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RESUME

Cette thése propose une exploration détaillée des techniques d'optimisation avancées et des
méthodes de calcul appliquées a la turbomachine et aux composants structuraux, mettant en
lumiére plusieurs aspects critiques. La recherche commence par une analyse des compresseurs
axiaux, utilisant une approche d'interaction fluide-structure et le calcul haute performance pour
améliorer la sécurité opérationnelle et la performance. En exploitant la parallélisation MPI et la
validation de maillage haute résolution, cette étude permet une amélioration de plus de 33 % de
la sécurité du compresseur tout en préservant son efficacité. L'amélioration des ventilateurs de
ventilation miniére a flux axial est examinée ensuite. Grace a la méthode des Plans d'Expériences
(DOE) et a 'analyse de régression, des améliorations significatives de performance de 9 % sont
réalisées, accompagnées de réductions du bruit, des coits et de la consommation d'énergie. Cela
souligne l'efficacité des stratégies d'optimisation pour relever les défis de la ventilation souterraine.
La troisiéme partie introduit un nouvel algorithme de gradient conjugué spectral pour l'optimisation
des problémes non contraints, démontrant une stabilité, des taux de convergence et une efficacité
supérieure par rapport aux méthodes traditionnelles. Ce nouvel algorthme représente un

avancement significatif dans la résolution des défis complexes d'optimisation.

De plus, l'optimisation de la forme aérodynamique du profil d'aile est réalisée a l'aide du nouvel
algorithme d'optimisation de gradient conjugué non contraint, utilisant la paramétrisation Bézier
basée sur un code MATLAB couplé avec un solveur CFD. Cette approche aboutit & des
améliorations notables des rapports portanceftrainée, validant I'efficacité de l'algorithme proposé
pour améliorer les performances aérodynamiques. Finalement, l'efficacité aérodynamique et
structurelle des ventilateurs a flux axial utilisés pour la ventilation miniére a &té améliorée en
optimisant la conception de la pale Chinook torsadée, ce qui a permis une augmentation de 14,4
% du rapport portance-trainée et une amélioration de 4,5 % des performances du ventilateur. Des
modifications structurelles ont également prolongé la durée de vie en fatigue de la pale, améliorant

ainsi la fiabilité a long terme en conditions de décrochage.

Mots-clés : Interaction fluide-structure, Cluster HPC (calcul haute performance), Plan
d'expéniences (DOE), Ventilation miniére, Optimisation, Paramétrisation, Méthode du gradient

conjugué spectral, Profils NACA, Durée de vie en fatigue.



ABSTRACT

This thesis offers a detailed exploration of advanced optimization and computational technigues
applied to turbomachinery and structural components, highlighting several critical aspects. The
research begins with an analysis of axial compressors, utilizing a fluid-structure interaction
approach and high-performance computing to improve operational safety and performance. By
leveraging MPI parallelization and high-resolution mesh validation, this study achieves over a 33%
improvement in compressor safety while preserving efficiency. The optimization of axial-flow mine
ventilation fans is examined next. Through Design of Experiments (DOE) and regression analysis,
significant performance enhancements of 9% are realized, alongside reductions in noise, cost,
and energy consumption. This underscores the effectiveness of optimization strategies in

addressing the complexities of underground ventilation.

In the third part, a novel spectral conjugate gradient algorithm for unconstrained problem
optimization is introduced, demonstrating superior stability, convergence rates, and efficiency
compared to traditional methods. This new algorithm represents a significant advancement in
solving complex optimization challenges. Further, aesrodynamic shape optimization of airfoil profile
is achieved using the novel unconstrained conjugate gradient optimization algorithm, employing
Bézier parameterization based on MATLAB code coupled with CFD solver. This approach results
in notable improvements in lift-to-drag ratios, validating the effectiveness of the proposed algorithm
in enhancing aerodynamic performance. Finally, the aerodynamic and structural efficiency of axial-
flow fans used in mine ventilation are enhanced by optimizing the twisted Chinook blade design,
achieving a 14.4% lift-to-drag ratio improvement and a 4.5% increase in fan performance.
Structural modifications also extended the blade's fatigue life, improving long-term reliability under

stall conditions.

Keywords: Fluid-structure interaction, HPC cluster (high-performance computing), Design of
expenments, Mine ventilation, Optimization, Parametenzation, Spectral conjugate gradient
method, NACA airfoils, Fatigue life.
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1. INTRODUCTION

Underground mining plays a significant role in the global mining industry, but it also poses several
risks to the miners in terms of air pollution. The toxic and potentially explosive gases in the mine
atmosphere, along with temperature regulation, are among the key concerns of underground
mining ventilation. This is why it is essential for the mining industry to follow the regulations and

innovations in ventilation.

Ventilation in underground mining not only helps to ensure the safety of miners but also involves
significant energy and maintenance costs. Researchers are actively exploring ways to improve
the performance of ventilation systems, predict and address potential challenges, and optimize
their operation. The focus of this work is to study the performance of turbomachinery used in
underground mining ventilation with the aim of developing an inverse approach for optimum
design. This approach considers reliability, efficiency, and the use of low-cost components to

enhance the overall performance of the ventilation system.

1.1 Background

The classification of turbomachines can be done in three ways: based on the type of working fluid,
the direction of flow, and whether or not it delivers or extracts power from the fluid. One such
classification based on the direction of flow is between machines working on compressible fluids
such as gas turbines or high-speed fans and those working on incompressible fluids such as
pumps that work with water. However, wind turbines and low-speed fans can be in both categories

as they experience minimal density changes [1].

1.1.1 Analysis of fluid flow
In the study of turbomachinery, various factors such as angle of attack, tip clearance, and rotation
have been investigated. For example, a simulation was conducted on an isolated subsonic axial
compressor with 54 rotor blades, inlet guide vanes, a stagger angle of 50 degrees, and a hub-to-
tip ratio of 0.85 [2]. The simulation aimed to predict the occurrence frequency and amplitude of
non-synchronous vibrations and suppress them. The results showed that a well-designed casing
treatment could remove the trailing edge backflow and suppress flow impingement and rotating
instabilities. A physical mechanism was also proposed to explain the non-synchronous vibration
phenomenon based on acoustic feedback. The critical non-synchronous tip speed prediction was
validated by measuring the tip speed. The study revealed three missing links between the

rotational instabilities and non-synchronous vibrations, including the required pressure
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unsteadiness amplification, blade pitch, and vibrational frequency and mode shift [3]. Another
study experimentally investigated various tip geometry designs to control the tip leakage resulting
aerodynamic loss [4]. The results showed that the effective tip leakage control scheme for a
compressor cascade was the suction-side winglets, while pressure-side winglets were not
effective control methods. The performance of a NASA rotor 37 compressor was studied using 3-
D Reynolds-averaged Navier-Stokes equations with the k-g turbulence model [5]. The parameters
studied were front and rear lengths and the height of the casing groove, and the mass flow rate of
outlet. The results showed that the ejection mass flow rate did not affect the stall margin compared
to the geometric parameters and that using casing grooves with both injection and ejection could
increase the stall margin, peak adiabatic efficiency, and stable range extension without losing the

total pressure value.

mass flow
ra
Shroud surfiace
— —pS
Inlet mass flow Outlet mass. flow
Hub :‘t:",'ﬁce

Figure 1

Injection and ejection side of the blade in circumferential view

Source: [5].

Asymmetry in the rotor blade tip clearance was investigated in a study, and it was found that
asymmetric clearance had negligible influence on the overall compressor performance [6]. In
another study, air injection at the rotor blades row tip region was utilized to improve the
aerodynamic performance of a low-speed axial compressor [7]. The results showed that low air
flow rate injection at the blade row tip resulted in significant beneficial effects on the whole blade
height, increased pressure rise, reduced the diffusion factor, and reduced the blockage at the
blade tip gap region caused by the stall phenomenon. Finally, a numerical simulation was
conducted on a SR3 propeller at 35,000 feet altitude at a transonic Mach of 0.8 using the Ansys
CFX package [8]. The results showed that the performance coefficients and efficiency were in

good agreement with experiments, and it was found that the axial and tangential velocities, swirl
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angles, and static pressure at mid-span reached their maximum values from the wake parameters

of the propeller.

1.1.2 Aeroelasticity (FS1) in turbomachinery
FSI simulations often involve computational fluid dynamics (CFD) and structural mechanics to
model the fluid and solid domains, respectively, and to solve the equations that govern their
interactions. FSI simulations can provide valuable insights into the performance and safety of

systems, as well as guide the design and optimization of complex structures.

The studies in the literature review focus on the numerical analysis of fluid-structure interaction in
highly loaded engine designs. The objective of these studies is to obtain reliable solutions for the
nonlinear effects on the fluid-solid interface and the individual behavior of each component. To
accomplish this, both structural and fluid motion goveming equations must be solved
simultaneously in a time-integrated manner. However, due to the computational cost, some fluid-
structure couplings are implemented using a one-way coupling algorithm, where the individual
solvers partially or completely converge before exchanging response information [9]. In one study,
the Euler equations were solved using the modal approach for structural analysis in a partially
coupled manner [10]. Two years later Doi et al. used an explicit Runge-Kutta solver for the flow
and a finite element method solver for the structure to investigate the aeroelastic responses of a
compressor rotor blade [11]. A numerical method is used to investigate the combined effects of
(s/c) blade pitch to blade chord ratio and (c/d) the blade chord to streamwise separation between
two vortices, on the aerodynamic and structural responses of the central blade. Aerodynamic and
structural dynamic responses of the central blade in the cascades are found to be the function of
the blade pitch to chord ratio. The results show rather insensitivity of the fluid-structure interaction
to the effect of vibrating neighboring blade [12] Another study conducted a numerical parametric
study for a transonic-axial compressor with treated and untreated end-walls at different tip gap
heights and found that the end-wall treatments were more efficient at larger sizes of tip gap [13].
A study investigated flow-induced vibrations for wind turbine blade airfoils using a strong two-way
FSI coupling in a 2-D domain with low Reynolds and incompressible flow. The results showed
different results for aerodynamic load between laminar and turbulent flows, but similar responses
for the airfoil [14]. Later on, Hongisk et al. developed a fully coupled FSI method for axial
compressor flutter and found that the rotor flutters in stall operation with the first mode resonance
[15]. In a further research work, a comparison of turbulence models for a two-dimensional subsonic
flow over an airfoil with various angles of attack showed that the turbulence models in commercial
CFD codes were not accurate at high angles of attack [16]. A different study investigated a full
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anulus unsteady CFD for a fan-stage operating with a 120-degree stagnation pressure
circumferential distortion [17]. In a later investigation on the compressor, the effect of inlet swirl
and pressure distortion on the performance and stability of an axial compressor and found good
agreement between the results and expenmental data were numerically investigated, the
validation of the numerical study was conducted employing the data published from NASA Lewis
Research Center [18]. In the other hand, Wang et al. presented a one-way coupled FSI model for
wind turbine composite blades at full scale, with aerodynamic forces obtained from CFD analysis
and blade structural responses evaluated with FEA [19]. In a different study on wind turbines, high
structure reaction to wind and turbine blade vibration were investigated using a one-way FSI
coupling method and different materials and wind speeds were chosen to study the effect of blade
pitch on aerodynamical and structural characteristics [20]. In a recent investigation, Ren et al.
compared the deformation and vibration analysis of compressor blades based on fluid-structure
coupling using three different materials and found that the maximum rotational velocity was not
large enough to reach the first-order natural frequency [21]. For the reason of the investigation of
different computational methods and tools, a comprehensive state-of-the-art review discussed the
benefits and issues of using parallel computing tools such as MPI, OpenMp, and CUDA in CFD
and identified the computational time-related issues of massive grid points for complex
configurations in CFD codes. In case of MPI, its performance, ability of being used in both
distributed and shared memory, ensuring the data locality and full user control, were some of its

benefits, revealed by the review [22].

1.1.3 Fan performance
The performance of axial-flow fans has been the subject of several studies over the years. In 1987,
Pericleous and Patel developed a mathematical model for the simulation of stirred biomedical
reactors and found general agreement with experiments. However, they noted some deficiencies
caused by turbulence in the model [23]. Pelletier et al. developed a general-purpose computational
technique for turbulent free 3-D flows past propellers and found good agreement between
predictions and experiments. They used the Galerkin finite element algorithm, which was found to
be stable and robust [24]. In 1991 Pelletier et al. applied a numerical approach to 3-D axisymmetric
flow near propellers using a mixed and penalty function finite element method. They found that
the velocity and pressure fields are sensitive to the propeller's kinematic modeling and that their
numerical results agreed well with experiments for uniform flow past the propeller [25]. In 1993
numerical study was conducted on a low hub-to-tip ratio axial-flow fan under distorted inlet flow

conditions. They used the k-e turbulence model and the SIMPLEN algorithm and found that the
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flow across the fan intake has a significant impact on performance [26]. Later, Meyer investigated
the effect of an axial fan on the plenum chamber aerodynamics in air-cooled heat exchangers. He
found that the fan performance charactenstics can vary based on the volume flow rate and blade
root stagger angle and that the design guideline to coincide with maximum fan static efficiency
does not ensure optimum performance [27]. Le Roux used CFD models to study an axial-flow fan
and found that removing the pinch and applying a zero-shear wall resulted in better predictions,
although there were over-predictions in the fan pressure rise at the design flow rate [28]. Another
study was conducted in which a CFD simulation study was carried out on an axial-flow fan and
presented a new design with different blade numbers, which showed better performance according
to numerical results [29]. Wang et al. performed a CFD simulation and expenmental validation
study on a rotor-only ducted axial-flow fan with a small hub-to-tip ratio. They found that a rounded
trailing edge is necessary and that the original blade with aerodynamically shaped blade sections
represents the fan blade performance. They also recommended using the Spalart-Allmaras
turbulence model for better accuracy and agreement with experimental measurements [30]. Soon
after, Moosania et al. discussed how modifying the blade tip geometry and manipulating the
trajectory of tip leakage vortex (TLV) can improve the performance of low-speed axial flow fans
used in air conditioning and ventilation systems. The study found that modifying the blade tip chord
shape can reduce reverse flow and TLV blockage, and increasing pressure rise can push TLVs
back to the beginning of the shroud, reducing reverse flow. Cambering the blade at the tip section
further reduces blockage and loss. The study concludes that these modifications can significantly

improve the performance of low-speed axial flow fans [31].

1.1.4 Design optimization
Design optimization methods are used to systematically search for the best design solution given
a set of constraints and objectives. These methods involve using mathematical algorithms and
models to evaluate and improve the design, often requiring iterative computations. Design
optimization can be used in varous fields, such as engineering, architecture, and product design,
to improve performance, efficiency, cost-effectiveness, and other desired characteristics of a

design.

Conjugate Gradient (CG) method is still used as an altemnative to solve a great variety of
multivariable objective functions. Accuracy and convergence rate of this method are essential tools
when treating multivariate unconstrained problems. In recent years, a number of new performant
CG methods are developed by several authors [32-34]. Most of them are placed their effort on

developing new CG coefficients and improving algorithms in order to ensure performances and
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global convergence properties of various types of CG optimization problems. These problems are
generally classified into three main groups: i) classical CG method, i) scaled CG method, and iii)
the hybrid and parameterized CG methods [35, 36]. The blade shape optimization using a
quadratic rational Bezier curve (QRBC), employing a combination of genetic algorithms and
response surface approximation of the artificial neural network, is represented. The optimization
process aimed to reduce the secondary flow, in stator hub choking, and in the transonic region
[37]. An optimization strategy based on the 3D inverse design, coupled with response surface
methods and revolutionary algorithms was proposed, in which, the performance characteristics
such as blade loading were used to directly control the aerodynamic flow field [38]. An optimization
platform based on coupling of CFD solver with GA, ANN and inverse design methods is expressed.
the most important features of this platform was first, 3D parametrization of the compressor blade
and second, the stage-by-stage optimization strategy for a multistage compressor, which reduced
the number of vanables to ignore the computational cost [39]. Automated 3D multi-objective
optimization method was proposed by combination of a self-adaptive multi-objective differential
evolution algorithm (SMODE), 3D parametrization of the blade, Reynolds-averaged Navier-Stokes
(RANS) solver and self-organizing map (SOM). The optimal pareto solution showed significant
improvement [40]. Smooth design parameters were used to study the optimization of
turbomachinery. A single objective genetic algorithm was developed to obtain the isentropic
efficiency optimal value. The optimized blade shows different cross-section profiles in root, middle
and the tip, which results in around one percent of increase in the efficiency of the rotor [41]. A
multipoint design optimization approach, using the adjoint method is employed to increase the
performance of the last stage of a compressor by modifying the aerodynamic shape and stagger
angle [34]. Stator vane settings of a multi-stage compressor using a combination of artificial neural
network and a genetic algorithm was investigated. Various strategies are introduced to reduce the
search cost in GA. The optimization results showed that the design settings of the stator vane are
good. Further, the efficiency was enhanced over 1% under part-speed conditions [42]. The blade-
end treatment problem was applied as an optimization algorithm to reduce the end-wall losses
and extend the stable margin. The study on the end-wall treatment was published after around 30
years. The development of end-band, end-dihedral and end-sweep designs were reviewed. The
ANN surrogate model in conjunction with the GA to validate the flow mechanism. About 0.5% peak
efficiency increase was gained [43]. The NSGA-II algorithm was employed to automatically define
the design parameters with a user-defined pressure ratio or mass flow rate, by modifying the
variable stator vane (VSV) settings. Mean-line method with a model calibration procedure was

used to evaluate the performance of the compressor [44]. Optimization of Bryton cycle was studied
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based on thermodynamic cycle parameters and component parameters. Stagnation isentropic
efficiency (IEFF) optimization of axial flow compressor stage (AFCS) is initially studied. Five
parameters were taken as design variables, such as exit and inlet angles of rotor, absolute exit
angle of stator, and relative air densities at exit and inlet of stator. The results showed that the
optimal stagnation isentropic efficiency increase is proportional to the increase of work coefficient
and decrease of flow coefficient [45]. Arificial neural network was trained with a dataset of 2-D
CFD results, wich was able to predict the performance of new blades for a high-pressure turbine
with good accuracy. The results showed that the optimized blade designs had significantly
improved performance compared to the baseline designs [46]. The authors developed a machine
learning model called Dual Convolutional Neural Network (Dual-CNN). The model was compared
to two other machine learning models, Gaussian Process Regression (GPR) and Artificial Neural
MNetwork (ANN). It was found to be more accurate in predicting the efficiency and torque of the
turbines. The Dual-CNN model was then used to perform a gradient-based multi-objective
optimization of the turbines' efficiency and torque using the automatic differentiation method and
obtained a Pareto solution. It was found that the Dual-CNN model was able to accurately predict
the performance of the turbines without the need for costly computational fluid dynamics (CFD)

calculations, and that the model was sensitive to the size of the training dataset [47].

12 Problem Definition

CFD analysis is computationally expensive, even for simplified models. To address this issue and
reduce the wall-clock time for calculations, optimizing the setup by neglecting less critical aspects
of the analysis can be effective. However, for iterative applications or design optimizations
requiring higher precision, the use of super processors becomes crucial. These high-performance
computing resources significantly enhance computational efficiency and accuracy, making them

essential for complex and detailed CFD studies.

Conversely, understanding structural reactions to air pressure, the stall phenomenon, and fatigue
failures are crucial aspects of aerodynamic studies. Fluid-structure interaction studies are
particularty complex due to the coupling of structural equations with aerodynamic ones.
Consequently, employing CFD calculations that focus on the aeroelastic behavior of

turbomachinery in an integrated manner can enhance confidence in the design of turbomachinery.

In recent decades, compressors and turbines have been the most researched turbomachines
while for the fans there is a lack of research in the literature. In terms of energy consumption, axial-

flow mine ventilators have not always been the most efficient turbomachines. Considering
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environmental concemns, rising energy costs, and the scarcity of energy sources in some mining
areas, improving the efficiency of these ventilators is increasingly important. However, as shown

in Figure 2 the initial cost of the fan can increase as its efficiency increases.
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Figure 2
Cost versus fan efficiency.
Source: [48].

Developing a numerical approach to achieve an optimal design that balances stability, reliability,
durability, and cost-efficiency is essential. Optimizing the overall perfformance of turbomachinery
encompasses various design aspects, including aerodynamic, structural, aeroelastic, and
operational conditions. To ensure a comprehensive optimization strategy, it is crucial to address
and integrate as many of these categories as possible. This holistic approach facilitates the
identification and refinement of multiple performance parameters, leading to more effective and

efficient turbomachinery designs.

13 Objectives
The objectives of this thesis aim to develop, implement, and validate advanced optimization
techniques for enhancing the performance and safety of turbomachinery components, particularly

focusing on axial compressors and fans. The following specific objectives have been identified:

Develop and validate optimization algorithms: Create novel optimization algonthms based
on unconstrained conjugate gradient methods and validate their performance against classical

methods to demonstrate improved convergence rates and stability.
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Optimize aerodynamic shape of airfoils: Implement and test new optimization algorithms
to enhance the aesrodynamic shape of NACA airfoils, aiming to maximize the lift-to-drag ratio while

adhering to structural limitations.

Improve compressor and fan performance: Conduct a comprehensive study on the effects
of blade deformation and tip-clearance on the performance and safety of axial compressors and
mine ventilation fans, utilizing high-performance computing and fluid-structure interaction

simulations.

Experimental validation and structural optimization: Validate numerical results through
expernmental data to ensure accuracy and reliability and evaluate the fatigue life and crack growth

of axial fan blades under real-life loading conditions

14 Originality statement
The onginality of this thesis lies in the development and application of innovative optimization
algorithms and methodologies to enhance the performance and safety of turbomachinery

components. Key contributions include:

Fluid-Structure interaction analysis: Use of high-performance computing and fluid-structure
coupling to analyze and optimize the operation safety and performance of axial compressors and

fans, providing insights into the impact of blade deformation and tip-clearance.

Experimental validation and practical applications: Comprehensive experimental
validation of numerical models and optimization results, demonstrating the practical applicability

and robustness of the proposed methods.

Novel optimization algorithms: Introduction of new spectral conjugate gradient methods with

improved convergence properties for solving unconstrained optimization problems.

Aerodynamic shape optimization: Application of advanced unconstrained conjugate gradient
algorithms to optimize the aerodynamic shape of airfoils, achieving significant performance

improvements.

Fatigue life assessment and optimization: Integration of static and dynamic stress analyses
with fracture mechanics to assess the fatigue life of axial fan blades, contributing to the

understanding of structural integrity under operational conditions.
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2. CONCEPTUAL AND THEORETICAL FRAMEWORK

2.1 Governing equations

Aeroelastic problems combine aerodynamics and structural mechanics, governed by distinct
principles and frames of reference: spatial (Eulerian) for fluids and material (Lagrangian) for
structures. Interaction occurs through deformations, aerodynamic pressures, and viscous forces.
This study focuses on key principles for transforming deformations and pressures between the

two domains.

Fluid motion is described in Eulerian frame, focusing on a fixed control volume through which the
fluid passes. Flow variables (e.g., density, velocity, pressure) depend on spatial coordinates and
time, with unsteady flows requiring adaptations for moving boundaries. Fundamental principles
like conservation of mass, momentum, and energy are applied to moving control volumes and
expressed in integral form for discretization via finite volume schemes. Fluid behavior is modeled
using constitutive relations, including the Newtonian fluid assumption, viscous stress-strain,
Founer's law of heat conduction, and the perfect gas law. It is important to note that the theoretical
foundation for all fluid flow analyses in this thesis (Sections 3.6, 4.5 and 6.5) is based on the

explanations provided in this section and the subsequent one.

2.1.1 Reynolds’ Transport Theorem
The Reynolds transport theorem facilitates the denvation of fluid mechanics' governing equations
by relating the time-rate of change of a scalar quantity x within a time-dependent control volume
V(t). This control volume is bounded by a surface S(t) with an outward normal vector n and a local
boundary velocity b. The theorem provides a mathematical framework for connecting changes

within the volume to fluxes across its boundary.

d [ av= [Zay b.n)dS
EJ-X —J-E +f1’(-“) 21
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Equation 2-1 describes the time-rate of change of a scalar quantity ¥ within a varying volume V(t),

accounting for changes in the scalar's total amount due to both variations within the volume and
the effect of the volume's changing size. In a Lagrangian frame, where the boundary velocity

equals the fluid velocity u= (u,, uz, us), this relationship simplifies further:
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2.1.2 Conservation of Mass

In a Lagrangian frame, where the control volume ¥V moves with the fluid and the surface S is tied
to a fluid particle, the control volume's total mass remains constant, implying its time rate of change

is zero. Therefore,

d
afﬂd"’=ﬂ 2-3
Vv

Applying the Reynolds’ transport theorem due to the equity of the velocity of the control volume u
and the fluid particle,

dp
Edl"—i—fp[un)ds 0 2.4

In the Eulerian frame, the Reynolds transport theorem also applies to a control volume with a

moving boundary at velocity b. This can be expressed as:

R J-pd'lf = J—dl’—i— Jp[ﬁ.n}d&' 2.5
Vig ¥ig S
In turbomachinery, the pimary contribution to b comes from the wheel's rotation. For a rigid grid
attached to the casing or stator, b=0. For a rigid grid on a rotor without elastic deformation, b=0xr,
where ( is the angular velocity and r is the displacement vector from the rotor axis. In aeroelastic
calculations, velocities due to aeroelastic deformations are added to b by equating the terms in

the mass conservation equations, the resulting expression:

d
¥ S

represents mass conservation for unsteady flow with moving boundaries.
2.1.3 Conservation of Momentum

Conservation of momentum, based on Newton's second law, states that the net force on a fluid

element equals its mass times its acceleration. The forces acting on the fluid within a control
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volume V(t) include surface stresses T on the boundary S(t) and body forces G throughout the

volume. Using the Reynolds transport theorem, the momentum conservation equation is:

d
- fv(,] pudV + fs(,] pu(u—b).ndS = fs{:} TdS + f"’(:] pGdV. 2.7

Here, G represents body forces (e.g., gravity or electromagnetic effects) proportional to mass, and

T relates to the stress tensor oy; as follows:

T= a-ij ej, 2-8

where e; is the unit vector in i-direction of the Cartesian coordinate. The surface stress tensor in a
fluid is composed of the viscous stress tensor t;; and the hydrostatic pressure p. For a Newtonian
fluid, viscous stress only contributes to deformation, not to translation or rotation. Applying the
Stokes hypothesis simplifies the constitutive relation, assuming that the hydrostatic pressure
equals the mean of normal stresses (g;; = —3p), bulk viscosity is negligible (z;; = 0), and the
viscous stress tensor is symmetric (z;; = ;). The surface stress tensor for a Newtonian fluid is

then expressed as:

where p is the viscosity coefficient, and Eij is the Kronecker delta.

214 Conservation of Energy

The conservation of energy, based on the first law of thermodynamics, accounts for changes in
internal energy e and kinetic energy %uz of a fluid within a volume V(t). Energy changes arise from

two sources, work done on the fluid, which Includes work by surface stresses T on the boundary
5(t) and body forces G within the volume and heat flux which comprises conductive heat loss (—q)
through the surface and volumetric energy addition Q from sources like radiation or chemical
reactions. Using the Reynolds transport theorem, the conservation of energy is expressed as:

2 2
—=| ple+5)dv+ | p(e+=5)(u—b).ndS = fs,:,, T.(u— b)dS +

Vi 5 2-10
f"’(t} pG.udV — fs{,] q.ndS + f"’(t} Qdv.

Heat conduction follows Fourier's law, where the heat flux q is proportional to the temperature

gradient:
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¥

with k as the thermal conductivity and T as the fluid temperature.

To analyze compressible gas flow in equilibrium, it is essential to consider thermodynamic
equilibrium conditions, which provide a constitutive relation for the fluid's physical properties. In

this study, the fluid is defined as a thermally perfect gas, described by the equation:

p = pRT, 2-12

where R is the specific gas constant. This is known as the thermal equation of state. Additionally,

the gas is assumed to be calonically perfect, as represented by:

e=c,T 2-13

| ]

where ¢, is the specific heat at constant volume. This is referred to as the caloric equation of state.

2.1.5 The Reynolds-Averaged Navier Stokes Equations
The combination of the three conservation and the constitutive relations forms the Navier-Stokes
equations, which are generally used to describe Newtonian turbulent viscous flows. However,
solving these equations for high Reynolds-number flows requires very small temporal and spatial
scales to capture turbulent fluctuations. For complex geometries, this would demand an immense
number of mesh points, exceeding the capabilities of cument computational technology. In
engineering applications, the mean values of flow variables are usually of primary interest,

especially for machinery performance predictions during design.

To address this, the Navier-Stokes equations can be reformulated for the mean values by
averaging the flow varables over a sufficiently long period t, compared to the turbulent

fluctuations' frequency. This results in the Reynolds-averaged Navier-Stokes equations.

Turbulent unsteady flow can often be simplified as consisting of two components: a slowly varying
mean flow and a rapidly fluctuating turbulence component. The greater the difference in time
scales, the more accurate this representation becomes. Each variable y in the Navier-Stokes
equations can be expressed as the sum of the mean value ¥ over a time interval r and a time-

dependent fluctuation ¥
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This averaging process applies to density, pressure, the stress tensor, and heat flux:

p=p+tp.p=pP+pP.7;=7;+7;,,9=q+q. 2-15

Introducing the concept of Favre averaging [49], where a conservative variable y is averaged
based on its mass-weighted value. This approach represents the variable as the sum of its Favre-

averaged mean ¥ and a time-dependent fluctuation "',

t+T
ydt
x=ff+x”=—f‘ :; +x" 2-16

This averaging method simplifies the equations by applying it to velocity, specific energy, viscosity,
and heat conductivity, assuming the time interval T is sufficiently large so that the mean values of

fluctuations (¥’ and x"') are zero. The flow variables are decomposed into their mean and

2
fluctuating componentsasu =i +u”,e =+ e" andE =e +u? =E+E".

For a flow domain Q without body forces (G=0) or volumetric heat addition (Q=0), substituting
these decompositions into the Navier-5tokes equations and taking a time average yields the

following simplified equations:

Mass conservation

d — S
zi v, PAV + fsm p(ii — b).ndS = 0. 2-17
Momentum conservation
d e e e . — P T
7 pudv + | {pii.(ii —x) + pﬁij}nd.‘j = | (zj — pu, 'w, " )ndS. 218

Viny S S
Energy conservation
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MNeglecting mean energy dissipation and turbulent fluctuations, the equations retain their laminar
form but with additional terms for Reynolds stress (—pu,"w,") and Reynolds heat flux (—pe"u").

These redefine viscous stresses(t;j cora = Ti; — Pu;"'w;"" ) and heat fluxes (q;,coea = 7; — pe"u;").

As there are no constitutive relations to directly link Reynolds stress and heat flux to mean flow

variables, turbulence closure models are necessary for further analysis.

216 Turbulence models
Standard k-¢ turbulence model

The standard k-¢ turbulence model is applied for the high Reynolds flow simulation in 3-D fluid
domain. The standard k-¢ model assumes the flow fully turbulent, and the effects of the molecular
viscosity are negligible [50, 51]. The turbulence kinetic energy, k, and its rate of dissipation, £, are

obtained from following transport equations:

a a a iy 9k
—(pk) +—(pku;) =— +—|=—|+ G+ Gy —ps—Yy+ 5 2-20
Bt(‘p ) Bxi(’o u;) ax; [(,u Jk) ﬁxj] k b PE— Iy T I
And
d d a .ut) de E g2
— +— ) =— +—|—|+ Gy — (G, + G5 G, ) — G, p—+ 5 2-21
3t (pe) oz, (peu;) ox, [(,u o, ﬂxj] lsk( k 3:03) 2:0 X &

Ywm is the contribution of the fluctuating dilation in compressible turbulence to the overall dissipation
rate. ox and g, are the turbulent Prandtl numbers for k and &, respectively. Sk and S: are user
defined source terms and Cy., Cz, and Cs, are constants. Gy and Gy, represent the generation of
turbulence kinetic energy due to the mean velocity gradients, and buoyancy, respectively, where

Gk can be modeled using:

. 0U; 3U)\aU, 20Uy (. 90Uy o
ke = He ﬂxj ﬁxI- ﬁxj 3 ﬂ:rk ( He 3xk p ) B

The turbulent viscosity (eddy viscosity), W, is computed with the combination of k and g, as follows:
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Where C, is constant. The model constants Ci., Cz, Cy, ox and oe, which are determined from

expenments to work fairly for wide range of flows, are given as follows [16, 52]:
Ci=1.44, C2x=1.92, C,=0.09, 0x=1.0, =1.3.
Wilcox SST k-w turbulence model

The transport equations for the S5T k-w model can be written as follows:

a a a ak
E(‘pk)-l_ﬂ_xf(‘pkui) :ﬁ_xj[(rk)ﬂ_xj]—i_ﬁk - ¥, + 5, 2-24

d a d dw
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At (Pﬂ.l) ﬁx,— (ﬂmu;) axj [( k) 31;] 4] w 4] 4]

Where, Gy is the production of turbulence kinetic energy. G, represents the generation of w. ',

and Iy are the effective diffusivity of k and w. Y« and Ym are the dissipation of k and w due to
turbulence [53].

2.1.7 Efficiency and total pressure in compressors

With h = CgT: being the static enthalpy, C; the specific heat at constant pressure and V the
magnitude of absolute velocity.

X
Py = P.x (14 ——Ma?)71 226

Ty = T(1+ &

Ma?) 227

with Ma = V/c, ¢ = /yRT, is the speed of sound, y is the specific heat ratio and R is the specific

gas constant. It follows that overall aerodynamic parameters can be defined as follows:

r-1
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By, 228
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where subscripts 1 and 2 denote inlet and outlet of the rotor, respectively. n and [T represent the

efficiency and total pressure ratio [54].

218 Conservation law form

The conservation form of the governing equations is particularly useful for numerical methods
because it allows the principles of mass, momentum, and energy conservation to be expressed in
a unified framework. By eliminating bars and tildes from the equations and applying appropriate
nondimensionalization, the conservation laws for the averaged variables can be written in an

integral form as a single generic equation:

d 1
—[,wdv + [, F.dS=—[, f.dS, 2-30

where 5= (S4, Sz, S3) represents the components of the projected surface areas in the three
Cartesian coordinate directions, W denotes the conserved quantity, and F= (F, F3, F3) represents

the corresponding flux vectors.

p p(u; — b;)
puy puy(u; — b;) + péy;
W =| puy | ,F;=| puy(u; —b;) +pdy; | 2-31
pug pusz(u; — b;) + péy;
PE pH(u; — b;)

And f = (f1, fo. f5) is the vector of viscous source terms

0
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fi= Tzi
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2-32

The thermodynamic static pressure p is related to the total energy E by the equation:

p=0-1p(E —“Tz) 533

where y represents the ratio of specific heats. Additionally, the total enthalpy H is given by:
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Total enthalpy plays a crucial role in fluid dynamics as it often remains constant for many significant

fluid flows. Here, ccc denotes the isentropic speed of sound, defined as:

¥e
==

p 2-35

2.2 Finife volume analysis

Analytical solutions to the MNavier-Stokes equations are limited to simple flows under ideal
conditions, making them impractical for real-world applications. To address complex flow
scenarios, a numercal approach is employed, replacing the equations with algebraic
approximations that can be solved computationally. In ANSYS CFX, this process involves
discretizing the governing equations using an element-based finite volume method. The spatial
domain is divided into a mesh, which forms the foundation for constructing finite volumes. These
finite volumes ensure the conservation of key physical quantities, including mass, momentum, and
energy, enabling accurate simulation of fluid dynamics across a wide range of engineering
applications [50].

To illustrate the finite volume method, the conservation equations for mass, momentum, and a
passive scalar are integrated over each control volume, and by applying Gauss’ Divergence
Theorem, volume integrals involving divergence and gradient operators are transformed into

surface integrals. This process ensures that fluxes across the boundaries are conserved.

If the control volumes do not deform over time, the time derivatives can be taken outside the
integrals, simplifying the expressions (Equations 2-6 and 2-7). However, for deforming meshes,

additional terms are required to account for changes in the control volume geometry.

The next step in the numerical algonthm is to discretize the volume and surface integrals. In the
discretization process, volume integrals are calculated within each element sector and then
accumulated to the comesponding control volume. Surface integrals are evaluated at the
integration points (ipn), which are located at the center of each surface segment within an element.
These surface integrals are then distributed to the adjacent control volumes. Since the surface
integrals at adjacent control volumes are equal in magnitude but opposite in direction at the

integration points, the method ensures local conservation of flux.
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After discretizing the volume and surface integrals, the integral equations are transformed into

discrete forms as follows:

For mass conservation:

b
V(p p)—i-z mip=u 2-36
For momentum conservation:
v(2Y: —p°U7
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For passive scalar transport:
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Where m represents the integration point, At is the time step, An; is the outward surface vector,
Mip = (pU}ﬁnj)ip denotes the evaluation at the integration point, and the superscrpt ° refers to

the previous time step. These equations assume the use of the First-Order Backward Euler
scheme for temporal discretization, though higher-order schemes, such as second-order

schemes, are often used for improved transient accuracy.

23 Structural mechanics

To determine the distribution of static or dynamic displacements in a structure subjected to
external forces and temperature loads, the fundamental equations of elasticity theory must be
established and solved. For a general three-dimensional structure, these goveming equations
consist of fifteen equations for fifteen unknowns: three displacements, six strains, and six stresses.
These governing equations include three motion equations, six strain-displacement relationships,
and six stress-strain equations. This section provides a summary of the basic equations of
elasticity and introduces the principle of virtual work, which forms the foundation of the finite

element method, to facilitate numerical solutions to these equations.
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In an elastic structure, the deformation under loads and temperature changes can be described
using displacement vectors. The deformed shape is defined by displacement components as a
function of position within the structure. Strain components (normal and shear) describe the

deformation, and for small deformations, they are linear and related to displacement gradients.

Thermal stress is typically neglected in this study due to its minimal effect compared to pressure
distributions. Stress is defined as force per unit area and includes normal and shear components.
The relationship between stress and strain is governed by Young's modulus and Poisson's ratio,

with linear stress-strain relations in isotropic matenals.

Equations of motion for the stress components are derived by considering intermal and external
forces on a moving particle, including inertia and damping forces. These forces lead to partial

differential equations govemning the dynamic behavior of the structure under external forces.

231 Stress strain relations

In general, the stress tensor g is proportional to the strain tensor £ and stiffness tensor C

&y

a=L.

Il
Hm

2-39

Given the isotropic properties of the matenial, we can conclude that the axial stress applied in any
direction will produce the same axial strain as when applied in other directions. Likewise, for radial

strains, the material will behave identically in all directions. The shear strains are related to the

applied shear stresses through the shear modulus, ¢ = z(f—rw)' From the E and v ratios we can
write:
o v v
£11 —f FI22 —FTas,
v ¥, v
Ez2 = —FO0n+ ;3 —F a3,
2-40
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Since we have all six equations for the strain tensor related to stresses, we can write the strain

tensor £ relation with stress tensor g through the fourth-order compliance tensor D as follows:

Which could be written in matnx form:

rE11
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By inversing the compliance matrix D, we can derive the stress tensoras g = C £

E:

=
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Thus, the stress-strain equations are:
_ E _ E
% = iz [(1 —v)g; +v(g; + VEkk)]. %ij = Ztiw) Sl 9 45

Under dynamic loading conditions, which are characterized by the system's natural frequencies,
inertia forces —pii must be considered. Additionally, in real dynamic responses of structures,
energy dissipation due to vibration is observed. This dissipation is typically modeled in vibration
analysis by introducing velocity-dependent damping forces —x1t, where x is the viscous damping
coefficient per unit volume. By resolving the inertia forces in the i-direction, three partial differential

equations are derived:

daij - .
ﬂ-|-,m,.ri + Kxu; = G;.

ax; 246

where G; represents the body force in the i-direction. Equation (2-46) must hold at every point
within the structure. The stress components @;; vary across the structure, and at the boundary

surface, they must balance the external forces applied to it.
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2.3.2 The principle of virtual work

Due to the complexity of obtaining exact solutions to elasticity equations for intricate cases,
approximate solutions are often achieved using energy methods. These methods are valid only

under the assumption of small displacements and strains, ensuring linear behavior.

One of the most widely used energy methods assumes that forces remain constant as
displacements vary from u to u+du, where du represents a virtual displacement. This leads to the
principle of virtual work, which states that an elastic structure is in equilibrium under a given load
distribution if the virtual work equals the virtual strain energy for any virtual displacement &u from

a compatible deformation state u.

Inertia and damping forces, being proportional to the element's volume, also contribute to the

virtual work performed by body forces. Consequently, the principle is expressed as:

3% 4 pia, + m‘;.) SudV = [ psuds
Iv( s 247

dx;

where the right-hand side represents the external work done by aerodynamic pressure on the

structure's boundary surface. Defining the strain and stress vectors as:
£ = (£11, 822, £33, £12, £23, £31), @ = (014, 022, 033, 012, 023, 031). 2

the equation can be rewritten as:

_|'v obedV = [ psuds — [, sulpii; + xi;]dv, 2-49

here, the term on the left-hand side represents the virfual strain energy derived from the virtual
displacement &u, while the terms on the right-hand side correspond to the virfual work done by

external forces.

24 Finife element analysis

In structural finite element analysis, a body is modeled as an assembly of discrete finite elements
connected at nodes along the element boundaries. The displacement within each element,
measured in a local coordinate system, is interpolated from the nodal displacements [55]. For a

given element m, the displacement «™(x, v, z) at any point (x,y, z) is expressed as:

ulm (x,v.2)=H (m) (x,v.2)q 2-50
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where H™ is the displacement interpolation matrix, and g is the vector of nodal displacements.

This vector includes six components—three translational displacements and three rotational
displacements. The interpolation matrix H™ depends on the element's geometry, the number of

nodes, and the type of element used.
The strain at a point is derived from the displacement relation:
eM(x,y,z) = B™(x,y,2)q 2-51
where B{™) s the strain-displacement matrix obtained by differentiating ™).
Stress is then calculated using:
o™ = clm) g(m) 2-52
where C(™) s the elasticity matrix representing the material properties of the element.

By applying the principle of virtual work to the entire finite element assembly, the equilibrium

condition becomes:

Z ST gm) gy m)
m vim)

2-53
- Z f Su™T (—pmgm) _ g (m) i (m) qym) | 5T
Vim)
m

where, fis the vector of extemal forces applied to the structure, and p(™) and k(™ are the mass

density and damping coefficient, respectively.

Substituting the displacement, strain, and stress relations yields the equation of motion:

[M]{g} + [C1{q} + [K]{q} = {f} 2-54

where:

[M] = z L o () M F(m) gy (m) 555
m
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[€] =z J [ ]x{m]H(m}TH(m}dV{m} 556
V m,
m

K] = Z J' ( }B{mjrc(mlgim}dvim} 257
V m

where [M], [C], [K] are the mass, damping and stiffness matrices.

To solve for the structural response, the equations of motion are time-integrated, starting from
initial conditions on displacements {g} and velocities {{}. This process yields the displacement

history and structural response over time. In this study, all the time related parameters are

neglected, and the equation of motion can be written as follows:

[K1{q} = {r}- 2-58

The deformation is assumed to be continuous, and materials are linear elastic, therefore the small
deformation assumption can be satisfied [11]. It is important to note that the theoretical foundation
for all structural analyses in this thesis (Sections 3.9.1, 4.7 and 7.7) is based on the explanations

provided in this section.

25 Fluid-structure interaction

While fluid and solid do not mix, a fluid-structure interface exists, represented as a two-dimensional
surface within three-dimensional space. Interaction between the two domains occurs at this
interface, where the structural system determines the displacement field, and the fluid system

defines the pressure field.

For the governing equations of both structural and fluid systems to align, it is essential that the
pressure and displacement fields match at the interface. Principles such as the conservation of
loads and energy, which govern load transfer from the fluid to the structure, and the conservation
of geometry, which ensures deformation tracking from the solid to the fluid, are fundamental to
maintaining this consistency [56]. The fluid-structure interaction analyses in Sections 3.9 and 4.7

are grounded in the theories and equations presented in this section and subsequent one.

251 Conservation of loads and energy
To solve the structural system at the interface influenced by the pressure field, a set of

concentrated forces at the interface nodes is required. The distributed pressure must first be
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converted into nodal forces. These nodal forces must accurately represent the same net forces as
those exerted by the pressure loads. Then,

T f™ = [ pds.
Jaa 2-59

where ™ is the nodal force at the node m.

An infinite number of nodal force sets can satisfy this equation, but identifying the correct one is
crucial. To achieve this, the principle of energy conservation is applied. By utilizing the definition
of virtual work, the pressure load term in equation (2-59) is replaced with an appropriate term
based on finite element method formulation. The virtual work done by the nodal forces £™ acting
on a virtual nodal displacement g™ is equated to the work done by the original distributed

surface pressure p through the corresponding distributed virtual displacement du. This relationship

can be expressed as:

(m) gqlm) —
S f ™ 8¢ = [, pouds. 6o

Equations (2-59) and (2-60) collectively represent the principles of load and energy conservation.

252 Geometric conservation law
In computational aeroelastic applications, the domain may be bounded by moving surfaces. As
these boundaries are in motion, at least a portion of the computational mesh must adapt to follow
the boundary’'s movement. This necessitates the calculation of geometric properties such as grid
positions and velocities. These calculations must adhere to the geometric conservation law [57],
which stipulates that the computation of geometric parameters must ensure that the resulting

numerical scheme preserves a uniform flow state, regardless of the mesh's movement.

Considering equation (2-30) for an inviscid flow, where At and t™ = nAt are considered to be the
chosen time step and the nth time interval, respectively. Integrating the equation (2-30) between

t™ and t™*! leads to:

rl‘l

+1 d t"+1
J- —J- Wdth+f fWF.det=ﬂ,
en by ™ dn
2-61

g+l
[wrHtav (en+t) — [ wmav (t™) + [, [, WF.dSdt =0,
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when W?* is assumed to represent a uniform state of the flow, the proposed scheme cannot be
deemed acceptable unless it preserves this state. Substituting W* = W™ = W™ and F* = F(W*)

into equation (2-61), we obtain the following expression:

n+1

t
w* +f fF*.det=ﬂ,
o 2-62

de (t™*th) —Idlf (t™)

1 o

In this case, the diffusive components of the flux F* vanish due to the uniform flow. Furthermore,
the convective terms related to the fluid velocities are eliminated during the spatial integration over

the cell boundaries. As a result, the flux integral can be expressed as:

Jyo F*.dS = — [, W*b.dS.

2-63
By substituting this expression into the equation, we obtain:
+1 "+l
W[ av (") — [ av ()] = [ [,,W’b.dS dt. 764
This simplifies to:
1 g+l
Joav (et — [ av (™) = [, [, b-dSdt, 2.65
In its general form, this equation becomes:
d
- Jodv(t) = [ b.dS (t), > 66

which is recognized as the integral form of the conservation of geometry equation [58]. This
equation implies that the change in the volume of each control volume over a given period must
match the volume swept by the cell boundary during that period. Consequently, updating the

boundary coordinates and b should not rely solely on mesh distortion [11].

26  Load fransfer system

In fluid—structure interaction analyses, transferring aerodynamic loads from the fluid solver to the
structural solver is a critical step. This section describes the method used to map surface pressure
loads obtained from the fluid domain onto the structural domain in a way that ensures conservation
of both load and energy. In this work, aesrodynamic loads acting on structural surfaces are divided
into two main components, pressure forces and viscous shear forces. However, since the

magnitude of viscous shear forces is typically negligible compared to pressure forces, only
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pressure forces are transferred to the structural model. Body forces are also neglected in this
context. To ensure physical consistency, the load transfer algorithm is designed to satisfy the

conservation of both virtual work (energy) and total force.

In this study, a loosely coupled approach is employed using two separate solvers for the fluid and
structural domains. The resulted loads from CFD analysis are exported in terms of distributed
pressure after full convergence of the fluid solver to the structural domain [9, 11]. To interpolate
displacements from structural nodes to the fluid mesh points, a set of shape functions N(X) is
introduced:

Su(X) = [N(X)15q 267

Substituting equation 2-67 into equation 2-60 gives:

f.8a= [ p.INOSqds 268
an

Assuming that the pressure p is constant over each surface face surrounding a fluid mesh point
X;, and defining a projected surface area vector 5; at that point, the above integral can be

discretized as:

f-80=) pisi [NX)15q 269

This allows the fluid pressure at each mesh point to be factored out, and the nodal force

contribution from each fluid mesh point becomes:

fi = pi- Si[N(X;)] 2-70

The total nodal force vector for a structural element m, denoted fm, is then obtained by summing

all f; associated with that element:

fm =) piSINGD] 271

Moting that the interpolation function N(X;) integrates to unity over each element, we arrive at:
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i an

Thus, both total applied load and virtual work (energy) are conserved by this algorithm, ensuring

physical consistency between the fluid and structural solvers during FSI simulations [59].

27 Fatigue life calculation
The fatigue life of a structure consists of two distinct stages: crack initiation and crack propagation.
Since these stages differ in nature, their quantitative representation must also be govermned by

different parameters.

When a plate under uniaxial tension has no local changes in its dimensions, the stress is uniformly
distributed across the cross-section, known as nominal stress (On.m). However, small changes like
notches, holes, or fillets cause localized stress variations, leading to stress concentration. For
example, a circular hole in the plate disturbs the uniform stress distribution, resulting in different

stresses around the hole [60].
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Figure 3

Stress distribution in a large plate subjected to uniaxial tension

Source: [60]

For a linearly elastic material, the maximum stress (Oma:) In @ specimen can reach up to three
times the nominal stress. In general, the relationship between maximum stress and nominal stress

is expressed as:

ﬂ'm = K: . 'trmm 2—?3

where K; is the stress concentration factor (SCF). According to Schijve [61], the SCF depends
solely on the geometry of the structure. It reflects the intensity of the stress concentration and its

potential impact.
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v

Mode I Mode II: Mode III:;

Figure 4
Crack modes: opening mode, in-plane shear and out-of-plane shear.
Source: [62]

Stress concentration is a critical factor in predicting fatigue crack initiation. A structure with minimal
stress concentration points is more resistant to fatigue. However, once a crack forms, the stress

concentration factor K: becomes irrelevant, as it tends to infinity at the crack tip.

To describe stress severnty at the crack tip, the Stress Intensity Factor (SIF) is introduced. SIF
reflects the applied stress magnitude near the crack and varies with geometry and loading

conditions.

Crack growth occurs in different modes, with Mode | (Figure 4) being the most critical. In this mode,
the crack opens perpendicular to the tensile stress direction. Other modes include Mode Il with

sliding crack propagation and Mode lll with tearing crack propagation.

The stress intensity factor, K, can simply be expressed as:

K; = o nVma. f 2-74

The crack length a, and function f, which depends on geometry and loading, determine the Stress
Intensity Factor (SIF). The function f can be derived through finite element analysis or from existing
handbooks.

It's important to distinguish between SIF and Stress Concentration Factor (SCF). SIF depends on
loading type and geometry, with units of MPaym. SCF is dimensionless and only reflects
geometry. SIF is crucial for predicting the remaining fatigue life of cracked structures, allowing
preventive measures before failure. Accurate predictions require reliable numerical models. In
1963, Paris and Erdogan established that crack growth rate per cycle can be expressed as a
function of SIF [63].
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This general law is known as the Paris law and can be expressed as:

d
log (ﬁ) =mlog(AK) + log (C) 2-75

Taking out the logs yields:

da
—— m 2-76
- = C(AK)

Where {:—;) is the fatigue crack growth rate, AK = K., — Knin represents the stress intensity

factor range, C and M are material constants.

2.7.1 Fatigue loading
Structures exposed to fatigue loading undergo fluctuating stresses throughout their lifespan.
Although the stress history typically varies, the simplest assumption is constant amplitude cyclic
stress, as shown in Figure 5. This type of loading is common in laboratory tests since it doesn't
require complex equipment. In constant amplitude loading, the structure experiences a maximum
stress @may and a minimum stress o, . From this, the stress range and mean stress can be

calculated as:

Ao = Oy — Omin 2-77
Omax + Omin 2-78
Omean =5

Stress amplitude is (e, ) is defined as follows:

a, — Omi 2-79
o, = max - min

The ratio of the minimum stress to the maximum stress then defines the stress ratio as:
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Figure §
Constant amplitude loading

Thus, when R=-1, the stress altemates between equal compressive and tensile values. In
contrast, for 0 £ R = 1, the stress fluctuates between a minimum and maximum tensile load.

The fatigue life of a specimen is primarily influenced by the stress range (Ag), where higher stress
ranges lead to shorter fatigue life. However, constant amplitude loading is rarely representative of
real-world conditions for structures like bridges, buildings, or turbomachinery. These structures
endure random and irregular load sequences throughout their service life. This type of loading,

known as variable amplitude loading, cannot be accurately described by a simple analytical model.

272 S-Ncurve
To visualize the fatigue strength of a component, an 5-N diagram, also known as a Wéhler curve,
is typically used. This diagram plots the logarithm of fatigue strength against the logarithm of the
number of cycles at specific measurement points. Since fatigue test results often exhibit scatter,
the median curve is derived, representing a 50% probability of failure. This indicates that half of
the samples are expected to fail at the given stress range and corresponding number of cycles
[64].

For fatigue analysis of welded structures, it is more practical to describe fatigue life using the stress
range. This approach accounts for residual stresses near the yield limit, which can occur in both
tension and compression. When compressive stresses are applied to a weld with residual tensile
stress near the yield point, the weld may still experience a positive stress range, even under

compressive loading. The stress range (Ao) is calculated using equation 2-77 and the load ratio

R is determined by equation 2-80. Therefore, the number of cycles can be calculated as follows:
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log (Niu) = log(C) —m.log (o,) 2-81

Then one can rearrange the equation to obtain the fatigue life as:

c
N = Np. (—) 2-82

Or

Where N is the fatigue life, #,. is the stress range, C and N, are fatigue strength constants, and m
represents a material constant. Fatigue life assessment in Section 7.7.2 is grounded in the theories

and equations presented in this section and subsequent one.

2.7.3 Fatigue life treatment in Ansys
In ANSYS, high-cycle fatigue (HCF) is analyzed using the Stress-Life approach, which is
particularly suited for cases involving a large number of load cycles, typically in the range of 10*
to 10°. In HCF scenarios, the applied stresses are generally lower than the material's yield
strength, meaning the material undergoes predominantly elastic deformation. ANSYS employs
maternial-specific S-N (stress-life) curves to evaluate fatigue life, where the relationship between
stress amplitude and the number of cycles to failure is defined. These curves are integrated into
the software's fatigue analysis tool, allowing for accurate predictions of fatigue damage and life.
By coupling these tools with detailed loading histories and advanced meshing capabilities, ANSYS
provides a robust framework for evaluating the high-cycle fatigue performance of components

under complex operational conditions.

As noted in previous sections, fatigue is due to repetitive loading. When the minimum and
maximum stress levels are constant, this is referred to as constant amplitude loading, otherwise,
the loading is known as variable amplitude or non-constant amplitude and requires special
treatment.

In ANSY5S, loading conditions for fatigue analysis can be categorized as proportional or non-
proportional, each impacting the approach to evaluating material response. Proportional loading
implies that the ratio of the principal stresses remains constant over time, and the principal stress
axes do not shift. This allows for simpler calculations, as the stress response under load increases
or reversals can be directly derived. On the other hand, non-proportional loading involves no fixed
relationship between the stress components, leading to more complex stress states. Common
scenarios of non-proportional loading include altemating between different load cases,

supernimposing altemating loads on static ones, or nonlinear boundary conditions.
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In this study the simple case of constant amplitude, proportional loading with min and max stress
values are considered. the stress variation between minimum and maximum values is crucial for
fatigue analysis. The stress range (Ag) is the difference between the maximum and minimum
stresses (Gmae — Omin ), While the mean stress (g, ) Is the average of these values (0,0 + Fmin/ 2).
The stress amplitude or alternating stress (g, ) is half the stress range (Ag/2), and the stress ratio
(R) represents the relationship between minimum and maximum stress (4. /0min)- Special
cases include fully reversed loading, where equal and opposite stresses are applied, resulting in
a,, = 0 and R=—1, and zero-based loading, where stress is applied and then removed, yielding
Ty = Tmas/2 @nd R=0. These parameters are fundamental in characterizing the loading conditions
for fatigue analysis [65].

Material properties and fafigue datfa

For a fatigue analysis in ANSYS, material properties such as Young's Modulus and Poisson's
Ratio are essential, as in linear static analysis. Additional properties like mass density are required
for inertial loads, and thermal expansion coefficient and thermal conductivity are needed for
thermal loads. If stress-based results are used, Stress Limits data is necessary, particularly for
mean stress correction in fatigue analysis. The Fatigue Module requires 5-N curve data to be
included in the material properties under Engineering Data, specified as "Altemating Stress vs.
Cycles" under "Life Data." For materials with S-N curves available for different mean stresses or

stress ratios, multiple curves can also be input to enhance the analysis accuracy.
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The 5-N curve, derived from fatigue testing under bending or axial loads, reflects a uniaxial state
of stress but must be applied carefully for components experiencing multiaxial stress. Factors
influencing the 5-N curve include material properties (ductility, processing), geometry (surface
finish, residual stresses, stress-raisers), and the loading environment (mean stress, temperature,
chemical exposure). Mean stress significantly impacts fatigue life: compressive stresses lengthen
life, while tensile stresses shorten it, causing the S-N curve to shift accordingly. Simulations
accommodate these complexities by allowing multiple S-N curves for various mean stresses,
applying mean stress cormrection theories when experimental data is limited, and incorporating
comrection factors for other influencing factors like surface finish or residual stresses.

Ansys matenal library contains sample fatigue data for Structural Steel and Aluminum which could
be used as reference in the simulations. Figure 6 shows the Semi-Log S-N curve for Aluminum

356-T6 which is used in this study in Section 7.7.2.
Mean stress effects

In this case, multiple 5-N curves are used to account for different mean stresses. For example,
the matenal's S-N curve might change depending on whether the load is purely cyclic (zero mean
stress), fully reversed (with a mean stress of zero), or has a positive or negative mean stress. This
method uses experimental data to define different 5-N curves for varying mean stress conditions,
allowing for more accurate predictions of fatigue life for different loading conditions. The mean

stress effects are neglected in this study because the required 5-N curves are not available.
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Fatigue loading type

The type of loading can be selected as "Zero-Based," "Fully Reversed," or a specific "Ratio," with
Ratio = 0 corresponding to Zero-Based loading and Ratio = -1 to Fully Reversed loading.
Additionally, a scale factor can be applied to adjust all stress results. The selected loading type
determines the minimum and maximum stress amplitudes. In this study, as it will be mentioned in
Section 7.7.2, a fully reversed loading type is applied to estimate the fatigue life. The reference 5-

N curve of the Ansys matenal library is employed for the fatigue life estimation.

28 Description of fans

A rotary machine which sucks the air continuously in at a certain pressure and delivers out at a
higher pressure. The consumed energy is transformed to the potential energy (pressure) and
kinetic energy (velocity) by the fan. The fan must be propery selected to produce the necessary

pressure to overcome the resistance of the mine or the duct, in which the fan is operating [66].

Fans are named due to the type of impeller installed in the casing. In mining applications, the main

fan types are as follows:

Axial-flow — the air flows through the impeller parallel to and in a constant distance from the axis

of rotation. Direct action of the blades causes the increase of pressure.

Centrifugal or Radial flow. — in centrifugal fans, the air enters parallel to the axis of rotation
and turns perpendicular and is discharged radially. The pressure increases due to centnfugal

force.

Mixed flow. — in a mixed flow fan, the air enters parallel to the axis and tums through an angle
in range of 30 to 60 degrees. The pressure rise is caused partially by direct blade action and

partially by centrifugal action.

The main orientation of the present work is the focus on axial-flow fans, which are described in

detail in the following sections.
Axial Flow Fans

Axial flow fans are the type of fans which use air as the working fluid and operates in the range of
incompressible flow. the flow is assumed to be totally axial and parallel to the axis, without any

radial components. The increase in the tangential velocity component causes the pressure rise.
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In terms of pressure rise and capacity of the fan, axial flow fans are generally categorized into four

types [67]. Propeller Fans, Tube Fans, Vane Fans, Two-Stage Fans.

281 Axial-flow fan performance
The performance curve of an axial flow fan, as depicted in Figure 7, has a unique shape when
examining the relationship between static pressure and air volume. At the start of the curve, when
there is no static pressure (also known as free delivery), the static pressure begins to increase
and reaches a peak value. As the air volume decreases within the operating range, the axial
velocity of the air, denoted as Va, decreases, leading to an increase in the angle of attack and lift
coefficient. This increase in the lift coefficient causes the static pressure to rise further, as air
volume continues to decrease. When the lift coefficient reaches its maximum, the angle of attack
becomes so large that the air flow is no longer able to follow the upper contour of the airfoil, leading
to a phenomenon known as fan stall. The lift coefficient then starts to decrease and with it, the

static pressure drops, following the dashed line towards zero.

However, this is not the end of the story for the fan. Something else occurs, causing the fan to
pass the stalling dip and behave like an inefficient and noisy mixed-flow fan. This is typically due
to turbulence and eddies in the flow as it approaches the inlet. The blades of the fan use centrfugal
force to throw the air outward, leading to an increase in the static pressure within the stalling range

until the fan reaches the zero-delivery point.

If the hub-tip ratio and blade angles are small, the stalling dip will be small, therefore, larger hub-
tip ratios and larger blade angles, will result in a deeper stalling dip [48]. For a given diameter,
long blades and small hub diameter, will give higher airflow and lower pressure than those of
shorter blades and larger hub [66].
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Fan performance curve
Source: [66]

To determine the fan performance, one must have the three main required data:

Fan inlet airflow quantity

Fan pressure

Fan efficiency

Definition of fan parameters

Fan total pressure: FTP is equal to the total pressure at the outlet (TPs) minus total pressure
at the inlet (TP;).

FTP = TPo — TPI 2-83

Fan velocity pressure: FVP equals to the velocity pressure at outlet (VPs).

FVP = VPo 2-84

Fan Static Pressure: FSP is equal to fan total pressure (FTP) minus the fan velocity pressure.

F5P = FTP - FVP 2-85

For a pressure fan, a static pressure reading at downstream of the fan is equal to the Fan Static

Pressure.
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Air Power: AP (watts) is equal to the energy required to move a certain amount (Q) of air over a

specific resistance.
AP = P xQ 2-86
2.8.2 Fan Efficiency
The efficiency of the fan is critical because it addresses the cost of power required to operate the

fan. Thus, a small difference in the performance of two similar fans, can lead for a significant power

cost saving per year.

The fan efficiency (n) can be calculated as follows:

2-87

where the W, is the impeller power measured by a swinging frame dynamometer. For the reason
of difficulty in measurement of this parameter, it is usually measured as motor input power (MIP).
Therefore, by substituting the AP by @ x P, the efficiency equation will be written as follows:
—— 2-88
MipP
Fan efficiency can be expressed as fan total efficiency (FTE), if the total pressure (FTP) is used
to calculate the air power, fan static efficiency (FSE), if static pressure (FSP) is used to obtain the
airpower. The fan overall efficiency (FOE) can be expressed when any loss is included in electric

driving motor, any speed change between motor and components or any other power losses.

283 Airflow measurement
Airflow in ducts can be measured using an anemometer or a pitot static tube, on a designed base
point to point measurement. Airflow quantity can be determined by Q = v*A in which v is the velocity

of a point calculated by equation for velocity pressure, v = ?.

284 Fanlaws
Fan performance curves are illustrated for specific operating range. Changes in particular

parameters will follow the fan laws. The fan laws, referenced in Section 4.10 for optimization

purposes, are thoroughly detailed in this section.
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Change in density (p)

@1=0Q- 2-89
P
a_p 2-90
P, p2
kW,
1/ 291
kW2  p2
m=rnz 292
Speed Change
& _Ipm 293
Q. rpm,
P 2
= (rpml) 2-94
Py rpm;
W _ (Tp m1)3 2.95
kW, rpms
M ="z 2-96
Diameter change
3
@ _ (ﬂ) 2-97
Q: \D;
P, (D;\*
1 (_1) 298
PZ DZ
5
Wy _ (ﬂ) 299
kW, \D,

29 Methodology and summary of contributions
This thesis is organized into seven chapters, starting with introduction {(Chapter 1), conceptual and

theoretical framework (Chapter 2), each chapter is addressing a specific aspect of the optimization
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and performance enhancement of turbomachinery components, particularly focusing on axial

compressors and fans.

Chapter 3: Optimizing the operation safety and performance of an axial compressor
using Fluid-Structure Coupling and High-Performance Computing. This chapter delves
into the impact of blade radial and axial deformations on the safety and performance of axial
compressors. It employs a fluid-structure interaction approach combined with high-performance
computing to optimize mesh quality and computational efficiency. The chapter includes a detailed
analysis of turbulence models, a multilevel factorial design of experiments, and a parametric study

to identify optimal design points.

Chapter 4: Optimization of an axial-Flow Mine ventilation fan based on effects of
design parameters. Focusing on mine ventilation fans, this chapter explores the optimization
of various design parameters such as angle of attack, tip clearance, rotation speed, hub-to-tip
ratio, and rotor blade count. It uses DOE and regression analysis to identify optimal configurations
that enhance performance while maintaining structural integnty. The results are validated with

expenmental data, demonstrating the effectiveness of the optimization methods.

Chapter 5: Optimization of unconstrained problems using a developed algorithm of
spectral conjugate gradient method calculation. This chapter introduces a novel algorithm
for optimizing unconstrained problems based on the spectral conjugate gradient method. The
algorithm's stability, convergence rates, and efficiency are evaluated through numerical
expenments using various test functions. The findings highlight the algorithm's potential to

outperform classical methods in certain cases.

Chapter 6: Aerodynamic shape optimization of NACA airfoils based on a novel
unconstrained conjugate gradient algorithm. This chapter presents the aerodynamic
shape optimization of NACA airfoils using an innovative unconstrained conjugate gradient
algorithm. The Bézier parameterization method is employed to define design vanables, and the
XFOIL panel method-based flow solver is used for aerodynamic analysis. The optimization
process achieves significant improvements in the lift-to-drag ratio, demonstrating the algorithm's

robustness and efficiency.

Chapter 7: Integrated aerodynamic and structural optimization of twisted Chinook-
type blades for axial-flow fans. In this chapter, the aerodynamic and structural optimization

of axial-flow mine ventilation fans with Chinook-type blades is explored. A novel optimization
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algorithm is employed to improve the fan's aerodynamic performance. Additionally, geometric
modifications are made to the blades based on static and fatigue life assessments, aiming to

enhance the overall structural strength and extend the blade’s lifespan
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3. OPTIMIZING THE OPERATION SAFETY AND PERFORMANCE OF AN AXIAL
COMPRESSOR USING FLUID-STRUCTURE COUPLING AND HIGH PERFORMANCE
COMPUTING

Cet article est rédigé par Seyyed Mojtaba Fakhari, Mariem Ben Hassen et Hatem Mrad a été

publié dans la revue Results in engineering en 2023.

3.1 Résumé

Dans cette &tude, lI'mpact des déformations radiales et axiales des pales sur la sécurité
opérationnelle et la performance d'un compresseur axial est analysé en utilisant une approche
d'interaction fluide-structure partitionnée. Des clusters de calcul haute performance (HPC) et la
méthode de parallélisation par Interface de Passage de Messages (MPI) sont utilisés pour
optimiser I'équilibre entre la qualité du maillage et le temps de calcul. Le maillage haute résolution
de l'espace de jeu est validé par une étude de convergence du maillage sur le domaine fluide.
Trois modéles de turbulence (k-g, k-w, et k-w S5T) sont comparés, et le modéle de turbulence k-
€ est trouvé comme é&tant le meilleur en accord avec les données expérimentales. Un plan
d'expéniences factoriel a plusieurs niveaux est réalisé pour étudier l'influence de la variation de
I'écart au bout des pales sur la sécurité et la performance du compresseur. Une étude
paramétrique pour plusieurs valeurs d'écart au bout et matériaux est effectuée en utilisant ANSYS
Workbench, et la déformation maximale au bout des pales est prédite a 0,7 mm. Le point de
conception optimal est déterminé en fonction du poids et de lI'importance des facteurs, ce qui
entraine une augmentation de plus de 33 % de la sécurnté opérationnelle et une perte négligeable
d'efficacité. L'étude souligne également les économies de temps de calcul obtenues, multipliées
par 42, grace a l'utilisation de super-processeurs avec un maillage de haute qualité dans les
domaines solide et fluide par rapport 8 un ordinateur personnel. Les travaux futurs pourraient
explorer Iimpact d'autres facteurs tels que la géométrie des pales ou les conditions de
fonctionnement sur la performance et la sécurité du compresseur de maniére transitoire et

fortement couplée.

Mots-clés : Rotor de compresseur NASA 67, Interaction fluide-structure, Cluster HPC,

Parallélisation MPI, Plan d'expénences, Optimisation de réponse
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Abstract

In this study, the impact of blade radial and axial deformations on the operation safety and
performance of an axial compressor is analyzed using a partitioned fluid-structure coupling
approach. High performance computing (HPC) clusters and the Message Passage Interface (MPI)
parallelization method are utilized to optimize the mesh quality and computation time balance. The
chosen high-resolution tip-clearance mesh is validated through a mesh convergence study on the
fluid domain. Three turbulence models (k-g, k-w, and k-w SST) are compared and the k-
turbulence model is found to be the best option for agreement with experimental data. A multilevel
factonal design of experiments (DOE) is conducted to investigate the influence of tip-clearance
varation on the operation safety and performance of the compressor. A parametric study for
several tip-clearance values and matenals is performed using ANSYS Workbench, and the
maximum deformation in the blade tip was predicted to be 0.7 mm, and the optimum design point
is determined based on the weight and importance of the factors, which leads to an increase over
33% in the operation safety and a negligible loss in efficiency. The study also highlights the 42
times computational time savings obtained through the use of super-processors with high quality
mesh in both solid and fluid domains in comparison with a personal computer. Future work could
investigate the impact of other factors such as blade geometry, or operating conditions on the

performance and safety of the compressor in a two-way strongly coupled transient manner.

Keywords: NASA Compressor rotor 67, Fluid-structure interaction, HPC cluster, MPI

parallelization, DOE, Response optimization

32 Introduction

The utilization of fluid-structure coupling (FSC) has become prevalent in various engineering
applications, with the aim of improving matenal variety and design safety. The performance of
aero-engine components, specifically compressor blades, has significantly improved over the
years through advancements in blade geometry, matenal density, and strength. However, large
deformations and blade vibrations can impact the efficiency and pressure ratio of the compressor.
Vibration and deformation analysis of compressor blades are crucial for ensuring a safe and
efficient design [10]. Solid particle erosion (SPE) also can be a major source of damage and failure
cause in turbomachinery [68]. Despite the advancements in turbomachinery analysis, measuring
deformations and vibrations can still be challenging. Numerical methods have therefore become
a powerful tool for obtaining information about the flow field, erosion patterns, impacts,

deformations, and blade vibrations. The investigation of Fluid-Structure Interaction (FSI) through
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expenmental and numerical research is necessary for a high-performance and stable mechanical
system. Design optimization methods are used to systematically search for the best design
solution given a set of constraints and objectives. These methods involve using mathematical
algorithms and models to evaluate and improve the design, often requiring iterative computations.
Design optimization can be used in various fields, such as engineering, architecture, and product
design, to improve performance, efficiency, cost-effectiveness, and other desired characteristics
of a design. Design of experiments and optimization of responses from each factor can aid in
achieving this goal, with factorial designs being the most efficient for covering all possible points
[10].

The studies in the literature review focus on the numerical analysis of fluid-structure interaction
(FSI) in highly loaded engine designs. The objective of these studies is to obtain reliable solutions
for the nonlinear effects on the fluid-solid interface and the individual behavior of each component.
To accomplish this, both structural and fluid motion goveming equations must be solved
simultaneously in a time-integrated manner. However, due to the computational cost, some fluid-
structure couplings are implemented using a one-way coupling algorithm, where the individual

solvers partially or completely converge before exchanging response information [9].

In one study, the Euler equations were solved using the modal approach for structural analysis in
a partially coupled manner [10]. Two years later Doi et al. used an explicit Runge-Kutta solver for
the flow and a finite element method solver for the structure to investigate the aeroelastic
responses of a compressor rotor blade [11]. A numerical method is used to investigate the
combined effects of (s/c) blade pitch to blade chord ratio and (c/d) the blade chord to streamwise
separation between two vortices, on the aerodynamic and structural responses of the central
blade. Aerodynamic and structural dynamic responses of the central blade in the cascades are
found to be the function of the blade pitch to chord ratio. The results show rather insensitivity of
the fluid-structure interaction to the effect of vibrating neighboring blade [12] Another study
conducted a numerical parametric study for a transonic-axial compressor with treated and
untreated end-walls at different tip gap heights and found that the end-wall treatments were more
efficient at larger sizes of tip gap [13]. A study investigated flow-induced vibrations for wind turbine
blade airfoils using a strong two-way FSI coupling in a 2-D domain with low Reynolds and
incompressible flow. The results showed different results for aerodynamic load between laminar
and turbulent flows, but similar responses for the airfoil [14]. Later on, Hongisk et al. developed a
fully coupled FSI method for axial compressor flutter and found that the rotor flutters in stall

operation with the first mode resonance [15]. In a further research work, a comparison of
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turbulence models for a two-dimensional subsonic flow over an airfoil with various angles of attack
showed that the turbulence models in commercial CFD codes were not accurate at high angles of
attack [16]. A different study investigated a full anulus unsteady CFD for a fan-stage operating with
a 120-degree stagnation pressure circumferential distortion [17]. In a later investigation on the
compressor, the effect of inlet swirl and pressure distortion on the performance and stability of an
axial compressor and found good agreement between the results and experimental data were
numerically investigated, the validation of the numerical study was conducted employing the data
published from NASA Lewis Research Center [18]. In the other hand, Wang et al. presented a
one-way coupled FSI model for wind turbine composite blades at full scale, with aerodynamic
forces obtained from CFD analysis and blade structural responses evaluated with FEA. Five
operational conditions were selected and the maximum stresses and tip deflections in all cases
were found to be within the matenal and structural limits, due to the design standards [19]. In a
different study on wind turbines, high structure reaction to the effects of the wind in different blade
pitches and turbine blade vibration were investigated using a one-way F5| coupling method.
Different materials and wind speeds were chosen to study the effect of blade pitch on
aerodynamical and structural characteristics. The S5T k-w turbulence model was used for the
CFD calculations. Deformations and von-Mises stress changes with respect to the velocity
changes were observed for different classes of the matenals [20]. In a recent investigation, Ren
et al. compared the deformation and vibration analysis of compressor blades based on fluid-
structure coupling using three different matenals and found that the maximum rotational velocity
was not large enough to reach the first-order natural frequency. The results showed that the main
reason for the equivalent stress of the blade is rotation. The maximum stretched length of the
blade at 100% speed could stand for 30% of the designed tip clearance [21]. In a recent study,
the deformation of a T-shaped flexible beam using both experimental and numencal methods is
investigated. The experimental setup involved placing the beam in a water channel with different
Reynolds numbers, while a two-way fluid-structure interaction numerical method was used to
simulate the deformation. The results showed that the deformation of the beam increased by 90%
when the velocity was increased from 0.25 to 0.35 m/s, and decreased by 63% when the velocity
was decreased from 0.25 to 0.15 m/s [52]. Optimization of Bryton cycle was studied based on
thermodynamic cycle parameters and component parameters. Stagnation isentropic efficiency
(IEFF) optimization of axial flow compressor stage (AFCS) is initially studied. Five parameters
were taken as design variables, such as exit and inlet angles of rotor, absolute exit angle of stator,
and relative air densities at exit and inlet of stator. The results showed that the optimal stagnation

isentropic efficiency increase is proportional to the increase of work coefficient and decrease of
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flow coefficient [45]. A comprehensive state-of-the-art review discussed the benefits and issues of
using parallel computing tools such as MPI, OpenMp, and CUDA in CFD and identified the
computational time-related issues of massive grid points for complex configurations in CFD codes.
In case of MPI, its performance, ability of being used in both distributed and shared memory,
ensuring the data locality and full user control, were some of its benefits, revealed by the review
[22].

The most important novelty of this study is the use of a partitioned fluid-structure coupling
approach to analyze the impact of blade radial and axial deformations on the safety and
performance of an axial compressor. This method allows for a more accurate representation of
the interaction between the fluid and solid domains, which is crucial for understanding the effects
of blade deformation. Another novel aspect of this study is the use of a multilevel factorial design
of experiments to investigate the simultanecus influence of the particular behavior of effective
parameters on both operation safety and performance of the compressor, which is not considered
in the literature. The parametric study performed using ANSYS Workbench also contributes to the
novelty of this study, as it predicts a maximum deformation in the blade tip and determines the
optimum design point based on the weight and importance of the factors, opening a new point of
view. Finally, the study highlights the significant computational time savings obtained through the
use of super-processors with high-quality mesh in both solid and fluid domains, implementing a

manually developed python script, to enhance the system coupling process.

The research study aims to investigate the impact of blade radial and axial deformations on the
safety and performance of axial compressors, which are commonly used in various industries.
Blade deformation can lead to performance degradation and potentially catastrophic failures,

making it crucial to understand the effects of such deformations.

To achieve this goal, the study employs a one-way fluid-structure coupling method to analyze the
deformation behavior of compressor rotor blades under different operating conditions. The study
examines the impacts of aerodynamic loads and rotation on the blades and uses three distinct
materials, namely 17-4 PH Stainless Steel, Ti-6Al-4Y, and Aluminum Alloy [69], to determine the
optimal combination of performance and safety. By analyzing the effects of blade deformation, this
study aims to contribute to the development of more reliable and efficient turbomachinery designs.
Titanium is used in turbomachinery because of the high strength to weight ratio, corrosion, and

creep resistance. The 17-4 PH stainless steel is defined because of its grate elastic behavior.
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The computational fluid dynamics (CFD) approach is adopted to solve the three-dimensional
MNavier-Stokes equations in a steady-state, high-Reynolds flow regime. To model the turbulence
in the flow, three different turbulence models are selected for a comparative analysis. These
models include the standard two-equations k-¢ turbulence model, the k-omega model, and the
Shear Strain Transport model [16]. The surface pressure distribution is then extracted from the
CFD solution and imported as a boundary condition into the structural domain, where it serves as

input for the structural solver.

3.3 Experimental data

The Rotor 67, a transonic low aspect ratio design, is evaluated using laser anemometry to obtain
detailed measurements within the blade row. The experiment is conducted at a design tip relative
Mach number of 1.38, with the aim of determining the rotor's overall aerodynamic performance.
Radial survey data are collected and analyzed to provide a comprehensive assessment of the
rotor's behavior. The experimental results have been documented and published by Strazisar et
al. from the NASA Lewis Research Center. [f0]. Figure 8 and Table 1 show the aerodynamic

survey locations and several design characteristics, respectively.
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Figure 8
Meridional view of test fan rotor showing laser anemometer and aerodynamic survey

locations

Source: [70]

34 Numerical method implementation and experimental validation

In this study, a computational fluid dynamics (CFD) simulation of NASA Compressor Rotor 67 is

performed to understand the aerodynamic performance of the rotor under different operating
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conditions. The simulation is conducted in the fluid domain by solving the three-dimensional
MNavier-Stokes equations. The mesh sensitivity study is first investigated before the aerodynamic

loads were exerted on the solid surfaces as boundary conditions.

The numerical method used in the CFD simulation is validated by comparing the results with the
expernimental data obtained by [70]. The results show a good agreement between the numerical

predictions and the expenmental measurements. The solid geometry of the entire rotor is shown

in Figure 9, while the fluid domain geometry is shown in Figure 10.

%

Figure 9
The geometry of a full-stage compressor rotor 67.

|

The fluid structure interaction analysis is then conducted using two different coupling approaches,

Figure 10
Fluid domain geometry.

using ANSYS System Coupling. The results of deformation and stress are discussed.
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-(;iglrzu:teristics: NASA Compressor Rotor 67 Specifications
Characteristics Value
Number of Blades 22
Rotational speed at design point (RPM) 16043
Tip speed (m/s) 429
Inlet tip relative Mach number 1.38
Design mass flow rate (kg/s) 33.25
Design pressure ratio 1.63
Design tip clearance (mm) 1.01
Average aspect ratio 1.56

Source: [70].

3.5 Project Scheme
This paper presents a comprehensive study of the NASA Compressor Rotor 67, with the aim of
determining its optimal operating conditions with respect to performance and safety factors. The

study employs a combination of experimental and numerical techniques, as outlined below:
Tool A: Experimental Data

This tool involves the utilization of experimental data obtained by the NASA research center to
validate the numerical approach, select the turbulence model, and determine the optimal operating

conditions.
Tool B: Numerical Studies

The numerical studies of the rotor involve the use of Computational Fluid Dynamics (CFD) to
analyze the fluid domain and determine the mesh independence, turbulence model preference,
and aerodynamic loads. Tool B-1 focuses on the mesh convergence study, which is enhanced
using high-performance computing (HPC) clusters and the MPI parallelization tool. Tool B-2

compares the results from different two-equation turbulence models to determine their precision.
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Tool C: Fluid-Structure Coupling

The fluid-structure coupling approach is applied in Tool C, which employs two methods for
transferring aerodynamic loads from the fluid domain to the solid domain. The first method is direct

transfer, while the second method uses ANSYS System Coupling as a host.

Tool D: Optimization Study

The optimization study, presented as Tool D, involves a multilevel factorial design with two factors
that are determined in a parametric study. The response optimization focuses on the safety factor

and performance parameters.

The results of the study are presented in a clear and concise manner, with a schematic chart

(Figure 11.) outlining the various tools used in the study.
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Project scheme.

3.6 Computational fluid dynamics (CFD)
3.6.1 Fluid domain governing equations

The instantaneous governing equations are solved 1 3-D fluid domain [71]. The continuity equation 1s:

3-1
dp
—+—(p.) =
at  ox (o)
And the momentum equation is presented as follows:
apU‘+a(UU]— IE”JIF+'3 AL LA | R 3-2
ot ox, 0 T Tox, ox | \ox  ox )| ™ -
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where U is the velocity field, p is the density of the fluid, Sw is the sum of body forces, peris the
effective viscosity for the turbulence, and the p-is the modified pressure. The effective viscosity

can be written as

Befr = B+ He, 33
2 2 au,
y=p+=pk +=— _— 34
p=p 3!3' a.usff %,

A detailed explanation of the governing equations and underlying theory of fluid dynamics is

provided in Section 2.1.

3.6.2 High performance computing (HPC) based on MPI parallelization
In this study, high performance computing technologies were employed to support the numerical
simulation processes. The simulation configurations were set up on a personal computer and then
submitted to a cluster scheduler via a secure shell (S5H) channel. To take advantage of parallel
computation, the Intel MPI Library was utilized in the scripts. The CFD analyses were performed
using 120 cores of 2 x Intel Platinum 8260 Cascade Lake CPUs, while 48 cores were utilized for
the CFD-CS5D coupling simulations. Using the workbench interface to control the system coupling,
by default would dedicate no more than two cores for the system coupling application, therefore,
a python script is prepared accompanied by the batch file to run in the UNIX operation system of
the cluster to manually setup the CFD-CSD coupling to obtain better performance for the

application by faster managing the data transferring between fluid and solid domains.

A comparison was made between the computational time required for a simulation on an Intel(R)
Caore (TM) i7-4770 CPU @ 3.40GHz with 32 GB of RAM, and that on the HPC nodes using 120
cores and 187.5 GB of RAM by applying the Distributed Parallel MPI. The results showed that the
total CPU time required for the local PC was 548 minutes, whereas for the HPC nodes, it was only
13 minutes. This demonstrates that the use of HPC nodes with parallel MPI can significantly

reduce the computational time compared to the use of a personal computer.

To perform a numerical study with various parameter changes, a parametric study was deemed
necessary. This approach involved utilizing ANSYS Workbench Design Points, where key
simulation properties were defined in tabular form and different design points were presented. The
outputs were obtained after the full run was completed and combining high-performance processor

units with a convenient design point increased precision while drastically reducing computational
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cost and the risk of human error. Table 2 provides an illustration of the design points inputs and

outputs for one case study.

Table 2
Design Points: Table of design points for k- turbulence model at different operating
conditions.

Design Point Mass flow ratio Efficiency Total pressure
Name (%) [input] (%) [output] ratio [output]
DPO 92 813 161

DP1 93 879 1.63

DP2 94 9095 1.69

DP3 95 91.12 1.68

DP4 96 9128 1.67

DP5 97 91.04 1.64

DPo 98 89.59 1.59

DP7 99 82 148

DPS 100 747 1301

3.7 CFD analysis implementation

The NASA compressor rotor 67, a low-aspect-ratio transonic axial-flow fan rotor, has been
extensively studied under various operating conditions using laser anemometer surveys [70]. With
the advancements in technology and the development of high-performance software with user-
friendly interfaces, new algorithms and methods have been incorporated into simulation software,
such as the ANSYS package [72, 73]. The numerical simulations aim to validate the pressure ratio
and efficiency obtained from the experiments, by solving the steady-state compressible 3-D
MNavier-Stokes equations with ANSYS CFX. The convergence critena for the residuals are set to
10® to ensure an accurate solution. To ensure the mesh independency of the results, a mesh
convergence study is performed, evaluating the solution's stability as the mesh size changes. Five
Hexahedra meshes were used [52], [18], and the mesh numbers and their results are presented
in Table 3. A detailed explanation of the CFD implementation in the Ansys CFX solver and the

discretization theory are provided in Section 2.2.
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3.7.1 Boundary conditions

The boundary conditions used in this study are based on the reported data of the NASA Research
Center [70]. Total pressure is set at 1 atm, total temperature as 288 K, and uniform axial flow
direction is specified for the inlet boundary. For the outlet boundary, the mass flow rate is defined
as a parameter to vary in range of near stall to choke conditions. Symmetric boundary condition
is also applied for the domain with respect to the axis of rotation in order to facilitate the analysis
and save time and computational resources. The wall is defined as no-slip boundary condition to
carry out zero fluid velocity in the wall neighborhood. Rotational velocity of 16043 rpm is applied
for the ngid domain [70].

3.7.2 Mesh convergence study
The blade-shroud tip gap of the fluid domain experiences high flow velocity and turbulence, making
the mesh independency study particularly important for the tip clearance. ANSYS turbo grid
software is utiized for mesh generation. The mesh is sufficiently refined to meet the y+
requirement of the turbulence model. The study revealed that mesh number four provides a good
compromise between accuracy and computational cost and was therefore chosen for the
numerical calculations. The mesh independency study and the convergence results are presented
in Figure 13. A total of 815700 elements are created for the domain. The numerical methods used
in this study have been validated through a comparison of the results with expenmental data and
a mesh convergence study, providing confidence in the results obtained for various operating

conditions.
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(a) b)
Figure 12
Computational mesh for fluid domain at near tip (a), and solid domain (b)
Table 3
Mesh study: Element number of the fluid domain, for mesh study.
Mesh # Total domain | Tip clearance | Total Pr?ssure Efficiency CPL! clock
mesh elements Ratio time
1 408015 90510 1631 0044 00:08:26
2 544170 135765 1648 090.84 00:09:29
3 725190 316785 1.649 0093 00:011:56
4 815700 452550 1648 090.84 00:12:53
5 006210 678825 1648 00.83 00:13:50
1.650 —
1.648 1648  qpag et
o 1.646 ' 1.648 1.648
8 1644
£ 1642
1.640 /
E 1638 /
= 1636 /
© 1634 | /
1632 |/ 1.631
1.630
1 2 3 4
Mesh Number
Figure 13

Total pressure ratio vs mesh number
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3.7.3 Turbulence models theory and application
This section investigates three turbulence models with the aim of improving the agreement
between numerical results and experimental data. For each turbulence model, separate design

point studies are conducted at different compressor mass flow ratios (as illustrated in Figure 14).

Standard k-¢ turbulence model

The standard k-¢ turbulence model is applied for the high Reynolds flow simulation in 3-D fluid
domain. The standard k-¢ model assumes the flow fully turbulent, and the effects of the molecular
viscosity are negligible [50, 51]. The turbulence kinetic energy, k, and its rate of dissipation, £, are

obtained from following transport equations:

a a ] ey 9k
—(pk) +—(pku,) = —||lu +—|—| + G, + G, — ps — Y3y + 5S¢, 3-5
ﬁt(’o ) ax; (pku;) oz, [(# ‘Tk) ij] K B PE— Iy k
and
a a a de £ g?
—(pe) + == (peur) = o | (1 +25) |+ 612 (6a + 63e6) — Gap—+ 5. 3.6
dt dx; dx; o,/ dx; k k

Yuis the contribution of the fluctuating dilation in compressible turbulence to the overall dissipation
rate. gx and g. are the turbulent Prandtl numbers for k and &, respectively. Sxand S: are user
defined source terms. Gyand Gy represent the generation of turbulence kinetic energy due to the

mean velocity gradients, and buoyancy, respectively, where Gi can be modeled using:

P LAY 23U,,(3 oy , .r.:) i
v = He\ox,  ox)ox, 30x\ toxg © ) -

The turbulent viscosity (eddy viscosity), b, 1s computed with the combination of k and &, as follows:

2
by = P‘Cp? 3-3

where C, is constant. The model constants Cy,, Cs, C,, ox and o,, which are determined from

expenments to work fairly for wide range of flows, are given as follows:

C1=1.44, C2=1.92, C,=0.09, 0\=1.0, 5.=1.3
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Wilcox SST k-w turbulence model

The transport equations for the SST k-w model can be written as follows:

a a a ak
—(pk) + —(pku;) =—|(,)—| + G, — ¥;. + 5,, 3-9
ﬁt(’o ) ax; (pku;) ox; [( i) ij] k— Tk k
a a a dw
— +— ) =—|()—|+6G, — ¥, +5,+D,, 3-10
at (ﬂ{.’.}) BII- (Pmu_;] axj [( Ir} axj] w 4] [~ w

where, Gy is the production of turbulence kinetic energy. Gw represents the generation of w. I'x
and I, are the effective diffusivity of k and w. Y, and Y,, are the dissipation of k and w due to
turbulence [53].

The k-w model is proposed to be more accurate near wall (boundary layer area) and k-¢ turbulent
model can best describe the perturbations outside the boundary layer, however the 55T k-w
model has the blending function inheriting the aspects of the k-£ and k-w turbulent models [74].
For each turbulence model, a separate design point study for different compressor mass ratios is
conducted. Various operating points are chosen for comparison of the derived results with the
experimental data. With h = C;T: being the static enthalpy, ¢, the specific heat at constant pressure
and V the magnitude of absolute velocity.

X
Py = P.x (14 ——Ma?)71 311

Ty = T(1 + ——Ma?) 3-12

with Ma = V/c, c = /yRT, is the speed of sound, y is the specific heat ratio and R is the specific

gas constant. It follows that overall aerodynamic parameters can be defined as follows:

y—1

27 -1
_ A ﬂ;) 3-13
02
-1
Tﬂl
P
n=== 3-14
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where subscripts 1 and 2 denote inlet and outlet of the rotor, respectively. n and [T represent the

efficiency and total pressure ratio [54]

3.8 Experimental validation

Various operating points are chosen for comparison with experimental data. Figure 14. and Figure
15 show the pressure ratio and efficiency changes respectively, as a result of the change in mass
ratio. The k-w SST model shows the best agreement with experimental data at the design point,
however, at near stall and choke, it exhibits a larger disagreement compared to the other models.
The two-equation k-£ model demonstrates a higher level of precision. The disagreement between
numerical and experimental data is expected as the actual blade has a laminar region and
turbulence models consider the flow field to be fully turbulent. Limited available operating
conditions prevent the complete validation of CFD results. Factors contributing to this discrepancy
include the rigid treatment of the solid domain in the CFD analysis, neglecting deformations,
simplifications in the numerical implementation, and neglecting unsteady characteristics like vortex

shedding and shock motion in the steady analysis.

18
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Figure 14

Total pressure ratio vs mass ratio for different turbulence models compared to
experimental data

Source: [70].
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Figure 15
Efficiency vs mass ratio for different turbulence models compared to experimental data

Source: [70].

For further validation, the Mach number contour is compared to the experimental data. Figure 16.
and Figure 17. show the Mach number distrbution near peak efficiency and near stall,
respectively. A shock wave is created at the leading edge, causing the passing flow along the
suction side of the blade to accelerate and eventually surpass the speed of sound. The velocity
decreases and static pressure increases after the formation of shock waves in the passage. On
the pressure side of the blade, the static pressure increases and the flow velocity decreases. The
design of a thin leading edge and a small radius of leading-edge curvature results in good

aerodynamic performance near 0° angle of attack, reducing shock wave loss at high rotational

velocities.



77

1.28
r1.147 kY
1.08 1.35

| 0.96 Y | \ S A

0.85 ; ,
0.74 !

Hu.ss \ H\_

N 052 - LR

[ 0.41 . 1.

' 0.30 / N y
18 ; N o1
0.08 ! ) \'-

Mach Mumber f /
51.39 *’l\ ;' 0.9 //'

ROTATION

Figure 16

Mach number at 90% span near peak efficiency, CFD results{left) and experimental
data(right)

Source: [70].
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Figure 17
Mach number at 70% span near stall, Numerical results (left) and Experimental Data(right)

Source: [70].

Figure 18. shows the pressure distribution in the flow passage at 90% spanwise. The pressure at
the leading edge is extremely high due to the shockwave, followed by an instant decrease in a
short distance. On the suction side, the same behavior can be observed, except for the sharp
increase in pressure caused by the shockwave after 50% of the chord. Figure 19 shows the blade
loading at 50% span. Near stall, the difference between the rotor pressure surface and suction

surface is evident, leading to an increase in blade loading and displacements.
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Figure 18
Pressure distribution in flow passage in 90% of blade height near stall.
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Figure 21. shows the pressure distribution at four different streamwise locations, starting from the
leading edge, at 0.03 cm and 0.06 cm distances, and trailing edge near peak efficiency. Figure
20. shows the comesponding locations as contour lines starting from the hub surface and ending
at the blade tip. The pressure magnitude increases along the leading edge from the blade root to

the tip and reaches its maximum near the blade tip. On the pressure side of the blade, the overall

trend of static pressure is similar, while on the suction side, there is a decrease in pressure
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magnitude due to the shockwave on the second half of the blade. The trailing edge from the root
to the tip experiences a slight increase in pressure. The pressure resulting from aerodynamic
forces on the leading edge in the presence of centrifugal loads leads to deformation and changes

in the angle of attack. The effects of the loads on the deformations on the blade are explained

previous sections.
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Figure 20
Pressure distribution on the pressure side(left) and suction side(right) of the blade.
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Figure 21
Pressure distribution at different locations of blade pressure and suction sides.

3.9 Fluid-structure interaction Analysis
Steady-state fluid-structure interaction (FSI) is a complex phenomenon that describes the

interaction between fluid and solid components. In a compressor blade, the fluid dynamics, as well

as the structural response, are closely interconnected and are essential to analyze to achieve



80

optimal operating conditions. The purpose of FSI analysis is to simulate the behavior of the blade
under various operating conditions, taking into account the aerodynamic loads and rotational
speed, and considering the structural deformation [11]. The fluid dynamics of the system is
analyzed by solving the Navier-Stokes equations, which describe the conservation of momentum
in a fluid. The computational fluid dynamics (CFD) analysis is then used to solve the Navier-Stokes
equations in a numerical manner, taking into account the boundary conditions that describe the
flow properties at the inlet and outlet, as well as the boundary conditions describing the blade
surface. In the FSI analysis, the fluid loads are exerted on the blade surface and are transferred
to the structural domain. The structural response of the blade is modeled by using the finite
element method. The fluid loads are incorporated into the structural analysis by updating the load
vector F at each time step. The fluid-structure interaction analysis is then performed by iteratively
solving the Navier-Stokes equations and the equation of motion, taking into account the feedback

between the fluid and solid domains [50].

In conclusion, the FSI analysis of a compressor blade is essential to understand the behavior of
the blade under various operating conditions and to achieve optimal performance and safety. The
FSI1 analysis involves solving the Navier-Stokes equations for fluid dynamics and the equation of

motion for the structural response, considering the interaction between the fluid and solid domains.

3.9.1 Structural deformation analysis
To achieve a technologically advanced modemn jet engine, higher performance and safety are
required. Lighter blades, higher pressure ratio and higher rotating speed are the main tools of
reaching this goal in case of compressor. The deformation of a compressor blade is being
investigated in this work. The motion equation describing a three-dimensional deformation of a

flexible solid structure can be expressed as follows:
[MH{i} + [CHa} + [K{u} = {F} 3-15

Where [M] is the structural mass matnx, [C] is the damping matrix, {u} is the displacement vector,
[K] is the stiffness matrix, and {F} is the load vector acting on the structure caused by fluid. In this
study, all the time related parameters are neglected, and the equation of motion can be written as
follows [75]:

[K){u} = {F} 3-16
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The deformation is assumed to be continuous, and materials are linear elastic, therefore the small

deformation assumption can be satisfied.

The one-way fluid structure coupling is conducted using two different coupling approaches, first,
the direct approach, and second is by making use of ANSYS System Coupling. Generally, the
number of computational mesh for fluid domain are more than those of structure domain, therefore
a coupled matrix should be utilized to exchange the interface data. Assuming the number of nodes
for the fluid and solid interface, are n¢ and n., respectively, the pressure value on the fluid-solid

interface can be written as follows:

= -+
Pey Py
— o — o
P, =|"rz| and P, =|"s2 3-17
=7 5
Pfﬂ Psn

and the relation between the above vectors is:

Psl sif1 Haipz o Haapm

iy

P IHﬂfl - - “ 3—18
s:n:fl - i snfn

Hgr is the coupling matrix which transfers the pressure data from fluid Psto the solid P.. A detailed
explanation of the structural deformation equations and underlying theory of finite element analysis
are provided in Section 2.3 and Section 2. 4.

392 Fluid-structure coupling method implementation
In this section a mesh convergence study is carmied out for the sake of obtaining the precision and
computational time balance. Soon after, the two methods -direct application of pressure and
system coupling- for loosely coupled fluid-structure will be discussed. Tetrahedron mesh element
type was used for the solid domain [52], [76]. A total of five structural mesh numbers and the 17-
4 PH stainless steel as material for the solid region, are chosen to obtain the mesh-independent
results. Table 4 presents the mesh refinement arrangement, the radial deformation of the blade
tip, and the computational time on a 48 cores HPC cluster node. Figure 22. illustrates the
convergence of the x-direction deformation of the blade tip, caused by the aerodynamic forces,

centrifugal forces, and Coriolis effects. The mesh number four, comesponding to the node count



of 140919 is chosen with 78533 tetrahedron elements, as of the

computational time.

effective precision
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and

Table 4
Solid mesh study: mesh sensitivity study for solid.
Mesh # Mesh Number Nodes Radial Deformation(mm) CPU time(m)
1 1680 3785 0.226 279
2 5586 29673 0.2269 2843
3 39348 71846 0.2269 29.66
4 78533 140919 0.2267 31.33
5 135293 239642 0.2267 344
0.227 02263 02269
£ 02268 T 02267 (227
k=] B —
E 0.2266 )
*E /
02264 /
s /
E 02262 |
/.~ 0226
0.226
1 2 3 4 5
Element Number
Figure 22

Mesh convergence study for solid domain.

3.9.3 Direct pressure implementation

The fluid domain govermning equations are solved first, and the static pressure distribution is

exported and interpolated directly to the comresponding nodes on structural domain as boundary

condition. Then the steady structural solution is performed for the rotating blade with previously

exerted pressure on the blade’s surface. Figure 23. shows the imported pressure on the blade and

the source points, which obviously are denser in the blade tip. Figure 24. shows the maximum

deformation value for the 17-4 PH stainless steel under design point operating condition, which is

derived as 0.68 mm, and the equivalent von-Mises stress is derived as 42.02 MPa.
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Figure 23
Imported Pressure from CFD solution.

394 ANSYS system coupling

The interactions at the fluid-solid interface are studied using ANSYS System Coupling in a one-
way approach. The CFD solver is executed until it reaches the pre-defined convergence criteria.
Then, the system coupling takes over, interpolating the aerodynamic loads from the fluid flow
solution to the structural meshes in a series of steps. This allows the structural solver to converge
to the convergence criterion, after which the fluid solver is calculated for the next time step. The
calculation i1s considered complete when the maximum number of time steps has been reached
[77] . Figure 24._ illustrates the total deformation magnitude for this method, which is 0.78 mm, and
the equivalent von-Mises stress, determined to be 54.23 MPa. ANSYS System Coupling is
preferred for the rest of the simulations in the study because it is more reliable and precise. A
detailed explanation of the fluid-structure interaction equations and underying theory of interface
method are provided in Section 2.3, 2.5 and Section 2.62 4.
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Maximum total deformation of blade in direct exertion of pressure(left) and employing
System Coupling(right) for fluid-solid coupling purpose.

3.10 Design of experiments: Parametric study

This study aims to determine the optimum design of the compressor flow passage. A design of
expenments was camied out, treating the tip clearance as a quantitative factor and material as a
factor, to investigate the simultaneous influence of these two factors on the design process of the
compressor. A multilevel factonial method was used to satisfy the optimization requirements. The
one-way fluid-structure coupling was set for a parametric study, with the radial deformation,
efficiency, total pressure ratio, and von-Mises equivalent stress as the output results. Three
materials - 17-4 PH stainless steel, Ti-6AI-6Y, and Aluminum alloy - were used as input data, as

well as five different tip clearance sizes.

3.10.1 Multilevel Factorial Design
A factonal design was used to study the effects of two or more factors, as it efficiently investigates
all possible combinations of the levels of the factors [78].The study involved two factors - material
(three levels) and tip clearance size (five levels) - resulting in 15 total experiments carried out in
the FSC configurations. Tip clearance value is set to be discretely vary for 50-150% of the initial
value by 25% increment in each level. Figure 25. And Figure 26 demonstrate the effects of the tip
clearance and material on the safety factor and efficiency, respectively. The results show that a

higher tip clearance results in better safety for the design but reduces efficiency. The effect of
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material changes on the safety factor is expected, with steel having three times the Young's
modulus of aluminum, resulting in a three times larger elastic deformation in aluminum. The CFD
solver considers the walls of the fluid domain as a rigid body, so there is no change in aerodynamic
forces. Response optimization is proposed to investigate the factors concurrently and determine

the optimal design of the compressor rotor.

Table 5
DOE: Design of Experiments table.
ﬁﬂnm ber Material nle-;lrg nce Def?:?r?:tl ion g::::?; 55355 Eﬂiﬁ,;f]n cy Pr-::;_al.: re
{mm) {(mm) (MPa) Ratio
1 17-4 PH | 1.01 0.227 445 473 91 1.677
2 Al 1.51 0.58 260 435 90.39 1.64
3 Al 1.26 0.607 208 454 90.73 1.66
4 Ti-Al 1.51 0.389 3.88 435 90.39 1.64
5 Al 1.01 0.63 1.60 473 91.05 1.677
6 17-4PH | 0.757 0.236 3.21 492 913 1.69
7 Ti-Al 1.01 0.425 238 473 91.048 1.677
8 Al 0.757 0.657 1.15 492 913 1.69
9 Al 0.505 0.257 1.96 272 91.55 1.7
10 Ti-Al 0.757 0.44 1.72 492 913 1.69
11 17-4PH | 1.26 0217 5.80 454 90.73 1.66
12 17-4 PH | 1.51 0.2075 7.28 435 90.39 1.64
13 Ti-Al 1.26 0.407 3.09 454 90.73 1.66
14 Ti-Al 0.505 0.457 1.10 51.0 91.55 1.7
15 17-4 PH | 0.505 0.246 205 513 91.55 1.7
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Individual effects of material and tip-clearance on the safety factor value.
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Individual effects of material and tip-clearance on the efficiency value.

3.11 Response Optimization
In this study, the design of a compressor rotor is analyzed with a focus on the important parameters

of efficiency and safety. Two strategies for finding the optimum design point for the compressor
rotor are proposed: one approach is to give equal importance to both efficiency and safety, and

the other approach is to priontize the safety factor over the efficiency factor.

To implement these two strategies, the authors present Table 6 which outlines the target factors
for the optimization process, and Table 7, which provides the solution for the desired optimal
design point. The results of the analysis show that, when both efficiency and safety are given equal

importance, the optimal design point obtained from the numerical simulation aligns with the
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expenmentally tested design point, as demonstrated in (Table 1) [70]. In the second case, where
the safety factor is given twice the importance of the efficiency factor, the results show that the tip
clearance is increased by 25% compared to the original design point, while the efficiency
expernences a slight 0.27% reduction. As detailed in Table 7, the suggested optimal design point
has a tip clearance of 1.26 mm, and the matenal is specified as stainless steel 17-4 PH. Overall,
this study highlights the importance of considering both efficiency and safety in the design process
of a compressor rotor and demonstrates the usefulness of numerical simulation in optimizing the

design.

Table 6
Target factors: Target factors for case studies.

Case Study | Response Goal Target | Weight | Importance
One Efficiency Maximum (9155 |1 1
safety factor |Maximum |7.3 1 1
Two Efficiency Maximum 91.55 1 1
safety factor |Maximum |7.3 2 2
Table 7

Optimization solution: Solutions for the response optimization for both case studies

Case Study | Material | TC Efficiency Fit Safety factor Fit
One 17-4PH |1.01 (91 439

Two 174PH [1.26 |90.73 5.80

3.12 Conclusion

The objective of this study is to investigate the impact of blade radial and axial deformations on
the safety and performance of axial compressors, and to contribute to the development of more
reliable and efficient turbomachinery designs. To achieve this, the study employs a one-way fluid-
structure coupling method to analyze the deformation behavior of compressor rotor blades under
different operating conditions and uses three distinct materials to determine the optimal

combination of performance and safety.

In conclusion, the present study utilized a loosely coupled fluid-structure interaction approach to
examine the behavior of a single stage compressor rotor blade. The numerical model was first
validated by comparing the results to experimental data and then, a design of experiment was
cammied out to investigate the effects of various factors under different operating conditions. The
blade-shroud tip-clearance size was treated as a quantitative factor, and three different matenials,
namely Titanium, Aluminum, and Stainless-steel alloys, were compared using a parametric study

in advance with parallel computation tools based on HPC clusters.
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The steady-state simulation results of the CFD solver, which showed good agreement with the
expenmental data, were used as boundary conditions for the structural solver. The static pressure
distribution was observed at various points of operation, with the general trend showing an
increase in the pressure magnitude on the blade leading edge, from the root to the tip. The
aerodynamic and centrifugal loads can result in a deformation on the blade leading edge near the
tip, which can have detrimental effects on the safety, stability, and performance of the compressor.
Moreover, increasing the tip gap size has adverse effects on the compressor performance and
stability due to the generation of a low-speed region downstream of the shock-vortex interaction,
which is more pronounced for larger tip clearances due to the creation of a sharper tip leakage

vortex.

A multilevel-factorial experiment design was performed, with the compressor efficiency and safety
factor set as the response parameters. The response optimization analysis showed that a tip
clearance of 1.01 mm and a stainless-steel blade matenal provided the optimized operating
condition that coincided with the design point given in the test case experimental report.
Furthermore, the overall performance trend showed that a 25% increase in the tip clearance
resulted in a performance loss of about 0.3%, which is a negligible amount and can be considered
evidence that the compressor operation safety is twice as important as the efficiency. This leads

to a new optimized design point and improved operation safety for the compressor.

Possible future works for this area of research include extending the investigation to multi-stage
compressors to assess the effects of tip clearance size and blade matenals, blade thickness,
camber, and twist on the overall compressor performance and safety employing parametric study
using continuous parameters with response surface method. To complement the steady-state
simulations used in this study, future work could include transient simulations to analyze blade
behavior under dynamic loading conditions and during start-up and shut-down procedures.
Experimental studies could also be conducted to validate the numerical results and provide more
accurate data for comparison and optimization. These future studies would help to provide a more
comprehensive understanding of the behavior of compressor rotor blades, which could lead to

improved designs and better safety and efficiency in operation.
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4. OPTIMIZATION OF AN AXIAL-FLOW MINE VENTILATION FAN BASED ON EFFECTS
OF DESIGN PARAMETERS

Cet arficle est rédigé par Seyyed Mojtaba Fakharn et Hatem Mrad a été publié dans la revue

Results in engineering en 2023.

4.1 Résumé

La sécurité dans les mines souterraines dépend fortement de la ventilation, qui est énergivore et
colteuse en maintenance. Cette étude propose une méthode d'optimisation pour un ventilateur
de ventilation axial Chinook, en analysant des paramétres tels que l'angle d'attaque, I'écart au
bout des pales, la vitesse de rotation, le rapport moyeu-élément et le nombre de pales, en utilisant
des méthodes de Plan d'Expérniences (DOE) et de régression. Les solutions numériques sont
confirmées par des données expérimentales. En considérant un nombre de Mach de 04, les
conditions de flux compressibles sont analysées a laide d'un modéle de turbulence a deux
équations. En condition de décrochage, l'efficacité du ventilateur chute a 47%. Une probabilité
élevée de fatigue est observée a lintersection entre la racine des pales en condition de
décrochage. L'optimisation identifie plusieurs configurations opérationnelles qui répondent aux
performances requises tout en préservant la structure du ventilateur. Un point optimal en dehors
de la conception indique que la réduction du nombre de pales et la diminution de I'écart au bout
des pales entrainent une amélioration moyenne de la performance de 9%, avec des avantages
significatifs en termes de bruit, de colt, de poids et de consommation d'énergie. Les prévisions

numériques montrent une précision avec une discordance moyenne de moins de 5%.

Mots-clés : Ventilation miniére, Optimisation, Ventilateur axial, Interaction fluide-structure, Plan

d'expéniences
Abstract

Underground mining safety relies heavily on ventilation, which is energy and maintenance
intensive. An optimization method for an axial-flow Chinook ventilation fan, analyzing parameters
like angle of attack, tip clearance, rotation speed, hub-to-tip ratio, and rotor blade count using
Design of Experiments (DOE) and regression is proposed. The numerical solutions are confirmed
with experimental data. Considering a Mach number of 0.4, compressible flow conditions are
analyzed using a two-equation turbulence model. During stall, fan efficiency drops to 47%. High
fatigue probability is observed at the blade-root intersection in stall conditions. The optimization

pinpoints several operational configurations that meet the required performance while preserving
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the fan’s structure. A particular off-design optimal point indicates that reducing the blade count
and decreasing the tip-clearance lead to an average performance improvement of 9%, with
significant benefits in noise, cost, weight, and energy consumption. The numerical forecasts

demonstrate precision with an average discrepancy of less than 5%.

Keywords: Mine ventilation, Optimization, Axial-flow fan, Fluid-structure interaction, Design of

expenments

42 Introduction

Underground mining plays a significant role in the global mining industry, but it also poses several
risks to the miners in terms of air pollution. The toxic and potentially explosive gases in the mine
atmosphere, along with temperature regulation, are among the key concerns of underground
mining ventilation. This is why it is essential for the mining industry to follow the regulations and
innovations in ventilation. Ventilation in underground mining not only helps to ensure the safety of
miners but also involves significant energy and maintenance costs. Researchers are actively
exploring ways to improve the performance of ventilation systems, predict and address potential
challenges, and optimize their operation. However, the design of the mine ventilation system,
including the layout, configuration of airways, and positioning of ventilators, can impact their

performance, it is necessary to study the optimal operational possibilities of the ventilators [79].

For rotary machines such as fans, fan efficiency plays a crucial role in the selection process for a
particular application. A higher efficiency allows the attainment of the same air power with reduced
power input [48]. However, as shown in Figure 27 the initial cost of the fan can increase as its

efficiency increases.

Furst cot

Cost
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Figure 27

Cost versus fan efficiency
Source: [48].
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The performance of axial-flow fans has been the subject of several studies over the years. In 1987,
Pericleous and Patel developed a mathematical model for the simulation of stirred biomedical
reactors and found general agreement with experiments. However, they noted some deficiencies
caused by turbulence in the model [23]. Pelletier et al. developed a general-purpose computational
technique for turbulent free 3-D flows past propellers and found good agreement between
predictions and experiments. They used the Galerkin finite element algorithm, which was found to
be stable and robust [24]. In 1991, Pelletier et al. employed a numerical approach, using a mixed
and penalty function finite element method, to study 3D axisymmetric flow near propellers. They
identified the sensitivity of velocity and pressure fields to the propeller's kinematic modeling and
observed good agreement between their numerical results and expenmental data for uniform flow
past the propeller [25]. In 1993 numerical study was conducted on a low hub-to-tip ratio axial-flow
fan under distorted inlet flow conditions. They used the k-g turbulence model and the SIMPLEN
algorithm and found that the flow across the fan intake has a significant impact on performance
[26]. Later, Meyer investigated the effect of an axial fan on the plenum chamber aerodynamics in
air-cooled heat exchangers. He found that the fan performance characteristics can vary based on
the volume flow rate and blade root stagger angle and that the design guideline to coincide with
maximum fan static efficiency does not ensure optimum performance [27]. Le Roux employed
CFD models to investigate an axial-flow fan, revealing that eliminating the pinch and implementing
a zero-shear wall led to improved predictions. However, some over-predictions in the fan pressure
rise at the design flow rate were observed [28]. Another study was conducted in which a CFD
simulation study was carried out on an axial-flow fan and presented a new design with different
blade numbers, which showed better performance according to numerical results [29]. Moghadam
et al. analyzed the tip vortex system of a ducted axial fan using large-eddy simulations. Different
tip gap sizes and operating conditions are considered. Increasing the tip gap size enlarges the
main tip vortex and reduces fan efficiency. Tip-gap vortices change trajectory and exhibit different
behavior at design and off-design conditions. Enhanced turbulent mixing and vortex breakdown
occur with larger tip clearances, leading to increased loss coefficients [B0]. Wang et al. performed
a CFD simulation and experimental validation study on a rotor-only ducted axial-flow fan with a
small hub-to-tip ratio. They found that a rounded trailing edge is necessary and that the original
blade with aerodynamically shaped blade sections represents the fan blade performance. They
also recommended using the Spalart-Allmaras turbulence model for better accuracy and
agreement with expernmental measurements [30]. A numerical simulation was conducted on a
SR3 propeller at 35,000 feet altitude at a transonic Mach of 0.8 using the Ansys CFX package [8].

Another study explores linear instabilities in hypersonic flow over a blunt object, focusing on
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detached shock waves and shock regions near the body surface. The analysis assumes a reactive
flow in thermal equilibrium, and the simulation converges to a steady base flow through a transient
phase. Modal analysis technigues, including Proper Orthogonal Decompaosition (POD), Dynamic
Mode Decomposition (DMD), and High Order DMD (HODMD), are employed to identify modes in
the transient. The study aims to develop reduced-order models for flow characternization and flow
control strategies [81]. Sensitivity results from a novel design optimization exercise highlight the
effects of parameter variation on airflow and shaft power consumption. Reduced blade number
enhances fan efficiencies due to increased chord lengths and higher Reynolds numbers. A
comprehensive analysis of seven varied parameters, emphasizing efficiency gains with reduced
computational time using a first-principles model are involved. Additionally, a proposed
methodology identifies fan losses related to irreversibility and speed maldistribution, emphasizing
the importance of uniform speed distribution in axial fan design [82]. The results showed that the
performance coefficients and efficiency were in good agreement with experiments, and it was
found that the axial and tangential velocities, swirl angles, and static pressure at mid-span reached
their maximum values from the wake parameters of the propeller. Fakhan et al. conducted a
numerical study on compressor rotor 67. Ansys CFX package was used to conduct the CFD and
FSI analysis using design of experiments based on high performance clusters (HPC). The
numerical results were validated using the expenmental data provided by NASA research center.
The new optimal design showed better stability while maintaining the performance of the
compressor [83]. Auxiliary ventilation systems in tunnels and mining roadways are examined,
evaluating the performance of flexible ducts with diverse qualities. Employing analytical and CFD
models, the research focuses on optimizing energy efficiency, sizing fans, and designing ducting
systems to manage ventilation costs effectively. Notably, the study introduces innovative
nomograms specifically designed for analyzing ventilation systems across a range of tunnel
lengths [B4]. Adibi et al. explored the impact of artificial dissipation on inviscid time-marching
solvers, concluding that Euler equations are comparable to Navier-Stokes equations in capturing
flow details. Applicability extends to industries like aircraft manufacturing, with suggestions for
further research on fully exploiting Euler equations [85]. A new multidisciplinary optimization
method is proposed for rotors, employing blade curvature constraints, significantly reduces
computational burden and time costs. It enhances structural performance and aerodynamic
efficiency, reducing maximum stress while maintaining or improving aerodynamic performance
[B6]. An optimization approach is proposed for a transonic fan stage stator which leads to improved
aerodynamic performance, particularly near stall conditions. The optimized stator enhances

efficiency and stall margin compared to the reference fan, with unsteady simulations providing
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insights into improvements near the stall point [87]. Computational fluid dynamics simulations
validated by experimental tests are used to simulate a novel design for laptop fan using k-epsilon
turbulence model resulting in 20.1% increase in air flow rate and 20% increase in static pressure
[B8]. Static and dynamic stress analyses of axial-flow Chinook fan blades under real-life loading
conditions are investigated. The study identifies crack locations, correlates predicted stress
distribution with actual cracks and employs a fracture mechanics criterion for fatigue crack growth
simulation using the FRANC3D code. Fatigue life evaluation is conducted using stress ratios and

the Forman de Koning model. The cntical region is identified to be the blade-root intersection [89].

The research introduces novel elements by applying optimization techniques to predict the
performance of the Chinook axial-flow underground mine ventilator, offering a unique perspective
in this domain. It systematically identifies optimal configurations, enhancing overall efficiency. The
study's onginality extends to the treatment of blade geometry, incorporating 3D scanned geometry
to address past oversights and provide a more accurate analysis. Additionally, the research stands
out in its optimization approach, considering design constraints to maximize performance within
existing parameters, potentially offering cost-effective solutions. Owverall, the study contnibutes to
the field by innovatively optimizing the Chinook ventilator's performance, showcasing original

methodologies, and addressing overlooked aspects from prior research.

4.3 Geometry

This study focuses on the investigation of the underground mine Chinook type ventilation system.
It specifically explores three distinct hub-to-tip ratios while maintaining a consistent 21-inch hub
size for all models. To adapt to the diverse casing sizes of the ventilator, a universal blade is
utilized. The creation of this blade involves cutting and machining specific sections to align with
the overall assembly dimensions, as depicted in Figure 28, which illustrates a 42-inch axial
ventilator with modified blades. For computational simplicity and efficiency, the root part of the

blade geometry is disregarded in numerical analysis.
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Figure 28
42-in Chinook type underground ventilation with modified blade

The blades are manufactured through aluminum A356 alloy casting, resulting in inherent
geometrical non-uniformities and surface irregulanties. Figure 29 presents a 3D scanned image
of the casted blade, highlighting the non-uniformities observed on the leading and trailing edges.
Additionally, Figure 30 showcases a comparison between the 3D CAD representation and the
manufactured blade. In order to ensure precise and reliable results, the 3D scanned geometry of

the manufactured blade is utilized to validate the numerical study.
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Figure 29
3D scanned blade for 42-inch fan
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Figure 30

Comparison of the scanned blade with the 3D CAD file

44 Numerical investigations

Mumerical methods have gained increasing popularity in recent years due to their cost-
effectiveness and broader applicability compared to expensive and limited experimental works
[90, 91]. Their advantages include lower costs, faster speeds, and the ability to simulate complex
geometries and operational conditions, making them ideal for aerodynamic analyses. This
preference for numerical simulations is shared by numerous researchers and organizations [92,
93]. Figure 31 presents a comprehensive illustration of the employed approach in this study. The
figure outlines the key components and steps involved in the methodology, which is crucial for

understanding the research process.
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Figure 31

Optimization progress diagram

In this study, the 3D Navier-Stokes equations are solved for the fluid domain, accompanied by the
implementation of the Wilcox SST k-w turbulence model [51]. The shear stress k-w turbulence
model has the advantages of both k- w and k- models while treating their weaknesses in near or
far regions [94, 95]. This model is used to simulate the effects of turbulent flow in the operation of
a selected 100 HP, 42-inch (1/2 hub-to-tip ratio) Chinook type underground-mine ventilator. A set
of 15 blades are used in the mentioned ventilator. Table 8 shows the specifications of the axial-
flow ventilator. The purpose is to validate the numerical method by comparing the results with

expenmental measurements.

Table 8

Specifications of axial-flow ventilator
Characteristics Value
Rotational Velocity (RPM) 1800
Shroud Diameter (in) 42
Hub-to-Tip Ratio 05
Number of Rotor Blades 15
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After validating the numencal methodology, an exploration of ventilator behavior under different
hub-to-tip ratios is conducted. Employing a design of experiments approach, key parameters are
varied for a sensitivity study. The generated data is subsequently preprocessed, and optimization
methodology is implemented. The optimized design point obtained through this methodology is
subsequently validated by conducting CFD simulations, as illustrated before. The comparison of
the results from these simulations further confirms the reliability and effectiveness of the chosen

numerical approach and the optimization methodology.

4.5 Computational setup and boundary conditions

In order to evaluate the flow field and aerodynamic performance of the axial-flow fan, numerical
simulations using Computational Fluid Dynamics (CFD) method is conducted [96, 97]. Reynolds-
averaged Navier-Stokes (RANS) equations are solved in the flow solver. Decomposing the
solution varables in the instantaneous Navier-Stokes equations into the mean (ensemble-
averaged or time-averaged) and fluctuating components, will result in Reynolds averaging [83,
98].

For velocity, pressure, and other scalar quantities one can write:
g=gq+q 4-1
g and g', are the time averaged value and the fluctuating part, respectively.

After substituting the above expressions into the instantaneous continuity and momentum

equations and taking average (time or ensemble), in Cartesian frame, they can be expressed as

follows:
ap
—+— = 4-2
dt adx; (pu,) =
a a a du; du; 2 oy
—_ i) +— ——t —_—t—— == ) 4-3
3t P+ o (prucay) = " ox, F(ﬂx}- ax; 3 Yox )] ( P2,
The Reynolds stresses. —pu,' J', need to be appropriately modeled to model the turbulence.

Boussinesq hypothesis can relate the Reynolds stresses to the mean velocity gradients [50]:

du; +ﬂuj 2 - duy, 5 44
puYy =y dx; Odx; 3(p He ﬂx;,) u
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The turbulence model is set to Wilcox SST k-w turbulence model. The transport equations for the

SST k-w model can be written as follows:

a a d ak
at ﬂxI- ﬁxj ﬂxj

d a d dew
—(pw) +—|pwu;) =—|(})—|+ G, — Y, +5,+D 4-6
at (P ) ﬁx,— (ﬂ j’) ﬁxj [( k) 31;] b [ b b

Where, Gk is the production of turbulence kinetic energy. Guw represents the generation of w. 'k
and Iy are the effective diffusivity of k and w. Y« and Ym are the dissipation of k and w due to
turbulence [53]. The air density and viscosity are set to 1.225 kg/m® and 1.7894 x 10° kg/(m-s),
respectively. All numerical simulations are carried out using the ANSYS CFX commercial solver.
The second-order upwind and central difference schemes are used to discretize the advection
terms and the diffusion terms. In order to demonstrate iterative convergence for steady-state
results, the residuals are set threshold of 10° Figure 32 and Figure 33 show the computational
domain, which includes one single blade passage and the whole model, respectively, to model the
axial-flow fan cascade using the translationally periodic condition. For the inlet boundary
conditions the total temperature is set to 298.15 K, and the total pressure is set to 1 atmospheric
pressure. No-slip wall condition is defined for the wall and the rotational speed is set to 1800 rpm.
In order to satisfy the requirement of the experimental study, the turbulent level is 5% for the main
flow. To obtain the validation perfformance curves, the outlet boundary is set to corresponding
airflow at each simulation. A detailed explanation of the goveming equations, CFD implementation

and underlying theory of discretization is provided in Section 1.52.2 and Section 1.62.1.
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Computational domain for single blade passage
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Figure 33
Computational domain for the whole fan assembly
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Details of computational mesh
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Ansys Turbo grid is utilized for mesh generation. The mesh is sufficiently refined to meet the y +
requirement of the turbulence model and to maintain its value below 1 near the wall region (Figure

34). The mesh independency study is conducted refining the trailing edge, leading edge, and the
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blade tip mesh. Referring to the geometrical non-uniformities and surface irregularities in the
employed blade model, a high mesh quality is required on the leading and trailing edges of the
blade. Figure 35 illustrates the mesh independency study, revealing that the number of 3108000

hexahedra elements [18, 52] would be sufficient to establish a mesh independent solution.
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Figure 35
Mesh convergence Curve

46 Experimental validation

The modal analysis of the fan blade is conducted to assess its dynamic behavior and stability. The
analysis focused on the first three modes of vibration. The results indicate that no critical speeds
are observed within the tested range of rotational speeds (1800 rpm to 2500rpm) [99]. This implies
that the fan blade operates within a stable region and is not prone to resonance-related issues.
The mode shapes for the identified modes are examined, revealing the spatial distribution of
vibration amplitudes. Figure 36 exhibits the absence of critical speeds and the stable nature of the
modes and confirms the structural integrity and operational reliability of the fan blade. These
findings provide confidence in the fan blade's ability to function efficiently and mitigate the risk of

excessive vibrations or mechanical failures.
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Figure 36

Campbell diagram for first three mode shapes of fan blade
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Figure 37, shows the complete performance curve for the fan employing blade set of 55 angle of

attack ,1800 rpm rotational speed, and tip clearance value of 5 mm. The fan performance curve

can be divided into safe and unsafe regions based on the occurrence of the stall. The safe region

represents the operating range where the fan functions efficiently and effectively, producing the

desired pressure and airflow. In this region, the airflow remains attached to the blade surface, and

the fan operates without experiencing flow separation. Conversely, the unsafe region corresponds

to the stall dip, where flow separation occurs, leading to decreased efficiency and compromised

performance. In this region, the fan's ability to generate pressure and airflow is reduced, resulting

in decreased efficiency, increased noise, and potential damage to the fan components [48].
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Figure 37
Performance curve for the blade with angle of attack of 50 degrees

An operating point within the stall region is chosen limiting the outlet airflow at 29000 CFM which
results in 5.5 inH2O total pressure. Figure 38 depicts the streamlines of velocity around the blade
boundary, specifically showcasing the blade-to-blade view of velocity vectors at 80% of the span.
This occurrence can be attributed to factors such as dust accumulation on the fan components or
an unforeseen increase in static pressure underground. These factors lead to a blockage in the
outlet boundary, causing the air to be pushed back into the system. The velocity streamlines and
vector directions clearly illustrate this phenomenon, resulting in a loss of pressure and a decrease

in the fan's efficiency to 47%.
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Figure 38
Velocity streamlines and vectors in stall at 80% span

Figure 39 and Figure 40 showcase the contours of pressure distribution and turbulent kinetic
energy around the blade boundary within the fluid domain, respectively. The pressure distribution
reveals a significant disparty between the pressure and suction sides of the blade, with the highest
intensity occurring near the blade tip. This pressure difference can give rise to detnmental
consequences such as increased vibration, elevated fatigue levels, and potential structural failure

at the blade-root intersection.
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Additionally, the turbulent kinetic energy contour highlights regions characterized by intense
turbulence occurrence. The identification and analysis of these regions are crucial for
understanding and addressing the flow characteristics and associated challenges in order to

optimize the performance and reliability of the fan.
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Figure 39
Pressure distribution around the blade region in 80% span: Stall (left), Safe operating
point (right)
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47 Fluid structure interaction analysis in stall

The aerodynamic loads for the stall case study are extracted and incorporated into a mechanical
analysis to assess the behavior of the fan and evaluate potential failure risks. Aluminum A356 has
been selected as the matenal for structural analysis, aligning with the material choice made by the
manufacturer for producing their fan blades. Tetrahedron mesh element is used for the solid
domain [52, 76]. Rotational speed is set to 1800 rpm to conduct the steady state structural
analysis. Figure 41-a displays the pressure distribution on the blade surface obtained from the
fluid dynamics analysis. This information provides insights into the aerodynamic forces acting on
the blade. To further analyze the structural integrity, Figure 41-b showcases the maximum
equivalent stress and highlights the critical region of the blade geometry. This allows for identifying

areas that may be prone to high stress concentrations or potential failure. In addition to stress



104

analysis, the fatigue safety factor is examined in Figure 41-c. It is observed that the calculated

safety factor is less than one, indicating a potential nsk of fatigue failure under the applied loads.

Furthermore, Figure 41-d presents a sample of a broken blade for a 42" Chinook ventilation fan,
emphasizing the occurrence of actual failures. Specifically, the blade-root intersection near the
leading edge is identified as the most crtical region, which experiences significant stress
concentrations and vulnerability to failure [89]. A detailed explanation of the Fluid-Structure
interaction implementation and the interface theory is provided in Sections 2.2, 25, 26 and
Section 2.7.
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Figure 41
(a) Pressure exported from CFD, {(b) Maximum von-Mises stress, (c) Fatigue safety factor,

(d) Failure caused by fatigue

To ensure both safety and operational efficiency of the fan, and to validate the numerical results,
the primary emphasis was placed on investigating the safe region of the performance curve. Figure
42 presents a comparison between the expermental measured performance data and the
comesponding numerical results under safe operating conditions. Airflow and the pressure in ducts
are measured using an anemometer and a static pressure monometer, on a designed base point
to point measurement. Airflow guantity can be determined by Q = v*A in which v is the velocity of
a point [48]. The findings reveal a strong agreement between the predictions and the observed in-

field characteristics of the fan. On average, a discrepancy of approximately 5% is observed, which
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can be attributed to various factors, including simplifications in the model. For instance, the model
does not account for the blade-hub tip gap, as it becomes highly complex due to the presence of
the cylindrcal root, leading to intricate surfaces and edges. Additionally, uncertainties arise from
the expenmental measurement setup, the quality of the casted blades, assembly erors such as
non-uniform casing resulting from the rolling process, non-uniformity, and misalignments of the
blade angle, as well as differences in the real rotational speed. These conditions are considered

as fixed values and equal in the case of symmetrical patterns, in the simulations.

=
f

35 Degree
40 Degree
45 Degree
50 Degree
55 Degree
- =& - EXPEERIMENTAL DATA

Total Pressure (inH20)
B = kI L s LA R = o o

30 40 a0 60 70 &0 a0
Air Flow (CFM) x 1000

Figure 42
Experimental measurements versus numerical results

48 Sensitivity analysis and Design of experiments

A sensitivity study is conducted to determine the key parameters affecting the aerodynamic
performance of an axial-flow fan. The chosen variables include blade angle of attack, number of
blades, casing diameter, shroud tip-clearance, and rotational speed. In line with the fan laws, the
significance of diameter and rotational speed changes are considered, which are included in a
factonal design of experiment (DOE) for venfication purposes. A total of 324 design points are

defined by combining varations in different parameters.
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Table 9

Factorial design variables and their levels.

Parameter Levels Value
Angle of attack 1 40 /45 /507155
Blade tip clearance (mm) B 1/5/7
Rotational Speed (rpm) B 1200 / 1800 / 2500
Number of blades 3 10/12/715
Shroud diameter (in) 3 32 /36 /42

4 8.1 Parametric study implementation on high performance clusters

To facilitate a numerical study involving vanations in parameters, a parametric approach was
adopted. This involved using ANSYS Workbench design points, where essential simulation
properties were defined in a tabular format, allowing for the examination of different design points.
By employing high-performance processor units, precision was enhanced while significantly
reducing computational costs and the potential for human error. High-performance computing
(HPC) technologies were employed to support the numerical simulation processes. The simulation
configurations were initially set up on a personal computer and then transferred to a cluster
scheduler via a secure shell (55H) channel. To take advantage of parallel computation, the scripts
utilized the Intel MPI Library. The CFD analyses utilized a total of 240 cores from 2 x Intel Platinum
8260 Cascade Lake CPUs.

4 8.2 Data pre-processing and sensitivity analysis
Figure 43, shows the influences of various parameters on the value of the total pressure of the
fan. Figure 43-a, presents the effect of increase of angle of attack on the increase of the
performance of the axial-flow fan, as well as the effect of increase of the rotational speed (Figure
43-b). Number of blades in a rotor stage shows ascending effect on the performance, by increasing
the number of blades (Figure 43-c). Figure 43-d, shows that by increasing the casing diameter
(decreasing the hub-to-tip ratio), while the airflow rate increases, it results in a loss of pressure. In
the Figure 43-e, it can be seen that larger tip clearance values give less performance and the

smaller tip clearance values, result in higher amount of the pressure.
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Effects of different variables on the performance of the axial fan. a) Angle of attack, b)
Speed change, ¢) Number of blades, d) Casing size, e) Tip clearance

Figure 44 displays the normal probability plots for both total pressure and airflow rate. These plots
provide a visual assessment of the normality assumption of the residuals in the regression model.
The model summary, presented in Table 10, provides an overview of the regression model's
performance. It includes important metrics such as R-squared and predicted R-squared. The R-
squared value represents the proportion of vanance in the response variable that can be explained
by the predictor variables. In this case, the R-squared value of 93.35% suggests that
approximately 93.35% of the vanability in the response varniable can be explained by the predictor
variables included in the model. The predicted R-squared value estimates the model's predictive
performance on new, unseen data. The value of 92.17% indicates that the model can explain

approximately 92.17% of the variability in the response variable when applied to new data. Overall,
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by examining both the normal probability plots and the model summary, the regression results

indicate a relatively good fit and predictive performance of the model.
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Normal probability plot for Total Pressure (a), and Airflow Rate (b)
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Table 10
Regression model summary for both total pressure and airflow rate
R-sq R-sq(pred)
Airflow Rate | 93.35% 92 17%
Total Pressure | 86.97% B4 87%

Figure 45 presents the standardized effects of individual parameters and their combined effects
on the total pressure and airflow rate of the ventilator using a linear regression model. The results
of the regression analysis reveal that the rotational speed is the most influential parameter,
significantly impacting the fan's performance. Adjusting the rotational speed can lead to notable
improvements or changes in the overall performance of the fan. In addition, the angle of attack
demonstrates significant effects on both the airflow and the amount of pressure rise within the fan
system. This indicates that manipulating the angle of attack can effectively influence the fan's
ability to move air efficiently and generate the desired pressure levels. Moreover, the hub-to-tip
ratio plays a significant role in controlling the amount of airflow at the fan's outlet boundary. By
adjusting the hub-to-tip ratio, one can effectively control the volume of air being discharged by the

fan, thus affecting its overall performance.

While the number of blades and tip clearance do affect the fan's performance, their impact is
comparatively less pronounced than factors such as rotational speed, angle of attack, and hub-to-
tip ratio. Effectively optimizing the fan's performance necessitates a thorough examination of the
combined effects and interactions among these parameters. Analyzing the relationships between
rotational speed, angle of attack, hub-to-tip ratio, number of blades, and tip clearance is essential
for gaining valuable insights and achieving optimal outcomes. This comprehensive approach is

crucial for maximizing the fan's efficiency across diverse applications.
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Figure 45

Pareto chart of standardized effects of the parameters on the Total Pressure (left) and
Airflow Rate (right)

49 Optimization and design point prediction

The regression model serves the purpose of optimizing and predicting fan performance by
quantifying the effects of sensitive parameters. Table 11 presents the linear regression equations

for the airflow rate and total pressure outputs in the study.

Table 11

Regression equations for airflow rate and total pressure

Airflow | [(-82614) + (1380 x AOA) + (23.84 x w - (3592 x TC_5) — (263 x TC_7) + (1014 x
Rate ) NOB_12) — (2582 x NOB_15) + (4730 x D_0.457) + (27926 x D_0.527)

Total _ |(-17.79) + (0.2560 x AOA) + (0.004512 x w) - (0.080 x TC_5) —(0.329 x TC_7)
Pressure| [+ (0.158 x NOB_12) + (0.257 x NOB_15) + (0.655x D_0.457) + (2.169 x D_0.527)

These equations provide the estimated relationships between the respective parameters and the

comesponding outputs, allowing for predictions and optimization of fan performance.

Considering the manufacturer's desired operating designs for the 42" ventilator, several criteria
have been defined. The preferred operating region requires the ventilator to provide a minimum
airflow of 55000 cfm and a total pressure of 7 inH20. To meet these cnteria, the total pressure is
set as the ideal target at 7 inH20, while the airflow is aimed to be maximized. The values of the
parameters are allowed to vary within the range of existing design points. Table 12 presents
different setups that have been predicted using the regression model. These setups are aimed at
optimizing the airflow and total pressure rates while considering the desired operating criteria

specified by the manufacturer. Figure 46 exhibits one of the predicted optimal setups with a
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composite desirability value of 0.79. The predictions show that applying smooth increases or
decreases in the values of the parameters while considering their combined effects, can result in

the desired operating conditions for the underground-mine ventilator.

Table 12
Predictions for various optimal operating parameters and outputs
N Angle of Blade tip Rotational | Number | Casing Total Airflow
attack clearance Speed of Diameter | Pressure Rate
(degree) (mm) {rpm) blades (in) (inH20) (CFM)
1 55 T 1930 15 42 71 64370
2 58 T 1800 15 42 72 65400
3 533 1 1930 15 42 6.99 62300
4 55 1 1930 12 42 T 67890
1 Angle of Raitation Blade ti Mumber o Shroud r
O 0.7841 High 550 25000 ChOoy 15 0527
o Cur [52.0] [ 19300 CLO07 15 0527
Lo 40.0 1200.0 0001 10 0.406
- . -® » 'Y ®
Campasite
Desirability - .
O 0.7ra41
a _ [ - AL . . !
Maxirmum .
v = 6438E+04
d = 066626
L
L
DeltaP
Targ: 6.80 = . bl ] ] - *
y = 7.0960 .
d = 094546 L}
Figure 46

Desired optimal operating point
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4.10 Numerical validation of optimal design

To ensure that the optimization model is precise and reliable, a set of predicted optimal points are
numerically solved in this section. Based on the validated computational fluid calculations, the
parameters are set from the regression model outputs. The results show a good agreement
between the predictions and the simulations while respecting the power and efficiency limitations.
Table 13 shows the results obtained from the numerical simulations and their errors from the actual
predictions. The fan efficiency (n) is calculated based on the fan laws, in which, the motor input

power (MIF) is used to evaluate the efficiency of the fan [48, 100].

P
n=2*F 100 4-7
MIP
Q and P are the air flow rate (m®s"), and air pressure (Pa).
Description of fans and Fan Laws are explained in detail in Section 2 8.
Table 13
Numerical validation of optimal solutions and errors
Input | Average
Efficiency
N Total Pressure (inH20) Airflow Rate (CFM) (%) Powe Error
: r(HP) | (%)
Predictions | Simulations | Predictions | Simulations
1|71 6.62 64370 65330 68 413
2 (72 69 65400 65680 71 100 2.30
3 | 699 6.51 62300 64700 66 5.36
4 (7 72 67890 70450 80 3.32

The first optimal solution is chosen from Table 12 for further investigation to ensure that the fan
operates within the safe region of its operating conditions. The investigation involved examining
the pressure contours around the blade boundary within the domain, as well as analyzing the
velocity vectors. Figure 47 displays the combination of pressure contours and velocity vectors and
streamlines at 80% span. This visualization indicates that the ventilator is expected to perform
within the safe operating region and will not encounter stall conditions. Importantly, the
configurations predicted by the regression model adhere to the limitations imposed on power and

efficiency.
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The average errors for each row encompass the discrepancies between the predicted values of
total pressure and airflow rate obtained from the regression model and the corresponding
numerically obtained pressure and airflow values. These errors have been analyzed and found to
exhibit acceptable differences when compared to the reference values. These findings provide
assurance that the selected configurations dernved from the regression model meet the required

criteria and demonstrate satisfactory performance within the designated safe operational

boundaries.
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Figure 47

Pressure distribution, velocity vectors and velocity streamlines on the blade-to-blade
surface in 80% span

Additionally, the results indicate that utilizing 12 blades and 1 mm tip clearance on the fan
assembly achieves the desired airflow at the outlet boundary while also meeting the target
pressure. it admits the importance of the tip-clearance and its effects on the performance of the
fan [7]. It is important to note that the leading edge, trailing edge, and tip clearance significantly
contribute to the noise generated by a running fan. Therefore, reducing the number of blades will
lead to noise reduction, as well as potential benefits in terms of cost, weight, and energy

consumption for the ventilator, while maintaining comparable performance characteristics.

411 Conclusion
Ventilation is crucial in underground mining safety, but it involves significant energy and
maintenance costs. This study aims to optimize the design of Chincok type ventilation fan,

considering safety, energy, maintenance, and cost factors.



115

The study applies Computational Fluid Dynamics (CFD) simulations to 3D scanned blade
geometry, validates the methodology with experimental measurements, and uses the results to
derive a performance curve for the fan, identifying safe operating regions and stall occurrences.
Fluid-structure interaction and modal analyses ensure the stability of the ventilator. The efficiency
of the fan drops to 47% in stall and the blade-root intersection is found to be the most critical region
in context of fatigue. Post-validation, a design of expernments studies various parameters,
identifying rotation speed, angle of attack, and hub-to-tip ratio as key. A regression methodology
links these parameters to fan performance. Optimization suggests that reducing blade count from
15 to 12 and decreasing the tip-clearance can improve performance by 9% with significant

improvement in noise, cost, weight, and energy consumption.

These findings provide valuable insights into the performance of the fan and offer opportunities for
optimizing its design to enhance efficiency and cost-effectiveness. Possible future works in this
area of research includes expanding the investigation to modifying the blade profile using
intelligent approaches coupled with computational fluid dynamics to achieve better performance
while reducing the noise produced by the fan. Another study can be conducted on structural

optimization of the hub and overall fan, to reduce the increase in the stiffness-weight ratio.
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5. OPTIMIZATION OF UNCONSTRAINED PROBLEMS USING A DEVELOPED
ALGORITHM OF SPECTRAL CONJUGATE GRADIENT METHOD CALCULATION

Cet article est rédigé par Hatem Mrad et Seyyed Mojtaba Fakhari a été publié dans la revue

Mathematics and Computers in Simulation en 2024.

51 Résumé

Cet article présente une étude numérique sur la formulation des directions conjuguées spectrales
pour l'optimisation des problémes non contraints. Un nouvel algorithme modifié est proposé, basé
sur la méthode du coefficient de gradient conjugué. L'algorithme utilise les conditions de recherche
linéaire inexacte de Wolfe pour déterminer la longueur de pas optimale a chaque itération et
sélectionne en conséquence le coefficient de gradient conjugué approprié. L'algorithme est évalué
a travers plusieurs expériences numérigues utilisant différentes fonctions non contraintes. Les
résultats indiquent que l'algorithme est hautement stable, quel que soit le point de départ, et
présente des taux de convergence et une efficacité supérieure par rapport aux méthodes
classiques dans certains cas. Globalement, cette recherche propose une approche prometteuse

pour résoudre les problémes d'optimisation non contraints.

Mots-clés : méthode du gradient conjugué spectral, optimisation, conditions de recherche de
Wolfe

Abstract

This paper presents a numerical investigation of the spectral conjugate directions formulation for
optimizing unconstrained problems. A novel modified algorithm is proposed based on the
conjugate gradient coefficient method. The algorithm employs the Wolfe inexact line search
conditions to determine the optimum step length at each iteration and selects the appropriate
conjugate gradient coefficient accordingly. The algorithm is evaluated through several numerical
experniments using various unconstrained functions. The results indicate that the algonthm is highly
stable, regardless of the starting point, and has better convergence rates and efficiency compared
to classical methods in certain cases. Overall, this research provides a promising approach to

solving unconstrained optimization problems.

Keywords: spectral conjugate gradient method, optimization, Wolfe search conditions
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52 Introduction

Due to its accuracy and convergence rate, the Conjugate Gradient (CG) method remains a popular
choice for solving a wide range of multivariable objective functions. In recent years, many authors
have developed new, high-perfformance CG methods, focusing on improving CG coefficients and
algorithms to ensure optimal performance and global convergence for different types of CG
optimization problems [32, 101, 102]. These problems are typically grouped into three main
categories: classical, scaled, hybrid, and parameterized CG. The key challenges these works
address include accurately calculating step length and determining successive orthogonal
conjugate directions until the optimal point is reached [35, 103]. Meeting these challenges depends

heavily on the line search algorithm used and the method for evaluating CG coefficients.

Let us consider the nonlinear unconstrained optimization problem:

min{f(x): x € R}, 5-1

where f(x): R® — R is a bounded, continuous, and partial differentiable function.

The classic steepest descent method based on gradient direction reaches its limits when: (i)
starting point xpis far from the optimum solution, (ii) objective function admits several local minima
(i) non differentiable function. Therefore, a better algornthm based on the conjugate gradient

method must not only converge to an optimum point x*, but also converge faster.

Finding a set of n linearly independent directions {d,, ..., d,} allows to represent each point x € IR®

of n-dimensional space as a linear combination:

n—1

X =2Xp + Z ﬂ:fdi 5_2
i=1
The vectors {d,, ..., d,} are H-conjugate if they are linearly independent and:
d;"Hd; =0, Yi#j 5-3

The use of conjugated directions allows calculating iteratively a sequence xx to the minimum x* of

f, in which:

Xppy1 — Xg + akdk N k= 1, 2, - 5-4

where each direction dy is determined by:
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—gx ;i k=1

dy = [ 5.5
T gk + Bredy—y ik = 2

Conjugate gradient coefficient fr€ R was proposed in several previous works by Polak and Ribiere

(PR) [104], Liu and Storey (LS) [105], lastly Conjugate Descent (CD) [106], and Dai and Yuan

(DY) [107], respectively.

PR _ gx" (G5 — Gre—1)

5-6
P lgs—all®
LS ri(ﬂk — Gr-1) QkTJ’kﬂ
B =— T =——F 5-7
dr—1 Gr-1 dr—1 Gr—1
2
ﬁkCD _ ”H:” 5.8
Ap—1 Jr—1
Il g II*
ﬁkDY _ H: 5.9
di—1 V-1
where y._; = (g —8,—;) and |.| denote the gradient change and the Euclidean norm,

respectively.

To find the minimum of the general nonlinear function f(x), one needs to find a root of Vi(x)=0.

The residual rx+1 at iterate xx+1 can be written as:

Tie+r = VF(x) - VF(x41) 5-10

For nonlinear function is no longer practice using a closed form expression of the step length a,

asin:

T T T

= 5-11
dy." Hedy,

ety
Instead, the Wolfe inexact line search conditions [108] were usually chosen in the conjugate
gradient. These conditions ensure sufficient rate of decrease of function value in a given direction
by considering the intersection of the acceptable step length for Armijo [109] and Wolfe conditions.

Then, the step length ax must satisfy the following two inequalities:
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[ + apdy) = f(x) + 8 apgrdy 5-12
lg (xx + apdy)Tdy| = —oggdy 5-13
Where 0< 8 = o <1

According to these conditions, we need to solve a one-dimensional optimization problem in oy at
each iteration for fixed x and dx. This problem is always computationally expensive. Indeed, Wolfe
inequalities provide an efficient way to determine the acceptable range of ax to ensure a sufficient

decrease of the function value.

Motivated by the success of the scaled conjugate gradient method family (SCGM) [110-112]
introduced by Birgin and Martinez [111], a modified method is presented in this paper. The
following section describes the SCGM and the novelty of the proposed method. The validation of
the cited methods is individually detailed in deep by the former authors [110-112].

This paper presents an algorithm that utilizes the conjugate gradient method for optimizing
nonlinear functions. The algorithm employs a mixture of three different conjugate gradient
coefficients to achieve a quicker and seamless convergence. The paper mainly focuses on an
adaptive numerical approach for selecting the optimal conjugate gradient coefficient. The
coefficient is determined based on the combination of two factors: (i) the Wolfe inexact line search
conditions and (ii) the behavior of the optimization algorithm during runtime. The selection of the
optimal coefficient is highly dependent on the specific conditions and the problem being solved at
each iteration. Therefore, determining the best choice for a particular problem requires several
numerical experiments using previously published conjugate gradient coefficients (LS, CD, DY,

etc.).

53  Modified SCGM

In order to minimize the number of iterations and maximize the rate of decrease of the function
value in a given direction, the Wolfe inexact line search direction is utilized. Conjugate gradient
coefficients proposed by [104-107] (B™. f= B<C. B°F) have finite convergence proprieties for
quadratic objective functions. However, these methods will have different behaviour, especially for

non-quadratic functions under the inexact line search.

In this study, we employ the & and o parameters in the basic CG algorithm to select the most

efficient gradient coefficient, which ensures fast and stable convergence. We modify the
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algorithm's approach to choosing the efficient coefficient by considering the following cases: B-",
Bx“C, B"Y. A new CG coefficient B will be calculated at each iteration according to cases
mentioned above. The main objective of this study is to bring the conjugate directions {dk; dks1}
closer to zero at each iteration, thereby facilitating the optimization process. To achieve this
objective, we propose a new formula for the conjugate gradient coefficient, which considers the

following cases:

'3 T
d._y gy
(a) 0, —
-1 Gr—1
dk—lrgk
mMr _ ) (b) max10, mm{ﬁk”,ﬁkm} . g <—
B =1 { ] de—1" Gx—1 5-14
||£T;|:c||z dk—1Tﬂk -
() 8§ ———, = =8
de—1 Ok di—1 (Gx — Grx—1)

The special case of 8,™F = 0 leads to the steepest descent method {Nocedal, 1999 #220}.
The modified algorithm is given as follows:

Step 1: Datax; € IR" ; e20; set di = -gq; If llg;|| = g, then STOP

Step 2: Compute oy by the Wolfe line search conditions (5-12) and (5-13)

Step 3: Let x4y = % + ogdy ; 8rs1 = 8(Xp41) ; If lg4ll = £; then STOP

Step 4: Compute ﬁHIMF by (5-14), and generate d;., by (5-5)

Step 5: Set k=k+1, go to Step 2

54 Results and discussion

In order to measure the stability and accuracy of the proposed optimization algorithm, some
objective functions must have been studied. If we focus on N-dimensional quadratic functions,
they converge in a maximum of N iterations using conjugate gradient method. Otherwise, the
conjugate gradient method needs more investigation for the general functions (non-convex,
nonlinear, multivariate, with multiple local minimums). Current numerical experiments were
performed on a seres of popular nonlinear unconstrained functions with at least first derivatives

available.
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The proposed conjugate gradient algorithm results are compared to PR, DY, CD and LS methods
under Wolfe line search conditions. The implementation of the algonthm is done with the following
parameters: 5=0.01, 0=0.6; ||g|| = £ = 10 (stopping criteria); N=5000 (maximum iteration number).
Codes are wrtten in MATLAB R2022a edition, with double precision and run on a PC with
Windows 10 operating system, Intel core 3.60 GHz i7-4790 CPU processor and 32.0 GB of RAM.

As shown in figure 49, and figure 51, the convergence was obtained for most of the programmed

cases. However, the behaviour of the proposed algorithm for some cases is found to be different.

As expected, the chosen value of initial step length, a,, is very important to ensure convergence.
As shown in figure 49b, increasing a from 1.4 to 1.6 causes strong convergence instability. When
a1=1.6 the algorithm leads to an arbitrary path to finally converge to a local minimum. This behavior
occurs because, at the boundary between two local minimums, Wolfe line search conditions ignore
saddle points. Step length and programming parameters can be set to a specific value once a
desired local minimum has been identified to avoid multiple jumps between local minimums. This

approach effectively stabilizes the optimization process.

According to the numerical results, it can be seen that the step length and iteration number are
very similar at the beginning of the iterations. Numerical results of two selected test functions with
respect to the CD, DY and LS methods are reported in Table 14, to show the effectiveness of the

proposed algorithm.

541 Ackley's function
This function is characterized by a nearly flat outer region, and a large hole at the center. For
several optimization algorithms, this function poses a main risk of being trapped in one of its many

local minima, as shown in Figure 48.

1 |1 1v
f(x) = —20exp|—= —Z x?|—exp ’——Z cos(Zirx,-)] +20+e 5-15
5 = =

Where n is the dimension (1, 2, ...); and x = (%, ...,x,)T. This function has a global minimum f* =

0 atx* =(0,...,0).

In its two-dimensional form (n=2), Ackley's function can be written as:
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f(x)p=2 = —20exp [—ﬂ.Zml' 0.5(x% + yz}] —exp[—0.5 cos(2nx) + cos(2my)] + 20+  5-16

Figure 48
Ackley test function. a) 3D view, b) 2D view.



Figure 49

b)

d)

Ackley test function iterations paths for x1= (0.1, 0.1).

a)p=Px . b)B=Bx .c)B=PBx .d)B=Bx

55 Beale test function
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The Beale function is multimodal, with sharp peaks at the corners of the input domain (Figure 50),

which is defined from the general Beale function as follows:

F(x) = [L5 — x;(1 — 1)1 + [2.25 — x,(1 — 5,2)]2 + [2.625 — x, (1 — 5,2)12, x= (1,1)7

5-17

This function is also used as a test function to evaluate the performance of optimization algorithms.
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Figure 50
Beale test Function a) 3D view, b) 2D view

a) b)

Figure 51
Beale function iterations paths for x1=(1,1).a) B = B, b) B = B"". ¢) B = Bx" ", d)
B=PBr
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For further investigation, the initial point is chosen as (1, 0.8) for applying all CG coefficients.
Results show that the proposed approach follows a better trend and converges faster than the
others in lower ranges of o. Figure 52 show the comparison of the numerical results of Beale test

function for different CG coefficients and the proposed algorithm for the initial point of (1, 0.8).
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Figure 52
Comparison of the numerical results of Beale test function for different CG coefficients
and the proposed algorithm for the initial point of (1, 0.8).

Table 14
Convergence speed comparison for Basic CG methods
Test function CG coefficient Niter
B =Bx"" 26
B = B." 226
Ackley 5= 5% 42
B=8" 35
B=Bx" 32
B=F" 87
Beale 5= 5.2 26
B =B" 92

We observed that the Conjugate Descent (CD) conjugate coefficient is less stable when compared
to the other cases. Therefore, we use the Polak and Ribiere (PR) coefficient to compare the
performance of different coefficients. Table 15 presents the numerical results of the proposed CG
coefficient ﬁkHF and Liu and Storey (LS), Polak and Ribiere (PR), and Dai and Yuan (DY)
conjugate coefficients. Numerical comparisons are listed in the form of Nigr, Feva, Wwhere Ny and
Feva are the number of iterations, and function evaluations, respectively. Our proposed algorithm

outperforms the other coefficients in various convergence cases [113, 114]. Specifically, the MF
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method exhibits smooth convergence in most cases, surpassing the perfformance of PR, DY, and

LS conjugate gradient coefficients.

Table 15

The performance of MF, PR, DY and LS methods according to unconstrained test

functions.
Test Function MF LS DY PR

Niter |  Feval Niter Feval Niter Feval Niter Feval

Booth 61 1.69E-13 | 61 1.57E-13 61 1.57E-13 61 1.57E-13
Beale 32 9.04E-13 | 36 9.00E-13 92 7.02E-12 - Inf
CrossinTray 23 -2.06261 | 23 -2 06261 23 -2 06261 23 -2 06261
DropWave 23 -1 23 -0.93625 22 -0.93625 22 -0.93625
Easom 20 -1 20 -1 20 -1 20 -1
Griewank 26 6.69E-13 | 27 7.54E-13 27 7 54E-13 27 7.54E-13
Himmel blau 27 1.25E-14 | 41 9.30E-15 41 9 30E-15 41 9. 30E-15
Holder Table 31 -19.20 27 -19.2085 27 -19.2085 27 -19.2085
LeviN13 127 | 1.67E-13 | - Inf - - Inf
McCormick 30 -1.91 33 -1.91322 33 -1.91322 33 -1.91322
Rastrigin 24 0 27 0 12 0 12 0
SchafferN1 15 1.09E-10 | 15 1.08E-10 15 1.08E-10 15 1.08E-10
SchafferN3 26 92TE-14 | 26 8.85E-14 26 B.85E-14 26 B.85E-14
Sphere 28 1.92E-13 | 28 21TE-13 28 21TE-13 28 217TE-13
E';:::IH”""’ 47 |266E-13 |51 |[299E01 |51 |255E13 |36 |1.65E-13
Matyas 71 B8 49E-12 | 52 5 TTE-12 52 5 TTE-12 49 1.19E-11
Trid 31 -2 ar -2 a7 -2 a7 -2
Branin 47 0.3980 48 0.397887 48 0.397887 48 0.397887
Schwefel 31 -418.983 | 31 -418.983 31 -418.983 31 -418.983
Six hump camel | 30 -1.03163 | 33 -1.03163 31 -1.03163 33 -1.03163
Rosenbrock 82 765E-07 | 296 |99773e07 |73 9. 4668e-07 | - Inf

When comparing the basic conjugate gradient coefficient methods, it is evident that the proposed

coefficient (B, *F) exhibits the best average performance among the other methods. Therefore, we

will use the MF method as the base to evaluate efficiency. Specifically, we will collect the number

of iterations required to achieve convergence for each problem using the four methods. Then, we
will define the ratio of the total iterations for the PR, LS, and DY methods with respect to the

number of iterations of the MF method as follows:
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N‘I‘ot{i)

= 5-18
Nro: (MF)

R;
Where R;, denote the relative efficiency of a selected CG method (DY/LS/PR), while Nygy and
Nratmr), represent the total number of iterations required for the selected method and the MF

method to converge, respectively.

Table 16

Relative efficiency of CG methods
MF LS DY PR
1.00 1.37 1.06 1.13

Table 16 shows the relative efficiency of the four mentioned CG methods. A value of Rmr = 1
serves as the base of comparison, indicating the performance of the MF method. However, the
CD method is excluded from this comparison due to its instability. The DY method exhibits faster
convergence than the LS and PR methods among the remaining basic CG methods. However, it
may suffer from divergence for certain difficult functions. On the other hand, the MF method

performs well even in such challenging cases, showcasing its robustness and efficiency.

56 Conclusion

This paper proposes an efficient algorithm to optimize nonlinear functions using the conjugate
gradient method. A combination of three conjugate gradient coefficients is used to ensure faster
and smooth convergence. The following conclusions can be drawn regarding the numerical

implementation and particular convergence cases:

= 5Step length is calculated at each iteration using Wolfe inexact line search.

* Results show that the choice of & and o coefficients was significant. Furthermore,
optimum accuracy and iteration number depend strongly on the wvalue of these
coefficients.

* The proposed conjugate gradient coefficient method (Bue) demonstrates better average
performance compared to other basic methods, and the MF method is used as the base
to evaluate efficiency. The relative efficiency (R;) of selected CG methods (DY/LS/PR)
is determined by calculating the ratio of total iterations required for convergence with
respect to the MF method.

* The DY method has faster convergence than the LS and PR methods, but it may
experience divergence for difficult functions. In contrast, the MF method exhibits

robustness and efficiency even in challenging cases.
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* The MF method is much more efficient and stable than basic classic methods, which
rely on a single conjugate gradient coefficient.
* Numerical demonstrations show the global convergence of the proposed algorithm

under specific conditions.

Overall, the proposed algorithm with Bwmre conjugate gradient coefficient shows superior
performance and robustness compared to other basic methods, which can be attributed to the use

of three conjugate gradient coefficients and the optimization of the & and o values.
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6. AERODYNAMIC SHAPE OPTIMIZATION OF NACA AIRFOILS BASED ON A NOVEL
UNCONSTRAINED CONJUGATE GRADIENT ALGORITHM

Cet arficle est rédigé par Seyyed Mojtaba Fakharn et Hatem Mrad a été publié dans la revue
Journal of Engineering Research en 2023.

6.1 Résumé

Les profils aérodynamiques sont essentiels pour maximiser l'efficacité des turbomachines. La
configuration idéale du profil est concue pour générer une portance significative tout en minimisant
la trainée, tout en respectant des contraintes structurelles spécifiques. Cette étude propose un
algorithme innovant basé sur des technigues de gradient conjugué non contraint pour optimiser
la forme aérodynamique des profils. Les profils NACA4412 et NACAZ2415 sont examinés en détail.
La méthode de paramétrisation Bézier est utilisée pour définir les variables de conception.
L'optimisation est réalisée a 'aide d'un code MATLAB et du solveur de flux basé sur la méthode
des panneaux XFOIL pour atteindre les résultats aérodynamiques souhaités. Le processus
d'optimisation a amélioré les performances aérodynamiques en augmentant le rapport
portance/trainée et en réduisant l'angle d'attaque pour obtenir le rapport portance/trainée
maximum. Une augmentation de 13,7 % des performances pour le profil NACA 4412 et de 32 %
pour le profil NACA 2415 a été réalisée. Les comparaisons avec les méthodes traditionnelles ont

démontré l'efficacité et la robustesse de l'algonthme proposé.

Mots-clés : méthode du gradient conjugué non contraint, optimisation, profils NACA,

paramétrisation Bézier

Abstract

Airfoils are key factors in maximizing the efficiency of turbomachinery. The ideal configuration
of the airfoil is engineered to produce significant lift while minimizing drag, all while adhering to
specific structural limitations. In this investigation, an innovative algorithm based on
unconstrained conjugate gradient techniques to optimize the aerodynamic shape of airfoils is
proposed. NACA4412 and NACA2415 airfoils are chosen to be investigated in detail. Bézier
parametensation method is employed to define the design variables. Optimization is conducted
utilizing a MATLAB code and the XFOIL panel method-based flow solver to attain the desired
aerodynamic outcomes. The optimization process enhanced aerodynamic performance by

increasing the lift-to-drag ratio and decreasing the angle of attack for maximum lift-to-drag ratio.
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An increase of 13.7% in performance for the NACA 4412 airfoil and 32% for the NACA 2415
airfoil was achieved. Compansons with traditional methods demonstrated the efficiency and

robustness of the proposed algorithm.

Keywords: unconstrained conjugate gradient method, optimization, NACA airfoils, Bézier

parametenisation

6.2 Introduction

Aircraft aerodynamics heavily relies on airfoil design for reducing drag and enhancing efficiency.
Traditionally, wind tunnels have been crucial for this process. Achieving high lift-to-drag (C/Ca)
ratios is vital in applications such as wind turbine blades, where various constraints must be
considered. Optimization involves minimizing or maximizing quantities while meeting specified
constraints. This field has evolved since the seventeenth century, with significant advancements
driven by mathematical theory and algorithm design. Increasingly powerful computing has led to
widespread optimization applications across disciplines such as economic studies and
managements [115, 116]. Classification of problems based on properties helps define scope.
However this optimization must be studied in case of Fluid Structure Interaction analysis to

investigate the structural [B9] and aeroelastic behavior of the airfoil [83, 117].

Nomenclature

Jnift) Bemstein function L lift force

Bi Bézier polygon's vertices D drag force

H Hessian 5 airfoil area

a, CG step length Re Reynold’'s number
[A CG coefficient Ma | Mach number

Although initial efforts relied on a basic steepest descent approach [118, 119], the intricate non-
linearity present in both aerodynamic objective and constraint functions has spurred the
preference for second-order optimization techniques. This inclination stems from the necessity to
account for curvature inherent in the design space. Notably, methods such as conjugate gradient
and quasi-Newton algorithms have gamered favor due to their ability to incorporate considerations
of design space curvature without requiring direct evaluation of the Hessian matrix. In a recent
study, the conjugate gradient method is employed for aerodynamic optimization of a benchmark
problem [120]. Kishida et al. proposed a developed method based on the concept of Newton's

method [121, 122]. Optimization problems in image processing, such as image reconstruction,
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denoising, and segmentation, often employ unconstrained conjugate gradient methods to
minimize energy or cost functions associated with these tasks [123, 124], on the other hand, in
finance, conjugate gradient methods are used in portfolio optimization, option pricing, and risk
management to find optimal investment strategies and manage financial risks effectively [125].
Optimization problems in engineering design, such as structural optimization, control system
design, and parameter estimation, frequently utilize unconstrained conjugate gradient methods to

optimize design parameters and improve system performance [126].

Hager et al. proposed a new Conjugate Gradient method incorporating a novel line search
technique, referred to as L-BFGS. They conducted extensive numerical comparisons between the
proposed method and traditional Conjugate Gradient (CG) methods using unconstrained
optimization problems and approximate Wolfe conditions. The results demonstrated the efficiency
and robustness of the new method. However, traditional CG methods continue to exhibit superior
efficiency in certain scenarios. [127]. Liu J.K et al. introduced a novel approach called the spectral
conjugate gradient method for addressing unconstrained optimization problems. In this method,
the conjugate parameter and the spectral parameter adhere to a specific relationship. Importantly,
the search direction ensures sufficient descent without needing to restart the process per iteration.
Unlike some other methods, this feature remains consistent regardless of any line searches. The
authors also establish the global convergence of their method under standard Wolfe line searches,
provided that a certain condition regarding the conjugate gradient coefficient is met. [128], Later
Mrad H. and Fakhari S.M. proposed a novel conjugate gradient method introducing a novel
gradient coefficient to solve the unconstrained optimization problems employing the Wolfe inexact
line search conditions to determine the optimum step length at each iteration and choose the
appropriate conjugate gradient coefficient accordingly. The results indicate that the algorithm is
highly stable, regardless of the starting point, and has better convergence rates and efficiency
compared to classical methods in certain cases [129] .The drag minimization is a common
objective function as a single-point optimization; therefore, it can lead to non-robust solutions [130,
131]. Other studies are carried out about multi objective applications of optimization approaches

[132] which can cause a high CFD evaluation cost depending on the number of design varniables.

Sederberg et al. introduced a free-form deformation method for solid geometric models,
compatible with any solid modeling system like CSG or B-rep. It can deform various surface
primitives, both globally and locally, while preserving volume. Local deformations can maintain
desired derivative continuity. The method uses trivariate Bernstein polynomials for intuitive design
effects [133]. The PARSEC parameterization method, introduced by Sobieczky, is tailored for
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airfoil shapes, allowing for the expression of a diverse range of shapes without reliance on a
baseline shape. This feature enhances its effectiveness in airfoil optimization tasks [134].
Snpawadkul et al. conducted a comparison of five different techniques for airfoil shape
parameterization, including Ferguson's curves, Hicks-Henne bump functions, B-Splines,
PARSEC, and Class/Shape function transformation. The evaluation criteria included Parsimony,
Intuitiveness, Orthogonality, Completeness, and Flawlessness characteristics to assess the
effectiveness of these parameterization technigues [135]. In another study Bézier-PARSEC
parameterization method is employed along with neural networks for better results. Mukesh et al.
introduced the PARSEC geometry representation method to describe general airfoil shapes using
twelve parameters and utilized a Genetic Algorithm to optimize aerodynamic characteristics. They
developed a MATLAB program integrating PARSEC, Panel Technique, and Genetic Algorithm,
tested it on a NACA 2411 airfoil, and validated the optimized airfoil using wind tunnel data, showing
an improved lift coefficient compared to the original [136]. Della Vecchia et al. employed PARSEC
shape parameterisation method in conjunction with genetic algorthm for airfoil optimization [137].
Salunke et al. investigated the combination of Bézier curves and PARSEC methods [138].
Rajnarayan et al. investigated the efficiency of B-Spline methods and showed that the
parameterisation using different approximation methods are higher order Bézier curves [139]. Lu
et al. proposed a novel parameterization method called the IGP method. They showed
comparative aerodynamic performance results between the fitted airfoils and original airfoil shapes
[140]. Bézier curve shape parameterisation method and radial basis function interpolation is used
by Yang et al. for aerodynamic optimization employing genetic algorithm [141]. Hansen proposed
an optimization method in which the class-shape-transformation technique is utilised for airfoil
parameterisation and the derivative-free Covariance Matrix Adaptation Evolution Strategy is used
in combination with an adaptive penalty function to find the optimal point. The XFOIL flow solver
is employed to perform the analysis [142]. Later another study is carried out using the B-Spline
shape parameterization method. Hybrid evolutionary-adaptive directional local search method is
used employing XFOIL and a two-dimensional RANS solver for airfoil multi-objective optimization
purpose [143]. Umitli et al. investigated an airfoil optimization using Bézier curves and genetic
algorithms. The research shows an enhancement in lift coefficient value which is validated using
XFOIL and Ansys fluent [144]. On the other hand, surrogate methods demonstrate impressive
efficiency, precision, and robustness in high-dimensional spaces compared to CFD solutions or
direct calculations [145]. Examples of these applications include the multi-fidelity deep neural
network (MFDNN) model [145], Convolutional Neural Network (CNN)[146] and Multivanate
Adaptive Regression Splines (MARS) based methods. The Multivariate Adaptive Regression
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Splines method is a non-parametric regression technique that models complex, non-linear
relationships by fitting piecewise linear splines to data. It automatically selects and combines the
most relevant input variables to create an accurate predictive model [147]. Access to extensive
datasets from experimental or simulation results enables the use of advanced Spline-based
surrogate methods. Innovations such as Conic Multivariate Adaptive Regression Splines
(CMARS), SMARS, SCMARS and GPLM offer enhanced time efficiency in data mining. These
methods employ a penalized residual sum of squares and mapping techniques to improve
performance and efficiency, achieving superior accuracy, complexity, stability, and robustness
compared to existing methods [148-150]. Additionally, the RCMARS technique further contributes
to robustness in these applications [151]. Integrating MARS with Global Response Surface (GRS)
and Move-Limit Strategy (MLS) represents a novel engineering approach, advancing structural

design optimization [152].

While surrogate models offer computational efficiency, they require extensive datasets for training
and validation, which can be resource-intensive to generate. Conversely, in optimization cases
with a manageable number of iterations, using computational methods like XFOIL can provide
accurate and reliable performance evaluations without the extensive data requirements of
surrogate models. This approach simplifies the setup process and maintains acceptable
computational times, making it a practical choice for direct and precise optimization. The main
objective of this study is to apply the unconstrained conjugate-gradient optimization method
combined with Wolf inexact line search conditions, employing a new approach to compute the
conjugate gradient coefficient BM7, which is introduced in a recent publication by the authors [129].
This novel coefficient significantly improves the convergence properties of the optimization
algorithm, making it more efficient and robust compared to traditional methods. By introducing this
advanced coefficient, we achieve a higher degree of precision and flexibility in defining airfoil
geometry. Bézier parameterization technique is utilized, ensuring a smooth and aerodynamically
optimal airfoil profile. This innovation not only enhances the efficiency and accuracy of airfoil
design but also provides a substantial theoretical advancement in optimization methods, offering

new perspectives on achieving optimal solutions in aerodynamic design problems.

In this study, MATLAB R2023a is employed for conducting both parameterization and optimization
procedures, leveraging its computational capabilities to handle complex calculations efficiently.
Additionally, the XFOIL 6.99 solver is used for flow analysis, providing accurate aerodynamic
performance predictions. This combination of state-of-the-art tools and methodologies not only

streamlines the optimization process but also ensures the reliability of the results.
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In this study, the Bézier airfoil parameterization method is employed to define the design varables.
The selected parameterization technigue utilises six control points. Among these points, two are
anchored at the airfoil's origin and tip, while the remaining control points are adjusted to define the

optimized airfoil profile.

6.3 Airfoil shape parameterization

Airfoil shape parameterization is a pivotal aspect of aerodynamic design, involving the
representation of an airfoil's geometry in a mathematical form. It enables efficient manipulation
and optimization of the airfoil's shape to enhance its performance charactenstics. Various
techniques, such as FFD [133], Spline-Based Methods [153], PARSEC [154] and Bézier methods
[153, 155], are commonly employed for parametenizing airfoil shapes, providing a versatile
framework for aerodynamic optimization studies. Free-Form Deformation (FFD) is highly flexible
and allows extensive deformation of the airfoil shape, but this can lead to a high-dimensional
design space, complicating optimization. FFD offers global shape control, yet it lacks the precise
local control of Bézier curves, making fine-tuning challenging [133]. Polynomial-based methods
like PARSEC provide a compact representation with polynomial coefficients, capable of capturing
a wide range of shapes but struggling with complex geometries. These methods offer global shape
control, but adjustments to one coefficient can have widespread effects, reducing local control
compared to Bézier parameterization. Splines, including B-splines and NURBS, offer high
flexibility and can model very complex shapes with smooth transitions, but managing a large
number of control points can become complex and computationally intensive. Compact Airfoil
Parametenzation (CAP) methods reduce the number of parameters needed, maintaining flexibility
but potentially sacrificing detail in highly intricate shapes [153]. CAP provides a balance between
global and local control but may not offer the same intuitive local control as Bézier curves. In
conclusion, Bézier airfoil parameterization stands out for its combination of smoothness, local
control, simplicity, and computational efficiency, making it particularly well-suited for precise and

efficient aerodynamic optimization tasks.

6.3.1 Bézier curve
In this study, the airfoil shape is defined using Bézier curves. The point cloud for the airfoil shape
is chosen to calculate the Bézier curves to perform the aerodynamic performance analysis. A

parametric Bézier curve can be defined as follows [153]:
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P(t) = Z BiJ,.:(t), 0=t=1, 6-1
i=0

Jni® = (7))t -0, 6-2

!
BE ﬁ 6-3

where B; is the Bézier polygon's vertices, Jnit) is the Bermnstein function and n is the degree of

Bemstein basis function.

Z": Jni(t) =1 6-4
i=0

As shown in Figure 53, the Bézier parameterization is basically combination of two curves

commesponding the upper and lower surface of the airfoil.
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Figure 53
Bézier airfoil presentation.

To ensure the uniformity and continuity of the curves in the junction points, one must consider the

first and second denvatives of the Bézier curves.

P'(t) = Z BiJ' ni(t), 6-5
i=0
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P(t) = Z B i (1), 6-6

i=0
where derivatives of the basis function could be expressed as follows:

(i —nt)

J ni(t) = prepsy Jn i (E)- 6-7

. - nt)? — (nt)? — i(1— 2t)
n.i{t) - tz{l . t)z

.fﬂ..l-. {t) 6-8

6.4 Airfoil optimization technique

The main goal of this study is to implement a developed unconstrained spectral conjugate-gradient
optimization algorithm [129] for the sake of airfoil aerodynamic shape optimization. To be able to
employ the gradient-based optimization algorithm, the direct optimization method is chosen. For
this purpose, an original airfoil shape is chosen to initialize the algorithm. The airfoil shape is
parameterized using the Bézier curves employing a set of control points, the XFOIL solver is used
to calculate the drag coefficient. The objective function in this study is chosen to be the
minimization of the drag coefficient Cs. Once the initialization is done, the optimizer will search for
new control points and XFOIL will be called via MATLAB code, and the loop will continue until
either the minimization criteria or the maximum iteration is reached. Figure 54 illustrates the

outlines and steps of the optimization approach.

6.5 Flow analysis

XFOIL open-source solver code written in Fortran is employed to perform the flow analysis around
the airfoil. XFOIL (V6.99) is an interactive program created by Drela and Youngren at the
Massachusetts Institute of Technology [156]. A panel method solver combined with an integral
boundary layer formulation. XFOIL operates primarily in the subsonic flow regime and is capable
of predicting the lift, drag, and moment coefficients for isolated airfoils. The low computational cost
and precision level of XFOIL analysis results are promising, which makes it a great option in this
study. For a given airfoil profile, XFOIL will calculate the resulting lift and drag coefficients in
different angles of attack and Reynolds numbers. In the case of the NACA 4412 airfoil, when
considering a fixed Ci= 1 value, the C/Cq ratio is slightly overestimated. Specifically, the C/Cq
value for the actual airfoil is reported as 107.5 at 6°, while XFOIL predicts it to be 108.4, resulting
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in a difference of less than 1%. The solver is called from MATLAB code to calculate the drag

coefficient Cq to use it as the minimization objective function [157].
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Figure 54
Proposed Unconstrained CG optimization procedure.

6.6 Optimization methods

While the standard conjugate gradient method is efficient, it may lack the rapid and robust
convergence exhibited by the spectral variant, especially when dealing with intricate geometries
and highly nonlinear objective functions [158], on the other hand, despite its simplicity, gradient
descent often suffers from slow convergence and sensitivity to step size selection, making it less
suitable for high-dimensional and nonlinear optimization tasks compared to spectral conjugate
gradient methods [159]. Offering rapid convergence via second-order derivative information,
MNewton's method can be computationally demanding due to the necessity of computing and
inverting the Hessian matrix. In contrast, the spectral conjugate gradient method strikes a balance
by approximating the Hessian without the need for its full computation. Although efficient and
robust, quasi-Newton methods typically demand more memory and computational resources for
maintaining and updating the Hessian approximation. The spectral conjugate gradient method

presents a more memory-efficient alternative [160].
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The spectral conjugate gradient method emerges as a comprehensive optimization approach for
airfoil design, offering rapid convergence, computational efficiency, robustness, and scalability.
These attributes position it as a superior choice for aerodynamic optimization compared to

standard conjugate gradient, gradient descent, Newton's method, and quasi-Newton methods.

6.6.1 Conjugate gradient
General expression of unconstrained minimization of F(x) objective as a function of a design vector

¥ can be illustrated as:
mip F(x) 6-9

where x is the vector of design variables and x’ is the optimal solution. For all x = x*, if F(x") < F(x),
then x' is an optimizer. Assuming that the first and second derivatives of the F(x) exist, the

unconstrained local minimizer x" exists if:
glx*)=10, 6-10
dTH(x*)d >0, ¥deRY 6-11

Here g = V,F, H is the Hessian, and d is a vector in the same space as x. the strict second order

condition guarantees the positive Hessian to exclude the saddle points.

General gradient-based algorithms start from initial point xp and iterate to solve the unconstrained

non-linear problem.
Xpp1 — X + kadk f k= 1, 2, . 6-12

where each direction dx is determined by:

dy = {_9’" if k=1, 6-13

— g +ﬂkdk—1’ I_f k = 2.

The conjugate gradient method commonly adopts the Wolfe inexact line search conditions [161]
to calculate the oy, which prioritize the adequate reduction of function value along a specified
direction. These conditions ensure a suitable rate of decrease by intersecting the acceptable step
length criteria defined by the Armijo [162] and Wolfe conditions. Consequently, the step length ay

must adhere to the following set of inequalities:
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Flx + apdy) < fx) + 6 apgidy 6-14
|g(:rk + akdk)Tdkl = — ﬂ_g:dk' 6—15

With 0 < & £ 0 < 1, the task involves resolving a one-dimensional optimization problem for a, at
each iteration, with xx and dx held constant. This process is inherently computationally intensive.
However, leveraging the Wolfe inequalities offers an effective means to identify the acceptable

range of a,, guaranteeing a significant reduction in function value.

Calculation of conjugate gradient coefficient B, was proposed by Polak-Ribiere (PR) [163], Liu and
Storey (LS) [164], Conjugate Descent (CD) [165], and Dai and Yuan (DY) [107], respectively.

PR _ 1" (G — Gr—1)

= . 6-16
& lgeall
B — _HkT{Qk — Gk—1) _ G V-1 6-17
E = . -
dk—lTHk—l dk—ngk—l
2
g0 = — Mgl 6-18
dr—1 Gr-1
2
g = gl 6-19
dp—y V-1
Here y_, = (gx —gx—,) and ||.|| denote the gradient change and the Euclidean norm,

respectively.

6.6.2 Modified spectral conjugate gradient method
The modified spectral conjugate gradient method (SCGM) proposes a new calculation method for
Bx. The main purpose of the BMF [129] is to bring the conjugate direction closer to zero in order to

facilitate the optimization process. The B™ calculation process is summarized as follows:



r

a: 0,

BMF =< b: max{ﬂ,min{ﬁkf‘s,ﬁkm}],

p
6 llgxll

. dk—ngk '
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d, T
if — = Ix _ 4
-1 Grx—1

dy Tﬂ’k
if o <——"5, 6-20

1 Gr—1

dk—lTﬂ’k

if = 8.

dk—lr(gk — Gr-1) B

The special case of B.™F = 0 leads to the steepest descent method [158].

Thus, the modified algorithm for the proposed conjugate gradient optimization method can be

expressed as:
1. Initialize:
« Setx, eRN:ez=0.
= Compute di = -gs1.
« If llg4ll =5 STOP.
2. Compute Step Size (my):
» Wolf line search conditions
f(xy + apdy) < f(xy) + 8 apgydy,

|g(xy + apdy)Tdy| = — ogydy.

3. Update Design Variable Vector and Evaluate Gradient:

= Update design variables: xpyq = x + apdy.

« Compute the gradient: gy, ; = g(xp44)-

* If[lgys,ll < & STOP.

4. Compute Conjugate Gradient Coefficient (ﬂkum):

= Calculate ﬁkHMF using (6-20).
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* Generate dy.4, using (6-13).
5. Update lteration Count:

= Setk=k+1.

= Proceed to Step 2.
6. Repeat:

= Continue iterations until convergence criteria are met.

Conjugate Gradient methods such as CD, PR, DY, LS, and FR are known for their strong
convergence properties; however, they can occasionally experience performance issues due to
jamming. Therefore, combining these methods can leverage the strengths of each, potentially
enhancing overall perfformance and robustness [166, 167]. The proposed hybrnd method combines
various techniques that have been studied for global convergence by previous researchers. The
convergence study is established based on the following assumptions, and the comesponding

lemmas and theorems are proved [168-171].

Assumption A: the objective function f(x) is continuously differentiable and has a lower bound

on the level setL; = {x € R® / f(x) = f(x,)} , where x, is the starting point.

Assumption B: the gradient g(x) of f(x) is Lipschitz continuous in a neighbourhood U of L1, that
is, there exists a constant L > 0, such that |lg(x) —g(v)ll = Lllx—vyll , Vx,yv € U.

Lemma 1: Let {xi} and {dx} be generated by (6-12) and (6-13), where Px is computed by (6-20),
ay, satisfies Wolfe line search conditions, if g, 20 for all k=1, then g,.Td,, < 0.

Lemma 2: Suppose assumptions A and B hold. If the conjugate gradient method satisfies g, Td, <
0, for all k 2 1 and «a, satisfies the Wolfe line search, then the following Zoutendijk condition holds
[153]:

+oo
(gk Tdk)z

1.1 < +oo, 6-21
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Theorem: suppose that assumptions (A) and (B) hold. Consider Algorithm and a, satisfies the

Wolfe line search if g20 holds for any k, then the method is globally converged if:
lim infllgall = 0. (22)
6.6.3 Aerodynamic functions and gradients

Standard single point drag minimization is used for aerodynamic investigations. General form of

the drag minimization problem can be illustrated as follows:
min Cy 6-22

The non-linear aerodynamic constraint C.=C.”. Central difference method is used to calculate the

sensitivities, implementing the difference of two perturbed states:

dF F(x+re)—F(x —re)
dx; ~ 2r !

6-23

where r is the step size and & is the unit vector aligned with the i*" dimension.

6.7 Flow analysis
In this study, a dimensionless study is performed. The lift C; and drag Cq coefficients are used to

evaluate the airfoil aerodynamic performance in a defined Reynold's number Re:

c -2t 6-24
T opvls

C 2D 6-25
47 pris

Here L, D, and S are the lift force, drag force and airfoil area, respectively [144]. Reynolds
Averaged Navier Stokes (RANS) equations are employed to solve for lift and drag coefficients
[172]:

Conservalion of mass:

vV.u=0 6-26

Conservation of momentum:



143

Du
pD—?= —VP + uV*u + pF, 6-27
where u, —VP+ pV?u, and pF, represent the velocity vector, internal and external forces,

respectively.

Increasing angle of attack (AOA) results in an increase in both lift and induced drag, up to a point.
In a certain angle of attack, the airflow across the upper surface of the airfoil becomes detached
resulting in a loss of lift known as Stall. A detailed explanation of the fluid flow governing equations

is provided in Section 2.1.

6.8 Results and discussion

In this study, the NACA 4412 airfoil is selected as the primary focus for applying the optimization
algorithm. However, several other airfoils are examined as initial points for validation purposes
such as NACA2415, NACAO010, NACA4418 and NACA1408. The key shape specifications for
the NACA 4412 airfoil include a maximum thickness of 12% at 30% chord and a maximum camber
of 4% at 40% chord.

The airfoil coordinates are extracted from the database and imported to a MATLAB code to
calculate the Bézier control points. A set of six control points are chosen for both upper and lower

curves of the airfoil geometry. For original NACA 4412, the control points are given in Table 17.

The lift coefficient serves as an aerodynamic constraint C, = 1, guiding the algorithm in searching
for design variables that minimize the drag coefficient, thereby maximizing the C/Cq ratio. The
Reynolds number is consistently maintained at 5%10° across all cases. The optimization process
commences from the initial control point and iterates until reaching convergence criteria or the

maximum iteration limit.
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Table 17
Original NACA 4412 Bézier control points.
(x, ¥) Upper Curve (x, v) Lower Curve

1 (1, 0.001300), (1, -0.001300)
2 (0.965594, 0.013843), (0.965594, 0.004929)
3 (0.158481, 0.233907), (0.158481, -0.022575)
4 (0.147439, 0.025456), (0.147439, -0.031099)
5 (0.034116, 0.082329), (0.034116, -0.045739)
6 (0, 0), (0,0)

8 is the parameter associated with the Armijo condition, which ensures a sufficient decrease in the
objective function value along the search direction. It defines the minimum acceptable decrease
in the objective function value relative to the decrease predicted by the linear approximation of the
function. o is the parameter associated with the curvature condition, which ensures that the
gradient of the objective function does not become too negative. It defines the maximum allowable
angle between the search direction and the negative gradient direction. Together, these
parameters help guide the optimization algorithm to ensure that it converges to a suitable solution
while balancing the trade-off between sufficient decrease in the objective function value and the
avoidance of excessive curvature in the optimization path. Adjustment of the & and o parameters
varies the Wolfe search conditions, enabling fine-tuning of the algornthm, with additional
adjustments made to the initial step size. The evolution of the minimization of objective function is

drag coefficient is shown in

Figure 55. Alternatively, when the optimizer reaches the stage of determining Xy, from Eq. (6-12)

and Eq. (6-13), using equations (6-20), it selects the optimal conjugate gradient coefficient ﬁkHF

to facilitate swifter and more accurate convergence.
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Table 18 shows the Bézier control points for the optimized airfoil. Figure 56 shows the airfoil
profiles for the NACA 4412 and the optimized airfoil. The solid red lines depict the original NACA

4412 profile, while the dashed blue lines illustrate the optimized airfoil profile. A noticeable

reduction in the maximum thickness of the airfoil profile and a shift in camber are apparent in the

optimized version. These alterations are intended to enhance the CJ/C4 ratio.

Table 18

Optimized airfoil control points.

(x, y) Upper Curve (x, y) Lower Curve
1 (1, 0.001300), (1, -0.001300)
2 (0.965594, 0.001361), (0965594, 0.029674)
3 (0.158481, 0.247523), (0.158481, -0.013369)
4 (0.147439, 0.016394), (0.147439, -0.025458)
5 (0.034116, 0.076107), (0.034116, -0.041085)
6 (0, 0), (0,0)
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a) NACA 4412 original and Optimized airfoil profiles with Bezier control points, b) NACA
2415 original and Optimized airfoil profiles with Bezier control points.

As outlined in the preceding section, with the lift coefficient C, set to 1, the objective of the algorithm

is to minimize the drag coefficient Cq. Initially, the drag coefficient corresponding to Gy = 1 is
computed as Cq = 0.00927 using XFOIL, resulting in a ratio of C/Cqs = 107 _87_ Post-optimization,

the minimized drag coefficient is found to be C,; = 0.00815, resulting in an improved ratio of C/Cy4

= 1227, reflecting a 13.7% enhancement. These optimization outcomes are summarized in Table

19 for the angle of attack (AOA) sequences. The last column of the table shows the differences

between the original airfoil and optimized airfoil flow analysis.

-Lr?f? :LnLgdrag coefficients for NACA 4412 and optimized airfoil in different AQA.

AR ST E::ginal E;I:timized E;timized :m::i;]!ina'::ll:| E;ti:nizgg AUTITIER
-5° -0.0731 0.01107 | 0.0350 0.00960 -6.60 365 155

-3° 0.1456 0.00916 | 02572 0.00875 15.89 2938 85

-1° 0.3646 0.00821 | 04833 0.00800 44 39 60 4 36

1° 05897 0.00712 | 0.6869 0.00691 828 99 39 20

3° 0.7992 0.00827 | 08873 0.00735 96 68 119.78 24

5° 1.0099 0.00957 | 1.0938 0.00936 10553 116.91 11

Figure 57 illustrates vanations in the lift coefficient and C/C, ratio across a range of AOA values

spanning from -10° to 20°. The results indicate an enhanced aerodynamic performance of the

airfoil overall. Notably, a decrease in the lift coefficient is observed near stall as the ADA
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approaches 15°. This decline may be attributed to single-point optimization, as the proposed

method operates without constraints and lacks topological constraints.
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a) Lift coefficient in sequences of AOA for NACA 4412 and Optimized airfoil, b) CJ/Cgq ratio
in sequence of AOA for NACA 4412 and Optimized airfoil.

In a similar optimization scenario, instead of computing ﬁkm', the Steepest Descent method is

employed with B, = 0, while Bk]‘s and Bkm are defined in separate algorithmic approaches. The
results (Figure 58) demonstrate no more than 8.4% improvement in the minimum within 12

iterations.

0.0094
0.0093
0.0092
0.0091
0.009
© p.ooss
0.0088
0.0087
0.0086
0.0085

0 2 4 6 8 10 12
ITERATION

Figure 58
Drag coefficient minimization using Steepest Decent method.

Further analyses are conducted on the NACAZ2415 airfoil under the same application conditions.
The maximum Cy/Cq for this airfoil is reported in ACA of 5.75° as 87.1, while XFOIL predicts the
Cy/Cq ratio 88.21 which is slightly over predicted Figure 59-a. the optimization sequence is then
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applied and the results show that in AQA of 5.75° the CI/Cd is increased about 22% Figure 59-b.
However, after the optimization is applied, the peak CyCy ratio takes place in 5.15° of angle of

attack, which represents an increase of 32% of its performance. Table 20 shows the optimization
results for the NACA2415 airfoil profile.

Table 20
Cl/Cd ratios for NACA 2415 and optimized airfoil in different AOA.
AOA C/JC, original NACA2415 | C/C, optimized airfoil | Difference %
-5° -28.47 099 103
-3° -9.54 3175 433
-1° 16.45 67.41 310
o 30.85 83.45 170
1 44 42 96 116
3° 66.8 1091 63
5° 86.37 114 .52 32
7 8734 96.18 10
10° 7235 4979 -31
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a)

Figure 59

a) Xfoil Cl/ICd prediction in 5.75° for NACA2415 b) Optimized airfoil Cl/Cd prediction.

a)
Figure 60

a) Original NACAA4418 profile vs optimized profile, b) Original NACA1408 profile vs

optimized profile.
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Table 21
Optimization results for different types of NACA airfoils.

Airfoil 0 ::I ,Efl{I:r:, al ng I:rg:ed lterations Diﬁﬁ::nce Ozgl :al Op:wi, gj:ed
NACA4412 107 .87 1227 5 14 6 4
NACA2415 871 11542 5 32 575 515
NACA0010 552 6824 6 24 425 415
NACA4418 933 119.59 10 28 6.5 5.02
NACA1408 666 97 90 9 47 325 275
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Optimization was applied to various NACA airfoils, leading to notable improvements in their
aerodynamic performance. Each optimized airfoil exhibited a higher C/C4 and a reduced angle of
attack for maximum efficiency. This demonstrates the method's effectiveness in enhancing
performance characteristics and robustness across different airfoil designs (Figure 60), making it
a versatile tool for aerodynamic optimization. Aircraft frequently operate at or near lower AOAs,
and better performance in this range improves handling and stability, which are crucial for safety
and comfort. Additionally, a 32% increase in the C/Cq ratio represents a substantial improvement
in aerodynamic efficiency, allowing the airfoil to generate more lift for a given amount of drag
(Table 21). This leads to reduced fuel consumption and extended range for aircraft, enhancing

overall performance by enabling them to fly further and faster with less energy.

To investigate the efficiency of the proposed unconstrained conjugate gradient method with the
novel BM coefficient, an analysis was conducted using different coefficients, as shown in Table
22. The analysis focused on the NACA 1408 airfoil.

Table 22
Optimization results comparison using different conjugate coefficients.
Steepest Decent | B, By"¥ [ pMF
Optimized Cl/ICd | 91.31 88.13 94 44 96.02 979
Difference % 371 32.33 41.8 4417 47
Iterations 11 18 14 8 9

The results indicate that the Beta MF coefficient achieves the highest optimized Cy/Cg4 ratio of 979,
with a 47% improvement, and requires 9 iterations, highlighting its supenor efficiency compared

to other coefficients.

6.9 Conclusion
The main goal of this research is to investigate an aerodynamic shape optimization process, to
utilize the unconstrained conjugate-gradient optimization method in conjunction with Wolf inexact

line search conditions, implementing a novel approach for computing the conjugate gradient

- MF
coefficient B, .

NACA 4412 and NACA 2415 airfoils are used as starting points for the optimizer. Bézier curves
serve as the parametenization method for airfoil shapes, facilitated by a MATLAB code developed

to import airfoll points and export Bézier control points. Subsequently, the XFOIL flow solver is
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invoked to compute the drag coefficient Cg, the objective function targeted for minimization.
Employing an unconstrained conjugate gradient method, the optimization algorithm maintains the
lift coefficient C, fixed while minimizing Cq. Wolfe line search conditions are utilized to determine
the step length, with the conjugate gradient coefficient guided by a proposed algonthm to select
the optimal performance. The optimization process significantly improves the performance of
NACA 4412 and NACA 2415 airfoils. Single-point optimization yields enhancements of 13.7% and
32%, respectively. XFOIL simulations on the optimized airfoil at varying angles of attack
demonstrate a maximum 155% and 432% improvement in C/Cq for NACA 4412 and NACA 2415
airfoils, respectively, at varying angles of attack. Compared to traditional methods, the new
optimization algorithm utilizing the novel conjugate coefficient achieves these improvements more
efficiently. This methodology is applicable to a wider range of airfoil shapes, providing an efficient
starting point for optimization. To validate its robustness, the method was tested on various airfoils,

confirming its reliability and effectiveness.

In all case studies, the optimization process results in a reduction of the angle of attack at which
the maximum lift-to-drag ratio is achieved, while simultaneously achieving a significant increase
in the CyCg4 ratio itself. This means that after optimization, the airfoil reaches its peak aerodynamic
efficiency at a lower AOA. The increase in the C/Cq ratio indicates that the airfoil is now capable
of generating more lift for a given amount of drag. This enhancement implies a more efficient
aerodynamic performance, as the aircraft can achieve better lift charactenstics without the need
to increase the AOA, thereby reducing the overall drag. The decrease in the optimal AOA for
maximum Cy/C4 ratio also suggests that the optimized airfoil is better suited for conditions where
lower AOAs are prevalent, such as in cruising flight, leading to improved fuel efficiency and

reduced structural stress on the airfframe.

The Bézier airfoil parameterization method, while flexible, is limited to six control points. This
constraint may not capture highly complex airfoil geometries accurately, potentially leading to
suboptimal designs for highly specialized applications. On the other hand, while the method is
tailored for airfoil optimization, its generalization to other aerodynamic shapes may require

significant adjustments to the parameterization and optimization processes.

To further improve the efficiency of the optimization algorithm, the integration of adjoint methods
could significantly reduce differentiation time. Additionally, exploring a multi-objective optimization
approach could yield more precise optimization results. Moreover, optimizing the 3D shape of the

airfoil and conducting experimental validation in the future are necessary steps. Future works
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could also employ surrogate methods, to create accurate and computationally efficient models
that predict the airfoil performance. This would allow for rapid evaluations of design alternatives,
thereby avoiding extensive calculations and improving optimization speed. Utilizing experimental
or CFD results datasets to train these surrogate models could enhance their accuracy and
robustness, ensuring reliable predictions. Furthermore, incorporating machine leaming techniques

to dynamically refine the surrogate models during the optimization process could lead to even

better performance.
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7. ENHANCED AERODYNAMIC AND STRUCTURAL DESIGN THROUGH INTEGRATED
OPTIMIZATION OF TWISTED CHINOOK-TYPE BLADES FOR AXIAL-FLOW FANS

Cet arficle est rédigé par Seyyed Mojtaba Fakhari et Hatem Mrad est sous la revision.

7.1 Résumé

La ventilation efficace des mines est cruciale pour garantir des conditions de travail sires,
minimiser la consommation d'énergie et améliorer la performance opérationnelle globale. Cette
étude se concentre sur I'amélioration de 'efficacité aérodynamique et structurelle des ventilateurs
axiaux utilisés dans la ventilation des mines en optimisant la conception des pales de type Chinook
torsadées. Un nouveau profil d'aile est proposé pour la pale Chinook, développé a l'aide d'un
nouvel algonthme d'optimisation qui atteint une augmentation de 14,4 % du rapport portance-
trainée. Cette amélioration aérodynamique conduit & une augmentation globale des performances
du ventilateur. De plus, des modifications structurelles au niveau de I'emplanture de la pale ont
été mises en ceuvre pour prolonger la durée de vie en fatigue, notamment en conditions de
décrochage, améliorant ainsi la fiabilité a long terme du ventilateur. Les résultats de I'optimisation
structurelle indiquent une augmentation d'environ 40 % du facteur de sécurnté en fatigue de la
pale. Ces optimisations aérodynamiques et structurelles combinées représentent une avancée
significative dans la conception de ventilateurs de wventilation haute performance pour les

applications miniéres.

Mots-clés : Ventilation miniére, Optimisation de profil d'aille, Durée de vie en fatigue,

Optimisation structurelle, Condition de décrochage
Abstract

Efficient mine ventilation is critical for ensuring safe working conditions, minimizing energy
consumption, and enhancing overall operational performance. This study focuses on improving
the aerodynamic and structural efficiency of axial-flow fans used in mine ventilation by optimizing
the twisted Chinook-type blade design. A new airfoil profile is proposed for the Chinook blade,
developed using a novel optimization algorithm that achieves a 14.4% increase in lift-to-drag ratio.
This aerodynamic improvement leads to an overall increase in fan performance. Additionally,
structural modifications at the blade root were implemented to enhance fatigue life, particularly
under stall conditions, thus improving the long-term reliability of the fan. The structural optimization

results indicate an increase of approximately 40% in fatigue safety factor of the fan blade. These
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combined aerodynamic and structural optimizations demonstrate a significant step forward in the

design of high-performance ventilation fans for mining applications.

Keywords: Mine ventilation, Airfoil optimization, Fatigue life, Structural optimization, Stall

condition

72 Introduction

Rotating blades are critical components in turbomachinery and have been the focus of extensive
research over the past several decades. Various blade designs, each with unique characteristics,
are employed depending on the specific operational requirements and performance goals of the
machinery. Researchers have explored diverse blade configurations to optimize aerodynamic
efficiency, structural integrity, and durability, ensuring that they meet the stringent demands of
applications in industries such as energy, aerospace, and ventilation [173]. Axial flow fans, on the
other hand, play a vital role in a range of critical applications, including mine wventilation,
construction, and biomedical environments. Their ability to efficiently move large volumes of air
makes them indispensable in scenarios requiring reliable airflow management, where

performance, safety, and precision are of paramount importance [172].

Researchers employ a variety of optimization approaches to enhance fan performance. In a recent
study, Chen et al. applied the Taguchi quality loss function for multi-response optimization of bionic
fan characteristics, using parameters such as blade number, boss ratio, and blade stagger angle.
This method resulted in significant improvements in mass flow rate and A-weighted sound
pressure level (SPL), demonstrating the effectiveness of these adjustments in optimizing fan

efficiency and acoustic performance [174].

An optimized airfoil series was used by Wu, to design blades for an axial fan, with the chord length
and installation angle optimized through orthogonal optimization. Among three blade designs
(straight, C-type, and forward-swept), the forward-swept blade showed the highest efficiency
under design conditions, while both forward-swept and C-type blades performed better than
straight blades under off-design conditions [175]. Fakhari et al. proposed design of experiments
for the sake of optimization of the compressor rotor 67 employing computational fluid dynamics
and fluid-structure interaction based on published experimental data [83). Later on, they proposed
a design optimization approach for an axial-flow mine ventilation fan considering the parameters
such as blade number, angle of attack, tip gap, rotational velocity and the hub-tip ratio. They
demonstrated more efficient operation conditions by combination of the optimized parameters.
The stall condition was studied and the structural analysis showed the possibility of fatigue failure
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in the blade-root intersection [172]. Amankawa et al. presented a multi-objective optimization
strategy for turbomachinery blade design using sparse active subspaces, specifically applied to a
turbofan stage. The approach combines sparse polynomial chaos expansion with active subspace
techniques to build a surrogate model, which is then optimized using a multi-objective genetic
algorithm [176]. Among the efficient optimization techniques, conjugate gradient-based methods
like spectral and hybrid CG methods have been recently developed by researchers [111, 113]. In
recent research, Mrad et al. introduced a novel unconstrained conjugate gradient optimization
algorithm that integrates Wolf line search conditions, utilizing a new method for calculating the
conjugate gradient coefficient. This approach demonstrates rapid convergence and robust
performance [129]. Additionally, they applied the algorithm to optimize the NACA airfoil profile,
successfully enhancing the lift-to-drag ratio by minimizing the drag coefficient. The results indicate
a significant improvement in the aerodynamic performance of the airfoils. [177]. Conversely,
structural failures in components can lead to failures in the entire rotating system, prompting
researchers to investigate the underlying causes of these failures. In a study conducted by Liu et
al., stress concentration was identified as a primary factor in crack initiation [178]. This study
performed failure analysis and design optimization of a shrouded blade in a transonic fan. In a
similar research work, authors studied the crack initiation at the cntical region of the blade and
revealed that the stress concentration affects the fatigue life cycle of the rotating blade in stall
condition [89].

This study presents the industrial application of a novel optimization algorithm, focusing on
enhancing the overall perfformance and safety of axial-flow fans. By addressing the critical issue
of stall, the algorithm not only aims to improve operational efficiency but also contributes to the
longevity and reliability of the fan system. This dual focus on performance enhancement and safety
makes the approach particularly relevant in the context of increasing demands for efficient and

safe ventilation solutions in various applications.

In addition to the optimization algorithm, a comprehensive analysis of the blade geometry has
been conducted. This detailed examination identifies key structural features that influence the
safety factor and fatigue life cycle of the fan blade. The study proposes practical modifications to
the blade design that effectively increase its safety factor while also extending its fatigue life. This
approach not only mitigates the risk of structural failures but also ensures that the optimized fan
can operate reliably under varying conditions, making it a significant contribution to the field of

turbomachinery and ventilation technology.
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7.3 Airfoil shape parameterization

7.3.1 Bézier curves
Airfoil shape parameterization plays a key role in aerodynamic design, providing a mathematical
way to represent the airfoil's geometry for easier adjustment and optimization to improve
performance. In this research, Bézier curves are utilized to define the airfoil's shape. A point cloud

is selected to compute the Bézier curves, facilitating aerodynamic performance analysis [153]:

P(t) = Y BJ,i(t) ost=t1; 7-1
Jni® = (}) e -5 7-2

!
(?) i (nﬂ_ Y 7-3

where B; is the Bézier polygon's vertices, Jnit) is the Bermnstein function and n is the degree of

Bemstein basis function.

i Jni(8) = 1. 7-4
i=0

7.3.2 Geometry
To apply the parameterization, the airfoil coordinates are required. In this study, the actual 3D
geometry of the Chinook blade was used to obtain the blade’s cross-sectional data. SolidWorks
2024 was utilized to extract 35 points in two dimensions, with the X and Y coordinates normalized

to a range of 0 to 1 for standardization and consistency in the analysis (Figure 53).
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Figure 61

Chinook-type fan 3D blade, 2D profile and Bezier parameterized curves.

74 Airfoil profile opfimization

In their previous study, the authors developed an unconstrained spectral conjugate-gradient
optimization algorithm [129, 177]. While there are numerous algorithms available for aerodynamic
optimization of airfoils—such as the genetic algorithm, particle swarm optimization [179], and
surrogate-based optimization methods [145, 146]—the primary goal of this research is to apply
the developed optimization method to industrial applications. By focusing on real-world scenarios,
we aim to enhance the practical applicability of optimization technigues in improving airfoil

performance in various engineering contexts.

The airfoil's shape was parameterized using Bézier curves, with control points optimized to
minimize the drag coefficient. The XFOIL (V6.99) solver, integrated into MATLAB, calculated
aerodynamic performance, particularly the lift and drag coefficients. The optimization algorithm

iteratively updated the airfoll shape until the desired cnteria were met [177].

Flow analysis was performed using XFOIL, a low-cost, high-precision tool for calculating
aerodynamic properties such as lift and drag at various angles of attack and Reynolds numbers.
This solver was crucial in determining the performance of airfoils like the NACA 4412, where the

predicted lift-to-drag ratio closely matched real-world values [156].

The optimization method leveraged a conjugate-gradient approach, minimizing an objective
function F(x), where x represents the design variables. lterations were guided by gradient-based
updates, with step sizes computed through Wolfe line search conditions, ensuring efficient

convergence. Several methods for calculating the conjugate gradient coefficient g, were
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employed, including the Polak-Ribiere, Liu-Storey, and Conjugate Descent formulations [161,
163], ultimately leading to the development of the modified spectral conjugate gradient method
(SCGM). This method introduced a new calculation for Bx to enhance convergence towards

optimal solutions [129].

7.5 Flow analysis

Aerodynamic sensitivity analysis was conducted using the central difference method, and the
aerodynamic performance was evaluated in terms of the lift and drag coefficients under specified
Reynolds numbers. The flow was modeled using Reynolds Averaged Navier-Stokes (RANS)
equations, providing accurate assessments of mass and momentum conservation. Stall effects

were also analyzed, focusing on the impact of increasing angles of attack on aerocdynamic

behavior.
C 2L 7-5
T pvls )
C —ED T-6
d — _ﬂ'l.?zfl" -

where L and D, are the lift and drag force and S is the airfoil area, respectively [144]. Reynolds
Averaged Navier Stokes (RANS) equations calculate the lift and drag [172]:

Conservalion of mass:
V. u=0 7-7

Conservation of momentum:

D
Po: = —VP + uVu + pF 7-8

Where u, (—VP+ uVZu), and pF, represent the velocity vector, internal and external forces,

respectively. A detailed explanation of the governing equations for fluid flow is provided in Section
21.

As the angle of attack (AOA) increases, both lift and induced drag rise until a certain limit. Beyond
this point, the airflow over the airfoil's upper surface separates, leading to a reduction in lift, a

phenomenon referred to as stall.
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7.6  Aerodynamic opfimization

The airfoil aerodynamic optimization process focuses on minimizing the drag coefficient while
maintaining a fixed lift coefficient. Using the algorithm outlined by the authors in previous research
[129, 177], the point cloud representing the airfoil geometry is inputted to generate the upper and
lower surfaces through Bézier parameterization, along with the control points. The airfoil is then
analyzed using XFOIL to compute the drag coefficient, which is subsequently fed back into the

MATLAB code to iteratively refine the design until convergence criteria are met.

For this specific airfoil profile, the optimization algorithm achieved convergence in 11 iterations.
The resulting optimized airfoil demonstrates a significant improvement, showing a 14.4% increase
in aerodynamic performance. Figure 62 shows the original airfoil profile, the optimized airfoil and

the control points in a scaled and real grid.
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Figure 62
Original and optimized airfoil profile with control points.

Further analysis was conducted across a range of angles of attack to better understand the impact
of the optimization process. Figure 63-a compares the lift-to-drag ratio for both the original and
optimized airfoil profiles over various angles of attack. The results clearly indicate that the
optimized airfoil outperforms the original design, achieving a maximum lifti-to-drag ratio of
approximately 116 at an angle of attack of 4.5 degrees. This demonstrates that the optimized
airfoil is capable of achieving superior aesrodynamic efficiency at lower angles of attack, while the
original airfoil reaches a maximum lift-to-drag ratio of only 1015 at 6 degrees, just before

encountering stall conditions.



160

This shift towards improved performance at lower angles of attack is a key advantage, as it
suggests better stability and efficiency during operation. Figure 63-b and Figure 63-c further
confirm that this enhancement in lift-to-drag ratio is primarily due to an increase in lift coefficient
coupled with a reduction in drag coefficient. The optimized profile manages to lower the drag
forces acting on the airfoil while simultaneously increasing its lifting capacity, effectively improving

overall aerodynamic performance across a wider operational range.
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Figure 63

a) lift to drag ratio versus angle of attack, b) lift coefficient versus angle of attack, c) drag
coefficient versus angle of attack.

These findings emphasize the effectiveness of the optimization approach, as the modification not
only enhances aerodynamic efficiency but also extends the operational window before stall

conditions are encountered, contributing to a more robust and reliable airfoil design.

.7 Structural analysis
T.7.1 Static analysis
The Chinook blade geometry is utiized across various sizes of ventilators. To ensure the

calculations are applicable to other models, the smallest hub-to-tip ratio is selected as the worst-
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case scenario. This comesponds to a 54" (1.37 m) ventilator with a 217 (0.533 m) hub. The blade,
weighing 4 kg, i1s made from cast aluminum A356-T6 and undergoes heat treatment. The
aluminum alloy, used in the blade design, has a yield strength of 170 MPa and an ultimate tensile
strength of 240 MPa. The system operates at a speed of 1800 rpm (188.5 rad/s).

To calculate the forces acting on the blade, the equivalent centrifugal force can be determined

using the following equation [180]:
E. = mw’r, T-9

where F. is the equivalent centrifugal force, m is the mass of the blade, r is the radius to the blade's

center of gravity, and w is the angular velocity of the rotating blade.

Considering the blade-root intersection as the critical region, it is essential to account for the stress
concentration factor [181], which plays a significant role in accurately assessing the localized
stress at this junction (Figure 65). The calculated equivalent centnfugal force is 49.5 kN, which
acts on the blade-root junction, generating both normal and shear stresses at this crtical point. To
evaluate the combined effect of these stresses, the von-Mises equivalent stress is used, yielding
a nominal stress of 43.2 MPa. Considering the geometry of the blade-root junction, a stress

concentration factor of k=3 is applied [182], amplifying the stress to a maximum of 129.6 MPa.

K= . 7-10

Figure 64 illustrates the stress concentration curves for flat and round bars. In practical
applications, particularly regarding the geometry of a twisted blade, it is essential to consider the
interplay of various factors. In this specific case, the small r/d ratio allows for an average

approximation of the stress concentration factor, which shows good agreement with numerical
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simulations. This consistency emphasizes the importance of understanding geometrical

influences on stress distribution in structural designs.
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Figure 64

Stress concentration factors for shoulder fillets in flat and round bars

Source: [183, 184].

This amplified stress represents the peak stress experienced at the blade-root intersection due to
the localized concentration of forces. Based on the maximum stress and the matenal's yield
strength, the static safety factor is calculated to be 1.31. This factor indicates that the blade can

withstand the applied loads with a margin of safety.



163

Figure 65
Blade-root junction.

Further analysis is performed using the finite element method (FEM) with the ANSYS Mechanical
solver to validate the initial findings through fluid-structure interaction (F5I) coupling [9, 10] (Figure
67). First, a CFD analysis under stall conditions is carried out [172], as shown in Figure 66. The
pressure distribution obtained from the CFD results is then imported into the ANSYS Mechanical
interface for the FSI analysis. A detailed explanation of the structural deformation and motion
equations, application of finite element method and the fluid structure interaction theory is provided

in Sections 21,23, 24, and 2.5.
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Figure 66
Pressure distribution on the blade resulting from CFD analysis in stall
Source: [172].

The FEM results demonstrated a difference of approximately 1% when compared to the analytical
calculations, confirming the accuracy of the theoretical approach. Additionally, the simulation

revealed a maximum vertical displacement of 0.35 mm at the blade tip, which remains well within
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safe limits given the minimum tip-to-shroud clearance of 3 mm. This displacement is not deemed

critical and poses no risk of contact, ensuring the system's operational integrity (Figure 67).

Dz Soakic St bural

Equiwalent Ssesi

Tigee: Equivalant fvon-bomn) Saay
Linat; Py

Times 13

[ Static Structeral
Saety Factor

Tyme: Safety Fachor
Time: 1

2004083 1753 P

1334 08-09 11:51 PM
15 Mlas
1
e
o fowe ]
AT T
72077
ENeT
A5 T
TITeT
140565
21199 Min
B Sratic Strsctural
Directianal Deformstion
Type: Directional Deformation{Z Axis)
Llpat: rraers
Global Coordinate Systern
Tirre: 15
20%4-06-0% 22BPM
0. 35065 Max
o
027
Q1252
1931
015375
A11436 _
007457 .
L0I5562 &
0,00 FE06 T Min
Figure 67

Maximum equivalent stress and minimum safety factor on blade-root junction.

T.7.2 Fatigue analysis
Fatigue failure is a common phenomenon in rotating systems [185, 186], particularly under
unstable conditions, where pressure variations can significantly affect performance. When static
pressure rises, airflow can decrease drastically, causing a weak or intense stall, depending on the
severity of the pressure change. To estimate the aerodynamic forces acting on a blade during
normal operation, electrical power consumption is used to calculate the torque, from which the

applied force is derived:

P=—, 7-11

Where P is the power, T is the torque, w is the rotational velocity and n is the electric motor

efficiency.
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In this case a 350 (HP) motor is considered rotating at 1800 rpm. The result force is found to be
260 N on the surface of each blade. In this analysis, a 350 horsepower (HP) motor operating at
1800 RPM is considered. The resulting aerodynamic force acting on the surface of each blade is
calculated to be 260 N. This force represents the steady-state load under normal operating
conditions. This approach provides a reliable estimate of the forces under typical operating
conditions. To simulate the more demanding stall scenario, the calculated forces are amplified
about 50% cyclically to mimic the fluctuating aerodynamic loads that occur during instabilities. This
amplification represents the added stresses blades endure when airflow separation occurs,
leading to potential fatigue failures over time. By considering these dynamic loads, the analysis
captures the worst-case operational stresses, aiding in the design and optimization of the blade
for enhanced durability.
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Figure 68
Fatigue safety factor on the critical region.

The analysis reveals a fatigue safety factor of 0.87, under fully reversed loading condition
indicating that the blade can endure up to 5.6 million life cycles under continuous unstable
conditions. However, when subjected to cyclic forces with each rotation, the estimated operational
limit is only about 52 hours. This suggests that fatigue failure is likely to occur at the blade-root
junction within this timeframe. Therefore, the design needs to be reassessed to enhance fatigue
resistance and extend the blade's operational life. Detailed explanation of fatigue life calculation

methods and related equations are provided in Section 2.7.

78 Structural optimization

The previous analysis identified the blade-root junction as the most critical region in the blade
geometry due to its high stress concentration, providing key insights for the optimization process.
In the current blade design, the fillet radius-to-diameter ratio is approximately 0.05, resulting in a

significant stress concentration factor. This high concentration intensifies the localized stress,
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especially during cyclic loading, increasing the risk of fatigue failure. By modifying the fillet radius
to be five times larger than the original design (Figure 69), the stress concentration factor can
theoretically be reduced by approximately 50%. This reduction in stress concentration will lead to
a proportional decrease in the maximum equivalent stress, thus improving the overall safety factor
of the blade. Figure 70 demonstrates a significant reduction in the maximum equivalent stress,
which has decreased to 68.7 MPa. This reduction is a direct result of increasing the fillet radius at
the blade-root junction. Consequently, the static safety factor has been notably improved, rising to
2.5. This enhancement indicates a considerable improvement in the structural integrity of the
blade, particularly in critical stress regions, ensuring greater durability and safety during operation.
The modification effectively reduces stress concentrations, leading to a more resilient design
under operational loads. This design modification not only extends the fatigue life but also

increases the blade’s resilience to both normal and stall-induced operating conditions.

|
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Modified filet radius on the blade-root junction.

This approach not only aligns with standard engineering practices, where increasing the fillet
radius in high-stress regions is a well-established method for mitigating fatigue failure but also

offers a practical solution.
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Figure 70

Maximum equivalent stress and corresponding safety factor on the optimized blade
critical region.

Moreover, the proposed modification introduces additional material to the blade geometry,
improving its load distribution. Importantly, this adjustment can be made using the existing mold
without requiring a complete redesign or replacement, making it an efficient and cost-effective
improvement. This allows for better performance and durability without significant manufacturing

disruptions or increased production costs, making it a highly viable optimization strateqgy.

The fatigue analysis of the modified blade under unstable conditions, using the same operational
parameters as the original design, demonstrates a significant improvement in the fatigue safety
factor. With the applied modifications—primarily the increase in fillet radius—the fatigue safety

factor rises to 1.2, indicating a substantial enhancement in the blade’s durability (Figure 71).

Fatigue Safety Factor
Type: Safety Factor
2024-08-0% %49 Ph

15 Max
1

[z ]
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Figure 71
Fatigue safety factor results for the modified blade.

This increase suggests that the modified blade can now withstand higher cyclic loads and stress

vanations without succumbing to fatigue failure, even in the demanding environment of stall
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conditions. The higher fatigue safety factor ensures that the fan can operate safely for longer
periods, reducing the risk of unexpected failure and improving the overall reliability of the system.
These results affirm that the design optimization effectively addresses the critical fatigue concerns

present in the orginal blade geometry, leading to safer and more robust fan operation.

79 Conclusion

This study focused on the aerodynamic and structural optimization of an airfoil profile and its
application to a Chinook blade in ventilators. By refining the blade geometry through iterative
optimization and increasing the fillet radius in critical regions, both aerodynamic efficiency and
structural integrity were significantly enhanced. The optimized airfoil showed a 14.4% increase in
performance, and the modified blade exhibited improved safety factors, reducing the risk of fatigue

failure.

The optimization process for the airfoil profile was highly effective, achieving convergence in 11
iterations and resulting in a 14 .4% improvement in aerodynamic performance. The optimized airfoil
demonstrated a maximum lift-to-drag ratio of 116 at a 4.5-degree angle of attack, significantly

outperforming the original airfoil, which had a maximum ratio of 101.5 at 6 degrees before stalling.

Structurally, the blade's most critical region was identified as the blade-root junction, where high-
stress concentrations were found. The equivalent centrifugal force acting on the blade was
calculated at 49.5 kN, resulting in a von-Mises stress of 43.2 MPa, which was amplified to 129.6
MPa due to a stress concentration factor of 3. The fatigue analysis using revealed a safety factor
of 0.87 for the onginal blade, predicting failure after 5.6 million life cycles or approximately 52
hours of continuous operation under unstable conditions. To address this, an optimization strategy
focused on increasing the fillet radius at the blade-root junction. This modification reduced the
stress concentration, reducing the maximum equivalent stress to 68.7 MPa and improving the
static safety factor to 2.5. The fatigue safety factor also improved, rising to 1.2 after the
modifications, indicating enhanced durability and resistance to cyclic loads, even during
demanding stall conditions. Table 23 summarizes the equivalent von Mises stress, static safety

factor, and fatigue safety factor under stall conditions.
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Table 23
Stress analysis and safety factor comparison of original vs. optimized blade designs
Parameter Original blade | Optimized blade
von-Mises stress (MPa) 131 69
Static safety factor 132 559
Fatigue safety factor 0.87 121

Future contributions could focus on optimizing additional components that rotate with the blade,
such as the hub and attachment structures. By refining these elements, it may be possible to
further enhance the overall performance of the ventilators while simultaneously reducing

production and operational costs.
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GENERAL CONCLUSION

This thesis presents a unified approach to optimizing various aspects of turbomachinery and
structural components through advanced computational technigues and experimental validation.
The research encompasses a broad range of applications, including axial compressors, mine
ventilation fans, and aerodynamic shape optimization, reflecting a comprehensive examination of

performance, safety, and efficiency improvements.

The investigation into axial compressors highlighted the crucial role of fluid-structure interaction
and high-performance computing (HPC) in understanding and optimizing blade deformations. The
study demonstrated that a well-calibrated FSI approach, validated through extensive parametric
analysis, can significantly enhance operational safety while maintaining performance. The results
underscored the importance of material selection and geometric considerations in achieving

optimal compressor design.

The analysis of mine ventilation fans revealed significant insights into the balance between
operational performance and structural integrity. By employing CFD simulations and Design of
Experiments (DOE), the research identified key design parameters that influence efficiency and
safety. The optimized configurations not only improved performance by 9% but also offered
reductions in noise, cost, and energy consumption, highlighting the potential for practical

applications in mining operations.

In the domain of optimization algorithms, the development of a novel spectral conjugate gradient
method demonstrated superior convergence and efficiency in solving unconstrained optimization
problems. This advancement provides a robust tool for tackling complex optimization challenges,

with implications for a wide range of engineering applications.

The aerodynamic shape optimization of NACA airfoils using an unconstrained conjugate gradient
algorithm and Bézier parameterization resulted in significant perfformance improvements. The
research showcased how advanced optimization techniques could enhance aerodynamic
efficiency, reduce drag, and achieve better lift-to-drag ratios, with potential benefits for aircraft and

turbomachinery designs.

Finally, the study highlights the importance of optimizing both aerodynamic and structural aspects
of axial-flow fans used in mine ventilation to improve safety, performance, and energy efficiency.

By applying a novel optimization algorithm to the twisted Chinook blade design, a significant 14 4%
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improvement in the lift-to-drag ratio and a 4 5% increase in overall fan performance were achieved.
Furthermore, structural modifications at the blade root enhanced fatigue life, particularly under
stall conditions, leading to greater long-term reliability. These advancements represent a critical

step toward developing high-performance ventilation systems for mining applications.
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LIMITATIONS AND RECOMMENDATIONS

This research introduced a multi-objective optimization framework tailored for turbomachinery
components, with a focus on axial compressors and underground mine ventilation fans. While the
proposed methodology achieved promising results in aerodynamic and structural performance
improvement, certain modeling assumptions and limitations open up avenues for future

enhancement. These are detailed below:
Fluid-Structure Interaction Modeling
Limitation:

The current FSI simulations were performed using a one-way coupling approach, in which the
aerodynamic pressure loads computed from the CFD solver were transferred to the structural
domain using interpolation techniques. While this approach is efficient and widely used in literature
for preliminary design stages, it neglects the feedback effect of structural deformation on the fluid

domain.
Recommendation:

Future work should consider implementing two-way or strong coupling strategies (e.g., Euler—
Lagrange methods or partitioned solvers), where deformation of the structure can influence the
flow field in real time. This would yield more realistic predictions, particularly in scenanos involving

high aerodynamic loads or flutter-prone blades.
Mesh Adaptivity and Interface Resolution
Limitation:

The mesh used in CFD, and structural domains was fixed, with high refinement near critical

regions, but did not include dynamic or adaptive meshing at the fluid-structure interface.
Recommendation:

Incorporating adaptive meshing techniques, especially near the fluid-solid interface, would
enhance solution accuracy in regions of high gradient or geometric complexity. Future studies
should explore mesh sensitivity analyses in greater depth and implement dynamic remeshing

strategies to maintain computational efficiency while improving resolution.
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Startup and Transient Fan Operation
Limitation:

The analysis assumed steady-state or quasi-steady aerodynamic conditions for performance
evaluation. Transient phenomena, such as fan startup and shutdown phases, were not modeled
in detail.

Recommendation:

Transient simulation of fan startup is essential for evaluating mechanical stresses, resonance
risks, and torque vanations that affect fatigue life and structural integrity. Future studies should
integrate time-dependent boundary conditions and consider fluid transients to more accurately

replicate operational behavior under real-life duty cycles.
Structural and Geometrical Optimization
Limitation:

While aerodynamic and basic structural evaluations were conducted, full structural optimization

(e.q., stiffness-to-mass ratio, hub/duct integration) was not addressed in depth.
Recommendation:

A more integrated structural optimization approach could be applied to critical components such
as hubs, ducts, and junctions. This would reduce material usage, enhance reliability, and shorten
manufacturing lead times, especially when coupled with topology optimization or design-for-

manufacturing strategies.
Surrogate Modeling and Machine Learning
Limitation:

Although a novel optimization algonthm was developed, adjoint-based sensitivity analysis and

surrogate modeling were not employed to reduce computational cost.

Recommendation:
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Integrating adjoint methods and machine leaming-enhanced surrogate models can significantly
accelerate optimization while preserving accuracy. Adaptive surrogate models that evolve during
the optimization process, supported by data-driven strategies, offer great potential for scaling the

methodology to more complex geometries and real-time applications.
Influence of Temperature in Underground Applications
Limitation:

CFD simulations assumed constant ambient conditions and did not include temperature variations,

which can be significant in underground mines.
Recommendation:

Future CFD models should account for thermodynamic effects such as temperature-induced
changes in air density, viscosity, and pressure gradients. This is especially relevant for deep
mining environments, where elevated temperatures impact both fan performance and structural

loading.

Prototyping and Experimental Validation

Limitation:

The results and models developed in this work were validated against developed numerical or
analytical benchmarks, but not through physical testing.

Recommendation:

To further enhance the credibility of the proposed framework, experimental validation of optimized
airfoil geometries and fan components should be pursued. This will support the development of

more robust and industrally deployable designs.
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