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Abstract

The accurate prediction of turbulent flows and laminar-to-turbulent transition re-
mains one of the most significant challenges in Computational Fluid Dynamics
(CFD). While high-fidelity simulations, such as Large Eddy Simulation (LES) or
Detached Eddy Simulation (DES), offer superior accuracy, they are accompanied
by a prohibitive computational cost. This renders the need for faster RANS clo-
sure models essential, which do not sacrifice the calculation’s accuracy to a great
degree. Traditional transport equation-based turbulence and transition models add
partial differential equations to the system, whereas algebraic models are based on
determining the eddy viscosity directly from local flow quantities without solving
additional transport equations. However, they are based on simplifications, such as
Prandtl’s "mixing-length” hypothesis, which renders them inaccurate for complex

flows.

Data-driven approaches have been proved to be very promising in terms of turbu-
lence and transition surrogate modeling. More specifically, DNN-based surrogates
have exhibited great accuracy, although they are very sensitive to overfitting and
lack of generalization. Furthermore, their "black-box” nature, leaves no room for

interpretation of the surrogate model. Moreover, an analytical differentiation, in



view of the model’s integration within an optimization process, is not possible.

This diploma thesis explores an innovative data-driven approach by constructing al-
gebraic turbulence and transition surrogate models using Symbolic Regression (SR).
By leveraging the PySR algorithm, this work aims to replace computationally ex-
pensive transport equations with closed-form algebraic expressions that relate local
flow and geometric quantities to target variables, such as the intermittency factor
~ and the turbulent eddy viscosity v;. This ensures both physical transparency and
analytical differentiability, whilst reducing the risk of overfitting, thus eliminating

the disadvantages of previous data-driven approaches.

The methodology is validated across diverse cases. For transition modeling, the
selected cases include the NLF(1)-0416 airfoil, which was designed by NASA for
natural laminar flow, and the ONERA OAT15A airfoil, which is utilized for studying
transonic flow and buffeting phenomena. Additionally, the two airfoils are used
in combination to derive a single, more generalized algebraic expression for the
intermittency field. The SR-based surrogates to the Piotrowski-Zingg variation of
the v — Reg model are integrated within a RANS simulation in the PUMA solver for
evaluation. In terms of turbulence modeling, the framework is applied to the NACA
0012 airfoil and the Ahmed Body with a 35° slant. These cases serve to evaluate
the Eddy Viscosity Adaptation - Symbolic Regression (EVA-SR) framework, aiming
to improve the modeling of separation and recirculation regions. The resulting
algebraic surrogates are integrated into the OpenFOAM RANS solver to replace the
Spalart-Allmaras model, and their performance is subsequently evaluated within a
Shape Optimization (ShpO) loop to test the advantages of a dynamically updating
eddy viscosity field compared to a frozen field approach.
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[TepiAndm

H oxptBng mpoBAedyn twv TupPuwdwy powyv xot tng UETEPoong amd T oTPWTR TNy
TLEPRWIN PON ToPOUEVEL ict OTTO TLS ONUAVTIXOTEPES TTPOXANOELS 0TV ITTOAOYLOTLXN
Pevotoduvayutx (YPA). Av xow ot TRooou.oLoelg VPNANS TTLoTéTNTOS, OTwe 1 TTpoco-
uotwon MeydAwy Aoy 1 1 Ilpocopoiwon AToxoppuévwy Ay, TEOGEEPOLY AVHTEEY
oxplfeta, oLVOSELOVTOL ATTO ATTAYOPEVTLXG DTTOAOYLOTLXO XOOTOG. AvTO xabLoTd oo
ealTnTN TNV ovdyxn YLow TorxUTEPX LOVTEAX, Tow oTtoiar dev Buatdllovy oe peydro Babud
™y axpifeta Tov vTToAoYLopob. Ta Tapadootoxd pLovTEAa TOEPRNG xot YeTGBoONS TTOL
Baoilovtor oe eElowdoelg LETAPOPAS TPOahETovY LEPLXES DLOPOPLXES EELOWOELS GTO
oVoTNUO, EVL To OAYEPPLxd povtéAa PBaotilovtal aTov TEOadLopLopd g TVERWA0VE
OLVEXTIXOTNTOG amteLOelag O TOTUXES POLXES TTOTATNTES, YWELE TNV ETLALOY] ETILTTAE-
ov gElowoewy petoopas. Qotéoo, Baoilovial os amAovotedoelg, OTws N vTdbeon

TOL «UNUOLG avaULlENg» touv Prandtl, yeyovdg mov ta xabrotéd avaxpifn yio obvbeteg

QOEcC.

Ov mpooeyyioeig ov Paocilovtor o dedopéva €xovy amodetybel vTooydueveES Go0OY O-
QOPA TN ONULOLEYLK LTTOXATACTATWY HOVTEAWY TOEPNG xo petdPoone. [lo ovyxexpt-
LEVOL, TOL LTTOXATACTOTO LOVTEAX oL Paailovtor o Babid Nevpwvixd Aixtuo €xovy
emdetEel peydAn axpifeta, wotdoo eivar titaitepa evaiohnTar oTNY LTTEPTPOCAUPUOYT

xow oty advvapla yevixevong. EmLmAéoy, 1 U0 ToLg G «adpo xoUT» eV apNveL
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TePLOWELO YLOL TNV EQUMNVELD TOV DTTOXATACTOTOV LOVTEAOL. Axouy, dev eivor duvart
ULOL VOADTLXY] OLOPOPLTY), LE OXOTIO TNV EVOWUATWOY TOL LOVTEAOL OE (Lo OLOOLXOTLO

BeAtioToTTOinONC.

H mopodoa StmAwpoatixy epyaoio SLEPELVE ULOL XOLVOTOUO TTPOCEYYLON POCLOUEVY]) OE
Jcdouéva, XATOOXELALOVTOG AAYEBOLXA LTTOXATAOTOTO LOVTEAX TOPPRNG %o UETEPo-
ong pe ™ xeNnon ZLopfoixng IaAwwdpdunong. AEomorwvtag Tov adydptbuo PySR, 1
EQPYXOLOL OVTY GTOXEVEL GTNY OWVTLXATAOTOOY TWY LTTOAOYLOTIXA %00TOROPWY eELaw-
OEWV UETOPOPAG UE OAYEPPLUEG EXPEAOELS XAELOTNG LOPPNG, OL OTtoleg cLOYETI{OLY
TOTILKEG POLXES KO YEWUETOLXKEG TTOCOTNTEG UE UETUPANTEG-0TOHYOVG, OTTWG O TOPAYO-
vTog SLEASLPNG ¥ xot 1 TVERWING KLVNUOTLXT] CUVEXTIXOTNTA v;. ALTO eEapaAilel T6GO
QLOLXY] SLOPAVELO OGO AL AVOAVTLXY] TTREXYWYLOLULOTNTO, UELDYOVTOS TTUPEAANAL TOY
%(VOVVO LTEPTPOTOPUOYNG, EEXAEIPOVTAG ETOL TOL LELOVEXTNULOTO. TWY TTRONYOVUEVLY

mpooeyyloswy Tov Paocilovtay oc dedouéva.

H pebodoroyio emixvpyvetal oe mowxiAeg epappoyéc. ot povteAomoinon tng pe-
TéBoong, avtéc mepthopBdvoovy Ty acpotoury NLF(1)-0416, 1 omoio oyedidotnxe o-
76 ™ NASA vy @uowtxn otpwt) pov, xow v acpotopnry ONERA OAT15A, n omoia
YONOLLOTIOLELTAL YLt TY) UEAETY DLMYNTLXWY POWY XAL QALVOUEVLY AAANAETLIPOOYNG TOL
TLERWSOLG OPLOXOD GTEWULATOG E TO XPOLATLXO xVpo. EmimAgoy, oL S0 aepoTopES
YONOLLOTTOLOVYTAL OE GUYOLAOWUO YLOL TNY EECYWYN ULOG EVLOLOG, TTILO YEVIXEVUEYNG OLA-
YeBotxng Exppaong Lo To Ttedio Tov Topdyovto StaAetdng. Tow vtoxaTdoToTor LOVTE-
Ao ov Bastilovtar ot LopfoAuxn [laAtvdpdunon yro Ty Ttopodhoyy) Piotrowski-Zingg
TOL LOYTEAOL ¥ — Rey evowpatwvovtal o o tpocopoiwon RANS otov emtAvt) PUMA
Yo aELoAdynoy. ‘Ocov opopd TN povteAoToinoy TOERYS, TO TAALIOLO EQUPLLOYNS XONOL-
pworoteitar oty agpotopny NACA 0012 xow oto Ahmed Body pe xAion 35°. Avutég ol
EQOPUOYES XONOLUEDOLY 01N BEATIWON TNG LOVIEAOTIOINOYNG TWY TTEPLOYWY ATTOXOAANOYNG
%o ovaxvxropopiog. To mpoxdTTOVTH AYEBPLYE LTTOXATACTATO LOVTEAN EVOWLO-
Tvovtal otov RANS emtAvt) tov OpenFOAM yio Ty avTixatdotoom TOU LOVTEAOL
Spalart-Allmaras, xow n an63001] Tovg aELohoyeiton oy cLVEELx LEoa oe Evay Bpdyo
BeAtiotomoinong Zynuotog, Tpoxetprévon vo eAeyybody tan mAcovexTiuoTo evHg Suvor-
ULXA oVOVEOVLEVOL TTEGLOL TLPRWSOVLG CLYEXTIXOTNTOG OE GVYXELON UE TNY TPOCEYYLOY

TOU «TIOYWULEVOL » TTEDLOL.
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List of Abbreviations

AoA Angle of Attack.

CFD Computational Fluid Dynamics.
CPU Central Processing Unit.

DES Detatched Eddy Simulation.

DNN Deep Neural Network.

EA Evolutionary Algorithm.

EVA Eddy Viscosity Adaptation.

FAE Field Adjoint Equations.

FEV Frozen Eddy Viscosity.

FISR Field Inversion Symbolic Regression.
GPU Graphics Processing Unit.

LES Large Eddy Simulation.

ML Machine Learning.

MOO Multi-Objective Optimization.
MSE Mean Squared Error.

NLF Natural Laminar Flow.

NTUA National Technical University of Athens.
PCOpt Parallel CFD & Optimization.
PUMA Parallel Unstructured Adjoint Multi-row.
RANS Reynolds Averaged Navier-Stokes.
SA Spalart-Allmaras.

ShpO Shape Optimization.

SO0 Single-Objective Optimization.

SR Symbolic Regression.

ix






Contents

Contents

1 Introduction

1.1 Turbulence and Transition Modeling in CFD . . . . . . .. ... ...
1.2 CFD-based Optimization . . . . . . . . . . . ... ... ... .....
1.3 Symbolic Regression . . . . . . . .. .. ... L

1.4 Thesis Motivation
1.5 Thesis Workflow
1.6 Thesis Outline .

2 Turbulence

2.1 Turbulence Modeling . . . . . . . . . ... ...
2.1.1  The RANS Equations . . . . .. .. ... ... ... .....
2.1.2  Algebraic Turbulence Models . . . . . . ... ... ... ...
2.1.3 The Spalart-Allmaras Turbulence Model . . . . . . . . .. ..

2.2 Laminar-to-Turbulent Transition . . . . . . . ... ... ... ....
2.2.1 The v — Rey Transition Model . . . . .. .. ... ... ...

2.3 Data-Driven Turbulence & Transition Modeling via Symbolic Regres-

sion . . .. ...

2.4 CFD Simulations

3 Optimization

3.1 Shape Optimization . . . . .. . ... . ... ... ... ......
3.2 Optimization Methods . . . . . . . ... ... ... ... . ......
3.2.1 Gradient-Free Methods . . . . . . .. ... ... .. ......
3.2.2 Gradient-Based Methods . . . . . . .. ... ... .......

4 Symbolic Regression

Xi



4.1 The PySR Algorithm . . . . . . .. .. .. ... ... .. ... ... @

4.1.1  Algorithm Description . . . . .. .. ... ... ... ... .. @

4.1.2 Loss Function . . . . . . . . ... . ... @

4.2  Workflow of the Regression . . . . ... ... ... ... ....... @
4.3 A simple PySR example . . . . .. .. ... @

5 Applications of SR in Transition Modeling @
5.1 Case A: NLF(1)-0416 Airfoil . . . . . .o ovooeo Bd
5.1.1 SR-based Algebraic Transition Model . . . . . . ... ... .. @

5.2 Case B: ONERA OAT15A Airfoil . . . ... ... ... ... ... .. @
5.2.1 SR-based Algebraic Transition Model . . . . . . . .. .. ... @

5.3 Case C: Combination of NLF(1)-0416 and ONERA OAT15A Airfoils @
5.3.1 SR-based Algebraic Transition Model . . . . . . . .. ... .. @

6 Applications of SR in Turbulence Modeling @
6.1 Case D: NACA 0012 Airfoil . . . . ... ... bd
611 EVA-SR . . ... b1

6.1.2  ShpO with the SR-based Turbulence Model . . . . ... ... @

6.2 Case E: Ahmed Body . . . ... ... ... ... ... ......... @
6.21 EVA-SR .. .. bd

6.2.2 ShpO with the SR-based Turbulence Model . . . . ... ... @

7 Conclusions & Future Research
Bibliography @

Xii



Chapter 1

Introduction

1.1 Turbulence and Transition Modeling in CFD

Turbulent flow is by definition a stochastic phenomenon, characterized by chaotic
spatial and temporal changes in the flow quantities. The unpredictability of tur-
bulent phenomena creates the need for statistical methods and empirical models,
in order to study them, as high-fidelity methods, such as Direct Numerical Simula-
tion (DNS), are in many cases computationally prohibitive. Traditional turbulence
models in Computational Fluid Dynamics (CFD) are categorized depending on the

number of differential equations they add to the system, as follows:

» Algebraic or Zero-Equation models are based on Prandtl’s "mixing length”
hypothesis [37], which suggests that the turbulent eddy viscosity v, must vary
with distance from the wall. Notable examples include the Cebeci-Smith [[7]
and Baldwin-Lomax [4] models, which determine the eddy viscosity directly

from local flow quantities without solving additional transport equations.

e One-Equation models introduce a single additional transport equation, typ-
ically for the turbulent kinetic energy or a modified eddy viscosity. The
Spalart-Allmaras (SA) model [45] is the most prominent example in exter-
nal aerodynamics. It offers a robust compromise between computational cost
and accuracy for boundary layer flows under adverse pressure gradients. The

SA model also includes the f;; term, meant to provide a basic modeling of the

1



laminar-to-turbulent transition.

o Two-Equation models are the most widely used in industrial CFD, solving
two separate transport equations. The most common formulations are the
k—e 4], k —w [p3] and k —w — SST [28] models. These provide a more
complete description of the turbulent state, though they remain limited by
the Boussinesq hypothesis and often struggle with predicting the onset of

transition without specific modifications.

Fluid flow rarely exists in a binary state of laminar or turbulent. It undergoes a
complex transition process. This regime is highly sensitive to freestream pressure
gradients and wall roughness. Accurately predicting the transition point is critical
for aerodynamic design, as it dictates the sudden rise in skin friction and thermal
loading. The so-called "onset of turbulence” can occur through three fundamental
mechanisms: natural, bypass and separation-induced transition [21]. Natural tran-
sition, most prominent in wings, is driven by the growth of "Tollmien - Schlichting”
instabilities within in the laminar boundary layer, which eventually break down into
turbulent flow [39]. Bypass transition [40], appearing mainly in gas turbines, refers to
the bypassing of the classical linear instability phase due to high intensity of external
flow turbulence. Separation-induced transition [27] occurs mainly in gas turbines,
low-pressure turbines and compressors in the separated boundary layer, where the
subsequent reattachment of the flow often forms a laminar-separation bubble. A
fourth category of transition is forced transition, where the laminar boundary layer
is intentionally disturbed by artificial surface roughness or mechanical "trips”. If
the roughness elements are sufficiently large, the generated disturbances result in
an immediate transition to a fully turbulent state. This method is often employed in
experimental aerodynamics to ensure a predictable transition point across varying

flow conditions [[14].

Laminar-to-turbulent transition modeling plays a crucial role in maintaining accu-
racy in CFD simulations, as transitional phenomena directly affect the skin friction,
lift and drag coefficients, which are highly important for aerodynamic design. With-
out a robust transition model, no accurate prediction of the aforementioned integral
quantities can be achieved and, thus, any related design or optimization process

is rendered unsuccessful. Historically, transition was accounted for using empirical
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Figure 1.2: Laminar to turbulent transition in the boudary layer of an airfoil /B]

correlations or the eV semi-empirical method [@] based on linear stability theory
[@] The eV method is still a standard regarding natural laminar flows (NLF). How-
ever, modern CFD often utilizes local correlation-based transition models (LCTM),
such as the v — Reg model [@] or the one-equation v model [@], which are inte-
grated directly into the Reynolds-Averaged Navier-Stokes (RANS) equations. These
models rely on the concept of intermittency v to trigger the transition process [@],
effectively bridging the gap between laminar and turbulent regimes in a numerically

robust manner.



1.2 CFD-based Optimization

CFD-based optimization is the process of solving fluid-mechanical design problems
by utilizing CFD solvers as the primary evaluation tool. Within this framework, the
optimization strategy can either be gradient-free (such as Evolutionary Algorithms)
or gradient-based (such as the continuous adjoint formulation), while the objectives
are usually aerodynamic performance metrics. Noteworthy examples include max-
imizing the lift to drag ratio of an airfoil and minimizing of the total pressure loss
in internal flows. CFD-based Optimization can refer to Shape, Topology or flow-
control optimization. The first aims to find the optimal shape of a given geometry
in order to achieve the optimal solution to the problem. In topology optimization
the algorithm determines where material should and should not exist within a given
design volume. Flow-control optimization aims to optimize by manipulating the
flow without interfering with the shape of the geometry. This approach typically
involves passive techniques, such as vortex generators and active methods, such as
synthetic jets, suction or blowing, order to modulate the transition onset and reduce

pressure drag.

1.3 Symbolic Regression

Regression analysis refers to the process of determining the relationship between a
dependent and one or multiple indepedent variables, when only a set of data points
is provided. In the context of science and engineering, it serves the purpose of
yielding simple mathematical expressions that describe complex physical problems,
whose behavior cannot otherwise easily be predicted. Depending on the structure
of the regression algorithm and the nature of the search space, several regression
types can be identified. The most basic form is Linear Regression, which is based
on the assumption of linear dependency between the input and output variables.
While computationally efficient, it is considered insufficient for capturing non-linear
and more complex distributions. Non-Linear Regression refers to the process of
fitting the data to a pre-defined non-linear expression (e.g. higher-order polynomi-
als, exponential, logarithmic) by determining its coefficients. However, its success
depends heavily on the researcher’s a-priori knowledge of the "correct” functional

form to be used for the fit. The first two forms are strict mathematical methodolo-



gies, which can easily be calibrated for simple systems but often fail to capture the
high-dimensional, non-linear distributions often encountered in physical problems.
”Black-box” Machine Learning-based Regression is approached in the past
decades through Deep Neural Networks (DNNs), which can accurately approximate
nearly any complex distribution. The so-called "black-box” nature lies within their
inability to provide explicit mathematical relationships, rendering them impossible

to interpret and analytically differentiate for optimization purposes.

Symbolic Regression (SR) serves as the central methodology of this thesis for
the yielding of algebraic expressions by fitting them to provided data. The differ-
ence with traditional linear or non-linear regression is that the form of the algebraic
expression is not pre-determined. This suggests that the algorithm does not seek
to find the coefficients that fit the data into an already decided mathematical ex-
pression, but also to optimize the form of the expression itself. This fact renders
this method very useful, when no clue of the underlying mathematical relationship
between the variables exists, or when the physical phenomena are too complex to be
captured by traditional empirical correlations. SR fits the data to the simplest func-
tional equation, meaning that sometimes better generalization can be achieved. This
renders SR-generated expressions more successful in extrapolation to unseen data,
unlike DNNs, which are great interpolators but often struggle with extrapolation,

due to overfitting.

Any SR algorithm works by creating an “expression-tree” to describe the canditate
algebraic expression, as illustrated in Fig. @ Each node contains either an inde-
pendent variable, a mathematical operator (either unary or binary) or a constant.
A unary operator is a mathematical operator. which is fed with only one input (e.g.
the trigonometric, exponential and logarithmic functions), whereas a binary opera-
tor needs two separate inputs (e.g. the power, addition, subtraction, multiplication
and division functions). The algorithm seeks to optimize both the structure of the
tree and the numerical constants within the nodes to achieve the best fit to the
data while simultaneously minimizing complexity. In this context, the expression’s

complexity is defined as the number of nodes in the expression tree.

The most prominently used SR packages are described in the following sections.
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Figure 1.3: Example of Expression Trees used in Symbolic Regression Algorithms.

They are distinguished mainly by their search mechanisms, which employ either
gradient-free or gradient-based methods, in order to optimize the design variables,
which are the mathematical operators, coefficients and constants in the expression

tree.

PySR [9] is a high-performance open-source library that has become a standard in
engineering. A high-speed Julia backend for the core search process is implemented,
while a user-friendly Python interface is maintained. The search mechanism con-
sists of a Multi-Population EA, where independent populations of expressions, the
so-called islands, evolve in parallel and periodically migrate to share genetic infor-
mation. A key feature of PySR is its integration of Simulated Annealing in the
mutation process to navigate complex search spaces and an optimization loop for
the expression’s constants, typically employing the BFGS algorithm, to tune the

coeflicients.

Gene Expression Programming (GEP) [52] refers to a specialized evolutionary
logic that has successfully been used in Explicit Algebraic Reynolds Stress Models
(EARSM). Unlike standard Genetic Programming, GEP utilizes fixed-length linear

chromosomes that are subsequently expressed as non-linear expression trees. This



separation between the genotype and the phenotype allows for highly efficient genetic

operations during the search for optimal expressions.

Eureqa [41] was the software that popularized symbolic regression across scien-
tific research. It was designed to uncover fundamental physical laws directly from
experimental data. The engine prioritizes the yielding of the simplest possible ex-
pressions, a principle known as parsimony. This ensures that the resulting formulas

are physically interpretable and not overfitted to the training data.

Deep Symbolic Regression (DSR) [34] introduces neural-guided search. Instead
of relying on traditional evolutionary operators, DSR employs a Recurrent Neural
Network (RNN), which is trained using Reinforcement Learning, specifically risk-
seeking policy gradients. This strategy favors expressions that maximize accuracy

while respecting predefined mathematical constraints.

GPLearn [47] is a widely used Python library for integrating SR into general data
science workflows. It is fully compatible with the scikit-learn API, allowing the user
to implement symbolic regression as a standard estimator. It follows a classical

Genetic Programming "survival of the fittest” approach.

Package Primary Algorithm Key Advantage
PySR Multi-Population EA Speed & Constant Optimization
GEP Geno-/Phenotype Evolution Proven success in EARSM
Eureqa Genetic Programming Historical standard for physical laws
DSR Reinforcement Learning Neural-guided search
GPLearn Genetic Programming Easy use & scikit-learn compatibility

Table 1.1: Summary of commonly used Symbolic Regression packages.

1.4 Thesis Motivation

The motivation for this thesis stems from one of the most significant challenges in
CFD. The accurate prediction of turbulent flows and laminar-to-turbulent transition
demands, in certain cases, high-fidelity model simulations with very high compu-
tational cost, like Large Eddy Simulation (LES) [43] or Detached Eddy Simulation
(DES) [46]. This renders them practically impossible for being used in industrial-
level applications [12]. However, losing accuracy in the name of minimizing the

computational cost is simply unacceptable, as this can lead to a completely false
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prediction of aerodynamic quantities, such as the lift and drag coefficients, which
are of uttermost importance for the design and optimization process in any indus-
trial case. Thus, Data-Driven Turbulence and Transition Modeling has been gaining
increasing popularity over the years [[13, b].

In view of maintaining high accuracy, while speeding up the computations, Deep
Neural Networks (DNNs) are widely implemented in turbulence and transition mod-
eling [25]. They are trained on experimental or high-fidelity simulations data and
can offer impressively accurate predictions, and can also be tuned to fit certain cases
or geometries almost perfectly. Their disadvantage lies within their "black-box” na-
ture. This means that their prediction, while very trustworthy in terms of accuracy,
offers no information concerning the physical problem and the quantities used in
the calculation of the final result. Consequently, the model cannot be manipulated
or generalized to data outside of the training set quite easily.

The previously-described gap, concerning the need for faster, human-interpretable
turbulence and transition models, holds the potential to be bridged by an innovative
tool, namely Symbolic Regression [9, 52]. Falling under the category of Interpretable
Machine Learning (ML), SR can provide analytical expressions for any quantity of
interest, such as the transition intermittency v and the turbulent eddy viscosity
v;. The acquisition of an algebraic expression leads to the ability to interpret and
manipulate the quantities involved, while also easily implementing the equation in
methods such as the continuous adjoint method for optimization purposes [b5]. The
continuous adjoint method, which is widely used for calculating sensitivities with re-
spect to design variables, requires the linearization of the turbulence and transition
model equations [1§]. For complex neural architectures, calculating these derivatives
— while possible through automatic differentiation — remains a "black-box” process
that adds significant computational cost and memory requirements [21]. The ex-
plicit nature of SR-derived expressions simplifies this process considerably. Having
a symbolic expression allows for the straightforward derivation of the adjoint coun-
terparts, facilitating a more efficient and "frozen-free” optimization workflow where
the transition or turbulence model is fully coupled with the adjoint solver. This ap-
proach holds a great advantage in shape optimization cycles, as the surrogate model
uses geometrical information and updates the flowfield dynamically, contributing to
a more accurate optimization process, compared to a frozen field approach. Finally,

the "symbolic” nature of these models addresses the persistent issue of over-fitting.



While deep learning models typically require vast amounts of high-fidelity data to
learn the underlying physics, SR often thrives on sparser datasets by seeking the
simplest functional form that satisfies the data [34]. This suggests that SR-generated
expressions may possess superior generalization capabilities when applied to unseen
geometries or flow conditions that differ from the training data [54, [19]. This thesis
explores this potential, aiming to develop surrogate models that are not only com-
putationally efficient and accurate, but also physically interpretable and adaptable

to diverse cases.

1.5 Thesis Workflow

The workflow followed in the subsequent chapters of this diploma thesis is organized

into five distinct stages, as illustrated in the general methodology overview:

1. Reference Data Generation: High-fidelity CFD simulations are performed

to generate the reference fields (e.g. intermittency v or eddy viscosity 14).

2. Input Variable Selection: Local flow and geometric variables are extracted

and normalized to serve as independent variables for the regression process.

3. Symbolic Regression Training: The SR algorithm is employed offline to
search the solution space and derive algebraic relations between the input
variables defined in Step 2 and the output variables, which are either the
intermittency factor or the eddy viscosity, depending on the application. It
seeks a trade-off between predictive accuracy (MSE) and minimal complexity

(parsimony principle), yielding a Pareto front of algebraic expressions.

4. Implementation in the CFD Solver: The selected algebraic surrogate is
integrated into the RANS solver (PUMA or OpenFOAM). This replaces the
traditional closure model (either turbulence or transition), allowing the flow
field to be updated dynamically based on the new algebraic surrogate. The
results are evaluated based on post-processed quantities such as the aerody-
namic coefficients (Cp and Cp) and boundary layer-related quantities (Cy),

as well as by visualizing the computed fields.

5. Adjoint-based ShpO: In ShpO for turbulent flows, the algebraic surrogate



model is employed within the optimization framework, dynamically updating
the eddy viscosity field in each optimization cycle, making changes in the flow
field due to shape updates detectable, as opposed to a frozen eddy viscosity

optimization loop.

The algebraic surrogates developed in this work offer transparency, as the explicit
nature of the yielded expressions allow for immediate inspection and interpretability.
Furthermore, they can seamlessly be integrated into the RANS solvers to minimize
the computational cost, as well as within the continuous adjoint fomulation, provid-
ing exact sensitivity derivatives after analytical differentiation. Lastly, compared to
the more common DNN-based suroggate modeling, these surrogates are less prone
to overfitting, due to the algorithm’s goal to always seek the simplest functional

form.

1.6 Thesis Outline

This thesis aims to construct analytical turbulence and transition surrogate models
using Symbolic Regression and to test their accuracy in CFD RANS calculations.
The turbulence models created are also implemented in Shape Optimization (ShpO),
to test whether or not they provide useful information to the optimization algorithm

compared to a Frozen Eddy Viscosity (FEV) field.

e In Chapter 2 the concept of Turbulence and Laminar-to-Turbulent Transi-
tion is described, while the Chapter also presents the RANS equations for
incompressible flow, the Spalart-Allmaras Turbulence Model and the v — Rey
Transition Model. A literature survey of algebraic turbulence and transition

models is conducted and the emergence of Data-Driven modeling is described.

o In Chapter 3 the process of Optimization especially with Evolutionary Algo-
rithms (EAs) and the Continuous Adjoint Optimization Method is explained
and the concept of Shape Optimization (ShpO) is presented.

o In Chapter 4 Symbolic Regression (SR) as part of Interpretable Machine
Learning (ML) is introduced. The most widely used SR packages are pre-
sented and finally, the PySR algorithm used for SR purposes in this thesis is

also explained in detail. A simple example of use of the PySR algorithm is

10



presented in order to render the reader more familiar with the Regressor.

In Chapter 5 the algebraic surrogates to the transition model built through
SR for the NLF(1)-0416 and ONERA OAT15A airfoils are presented. Their
accuracy is tested in a number of conditions, in terms of transition point and

lift and drag coefficients prediction.

In Chapter 6 the algebraic surrogates to the turbulence model built through
SR for the NACA 0012 airfoil and the Ahmed body are presented and the
results of their integration in simple RANS simulations, as well as in a ShpO

loop are evaluated.

In Chapter 7 a summary of the findings of the previous chapters is presented,
alongside the essential conclusions and proposals for future scientific research

based on the methodology developed in this thesis.

11



12



Chapter 2

Turbulence

Turbulent flow in fluid dynamics refers to chaotic changes in velocity and pressure,
as opposed to laminar flow, where the fluid follows discrete parallel layers. The
most prominent characteristic of turbulent flow is the formation of vortices (eddies),
with varying sizes and vorticities, due to the spatial and temporal fluctuations in
the fundamental flow quantities. Due to its stochastic nature, it is not studied
deterministically, but through statistical methods and models. It is by nature a

three-dimensional and time-dependent phenomenon [42].

2.1 Turbulence Modeling

Everything stated above leads to the conclusion that a full resolution of turbulent
flows is computationally prohibitive for complex geometries, leaving only approxi-
mation strategies and modeling, in order to obtain sufficiently accurate results to
use in engineering applications. Turbulence modeling has been one of the most chal-
lenging problems in CFD over the past decades. While the Navier-Stokes equations
accurately govern these flows, the computational cost of resolving the Kolmogorov
scale—where kinetic energy dissipates into heat—remains prohibitive for most en-
gineering applications.

The computational methods used for turbulence modeling in descending order of
accuracy are arranged as follows. The Direct Numerical Simulation (DNS) [§] re-

mains the most accurate and the computational overhead to the problem, as it

13



solves the Navier-Stokes equations in every scale, ranging from the largest eddies,
which contribute the most to the kinetic energy to the smallest eddies, termed the
Kolmogorov Scale [20]. Performing DNS in industrial applications requires massive
computational means (as the cost increases with the cube of the Reynolds num-
ber), exceeding the capabilities of common computers and clusters and limiting the
implementation only to supercomputers. The Large Eddy Simulation (LES) [16]
methodology is a compromise made in view of reducing the computational cost to
a certain degree, as an exact calculation of the Navier Stokes equations is calcu-
lated for the large scale eddies, but the smaller eddies, whose energy contribution is
significantly lower, are modeled. The LES method remains, however, too computa-
tionally demanding to implement routinely in industrial simulations. The Reynolds
- Averaged Navier - Stokes (RANS) equations [B8] are the most computationally
efficient approach, as they solve for the time-averaged flow field. By decompos-
ing the instantaneous velocity into mean and fluctuating components, the effect of
turbulence is captured through turbulence models which close the system of equa-
tions. While RANS sacrifices the resolution of unsteady structures, it provides the

necessary balance of accuracy and speed required for engineering design.

2.1.1 The RANS Equations

The Reynolds-Averaged Navier-Stokes (RANS) equations are based on the assump-
tion that any flow quantity ¢ in turbulent flows can be decomposed into a mean

term ¢ and a fluctuation term ¢’ . This is known as Reynolds decomposition.

For the sake of brevity the resulting RANS equations are presented here for the case

of an incompressible fluid:

ou
il (2.1)
o op 0 [ (0n 0\ -
p?}]a—wj = D, + a—w] |:M (ax] + 6%) pUin:| (2.2)

In these equations:

e 7; is the mean velocity component in the -direction.
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e p is the mean pressure.
o pand pu represent the fluid density and dynamic viscosity, respectively.
* Tij = —pvv; is the Reynolds stress tensor.

To close the system of equations, the Boussinesq hypothesis is employed, which re-
lates the Reynolds stresses to the mean velocity gradients through the eddy viscosity

Vy:

ov;  0v; 2

where k is the turbulent kinetic energy of the fluid, defined as follows:

1—
k= —v

!
2"

’ (2.4)
While cases involving higher Mach numbers require the Favre-averaging formulation
to account for density fluctuations, the incompressible form clearly highlights the

emergence of the Reynolds stress tensor, which necessitates the turbulence closures

discussed in the following sections.

2.1.2 Algebraic Turbulence Models

The development of algebraic turbulence models stems from the "mixing length”
hypothesis proposed by Prandtl (1925) [37]. The most significant milestones in this
category include the Cebeci-Smith Model (1967) [7], treating the boundary layer as
two layers and constucting a separate eddy viscosity equation for each one, and the
Baldwin-Lomax Model (1978) [4], which eliminates the need to define the boundary
layer edge, leading to more robust modeling for separated flows.

Algebraic transition models do not solve a transport equation for the intermittency
factor, but rather ”"switch” the turbulence model on based on local flow conditions.
The most noteworthy work in this area includes Michel’s Criterion (1954) [31], con-
taining a classical empirical correlation relating the local Reynolds number based
on momentum thickness () to the Reynolds number based on the distance from
the leading edge (z), the Abu-Ghannam and Shaw (1980) [L], which accounts for

the effects of free-stream turbulence intensity and pressure gradients and the more
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recent Algebraic 7 Model, developed by Kubacki and Dick (2016) [23].

2.1.3 The Spalart-Allmaras Turbulence Model

The Spalart-Allmaras model is a one-equation model that solves a transport equation
for a modified turbulent viscosity 7. The evolution of this variable is governed by

the following partial differential equation:

Y 5 Cbn AN
a“‘ﬂja_xj =7 [Obl(l_ftQ)Sy] — |Cufw — ?ft? d

_|_l i ( _‘_~)ﬁ +C ﬁaﬁ
2 8;1:j v v 0;1:j bz@azi a.ﬁEZ

In Eq. @, the production term is multiplied by the intermittency factor v to

account for the laminar-to-turbulent transition process. A detailed derivation of the
transport equation for v will be presented in .

The kinematic eddy viscosity v, is then obtained from the working variable using a

damping function f,;:

X3

X2+ CP

AN AN

Vi=Vfo1, Jo1 = X = (2.6)

The modified vorticity S, which prevents the production term from vanishing at the

wall, is defined as:

~ v X
S:S—i_wa‘v% fv2:1

where S is the magnitude of the vorticity and d is the distance to the closest wall.

The destruction of turbulent viscosity near the wall is controlled by the f,, function:

1/6
_ 6 _ — i v
} , g=1r+Cu(®—=r), r=min [§ﬁ2d2’ 101 (2.8)

1+C8,
g%+ C8,4

fw:g[
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To handle the transition from laminar to turbulent flow, the model includes the f;

and f trip functions:

2
Ju = Cugiexp (_Ct2 AwéQ [d* + gfdf]) (2.9)
fro = Ci3 eXP(—Ct4X2) (2.10)

The standard closure constants for the model are:
o Oy =0.1355, Cpe=0.622, o0=2/3, k=041

L] wl:

Gy Wl (0 =103, Cu =20, Cn=T1

. Ctl == 10, CtQ == 20, Ctg = 12, Ct4 = 05

2.2 Laminar-to-Turbulent Transition

2.2.1 The v — Rey Transition Model

The transition model employed in this thesis is based on the local correlation-based
transition 7 — Rey framework originally proposed by Langtry and Menter (2009)
[29]. Specifically, a modified, numerically smooth one-equation version developed
by Piotrowski and Zingg (2021) [36] is used to be differentiable for the continuous
adjoint formulation. This model introduces a transport equation for the intermit-
tency factor, v, which controls the production term of the SA model. The transport

equation for v is given by:

Oy B 0 v\ Oy

Where:

o P, is the transition source (production) term, which triggers the growth of

intermittency based on local flow correlations.
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o E. is the destruction (relaminarization) term.
e 0, is the effective Schmidt number for the diffusion of intermittency.

The coupling with the Spalart-Allmaras model is achieved by multiplying the original
production term of the 7 equation by the intermittency factor . In the transitional
regions, ~y varies from 0 (laminar) to 1 (fully turbulent), effectively ”"turning on”
the turbulence production as the flow transitions. Unlike earlier transition models,
this formulation ensures numerical smoothness, making it particularly suitable for

gradient-based aerodynamic shape optimization using adjoint methods.

(Grid, Boundary & Initial Conditions

Solve RANS Equations

Solve Transition Model (7)

No

Solve SA Model (7) using

Converged?

Yes

Post-Processing / Output}

Figure 2.1: Flowchart of the coupled RANS-Transition Model-SA solver iteration
process.
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Figure 2.2: FEvolution of Turbulence Modeling and description of the FISR Method-
ology

2.3 Data-Driven Turbulence & Transition Model-
ing via Symbolic Regression

The limitations of existing algebraic models in combination with the increased com-
putational cost of one or two transport equation models have led, in recent years,
to the emergence of data-driven turbulence and transition modeling as a robust al-
ternative [12].

Surrogate models based on DNNs have demonstrated high accuracy in reproducing
high-fidelity CFD data [21, 25]. However, their "black-box” nature remains a signif-
icant barrier for engineering applications, as they offer no physical insight and can
exhibit numerical instability when integrated into RANS solvers. The extrapolation
of DNNs into flow conditions or geometries outside of the training dataset often
leads to predictions with no physical meaning. Furthermore, from an optimization
perspective, the complex and non-linear architecture of a DNN complicates the cal-
culation of sensitivities. While automatic differentiation can be employed to obtain
derivatives for gradient-based methods, the process often introduces a significant
computational and memory overhead.

To bridge this gap, SR-based approaches have been introduced in recent years, in
order to provide interpretable transition and turbulence models, using local flow

quantities [52, b]. A pioneering application in this domain was the use of the Gene
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Expression Programming (GEP) framework to identify improved Explicit Algebraic
Reynolds Stress Models (EARSM) [52]. This approach has been subsequently ex-
tended to transition modeling through the Eddy Viscosity Adaptation and Symbolic
Regression (EVA-SR). The first stage of the EVA-SR methodology is the Eddy Vis-
cosity Adaptation process, which aims to solve an optimization problem, often using
the adjoint method, to obtain a spatially varying corrective field high-fidelity data,
such as DNS or LES. The produced field represents the descrepancy between ref-
erence high-fidelity data and the RANS baseline. In the second stage, Symbolic
Regression is used as the tool to map this field to a set of flow and geometrical
variables. Unlike neural networks, the resulting SR-derived models are closed-form
algebraic expressions. This advantage is of uttermost importance in ensuring physi-
cal consistency (e.g. ensuring no negative values of eddy viscosity are produced) and
in integrating the surrogate model within the continuous adjoint-based optimization
framework, as the expression is analytically differentiable [55, 19]. SR-based tran-
sition modeling is a more recent approach [56] and preliminary studies show that
the reproduction of high-fidelity data in terms of reconstructing transition mecha-
nisms is possible through SR. However, the full integration of such surrogate models
within adjoint-based design optimization cycles remains an open area of research.
Based on the above, this thesis aims to evaluate the accuracy of SR-based algebraic
surrogate turbulence and transition models and subsequently their performance in

a shape optimization framework.

2.4 CFD Simulations

Some of the simulations performed in this thesis use the in-house CFD GPU-enabled
solver PUMA, developed by the [Parallel CFD & Optimization (PCOpt)| Unit of the
INational Technical University of Athens (NTUA)| b7, B, 48, 49, B2]. The rest use
the open-source OpenFOAM (Open Field Operation and Manipulation) software
[26]. While both solvers are based on the Finite Volume (FV) method, they differ

in their spatial discretization approach, as PUMA utilizes a vertex-centered formu-

lation, whereas OpenFOAM follows a cell-centered convention. PUMA is built in
a way that allows for massive parallelization on GPUs using the CUDA/C/C++
framework. This allows significant acceleration of the RANS and adjoint compu-

tations, compared to traditional CPU-based execution. OpenFOAM uses a general

20



purpose C++ framework, which enables the user to integrate new models without
changing the underlying numerical engine. Its extensive library of built-in tools
renders it ideal for testing a variety of cases. Lastly, PUMA simulates compressible

flows, whereas OpenFOAM is restricted to incompressible cases.
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Chapter 3

Optimization

An optimization problem refers to the search for the optimal solution X’Opt to a
specified problem, through minimizing or maximizing a given objective function
F ()Z' ). The objective function is essentially the target quantity of the problem, which
the process seeks to optimize. Optimization problems can be classified depending on
the number of objectives into two categories: Single-Objective Optimization (SOO),
in which there is only one objective and Multi-Objective Optimization (MOO),
where there is a greater number of conflicting objectives. In a Multi-Objective
Optimization (MOO) problem, multiple solutions with equivalent fitness—in the
sense that no single objective can be improved without degrading another—are
acquired and presented as a Pareto Front. Each point on this front represents a
different trade-off, where the relative importance of one objective is prioritized over

the others.

3.1 Shape Optimization

Shape Optimization (ShpO) is the process of finding the optimal shape of a given
geometry, in order to minimize or maximize an objective function. Considering the
fact that the methodology aims at finding an optimal shape, the design variables b
determine the geometry and the algorithm relies on the computation of sensitivity
derivatives (SDs) to iteratively update the given shape. A classic example of aero-

dynamic ShpO is the search for the optimal shape of an airfoil which maximizes its
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lift and minimizes or retains its drag coefficient. The two objectives are conflicting,

rendering this specific example a MOO problem.

In the context of this thesis, the SR-based turbulence surrogate models constructed
through SR in the present thesis are used for ShpO purposes and the results are
compared with the Frozen Eddy Viscosity (FEV) Method [50], which implements
a frozen v; corrective field in the primal solver and assumes laminar flow in the
adjoint solver. The implementation of the surrogate model in the primal solver
of the ShpO process holds a significant advantage against the FEV approach, as
the eddy viscosity field is dynamically updating depending on geometrical variables
within the algebraic expression. This can provide useful information, which would

otherwise be missing.

3.2 Optimization Methods

Optimization methods are split into Gradient-Free or Stochastic and Gradient-Based
or Deterministic, depending on whether they utilize or not the derivatives of the
objective function w.r.t the design variables in order to find an optimum. Stochastic
methods rely on probabilistic algorithms and a ”survival of the fittest” methodology,
whereas deterministic optimization determines the direction of the next iteration

based on local derivative values.

3.2.1 Gradient-Free Methods

Evolutionary Algorithms (EAs) [17] refer to a gradient-free stochastic optimization
method, based on Darwin’s Theory of Evolution [10]. They are population-based
and rely on processes like the application of the crossover and mutation operations
on a set of selected individuals in each generation, in order to create new individ-
uals, whose fitness is once again evaluated. Their stochastic nature lies within the
probability-based parents’ selection and crossover and mutation application. The
implementation of methods such as elitism can significantly speed-up the algorithm’s
convergence, while population distribution makes parallelization possible, which is
of uttermost importance in industial applications. The advantages of EAs lie within

the fact that, by implementing certain strategies, they are less likely to be trapped
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in a local optimum. They maintain high diversity in the populations’ individuals,
due to the employment of evolution operators, which allow them to navigate the en-
tirety of the search space. A flow-chart of a basic EA optimization-loop is presented
in Fig. @ In this thesis, EAs are implemented for Symbolic Regression within the
PySR library.

Yes
Initialize Evaluate Convergence Parent Crossover/
Population Fitness Criteria Met? Selection Mutation

)

Figure 3.1: Basic EA Optimization Loop

3.2.2 Gradient-Based Methods

Gradient-based optimization methods [17] rely on the calculation of the objective
function’s J derivative, in order to provide a solution which serves as an optimum
to the problem. Their deterministic nature means zero sensitivity to the design
variables’ initialization, which ensures total reproducibility and achievement of an
optimum. While they are very computationally efficient and converge rapidly, they
depend on the local slope of the loss function and are, thus, inherently "local” in
nature. This means that, while they always find an optimum, it is often a local one.
The Continuous Adjoint Method solves a set of dual equations — the Field Adjoint
Equations (FAE) — which provide the Sensitivity Derivatives (SDs) of the objec-
tive function to all design variables simultaneously with a cost roughly equivalent
to a single additional flow solution [18]. This means that the computational cost
remains independent of the number of design variables, which is the biggest advan-
tage of the adjoint optimization method. The core idea lies in the introduction of a
set of adjoint multipliers (Lagrange multipliers), ¥, because the primal equations’
residuals are zero. In the continuous adjoint approach, the adjoint equations (FAE)
and adjoint boundary conditions (ABC) are derived analytically from the governing

equations (Navier-Stokes) before being spatially discretized. By solving the resulting
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linear system for ¥, the gradient can be obtained via a single additional simulation.
This renders the adjoint method particularly efficient for large-scale shape optimiza-
tion problems. This approach offers the advantage of physical interpretability of the

adjoint fields and lower memory requirements compared to discrete adjoint methods.

This thesis uses the adjointOptimisationFoam toolbox within the OpenFOAM en-
vironment to implement the Continuous Adjoint Method for Shape Optimization
(ShpO) purposes, employing the SR-based surrogate turbulence models developed.
The library was developed in the PCOpt of the NTUA [33].
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Chapter 4

Symbolic Regression

Symbolic Regression (SR) refers to a supervised Machine Learning (ML) method and
Genetic Programming application [22], which consists of the search for an analytical
expression for a certain output Y given a set of inputs X. The fact that it produces
human-interpretable expressions leads to its description as Interpretable Machine
Learning. The goal of the method is twofold, as it lies within minimizing both the
prediction error as well as the derived equation’s complexity. During training, the
optimal combination of inputs and algebraic operators is chosen. Its practicality in
science and especially in CFD-Based Optimization can be easily imagined, consid-
ering the fact that a large number of related physical problems are not governed by
clear and well-constructed mathematical expressions, while depending on multiple
quantities and conditions. This results in uncertainty concerning the choice of de-
sign variables of an optimization problem. In these cases, SR holds the potential to
become a very useful tool to make such dependencies interpretable, contributing in
the much easier handling of the problem.

The most commonly used tools in SR are Evolutionary Algorithms (EA) and Deep
Learning (DL) [34]. This diploma thesis mainly uses PySR, an SR tool that uses
an Evolutionary Algorithm to extract the optimal algebraic expression. It is used
extensively in order to model both the transition intermittency v and the turbulent
eddy viscosity v, providing analytical expressions and replacing the transition and

turbulence models respectively.
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4.1 The PySR Algorithm

PySR [@] is an open-source Python and Julia Scientific Symbolic Regression library.
It uses multiple independent populations, meaning easy distribution and paralleliza-
tion across multiple cores, and an evolve-simplify-optimize loop, which modifies the
typical EA to handle mathematical expressions. The algorithm uses tournament
selection for the individual selection and the mutation and crossover operators for
new individual creation.

During the search, an "expression-tree”, like the one in Fig. @, is constructed con-
strained by the maximum complexity chosen. This tree contains nodes, which hold
either a mathematical operator or a constant. These are the design variables. The
complexity of a given expression is equal to the number of nodes in an expression-

tree.

___b

‘®

1.15y + 0.86 1.15y — 0.86

Figure 4.1: Mutation applied to an expression tree in the top node. The addition
"+ operator is mutated into the subtraction ”-” operator [9].

4.1.1 Algorithm Description

The core-algorithm is a typical EA, however some notable modifications are im-
plemented. Firstly, as mentioned before, the search is distributed across multiple
"islands” of individuals, which "migrate” asynchronously, in view of the algorithm’s
parallelization, as illustrated in Fig. @ This means that several separate smaller
search spaces with independent populations are created and the fittest individuals

from each population are exchanged among them, resulting in much faster conver-
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Figure 4.2: PySR Inner Optimization Loop /@]

gence. Secondly the algorithm implements "age-regularized” evolution, as it replaces
in each generation the eldest individual, rather than the one with the lowest fitness
score, in order to prevent early convergence due to finding a local minimum. Thirdly,
a simulated annealing-based scheme is used in the individual selection, in view of
a faster search procedure. The temperature 7" € [0,1] determines the rejection
probability of a mutation, which relates to the change in fitness after the possible
mutation. The equation that describes this probability is the following:

Lr—L
p= GIP(%) (4.1)

where Lp and Lt the fitness of the mutated and original individuals respectively
and a a hyperparameter. When the algorithm is in a high temperature phase, the
denominator within the exponential increases, leading the mutation probability p
to approach 1 and thus, diversity is encouraged. The hyperparameter a controls
the importance of the temperature in the search process. If a — 0, all mutations
that result in lower fitness are rejected. Thirdly, the evolve-simplify-optimize loop is
used. "Evolve” refers to the entire evolution of a population. The "Simplify” step is
the creation of an equivalent but simpler form of the equation. The "Optimize” step
refers to a few optimization cycles only for the constants using a classical algorithm
(BFGS by default).
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Figure 4.3: PySR Outer Loop: Migration Between Populations. In each “island”
the inner loop is iterated and the populations migrate between islands regularly /@]

4.1.2 Loss Function

The prediction loss function is the Mean Squared Error (MSE) between the true
and predicted output values by default, as described in Eq. @ However, the
user also has the option to define either a weighted MSE, or a completely different

custom-made loss function.

brea(E) = = > (0 = )" (4.2

with n the output data size.

An adaptive parsimony metric is used in the final loss function, which is described
by Eq. @, in order to account for the need to minimize the expression’s complexity

apart from maximizing its accuracy.

UE) = lyea(E) + (parsimony)C(E) (4.3)

with C(F) the complexity of expression E and /.4 the predictive loss. PySR uses

an adaptive penalty to ensure that the search does not become biased toward a
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specific complexity level and that each complexity corresponds to approximately

the same number of expressions. The final PySR loss function is the following:

K(E) = pred(E) ' exp(frecency[C(E)]) (44>

with "frecency” being a combined measure of the frequency and recency of appear-
ance.

Finally, a variety of additional features are available on PySR, such as tools for
denoising data, adding weights to certain inputs, introducing a custom loss function

or even custom operators.

4.2 Workflow of the Regression

The implementation follows a structured process to derive the symbolic expression:

1. Data Acquisition and Variable Selection: The code reads the to-be-fitted
data and the user defines the dependent (output) and independent (input)

variables.

2. Data Normalization: In most cases it is considered best practice to normal-
ize the variables, in order to ensure that the order of magnitude does not give
an advantage to any variable and that the algebraic expression can sufficiently

be generalized.

3. EA Parameter Definition: The user establishes the EA parameters (num-

ber of populations, population size, selection model).

4. Model Configuration: The regression model is built by defining the maxi-
mum depth and complexity of the derived expression, the loss function which
the algorithm seeks to minimize, the allowed mathematical operators for the

expression tree and the number of iterations.
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4.3 A simple PySR example

The process of uncovering an algebraic expression is presented through a simple
example, in order to render the algorithm and its interface more familiar. In this
context, the target function is described in Eq. @ and the corresponding expression

tree that the algorithm seeks to uncover is illustrated in Fig. @

y = 3sin(x3)e™ + 22 — 0.5 + cos(xzg) (4.5)

Figure 4.4: FEzxpression tree corresponding to Eq. @ It contains 16 nodes, which
define the equation’s complexity.

The input data matrix X € R!9%5 is generated so that it follows a normal dis-
tribution, through the numpy library in Python. The output data is generated by
using Eq. @ on the input data. Once the input and output data is generated, the
EA and regressor model parameters are defined, as illustrated in Table Ell The
population size is set to the moderate value of 60, while 30 separate populations are
used, which quickly evolve to local solutions and periodically migrate to lead to the

optimal expression. The selection process follows the parsimony principle, aiming
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to minimizing both the loss function and the expression’s complexity. To ensure the

resulting expressions remain easily interpretable, the maximum complexity was set

to 30 and the maximum depth to 5, in order to prevent deep nesting within the func-

tion. The selected loss function is the Mean Squared Error between the predicted
value ¢ and the true value y, as described in Eq. , with n = 100 the input data

size. The algorithm is set to run for 150 optimization cycles, a number which allows

it to reach a stable convergence without unnecessarily increased computational cost.

EA Parameter Value
Population Size 60
Populations 30
Selection Criteria Lowest MSE & Complexity
Maximum Complexity 30
Maximum Depth 5
Binary Operators +, —, %, pow

Unary Operators

exp, sin, cos, log

Table 4.1: PySR Ezample: Evolutionary Algorithm Parameters

Complexity Loss Score Equation

1 2.796e+01  1.594e+01 Yy = a3

2 2.523e+01  1.030e-01 y = exp(x3)

3 2.478e+01  1.771e-02 y = 3.358"3

4 1.492e+01  5.074e-01 y = x5 - exp(z1)

5 5.842e+00  9.377e-01 y = (4.1272%1) - x5

6 5.662e+00  3.135e-02 y = (z3-2.473) - exp(x1)

7 4.279e+00  2.800e-01 y =exp(x; + 1.1194) - sin(x3)

8 3.797e+00 1.194e-01  y = (w3 exp(z1 + 0.90568)) + 1.3654

9 1.924e4+00  6.799e-01 Y =g - x2 + (4.07871 - x3)

10 1.162e4+00  5.040e-01 Yy =g x2 + (23 - exp(x; + 0.89728))

11 1.983¢-01  1.768¢+00  y = @5 - 22 + (exp(a1 + 1.1039) - sin(3))

13 1.751e-01  6.230e-02 y = (sin(z3) - exp(x1 +1.1035)) — (—0.15243 — x5 - x3)

15 1.724e-01  7.623e:03  y = ((—0.0080588 — sin(x3)) - (exp(z1) - —3.0016)) —
(—0.11157 — X9 1‘2)

16 1.306e-13 1.594e+01 y = (exp(x1)-3sin(x3))—(0.5—(cos(xzo)+x2-x2))

18 9.857e-14  1.406e-01  y = ((exp(z1) - (—3)) - sin(1.509e-08 — x:3)) — (0.5 —
(COS(ZL'()) + 9 - .’KQ))

20 7.485e-14  1.376e-01  y = ((exp(z1) - (=3)) - (w1 - 1.331e-08) — sin(z3))) —

(0.5 = (cos(zg) + @2 - 22))

Table 4.2: PySR output: Complezity, Loss, Score, and Symbolic Equations

The algorithm was able to retrieve the exact equation within the 150 iterations,
as illustrated in Table @ This is the output table, which PySR provides at the
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end of every search. It contains a number of proposed equations with increasing
complexity, along with their corresponding loss and score. A high score indicates a

significant reduction in error for a marginal increase in complexity, as described in

Eq. 1.6 In(L;) — In(L;_y)
Se) = (4.6)

C; — Ci—1

where:

o L; and ¢; represent the loss (MSE) and the complexity of the current candidate

model, respectively.

e L; 1 and ¢;_; represent the loss and complexity of the preceding model on the

Pareto-optimal front.
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Chapter 5

Applications of SR in Transition
Modeling

The transition intermittency factor v of the v — Reg model determines the laminar-
to-turbulent flow transition, as stated before. The creation of an algebraic expression
to describe a PDE-based model, if its prediction accuracy is satisfactory, leads to a
reduction in the computational cost. In order to derive this algebraic expression, a
CFD computation of the flow is performed using PUMA and the flow data (nodal
coordinates, velocity, pressure, etc.) become available. It is then used offline as
input to the SR regressor, from which the final expression for the intermittency

factor is derived.

The drag and lift coefficients C'p, C, of the airfoil are used as evaluation criteria.
The accuracy of the transition point prediction is tested through the visualisation
of the intermittency fields, as well as the skin friction coefficient C distribtion on
each case. The skin friction coefficient presents a "spike” at the transition point,
indicating that the flow has become fully turbulent, due to the increased momentum

exchange between the outer flow and the wall.
The cases presented in the next sections are the following:

o Case A - NLF(1)-0416 Airfoil designed by NASA for natural laminar flow.
It was chosen as the first incompressible case for this thesis because it is one

of the most widely used cases for studying transition.
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o Case B - ONERA OAT15A Airfoil designed for transonic flow. The obser-
vation of a transonic buffet phenomenon, associated with the shock-boundary
layer interaction makes it a useful candidate for the testing of the algebraic

surrogate to the transition model.

o Case C - NLF(1)-0416 & OAT15A Airfoils used together as input data

for the derivation of a single, more generalized algebraic expression.

5.1 Case A: NLF(1)-0416 Airfoil
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Figure 5.1: C-Type Grid for the NLF(1)-0416 Airfoil consisting of 77086 nodes.

The NLF(1)-0416 Airfoil [44] is a low-speed Natural Laminar Flow Airfoil, developed
by NASA, designed specifically to maintain a laminar boundary layer over a signifi-
cant portion of both the upper and lower surfaces (approximately 40% of the chord
length) without the need for active suction systems. Its geometric characteristics
are described in Table l5:1| The PUMA simulations conducted in this thesis are at
M = 0.1 and different angles of attack (AoA) (0°, 2.03°, 3°, 3.5°), as shown in Fig.
, and will be used to assess the accuracy of the surrogate models on various condi-
tions. The C-type structured grid -which was, though, treated by the PUMA code,
as unstructured- consists of 77086 nodes (Fig. ) The drag and lift coefficients
from the CFD-simulation, as well as the experimental results [44] are summarized
in Table @ Naturally, they are both increasing as the AoA increases. In the
RANS simulations, the turbulence model used is SA and the transition model is the

Piotrowski-Zingg variation of the v — Rey, which were both described in Chapter E
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(a) Mach Field at AoA = 2.03°. (b) Mach Field at AoA = 3.50°.

Figure 5.2: Flow around the NLF(1)-0416 Airfoil at AoA = 2.03° & 3.50°.

Geometric Characteristic =~ Symbol Value
Chord Length c 0.60902 m
Thickness to Chord Ratio  t/c 16%

Table 5.1: NLF(1)-0416: Geometric Characteristics.

AoA (%) Cp(—) Cp(—) Cr(-) Cr(-)
Data  Experimental PUMA Experimental PUMA

0.00 0.0061 0.0057 0.4637 0.4835
2.03 0.0063 0.0063 0.7038 0.7200
3.00 0.0065 0.0068 0.8108 0.8308
3.50 0.0068 0.0070 0.8661 0.8878

Table 5.2: NLF(1)-0416 Airfoil: Reference Drag (Cp) and Lift (Cr) coefficients in
different AoA. The experimental results are by . The PUMA solver employs SA
and Piotrowski-Zingg for turbulence and transition modeling respectively.

(a) Intermittency Field at AoA = 0°. (b) Intermittency Field at AoA = 2.03°.

(c) Intermittency Field at AoA = 3°. (d) Intermittency Field at AoA = 3.50°.

Figure 5.3: Intermittency fields from PUMA using the Piotrowski-Zingg transition
model at different AoA.
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5.1.1 SR-based Algebraic Transition Model

The data derived from the simulation -only for a specific AoA each time- is normal-
ized post-process and fed into the SR as input, as presented in Table @ The output
values are not normalized, as the intermittency factor is inherently non-dimensional
and constrained within the range [0,1]. The SR output is always an algebraic ex-
pression for the transition intermittency . The Mean Squared Error (MSE) of the

intermittency is chosen as the SR Loss Function, as follows:

1 n
Flpss = MSE = = i — )3 5.1
l n;@ 7) ( )

where n = 77086 is the number of grid nodes.

The chosen EA parameters for the Regressor are summarized in Table @ The pop-
ulation size and the number of populations are set to 50 and 30 respectively, values
which proved to achieve a fast convergence. The maximum depth and complex-
ity are 6 and 30 respectively, allowing the algorithm to yield a relatively complex
expression in order to best fit the intermittency field to local flow and geometric
quantities. Finally, the allowed mathematical operators contain trigonometric, ex-
ponential, logarithmic, root and power functions, so that the Regressor’s search

space is not too restricted for such a demanding task.

EA Parameter Value
Population Size 50
Populations 30
Selection Criteria Lowest MSE & Complexity
Maximum Complexity 30
Maximum Depth 6
Binary Operators +,—, %, /, pow
Unary Operators exp, sin, cos, tan, log, sqrt

Table 5.3: SR Training: Evolutionary Algorithm Parameters.

The intermittency expressions derived from SR are summarized in Table @, along

with the variables they contain, the corresponding training loss, and their complex-

ity.
The most important finding is that the vorticity and the turbulent eddy viscosity
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SR Input Normalized Quantity Expression

Co Coordinate x/c
1 Wall Distance dyai/c
o Density P/ Poo
3 Velocity x Vi /Veo
C4 Velocity y Vy/ Voo
Cs Pressure P/Poo
Co Vorticity Qc/Vy
cr Turbulent Eddy Viscosity v/ Vol
cg Local Mach Number M
Co Coordinate y y/c

Table 5.4: SR Training: The 10 Normalized Input Variables.

Expression Training AoA(°) Variables Complexity ~ Loss
A 2.03 Co, €3, C4, Cs5, Cg, C7 30 0.001599
B 3.50 €1, Cg, C7, Cg 21 0.001516
C 3.50 Cp, C3,Cg, C7 28 0.002655

Table 5.5: SR Output: Intermittency Expressions, described by the input data AoA,
the independent variables contained in the final expression, the complexity and the loss
of each expression.

are always part of the output equation, as they are quantities inherently related to
the boundary layer and, thus, provide valuable information concerning the flow’s
transition. The normalized horizontal position and velocities also appear in the
equations, signifying the impact of the geometry and the inflow conditions on tran-

sition modeling.

Of the three outputs, the one with the lowest training loss and simultaneously the

lowest complexity is Expression B, which is the following:

+(10.3013-5:X)

v = 0.8074% (5.2)

With ¢ = Q044 X = 3227 s = 31337 7 = (2. ¢ and as stated before ¢; = dyai/c,

ce = ¢V, 7 =1/ Viooe, cs = M.

The expression is integrated in the PUMA solver and replaces the Transition Model
in order to compare the flowfield with the reference data and evaluate its intermit-

tency prediction accuracy, as well as the way that it interferes with the rest of the
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field quantities. It is tested in all four angles of attack, which were mentioned before.

Tested AoA(°) Cp value (% error) C}, value (% error)

0.00 0.0038 (-33.23) 0.5094 (5.37)
2.03 0.0042 (-33.30) 0.7543 (4.77)
3.00 0.0067 (-0.50) 0.8315 (0.08)
3.50 0.0069 (-0.70) 0.8888 (0.11)

Table 5.6: FEquation - Trained in AoA = 3.50°: Drag and Lift Coefficients
Relative Error in different AoA.

As shown by the results in Table @, Eq. ISE provides a promising prediction for the
lift and drag coefficients for AoA close to the training AoA (3.5°). However, while
the AoA decreases, the relative error increases significantly and no satisfactory pre-
diction is acquired. The fact that the algebraic model always underestimates the
drag coefficient and overestimates the lift coefficient is also noteworthy.

The accuracy of the transition point’s prediction is evaluated through the skin fric-
tion coefficient’s C'; distribution. Fig. @ shows that the algebraic model achieves a
very good prediction of the transition point for the AoA close to the training angle,

results that align with the drag and lift coefficients prediction.

For the smaller angles of attack, where the relative drag and lift coefficient error
is significantly higher, a correction loop is constructed. The reference (Transition
Model) intermittency field and the intermittency field constructed by the algebraic
model are subtracted node-wise, resulting in a new field that describes the intermit-
tency difference in each node. This field is then fed as input to a new round of SR
training, from which an expression for this error is obtained. This expression is then
superimposed over Eq. @ and the simulation is once again executed using PUMA
with the corrected algebraic transition model. This correction can be performed for

multiple rounds until convergence. The results of the correction are presented in
Table @ and visual representation of the field at AoA = 2.03° is shown in Fig. @

Correction Round  Cp value (% error) Cp, value (% error)

Round 0 0.0042 (-33.30) 0.7543 (4.77)
Round 1 0.0066 (5.23) 0.7167 (-0.45)
Round 2 0.0060 (-5.47) 0.7220 (0.28)

Table 5.7: Eq. : Drag and Lift Coefficients Values Relative Error to RANS
Simulations after Proposed Correction Loop at AcA=2.03.
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(a) Intermittency Field at AoA = 0°.

(b) Intermittency Field at AoA = 2.03°.

(c) Intermittency Field at AoA = 3°.

(d) Intermittency Field at AoA = 3.50°.

Figure 5.4: Intermittency fields using the SR-based Eq.@ as a surrogate to the
transition model at different AoA.
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Figure 5.5: NLF(1)-0416: Skin friction coefficient (Cy) distributions for the NLF(1)-
0416 airfoil using Eq..

The testing process of Equation , which was the output of a SR process with
input data from a certain AoA, provided an important finding. While this algebraic
surrogate is able to predict the lift and drag coefficients with sufficient accuracy
in angles of attack relatively close to the training AoA, it fails to predict a field
with inflow conditions further away from the training sample. This outcome, while
expected, as the algebraic expression contains field quantities which change dras-
tically as the flow around the airfoil changes, leads to the conclusion that such a
model cannot be used in any case other than in a similar geometry with very sim-
ilar inflow conditions. Hence, the following training uses fields from two different
inflow angles of attack (2.03°,3.5°) as input, to examine the ability of the new alge-

braic model to accurately predict fields from a wider range of inflow angles of attack.
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Figure 5.6: Intermittency Field: Two Rounds of the Correction Loop for Eq. @ at
AoA=2.08°. Top Field: Produced with Eq. @, Middle Field: Produced after the first
correction round, Bottom Field: Produced after the second correction round.

y= ()" (5.3)

02657 exp(cos c4+-cos cg)
) } and ¢y = x/c, ¢y =

with ® = (0_9416c6)(0.1721+c0), U — (2_2
p/pOO; C4 = ‘/y/voo, 06 —= QC/V007 C7 g Vt/VOOC; 08 — M

The resulting Equation @ is summarized in Table @

Equation Training AoA(°) Variables Complexity  Loss
E 2.03 & 3.50 Cp, C2,C4,Cg, C7,Cs8 26 0.00261

Table 5.8: SR Output: Intermittency Equation from two Fields

The loss (MSE) of Equation @ is comparable to that of Equation C @, although
its complexity is lower. It is noteworthy that this equation, while still containing
the normalized x coordinate, the vorticity and the turbulent eddy viscosity, also
contains the local Mach number and the vertical component of the velocity. This
serves the purpose of determining the change in the flowfield due to the change in
the angle of attack. The new equation is tested on all four angles of attack that

were simulated earlier and the results are shown in Table @

43



(a) Intermittency Field at AoA = 0°.

(b) Intermittency Field at AoA = 2.03°.

(c) Intermittency Field at AoA = 3°.

(d) Intermittency Field at AoA = 3.50°.

Figure 5.7: Intermittency fields using the SR-based Eq.@ as a surrogate to the
transition model at different AoA.
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Tested AoA(°) Cp value (% error) C}, value (% error)

0.00 0.0037 (-35.03) 0.4944 (2.27)
2.03 0.0049 (-22.75) 0.7063 (-1.90)
3.00 0.0043 (-37.00) 0.8703 (4.96)
3.50 0.0063 (-9.31) 0.8912 (0.38)

Table 5.9: Equation : Drag and Lift Coefficients Relative Error in different AoA.

From Tables @ and @ it becomes obvious that Eq. @ is far more successful in
predicting the C';, and Cp coefficients when the inflow AoA remains close to 3.5°
but loses accuracy quickly when used for lower angles of attack. On the contrary,
Equation @ provides a more consistent but certainly lower accuracy in a wider
range of AoA. This is a compromise made in view of the model’s generalization in

somewhat different inflow conditions.

5.2 Case B: ONERA OAT15A Airfoil

The procedure that was previously followed is now tested on the ONERA OAT15A
airfoil. It is chosen as the next test case, because of the buffet phenomenon that
occurs under transonic conditions. This refers to the interaction of the turbulent
boundary layer and the occurring shock wave, which results in a self-sustained, low-
frequency oscillation, causing instability. The buffeting is observed in the pressure
field around the airfoil in Fig. @ ONERA has performed experiments in their S3
wind tunnel (0.8 x 0.76 m?).

Figure 5.8: O-Type Hybrid Grid for the OAT15A Airfoil.

The experimentally tested airfoil has the following characteristics:

The experimental and computational results show that when exposed to an inflow
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Geometric Characteristic ~Symbol  Value

Chord Length c 0.230 m
Thickness to Chord Ratio t/c 12.5%
TE Thickness tre 0.5%c

Table 5.10: ONERA OAT15A: Geometric Characteristics.

Y

L

S T
Mach 01 02 03 04 05 06 07 08 69 1 11 12 13

Figure 5.9: ONERA OATI15A Airfoil: Mach number around the airfoil at AoA =
3.5°.

with M=0.73, Py = 0.78 kPa, T = 271 K and an AoA up to almost 3.5°, the flow
can be considered steady. However at 3.5° unsteadiness occurs. The interaction of
the airfoil’s boundary layer with the occurring shock wave is observed for the first
time when the inflow AoA is 3.25°.

The O-Type hybrid triangular-element grid with 254148 nodes used for the sim-

ulations conducted in this Thesis has been generated by [3] and is illustrated in

b.d.

The flow around the OAT15A airfoil was once again simulated using PUMA, under
inflow conditions of M=0.73, P = 0.78 kPa, T = 271 K and AoA = 2.00°, in

order to create the input field for the SR training. The reference intermittency field

for these inflow conditions can be seen in Fig. . In Fig., the detail of

the Leading Edge area and the transitional region is shown.
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(a) Intermittency Field at AoA = 2.00°

(b) Detail: Leading Edge Area

Figure 5.10: ONERA15A Airfoil: Reference Intermittency Field and Leading Edge
Detail, using the Piotrowski-Zingg transition model within PUMA.

5.2.1 SR-based Algebraic Transition Model

The flow data acquired from the simulation are used for training in SR, with the
input quantities being the ones described in Table @ and the EA settings the ones
in Table @ The algorithm produces the following expression for the intermittency

v

v =0 (5.4)

. ) 1.3415653
with g = 2892558 _ ) (07— q)(car305315.44) 5y )\ = 2 L C=(co-c3) -

c6+2.4448037° )

3.7659185, n = XS, 0 = §" and ¢y = z/c, c3 = V[V, C5 = P/Poo; 6 = ¢/ Vi,

cr = v/ Vol

Quantities appearing in Eq. @ are once again the turbulent eddy viscosity vy

and the vorticity €2, as well as the relative horizontal position along with two flow
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Equation Training AoA(°) Variables Complexity  Loss
2.00 Cp, C3, C5, Cg, C7 27 0.00046

Table 5.11: SR Output: Intermittency Equation from OAT15A Field.

b

Figure 5.11: LE Area detail of Intermittency Field at AoA = 2.50°. Top Field:
Produced with the Piotrowski-Zingg transition model, Bottom Field: Produced using
Eq. as a surrogate to the transition model within PUMA.

quantities, the local pressure and the horizontal velocity.

The new Eq. @ is subsequently integrated into the PUMA solver in order to pro-
duce a new field. It is tested with AoA ranging from 1 to 3.50°. The resulting
friction coefficient C'y distribution in comparison with the reference distribution can
be seen in Fig. and the corresponding Cp and Cp, in Fig. . The new
algebraic model seems to perform sufficiently in a range of AoA, with the maximum
Cp relative error being 1.01%, at AoA=1°. The C, distribution in every AoA is
almost perfectly aligned with the v — Rey distribution, as well as sufficiently aligned
with the experimental data, as shown in Fig. . However, the skin friction co-
efficient C'y distributions show that the algebraic model consistently underestimates
the transition point. This leads to the conclusion, that the small error in C'p and
C'r, derives from the mismatch in the C distributions and the viscous component of

the drag force. The underestimation of the transition point can also be observed in

Fig. .
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Figure 5.12: Aerodynamic distributions for the ONERA15A airfoil at AoA = 2.50°
with Equation .
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5.3 Case C: Combination of NLF(1)-0416 and ON-
ERA OAT15A Airfoils

The two previous cases provided useful insights to the process of the development
of an algebraic surrogate transition model using Symbolic Regression. However, the
fact that the input data for the Regressor consisted only of quantities corresponding
to the flow around a specific geometry, leads to the conclusion that the produced
equations are case-dependent and, thus, cannot be trusted for the modeling of fields
with largely varying conditions, around a variety of different geometries. The need
for a more generalized model led to a new idea. The SR Regressor was used to
yield an expression using data from two fields, one around the NLF(1)-0416 and
one around the OAT15A airfoil. The described approach aims at generalizing the
transition model by training it with data stemming from two very different fields.
The first airfoil is designed for natural laminar flow and the second one is designed for
transonic conditions and can exhibit unsteady phenomena, such as buffeting. These
differences are crucial and an expression capable of modeling such big transition

discrepancies can lead to a very optimistic view of data-driven modeling.

5.3.1 SR-based Algebraic Transition Model

The regression process is the typical one previously described. The SR variables
and the EA settings remain the same as in Tables @ and @ accordingly. The only
difference is that in this case, the input variables of each airfoil are normalized with
the corresponding geometric and far-field data of each separate field. Data from the
NLF(1)-0416 and OAT15A airfoils exposed to inflow with AoA = 2° and M=0.1 and
M=0.73 accordingly are fed into the SR algorithm and the produced equation is the

following;:

v=¢" (5.5)

with kK = 09'033316202’ ¢ = sin(sin(/-ﬁ)) + 041349724, 0= 022;%, = 0.45793113 —

Q00932941 1\ — ¢ 7 = S 4 1.8690305, ¢ = A" and ¢y = p/poo, 3 = ViV,

cos(c2)

ce = Q) Vo, 7 = 1/ Vio.
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Equation Training AoA(°) Variables Complexity Loss
b5 2.00 C2, Ca, Co, Cr 24 0.001225

Table 5.12: SR Output: Intermittency Equation from NLF(1)-0416 and OAT15A.

AoA(°) NLF(1)-0416 Cp NLF(1)-0416 C, OATISA Cp  OATI5A C
(% error) (% error) (% error) (% error)
2.00 0.006388 (1.41)  0.715803 (-0.09) 0.001128 (0.89) 0.045651 (4.42)
2.50 0.006965 (7.46)  0.763131 (-1.44) 0.001584 (4.79) 0.050529 (5.29)
3.00 0.006882 (1.72)  0.828059 (-0.33) 0.002117 (7.93) 0.054181 (6.53)

Table 5.13: Equation : Drag and Lift Coefficients Relative Error in different
AoA.

The variables contained in Eq. @ are once again the vorticity and the turbulent
eddy viscosity, along with the local density and horizontal velocity. This combi-
nation leads to the conclusion that the Regressor found of uttermost importance
two quantities (vorticity and turbulent eddy viscosity) closely related with turbu-
lence and two quantities able to determine the change in the geometry of the initial

conditions (velocity and density).

The new algebraic surrogate model (Eq. @) is subsequently integrated into the
PUMA solver to use on the two airfoils, in order to be evaluated in three AoA.
The Cp and O} coefficients results are summarized in Table . The lift and
drag coefficients relative errors are very promising, as the predictions are slightly
less accurate in comparison to the ones from Egs. @ (@) and @ (), but
considerably better generalized in terms of geometry and inflow conditions. The
trade-off of sacrificing the accuracy in some degree in order to produce a model that

could be used in a wider range of applications seems fair.

The fields produced by the PUMA solver with Eq. @ as the algebraic surrogate to
the transition model are presented in Figs. and M in comparison with the
original ones, produced by the v — Rey model. The impact of the intermittency field
of the NLF(1)-0416 airfoil in the yielding of the expression is greater than the one of
the OAT15A, because of the more significant and extended changes of the targeted
quantity around the airfoil. This explains why the surrogate model captures the
reference NLF(1)-0416 field significantly better than the reference OAT15A field.

The skin friction coefficients Cy distributions are presented in Fig. for both
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ure 5.14: Skin friction coefficient Cy distribution comparison using Eqs. @,

airfoils, and the transition point prediction using both the expressions trained from
each airfoil separately and the expression trained from both is compared. Once
again the prediction on the NLF(1)-0416 airfoil is sufficient due to its large impact
on the training, while the prediction on the OAT15A airfoil is significantly worse.
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(a) Intermittency Field using v — Rey

(b) Intermittency Field using Eq. @, yielded from NLF(1)-0416 data.

(c) Intermittency Field using Eq. @, yielded from NLF(1)-0416 and OAT15A
data.

Figure 5.15: NLF(1)-0416: Intermittency Field comparison at AcA=2°.
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(a) Intermittency Field using v — Rey

(b) Intermittency Field using Eq. @, yielded from OAT15A data.

(¢) Intermittency Field using Eq. @, yielded from NLF(1)-0416 and OAT15A
data.

Figure 5.16: ONERA OAT15A: Intermittency Field comparison at AoA=2°.
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Chapter 6

Applications of SR in Turbulence
Modeling

This chapter focuses on the integration of the SR algorithm in Eddy Viscosity
Adaptation - Symbolic Regression framework. The Eddy Viscosity Adaptation
(EVA) methodology was recently developed by [50]. The aim of this particular
methodology is to yield an algebraic surrogate to the SA turbulence model. This
surrogate model, i.e. the algebraic expression for the eddy viscosity, will be based on
the EVA corrective field, in order to minimize the discrepancy between the RANS-
SA based velocity field and a high-fidelity field. Subsequently, it will be introduced
in a ShpO loop for both test cases and its results will be compared to those of a

frozen v, field approach.

Field Inversion refers to the process of backing-out data, such as DES or LES
simulations, to solve a minimization problem for the difference between this high-
fidelity data and the results of simple RANS solutions. A corrective field for the
quantity of interest (e.g. the eddy viscosity) is yielded as a result of the optimiza-
tion process. Symbolic Regression is subsequently used to create an algebraic

surrogate to the turbulence model using the produced field as input.

The EVA methodology aims at minimizing the discrepancy between a high-fidelity
reference velocity field and a RANS velocity field. In order to achieve this, an adjoint-
based code within the OpenFOAM environment was created by [50], which optimizes
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the eddy viscosity v; in every cell of the computational mesh. The objective function

of the optimization problem is the following:

1

J = 5/(@3,4]\73 — UHiFi)2dQ (61)
Q

where vy, r; is the high-fidelity reference velocity field, considered the ground truth.
The result of the process described above is a corrective field, which resembles the

reference field more closely than the simple SA evaluation.

In this context, the EVA field is provided post-process to the SR algorithm and
an algebraic expression for the eddy viscosity, containing local flow and geometric
quantities, is obtained. This expression is integrated within the RANS simulation as
a surrogate to the SA turbulence model, while the inverted eddy viscosity field and
the accuracy of the drag coefficient C'p are evaluated. The final step is its integration
within the ShpO framework, to test whether or not the dynamic updating of the
vy field in each cycle provides useful information to the optimization algorithm and
improves the final value of the objective function, i.e. the drag coefficient, compared

to the Frozen Eddy Viscosity (FEV) optimization process.
The aforementioned methodology is tested on two cases within OpenFOAM:

o« Case D - NACA 0012 Airfoil: 2D case on which the EVA methodology
was primarily tested by [50].

e Case E - Ahmed Body with 35° slant: 3D case with prominent flow sepa-

ration.

6.1 Case D: NACA 0012 Airfoil

The NACA 0012 Airfoil is a commonly used test case for validating the accuracy
of turbulence models and surrogates. The computational mesh is a C-type 2D grid
containing 37800 cells, as illustrated in Fig. El] All simulations are performed for
Re = 10% and AoA = 12°.
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Figure 6.1: NACA 0012 Airfoil: The C-type 2D grid used for the OpenFOAM
simulations.

6.1.1 EVA - SR

The EVA field, which was constructed by [@], is used as the input data for the
SR Regressor. The input variables are described in Table @ and the algorithm’s
settings in Table @ The strain rate is introduced as an input variable, because of
its inherent relation to turbulence, while the density and local Mach number are not
fed into the algorithm. The EA population number and size are once again 30 and 50
accordingly. The maximum depth is restricted to 5 in order to produce a less nested
expression for the turbulence surrogate model. The allowed unary operators are the
same as the ones in the previous cases except for the power operator, which has been
removed alongside the trigonometric binary operators, for simplicity and numerical
stability purposes. Also, a custom loss function was implemented in order to prevent
the yielding of an expression which would result in instability when integrated into
the RANS solver. Specifically, the loss function is the MSE of the input EVA 1,
and the predicted v, values , as described in Eq. @, but a ”"death-penalty” factor
of 10 is added if the wall distance is placed in the denominator of the expression.
This is achieved by searching the expression tree and locating the division nodes.
If the right child, which corresponds to the denominator of the fraction, is the wall
distance, the death-penalty is added. In this way the unwanted expression has a
very low fitness score and is thus eliminated from the selection process. The 1,

values that are fed into the Regressor are also normalized within the range of [0,1],
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SR Input Normalized Quantity Expression

Co Coordinate x x/c

1 Coordinate y y/c

Ca Pressure p/(0.5-V2)
3 Strain Rate S c/Vy
cy Velocity x Vi) Voo
cs Velocity y Vy/ Voo
Co Vorticity Q-c/Vy
cr Wall Distance dwan/

Table 6.1: SR Training: The 8 Normalized Input Variables.

EA Parameter Value
Population Size 50
Populations 30
Selection Criteria Lowest MSE & Complexity
Maximum Complexity 30
Maximum Depth 5
Binary Operators +,—,%,/
Unary Operators exp,log, sqrt

Table 6.2: SR Training: Evolutionary Algorithm Parameters.

in order to achieve non-dimensionality and better generalization.

LS~ (y . — Dy 5)? if ¢- not in denominator
F’lOSS — " 22_1( t’/l/ tﬂl) 7 (6-2)

L3 (v — Dg)? + 1010 otherwise

with n = 37800 the number of cells of the grid.

Co + Cy

4 (LL2209) 417163204

3

v, =0.013 - |

+0.032510918) (6.3)

The algorithm produces a number of expressions. Some of them are integrated
within the OpenFOAM solver in order to produce a Cy prediction and fields to be
evaluated, in the context of a parametric analysis. The drag coefficient results are
summarized in Table @ and the corresponding eddy viscosity fields in Fig. @
Fig. illustrates the inability of expressions of higher complexity to converge,
due to numerical instabilities which stem from the final expressions form. This is

also validated by the corresponding velocity field, shown in Fig. @
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Complexity SR MSE Variables Cy

9 0.0093 Co, C4 0.02786
11 0.0087 Co, C4, Cs5 0.02793
13 0.0082 Co, C4, Cs5, Cg 0.02793
14 0.0079 Co,Ca,C5,c5  0.02836
29 0.0052 Cp, C2,C3,Cy4,Cs, Cg 0.08445
DES Value 0.02390

Table 6.3: SR Parametric Analysis: Resulting expressions of increasing complexity
and corresponding drag coefficient results.

The expression described in Eq. @ with a complexity of 13 and MSE = 0.00816
is the one chosen as the surrogate turbulence model, as lower complexity equations
lack accuracy in terms of v; field prediction, whereas the higher complexity equations
that were tested resulted in numerical instability. The resulting equation contains
the x position, the strain rate, the horizontal velocity and the wall distance. As
expected, both geometric and flow quantities are taken into account in order to

have an adequate eddy viscosity prediction.

Eq. @ is integrated within the OpenFOAM code as a surrogate, replacing the
SA turbulence model. A RANS simulation is then performed and the results are
subsequently evaluated. The EVA (input) and SR (output) eddy viscosity fields are
illustrated in Fig. @ The SR output field presents a sufficient resemblance to
the EVA (input) field, while the flowline up to the leading edge of the airfoil which
the EVA methodology produced but had no physical meaning is removed. This is
explained by the fact that the new surrogate model performs algebraic calculations
with only local quantities, which are integrated in a continuous manner within the

model, leaving no room for numerical instability and non-physical errors.

Fig. @ illustrates the four velocity fields produced by the DES, RANS, EVA and
SR simulations. The DES field is considered the ground truth to which the rest
of the results are compared. The RANS field is produced by implementing the
original SA turbulence model. It is apparent that the RANS simulation fails to
perfectly model the separation region close to the trailing edge and the wake. This
is the main weakness that the EVA method improves, as shown in the corresponding
figure. The EVA corrected field is the input for the SR algorithm and the last field is

produced after using the output expression for v; as the surrogate turbulence model
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(a) Eddy Viscosity Field produced with EVA. (b) Eddy Viscosity Field produced with SR
Expression with a complexity of 9.

(¢) Eddy Viscosity Field produced with SR (d) Eddy Viscosity Field produced with SR
Expression with a complexity of 11. Expression with a complexity of 13

(e) Eddy Viscosity Field produced with SR (f) Eddy Viscosity Field produced with SR
Expression with a complexity of 14. Expression with a complexity of 29.

Figure 6.2: SR Parametric Analysis: Eddy Viscosity fields using the EVA method

and SR surrogates of varying complexities.

in the RANS simulation. It is clear that the field inversion process is successful
with the use of the surrogate model, as the SR field, while providing a less accurate

evaluation of the eddy viscosity field than the EVA method, improves the modeling
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Figure 6.3: NACA 0012: Velocity Magnitude field using the RANS-SR method,
implementing the expression with complexity of 29. The solver is unable to converge,
due to numerical instabilities stemming from the expression’s form.

(a) Eddy Viscosity Field produced with EVA. (b) Eddy Viscosity Field produced with Final
SR Surrogate.

Figure 6.4: FEddy Viscosity fields using the EVA and RANS-SR methods.

of the separation zone compared to the RANS-SA evaluation. This aligns with what
was expected of this method, as the Regressor was fed with data from the corrected
EVA field, thus being taught to predict the separation and recirculation region more
sufficiently. The lesser accuracy compared to the EVA method is also completely
logical, as the SR process can never result in a loss function (MSE between input
and output) of exactly zero. It would therefore never be expected that the field
produced by SR would be as accurate or even better than the EVA field.
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) Mean Velocity Field produced with DES. b) Velocity Field produced with RANS-SA.
- -
¢) Velocity Field produced with EVA. d) Velocity Field produced with RANS-SR.

Figure 6.5: Velocity fields using DES, RANS-SA, EVA, RANS-SR methods.

Subsequently, the four values of the drag coefficient are compared in Table @ The
RANS simulation provides the most accurate Cp prediction, followed by the SR-
surrogate, while the EVA method holds the last place. This does not, however,
signify that the SR-surrogate results in a more accurate flow modeling compared to
the EVA method, as the drag coefficient was the target quantity neither for the EVA
method nor for the SR. The improvement of the C'p value is considered coincidental,
as it is simply a metric taken into account and not the quantity of interest for the

field inversion process.

6.1.2 ShpO with the SR-based Turbulence Model

The effectiveness of Eq. @ as a surrogate turbulence model is further tested with

its implementation in a ShpO loop for the NACA 0012 Airfoil. Every optimization
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Method Ch

DES 0.0240
RANS-SA 0.0242
EVA 0.0292
SR 0.0279

Table 6.4: NACA 0012 Airfoil: Drag Coefficient calculated with DES, RANS with
SA, the EVA method and the SR surrogate turbulence model.

process described from this point on refers to flow conditions of Re = 10° and
AoA = 12°. The parametrization of the airfoil is done using volumetric B-Splines,
as in [50], where the geometry changes through the displacement of the 4 free control

points. The objective for the ShpO problem is the drag coefficient C'p minimization.

It has already been deduced by [50] that the FEV optimization method eliminates
the computational overhead of performing unsteady adjoint evaluations for ShpO,
provided that the high-fidelity data of the DES simulation are given and there is no
need for performing such costly evaluations beforehand. In this ShpO loop, the EVA
eddy viscosity field was frozen throughout the optimization process, thus eliminating

the computational cost related to the turbulence model adjoint equations.

Based on this approach, a ShpO loop for the airfoil using not the EVA field but the
algebraic expression for vy (@) is proposed. In this way, the eddy viscosity field
is not frozen, but rather dynamically updated in each optimization cycle, using the
geometric and flow data calculated in the previous cycle. The algebraic expression

remains fixed and is not differentiated to provide added terms for the FAEs.

The 1, field around the initial and the optimized geometry with the EVA and SR
fields is illustrated in Fig. @ The proposed method holds a significant advantage
compared to the FEV process. The change in the airfoil’s geometry is taken into
account through the algebraic expression for v, providing a more accurate evaluation
in each optimization cycle, as opposed to the FEV method, where after a number
of optimization cycles the frozen field is no longer corresponding with the final
geometry. This results in a lower final objective function value compared to the
previous method. The Cp of the optimized geometries are reevaluated with DES,
as summarized in Table @

The results of this process show that SR-based modeling can be significantly advan-
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Method Cp
EVA  0.0239
SR 0.0233

Table 6.5: NACA 0012 Airfoil ShpO: Drag Coefficient of final geometries -reevaluated
with DES- optimized with the EVA method and the fixred SR surrogate expression.

(a) Initial Geometry with the EVA field. (b) Final Geometry with the EVA field.

(c) Initial Geometry with the SR field. (d) Final Geometry with the SR field.

Figure 6.6: ShpO of the NACA 0012 Airfoil: Initial and final eddy viscosity fields
using the EVA and RANS-SR methods.
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tageous in terms of ShpO. The cost of the original turbulence-model’s differentiation
and integration into the FAEs is eliminated, like in the FEV approach, because the
calculation of a simple algebraic expression in each optimization cycle adds no com-
putational overhead, while the added benefit of the dynamically updated field is
of uttermost importance. The time needed for the yielding of an algebraic expres-
sion through the SR algorithm must of course be taken into account to make the
comparison fair. This step adds some cost to the proposed process, although if a
case-specific or even more generalized algebraic model has already been created, its

use in the methodology described above adds no computational overhead.

6.2 Case E: Ahmed Body

The second case on which SR-based turbulence modeling is tested is the Ahmed
Body [E] with 35° slant, serving the purpose of testing the aforementioned method-
ology on a 3D geometry. This specific geometry was chosen because it results in
a large separation and recirculation region, which is what the EVA process seeks
to better model. The computational grid, consisting of 2925403 cells is illustrated
in Fig. @ The simulations conducted in this thesis are for freestream velocity

Voo = 40m/s and zero angles of attack.

<> LN L] B

NZNRNZINZINSNGT
WG

(a) XY Grid. (b) XZ Grid. (¢) YZ Grid.

Figure 6.7: Ahmed Body: 3D Computational grid.

6.2.1 EVA - SR

The process followed is the same as in Case D. High-fidelity DES simulation data is
backed-out and the EVA corrected field is created. It is subsequently fed into the

Regressor in order to produce an analytical expression for v; with the input variables
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SR Input Normalized Quantity Expression

Co Coordinate x x/c

1 Coordinate y y/c

o Coordinate z z/c

c3 Pressure p/(0.5-V2)
cy Strain Rate S c/V
cs Velocity z Vi) Voo
Ce Velocity y Vy/ Vo
cr Velocity z V. Vs
s Vorticity Magnitude Q-c/Vy
Coy Wall Distance dwan/c

Table 6.6: SR Training: The 10 Normalized Input Variables. The reference length
is ¢ = 1044.

EA Parameter Value
Population Size 50
Populations 30
Selection Criteria Lowest MSE & Complexity
Maximum Complexity 30
Maximum Depth 5)
Binary Operators +,—, %,/
Unary Operators log, sqrt

Table 6.7: SR Training: Evolutionary Algorithm Parameters.

being the ones in Table @ and the SR parameters the ones in Table @ The v,
values that are fed into the Regressor are once again normalized within the range
of [0,1]. The loss function is also the same as in the previous case, as described in
Eq. @, with n = 2925403. Because of the large size of the 3D input data (2925403
cells x 10 input variables), the regression is set to run in parallel on 16 processors,

as the PySR library allows for parallelization in order to reduce the search time.

The Regressor converged to a set of analytical expressions and the one chosen to

serve as the new algebraic surrogate turbulence model is the following.

v, = 0.13 - (5 — 1.0012314) - (co — 5234.8203) (6.4)
where ¢5 = V,,/V, and ¢g = dyan/c-
The EVA (input) field and the SR (output) 14 field are illustrated in Fig. @ The
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Method Ch

DES 0.306
RANS-SA  0.329
EVA 0.313

RANS-SR  0.310

Table 6.8: Ahmed Body: Drag Coefficient calculated with DES, RANS with SA, the
EVA method and the SR surrogate turbulence model.

(a) Eddy Viscosity Field produced with EVA (b) Eddy Viscosity Field produced with SR -
- Side View. Side View.

Figure 6.8: FEddy Viscosity fields using the EVA and RANS-SR methods for the
Ahmed Body.

output field closely resembles the input field, while presenting some discrepancies

that are awaited due to the fact that the SR algorithm’s loss is not zero.

In terms of separation modeling, the velocity fields produced by the DES, RANS-SA,
EVA and RANS-SR simulations are illustrated in Fig. @ Similarly to the NACA
0012 Airfoil case, the RANS-SR field successfully models the separation region in

the rear of the body, providing a closer result to the DES reference field, compared
to the RANS-SA field.

The corresponding drag coefficient results are presented in Table @ The DES
value is the ground-truth, closer to which is the RANS-SR value. This is once
again coincidental, as the C'p minimization is not the target of the EVA and SR

methodologies.

6.2.2 ShpO with the SR-based Turbulence Model

Similarly to the previous case, the Ahmed body is subjected into a ShpO loop, using
the SR-based surrogate for the calculation of the v, field, in order to take advantage

of the physical quantities contained, which will dynamically update the field in each
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) Mean Velocity Field produced with DES. b) Velocity Field produced with RANS-SA.

¢) Velocity Field produced with EVA. d) Velocity Field produced with RANS-SR.

Figure 6.9: Velocity fields using DES, RANS-SA, EVA, RANS-SR methods for the
Ahmed Body.

optimization cycle. The results are compared with the EVA-based ShpO performed

by [33].

The SR-based ShpO is performed using two strategies, i.e. the use of the fixed
algebraic expression throughout the optimization process, exactly as in Case D, and
the full differentiation of the surrogate, in view of its complete integration within

the continuous adjoint formulation.

For the second approach, Eq. @ is differentiated and provides added terms to the
FAEs. More specifically, the algebraic surrogate depends on the streamwise veloc-
ity component ¢5 = V,/V,, and the wall distance cg = dyqy/c, the differentiation
of which results in added terms to the adjoint momentum and eikonal equations
respectively. This process is completed by [@] and a final ShpO loop is performed,

using the fully differentiated closed form surrogate.

The final results are summarized in Table @, whereas the final eddy viscosity fields
and the final geometries are illustrated in Figs. and respectively.
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(a) Initial Geometry with the EVA field. (b) Final Geometry with the EVA field.

(d) Final Geometry with the SR field - Fixed

(c) Initial Geometry with the SR field.
algebraic expression without differentiation.

(f) Final Geometry with the SR field - Fully
Differentiated.

(e) Initial Geometry with the SR field.

Figure 6.10: ShpO of the Ahmed Body: Initial and final eddy viscosity fields using

the EVA and RANS-SR methods.

(a) Final Geometry produced (b) Final Geometry produced (c) Final Geometry produced
with the RANS-SR method with the RANS-SR method -

with the EVA method.
- Fixed algebraic expression Fully Differentiated.

without differentiation.

Figure 6.11: ShpO of the Ahmed Body: Final Geometry produced with the EVA and
RANS-SR methods.
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Method C'p Optimization Cp DES Reevaluation

EVA 0.304 0.273
SR-Fixed 0.305 0.269
SR-Diff 0.299 0.289

Table 6.9: Ahmed Body ShpO: Drag Coefficient of final geometries optimized with
the EVA method, the fixed and the differentiated SR surrogate expression. Column 2:
Evaluation with the same turbulence model that was used in the optimization process.
Column 3: Reevaluation with DES.

Similarly to Case D, the dynamic updating of the eddy viscosity field through the
fixed SR-based surrogate yields slightly better results, regarding the objective func-
tion, compared to the FEV approach. This is attributed to the ability of the alge-
braic surrogate model to account for the variations of the geometry in each opti-
mization cycle. Furthermore, the optimization algorithm failed after only one cycle
in the FEV approach, as the frozen field could not result in a convergence of the pri-
mal problem after even a slight change in the geometry. However, the RANS-Fixed
SR optimization process withstood four optimization cycles, resulting in a bigger

change in the geometry.

Regarding the full differentiation approach, where the surrogate model is fully inte-
grated within the adjoint framework, the best objective function value, when evalu-
ated using the same model employed during the optimization process, is achieved by
the SR-Differentiated method. However, the drag coefficient reduction in the final
geometry is smaller compared to the other two methods, when reevaluated with
DES. This can be attributed to the fact that as the geometry undergoes significant
changes during the ShpO process, the surrogate model suffers from a degradation
in predictive fidelity. Because the algebraic expression was derived exclusively from
the flow field around the baseline geometry, its generalization capability decreases
as the shape evolves, preventing it from accurately reconstructing the v, field around
the highly modified final configurations. Since the gradient information relies on an
algebraic surrogate that has drifted outside its training data, the calculated deriva-
tives lack accuracy, leading the ShpO process to converge toward a non-optimal

geometric configuration.

In each case the optimization algorithm converges in the creation of a formation re-

sembling a spoiler, which is awaited for a basic car model optimization, as illustrated
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in Fig. p.11].
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Chapter 7

Conclusions & Future Research

This thesis focuses on the building of algebraic surrogates for transition and turbu-
lence modeling in CFD, using Symbolic Regression (SR). This concept is based on
the interpretability advantage of the SR-based surrogate models, compared to the
"black-box” nature of a DNN-based surrogate. Considering also the fact that the
integration of such an algebraic surrogate in the CFD solver results in lower cost
computations, due to the elimination of the turbulence or transition transport PDEs
by an algebraic expression, this approach is very promising for the development of

computationally efficient and physically consistent CFD closures.

The programmed SR code employs the PySR library. The yielding process of the
algebraic surrogate is structured as follows. A CFD simulation, which provides the
reference flow data is performed using the classic closure models. Flow and geo-
metric quantities are obtained and normalized, in order to be fed into the regressor.
The normalization’s aim is twofold, i.e. maintaining unit consistency and achiev-
ing better generalization in a wider range of cases. If necessary, the output target
values (either the eddy viscosity 14 for turbulence or the intermittency factor v for
transition) are also normalized for better generalization. The regressor’s parame-
ters, namely the evolutionary and allowed mathematical operators, are subsequently
defined, and the final regression model is built by minimizing the loss function, with
predetermined maximum complexity and depth allowed in the resulting expressions.
The algorithm converges to a set of algebraic expressions with increasing complexity

and simultaneously decreasing loss value. Some of these expressions are chosen to
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serve as surrogate algebraic turbulence or transition models within the CFD solver.

For transition modeling, the first test case was the NLF(1)-0416 Airfoil, which is
designed to have a transition point at approximately 60% of the chord length. The
above process was implemented and the derived surrogate model resulted in a suffi-
cient prediction of the aerodynamic coefficients (limiting the Cp & C, relative error
to -0.7% & 0.11% respectively) when tested close to the training Angle of Attack
(AoA), but the error increased when the testing AoA was further away. This in-
spired the construction of a correction loop, which seems to provide better results
after two rounds (reducing the error from -33.30% and 4.77% to -5.47% and 0.28%
for Cp and C, respectively). A more generalized algebraic surrogate model, trained
from fields of two different angles of attack, was created and although its accuracy
was lower (with relative errors reaching up to -37.00% for Cp and 4.96% for C), it
resulted in extended applicability within a range of AoA. Similar to the Cp and Cp,
values, the transition point prediction is accurate in AoA close to the training one,

but loses accuracy otherwise.

The second case was the OAT15A transonic Airfoil. The surrogate transition model
produced from this case was very successful in terms of Cp and Cp, error, in a wide
range of AoA (with a maximum Cp relative error of just 1.01% at AoA = 1°).

However, it results in the underestimation of the location of the transition point.

The third case was the yielding of a surrogate model from two fields: one from the
NLF(1)-0416 and one from the OAT15A Airfoil in the same AoA. The goal here was
to create a more generalized model, which would provide more consistent predictions
for both low-speed and high-speed /transonic flows. The resulting surrogate model
captures the NLF(1)-0416 field better than the OAT15A field, which is logical, as
the intermittency field of the NLF(1)-0416 airfoil has a greater extent and thus a
higher weight in the training process. However, the aerodynamic coefficients’ results
are relatively accurate in both airfoils (with Cp relative errors ranging from 0.89%
to 7.93% and Cp, errors from -0.09% to 6.53% across the tested angles of attack for

both geometries).

In terms of turbulence modeling, SR was employed within the Eddy Viscosity Adap-
tation (EVA) framework. More specifically, the EVA methodology was implemented

in order to create the corrective field which was served as the input for the SR algo-
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rithm. The regressor’s output was an analytical expression for the eddy viscosity,
which served as the turbulence closure, replacing the standard turbulence model
in the CFD calculation. The surrogate model was also employed within a Shape
Optimization (ShpO) loop, and the results were compared to those of the Frozen
Eddy Viscosity (FEV) approach.

This methodology was first tested on the NACA 0012 Airfoil, on which the modeling
of the separation zone (i.e., the area of interest, which the RANS-SA simulation
failed to model accurately and which the EVA process seeks to improve) with the
SR-based surrogate was very sufficient. The ShpO loop which implemented the

surrogate model resulted in a better final value of the objective function (Cp =
0.0233), compared to the final result of the FEV ShpO loop (Cp = 0.0239).

The EVA-SR process was finally employed on the Ahmed Body with 35° slant.
The SR-based surrogate yielded sufficient results concerning the separation and
recirculation region modeling and Cp results (Cp = 0.310) comparable to the high-
fidelity DES data (Cp = 0.306) and the EVA method (Cp = 0.313), but significantly
better than the simple RANS-SA value (Cp = 0.329). As for the ShpO, the final drag
coefficient (0.269) is slightly improved compared to the final value of the ShpO with
the FEV process (0.273), as the process benefits from the closed-form expression for
the eddy viscosity in the primal problem calculation. Finally, the algebraic surrogate
based on the Ahmed body was differentiated, providing full closure of the continuous
adjoint formulation. However, the results of the fully differentiated version of the
adjoint-based ShpO were not very sufficient (0.289), as the fidelity of the original
model -which was trained only on the baseline geometry- is severely degraded after

significant changes in the shape of the geometry.

The development of SR-based transition and turbulence models constitutes a highly
promising approach in the field of data-driven modeling, primarily due to the inter-
pretability of the resulting surrogate models and the significant reduction in com-
putational overhead. While the current results demonstrate that the accuracy of
the surrogates is sensitive to the extent and diversity of the training datasets, the
methodology has proven its ability to capture the underlying physics of complex

phenomena like boundary layer transition and shock-induced separation.

The creation of an extensive field database with a variety of geometries exposed in

5



flows with ranging conditions, can lead to the yielding of a robust and generalized
SR-based model. This could lead to a less case-sensitive model which would be more

trusted in various calculations.

A final but critical issue that must be addressed is the numerical robustness of the
SR-derived expressions when integrated into the RANS solver. Currently, a signif-
icant portion of the candidate models — despite showing high predictive accuracy
during the training phase — fail to maintain numerical stability during the itera-
tive CFD process. This necessitates a "trial and error” approach, where numerous

equations from the Pareto front must be manually assesed within the solver.

To overcome this bottleneck, future research should focus on the implementation of
physical and numerical constraints directly into the SR loss function. By penalizing
expressions that exhibit non-physical behavior (such as negative eddy viscosity) or
extreme gradients, the regressor can be guided toward solutions that are inherently
stable.
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Etoaywyn

H perétn g tOpPNg xot g petdfoong amd ™) oTpwT) TNy TVEPRWON PON UE TTEO-
COOLWOELS LPNANG TLETAHTNTOG GLYOIEVETAL ATt LPYNAG LTTOAOYLOTLIXO XOGTOG OE [BLO-
UNYOVLXES EQPOEUOYES. TlopdAAnAa, Tor TTapodootoxd ohyeBpLtxd LovTtéAa TOPPNG dev
TIOPEYOLY LXAYOTIOLNTLXY oxPiPeLor o TEPLTTAOXEG POEG, EVEY TOL TTEPLGGATEPO OxPLPM
povtéda piog M Vo eEtooewy (Spalart-Allmaras, v — Reg) €L06y0LY ETLTTAEOV LEPLXEG
SLopoptxég eElovoelg oty Stadixocior ETALOYG, VEAVOVTAG TO LTTOAOYLOTIXG XOGTOC.
To vroxatdototo LoVTEAWY oL Pacilovtol o dedopéva oELOTTOLOVY EWG TWE xV-
otwg tor Babd Nevpwvixd Aixtva, tor omoia emidetuviovy peydin oxpifeta, wotdoo
TV TOY POV TOPOUEYOLY evatabnTto oTNY LTIEPTPOTAEUOYN XL oTNY aduvapio yevi-
HEVONG. ZYMUOVTLXOTEQY TTOPAUETPO ATTOTEAEL TO YEYOVOS OTL AELTOLEYOVY WG ~LadpOo
xouTl”, un apNvovtoag TEPLHWELO Yo VAL TLXY] epuNVElD. AVTLXELLEVO TNG OLTTAWUOTL-
%XNG VNG EQYATLUG ATTOTEAEL 1] XOTAUOKEVY] EQUNVEVTLULWY OAYEBPLYWDY DTTOXATATTOTWY
LOVTEAWY TOPEPNG xow petéfBaong, péow Zvpfoixng [oiwwdpdunons. o tov oxomd
ovTo, aflomoteitar 0 eEgMxTindg aAyopLipog Zoppolxrg Iaitvdpdunong PySR, o o-
motlog Tpoodoteitol pe JEDOUEVI TTPOCGOUOLWOEWY YTTOAOYLOTIXYG Pevotoduvautxig
XL XATOANYEL TNV OVOAUTLXY] OLOYETLON TN €EGJOL - M oTola efvar gite N TLPPWANG
CLYEXTIXOTNTO vy ELTE O TTOPAYOVTAG OLAAELDYGS v YLor TNV TOEPYN %o TN HETAPaon o-
vTloToLYo - UE TLG ELOOSOVG, OL OTToleg Elvol POLKEG XOL YEWUETOLXES TTOoOTNTEG. Tox
VTTOXOTAOTATO LOVTEAD LETAP oo aELoAoYoDVTOL WG TTPOG TNV TTPOPRAEYT ToL onpeiov
UETAPBOONG KOL TWY HEPOSVYOULXEY GUVTEAEGTHY, EVK) TO VTTOXATACTOTA LOVTEAX TUQ-
BNg xonoLpomoLobvToL Yior TN PEATILWON TNG LOVTEAOTIOLNOYG TTEPLOYWY AVOXUXAOPOPLOG,
xoL TEA0G, evtaaoovtal o Bpdyo BeAtiotomoinong Zynuotos.

YopLoAny) HoAvdpdunon

H Zoppoiuxn MoAwdpdunon (Symbolic Regression - SR) evtdooetar otny Epunveborun
Myyoviey Mabnon, xabog mpdxettor yioo adyopifpovg mov avolntody avaAvTixy ov-
OYETLON KETAED pLog eEGG0L Y yior dedopéveg eLaddoug (X ). Kabe tétortog ahydpLdpog
Baoiletar ota Aeydpevo "3EvTpa eELoDoEWY”, OTTWE aLTO TOL ZY. ’CO( ool cLYOEOLY
LETOED TOLG *OPPOLG TTOL TEPLEYOLY E(TE ELGABOVG, ElTE LobNULOTIXOOG TEAETTEG ElTE
opLbuntixodg ovvteAeotés. H moAvmAoxdTTO pLog Exppoaong oplletal wg o apLthuog
TwY X6uLwv oT0 dévTO.

o ™y ovalftnon yenorpomotobvtor eite EEshuxtixol AAydptbupol (EA) eite Babid
Nevpwvixd Aixtoor (BNA), ot omtoiot 6Toxebovy ouYYEOVWS OTNY EAXYLOTOTOLNOY TOUL
OQAALOTOG TEOPAEDNG %o TNG TTOAVTTAOKOTNTAG, LE OTTOTEAEGULOL VYOI TTOLOAYOLY EVOL
uwEtwmo Pareto BEATLOTWY OAYEPOLXWY EXPEACEWY. XTNV LTAWUOTIXY epyaoio aELo-
motelton M PLpAodrixn PySR oe yAwooo Python, n omtola amoteAel €évay tpomomolnuévo
EA yia ™ dtadixaoctio tng BeAtiotomoinong, e LeETaBANTESG oXESLOOUOD TLG TTOGOTNTES
EVTOG TWV XOUPWY TOL JEVTPOL TWY EXPEACEWY.
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Zynua 1: Hapddetypo dévtpov ekiowone. Ou x6ufor mepléyovy Tig UETAPANTES
oyedLtaopod Tov aiyopipov Zvpfoinng MoAwdpdunong. H moAvmAoxdtnTtar opi-
Ceto wg 0 aptbudg Twv xOuPwv.

Epoppoyéc ZoppPoAxne [MaAvdpidunone oty Movtero-
Toinon tng MetdPaornc
I ™ povteromoinom g petdfBaong n dtadixaoion Tov axorovbeitar eivar n eEng:

¢ Tlpocop.oiwon g Po¥c Ue AoyLoutxd ToroyLotixic Pevotoduvayixic (3¢ o ot-
xeiog xddxag PUMA) pe povtéha Spalart-Allmaras & v — Reg ytoo Ty moparywy™
Twy dedopévmy mov Hor Tpopodotniody atov aAydpLipo XvpPoiixng IoaAvdpo-
unone.

* Xpvion oryopibuov SR yia cvoyétion tng €630V v pe Tig etoddovg (poixég xal
YeWPETPLUES TTOaGTNTES). O 0AYdpLOpOg TTorpdyeL Evar abvoo BéATLoTwY ahyeBpL-
XY EXQPPACEWY YL TOV TIOREAYOVTO Y CLUVOPTNOEL TwY EL0OSWY. A6 TO oVVOAO
OVTO TWY TOPAYOUEV®Y TOTTWY, 1 TEALXY EXPEAOY] ETULAEYETAL ETILILWOKOVTUG TNV
O OTTOd0TLXY] LOOPEOTILAL UETAED TNG EAXXLOTOTOLNONG TNG ATTOXKALONG AL TNG
SLOTNENONG YOUNANG TTOAVTIAOXOTNTOG, EAEYYXOVTOG TTORAAANA TNV oLOUTTLIX
¢ evotdbeta.

* Evowpdtwor Tou oAYePpLrod DTTOXAUTACTTOTOL LOVTEAOL KETAPOOYG OTOV ETULAD-
™ RANS, avti yta to povtého v — Reg xo aELOAGYNOY ATTOTEAECUATWY.

Epoppoyi A: Agpotopy; NLF(1)-0416

O aAydpLBuog SR tpoodoteital pe T0 eSO ¥ TOL TEOUVTTTEL YUPW OTTO TNV LEPOTOUY
NLF(1)-0416 oc ovvbrixec M = 0.1, AoA = 3.50° xa TopdYeL TNV avoALTLXY| OYEoM ﬂ]
Yioe Ty €Eodo:



$-7(10.3013-5-X)

v = 0.8074 )

oTov ¢ = cg'6444, A= 09'3227, k=37 1 =¢ck e wow 1 = dyan/e, c6 = QcfVoo,

cr =1 /Vooe, cs = M.

To voxatdototo evowpotvetor otov emtALTy PUMA %ot mpoxdmtovy ot tLuég mooo-
oTLOlwY ATTOXALTEWY YLOL TOUG AEPODVYOULXOVS CUVTEAEGTEG, TTOV OTtELXOVILOVTaL GTOY
[Mivouo . To avtiotouya edio ametxovilovtal oto Xy. , EVE) OL XOTOVOUEG TOU OL-
vTeEAEo TN TOLBNG 0TO XY E To voxatdoToto Tapovatdlel peyoaAdTeET axpifela oty
TEOPAEDY TOOO TWY AEPOSLYOLLYWY CLVTEAEGTHY GO XoL TOL oNUELOL UETAPaong, 660
doxtualetol o€ Ywieg TPOOPBOATG XOVTA GTN YWVIo EXTTA{GEVLOYNG, EVK N TLOTOTNTE TOL
EAATTWOVETOL OG0 EAXTTWOVETOL N YWVLO SOXLUYG.

Ilwvia Cp CL
[MpooPornc (°) | v — Reg | SR (AmoéxA. %) | v — Reg | SR (AméxA. %)
0.00 0.0057 | 0.0038 (-33.23) | 0.4835 | 0.5094 (5.37)
2.03 0.0063 | 0.0042 (-33.30) | 0.7200 | 0.7543 (4.77)
3.00 0.0068 | 0.0067 (-0.50) | 0.8308 | 0.8315 (0.08)
3.50 0.0070 | 0.0069 (-0.70) | 0.8878 | 0.8888 (0.11)

[Mivoxoac 1: EE. 1 - Exmaidevon oc ywvia mpooBoing 3.50°: Tipuéc PUMA pe v— Reg
Piotrowski-Zingg, tipuég aiyePpixod vroxortdototov (SR) xal oyetiny] amdxALom
OEPOBVLYOULKWY CLUVTEAECGTWY YLO OLAPOPES YWVIES TTPOGBOANG.

(o) Tedio v — Rey AoA = 0°. (B) Tledio SR AoA = 0°.

(y) Medto v — Reg AoA = 3.50°. (3) Tedto SR AoA = 3.50°.

Zyquoe 20 Tledio StéAetdng pong v UE XENON TOL LOVTEAOL 7 — Rey xo NG EE.
oty mpooopoiwon RANS oe Stapopetixég Ywvieg TPOoBoOANG.

INa Tig wixpdtepesg Ywvieg TPOGBOANG, OTTOL N ATTOXALOT TWY AEPOSVVOLLXEY CLVTEAE-
otV elval aENUEYT, xaTaoxevdleTol évag Bpodyog SLéphwang, Le Tov 0ol OL ATTOXAL-
oelg Twv ouvvteAeatwdy Cp xow Cf yiow Ywvior Tpoofoing 2.03° petdvovton oto -5.47%
xor 0.28% avtiotoryo.
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(o) AoA = 0.00°. (B) AoA = 3.50°.

Tyfuo 3: NLF(1)-0416: Katavoun cvvteheot toipg (Cf) pe xpion tov novtéAov
v — Reg xou e EEM.

Axoiovbel 1 dnutovpyla EVOC LTOXATACTATO, EXTTOLIEVLEVOL aTtd dVO TES(O ¥ TTOL
mpoxVTtToVY o cuvbxeg M = 0.1 xaw ywvieg mpooBoAng 2.03° xow 3.50°. Ilpoxdmtel
n EE. [ xot T amOoTEAEOULATO TWY KEPOSVYOULXWY CLVTEAECTWY cuvodilovtol aToY
[Mivoxo . To véo vmoxatdototo, oy xo ALYOTEPO oxELBES, QPalveTol CUVETEGTEPO OE
UEYOAVTEPO €VPOG YWILKY xoL efval TO eENG:

7= (&%)" ®)

6mov ® = (0.9416%)17HFe0) g — [<7)

9:2657 exp(cos c4+-cos cg)
c6

xow o = x/c, ¢2 = p/poc,
cs = Vy Vo, c6 = Qc/Vi, 7 = 11/ Vioc, cg = M.

Fwvia Cp CL
[MpoaBorvc (°) | v — Reg | SR (Amoxh. %) | v — Reg | SR (AmodxA. %)
0.00 0.0057 | 0.0037 (-35.03) | 0.4835 | 0.4944 (2.27)
2.03 0.0063 | 0.0049 (-22.75) | 0.7200 | 0.7063 (-1.90)
3.00 0.0068 | 0.0043 (-37.00) | 0.8308 | 0.8703 (4.96)
3.50 0.0070 | 0.0063 (-9.31) | 0.8878 | 0.8912 (0.38)

Mivoxog 2: EE. 2 - Exmaidevor og ywvieg TpoofBoing 2.03° & 3.50°: Tipég PUMA
ue v — Rey Piotrowski-Zingg, ttpég okyeBptxol vmoxatdotatov (SR) xan oxetixn
OTTOXALGY, LEPOSVYOULXEY GUYTEAEGTWY YLOL OLAPOPES YWVIES TTPOGBOANG.

Epoppoyn B: Aepotounn ONERA OAT15A

H diadixaoior Tov axorovbeiton eival dpoLa, He TNV EXTTOGEVGY] TOL VEOU VTTOXATAGTO-
tov (EE. B) va yiveton améd to nedio v g agpotouric OAT15A oe cuvbixec M=0.73,
Piiar = 0.78 kPa, T = 271 K xow Ywvio Tpoofoing 2°. To umoxotdototo ERLTUYYAVEL
wtattepa oxpLP TEOBAEDY TWY AEPOSVLYAULXEDY CLVTEAECGTWY TNG XEPOTOWUNS OE EVPOG
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YOVLOY TTPoGPoMC o 1° éwc 3.50°, bmwe paivetal 6to Xy. B xon mepLrypdpeTar amd
™V ToPoXATw eElowon:

y=+0 (3

1.3415653
omo0 1 = R = 5, g = e, = o6y = B (2 (o
c3) - 3.7659185, 1 = XS, 0 = 6" xow cg = /¢, c3 = Vi/Vio, €5 = D/Pocs 6 = Q¢/Vio,

cr = 1/ Vo

To Zy. W xatadSexvier 6t vmoexTudTar To onueio weTdBaong oty TAELPG Tieanc,
XATL TTOL GLUPALVEL CLGTNULATIXA YLA OAEG TLG YWVIES TTPOGBOAYG TTOL SOXLUATTNHAY.

L.

Zynuo. & Axpy mpooBoing agpotoung OAT15A: Tledio didiedng pong oc ywvia
TPoofoAng 2.50°. Ildvw medio: Me ypnion touv povtéov petaBaong Piotrowski-
Zingg, Kétw medio: Me ypnon g EE. @ WG LTTOXOTAGTATO TOL LOVTEAOL UETA-
Boawong ato Aoyioutxd PUMA.

Lift Coefficient Drag Coefficient
0.052 T T T T 0.0024 T T T T
V-Retheta —© V-Rejpgty —©
005 - SR-Algebraic Model — o- 4 00022 L SR-Algebraic Model — o- B
7
0.048 - = 0002 1 B
0.046 - 4
0.0018 =
0.044 - 8
0.0016 4
G 0042 | 4 &
0.0014 ~ =
0.04 4
0.0012 - .
0.038 - 4
0.036 - B 0.001 4
0.034 i 0.0008 & -
[
0.032 : L : : 0.0006 L : L :
1 1.5 2 25 3 35 1 1.5 2 25 3 35
Angle of Aftack (deg) Angle of Attack (deg)

Zynua 5: OAT15A Airfoil: Drag and Lift Coefficients in different AoA with Equation



Egappoy? C: Aepotopéc NLF(1)-0416 & ONERA OAT15A

Mo ™y xotooxevy] evdg arYePELrold LTOXATACTOTOL, TO omolo o eivor yPMNoLLo Oyt
uwovo o€ pla yewpetpla, o adydéptbuog SR tpopodotibnxe pe dVo medio Tov TOP&YOVTH
dérerdhng 7, éva ard Ty acpotoury NLF(1)-0416 %o éva amd Ty OATI5A, and mpo-
oopoiwon mov €ytve yia M=0.1 xow M=0.73 avtiotoya xot ywviow TpooBoAng 2° xow
Tta T 300 oepoToués. Ou amoxAloels TEOPBAEPTG TWY AEPOSVYOULREWY CLUVTEAEGTWY
ovvoilovtor otov Ilivaxa J xot 10 aAyeBpind LTOXATAGTOTO LOVTEAO UETABAONS TTOL
TPOEXVYPE TEPLYPAPETAL OTtd TNY axdlovdn eElowon:

v=¢¥ (4)
omov K = U202 g — sin(sin(k)) + 0.41349724, 0 = Gozsergss. ¢ = 0.45793113 —

pOOBBN = 0% 7 = 8 + 1.8690305, ¥ = X7 xou ¢z = p/poc. €3 = Vo/Veo, €6 =
Qc/ Voo, 7 = 11/ Vioc.

TF'wvio Cp CL

®) v — Reg | SR (ATOxA. %) | v — Rey | SR (ATOxA. %)
2.00 | 0.00631 | 0.00639 (1.41) | 0.7164 | 0.7158 (-0.09)
NLF(1)-0416 | 2.50 | 0.00648 | 0.00697 (7.46) | 0.7743 | 0.7631 (-1.44)
3.00 | 0.00677 | 0.00688 (1.72) | 0.8308 | 0.8281 (-0.33)
2.00 | 0.00112 | 0.00113 (0.89) | 0.0437 | 0.0457 (4.42)
OAT15A 2.50 | 0.00151 | 0.00158 (4.79) | 0.0480 | 0.0505 (5.29)
3.00 | 0.00196 | 0.00212 (7.93) | 0.0509 | 0.0542 (6.53)
[Mivaxog 3: EE. 4 - Xvvdvoopévo povtéro: Tipég PUMA pe v — Reg Piotrowski-
Zingg, tpég aryeBopxod vroxatdototov (SR) xow oyetixf amdxAion acpoduvayt-
%WV oLYVTEAEGTWY YL TG oepotopés NLF(1)-0416 xow OAT15A.

Aepotopn

Epoppoyéc ZoupPoAxne [MaAvdpounone oty Movtero-
moinon g ToePng

[Na 1 povtedomoinon g TOERNg N Stadixacio Tov axolovbeitor oto TEPLRAANOY
OpenFOAM 3rap.oppovetor wg eENg:

e Egoappoyn pebodoroyiag EVA yio v xotaoxevt dtopbwtixod mediov tupPn-
J0UG CLYEXTIXOTNTOG 1y YLO. BEATLWUEYY LOVTEAOTTOLNOY TNG TTEPLOYNG OLTTOXOAAY-
oMG 0TO TESL0 TV TNTWY.

e Xpnon aiyoptbuov SR yro ovoyétion g eE6dov vy -tov ediov EVA- e tig €t-
0630v¢ (poixéc xat YewpeTpLnég ToohTTeg). O adydpLbpog Topdyet éva GBvoro
BEATLOTWY OAYEPRELXWDY EXPEAOEWY YLt TNV TVPRWON CLVEXTIXOTNTO V4.

¢ Evowpdtwoy Tov aAyelpixod LTTOXATAGTATOU UOVTEAOL TUEPNG OTOY ETLAVTY
RANS, avti vt to povtého Spalart-Allmaras xot otELOAGYNOYN XTOTEAEOUATWY.

e Xpnon oAyeBELxod LTOXATACTAOY YLO PEATLOTOTOINGY OYNUATOS UE TY] CLUVEXN
ovluy" pébodo.



Egpoappoyn D: Aspotopn NACA 0012

To Sopbwtind medio vy mov mpoéxvde amd spopuoyn g pebodoroyiog EVA yia
ouvBiixec Re = 105 xon AoA = 12° tpopodotribnxe atov adyéptbuo SR %o mpoéxude
T0 OAYEPBOLXO LTTOXATAOTATO LOVTEAO UETABOONG TTOL TEPLYPAPETUL GTNY axdAovin
ekiowon:

co + c7
s (w) +1.7163204

c3

v, = 0.013 - +0.032510918 (5)

6mov ¢y =x/c, c3 =85+ Voo, ¢4 = Vi / Voo, ¢7 = dyanr/c-

To media TayvThtwy Tapovatdlovtar oto Ty. [ xow to medio DES Bewpeiton 6t
ETULTUYYAVEL TNV TLOTOTEEY], LovTeAoToinon ¢ petdPoone. To mediow EVA xow RANS-
SR éxovy mtapdpota, txavomolntixdtepa o ayéon pe to edio RANS-SA amoteAéopota
OTNY LOVTEAOTIOLNON TNG ATTOXOAANOTG.

(o) Méoo medio touthtwy DES. (B) Tedio tautitwy RANS-SA.
(Y) Medio tayutitwy EVA. () Medio toyuthTwy RANS-SR.

Zynuoe 6: Medio toyuTTwy Ty pebdddwy DES, RANS-SA, EVA, RANS-SR yio v
ogpotoun) NACA 0012.

INa ™ BeAtiotomoinon wopeng Le oté)0 TV Acyiotomoinon Tov C'p ouyxpivovtol M
uébodog Frozen Eddy Viscosity (FEV) 6mov to medio vy g EVA mopoapéver “moryw-
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UEVO” xaTé TN dtdpxela TG BeAtiotomoinong, xaL n pébodog SR émov to medio vy Tov
TEWTEVOVTOG TPOPRANULOTOG avavewveTol o x&be xOxAo BeAtiotomoinong pe Baon ™y
EE. Bl Ta amotedéopata xatadeikvdovy 6t 1 Stadikasio g BeAtiotonoinang emw-
@eheitol amd TN SLVaULXY] AVOVEWGY TOU TTESLOL, AOYW TWY XAAXYWY TNG YEWUETPLOG,
EVOVTL TNG YENOMG TOL “TTarywpévov” mediov, 0mtwg Qaivetor otov [livaxo f.

(o) Apyxf Yewpetpio pe to wedio EVA. (B) Tehxr| yewpetpto pe to medio EVA.

(Y) Apyxni yewpetpio pe to medio SR. (3) Tehwnh) yewpetpia pe to medio SR.

ynuoee 7: BeAtiotomoinoy oynuoatog acpotouns NACA 0012: Apyixd xol TeAxA
medion TVPPRWOLG cLVEXTIXITNTOG UE YXENON TwY UeBAdwY EVA xar RANS-SR.

Method Cp
EVA 0.0239
SR 0.0233

[Mivaxog 4: BeAtiotomoinon oxnuatog acpotoung NACA 0012: ZvvreAeotig avti-
OTOOYG TWY TEALXWY YEWUETOLWY -0Ttwg emtavaElohoyinxay pe DES- BeAtiotomol-
nuévwy pe ™ pébodo EVA xar ™ otabepn éxppoaor tov voxatdototov SR.

Eopappoyn E: Ahmed Body

‘Opota Sraduxaoior axolovbeiton xan yia pLoe TpLdLaototy e@appoyy, To Ahmed Body
ue ywvio 35°. To aiyeBpixd vroxatdotato TOEPNG oL TEoxVTTTEL e Bdom To TTeESio
EVA mepiypdpetor amd ™y axdiovdy eElowon:

vy = 0.13 - (c5 — 1.0012314) - (cg — 5234.8203) (6)
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émov Cy = Vw/Voo XOL Ccg = dwall/c-

Omtwg %o oty TEONYOLUEVY] TEQITTTWOY), LE TTEPLOGATEPO AELOTILOTY] TNV TTPOGOWUOLWO
DES, 1o amoteAéopotor Tng LOVTEAOTTOINONG TNG TTEPLOYNG OTTOXOAANOYNG ELVAL TTLO LYo~
vortouuixa pe Tig pebddovg EVA xor RANS-SR, oe abyxprom pe ™ pébodo RANS-SA.
To Topoaméve @oivovtor 6to Zy. E

(o) Méoo medio Toutitwy DES. (B) Tedio tautitwy RANS-SA.
(Y) Medio tayutitwy EVA. () Medio toyuthTwy RANS-SR.

Zynua 8: Iledia tayutitwy DES, RANS-SA, EVA, RANS-SR vyt to Ahmed Body.

Mo ™ BeAtiotomoinoyn popeng ovyxpivovtor ot pébodol FEV, SR-Fixed, 6Tov 10 oA-
YeBOELXO LTTOXATAGTATO YEPNOLUOTIOLELTOL ATTAWG YL VAVEWOT TOV TEGLOL Iy GTO TPW-
Teboy mPOPANue, xor SR-Differentiated, 6mov yivetow TapoywyLton Tov aAyeBpixod v-
TOXOTAOTATOL WOTE Vo etooyfody oL emtmAéov Gpot otig ouvluyeic eklowoels. ‘Omwg
paivetar atov Iivoxa f uébodoc SR-Fixed mapouatdlet T xoADTEQX ATOTEAEGUATO
TLUNG TNG TEALXNG OVTLXELUEVLXYG GUYAPTNONG OE OUYXPLOY UE TLS GAAeg SV0 pebddouc,
6ty yivel emavaEloAdynom g TeAxnyg Yewuetplog pe DES. Qotdoo, n xahdtepn tLum
OVTLXELLEVLXNG OLYAPTNONG GTOY oV TY oELOAOYELTOL LE TO [OLO TO LOVTEAO TTOL YPMNOLLO-
moteltor oty dradixaoio BeAtiotomoinong, Tpoxdmtel and ™ néhodo SR-Differentiated,
YEYOVOS OTOADTWG AOYLXO EQAHTOV TTPOKELTOL YLOL OANOXANPWUEYT EVTOEY TOL LTTOXATA-
otatov a1y ovluYY Uébodo. O Adyog mov oty emtavaEloAdynon pe DES de palveton
ovTloToLy" OLUTEPLPOPA Elval TLHoVATOTO OTL TO LTTOXATACTOTO, EXOVTOG EXTTOLIEVTEL
oTté TN PO YOPW OTTO TNY OEYLXY YEWUETELN, YEVEL TNV TLGTATNTE TOL O0O 1| YEWUETOL
oMGLeL xot dev TTPOGEEPEL axELBN TEOBASPN TOL CLVTEAEDTY AVTLOTOOYG.
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Method Cp Optimization Cp DES Reevaluation

EVA 0.304 0.273
SR-Fixed 0.305 0.269
SR-Dift 0.299 0.289

[Mivoxoag 5: BeAtiotomoinon oyniuotog tovo Ahmed Body: XvvteAeotg aviiotaong
TWY TEALXWY YEWUETOLWY BeATioToTTouUévwy pe ) uébodo EVA xat ) otabepn xon
TOEOYWYLOUEYT EXPOEOLTY TOL LTTOXOTACTATOL SR. XA 2: Ty Tov TPoxVTTEL
omd aELoAGYNoN HE TO (3L0 TO LOVTEAD TOPPRNE Tov akLomoleltal oty BEATLOTOTOL-
non. ZAn 3: EnavaEloAdéynoy telnng yewpetpiog pe DES.

(o) Tehwxn yewpetpto pe t () TeAwwd yewpetpio pe ™ ()  TeAxA YEWUETOIO
uébodo EVA. uébodo RANS-SR-Fixed. ue 1 pébodo RANS-SR-
Differentiated.

Zynuoe 9: Behttotomoinon oxnuoatog tov Ahmed Body: TeAwxy] yewpetpior mov
TN O pe Tig pebodovg EVA xow RANS-SR.

Yopmepdopato xor MeAlovtinn ‘Epsuvo

H yp%on g ZopBoAxrc MaAwdpounong (SR) yio t dnptovpyio sppunvedotpwy, alye-
BELXWY LTTOXATACTATWY LOVTEAWY UeTABOONS xo TOEPRNG oty Y'ToAoytotixn Pevoto-
dvvoplxn amoteAel pio eEatpeTinéd vooyOuevy TPooéyyton. To eEayduevo LOVTEAX
ETULTUYYAVOLY LXOYOTIOLNTLXY] TTEOPAEDY] tePOSLYAULXWY CUVTEAEGTWY, BEATLWOUEYY [LO-
VTEAOTIOINOY TWY TEPLOYWY KTTOXOAANONG AL ATOTEASCUOTLXY] EVTAEY OE OLodLXOOLES
BeAtiotomoinong oynuotog. Ilopdia avtd, n oxplfeia xow N OVOTYTO YEVIXELONG
Toug eEpTWVTAL GuETH OTTO TNV TOLXLAOLOPPIO TwY Jed0UEVeY exTtaldevong, xabwg
N TLOTOTNTA Tovg POiveL dtav petafdirovTal onuavTixd oL auvinxeg PONG N N YEWUE-
Toloe. Xe emtimedo HEANOYTIXNG EQELVOG, TTPOTELVETAL AYPEVOS 1 dNULOLEYIO ELPVTEPWY
Béoewy dedoUEvmY PONG YLOL TNY AVATTTUEY TTLO YEVLXEVUEVWY LOVTEAWY, XL OLPETEQOV
N EVOWUATWOY QLOLXWY XOL XPLOUNTIXOY TTEPLOPLOULY GTY GLYEPTNON XOGTOVG TOL OA-
Yopibuov. Avtéd Ha Staopoaiiost eEopyng Ty apltbuntixy evotdbela TwY TOEXYOUEVLY
eELOWOEWY XUTA TNY ETLAVGY, XATAOYWYTOS TNV AVEYXN YLO TN XPOVOBOQO, YELPOXIVNTY
Jtadixaoio eMAOYNG ELOWOEWY UETW SOXNLUNG XAl CPAALOTOG.
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