessary to simulate the valve closure. Medvitz
et al. (2007) conducted such simulation by dramatically increasing the fluid viscosity in
a local region surrounding the valve, resulting in greatly reduced fluid velocity. Al-Azawy
et al. (2016b) performed a similar study by changing fluid interface boundary conditions
according to the valve behaviour. When the valve was closed, the interface boundary
condition was set as a wall, and fluid flow across the interface was not permitted. Con-

versely, fluid flow occurred when the interface was open (see Figure 2.8).

Interface Inlet port Outlet port Interface

= ' (wall)
Aortic Aortic .
valve Mitral valve Mitral

valve
valve

Pusher plate
Pusher plate

: moving
moving direction
direction (compression)
(expansion)

Y
_— i ) Systolic phase
Diastolic phase 7 _IJ_ X

Figure 2.8: Ventricular assist device models where the wall boundary condition is used
to model closed valves (Al-Azawy et al., 2016b).
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In a later work Al-Azawy et al. (2017) took advantage of the overset mesh tech-
nique, also known as Chimera. This technique permits the creation of the mesh of indi-
vidual parts independently. Thus, it is possible to create a finer mesh in the areas required
by each. The mesh of the components is then overlapped with a background mesh and
the connectivity between grids is automatically established. In this process, undesired
fluid cells are discarded (see Figure 2.9).

(a) (b)

Figure 2.9: (a) Background mesh and component meshes overlapped. (b) Overset mesh

after mesh connectivity is performed (Ansys Inc., 2017c¢).

There must be a minimum number of cells between interfaces to have good mesh
connection. Below that number, no connection is guaranteed and the fluid domains be-
come disconnected (Ansys Inc., 2017c). This fact presents a way of modelling the con-
nection/disconnection of fluid domains. Al-Azawy et al. (2017) took advantage of this

technique to model a fully closed valve (see Figure 2.10).

Outlet port Inlet port

Aortic

Mitral
valve Overset

region

Background
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N~ Inactive cells in
\ [ the small gap

(b)

Figure 2.10: (a) Ventricular assist device model using overset and background meshes.

The gap between the background and the valve can be seen in (b). If few elements re-
main between interfaces, two isolated fluid domains are created (based on Al-Azawy
et al. (2017)).
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A different workaround is presented by Liu et al. (2016) to analyse the opening
and closing of a globe valve. In their numerical model mesh elements are created or
eliminated as the valve core moves.

2.2.3 Workarounds in FSI simulations

The topology change that happens when structural elements come into contact
and block the fluid flow presents one of the main reasons in the literature for the devel-
opment of non-conforming mesh FSI methods (Hsu et al., 2015). In a work by Loon et
al. (2006) based on non-conforming mesh a method was proposed to model large move-
ments of a solid through the fluid domain, also considering contact between solids. It was
applied to compute the motion of a heart valve in a pulsatile blood flow. One drawback
of this method however, is that the compliance of the wall was not taken into account,
which is important for the closing behaviour of the valve.

Ager et al. (2018) and Pauw et al. (2019) also presented a monolithic approach
based on a fixed fluid mesh which was capable of working down to a zero gap between
solid bodies. A poroelastic layer was used to include the effect of the solid asperities of
the rough surfaces in the model. When elastic structures are in contact with a vanishing
fluid gap in between, the influence of the surface roughness has to be considered in the
computational model. Therefore, a variable porosity was included in the poroelastic me-
dium, so that roughness influence increased as the gap reduced. Such an approach takes
into account the effect of surface roughness on fluid flow in the whole contacting process,
ranging from free flow situations to pure solid contact without any flow.

As regards conforming mesh techniques, an enhanced version of DSD/SST meth-
ods was developed by Takizawa et al. (2014). The Space-Time method with Topology
Change (ST-TC) includes a master—slave system that maintains the connectivity of the
“parent” mesh when there is contact between the moving solid surfaces. Examples of
applications, among others, include fluid mechanics of heart valves, where the flow has
to be completely blocked when the valve is closed (Takizawa, Tayfun E Tezduyar, et al.,
2014), or the computational analysis of a micro aerial vehicle (MAV) with wing clapping,
whose wings are brought into contact when they clap (Takizawa et al., 2015).

However, many works found in the literature that use moving mesh techniques
(e.g., Aksenov et al. (2005), Beune et al. (2012), Wang (2013), Song et al. (2014), Su et
al. (2014), Yang et al. (2017)) have approached the problem of how to connect isolated
fluid domains by including a channel between them (see Figure 2.11). In all these cases
the gap left between solids is considered negligible, but the conditions at which the anal-

yses start do not represent the real situation.

In this chapter a methodology is proposed to connect isolated fluid chambers. A
general approach is presented, and specific implementation is performed in commercial
finite element solver. The multiphysics commercial FEM software which are most widely
used in the industry use moving mesh techniques and partitioned procedures. Therefore,
the developed methodology is formulated for interface-tracking methods for two-way FSI
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partitioned schemes, so that the process of connecting isolated fluid chambers is simu-
lated with the most accurate prediction.

Atrium

(a) (b)

Figure 2.11: Examples of a channel connecting fluid chambers and a negligible gap be-

tween solids in the works of (a) Wang (2013), (b) Beune et al. (2012) and (c) Su et al.
(2014).

Numerous analyses in the literature that consider the movement of solids take
them as rigid bodies. Their motion is imposed or calculated by an analytical expression
that gives the position depending on the force in the system (e.g., Beune et al. (2012),
Song et al. (2014), Yang et al. (2017)). A key advantage of the methodology presented
in this research is that the developed two-way FSI simulations consider the deformation
of the solids as the fluid flows between their surfaces in contact, and the fluid flow is
updated with the corresponding new boundaries.

2.3 GENERAL APPROACH TO THE METHODOLOGY TO CONNECT
ISOLATED FLUID DOMAINS

The methodology developed in this research aims to connect two fluid domains
that are separated by solid elements in a numerical model. This section sets out the
fundamentals of this methodology, since its implementation may vary from software to
software. First, the basic considerations upon which the methodology is based are de-
scribed. Then, specific aspects related to geometry, structural and fluid domains and how
to perform a coupled FSI analysis are explained.

2.3.1 Basic considerations

As a fundamental principle, it is not possible to numerically connect two isolated
fluid domains that are totally independent. This usually occurs in systems where the
pressure exerted between solid bodies prevents the fluid from entering the intermediate
space. System conditions may change and allow fluid to pass between the surfaces in
contact, but in a numerical model it is not possible to connect both domains because
there are no fluid elements between them. In addition, fluid elements with null volume
cannot be mathematically formulated.
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In the present research, the connection process is made possible by defining a set
of fluid cells in the pathway between the solid elements in contact. These cells remain
inactive while the fluid domains are isolated. The progressive activation of these cells
simulates the process of connection between domains when the conditions of the system
allow it. However, fluid elements cannot be superimposed on solid elements. This implies
that a gap must exist between the solid elements in contact, which cannot affect the
mechanical behaviour of the system. Therefore, the solid elements are located not exactly
in contact, but separated by a negligible distance which corresponds to the fluid domain
size in the pathway (see Figure 2.12). In the structural model the bodies have to be
considered in contact disregarding the existing gap.

Fluid elements

Figure 2.12: Fluid elements in the gap between the solid bodies in contact.

A criterion must be defined to determine when the fluid cells in the pathway are
activated. In a real system flow happens when the pressure exerted by the fluid is suffi-
cient to separate the structural surfaces in contact. This causes the contact pressure to
decrease. When the contact pressure drops below a threshold value, separation occurs
and fluid can flow. This means that in the numerical model the criterion must depend
on the contact pressure from the solid domain and the fluid pressure from the fluid
domain.

It is considered essential to represent the connection process as rigorously as pos-
sible. Therefore, the presented methodology is implemented in a two-way coupled FSI
numerical model. As a result, the space filled by the fluid is updated when the pressure
exerted by the fluid deforms the solid bodies. In the same way, fluid pressures change as
the fluid occupies this space.

The following sections set out the general considerations to build the numerical
model and specific aspects of structural and fluid domains.

2.3.2 Geometrical considerations

To analyse the behaviour of how the fluid flows between solid surfaces in contact,
the area surrounding the pathway is of vital importance. Some specific geometrical con-
siderations have to be taken into account in this area, whereas the rest of the model is
treated as any other FEM model.

The geometrical model is comprised of the structural and the fluid domains. Cre-
ating a single model ensures a perfect match between both domains. Afterwards, fluid
entities are supressed in the structural calculation, and vice versa.
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As regards the fluid domain, the different chambers have to be connected by fluid
elements even if they are isolated when the solid bodies that divide the chambers are in
contact. As a consequence, a channel exists which connects the fluid domains on both
sides. While the solid bodies remain in contact the elements in this channel will not
permit any flow. The choice of the channel height is arbitrary. On the one hand, it has
to be taken into account that a gap is created that separates the solids which are really
in contact. This is addressed by defining appropriate contact properties in order to dis-
regard this gap in the structural solver. On the other hand, the chosen channel height
determines the initial flow rate when the fluid chambers are fully connected.

In order to study how the connection process evolves, the pathway between solids
is divided into fluid cells along the direction of the flow. The number of cells depends on
the required solution accuracy and the available computing resources. In addition, the
surfaces of the solids that are in contact with the fluid in the pathway, are divided into
sections whose dimensions correspond to those of the fluid cells. In this way the structural
contact pressure exerted onto the corresponding fluid cell is captured and compared to
the fluid pressure at the same location, in order to permit or not the flow through a
specific fluid cell. Fluid cells and the corresponding solid surface sections in contact are
given a name to easily and unambiguously identify their relative location. Similarly, the
interfaces that connect fluid elements to each other are assigned a name that helps to
determine which interface permits the fluid flow into a new cell.

After having defined the geometry of the whole system, just the solid geometry
is considered in the structural solver, and fluid geometry in the fluid solver.

2.3.3 Structural calculation setup

The structural domain is composed of the solid bodies whose behaviour is evalu-
ated by means of the structural solver. As has been stated before, solid bodies are sepa-
rated by a negligible gap that defines the pathway between the fluid chambers. The
response of the elements in contact must be the same as if no gap existed. Therefore, a
contact offset is defined in the model, with a value that corresponds to the defined gap.
In this way the solver considers the elements closer to each other so that they behave as
if in contact.

To establish if fluid is contained in a certain fluid cell, its corresponding fluid
pressure and contact pressure have to be determined. Contact pressure has to be stored
at the end of each structural calculation step so that the fluid solver can retrieve this
information. This is achieved by the following steps:

1. A text file is exported containing the identification of the contact elements
that correspond to each named contact section in the structural solver.

2. The contact pressure solution of each named contact section is written to a
text file which is made accessible to the fluid solver. A user-defined subroutine

is required to write this result after each calculation step.

25



2. DEVELOPMENT OF A NEW METHODOLOGY TO CONNECT ISOLATED FLUID DOMAINS

To achieve a two-way FSI solution the surfaces in contact have to be defined as
FSI interfaces in the structural solver. In this way, the surfaces exposed to the fluid will
receive the pressure exerted by the fluid.

2.3.4 Computational Fluid Dynamics calculation setup

Flow along the channel between solid bodies occurs depending on whether or not
the fluid cells connecting the chambers contain fluid. The boundary conditions on the
interfaces between adjacent cells are changed to determine if fluid can access the adjacent
cell or not. The interface behaves as if it did not exist when fluid flow is allowed. Con-
versely, the interface can behave as a barrier if its boundary condition is changed, and
thus prevent the fluid from crossing it.

The interfaces between the fluid cells in the pathway are initially defined as bar-
riers if the surrounding solid elements are in contact. A subroutine is implemented in the
fluid solver to control when to change the boundary conditions of the interfaces, and as
a consequence, control the fluid flow. For each specific interface, the subroutine requires
the following information:

1. Pressure exerted by the fluid on that interface, which is directly obtained from
the fluid solver.

2. Contact pressure between the structural elements on the top and bottom of
the next empty fluid cell. This information is calculated in the structural
solver. The subroutine retrieves this contact pressure from the text file that
is written after each structural calculation.

3. Criterion to determine whether to change the boundary condition of the in-
terface, depending on the fluid pressure and contact pressure that have been
obtained.

To achieve a two-way FSI solution, fluid cell interfaces in contact with solid ele-
ments have to be defined as coupled to the structural domain. This ensures that the
nodes on these interfaces move according to the displacement calculated in the structural

solver.

2.3.5 Coupled FSI analysis setup

The developed methodology is designed to be implemented using a partitioned
FSI approach. This means that structural and fluid solutions are achieved independently,
with their corresponding meshes and algorithms. An additional coupling algorithm is
used to transfer information between the domains and ensure a simultaneous solution of
structural and fluid solvers.

The calculation is divided into several time intervals, which are called coupling
steps (see Figure 2.13). For each coupling step, structural and fluid solvers determine the
solution of their corresponding domain. Each solver requires its own solution iterations
to achieve a solution at the end of the coupling step. At the end of each coupling step

solution information is exchanged between the solvers. For this purpose data transfers
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are defined for the interfaces shared by the solid and fluid domains. Force exerted by the
fluid pressure is transferred to the structural solver, and the corresponding displacement
calculated in the structural solver is transferred to the fluid solver to update the system
geometry. After that, convergence is checked in both structural and fluid solvers, and in
the coupled solution. If no convergence is achieved, coupling iterations are performed,
which means that further calculation and data transfer loops are carried out to achieve
a more accurate solution in that coupling step. Coupling iterations are performed until

convergence is achieved or until the established maximum number of coupling iterations

is reached.
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Figure 2.13: Flow chart of a coupled FSI analysis.

2.4 IMPLEMENTATION OF THE DEVELOPED METHODOLOGY IN
ANSYS SOFTWARE

There are several commercial simulation programs to test a virtual prototype by
means of FEM. Most of them have tools to perform multiphysics analyses in their envi-
ronments, such as Ansys, COMSOL Multiphysics, Abaqus or MSC.

Ansys software! was chosen to develop the present work as it is a robust and
widely accepted simulation tool. Its structural and fluid solvers are among the leaders in
the field and are widely extended in the industry. In addition, they can easily be com-

bined to perform FSI simulations with results as reliable as the solvers themselves.

Implementing the developed methodology in Ansys required certain adaptations
which are thoroughly explained in the following sections.

! Ansys® Academic Research, Release 19.2
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2.4.1 Introduction to Ansys software

The key Ansys products related to this work are the following (El Hami and Radi,
2017):

e Ansys Mechanical: an FEM analysis tool for structural analysis to perform
static analysis, modal analysis, dynamic studies, nonlinear problems and ther-

mal analysis.

e Ansys Fluent: Computational Fluid Dynamics (CFD) software tool to simu-
late fluid flows. It has a wide variety of models and tools to solve turbulence,
multiphase problems, combustion, particle transport, dynamic meshes, etc.
Ansys also includes CFX package to solve CFD problems.

e Ansys Meshing: automated product to obtain an appropriate mesh for FEM
analyses.

e Ansys Workbench: platform that permits coupled simulations. It takes ad-
vantage of single Ansys products which can be connected in the Workbench
environment (see Figure 2.14).

When different physics are involved they must be coupled to solve the global
problem. The solution of each particular discipline or domain is achieved in the most
appropriate package, and the multiphysics solution is performed by coupling these inde-
pendent analyses. Thus, coupled problems are addressed by means of partitioned ap-

proaches.

Ansys launched Ansys AIM in 2015 as a tool where multiphysics problems can be
solved within a single interface. One of its strengths is that the main processes and
physics combinations are standardised. Its main drawbacks however are that only steady-
state solutions can be calculated and only one-way couplings can be performed, thus
rendering it unsuitable for two-way FSI simulations or achieve transient solutions. For
this reason, linking Ansys Mechanical and Ansys Fluent in the Workbench environment
was selected in the present work.

By using Ansys Workbench to connect structural and fluid solvers both unidirec-
tional or one-way couplings and bidirectional or two-way couplings are possible. In one-
way FSI analysis, CFD results (forces, temperatures, heat flows, heat transfer coefficients
or near wall temperatures) are transferred as inputs in the structural analysis. In two-
way FSI analysis, in addition to the above, the structural results (displacements, tem-
peratures or heat flows) are also passed as loads to the CFD solver (Ansys Inc., 2016a;
Ansys Inc., 2016d). The former are used when the structural domain is notably affected
by the fluid flow, but not the other way around (e.g. thermal stress problems). The latter
are required when both domains affect each other in a significant way (e.g. interaction
between high pressure fluid and flexible structure).

The links between individual domains are easily performed in the Ansys Work-
bench environment using System Coupling components, which are responsible for syn-
chronising the overall simulation and exchanging information between individual solvers.
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2.4.2 Model setup

The basic structure for the two-way FSI calculation must be assembled in Ansys
Workbench as shown in Figure 2.14. Both structural and fluid modules share the same
geometry, as was established in section 2.3.2. The mesh of each domain is created in its
corresponding module, as each has its own specific requirements. Static Structural or
Transient Structural is chosen for the structural domain, depending on the calculation
to be carried out. Transient Structural is chosen if the time scale of the loading is such
that inertia or damping effects are considered to be important. In the contrary case,
Static Structural is chosen. Even if the Fluent module is the same for both static and

transient calculations, the CFD solver must be defined in accordance with the structural

one.
- A - B - = hd D
2 Bl Geometry + 2 @ Engineering Data v 4 2 Bl Geometry v 4 z @ Setup v 4
Geometry 3 ﬂ Geometry v 4 3 @ Mesh v 4 3 Solution 5 4

4@ Model v 4 4 @. Setup v 4 System Coupling
5 @ Setup v 4 5 Solution 7 4
6 Solution 7 4 6 @ Results T 4
7 @ Resits 7 Fluid Flow (Fluent)

Transient Structural

Figure 2.14: General arrangement for a two-way FSI simulation in Ansys Workbench,
where the fluid chamber connection methodology is implemented.

2.4.3 Structural calculation in Ansys Mechanical

Geometry is adopted from the module that is shared with Ansys Fluent. Struc-
tural bodies are only considered and those corresponding to the fluid domain are su-

pressed.

Correctly defining the contact between the surfaces of the solids through which
the flow will pass is one of the key aspects. In a real system the surfaces remain in contact
when there is no flow along the channel. However, the developed methodology requires
a set of fluid cells to connect the fluid domains at each end of the channel. Therefore, a
gap whose size is equal to the fluid cell height exists in the structural geometry. In order
to consider the cited structural surfaces initially in contact, an offset has to be imposed.

The fluid channel created in the closure is composed of several fluid cells. The
number of fluid cells depends on the accuracy with which it is necessary to evaluate the
process of connection between chambers. The surfaces of the solid elements above and
below each fluid cell are divided into sections whose dimensions correspond to those of
the fluid cells (see Figure 2.15). Each pair of these sections are given a unique identifica-
tion number, creating named contact pairs. This is essential to capture the structural
contact pressure and the fluid pressure at the same location, in order to evaluate if the
adjacent fluid cell contains fluid. In this regard, it is necessary to determine and register
the contact pressure between each named contact pair.
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Solid element 1

Solid element 1

Outflow direction

%—n

Fluid cells in the pathway

Solid element 2 Solid element 2

(a) (b)
Figure 2.15: (a) Fluid cells in the channel between solid elements, and (b) solid surfaces
divided into sections that match the dimensions of each fluid cell.

Meshing properties are then defined, such as element type and sizing. When mesh

is generated, Ansys Mechanical creates structural and contact elements in the geometry.

With respect to the boundary conditions, loads and restrictions related to the
structural model are defined. In addition, the Fluid Solid Interface boundary condition
must be assigned to regions that will receive data from the System Coupling module.
This ensures that structural surfaces in contact with fluid receive the exerted pressure,
which is the principal feature to perform a two-way coupled FSI analysis.

The specific features developed to achieve the isolated fluid chamber connection
are detailed hereafter. Two different types of codes must be implemented in the Ansys
Mechanical environment:

1. Command snippets: Ansys Mechanical uses Ansys Mechanical APDL as the
finite element solver. When a solution calculation is run, an input file is sent
to the Mechanical APDL solver. After the solution is complete, a result file is
created, which is read by Ansys Mechanical. By using command snippets,
additional instructions are given to the Mechanical APDL solver to perform
user-specified tasks in the pre-processing, solution or post-processing phases
of the analysis. APDL stands for Ansys Parametric Design Language, and
commands snippets use this scripting language.

2. User Programmable Features (UPFs): users can write their own subroutines
to adapt the Mechanical APDL program to their needs. In this way, a new
material behaviour, a special element, a contact interfacial model, or a modi-
fied failure criterion for composites can be defined. It also permits the retrieval
of information from the Mechanical APDL database (Ansys Inc., 2016c).
These subroutines may be written in C, C++, or Fortran and they are then
compiled and linked to the simulation.

APDL is a scripting language that may be slower to execute than compiled code.
However, changing or adjusting APDL input files is much easier than modifying subrou-
tines, as the latter requires recompiling and relinking. Hence, it should be considered
whether the desired functionality can be achieved by means of APDL command snippets,
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as this is a much easier and quicker approach than implementing UPFs (Ansys Inc.,
2016¢).

In the present work, Ansys Mechanical is employed to obtain the contact pressure
on each fluid cell, and to export it to a text file. This information must be written at the
end of each coupling step during the FSI calculation. The resulting file will then be
accessible to the CFD solver to determine the behaviour of each fluid cell in the channel
between the solid bodies. To achieve this goal, a combination of command snippets and
a UPF are needed, which will be explained hereafter.

Three different command snippets are required in the Ansys Mechanical environ-
ment, all of them at the Analysis type level (Transient or Static Structural):

1. A snippet is required to ensure that results are saved in the database during
solution. This is necessary to register contact pressure information after each
coupling step calculation is performed.

2. Another snippet writes the contact element identification numbers for each
previously named contact pair in a text file. It should be noted that each of
these named contact pairs is usually composed of several contact elements.

3. The third snippet is responsible for linking the developed UPF into Mechani-
cal APDL and request its execution.

With regards to the UPF, among all the types available in the program (such as
user-defined elements, materials or contact behaviours) only those that allow the evalu-
ation of results during solution were applied in the presented methodology. These permit
user access at the beginning and at the end of each run solution, load step, substep, or
equilibrium iteration (Ansys Inc., 2016¢). A specific subroutine is defined for each of
these particular cases, and they all must be written in Fortran programming language.
They are activated by issuing the USRCAL command, which corresponds to the third

command snippet mentioned earlier in this section.

In our particular case of interest, the UPF that best suits the needs for the meth-
odology is USSFIN, which allows user access to the developed subroutine after each
calculation substep. Therefore, during the coupled FSI simulation, whenever Ansys Me-
chanical achieves the structural solution for the coupling step under execution the imple-
mented subroutine is executed. The tasks performed by the implemented subroutine are
the following (see Figure 2.16):

1. Open a text file where contact pressure solutions will be written (file 1).
2. For every structural named contact pair that corresponds to a fluid cell:

a. Open the text file containing the identification of its corresponding
contact elements, which is created by the first command snippet men-

tioned earlier in this section.
b. Create a vector that contains the identification of all contact elements.

c. Open a text file where the contact pressure for the actual contact
elements will be written (file 2).
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d. Retrieve the contact pressure for each contact element from the solu-
tion database.

e. Write the contact element identification and the corresponding con-
tact pressure (in file 2).

f. Compute the average contact pressure for the overall named contact

pair.
Write the calculated average contact pressure (in file 1).

h. Close file 2.

3. Close file 1.

[ Create file I global contact solution ]

i < number of no
named contact pairs
yes |
[Opcu text file with contact element identifications (IDs) ]

[ Create file 2 contact pair solution ]

i=i+1
j < nmmber of no

contact elements
yes |

[ ji=i+1 ] [ Ohbtain contact pressure of element j (CPres;) ]
4[ Write contact element ID; and CPres; in file 2]

[ Compute average contact pressure in
Named contact Named contact named contact pair i (CPres;) ]

pair i pair i+1

[ Write CPres; in file { ]
—[ Close file 2 ]

[ Close file 1 }7

Figure 2.16: Flow chart of the developed USSFIN UPF.

Consequently, at the end of USSFIN subroutine execution the average contact
pressure that corresponds to each fluid cell is stored in a text file which is shared with
the CFD solver.

32



2.4. IMPLEMENTATION OF THE DEVELOPED METHODOLOGY IN ANSYS SOFTWARE

2.4.4 Computational Fluid Dynamics (CFD) using Ansys Fluent

As with Ansys Mechanical, geometry is adopted from the module that Ansys
Fluent and Ansys Mechanical share. Structural bodies are suppressed and only the fluid
domain geometry is considered.

As a first step, the analysis type must be determined as Steady or Transient. It
should be noted that it must match the type of structural analysis in Ansys Mechanical
to perform a coupled FSI analysis. As regards the model specifications for the computa-
tion, choosing an appropriate turbulence model is a significant issue which depends on
the particular system to analyse. Then the Cell Zone Conditions are determined. Taking
into account the foundations of the developed methodology, an independent cell zone
must exist for each fluid cell in the channel. This fact ensures an interface exists between
adjacent fluid cells, so that the flow along the pathway can be controlled. Whether fluid
is contained in a specific fluid cell depends on the boundary conditions in those interfaces.
In this regard, wall boundary conditions are generally used to separate fluid and solid
regions. An interface defined as wall behaves as a barrier and does not permit the fluid
to cross it. Therefore, this boundary condition is assigned to interfaces between fluid cells
where fluid must stop. On the other hand, interior boundary conditions permit the fluid
to pass through the assigned interface (see Figure 2.17). Consequently, an interface de-
fined as wall which is turned into interior allows the fluid flow to access the next fluid
cell. Conversely, when an interface between two adjacent fluid cells defined as interior
changes to wall, the fluid that had been flowing through that interface is blocked at that
location. Boundary condition change is controlled by a subroutine which will be explained
subsequently. However, it is important to properly assign the initial behaviour of these

interfaces according to the initial conditions in the model.

Wall boundary condition Interior boundary condition

(a) (b)
Figure 2.17: Different boundary conditions in Fluent. (a) Wall blocks the flow while (b)
interior permits it.

A key step to perform two-way coupled FSI simulations is to define the fluid
boundaries so that they adapt to the displacements computed in Ansys Mechanical.
Therefore, the mesh on the interfaces that separate the fluid and the solid domains must
be defined as dynamic mesh with the System Coupling option, in order to obtain dis-
placements from the structural domain. In the same vein, surfaces in symmetry planes
are also dynamic meshes which have to be defined as deforming, so that their mesh can
be adapted in the corresponding plane to the calculated displacement.
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As with Ansys Mechanical, special code has to be implemented in Ansys Fluent
to analyse the behaviour of a system according to the developed methodology. In order
to customize Fluent users can implement their own subroutines, called User-Defined
Functions (UDFs), to enhance its standard features. Among other functionalities, special
boundary conditions, customised or solution dependent material properties, new physical
models and customised post-processing may be accomplished by the use of UDFs. The
corresponding subroutines are written in C or C++ languages. After the UDF code is
compiled, the functions contained are ready to be activated in the CFD model, and
appear in drop-down lists in the dialog boxes. In addition, UDF's can be called at prede-
termined times during the solution process, or even on demand depending on how the
functions are defined (Ansys Inc., 2017b).

In this research a key UDF was developed for application in simulations where
the presented methodology is implemented. Its aim is to retrieve the contact pressure
information that is stored in a text file by Ansys Mechanical. It is defined as an on
demand UDF, so that it can be called whenever the main algorithm checks if the bound-
ary conditions at fluid cell interfaces have to be changed. It scans the text file to save
the contact pressure of a certain interface in a variable. In addition, further UDFs may
be required in each particular model, such as to control inlet or outlet fluid behaviour
according to a certain pattern.

Changing the boundary conditions of the interfaces between adjacent fluid cells
is the most significant feature of the developed methodology. At the end of each coupling
step a subroutine has to determine the wall or interior condition for each interface. This
control cannot be achieved by means of UDFs. Changing boundary conditions must be
done via the GUI (Graphical User Interface) or TUI (Text User Interface). The Fluent
GUI consists of a menu bar to access the menus, a toolbar, a navigation pane, a task
page, a graphics toolbar, graphics windows, and a console, which is a textual command
line interface (TUI) (Ansys Inc., 2017c). Boundary conditions can be changed by navi-
gating in the GUI to the correct command, or by referring to this action by means of the
appropriate TUI command. It should be noted that boundary conditions must be checked
during the solution process at the end of each coupling step, and that various interfaces
may need to be changed simultaneously. Therefore, automating this operation is a must,
and the steps to do so are set out in the following paragraphs.

TUI commands are written in a dialect of Lisp programming language, called
Scheme. As the TUI is tightly integrated with the Scheme language, it can be pro-
grammed to provide user-defined functionality. When entering characters between pa-
rentheses into the TUI, the contained code is passed to Scheme to be evaluated, and the
result of evaluating the expression is displayed. In addition, Scheme procedures can use
Fluent TUI commands to change the desired simulation settings in a parametric manner
(Ansys Inc., 2017c). To execute a Scheme algorithm, first it has to be loaded to Fluent
and next, the user determines when to run the subroutines contained. The commands
are executed at the specified interval of iterations or time steps during the calculation.

With all this in mind, a Scheme algorithm was developed which automates the
changes in boundary conditions of fluid interfaces when required. The content of the
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implemented algorithm is shown in the flow chart in Figure 2.18. The code is imple-
mented so that at the end of each time step (which in coupled FSI calculations becomes
a coupling step) the status of each fluid interface is checked.

Execute UDF: create list with CPres over
each fluid cell

T
Y
i << number of cells no
. R End
containing fluid
ves l

{ Retrieve fluid pressure on interfaces of the fluid cell ¢ }

: T
£=.JI+]

List of cells
containing fluid

| no j < number of
FluidCelll int t-rlfucvs
) . yes |
FluidCell2 ves Boundary condition on no
interface j = wall j=i+1
FluidCelln L]
Criterion for permitting Criterion for preventing
flow based on CPres, no flow based on CPres; no
and fluid pressure on and fluid pressure on
interface j is satisfied interface jis satisfied
yes |
X
[ Interface j = interior ] [ Interface j 2 wall ]
T
k4 X
Register adjacent fluid Delete fluid cell from
cell in list as open list of open ones

Figure 2.18: Flow chart describing the Scheme algorithm that controls the change of
the boundary conditions of fluid interfaces.

Only cells that already contain fluid can give the flow access to a new cell. In
addition, the opposite effect may also occur: a fluid cell containing fluid may lose this
condition if the contact pressure on it increases above a limit. Therefore, the identification
of the fluid cells which contain fluid at each moment must be registered in a list.

Hence, the steps that are performed by the Scheme algorithm are as follows:

1. Contact pressure on each fluid cell zone is read and stored in a list by means
of the defined on demand UDF.

2. The interfaces of the fluid cells that contain fluid are checked.
3. Fluid pressure exerted on these surfaces are retrieved from Fluent.

4. Contact pressure and fluid pressure are compared based on the established

criterion:
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i. Boundary condition is changed from wall to interior if the in-
terface was previously closed and flow is permitted from that

moment on.

ii. Boundary condition is changed from interior to wall if the in-
terface was previously open and flow is not permitted from
that moment on.

iii. Boundary conditions are kept without changes if the behaviour
of the interface does not need to change.

5. Fluid cells containing fluid are updated in the list.

At the beginning of its execution the Scheme algorithm retrieves the identification
of the cells containing fluid in the list created for this purpose. Therefore, before running
the algorithm for the first time a list of cells must already exist. The identification of the
fluid cells located in the upstream fluid chamber which are adjacent to the fluid cells at
the beginning of the channel must be included in this list. It is also necessary to initialise
the value of the variables that are used in the algorithm. The way of making the list and
variables accessible to the Scheme algorithm is by writing a journal file. A journal file
contains a sequence of Ansys Fluent commands recorded as Scheme code, whose purpose
is to automate a series of commands instead of entering them repeatedly in the TUI
(Ansys Inc., 2017¢). The journal file must be read before releasing the calculation. At
this point, it is vital to check that the boundary conditions imposed in the fluid model
and the fluid cell identifications contained in the list match.

As a result of the implemented UDF and Scheme subroutine, after each coupling
step of the FSI simulation, Ansys Fluent updates the boundary conditions of the inter-
faces between fluid cell zones. This ensures that the behaviour of each interface is updated
to permit or not the flow through it. The following coupling step is then calculated with
the updated scenario for the simulation.

2.4.5 Coupled FSI analysis in Ansys Workbench

Ansys Mechanical structural solver and Ansys Fluent CFD solver are connected
in the Ansys Workbench environment using the System Coupling component to perform
the two-way coupled FSI analysis (see Figure 2.14). Consequently, the overall simulation
is synchronised and information is exchanged between both solvers. The coupled envi-
ronment has to be configured to perform the required calculation. As the cited solvers
are linked to the System Coupling module, they both appear as participants in the cal-
culation outline. Moreover, the interfaces defined as Fluid Solid Interface in the structural
domain, and those marked as coupled to the structural domain with a dynamic mesh in
the fluid domain, are transferred to the System Coupling setup window. This allows their
connection by means of data transfers, which are defined by one source and one target
region. Data transfers are able to take one variable in one direction between two partic-
ipants. In a two-way coupled analysis, as data has to be transferred in both directions,
source and target regions are defined for both participants. For FSI problems, one data
transfer is defined with Ansys Fluent as the source region for the transfer of force,
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whereas Ansys Mechanical works as the target region to receive it. Another data transfer
is defined where the structural solver is the source for the transfer of incremental dis-
placement, which is received by Ansys Fluent as the target region (Ansys Inc., 2017e).
Therefore, two data transfers must be identified for each interface between structural
and fluid cells.

Coupled FSI simulations may be defined to achieve steady or transient analyses.
Steady-state solutions are achieved by coupling a Static Structural and a Fluent module.
Transient solutions require a Transient Structural and a Fluent module. In this case, the
time step of each coupling step is defined by the user and it is equal for both solvers. In
other words, the total calculation time is divided into time increments and the considered

time span for each of these increments is the same for both structural and fluid solvers.

2.5 POTENTIAL APPLICATIONS OF THE DEVELOPED
METHODOLOGY

The following cases can be identified in which two isolated fluid domains become

connected:

1. Deliberate connection of the domains: this is usually controlled by means
of valves, devices that allow, prevent or regulate the fluid flow. When a
valve opens, the connection of the fluid domains at the sides of the valve
occurs (Beune et al., 2012; Wu et al., 2014; Song et al., 2014; Liu et al.,
2016).

2. Unintended connection of the domains: a fluid contained in a closed vol-
ume reaches a new location in an uncontrolled way. This refers to leakage
phenomena, which includes the connection of a fluid domain under control
to another fluid volume, or to the open air domain.

In the present work an effective methodology to simulate and analyse both phe-
nomena is presented. The problem to address is roughly the same in both cases, since the
challenge is to determine the conditions and the behaviour of the fluid when chambers
are connected. However, there is the nuance that the deliberate manoeuvres inevitably
connect the fluid domains, although depending on the control implemented in the system,
the connection may be slower or more abrupt. However, with regard to leakage analysis,
the problem is more uncertain, since it lies in the concise analysis of whether the condi-
tions are met for the fluid chambers to connect and lead to a leak.

This work provides an in-depth analysis of leaks to provide greater knowledge in

this area.
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In Chapter 2 a methodology was presented to numerically connect isolated fluid
chambers along a channel between two solids in contact. This solution meets the require-
ments of planar and axisymmetric models. However, general three-dimensional systems
require a solution for a closure defined in real geometries.

In this chapter a solution is presented which considers the closure as a surface
between solids in contact, disregarding the height of the passage. The contribution of
this chapter is the prediction of the direction the fluid takes at each moment and at each
position.

The challenge is to establish whether the fluid moves forwards, sideways or back-
wards from any given position. This is determined by comparing the fluid pressure which
results from the CFD calculation, with the contact pressures retrieved from the structural
calculation, on the basis of a criterion that is experimentally established in Chapter 4.
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3.1 LITERATURE REVIEW

The distribution of contact in a metal-to-metal closure determines the likelihood
of leakage channel creation. Surface topography plays a crucial role in the resulting
contact and thus, identifying the potential leakage channel is a challenging task.

The studies in the literature are generally limited to basic leakage path geometry,
or they are focused on surfaces achieved by turning, a widely used machining process. In
such surfaces, an anisotropic microgeometry is achieved characterised by a regular spiral.
Hence, radial and circumferential flows may appear, depending on microgeometric
imperfections and the load applied between the components in contact. The former occur
with low and moderate loads, across local fluctuations of the crest height; and the latter
in high load applications, when the passages on the crest disappear and flow happens
along the valley of the spiral. For intermediate loads a combination of both flows takes
place. In conclusion, two main flow directions are possible in turned surfaces, but it is
still a challenge to predict what happens.

Predicting leakage involves several operations. Many works in the literature
undertake the following three steps: (i) obtain the real topography of the surface, (ii)
compute the elastoplastic behaviour of the surfaces at various scales (from roughness to
component scale) to achieve the aperture between surfaces through which the fluid flows,
and (iii) determine the leak rate through the calculated space.

Geoffroy and Prat (2004) considered a representative topography of a turned
surface to analyse radial and circumferential flows. They developed an analytical model
to analyse leakage both through radial passages and through the spiral groove,
simplifying the surface as a combination of sinusoids. They showed that the leak
transition from radial to circumferential was sharp, i.e. the transition occurred with a
small variation of the applied load. However, the model of roughness they considered was
too simple for a real sealing surface.

Robbe-Valloire and Prat (2008) considered a proper description of the surface
microgeometry to be of vital importance. Therefore, they developed a model based on a
statistical distribution of asperities having the same roughness level. They concluded that
surface microgeometry of the sealing surface played a key role in leakage initiation and
paths. However, they did not perform an estimation of leakage rate.

Nitta et al. (2013), using a laser microscope with a wide field of view identified
the location of contact marks over the apparent contact area. Thus, the leakage flow in
both radial and circumferential directions were recognised, and the critical contact
pressure at which the radial flow disappeared was identified. In previous research (Nitta
and Matsuzaki, 2010), the authors analysed sealing surfaces using 1 um thick polymer
films between the elements in contact. This method only provided contact marks, and
furthermore, the film thickness may influence the contact behaviour. Laser microscope
observation, however, showed clear images that led to a better understanding of the
contact status.
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Later Liao et al. (2015) considered a simplification of the micromorphology of
radial and circumferential paths on a turned surface, and leakage models were presented
for both. These results were in good agreement with the experimental tests. Using this
methodology, the effects of microscopical characteristics of a turned surface in the leakage
rate can be predicted.

Determining the leakage path in a turned surface requires identifying flows in the
radial and circumferential directions. The following works have focused on determining
the leakage path in generic contact surfaces, where the path could be considered random.

Zhang et al. (2017) presented an approach to estimate leakage channels based on
a 3D finite element method (FEM) contact analysis. They first performed a macro-
mechanical model of the sealing structure to achieve the contact pressure. Then they
experimentally measured the surface topography, which was used in a 3D FEM model to
apply the calculated contact pressures as the boundary condition. As a result, the
geometries of the leak channels were obtained from the model, which enabled the
calculation of the leak rate by means of CFD.

Ren et al. (2018) highlighted the importance of correct surface mating in an
assembly, considering it to be more critical than the flatness of each individual surface.
According to their observations, a better flatness does not always guarantee a better seal
between surfaces. Therefore, they revealed the importance of modeling and characterising
the surface mating quality to diagnose leakage paths. However, mating error is not
directly measurable. The authors proposed a leak prediction model that estimated the
most probable leakage path, as the one that required the least pressure loss when the
fluid leaked along the path. This technique requires the height distribution of the surfaces
to be mated, so that the gaps created in the contact can be evaluated.

Shao et al. (2019) proposed a surface-connectivity based approach to predict the
leakage pathway. Connectivity is a concept from topological geometrical theory. The
contact surface must be measured first, by means of a high definition metrology
instrument. Next, the pecualiarities of the contact surface are represented by two leakage
parameters: connectivity and correlation parameters. The authors proposed an algorithm
to determine the potential leakage pathway, and the experimental tests demonstrated
that the achieved results were accurate.

Given that surface topography is a vital factor in sealing performance, most of
the works in the literature aim to provide information for optimising surface processing
techniques, surface topographies and static seals. However, the research carried out in
this thesis aims to indicate a global trend in how leakage is initiated and the most
probable leakage path.

Moreover, in most of the presented works measuring the 3D surface topography
is required. In mass-produced products where the absence of leakage is of vital
importance, unitary and detailed surface control is usually not feasible. Therefore, the
developed methodology considers an ideal flat contact between surfaces, without taking
into account the micro-profile parameters. Nevertheless, the technique proposed could be
extended to allow the addition of surface topography.
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The presented methodology determines the most likely leakage channel by
evaluating at each instant the fluid and contact pressures, which are calculated
simultaneously in structural and CFD solvers. To the best of the authors’ knowledge,
this approach has not been presented before.

3.2 CONNECTION OF FLUID CHAMBERS VIA A RANDOM PATH

3.2.1 Basis of the methodology

In Chapter 2, the methodology developed to numerically connect isolated fluid
chambers was explained. Thus far the methodology has focused on how to connect fluid
chambers along the channel that links them. This solution meets the requirements of
planar and axisymmetric models, however in a general context the fluid must advance in
a three-dimensional space.

During the connection process in a 3D configuration, the gap created between the
solids that were in contact can be considered negligible compared to the longitudinal and
transversal dimensions of the closure. With this assumption the flow is considered to
occur at a surface level. The challenge addressed in this chapter therefore, is to determine
the direction the fluid takes from a given position, as it can progress forwards, sideways
or backwards (see Figure 3.1), depending on the fluid pressure and the contact pressure
between the solids where the fluid is contained.

Downstream

Upstream 4
chamber | chamber

Surface of the
closure

Figure 3.1: Model of a leak pathway between two fluid chambers.

To tackle the challenge of determining the leakage path, the surface of the closure
is divided into a set of fluid cells arranged in rows and columns (see Figure 3.2). Each
cell is identified by a number related to its position in the channel. In the same way, the
interfaces that belong to each cell are named as top (T), bottom (B), front (F), left (L),
right (R), and back (A), followed by the number that identifies the corresponding fluid
cell (e.g. F203).

The front and rear interfaces of neighbouring cells overlap, as also happens with
those to the left and right. As they all belong to a single fluid domain no interface
overlapping can occur. Therefore, front and right faces are prioritised which means, for
example, that the interface on the left of a certain cell becomes the one on the right of
the adjacent cell (i.e. L203 becomes R204, or A403 becomes F303) (see Figure 3.3).
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Figure 3.2: (a) Fluid cells arranged in rows and columns. (b) Identification of each in-
terface of a fluid cell.

Figure 3.3: Identification of the interfaces of the fluid cells in the closure surface.

The top and bottom interfaces of these fluid cells are in contact with the solid
surfaces that close the connection between fluid chambers. Hence, the fluid must advance
through the front, side or rear interfaces (see Figure 3.4). To determine this path the
fluid is given access to adjacent fluid cells if the defined criterion is met, as was explained
in Section 2.3.2. Depending on the boundary condition defined, each interface permits
the fluid to flow across it, or it behaves as a wall to block the passage.

Determining the extent of the fluid at any instant and how it evolves, requires an
algorithm that (i) identifies the cells containing fluid, (ii) identifies the adjacent fluid
cells, and (iii) determines the boundary condition at each interface depending on the
established criterion.

3.2.2 Path determination algorithm

To determine the leakage path at a surface level the methodology presented in
Chapter 2 was extended, which required changes in the Scheme algorithm developed for
Ansys Fluent.

To begin with, a journal file is read where the user has previously established the
number of rows and columns defined in the pathway. This structured layout helps the
algorithm identify the fluid cells where the flow may advance from a certain location. As
an example, the fluid cannot flow to its right or left if the fluid cell is located in the first
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or last column. In addition, adjacent cells are easily identified because of their arrange-

ment.

The identification of the boundary condition at each interface at any moment is
essential. In those assigned as closed (wall boundary condition in Ansys Fluent), it must
be verified whether the condition of giving way to the fluid is fulfilled. In the same vein,
the interfaces which permit the fluid flow (interior boundary condition in Ansys Fluent)
can change their state to block the passage. The criterion to perform these changes com-
pares the fluid pressure exerted on the interface being checked, and the contact pressure
on the adjacent fluid cell. The former is directly retrieved from the Ansys Fluent calcu-
lation, and the latter from the text file written by Ansys Mechanical.

Two lists are defined to control the leak progress. Each pair of numbers at the
same position in both lists indicates the number of a cell containing fluid (leak _cell list)
and the identification of the interface through which the fluid has had access (leak__in-
terface list) (see Figure 3.4). A number is assigned to identify each interface: 1 indicates
front, 2 left, 3 right and 4 rear. It should be noted that a cell number may be repeated
in the leak_cell list as a single cell may have had access from different interfaces.

leak _cell leak__interface
_ : 302 1 (1)
1 (2 1 - (3) 201 2 | @
201 = 202 3 (3)
202 4 (4)
202 | 302 EY

(a) (b)

Figure 3.4: (a) From a certain position fluid can advance (1) forwards, (2) to the right,
(3) to the left or (4) backwards. (b) Each pair of fluid cell and interface identification is
stored in a list to register the cells containing fluid and the interface the fluid goes
through.

At the beginning of the execution the algorithm must read the initial state of the
cells and the interfaces of the model from the lists. If the flow is assumed to be totally
blocked in the upstream chamber, the lists only contain the elements at the entrance of
the closure, so that in the first instant the only chance for the fluid to advance is through
the front interfaces of these cells.

Then, during the calcu