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QUANTIFYING UNCERTAINTIES IN NUMERICAL PREDICTIONS
OF DYNAMIC CAVITATION

SUMMARY

In engineering and physics applications, cavitation is a physical phenomenon can
be encountered in various fluid systems including pumps, turbines, and propellers,
when the pressure of the fluid drops below the vapor pressure, and causes the fluid
to evaporate and form small bubbles or voids in the fluid. Cavitation in marine
propellers is a critical issue due to its adverse effects on many aspects of operations
such as causing noise and vibration, damaging the propeller structural integrity and
reducing propulsion efficiency. Therefore, accurate estimation of cavitation from
the early stages of design is important to provide better propeller design. However,
numerically predicting the cavitation behavior is a difficult task due to the complexity
of the problems, the high computational cost of simulations, and various numerical
uncertainties. Considering the numerical methods used in the determination of
propeller cavitation, it is seen that the use of computational fluid dynamics (CFD) has
increased simultaneously with the rapidly advancing computer technology. However,
there are various uncertainties that can have important effects on the results such
as the input parameters used in the simulations, the quality of the network, the
physics models used, the modeling of the computational space, and the definition
of the boundary and initial conditions. In the literature, there are various studies
in many different areas related to uncertainty quantification and sensitivity analysis.
Simultaneously with the increase in the use of CFD tools, studies on the application
of uncertainty quantification approaches to CFD problems are gaining momentum.
Although there are many studies on numerical analysis of cavitation or uncertainty
analysis studies applied on CFD problems in the literature, no studies were found in
which numerical uncertainty analysis was performed on the cavitation phenomenon.
For this reason, in the current thesis study, the analysis of input parameters and
discretization uncertainties separately and together in the numerical estimation of
cavitation is emphasized. Since three-dimensional numerical simulation of propeller
cavitation is espensive in computational cost, in this study, cavitation behavior on a
two-dimensional hydrofoil was investigated as a test case to estimate parameter and
discretization uncertainties and combine them into a single value. The test case is
selecected as the NACA 66 foil, which has been experimentally studied by many
researchers before. Angle of attack and cavitation number were chosen as input
parameters and their effects on properties such as force coefficients (lift and drag) and
cavitation properties were investigated. ReFRESCO, the internal code of the Maritime
Research Institute Netherlands (MARIN), was used in all simulations in the study.
Sobol indices were calculated to measure the relative importance of the input parameter
and discretization uncertainties. In addition, discretization uncertainty is considered as
the third input parameter to investigate the effect of discretization uncertainty on output
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parameters. Instead of sampling the large number of samples needed for uncertainty
quantification analysis, a suitable surface is defined with data generated with only 25
sampling points. Only CFD simulations of these points were performed. Then, using
the surrogate model approach from the results obtained, separate response surfaces
were created for each of the output parameters; Sobol indices were calculated precisely
by taking 2> points from these response surfaces.

The results show that confidence intervals and Sobol indices for input parameters such
as drag coefficient (Cp) and cavitation length (L.,) remain mostly unchanged despite
changes in grid refinement; shows that parameter uncertainties are the dominant factor
for these output parameters. Regarding the lift coefficient (Cy), it was observed that
the effect of discretization uncertainty was larger than Cp and V., but still parameter
uncertainty had a more significant effect than discretization uncertainty. Contrary to
other output parameters, the results for the cavitation volume (V,,,) parameter show
that discretization uncertainty has a greater effect on this parameter than the parameter
uncertainty. However, the study still showed that parameter uncertainty plays an
important role in determining this output parameter.

For future research, the scope of this study can be expanded to develop a formulation
can be that considers the effects of iterative uncertainty or time step uncertainty as well
as measuring discretization and input uncertainty for time-unsteady-flow applications.
Other parameters, such as coefficients related to turbulence or cavitation models, can
be included in the analyzes to account for additional degrees of modeling uncertainties
in addition to grid and operating point conditions.
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DINAMIK KAVITASYONUN SAYISAL TAHMINLERINDEKI
BELIRSIZLIKLERIN OLCUMU

OZET

Kavitasyon, sivi akigkanin sz konusu oldugu sistemlerde, sivinin basincinin buhar
basmcinin altina diistiigiinde sivinin buharlagmasina ve sivi iginde kiiciik kabarciklar
veya bosluklar olusturmasina neden olan fiziksel bir olgudur. Bu kabarciklar daha
sonra, daha yiiksek basin¢li bir alana hareket ettiklerinde coker veya patlayarak
yakindaki yapilara veya makinelere zarar verebilecek bir sok dalgasina neden olur.
Bu yonii nedeniyle miihendislikte ve fizikte kavitasyon, pompalar, tiirbinler ve
pervaneler dahil olmak tizere cesitli s1v1 sistemlerinde karsilagilabilen, sistem dizayn
asamasindayken diisiiniilmesi ve bazi 6zel durumlar (siiperkavitasyon gibi) harig
kacinilmasi gereken bir problemdir.

Deniz tasitlarinin pervanelerinde kavitasyon, giiriiltii ve titresime neden olmasi,
pervane yapisal biitiinliigiinde hasara yol agmasi ve sevk verimini diisiirmesi gibi
operasyonlarin bircok yonii tizerindeki olumsuz etkileri nedeniyle kritik bir konudur.
Bu nedenle, daha iyi pervane tasarimi saglamak icin dizaynin erken safhalarindan
itibaren kavitasyonun dogru tahmini ve minimize edilmesi Onemlidir.  Ancak,
kavitasyon davranisini sayisal olarak tahmin etmek, problemlerin karmagikligi,
simiilasyonlarin yiiksek hesaplama maliyeti ve ¢esitli sayisal belirsizlikler nedeniyle
zor bir istir.  Pervane kavitasyonunun tayininde kullanilan sayisal yoOntemlere
bakildiginda, sinir eleman yontemleri, kaldirici hat yontemleri ve hesaplamali
akigkanlar dinamigi (HAD) simiilasyonlar1 goriilmektedir. Literatiirde s6z konusu
yontemler ile ilgili bircok c¢alisma yer almaktadir.  Bilhassa son zamanlarda
akigkanlar ile ilgili problemlerin ¢oziimiinde hizla ilerleyen bilgisayar teknolojisi ile es
zamanl olarak HAD yontemlerinin de kullantmi artmistir. Bununla birlikte, yapilan
simiilasyonlarda kullanilan girdi parametreleri, ag kalitesi, kullanilan fizik modeller,
hesaplama alaninin modellenmesi, sinir ve baglangi¢ kosullarinin tanimlanmas gibi
sonuclar tizerinde 6nemli etkileri olabilecek ¢esitli belirsizlikler s6z konusudur.

Belirsizlik kavrami en basit ifade ile ’kesin olarak bilinmeyen seyler’ olarak
tanimlanabilir. Bir problemdeki daha fazla belirsizlik, kesinligin veya giivenilirligin
azalmasina neden olur. Analistler, problem ¢dzme veya tahminlerde bulunmayla
ilgili belirsizlikleri anlamanin ve degerlendirmenin 6nemli oldugu konusunda genis
Olciide hemfikirdir. Belirsizlikler arasinda bir dengeye ve istenen kesinlik diizeyine
ulagmak ¢ok 6nemlidir, ¢iinkii cogu bilim ve miihendislik girisimi, sorunun iistesinden
gelmek icin kullanilan bilgi, model ve coziimlerdeki belirsizligi kabul etmez.
En genel ifade ile, aleatorik (rastlantisal) ve epistemik (sistematik) belirsizlikler
olarak iki tiir belirsizlik vardir.  Aleatorik belirsizlikler, siirecin dogasi geregi
ortaya c¢ikan rastgele degiskenli belirsizliklerdir, daha fazla bilgi saglanmasi ile
azaltilamazlar.  Epistemik belirsizlikler, teoride anlasilabilir ancak pratikte tam
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olarak dogrulanamayan faktorlerle iligkilidir. Bunun nedeni, diger nedenlerin yani
sira belirli bir agsamadaki yetersiz bilgi veya veriler, belirli etkilerin goz ardi
edilmesi veya Ol¢iim araglarinin hassasiyet sinirlamalart olabilir, daha fazla veri
ve bilgi daha dogru ve kesin epistemik belirsizlik tahmini saglar. Literatiirde
belirsizlik niceleme ve hassasiyet analizleri ile ilgili bircok farkli alanda cesitli
calismalar yer almaktadir. HAD araglarmin kullanimimin artmasiyla eszamanh
olarak, belirsizlik niceleme yaklagimlarinin HAD problemlerine uygulanmas ile ilgili
calismalar da hiz kazanmaktadir. Literatiirde kavitasyonun sayisal analizi ile ilgili
cesitli calismalar ve HAD problemleri izerine uygulanan belirsizlik analizi ¢alismalari
cokca olmasma ragmen, bunlar birlestiren; kavitasyon olgusu iizerinde sayisal
belirsizlik analizinin yapildig1 calismalara rastlanmamigtir. Bu nedenle, mevcut tez
calismasinda kavitasyonun niimerik tahmininde girdi parametreleri ve ayriklagtirma
belirsizliklerinin ayr1 ayr1 ve birlikte incelenmesi tizerinde durulmustur.

Pervane kavitasyonun ii¢ boyutlu sayisal simiilasyonu hesaplama maliyeti bakimindan
cok maliyetli oldugundan, bu calismada, parametre ve ayriklastirma belirsizliklerini
tahmin etmek ve bunlar1 tek bir degerde birlestirmek icin test durumu olarak 6rnek
bir iki boyutlu hidrofoil folyo iizerindeki kavitasyon davranigi arastirilmistir. Secilen
test durumu, daha 6nce bir¢ok arastirmaci tarafindan deneysel olarak incelenen
NACA 66 folyosudur. Bu test senaryosunun popiilaritesi, deniz pervanesi tasarimiyla
olan ilgisinden ve deneysel ve referans sayisal verilerin genis kullanilabilirliginden
kaynaklanmaktadir. Girdi parametreleri olarak hiicum acis1 ve kavitasyon sayisi
secilmis ve bunlarin kuvvet katsayilari, kavitasyon boyu ve kavitasyon hacmi
gibi ozellikler iizerindeki etkileri incelenmistir. Calismanin ilk asamasinda, sabit
tabaka kavitasyonuna karsilik gelen bir karakteristik kosul, mevcut deneysel
veriler kullanilarak secilmigstir ve bu nokta etrafinda bir dizi simiilasyon, HAD
¢Oziimiiniin hassasiyetini 0rneklemek i¢in gerceklestirilmistir. Calismada yapilan tiim
simiilasyonlarda Hollanda Denizcilik Arastirma Enstitiisii’'niin (MARIN) sirket i¢i
kodu olan ReFRESCO kullamilmistir. Elde edilen sonuclar, giris parametrelerinin
ve 1zgara yogunlugunun kavitasyon Ozellikleri iizerindeki etkisini arastirmak icin
belirsizlik niceleme (UQ) prosediiriine tabi tutulmustur. Girdi ve ayriklastirma
belirsizliklerinin goreli 6nemini 6lgmek icin Sobol endeksleri de elde edilmistir.
Ayrica, ayriklastirma belirsizliginin ¢ikis parametreleri tizerindeki etkisini aragtirmak
icin iiclincii girdi parametresi olarak ayriklastirma belirsizligi ele alinmisgtir.

Sobol yontemi, her bir girdi parametresinin ilgili ¢ikti parametresi iizerindeli toplam
katkisin1 ve bunlarin ¢iktinin varyansina olan etkilesimlerini hesaplamay1r miimkiin
kilan bir yaklagimdir. Sobol yonteminde, modelin ¢ikti parametrelerindeki degisimin
ne kadarmin tek bir parametrenin degismesinden veya farkli girdi parametreleri
arasindaki etkilesimden kaynaklandigimin belirlenmesi amacglanmaktadir.  Girdi
parametrelerinin se¢cimi ve degisikligin nedenleri vurgulanmaz, yalnizca girdi
parametrelerindeki degisikliklerin ¢ikt1 parametreleri lizerinde ne 6l¢iide etkili oldugu
vurgulanir.  Bu adimda, daha once MARIN’ de gerceklestirilen bir calismada
gelistirilen ve gecis bolgesi Reynolds sayilarinda kavitasyon yapmayan pervanelere
ve diiz plakalara uygulanan metodolojiden yararlanilmigtir.

Deney Tasarimi (DoE), ister HAD ¢o6ziimlerinden olusan bir varlik, ister acik bir
matematiksel iglev olsun, bir iglevi metodik ve verimli bir sekilde orneklemek

XX1V



icin kullanilan istatistiksel yaklagimlari ifade eder. Bu caligmada deney tasarimi
olarak Latin Hybercube Orneklemesi (LHS) ve vekil model yaklagimi kullanilmistir.
Belirsizlik niceleme ¢alismalarinda ornekleme yonteminin kullanilmasi, ¢ok sayida
numune noktasina ihtiya¢ duymaktadir. Gergeklestirilen simiilasyonlar iki boyutlu
olmasina ragmen, her 1zgara iyilestirme seviyesinde c¢ok sayida hesaplama
gerceklestirmek hesaplama maliyetini de onemli Olciide arttiracakti. Bu nedenle
bir vekil model kullanimi tercih edilmistir. ~ Vekil modeller (aym1 zamanda
meta-model veya yanit ylizeyi yaklasimi olarak da adlandirilir), bir deneyin
veya simiilasyonun sonuclarina yaklasan bir fonksiyondur ve verileri iiretmek i¢in
orijinal olarak kullanilan yaklasimdan hesaplama acisindan daha ucuzdur. Bu
yaklagimda, belirsizlik niceleme analizi i¢in ihtiya¢ duyulan ¢ok sayida numuneyi
orneklemek yerine, daha az sayida numune ile olusturulan verilerle uygun bir yiizey
tanimlanmugtir. Calismanin ilk asamasinda valide edilmis ornek degerler baz alinarak
girdi parametreleri icin belirli araliklar belirlenmis ve bu araliklardan toplamda 25
ornekleme noktas1 icerecek bir ornek uzay1 olusturulmustur. Yalnizca bu noktalarin
HAD simiilasyonlar1 gerceklestirilmistir. Daha sonra elde edilen sonuclardan vekil
model yaklagimi kullanilarak c¢ikti parametrelerinin her biri i¢in ayr1 ayr1 yanit
yilizeyleri olusturulmustur. Belirsizlik niceleme analizi icin daha sonra bu yanit
yiizeylerinden 2'! ile 2'® araliginda nokta sayisi kadar nokta cekilmis ve Sobol
indisleri kontrol edilmistir. Sobol indislerinin daha hassas hesaplanabilmesi i¢in
215 nokta sayisimin yeterli oldugu goriilmiistiir ve bu degerle hesaplamalara devam
edilmistir.

Elde edilen sonuclar, siiriikleme katsayis1 (Cp) ve kavitasyon uzunlugu (L.4,) gibi
girdi parametreleri i¢in giiven araliklar1 ve Sobol endeksleri, 1zgara iyilestirmesindeki
degisikliklere ragmen cogunlukla degismeden kaldigini; bu ¢ikti parametreleri icin
parametre belirsizliklerinin baskin faktor oldugunu gostermektedir. Kaldirma katsayisi
(Cp) ile ilgili olarak, ayriklagtirma belirsizliginin etkisinin Cp ve V,,,’den daha biiyiik
oldugu ancak, yine de parametre belirsizliginin ayriklastirma belirsizliginden daha
onemli bir etkiye sahip oldugu gozlenmistir. Diger ¢ikti parametrelerinin aksine,
kavitasyon hacmi (V,,,) parametresi i¢in alinan sonuglar, bu parametre iizerinde
ayriklastirma belirsizliginin parametre belirsizliginden daha biiyiik bir etkiye sahip
oldugunu gostermistir. Bununla birlikte, calisma yine de parametre belirsizliginin bu
cikt1 parametresinin belirlenmesinde énemli bir rol oynadigini gostermistir.

Bu caligmanin kapsamini genisletmek icin gelecekteki arastirmalarda, bu ¢aligmada
sunulan analiz c¢ercevesini kullanarak zamana bagh -kararsiz- akis uygulamalar
icin ayriklastirma ve girdi belirsizligini 6lgmenin yanisira iteratif belirsizli§in veya
zaman adimu belirsizliginin etkilerini de goz Oniinde bulunduran bir formiilasyon
geligtirilebilir. Tiirbiilans veya kavitasyon modelleriyle ilgili katsayilar gibi diger
parametreler, ag ve calisma noktas1 kosullarina ek olarak modelleme belirsizliklerinin
ek derecelerini hesaba katmak i¢in analizlere dahil edilebilir.
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1. INTRODUCTION

1.1 Overview of Cavitation

Cavitation is a physical occurrence observed in liquid flow, where the pressure falls
below the vapor pressure, resulting in the creation and eventual implosion of vapor
bubbles [1]. It is a common occurrence in many engineering systems, including
hydraulic machinery, pumps, and marine propellers [2]. Cavitation has important
influences on fluid systems, it can lead to erosion of material surfaces due to the
high-speed collapse of bubbles, it can cause noise and vibrations that can damage or

effect efficiency of the system.

1.2 Importance of Understanding Cavitation for Marine Propellers

The presence of cavitation in marine propellers is a critical problem that can
drastically reduce propeller efficiency whilst causing erosion of the blade surface
and increasing the generated noise and vibrations. The accurate prediction of
cavitation requires an understanding of the physical mechanisms involved and the
use of appropriate numerical models to simulate the complex flow phenomena [3].
Experimental methods, including visualization techniques and performance testing,
are also commonly used to study cavitation on marine propellers [4]. While cavitation
is an essential phenomenon to consider in the early design stages of a ship, predicting
propeller cavitation behavior numerically remains challenging. The primary reasons
for this are the computational expense and constraints of current numerical models.
Furthermore, uncertainties associated with boundary condition values, modeling

constants, grid density, and time step size have not been fully understood.

To summarize, comprehending cavitation effects on propellers is crucial owing to
its potential implications for vessel safety and efficiency. Accurate prediction and

mitigation of cavitation on marine propellers require a combination of physical



understanding and numerical modeling techniques, along with experimental validation

[21-7].

1.3 Content and Purpose of This Thesis

The main aim of this study is to address these issues by applying uncertainty
quantification techniques to CFD simulations of cavitation using Maritime Research
Institute Netherlands (MARIN)’s in-house code, ReFRESCO'. Cavitation behaviour
on a 2D hydrofoil is investigated. The chosen test case is the NACA 66 foil studied
experimentally by [8] and other authors. The popularity of this test case stems from
its relevance to marine propeller design and the wide availability of experimental
and reference numerical data. An example cavitating flow for this foil is depicted
in Figurel.l. A characteristic condition corresponding to steady sheet cavitation
has been selected using the experimental data available and a series of simulations
around that point have been carried out to sample the sensitivity of the CFD solution.
Subsequently, the results were subjected to UQ procedure to investigate the influence
of input parameters and grid density on cavitation characteristics. This step took after
the methodology previously developed by [9] and applied to non-cavitating propellers

and flat plates at transitional Reynolds numbers.
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Figure 1.1 : Overview of the vapour volume fraction () and streamwise velocity
around the considered NACA 66 foil. Conditions mimic those of the experimental
study of [8] at 6 degrees angle of attack.

Uhttps://www.marin.nl/en/facilities-and-tools/software/refresco



2. LITERATURE REVIEW

2.1 Studies on Propeller Cavitation

Cavitation is generally defined as a phenomenon resulting from a pressure drop,
which causes a type of cold-boiling effect. This occurrence is likely to happen in
any mechanical system that includes liquid fluid. Hydrodynamic cavitation is the
most frequent form of cavitation in engineering, and it involves motion. Examples of
hydrodynamic cavitation can be found in various mechanical systems, such as impeller
flow, narrow channel flows like hydraulic valves, flows through venturi nozzles, and
volumetric pumps used for fuel injection in engines. The maritime industry is mainly
concerned with cavitation issues associated with rudders, hydrofoil boat legs, and
the various types of propeller cavitation. Lifting surface methods, panel methods
and computational fluid dynamics (CFD) methods are used to numerically analyze
cavitation in lifting surfaces such as hydrofoil and propeller used in the marine field.
Research has indicated that the outcomes attained from the aforementioned analysis
techniques are of such a caliber that they can substitute the outcomes achieved through

experimental methods and result in savings with regard to both time and expenses.

A study was carried out by Gindroz and Billet [10] to examine the influence of
nuclei size on initiation of the cavitation for diverse forms of cavitation on ship
propellers. They based their analysis on both their own experiments and previous
tests and studies documented in the literature. Mueller and Kinnas [11] utilized the
finite element method to investigate the cavitation analysis of a propeller that was
functioning in an axisymmetric flow. They developed an algorithm that can anticipate
the point where the cavitation will separate in the wing section. The theoretical findings
were authenticated by comparing them with the results obtained from experiments
conducted at MIT, and it was observed that the outcomes were coherent. Yuka Iga

et al. [12] numerically calculated the two-dimensional unsteady cavitation flow on



hydrofoils arranged in layers. A homogeneous model of a compressible two-phase
gas-liquid medium was applied to analyze the cavitation current. From the numerical
results obtained, it was seen that there are at least two mechanisms in the separation
event of the layer cavitation. The first of these mechanisms is that the re-entrant jet
contributes to the detachment of cavitation, the second one is that the propagating
pressure waves and cavitation surface waves cause the emergence of a distinct type
of separation phenomenon. In their study, Kinnas et al. [13] used the lifting surface
and panel method to solve the unsteady cavitational flow around a propeller operating
in an axially symmetrical environment and found that unsteady layer cavitation
occurs very commonly on ship propeller blades. The length and thickness of the
cavitation layer, which changes depending on time, and the location of the separation
point of the cavitation layer were determined by iterative methods. The outcomes
acquired via the two approaches were contrasted with the experimental findings. A
study conducted by Vaz G. et al. [14] revealed their discoveries on the creation of
a three-dimensional panel methods, which was designed to analyze cavitating ship
propellers and the mathematical model theory of layer cavitation. Both permanent
and non-permanent cavitational flows were examined to validate the accuracy of the
method. To evaluate the accuracy of the non-cavitating flow, numerical outcomes were
compared against an analytical solution on an ellipsoidal structure. To examine the
cavitating current, the number of grids in the numerical model was increased, and the
pressure distributions were verified using the DTMB P4119 propeller. Two propellers
were utilized to compare the numerical results with experimental data in open water
conditions. Upon concluding the investigation, the experimental results of both
propellers were compared at various propagation coefficients and cavitation numbers,
and the computed cavitation patterns were found to be consistent. Coutier-Delgosha
et.al [15] conducted research into the dynamic characteristics of cavitation using
both experimental and numerical approaches. In the experiments conducted at the
ENSTA Paris Tech cavitation tunnel, they investigated the influence of different
flow conditions such as pressure, flow velocity, and attack angle of the foil on the
cavitation dynamics. More precisely, they examined the layer at the rear of the

two-dimensional foil section to understand the unsteady nature of the cavitation flow.



The researchers compared the numerical outcomes with the experimental findings.
E.J. Foeth et al. [16] utilized the time-resolved PIV technique to investigate fully
developed layer cavitation on a hydrofoil, aiming to identify the three-dimensional
cavitation patterns that lead to negative effects such as vibration, noise, and erosion.
Their findings showed that the velocity at the cavitation interface was consistent
with the predicted simple streamline model velocity. By analyzing time-resolved
recordings, they traced the development of bound cavitation and cloud scattering.
The researchers concluded that their PIV measurements for enhanced layer cavitation
were precise, based on the results of their research. J.A. Szantyr [17] reviewed four
contemporary computational fluid mechanics methods used in ship hydrodynamics:
the lifting surface method, boundary element method, RANS method, and Large Eddy
method. The focus was on how these methods were applied in the last four years to
determine propeller geometry and design procedures. Szantyr also discussed important
issues such as identifying the vortex impeller and predicting different cavitation forms
and their hydrodynamic effects. Examples were provided to illustrate these points.
R. Arazgaldi et al. [18] investigated ship propeller cavitation experimentally and
numerically. For this study, two different types of classical model propellers, one
with four blades and the other with three blades, were used. Various cavitation
regimes were investigated for the four-bladed propeller using a cavitation tunnel.
Three-bladed propeller, based on available experimental results; A two-dimensional
NACAOO015 hydrofoil was subject to numerical investigation to study the cavitation
occurance. The outcomes were consistent with the experimental findings, for both
cavitating and non-cavitating conditions. Van et al. [19] performed experiments using
a propeller model in MARIN’s Depressurized Towing Tank. The model was tested
thoroughly beforehand and tested under varying dissolved gas and free-stream nuclei
contents. They presented a conceptual model to clarify sheet cavitation inception
and account for the experimental results. The outcomes demonstrated that achieving
sheet cavitation inception on propeller models requires both leading edge roughness
and adequately small free-stream nuclei. Subhas et al. [20] studies with a complete
computational solution for the determining performance of a propeller opereting in

cavitating condition, utilization of the CFD tool Ansys Fluent. They validate the



results of open water characteristics of the propeller with the experimental predictions.
Pail et al. [21] conducted simulations of cavitation and hull pressure surge resulting
from a propeller operating in aft of a ship, using the Unstable Reynolds-Averaged
Navier-Stockes (URANS) approach with Fluent, a commercial CFD code. To model
the ship’s wake field in the propeller plane, they simulated a full hull submerged
beneath the free surface, while a symmetry boundary condition was applied to the
top of the computational field in place of the free surface, similar to cavitation
tunnels. The sliding mesh technique was used to rotate the propeller and observe
the cavitation pattern. By running simulations at two different draft values, they
investigated the impact of the cavitation number. The technique was verified through
two distinct propeller simulations. The outcomes were matched with those of
experiments performed in the Samsung Cavitation Tunnel (SCAT), demonstrating
good consistency. Lee et al. [22] proposed an analytical source model for sheet
cavitation and a multi-parameter inversion scheme to determine the locations of noise
sources and their intensities, and applied this technique to analyze hull pressure
data obtained from a cavitation tunnel at Samsung Heavy Industry. The findings
revealed that only two monopole sources were necessary to represent the propeller
sheet cavitation noise and that the inverted source data aligned well with the propeller’s
cavitation dynamics. Additionally, the modeled hull pressure demonstrated good
agreement with the experimental data obtained from the cavitation tunnel. Aktas et
al. [23] conducted experiments on cavitation in a medium-sized cavitation tunnel to
gather data on the Underwater Radiated Noise (URN) of a full-scale vessel. The
goal was to assess the prediction methodology and compare the extrapolated URN
data from the tunnel tests to the data obtained from full-scale trials. According
to the findings, although testing a full-hull model in large cavitation tunnels is the
best approach, the use of medium-sized facilities with dummy-hull models and wake
screens can still yield valuable insights for studying URN. Helal et al. [24] described a
comprehensive and detailed process for simulating cavitating flow on marine propellers
using the 'K — Kl — ' transition-sensitive model, using cfd code Ansys Fluent. They
adopt the fully turbulent standard 'k — &’ model to compare the results. The data

obtained from both turbulence models are then validated by comparing them with



experimental data available in the literature. The results showed that the predictions
based on the 'K — Kl — @' transition-sensitive model are more accurate at lower
rotational speeds, specifically at low Reynolds numbers. Bosschers [25] discussed
the tip-vortex cavitation which causes of broadband pressure and hull fluctuations,
reason of the underwater radiated noise. Melissaris et al. [26] examined the impact
loads of cavitation on a propeller surface by utilizing a URANS approach. Their
findings indicated that by estimating the vapor volume reduction rate through the use
of the mass transfer source term, the conservation of energy was ensured, resulting
in a fulfilled total energy balance. After testing the model on a single cavitating
bubble collapse, they proceeded to validate it using a model propeller test case.
The resulting surface impact distribution closely matched that of the experimental
paint test, demonstrating the potential for the fully conservative method to accurately

forecast cavitation implosion loads on propeller blades.

2.2 Studies on Uncertainty Assessment in CFD Simulations

Regarding the utilization of UQ in CFD simulations, uncertainties related to the input
parameters such as material features, or initial-boundary conditions are referred as
aleatoric uncertainties due to they have random effects in some cases; Uncertainties
related to the parameters not known precisely are referred as epistemic uncertainty [9].
Uncertainties encountered in the input parameters mean that there are also uncertainties
in the output data obtained as a result of the simulations. Therefore, UQ analysis is
applied to determine and estimate the uncertainties that have an effect on the outputs

by studying and quantifying the effect of the uncertain input variables.

Generally, UQ analysis methods are studied by two main approaches as intrusive and
non-intrusive methods. Herzog et al. [27] compare the intrusive and non-intrusive
methods for computing Polynomial Chaos expansions and performed an efficiency
and accuracy analysis by applying the Polynomial Chaos expansion to a practical
problem in the field of stochastic Finite Elements. A spectral decomposition of random
variables and other random quantities, including but not limited to polynomial chaos
methods, are introduced by Sullivan [28]. In order to determine the coefficients in

spectral expansions, the intrusive (stochastic Galerkin method) approach is discussed



in addition to the alternative non-intrusive (sample-based) paradigm. These are
applied to probability-based UQ. An UQ scheme which combines a Galerkin approach
procedure for the determination of polynomial chaos coefficients with a projection
method has been developed by Le Maitre et al. [29,30]. Xiu et al. [31] presented a new
algorithm which can be considered as a generalized form of the original polynomial
chaos expansion, in order to model the input uncertainty and its propagation in
incompressible flow simulations and applied it to micro-channel flows. Mathelin et
al. [32] discuss the Polynomial Chaos and Stochastic Collocation approaches in order
to compute the propagation of uncertainty in numerical simulations in the specific
context of a quasi-one-dimensional nozzle flow with uncertainty in inlet conditions and
nozzle shape. Onorato et al. [33] discussed and compared the effects of intrusive and
non-intrusive polynomial chaos expansion methods on the quality of results of CFD
simulations of a trans-sonic RAE2822 airfoil. Hirsch and Dinescu [34] implemented
the intrusive polynomial chaos methodology to a CFD case by using the FINE/Turbo
commercial solver and subjected to a verification and validation program. Phillips
and Roy [35] presented a new uncertainty estimator for CFD applications based on
Richardson extrapolation. It utilizes global order of accuracy and assorted metrics
to calibrate and appraise the uncertainty estimator. Cuneo et al. [36] applied four
Monte uncertainty quantification methods, namely Monte Carlo, Polynomial Chaos,
Mid-range Approximation, and a combined Monte Carlo and Polynomial Chaos
method, to multiple analytical test functions and engineering test cases. The assessed
the engineering problems includes many stochastic design parameters and discussed
the strengths and weaknesses of the four methods. Although there are has been
a substantial amount of research effort dedicated to making the Stochastic Galerkin

method easier to use, doing so still poses challenges.

Researchers are choosing the non-intrusive approaches due to not only using a
computational model is easy and adventageous but also Galerkin method has the
possibility of expeditiously increase in the computational cost with the number of
random dimensions [9,37]. However, in practice, the large number of samples typically

required in the sampling-based approach can greatly increase the computational cost



of CFD simulations. In the present study, the non-intrusive approach is coupled with

a surrogate model of the CFD solution in order to overcome this issue.

Although there are numerous studies in the literature on Cavitation phenomenon and
UQ in CFD Simulations conducted seperately, to my knowledge there is no study
dealing with uncertainty quantification in the numerical prediction of cavitation. With
this in mind, this thesis study focuses on the quantifying uncertainties on dynamic

cavitation phenomenon.






3. CAVITATION

3.1 History of Cavitation

Cavitation was first observed in waterwheels during the early 1700s, marking the
beginning of its history. Leonhard Euler, a French mathematician and physicist,
described cavitation in 1754 when he wrote about the vacuum phenomenon in fluids.
He noticed that when water flowed over blades of a wheel, it would boil, forming
small bubbles that collapsed and damaged the blades. In the 1800s, Carlo Marangoni,
an Italian physicist, delved deeper into the cavitation phenomenon and formulated
equations to explain its behavior. He discovered that bubble formation and collapse
could result in strong shock waves that could cause surface damage. In 1873, Osborne
Reynolds wrote articles on propeller steam engines which revealed what we now call
cavitation in marine engineering. In the late 19th century, there was a goal to create
faster ships, with the first trial taking place on the British destroyer "Daring" in 1894.
However, the ship only reached 24 knots instead of the targeted 27 knots due to flow
distortions, leading to the phenomenon being named "Cavitation" by R.E. Froude’s
suggestion, derived from the Latin word "Cavus". In 1895, Charles Parsons observed
cavitation during the trials of the "Turbinia" and invented the first cavitation tunnel,
which tested small propellers. This tunnel had a 2-inch diameter limitation, leading
to Parsons building a larger tunnel 15 years later to test 12-inch diameter propeller
models. Parsons used a vacuum pump to reduce atmospheric pressure above the
water level in the tunnels, enabling observation of cavitation at low shaft speeds.
From the 1920s to the early 1930s, bigger cavitation tunnels were constructed in
both Europe and America. Since then, numerous investigations into cavitation have
been conducted using both experimental methods in cavitation tunnels and numerical
models, and such studies continue today. The advancement of computer technology
from the 1950s has led to significant progress in this area. Cavitation remains a crucial

subject of exploration within fluid dynamics, with practical uses in various fields such
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as engineering, physics, and biology. Scientists persist in examining the properties of
bubbles and the impact of cavitation on diverse materials, while also inventing fresh

technologies to mitigate the effects of cavitation across multiple applications.

3.2 Basic Physics of Cavitation

The fundamental mechanism that controls the process of cavitation can be seen as a
variation of the commonly known situation where water boils at a higher temperature
in lower altitudes. During cavitation, the pressure decreases while the temperature
remains constant, such as the temperature of the surrounding seawater in the case of
a propeller. If inception of cavitation were when the local pressure reaches the fluid’s
vapor pressure, then the cavitation number sigma at the point of inception would be
equivalent to the minimum pressure coefficient Cpmin. Nonetheless, several additional
factors exist that prevent the straightforward correlation from being applicable. These
factors include the fluid’s capacity to endure stresses, the requirement for nuclei to
have a specific residence period in order to reach a measurable size, and the typical
usage of measurement and computation methods that generate time-averaged pressure

coefficient values.

The phenomenon of cavitation is also described as a form of cold-boiling. To
understand this, the water phase diagram shown in Figure 3.1 can be examined. As
seen in the diagram, in order to turn liquid water into gas form under constant pressure,
the temperature should be increased (from point B to point A). However, at the same
time, while keeping the temperature constant, by reducing the pressure (from point C
to point A), it can be ensured that the liquid water turns into gas form. It is crucial
to comprehend the distinction between the two types of evaporation referred to. TThe
familiar process of evaporation takes place when a state transition occurs due to an
increase in temperature along a flat surface that separates the liquid and its vapor.
The associated shift in vapor pressure is temperature-dependent, and the vapor and
its liquid can remain in equilibrium along this curve. The second situation in which
phase change occurs with pressure drop is cavitation, where air voids are formed in the

liquid.
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Figure 3.1 : Phase diagram for water [38].

3.3 Mathematical Modeling of Cavitation

Cavitation models are utilized to predict the occurrence and extent of cavitation in fluid
flow. There are various types of cavitation models. Homogeneous models consider
the vapor-liquid mixture as a single-phase medium, while bubble dynamics models
examine the behavior of individual vapor bubbles and their interactions with the
surrounding fluid. Two-phase flow models take into account the interaction between
the vapor and liquid phases, while energy-based models utilize energy conservation
principles. The selection of a cavitation model depends on the specific application
and desired accuracy. Advanced numerical simulations can aid in the calibration and
validation of cavitation models and enhance the understanding of the physics behind
cavitation. In general, modelling attempts of cavitation can be classified mainly as

vapor transport based modeling and discrete bubble dynamics based modeling.

3.3.1 Vapor-Transport models

They are most appropriate for analyzing cavitation that occurs on a large scale, such
as sheet cavitation that frequently appears on rudders and propellers. These models

involve double-sided interactions among the phases.
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3.3.1.1 Two-Phase models

Involves the representation of two distinct phases, such as free surface consideration.
Two commonly used models for simulating multiphase flows are homogeneous
mixture models and sharp interface models, which have distinct approaches in handling

cells containing both phases.

Homogeneous Mixture models

This method assumes that the ingredients inside each cell has a uniform composition,
making it best suited for modeling numerous small bubbles that are much smaller than
a cell. However, this approach has a drawback: When the cavitation voids are larger
than a single cell, the vapor fraction diffuses into adjacent cells via the vapor transport
pattern. Despite this limitation, most modern cavitation models rely on homogeneous

mixing models.

* Singhal et al. Model

Singhal et al. [39] developed a model that builds upon the "full cavitation model"
and incorporates all significant first-order effects, including bubble dynamics, phase
change, turbulent pressure fluctuations, and non-condensable gases. The model is
capable of considering multiphase flows or flows where multiple phases are being
transported, accounting for shear rates between gas and liquid phases, and the
thermal and compressibility effects of both phases. However, this model is only
compatible with the multiphase mixture model and necessitates the primary phase

to be liquid and the secondary phase to be vapor.

o Zwart-Gerber-Belamri Model

It is developed by Zwart-Gerber-Belamri [40] an the rate of change in density and
mass of a single cavitation bubble is taken into account by it, assuming that all
bubbles produced during cavitation have a uniform size.

¢ Schnerr and Sauer Model

It is a model developed by Schnerr and Sauer [41] that is similar to Singhal’s model

in its approach to calculating the net mass transfer from liquid to vapor. Unlike the
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previous two models, Schnerr and Sauer employ an alternative equation to link the
vapor volume fraction to the density of bubbles per unit volume of liquid. In this
model, only the density of spherical bubbles per unit volume of liquid needs to be
determined. If no new bubbles are formed or eliminated, the density of bubble stays
unchanged, and only the starting values of the nucleation place volume fraction and
the balance bubble radius are required to define the bubble number density. Further

details and mathematical formulas are available in [41].

Sharp Interface models

Sharp interface models preserve a clear distinction between the two phases and do not
diffuse the interface by advection, which is suitable for scenarios where the bubble size

is relatively large, typically equivalent to or greater than a few cells.

3.3.1.2 Phase-Change models

Mass transfer among two various phases are involved in this models. Unlike boiling,
mass transfers between liquid and vapour in cavitation are driven not by temperature
but by pressure. For this reason, pressure is in the foreground for this models
utilized for cavitation modelling. Two primary categories of phase change models
are commonly used in cavitation analysis, namely barotropic models and equilibrium

models.

Barotropic Model:

It assumes that the fluid undergoing cavitation is barotropic, meaning that the pressure
is solely a function of the density of the fluid and the bubbles are in thermodynamic
equilibrium with the surrounding liquid. It also assumes that the bubbles are spherical
and non-interacting. It may not be accurate for systems where the fluid is not

barotropic, such as compressible fluids or fluids undergoing chemical reactions.

Equilibrium Model:

The energy equations are taken into account in this cavitation model. The amount of

energy obtained or spreaded during the phase change of the fluid is taken into account.
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3.3.2 Discrete Bubble models

The discrete bubble cavitation model treats vapor bubbles as individual entities and
utilizes a set of equations to determine their behavior regarding growth and collapse.
This model assumes that vapor bubbles are sufficiently spaced apart and do not
interact with each other. It is widely used in simulating cavitation in pumps and
marine propellers, providing a comprehensive analysis of the cavitation process on

a microscale level.

3.3.2.1 Rayleigh Model

It is the oldest cavitation model dates back to 1917. It was formulated by Lord Rayleigh
[42], who proposed a model that describes a void within the fluid influenced by an
unchanging external pressure. Because the model assumes the presence of an empty

space, it is commonly referred to as a "cavity."

3.3.2.2 Rayleigh-Plesset Model

Plesset expanded on Lord Rayleigh’s work by introducing the Rayleigh-Plesset
cavitation model. This model incorporates additional factors such as viscosity, surface

tension, and an unsteady external pressure into Lord Rayleigh’s original equation.

3.3.2.3 Gilmore Model

Gilmore’s equation takes into accounts for how much the liquid can be compressible,
but the derivation of the equation neglects the contribution of viscosity since the

viscous term only appears as a product with compressibility.

3.4 Cavitation in Marine Propellers

Propeller cavitation is a crucial issue faced in the maritime industry, particularly in
high-speed ships. When the propeller rotation rate is high, pressure in the liquid
drops below its vapor pressure, causing the formation of vapor bubbles. These vapor
bubbles can occur in different locations and shapes and lead to different types of

cavitation, such as sheet, sheet, cloud, bubble, face, root, vortex-type cavitation shown
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in Figure 3.3. Each type of cavitation can have different effects on the propeller
propeller performance and efficiency, as well as the ship’s overall performance; or
can damage the structure of propeller such as in Figure 3.2. Therefore, understanding
the mechanisms of propeller cavitation and developing efficient mitigation techniques

are crucial for the safe and reliable operation of ships.

Figure 3.2 : Cavitation-induced propeller damage [43].

3.4.1 Types of propeller cavitation

3.4.1.1 Sheet cavitation

The manifestation of sheet cavitation usually occurs at about the foremost edges of
propeller blades on the back side of the blade surface, particularly if the sections
are functioning at positive incidence angles. However, when functioning at negative
incoming angles, it may start initially on the face (pressure) side surfaces of the blade.
As the magnitude of the incidence angles increases or the cavitation number decreases,
the size of the cavitation on the blade will increase both in the chord direction and in

the radial direction. Usually, sheet cavitation is stable in nature, although there may be

17



situations where some degree of instability can be detected. It can be reduced by using

materials that are more resistant to cavitation or by changing the blade geometry [44].

3.4.1.2 Cloud cavitation

Cloud cavitation often occurs in the wake of well-established and stable sheet cavities,
particularly in flow conditions where moderate separation occurs and small vortices
create small cavities and bubbles are distributed randomly across the blade surface of
the propeller. The visual appearance of cloud cavitation is characterized by a collection
of tiny bubbles that resemble a mist or cloud. It can be reduced by increasing the blade

area or changing the blade geometry [45].

3.4.1.3 Bubble cavitation

The main factors that affect bubble cavitation are the pressure components that create
high suction pressures in the mid-chord region of the blade sections. Therefore, the
pressure distributions of the camber line and section thickness have a significant impact
on a propeller’s tendency to experience bubble cavitation. It usually emerges initially
in the mid-chord area of the blade in non-separated flows. It manifests as individual
bubbles that rapidly grow and contract over the blade surface, and can sometimes be
quite substantial. The repeated collapse of bubbles can cause erosion or pitting of

propeller blade surfaces, leading to failure or reduced efficiency.

3.4.1.4 Face cavitation

The occurrence of face cavitation happens on the propeller’s driving face (pressure
side) and can be caused by an improper pitch distribution across the blade’s length,
which results in a negative angle of attack and too small of a tip pitch. This type of

cavitation is commonly seen on controllable pitch units and can cause severe damage.

3.4.1.5 Root cavitation

It occurs at the root of the propeller blade and is wedge-shaped. If the circulation
around the propeller root is strong enough to cause erosion damage to the boss, root

cavitation can occur at different points in the propeller’s rotation. When the root
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vortices move downstream past the propeller, they combine to form the boss vortex,
which typically appears as a rope of bubbles with the same number of strands as the
number of blades. On single screw vessels where the rudder is located behind the
propeller, this bubble rope can collapse, leading to significant damage to the rudder

post or leading edge of the rudder.

3.4.1.6 Vortex-Type (Tip and Hub) cavitation

The cavitation types associated with vortices typically happen at specific areas of the
propeller, such as the blade tips, leading edge, and hub. While individual blade root
vortices may not cavitate, the converging propeller cone increases their likelihood of
cavitation. The resulting cavitation is generally stable and has a rope-like appearance
that corresponds to the blades count. Tip vortex cavitation first appears behind the
propeller blade tips and is characterized by the formation of a vortex that can be seen
as a spiral trail behind the propeller and is initially unattached. Nevertheless, when
the vortex intensifies, either because of an increase in load on blade or a reduce in
cavitation number, it shifts towards the blade tip and becomes fixed. This type of
cavitation typically occurs at high advance ratios and can lead to the formation of small
vapor bubbles that are swept away by the flow. However, these small vapor bubbles
can also cause significant noise and vibration. It can be reduced by increasing the blade

area or changing the blade geometry [46].

3.4.1.7 Propeller-Hull Vortex (PHV) cavitation

In the early 1970s, Huse [47] identified a type of cavitation known as Propeller-Hull
Vortex (PHV). This type of cavitation occurs when a cavitating vortex forms an "arc"
between the blade tip and the hull. Tests conducted in a cavitation tunnel using
flat plates placed above the propeller revealed that the propeller hull vortex type of
cavitation is most prominent when there is only a small amount of space between
the propeller’s tip and the plates. Additionally, its incidence is significantly affected
by the advance coefficient, with a higher likelihood of PHV cavitation occurring at
lower advance coefficients. When the advance coefficient is small, the chances of

PHYV cavitation occurrence are more. The formation of propeller hull vortex is thought
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to be a result of various flow disturbances and turbulence in the proximity of the hull,
leading to a rotational movement around the stagnation point.The rotation away from

the hull is intensified due to the small size of the control volume that shapes the vortex.

Sheet side-entrant jet
Propeller-hull vortex cavitation Cloud cavitation

Sheet cavitation

Sheet re-entrant jet A

Gt
Tip-vortex cavitation

—

Bubble cavitation \— Hub-vortex cavitation
Blade-root cavitation "

Leading-edge vortex cavitation

Figure 3.3 : Various types of cavitation patterns on ship propellers [48].

3.4.2 Cavitation consideration in propeller design

The complex environment of cavitation surrounding a propeller has a significant
impact on both the intricate aspects of propeller design and the choice of propeller to be
used [38]. The primary cavitation parameter implemented in the design of propellers

is known as the cavitation number. Free stream-based cavitation number defined as:

0—

oy = (3.1)
2PV4

A diagram shown in Figure 3.4 serves as a helpful tool for beginners to choose the

appropriate propeller type for a given application. In the diagram, it is seen that

in which region of an operation area divided into zones according to the cavitation

number (o) and propeller advance coefficient (J) values, the use of conventional
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or supercavitating type propellers is recommended. If neither conventional nor
super-cavitating propellers are suitable for the design problem, alternative options such
as waterjet or surface piercing propulsors should be considered to expand the range of

propulsion choices.
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Figure 3.4 : Operation zones of marine propellers. (Prepared by Carlton [38] based
on the studies conducted by Tachminji and Morgan [49]).

During the 20th century, many methodological studies were carried out for the control
of cavitation during the propeller design stage, two of the most well-known are the
Burril’s [50] and Keller’s [51] methods. The approach presented by Burrill focuses
on the utilization of the diagram illustrated in Figure 3.5 and was intended for
conventional propellers with a fixed pitch. The local cavitation number 6y 7 calculated
at 0.7R of the propeller blade and the thrust load coefficient 7. which is calculated by
using the projected area of the propeller blade, velocity at 0.7R of the blade and, the
thrust produced by the propeller are used in the diagram. The suggested limitations
according to type of vessels are seen in the diagram. The values denoting back
cavitation percentages on the diagram are grounded on experiments conducted in a

cavitation tunnel using a uniform axial flow.

The propeller blade projected area computed by employing the following formula

using the value of 7, obtained from the diagram:
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Figure 3.5 : Burril cavitation diagram for uniform flow [38].

T
0.57.p[v +(0.77nD)?]

Ap (3.2)

Burrill formulated an empirical equation to determine the expanded area from the
projected area, but this relationship is applicable solely to conventional propeller

shapes:

~ 1.067—0.229P/D

Ag (3.3)

Another blade area estimation propesed by Keller relies on the expanded area ratio

relationship:

Ar  (13+4032)T

— =— > +K (3.4)
Ap (pO - pv)D2

In the quation, pg represents the static pressure at the shaft center line, p, is the vapour
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pressure (both are taken as unit kgf/m?), T (kgf) is the thrust force produced by the
propeller, Z is the blade count, and D is the diameter (m). The coefficient K given in
the equation 3.4 takes different values depending on the ship type and the number of

propellers, details can be found in [38].
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4. UNCERTAINTY QUANTIFICATION

4.1 Overview of Uncertainties and Uncertainty Quantification

The term uncertainties can be defined in the simplest sense as ’things that are not
known exactly’. Greater uncertainty in a problem results in reduced precision or
reliability. It is widely agreed upon by analysts that it is important to comprehend
and evaluate the uncertainties involved in solving problems or making predictions.
Achieving a balance among uncertainties and the desired level of precision is essential
since most scientific and engineering undertakings do not acknowledge the uncertainty
present in the information, models, and solutions employed to tackle the problem [52].
Upon examining its historical context, it becomes evident that uncertainty, a situation
that was traditionally deemed unacceptable in science, was not always acknowledged
by the scientific community, despite its current significance [53]. The advancement of
statistical mechanics has instigated a gradual trend within the scientific community
over the past century to acknowledge and address the influence of uncertainty in

problem-solving [52].

In general, there are two types of uncertainties: aleatoric (also known as stochastic
uncertainty) and epistemic uncertainties. Aleatoric uncertainties are random variable
uncertainties that arise due to the nature of the process while epistemic uncertainties,
also known as systematic uncertainties, are associated with factors that are in theory
understandable but not fully verifiable in practice. This may be due to inadequate
knowledge or data at a particular stage, disregard of certain effects, or sensitivity
limitations of measurement tools, among other reasons [28,54]. While aleatory
uncertainties cannot be reduced with the further knowledge, more data and knowledge
would allows for more accurate and more precise epistemic uncertainty estimation

[55].
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The procedure of measuring the uncertainties that arise from the model calculations
of physical quantities of interest is termed as Uncertainty Quantification (UQ). Its
key aims are to identify all relevant sources of uncertainty and evaluate the impact of
specific sources on the overall uncertainty, as explained in [56]. Taking into account the
uncertainty in our data and models, the Uncertainty Quantification process is a crucial
tool that facilitates the understanding of how our systems will operate in different
conditions and helps us make predictions about how system responses will respond
to changes in their environment or input parameters. The process of quantifying
the uncertainties in the outputs resulting from uncertain inputs is also referred as

uncertainty propagation (UP).

4.2 Uncertainty Quantification Methods

There are several methods using for quantifying uncertainties, including probabilistic
and non-probabilistic approaches as shown in Figure 4.1. While simulation based
methods, local expansion based and functional expansion based methods, numerical
integration based methods, surrogate based methods, and most probable point
based methods can be given as examples to the probabilistic approaches; interval
analysis, Fuzzy theory, possibility theory, and evidence theory are the most common

non-probabilistic approaches.

4.2.1 Probabilistic methods

4.2.1.1 Simulation based methods

Although analytical methods are more computationally efficient and usually provide
accurate results, they cannot consider the intricate structural and functional
characteristics of complex systems, and this leads specialists to make unrealistic
assumptions in order to achieve a certain level of accuracy [57]. In contrast,
simulation-based methods, such as Monte Carlo Simulation (MCS) [58]-[61],
Importance-Sampling [62,63] and Adaptive-Sampling [64] Methods are ideal for
evaluating the reliability and performance of multi-state systems, as they replicate the

actual system operation. However, these methods require significant computational
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resources and are typically customized for a specific system. Simulation-based
methods can handle any transition distribution, enable the examination of the impact
of external factors on system performance [60], and can be seamlessly combined with

other methods [65].

4.2.1.2 Local expansion based methods

Local expansion based methods such as Taylor series and perturbation methods [66,67]
are generally utilized for scenarios with limited variations in input and outputs that

exhibit minimal nonlinearity.

4.2.1.3 Function expansion based methods

Functional expansion based methods contains to a variety of techniques such as
Neumann expansion, Karhunen-Loeve expansions (KLE) [68], Polynomial Chaos
Expansion (PCE) [69]-[72]. Among this methods, PCE is the most common one and
it has received increasing attention in recent years [73]. PCE method is a non-intrusive
spectral stochastic method allows for the efficient propagation of uncertainty through
mathematical models by representing the input uncertainties as random variables with
known probability distributions and then approximating the output of the model as a
polynomial in terms of these random variables. The coefficients of the polynomial are
obtained using statistical moments of the input random variables, such as the mean
and variance, and the method can be used to estimate the statistics of the model output,

such as the mean, variance, and higher-order moments.

4.2.1.4 Most-Propable-Point based methods

Most-Probable-Point (MPP) based methods are the methods offer the advantage
of striking a balance between computational efficiency and accuracy [74]. The
First-Order Reliability Method (FORM) [75] and the Second-Order Reliability Method
(SORM) [76] can be said the the most widely used Most Probable Point based

techniques.
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4.2.1.5 Numerical integration based methods

Numerical integration based methods [77,78] first use direct numerical integration to
calculate statistical moments. Then, they approximate either the probability density
or the tail region probability using empirical distribution systems that rely on the
calculated moments. The Full Factorial Numerical Integration (FFNI) method [78,79]
computes the statistical moments of the performance function by directly integrating
it using a suitable quadrature formula while Dimension Reduction (DR) method
[79]-[81] involves approximating a complex integral involving multiple dimensions
by breaking it down into simpler integrals with fewer dimensions, and this is achieved
through the use of an additive decomposition technique applied to the performance

function [73].

4.2.1.6 Surrogate based methods

The surrogate modeling method is a cost-effective and rapid technique for mapping
responses, also known as a meta-model, that serves as a replacement for running a
simulation [82]. This approach is typically favored when the expense of sampling or
computation is high for complex simulations. Many surrogate methods are available,
including the Kriging (also known as Gaussian Process) method [83], which has the
capability to interpolate predicted data and provide statistical information at unsampled
locations in the parameter space, and the Radial Basis Function (RBF) [84] method,
which can accurately interpolate sample points and provide either locally or globally
interpolated values depending on the chosen radial basis function [57]. Surrogate
modeling process and some of the surrogate methods are also discussed in Section

5.2.

4.2.2 Non-Probabilistic methods

Non-probabilistic UQ (uncertainty quantification) methods such as interval analysis,
Fuzzy theory, possibility theory and evidence theory refer to approaches that do not
involve explicitly defining probability distributions for the input parameters. These
methods rely on assumptions about the uncertainty in the input data, such as bounding

the uncertainty with upper and lower bounds or assuming that the input values are
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uniformly distributed within a specified range. Non-probabilistic UQ methods are
often used when probability distributions for the input data are unknown, difficult to

obtain, or unnecessary for the specific application.
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Figure 4.1 : Uncertainty Quantification Approaches.
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5. METHODOLOGY

5.1 Design of Experiments (DoE)

Design of Experiment (DoE) refers to statistical approaches used to sample a function,
be it a set of CFD solutions or an explicit mathematical function, in a methodical and
efficient manner [85]. Many categories of such approaches exist, including Monte
Carlo Sampling [86,87], Quasi-Monte Carlo Sampling [87,88], Latin Hypercube
Sampling (LHS) [88]-[91], and Hammersley Sequence Sampling (HSS) [92,93].

In this study, Latin Hybercube Sampling (LHS) is selected as the DoE for the surrogate
model, because of its capability to providing more accurate mean values of the function
than monte Carlo sampling [9]. Sampling model and the distribution of the input
parameters used in this study is shown in Figure 5.1. x and y values represent the angle

of attack () and cavitation number (o) parameters, respectively.
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Figure 5.1 : Sampling created for two uncertain input parameters which are (o) and
(o), by applying Shell distribution (left); Latin Hybercube Sampling distribution
(center), and combined LHS + Shell distribution (right).

Overall 25 sample points, which are randomly 20 sample points and 5 points which 4
are in the corners of the domain and 1 is in the center of the domain, are distributed

along the domain using a combination of shell distribution and LHS distribution.

Leroux [8] studied with NACA66 foil which has identical dimensions of this
study, and analyzed, observed and also photographed the partial cavitation growth

and/destabilization cycles for 6 degrees attack angle and 7 different sigma values.
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Angle of attack and one of the sigma values in Leroux’s study are chosen to create
the distribution (sigma = 1.3794). Then 5% less and more than the selected values
are chosen as our range limits for sampling. According to cfd results conducted with
the first sampling, it is observed that some cases -because they are very close to the
unstable partial cavitation region- exhibit unstable properties (an unstable structure,
especially in cavitation size and volume, since periodic sheet cavity occurs). Therefore,
for a more stable cavitation to occur, a different validation data (¢ = 1.5494) in
Leroux’s study, is accepted as the new cavitation number. Then, by repeating the
previous process, == 5% of the sigma value is determined as the sampling limits. The
old and new sample spaces and the cavitation behaviors created with old and new

sigma values are shown in Figure 5.2.
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Figure 5.2 : The red rectangle and the red dots inside represent the old sampling
(left), the black rectangle and the black dots inside represent the new sampling (right).

5.2 Surrogate Modeling

A surrogate model (also called as meta-model or response surface approximation) is
a function which approximates the results of an an experiment or a simulation and
is computationally less expensive than approach originally used to produce the data.
In this approach, instead of sampling the large number of samples needed for UQ
analysis, a suitable surface is defined with the data generated with a smaller number of

samples. Then, the values of the desired points on the surface can be obtained by using
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the response surface equation. Sobester et al. [94] outlines the modeling steps that need
to be followed in order to create a surrogate model. These are arranging the data and
selecting an approach for modeling, forecasting and running of the parameters, and
testing the model. Different types of surrogate model approaches such as Polynomial
Chaos Expansios (PCE) [95]-[97], Kriging model (also known as a Gaussian process
model) [98]-[100], Multivariate Adaptive Regression Splines (MARS) [101]-[104],
Radial Basis Functions (RBF) [98,105,106], Artificial Neural Networks (ANN)
[98,99,107], Moving Least Squares (MLS) [108]-[110], and multifidelity models
[98,111] are discussed and compared in many studies in various fields. However,
the mentioned methods indirectly require that the related output parameters have to
vary smoothly according to uncertain input parameters. In cases where the output
parameters are not properly distributed according to the input parameters, that is,
a smooth response surface is not guaranteed, these methods may significantly reduce
the accuracy. Some studies have also been carried out to develop techniques for
such non-smooth responses. Zhang et al. [112] developed the Adaptive Hybrid
Functions (AHF) which is a new high accuracy hybrid surrogate modeling technique
that combines the favorable characteristics of several surrogate models in order to
model non-smooth functions. Methods are presented by Shimoyamaet al. [113]
in order to obtain the polynomial chaos coefficients for modeling the non-smooth
responses. A method involving two stages where the behaviors that are unique
are initially identified and classified and thereafter approximations made locally is
studied by Moustapha et al. [114] for non-smooth functions encountered in engineering
problems. Similar studies for non-smooth response functions have been investigated
in [115]-[117]. In this study involving a steady-sheet cavity flow, it is expected that to
have simple, smooth response surfaces to be formed for the desired output parameters
(lift coefficient Cy, drag coefficient Cp, cavitation length V,,,,, and cavity volume V)
according to the determined inputs (angle of attack «, and cavitation number o) will
be smooth. Hence, the approach suggested by Sakata (2014), which involves utilizing
a surrogate model based on a piecewise linear approximation, is employed. Linear
interpolations are carried out between the three closest sampling points in this method.

Being more consistent due to their lower-order nature compared to polynomial-based
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approximations, is the advantage that makes this approach stand out. The utilization
of the piecewise linear method in numerous applications is illustrated in [117], which
provides a comprehensive overview of this approach. An example response surface
and the surrogate model created according to the input parameters distribution and

their response outputs z = f(x,y) calculated from the CFD simulations is shown in

Figure 5.3.
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Figure 5.3 : Surrogate model for the drag coefficient (Cp): Actual response and
sampling points (indicated by black dots) taken from the CFD results.

5.3 Global Sensitivity Analysis and the Sobol Method

In global sensitivity analysis, unique parameter pairs are created by assigning different
values to the input parameters in the system simultaneously within a certain domain.
Thus, it is possible to see the relative effects of the input parameters on the output
parameters, the interactions of the input parameters, as well as the effects of these
interactions on the results. In summary, sensitivity analysis is an approach used to
determine how much influence a given input parameter has on the behavior of the
system, or which parameters interact with each other and how much this interaction

affects the results [118].
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Sobol [119] introduced an approach that would later be referred to as the Sobol’s
method which makes it possible to compute the total contribution of each individual
input parameters and their interactions to the output’s variance [118,120]. In the
Sobol’s method, it is aimed to determine how much of the change in the output
parameters of the model is either due to the change of a single parameter individually
or the interaction between different input parameters. The selection of the input
parameters and the reasons for the change are not emphasized, only the extent to
which the changes of the input parameters have an effect on the output parameters.
The flow chart and the steps of the Sobol sensitivity analysis are given in Figure 5.4.
The complete process consists of the preparation step to the Sobol analysis, referred to
as pre-Sobol analysis, and the main Sobol sensitivity analysis step. Sobol sensitivity
analysis can be applied by following four steps which are generating the parameter sets,
running the simulations for generated input parameter combinations and obtaining the
model output data, calculating the Sobol indices, and analyzing the total, first, second

and higher-order Sobol sensitivity indices [118].

(" Pre-Sobol Analysis:
Define the Upper and
Lower Bounds of the

\__Input Parameters )

-

Sobol Sensitivity
Analysis

Generate the Parameter Run the Parameter Set Calculate the Sobol Analyze the total, first
Sets using Sobol . order and, second-order
through the Model Indices P
Sequence Sobol sensitivity indices.

Figure 5.4 : The flow chart and the steps of the Sobol sensitivity analysis.

Consider X = (X;,X3,...,Xy) as the input parameters and ¥ = f(X;,Xs,...,Xy), as
an output of the model, in which N represents the number of inputs. Indices which
measure the contribution of the uncertain input parameters individually to the output Y
are the first-order Sobol indices (S;), defined as:

_ Vi (Bx (V]X)

Si V(Y)

S.D

where V (V) indicates the variance of Y and Ex_, the expectation taken over all X in X,

except X;. S; is a number between 0 and 1 where a high value indicates an important
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variable. Higher order indices, e.g. second-order (S;; ), measure the contribution of
the interaction between the inputs, which results in:

N
Sit Y, Sivjt A Sivjrkn=1 (5.2)

1<i<j

=

~

For three input parameters, as we are considering in this study, this leads to:

S1+8+83+S12+S143+ 8243+ 814243 =1 (5.3)

Total-order index (ST') considers the contribution of all the first- and high-order indices

and sum of all ST equals to 1 [121]-[123], defined as:

- Ex_, (in(Y|XNi>)
ST, = V() 5.4)

which leads to the following total-order indices for three input parameters to:

STy =81+ 8142+ 8143+ 814243 (5.5)
ST =82+ 8142+ 8243+ 814243

ST =83+ 8143+ 8243+ 814243

More information about the Sobol method and Sobol indices is given in [123,124].
In the context of this study, the Sobol analysis is carried out by using the Sensitivity

Analysis Library (SALib) implemented in Python [125].

5.4 Output Variables And Their Statistics

An empirical probability distribution (EDF or also called Empirical Cumulative
Distribution Function, ECDF) is used when the data sample cannot be fitted to any
known probability distribution function or cannot be obtained by data transformations
or parameterization of the distribution function. To put it differently, the empirical
cumulative distribution function is created based on observed data, as opposed to the
cumulative distribution function which is a theoretical concept. In this study, EDFs are
evaluated from the input parameter distribution in order to estimate the CDFs of the

output variables. Given N; samples x;, the EDF for the value ¢ is numerically calculated
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by:
N;
EDF(t) = ]% Y H(t —xi[n)) — CDF (1) (5.6)
Ln=1

where H(x) is the Heaviside function. The empirical CDF usually approximates the
CDF quite well, especially for large samples. If the number of samples N; tends to
infinity, EDF converges to the CDF for every value of t [126]. Considering p and p
to be two probability levels, the confidence interval between them can be calculated
by taking the inverse of the cumulative distribution functions (also known as the
quantile function). Here, confidence level is taken to be 95% as it is generally adopted
in the literature [9]. A more stringent criterion could be selected in safety-critical

applications, for instance. The length of the error bars is calculated as:

Cliengtn = CDF~1(0.975) — CDF~1(0.025). (5.7)

5.5 Combined Grid and Parameter Uncertainty

Combination of parameter and discretization uncertainty processes is carried out by
applying the method proposed by Katsuno et. al. [9]. In this context, uncertainty
due to discretization is included in the Sobol analysis as an extra input variable. This
value is denoted as x,,; and refers to the point on the distribution representing the
discretization uncertainty’s percentile. Simulations of the 25 selected conditions are
run for each grid refinement level and response surfaces are obtained for each grid.

This is illustrated in Figure 5.5.
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Figure 5.5 : Surrogate models for each grid refinement levels. G1 represents the
coarsest grid, G8 represents the finest grid. Response surfaces are created on each
grid first and then combined in the final part of the analysis.
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There are 8 surrogate models for the 8 different meshes (Gl is the coarsest grid and
G8 is the finest grid), each of them created by the results of CFD simulations. For
an input parameter couple (x1,x;), there are 8 different output parameter values of
7z =z(x1,x2). These are used in the numerical uncertainty estimation method of Eca
and Hoekstra [127], which yields a least-squares fit to the simulated data as a function

of grid refinement level, as well as the confidence interval.

After discretization uncertainty x4 is defined as the third input uncertainty, the
probability density function of it is defined. Due to its definition, the PDF of x4
is always non-negative and its integral over the entire space is equal to one. These
definitions are given in Eqs. (5.8a) and (5.8b), assuming the discretization PDF is

presented as h(x).

h(x) >0 (5.82)
/ " hdx =1 (5.8b)
/ " h(x)dx = 0.95 (5.80)

o) f;
/ h(x)dx = / h(x)dx = 0.5 (5.84)
/ " e h(x)dx = gy (5.8¢)

Representing the value obtained from the finest grid by ¢y, the confidence interval (CI)
of the numerical uncertainty evaluation process is 95% between the bounds y, = ¢; —u
and y; = ¢ +u. The bounds are in equal distance from the ¢; and, ¢; represents the
median point which means the probability of getting a higher or lower value from the
median value is equal, as expressed in eqs. (5.8c) and (5.8d), respectively. In similar
mesh refinement applications in CFD, generally it is seen that the output response
tending to increase or decrease as the grid is refined. The trend of the Richardson
extrapolation function can be used to monitor this tendency. If the function displays
a concave behavior, it suggests that the output response will decrease as the mesh
is refined. Conversely, if the function shows a convex behavior, then the output is
expected to increase as the mesh is refined. It is desired to have a PDF which behaves
like the convexity of Richardson extrapolation. Because of that, the expected value of

the discrezation uncertainty h(x) is assumed as ¢ in the last hypothesis adopted. This
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is not the exact usage of ¢y, its actual representation is to the idea of having a infinite
mesh, but here it is used to state which value should be expected. All the assumptions

are given below. Further explanation is given by [9].
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6. TEST CASE

In order to investigate the combined uncertainty in the estimation of dynamic cavitation
inception, NACA 66 foil which is studied experimentally by [8] and other authors,
is chosen due to its popularity and its affinity to marine propeller design, and wide

availability of experimental and reference numerical data [128]-[134].

6.1 Geometry

A two-dimensional cambered foil of the NACA 66 series, has relative maximum
thickness of 12% at the chordwise ordinate x/c=0.45 from the leading edge. The
relative maximum camber is 2% and is located at x/c=0.50 from the leading edge.
The chord length ¢ is 0.150 m. The flow is considered to be two-dimensional. Further

description of the experimental set up is given in [8].

6.2 Computational Domain, Initial and Boundary Conditions

The process of determine to the dimensions of the computational domain, initial
physics conditions, and boundary conditions take a crucial place in CFD simulations
because they have significant effects on the behaviour of the flow. The geometry
of the domain and the boundary conditions of this study are shown in Figure 6.1.
A rectangular domain is used for the simulation in order to mimic the test section of the
cavitation tunnel used in the source experimental study. The domain extends 0.4125 m
upstream and 1.050 m downstream directions. Velocity inlet boundary condition is
used at the inlet and fixed pressure is prescribed at the outlet of the domain. Symmetry
boundary conditions are selected for the top and the bottom parts of the domain and
a no-slip wall boundary condition is assigned to the hydrofoil. Inflow velocity is given
as 5.33 m/s, leading to the same Reynolds number as in the reference experimental

study [8].
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Figure 6.1 : Domain geometry and boundary conditions.

6.3 Grid Topology

The symbol "h" denotes the typical cell size, which is calculated as 1//N, where
"N" refers to the total number of cells. As a result, the relative increment in step
size between the coarser grids, indexed by "i > 1", and the finest grid with "i = 1" is

becomes
h.
h_’ = /N;/N;. (6.1)
1

Mesh G1 (the coarsest mesh, out of eight refined meshes studied in the framework of
this study) topology along the whole computational domain and different section views
of leading edge area from other refined grids are shown in Figure 6.2 Also, names and

the characteristics of the grids are given in Table 6.1.

Mesh G8

and views of leading edge area from different refined grids (bottom).
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Table 6.1 : Characteristics of the grid series used in the present study.

Mesh Name Refinement Ratio (/) Cell Count Relative step size (h;/h})

Gl 0.7 45,184 2.4434
G2 0.8 55,476 2.2447
G3 0.9 79,156 1.9459
G4 1.0 91,632 1.7389
G5 1.2 136,620 1.4241
G6 1.4 171,088 1.3236
G7 1.6 227,680 1.1081
G8 1.8 269,808 1.0000

6.4 Numerical Setup

Simulations are carried out by using the multi-phase viscous flow solver ReFRESCO
version 2023.1.0. The code was first developed within the VIRTUE EU Project [135]
and is still being developed by specialists of MARIN and multiple participants all

around the world.

Because of the need to achieve tight iterative convergence tolerances in order to
facilitate accurate uncertainty quantification, careful choices of the discretisation
schemes and solver settings are made. The momentum conservation equations are
solved by using PETSc-GMRES solver with JACOBI preconditioner and discretised
using the LIMITED QUICK scheme for the convective flux discretisation. For pressure
equation, PETSc-CG solver with BJACOBI preconditioner is used. Turbulence is
modelled by using Scale-Adaptive-Simulation Model (KSKL-Standard) turbulence
model and turbulent transport equations are solved by PETSc-GMRES solver with
BJACOBI preconditioner. Cavitation modeling is carried out by using Schnerr-Sauer

cavitation model [136].

At the beginning of the simulation, the initial pressure is given as -250 kPa in
order to prevent the presence of cavitation. After the steady non-cavitating flow has
been established, the saturated vapour pressure value is gradually adjusted following
a Hermite polynomial to reach to the desired cavitation number. Foil angle of attack
obtained by deforming the baseline grid that has been generated at a zero incidence
angle. In this approach, the cells in direct vicinity to the foil surface are fixed to the

solid body and those further away are deformed using radial basis functions. This
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approach avoids the need to generate a new grid for each condition, speeding up
the computations and ensuring that the results remain consistent within the complete
matrix of simulations. Residual convergence criteria are set to 1x107> in L. norm
for all transport equations. Additional key parameters of simulation setup are listed in

Table 6.2.

Table 6.2 : Key parameters of simulation setup.

Parameter Value Unit
Dynamic viscosity, 1 9.9938x10~* kg (ms)~!
Water density, p,, 1000 kg m™3
Inflow speed, U. 5.33 ms !
Reynolds number, Re 8x 10~ -
Cavitation number, ¢ 1.3105 to 1.4484 -

Angle of attack, o 5.70 to 6.30 deg
Vapour density, p,, 0.024 kg?> m—3
Bubble kinematic viscosity, Vg 1.02:1072 mZs~!

6.5 Input and Output Variables

Angle of attack (Aoa) is the angle between the chord line and the relative flow
direction. Increase in attack angle also increase both lift and drag forces up to the
stall angle. Cavitation number is a non-dimensional parameter describing how prone
to cavitation a particular flow is. It is calculated by using a reference pressure (p),
saturated vapor pressure (p,), density of fluid, and velocity of flow:
o= f) P >
jpono

6.2)

The lower the cavitation number, the higher the probability of cavitation. In this study,
velocity of the flow, density and reference pressure are kept as constant. Saturation

pressure values in each case is changed to achieve the desired cavitation number.

Lift Coefficient is a non-dimensional quantity that gives the relation of the lift force
generated by a lifting surface to the density of fluid, flow velocity and the reference
area. In this study, the lift force is considered as the force generated by the foil in the
positive y-direction (Fy) and is calculated as

Fy

CL=——77+.
L™ 0.5pU02cs

(6.3)
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The drag coefficient is non-dimensional quantity employed in fluid dynamics to assess
the resistance or drag produced by an object in a fluid medium. In this study, drag force
is considered as the force generated by the foil in the x-direction (Fy). It is computed

according to
Fx

Cp= %
D= 0.5pU2¢s

(6.4)

Cavitation length is computed by finding the minimum and maximum extents of
the stable sheet cavity present on the hydrofoil. In order to make the results
more consistent and representative of what would be observed visually during the
experiments, only cells with vapour volume fraction higher than 0.25 are taken into
account in the computation. The obtained value is then non-dimensionalised by the

chord length, leading to

Xeav max — Xcav min
Leay = r . (6.5)

Total cavitation volume is obtained by performing a finite weighted sum of all the cells
filled with vapour. The final result is made non-dimensional by using the span length
and square of the chord length, or

Yiceri—o Vicel ®icell

Vcav = 5

(6.6)

SC
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7. RESULTS AND DISCUSSION

In the first stage of this study, CFD simulations with and without cavitation were made
in order to compare the results with the experimental results given in the study of

Leroux et al. [8].

Interestingly, for high cavitation numbers, corresponding to little cavitation, the most
pronounced differences may be seen. This is likely indicative of discrepancies between
the numerical and experimental set ups that cannot be accurately discerned from the
description of the experiments provided in [8] and [137]. At the same time, the trends
in the analysed quantities, especially drag and cavity length, match the experiments
very well. The magnitude of the lift coefficient also matches the measurements more

closely at low ¢ values with a relative error of under 3%.

Iterative convergence of the SIMPLE algorithm inside each CFD time step is necessary
for UQ applications in CFD in order to guarantee that true sensitivities and not
numerical noise are being analysed inside the batch of simulations used as UQ inputs.
One of the most influential parameters in achieving good iterative convergence is the
Courant number. Due to use of an implicit time scheme, having a maximum Courant
number approximately 10 has been found to be acceptable. Usually, approximately
80 outer loops were performed within each time step with a hard maximum of 100
imposed in order to reduce the risk of the simulation getting stuck at a time step that is
particularly difficult to converge. The residuals for a case of intermediate refined mesh
(G4) is shown in Figure 7.1. Two normalization types which are L; and L., are chosen
to check convergence of the simulations. As can be seen, after approximately 3000
time steps, corresponding to the establishing of a fully-developed flow, the residuals

converge in a repetitive fashion.

Although the chosen experimental condition may be classified as steady sheet
cavitation, in reality small oscillations of the trailing edge of the cavity were observed

in the computations. In order to guarantee statistical convergence of the results,
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25,000 time steps were used in each computation, with the first 1,000 time steps being
discarded from the analysis due to start up effects. Time histories of the considered

output quantities obtained from an example simulation are depicted in Figure 7.2.

A python module called pyTST which implements the "Transient Scanning Technique"
presented in [138]-[140] is used to check whether the selected number of time step is
sufficient or not. pyTST module allows to detect transient portion of a signal and

measure the statistical uncertainty with that portion removed [141].

L, Residuals

— VelocityX
107° — VelocityY
'Ll I|‘ ’I.lhh L b ! Ilh — VelocityZ
1077 \ —— Pressure
10- ‘; Yy l\'_l PRI AR IR, VapVFrac
TurbKinE
10-11 TurbVar2
0 5000 10000 15000 20000 25000
Timestep
Lirr Residuals
107!
VelocityX
1073 VelocityY
VelocityZ
107 —— Pressure
10-7 —— VapVFrac
—— TurbKinE
10-° —— TurbVar2
0 5000 10000 15000 20000 25000
Timestep
Unsteady L; Residuals
10-5 — VelocityX
—— VelocityY
—— VelocityZ
1077 —— Pressure
= = VapVFrac
107° TurbKinE
TurbVar2
0 20 40 60 80 100 120 140 160
Outer loop between timestep 24999 - 25000
Unsteady Lj;r Residuals
VelocityX
10~ VelocityY
VelocityZ
10-5 —— Pressure
—— VapVFrac
—— TurbKinE
1078 —— TurbVar2

0 20 40 60 80 100 120 140 160
Outer loop between timestep 24999 - 25000
Figure 7.1 : L, and L. residuals of a case for intermediate refined mesh (G4) for

input parameters as ¢ = 1.6102 and o = 6.0065°.
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Figure 7.2 : Convergence of the output parameters for intermediate refined mesh
(G4) for input parameters as o = 1.6102 and o = 6.0065°.
Quantification of uncertainties was carried out across 8 grids with different densities,
employing 25 sampling points. A good sampling strategy should ensure that the entire
input space is adequately sampled while avoiding excessive computational cost. In
order to calculate the Sobol indices more accurately, the results were investigated for
211 to 216 range sampling points, and it is seen that the results remain same in 2!
and 216, So that, 2! sampling points were obtained from the response surfaces.
A representative plot is given in Figure 7.3. The primary findings of the analysis
include the discretization uncertainties and Sobol indices computed for both parameter

uncertainty and combined uncertainty procedures. They are shown in Figure 7.4.

Figure 7.3 : Sampling points obtained from the response surfaces: a) 2'° points
(Representative) b) 215 points (Representative).
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The h;/hy values given on the x-axis indicate the relative grid size, defined as per the
work of [127]. In this study, h;/h; = 1 refers to the finest mesh and h;/h; = 2.4434 to
the coarsest mesh. The figures on the left-hand side depict discretization uncertainties,
indicated by continuous error bars that rely solely on the expected values of input
parameters and do not factor in parameter uncertainties. h;/h; = O represents the
extrapolated value corresponding to infinite grid refinement, in which case the value
read on the y-axis will be the expected value of the output parameter. The error bars
given for each grid show the different percentage between the value to be reached
on the infinitely refined grid (expected value) and the value in that grid. The values
on or below of the error bars represent the uncertainty value which is calculated
by multiplying the error value with a safety factor for the corresponding grid. The
expected behavior in such a plot is that the error bars get shorter as the refinement
in the grid increases. Such behavior indicates that discretization-induced errors in
the simulation results decrease as the grid is refined. The value in the left-below
side of the figure (value on the the bottom dashed line) represent the combined
uncertainty value for the corresponding output parameter. Combined uncertainty
value is considers the sum of each input parameter uncertainties and discretization
uncertainty. In the right-hand side figures, the colored bars represent the Sobol indices
of the input parameters for each relative grid size. The bars in the left of the part of the
plot correspond to the Sobol indices obtained by the combined uncertainty approach
containing both the parameter and grid uncertainty. Coloured lines represents the
total-order Sobol indices. Additionally, markers are used to display the total-effect

Sobol indices of the combined approach.

In the two plots on the top row for the Cy parameter, the magnitude of the discretization
uncertainty does not decrease further with grid refinement providing results with
0.0% - 0.1% uncertainty margin, i.e. very close to the expected value for the Cr
parameter. This shows that even the coarsest grid is sufficient for the determination
of this parameter. The combined uncertainty for C; parameter is 4.70%. The greater
effect on this value comes from the input parameter uncertainties, especially from the
angle of attack Sy. In the combined uncertainty analysis, the individual effect of the

S« index (angle of attack) decreased from 0.99 to 0.84, while ST1, which expresses
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Figure 7.4 : Comparison between parameter uncertainty and discretization

uncertainty U,g,;4. Sobol indices are illustrated for each grid and combined uncertainty

(on the right), with total-effect Sobol indices depicted using lines.
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the total effect of the first parameter including its interaction with the second and
third parameters, decreased to 0.90. Also, it can be observed that the effect of the
cavitation number parameter, which almost cannot be seen on parameter uncertainty
bars, increases noticeably here. In addition, by looking at the red colored part of
the combined uncertainty bar, namely the Sobol index (Sg) of the grid refinement
parameter, it can be seen that the grid has more effect on Cy, than the cavitation number.
Although refinement ratio did not affect the accuracy of the results much (according
to the grid-uncertainty bars of Cy), it is seen that it the changes the influence of input

parameters on the results.

Looking at the left-hand side figure for the Cp parameter, it is seen that in the
discretization uncertainty study, the four coarsest grids have a 2.9% uncertainty
according to the expected value of Cp in the infinite refinement state of the fitted
exponential curve. Although this uncertainty value is higher than the uncertainty in the
Cr parameter, it is deemed acceptable for practical purposes, particularly in the light of
the aforementioned likely discrepancies between the numerical and experimental set
ups. When the grid refinement process is continued, the uncertainty level in the finest
grid decreases to 1.5%, showing that if the grid is sufficiently refined, the expected
value can be approached but far more cells would be required to drive the uncertainty
to a magnitude comparable to that of the lift coefficient. In the parameter uncertainty
results, it is seen that the individual Sobol index of the 1st parameter (Sq - angle of
attack) is dominant over the second parameter (Ss - cavitation number), but not as
dominant as in the case of Cy. Also, the effect of the first parameter, including its
interaction with the second parameter (ST1), represented by the blue line, appears to
be slightly different from the individual effect. The same is true for the second input
parameter. This shows that the input parameters do not have a significant interaction
with each other in the calculation of the Cp coefficient, and that the angle of attack
of the foil is the main factor affecting the drag coefficient by itself. In the combined
parameter uncertainty part, it is seen that the grid uncertainty (red) has a shorter bar
than in the case of the lift coefficient. In other words, application of grid refinement

does not significantly affect the results. Furthermore, the inclusion of grid uncertainty
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in the analysis reduces the effect of the first input parameter on Cp, while increasing

that of the second input parameter, but only slightly.

In the discretization uncertainty figure presented for the cavitation length, it is seen
that the grid refinement process has more effect on the cavitation length parameter
than the previous two output parameters. This inference has been made considering
that the uncertainty value difference between the coarsest grid and the finest grid is
around 8% for the L4, value. The fact that the grid refinement process approaches
the actual value of the output parameter in each refinement is exactly as expected from
this process. Since the fitted exponential curve and the length of error bars decrease
regularly as the relative step size (h;/h;) ratio decreases, it seems possible to obtain
results much closer to the expected value for the L., parameter by continuing the
grid refinement process. It is seen that the grid uncertainty parameter has a very low
effect on the output parameters compared to the other two input parameters. This is an
important takeaway, as although the grid uncertainty is quite large here (6.5%-15.2%),
it is far less important than the uncertainties over the angle of attack and cavitation

number.

Looking at the discretization uncertainty figure for the V,.,, parameter, it is seen that as
the grid is refined, the discretization uncertainty bars get shorter, that is, the V.., value
approaches the expected value. It may also be seen that the Sobol index corresponding
to the discretization effect is noticeably higher for the cavitation volume than for the
other output parameters. This can be understood from the fact that the uncertainty
values have approximately 24% difference between the finest grid and the coarsest
grid. The high levels of discretization uncertainty also indicate that further refinement
would be necessary in order to arrive at a set of converged values and more reliable
uncertainty estimates. In the parameter uncertainty part of the right-hand side figure
for V., it is seen that the individual effects of the input parameters are close to each
other. However, as it is in L.4,, the cavitation number is the more influential than the
angle of attack. In the combined parameter uncertainty results, it is seen that the grid
uncertainty (red bar) has the greatest effect on the outputs. Also, the total-effect Sobol
indices of the combined study show that the discretization uncertainty has the highest

influence on V,,,, uncertainty, with ST3 = 0.52, followed by the cavitation number with
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ST2 = 0.34 and angle of attack ST1 with 0.19. To reduce the combined uncertainty, a

much finer mesh is necessary.

As a summary of the results presented in this study: the discretization uncertainty may
be the dominant contributor to the output uncertainties for some parameters, but the
input uncertainties also have a significant and relevant effect. Furthermore, in flows
where turbulence intensity is high and cavitation is present, although the selected grid
can accurately capture parameters such as Cy, and Cp calculated by reading the forces,
it may not be as successful in capturing unstable parameters such as L.,, and V,, .
In such cases, the combined uncertainty effect would be much more. But this can be

reduced by refining the grid especially for the output parameter of Vcav.
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8. CONCLUSION

In this thesis study, it was demonstrated the determination of the joint impact of
parameter and discretization uncertainties in CFD simulations. The results include the
computation of confidence intervals and Sobol indices. Two uncertain input variables,
the angle of attack and cavitation number, were chosen and evaluated on the example
of a NACAG66 hydrofoil. Also, in order to investigate the discretization uncertainty
effect on the output parameters, grid uncertainty has been considered as the third input
parameter. Although the simulations carried out were 2D, the computational cost
of performing tens of computations on each grid refinement level was a significant
hindrance and highlights the difficulty in applying UQ to CFD simulations. As
a consequence, a surrogate model approach was employed to allow the Sobol analysis
to be carried out using fewer computational results. Confidence intervals and Sobol
indices for input parameters, such as drag coefficient (Cp) and cavitation length (L., ),
remained mostly unchanged despite variations in grid refinement. This indicates that
parameter uncertainties were the dominant factor. Regarding the lift coefficient (Cyp),
the impact of discretization uncertainty was found to be larger than that of Cp and
Veav- However, it was still observed that parameter uncertainty had a more significant
influence than discretization uncertainty. In contrast to other output parameters, the
analysis of cavitation volume (V,,,) revealed that discretization uncertainty had a
greater impact than parameter uncertainty. Nevertheless, the study still indicated that

parameter uncertainty played a significant role in determining this output parameter.

To expand the scope of this study, future research could utilize the presented analysis
framework to develop a formulation that incorporates unsteady applications and
considers the impact of iterative uncertainty or time step uncertainty in addition to
quantifying grid and input uncertainty. Other parameters, such as coefficients related
to turbulence or cavitation models, could be included to factor in additional degrees of

the modelling uncertainties in addition to the grid and operating point conditions.
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