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Abstract

Robust optimization has been developed to control the sensitivity of optimal
design performance against deviations imposed by the system design conditions. In
fact, a product designed using robust optimization techniques can withstand the un-
certainties in operational conditions, physical properties, geometrical characteristics,
etc. This means that robust optimization increases the probability of achieving the
expected performance, even under the inevitable uncertainties. Like many indus-
trial applications, uncertainties generally present in turbomachines. Turbomachines
are used in a wide range of industries, and their performance is considerably af-
fected by the large uncertainties in their operational and geometrical conditions.
Meanwhile, the investigations on the robust optimization of turbomachines are so
limited. The main challenges in achieving a robust optimization of turbomachines
are the high computational cost of the procedure and methods for assessing the ro-
bustness of system performance. Accordingly, the current thesis is aimed at, firstly,
representing the importance of robust optimization in turbomachines, and secondly,
developing the required tools to achieve this goal. Robust optimization is carried
out by coupling both optimization and uncertainty quantification (UQ) methods.
Therefore, it is highly appreciated to use a combination of efficient algorithms for
optimization and UQ to reduce computational costs. It should be noted that sev-
eral optimization methods with acceptable performance have been developed by
researchers. On the other hand, uncertainty quantification has been recently uti-
lized in engineering problems, and it needs more attention for developing efficient
methods. Therefore, to reduce the computational cost of robust optimization, this
study focuses on developing efficient methods of uncertainty quantification. Simple
uncertainty quantification procedures such as sampling methods have a low conver-
gence rate. To overcome this issue, some approaches have been developed, such as
full polynomials chaos expansion. However, this method lacks the required efficiency
when utilized in robust optimization problems with large stochastic spaces, like en-
gineering applications. To increase the performance of the mentioned method, a
compressive sensing framework based on Bayesian theory, which has the inherent
ability of adaptive and multi-fidelity sampling, has been applied for probabilistic
study in the current thesis. The method is applied to challenging test cases of tur-
bomachines. Then, its accuracy and efficiency are investigated by comparing the
results with the full polynomial chaos expansion method. It is well shown that
the computational gain of the presented approach is significant in the problems
faced with the curse of dimensionality. Afterward, using the developed method, the
physics of cavitating tip leakage vortex is investigated under uncertainties. The re-
sults clarified that the operational and geometrical uncertainties lead to undeniable



variations in the vortex flow characteristics, and ignoring such uncertainties leads to
inaccurate flow analysis. As discussed, the second challenge of robust optimization
is developing assessment techniques to investigate system behavior’s robustness. To
this end, there are some standard criteria that generally use a number of statistical
characteristics of the system performance. This issue makes these criteria impotent
to provide a comprehensive assessment of product performance. Accordingly, the
current thesis introduces a new criterion based on the cumulative distribution func-
tion of the stochastic quantity of interest. At first, the capability of the introduced
criterion in finding the robust optimal point is proved by comparing the results given
by the novel and common criteria in a number of analytical test functions. This in-
troduced technique is then used for robust optimization of marine current turbine
performance as the first turbomachinery cases. Marine turbines convert free stream
kinetic energy into power. Their operating conditions are associated with large un-
certainties, and thus, the generated power of the deterministic optimum turbine, as
expected, deals with large variations. Our study showed that the obtained robust
optimum turbine has smaller variations, and the system performance will be more
stable than the deterministic optimum case. Moreover, the possibility of producing
greater power is higher in robust optimum turbine design. The methods developed
in the current study have also been utilized for obtaining a robust optimum design of
the internal cooling system of C3X, a well-known gas turbine vane. Accordingly, the
blade’s temperature field of robust optimum design is compared with the baseline
and deterministic optimum blades. Results showed that, although the maximum
temperature of the deterministic optimum blade is less than that of robust opti-
mum design on average, the high sensitivity of the deterministic design against the
presence of uncertainties leads to a considerable variation on its temperature field.
Accordingly, the robust optimum design of the blade internal cooling channels is
more efficient.
Keywords:

Robust optimization, Turbomachines, Uncertainty quantification, Polynomial
chaos expansion, Robustness criterion, Efficient methods



Contents

List of Figures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

List of Tables . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xvii

Nomenclature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . xix

Acronyms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .xxiv

Chapter 1: Introduction 1

1.1 Research motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Thesis objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.3 Implementation method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.4 Thesis structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

Chapter 2: Literature review 9

2.1 Robust optimization of turbomachines . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

Chapter 3: Fundamentals of robust optimization 26

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2 Basic concepts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.1 Robust optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3.2.2 Uncertainty. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

3.3 Stochastic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

3.3.1 Uncertainty quantification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

3.3.2 UQ methods. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

3.3.3 Non-intrusive polynomials chaos expansion . . . . . . . . . . . . . . . . . . . . . . . 40

i



Contents ii

3.3.3.1 Formation of polynomial chaos expansion . . . . . . . . . . . . . . 41

3.3.3.2 Determination of polynomials chaos expansion. . . . . . . . . 42

3.3.3.3 Sampling method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3.3.3.4 Error analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

3.3.3.5 Calculation of statistical characteristics. . . . . . . . . . . . . . . . . 47

3.3.4 Sensitivity analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.3.4.1 Sobol’ decomposition of polynomial chaos expansion . . 48

3.4 Optimization method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.1 Overview of optimization methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

3.4.2 Hybrid genetic algorithm and particle swarm optimization. . . . . . 52

3.5 Robustness criteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3.5.1 Worst case scenario . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3.5.2 Mean value penalty optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.5.3 Constrained moments optimization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3.5.4 Multi-objective optimization of statistical moments . . . . . . . . . . . . . 58

3.6 Robust optimization procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

3.7 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

Chapter 4: Efficient UQ method development 61

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

4.2 Efficient UQ methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

4.3 Compressive sensing basics. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.4 Uncertainty quantification using MTABCS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

4.5 Developed method performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4.5.1 Airfoil RAE2822 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.5.1.1 Non-deterministic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69

4.5.1.2 Flow simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.5.1.3 Mesh generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.5.1.4 Uncertainty analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

4.5.1.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.5.2 Rotor 37 compressor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

4.5.2.1 Non-deterministic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83



Contents iii

4.5.2.2 Flow simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.5.2.3 Mesh generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.5.2.4 UQ analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88

4.5.2.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96

Chapter 5: Probabilistic simulation of the cavitating tip-leakage

vortex 98

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

5.2 Literature Review. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.3 Investigated test case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.4 Numerical simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

5.5 Stochastic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

5.5.1 Aleatoric uncertainties. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.5.2 Epistemic uncertainties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.6 Mesh generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

5.7 Non-deterministic results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.7.1 TLV trajectory . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.7.2 Pressure field around the cavitating TLV .. . . . . . . . . . . . . . . . . . . . . . . . 112

5.7.3 TLV Characteristics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115

5.7.4 Lift and drag coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

Chapter 6: Development of a robust optimization technique and its

application to a marine current turbine 127

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

6.2 Robustness criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.2.1 Comparison of common robust criteria. . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

6.2.2 Novel criterion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

6.2.3 Introduced criterion performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132

6.3 Robust optimization of a marine current turbine . . . . . . . . . . . . . . . . . . . . . . . . 136

6.3.1 Stochastic analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138



Contents iv

6.3.1.1 Non-deterministic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

6.3.1.2 Non-deterministic results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

6.3.1.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

6.3.2 Robust optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.3.2.1 Objective function . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.3.2.2 Design variables. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

6.3.2.3 Stochastic conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

6.3.2.4 Design constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152

6.3.2.5 Optimization results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

6.4 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 158

Chapter 7: Robust optimization of a gas turbine vane 159

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 159

7.2 Literature Review. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

7.3 Investigated test case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162

7.4 Stochastic condition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163

7.5 Flow and heat transfer simulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

7.6 Mesh generation and grid study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

7.7 Optimization approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169

7.8 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

7.8.1 Uncertainty quantification and sensitivity analysis . . . . . . . . . . . . . . . 171

7.8.1.1 Flow field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171

7.8.1.2 Thermal field. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176

7.8.2 Optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183

7.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

Chapter 8: Conclusions and perspectives 193

8.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

8.1.1 Development of efficient UQ method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194

8.1.2 Probabilistic simulation of the cavitating tip-leakage vortex . . . . 195

8.1.3 Introducing a novel robustness technique to assess the system

stochastic performance comprehensively . . . . . . . . . . . . . . . . . . . . . . . . . 195



Contents v

8.1.4 Marine current turbine uncertainty quantification and robust

optimization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196

8.1.5 Robust optimization of a gas turbine blade internal cooling layout197

8.2 Perspectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

8.2.1 Deeper development of methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198

8.2.2 Robust optimization of the different applications using the de-

veloped methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

Appendix A: Basics of uncertainty quantification and sensitivity

analysis 201

A.1 Probability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

A.2 Sampling techniques . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204

A.2.1 Monte Carlo method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

A.2.2 Latin hypercube method. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

A.2.3 Sobol’ quasi-random method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

A.2.4 Comparison of sampling methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

A.3 Common probability distribution functions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207

A.3.1 Uniform distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

A.3.2 Beta distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211

A.3.3 Gaussian or normal distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213

A.3.4 Gamma distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214

A.4 Variance based and Sobol’ decomposition SA. . . . . . . . . . . . . . . . . . . . . . . . . . . . 216

Appendix B: Optimization methods 219

B.1 Genetic algorithm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219

B.1.1 Initialize population . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

B.1.2 Fitness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

B.1.3 Next population generation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222

B.1.4 Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223

B.1.5 Crossover. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 224

B.1.6 Mutation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225

B.2 Particle swarm optimization. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227



Contents vi

B.2.1 Population generation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227

B.2.2 Particle movement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 228

B.3 Multi-objective optimization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 229

B.3.1 Classical approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 230

B.3.2 Non-dominated sorting approach. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231

B.3.3 Benchmark points . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

Appendix C: Multi-task adaptive Bayesian compressive sensing 236

C.1 Bayesian compressive sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 236

C.2 Adaptive compressive sensing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 241

C.3 Multi-task compressive sensing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

Appendix D: Turbulent flow governing equations 248

D.1 Reynolds Averaged Navier Stokes (RANS) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

D.2 Shear stress transport k − ω turbulence model . . . . . . . . . . . . . . . . . . . . . . . . 249

D.3 v2 − f turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

Appendix E: Blade element momentum theory 252

Appendix F: Publications 260

Bibliography 261




