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Abstract
Off-design and transient operations of hydraulic turbines is contemporarily fre-
quented for balancing the grid power intermittence introduced by variable renewable
energy. Steady state operation is characterized by a constant discharge and varied
conditions of load such as the best efficiency point, part load, deep part load, high
load and full load. Load change, and start/stop events are the regimes of tran-
sient operation and involve a time varying flow rate. An adverse consequence of
off-design/transient turbine operations is development of vortex breakdown phe-
nomenon. Vortex breakdown in draft tubes manifests as a rotating vortex rope at
part load operation and enlarged vortex core at high load operation. Development
of vortex breakdown causes a complete disorganization of the flow with development
of unfavourable pressure fluctuation leading to loss of turbine efficiency.

This thesis encapsulates thorough numerical investigations on the formation and
elimination of the enlarged vortex core and rotating vortex rope consequent to load
changes on the turbine. Steady state turbine operation at best efficiency point, high
load and part load conditions as well as transient operations between these operating
points are simulated. Initially, a detailed assessment of the applicability of URANS-
based standard k− ε and SST k−ω turbulence models for the characterization of a
part load vortex rope is carried out. Simulations are performed at part load using the
commercially available ANSYS CFX software. Obtained axial and radial velocity
fields are compared with results from the experiment. A detailed spectral analysis
is carried out using Fast Fourier Transforms to identify the dominant frequencies
of pressure fluctuation in numerical and experimental data. A mismatch between
experiment and simulation is identified and quantified to evaluate the utility of
URANS models for investigations on vortex breakdown. It is discerned that more
advanced turbulence models are required for an accurate flow field prediction.

Subsequent simulations of steady state turbine operation at best efficiency point,
high load and part load, as well as transient operations between these operating
points, are conducted using OpenFOAM open-source software. Turbulence closure
is attained using the scale adaptive simulations - shear stress transport turbulence
model. Dynamic meshing based on a Laplacian smoothing scheme is used to ac-
count for mesh deformation arising from guide vane motion during load change.
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The pressure and velocity fields have been determined and analyzed to elucidate
the physics of vortex breakdown, the phenomenon underlying the formation of the
enlarged vortex core and rotating vortex rope. At best efficiency point, a close agree-
ment between numerical and experimental velocity profiles is seen. However, at high
load and part load, while the numerical results agree satisfactorily with experiment
toward the peripheral region, a slightly increased deviation is seen in the central
region due to the presence of vortex breakdown.

Vortex breakdown in the draft tube occurs due to exceedance of the swirl magnitude
beyond a critical value. Transient operations of the turbine from best efficiency point
to off-design conditions lead to an exceeded magnitude of swirl in the flow exiting
the runner. Consequently, vortex breakdown occurs in the draft tube causing an
unusual flow pattern. The vortex core significantly swells up toward high load. A
central axial flow stagnation commences centrally near 50% of the transient sequence
duration. Subsequently, flow is separated into a nearly stagnant, expanded central
vortex core, and a high-speed outflow surrounding it. A steep axial velocity change
is observed radially across the interface of outflow and vortex core earmarking strong
shear layers, which roll up to form a compact spiral structure. Flow reversals within
the enlarged vortex core are seen to be intermittent. Reverse transition from high
load to best efficiency point results in a gradual reorganization of the velocity field,
purging main features of the vortex breakdown such as flow reversals and stagnation,
within 50% of the time of load change. Onward, the flow is gradually restored to a
form characteristic of the best efficiency point.

In the best efficiency point to part load transient sequence the changes in velocity
field are noticeable after about 30% of the time of transient operation has elapsed.
VB commences with a central flow stagnation in the draft tube. The flow separates
about a stagnation point leading to development of a stagnation region that dilates
radially in time. Post 50% of the transient operation intermittent flow reversals are
observed within the stagnation region. The flow at PL is stabilized after completion
of the transient sequence. A wavy boundary of the stagnation region earmarks the
strong radial gradients of axial velocity representing strong interfacial shear layers
between the stagnation region and surrounding outflow. The shear layers roll up
leading to formation of rotating vortex rope. The flow morphology depicts a spiral
type vortex breakdown.
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सारांश

हाइड्रोलिक टरबाइन का ऑफ-डिज़ाइन और क्षणिक (transient) संचालन आजकल अक्सर उस

ग्रिड पावर अस्थिरता को संतुलित करने के लिए किया जाता है, जो परिवर्तनीय नवीकरणीय

ऊर्जा स्रोतों से उत्पन्न होती है। स्थिर अवस्था (steady state) संचालन को एक स्थिर प्रवाह

दर और विभिन्न भार स्थितियों – जैसे कि सर्वश्रेष्ठ दक्षता बिंदु , आंशिक भार, गहरे आंशिक

भार, उच्च भार और पूर्ण  भार – से परिभाषित किया जाता है। भार परिवर्तन तथा स्टार्ट/स्टॉप

जैसी घटनाएँ क्षणिक संचालन के अंतर्गत आती हैं, जहाँ प्रवाह दर समय के साथ बदलती है।

ऑफ-डिज़ाइन/क्षणिक टरबाइन संचालन का एक प्रतिकू ल परिणाम वॉर्टेक्स ब्रेकडाउन (vortex

breakdown) की उत्पत्ति है। ड्राफ्ट ट्यूब में वॉर्टेक्स ब्रेकडाउन आंशिक भार पर घूमते हुए

वॉर्टेक्स रोप (rotating vortex rope) और उच्च भार पर विस्तारित वॉर्टेक्स कोर के रूप में

प्रकट होता है। वॉर्टेक्स ब्रेकडाउन का विकास प्रवाह को असंगठित कर देता है और अवांछित

दाब उतार-चढ़ाव पैदा करता है, जिससे टरबाइन दक्षता घट जाती है।

यह शोध प्रबंध टरबाइन पर भार परिवर्तन के परिणामस्वरूप विकसित होने वाले विस्तारित

वॉर्टेक्स कोर और घूमते वॉर्टेक्स रोप की उत्पत्ति एवं उनके निराकरण पर गहन संख्यात्मक

जाँच प्रस्तुत करता है। स्थिर अवस्था में टरबाइन संचालन को सर्वश्रेष्ठ दक्षता बिंदु , उच्च भार

और आंशिक भार स्थितियों पर तथा इन बिंदु ओं के बीच क्षणिक संचालन को भी सिमुलेट किया

गया है। प्रारंभ में, आंशिक भार वॉर्टेक्स रोप के लक्षण निर्धारण हेतु URANS आधारित मानक

k− ε और SST k−ω टर्बुलेंस मॉडल की प्रयोज्यता का विस्तृत मूल्यांकन किया गया। आंशिक

भार पर सिमुलेशन ANSYS CFX वाणिज्यिक सॉफ़्टवेयर का उपयोग करके किए गए और प्राप्त

अक्षीय व रेडियल वेग क्षेत्रों की तुलना प्रायोगिक परिणामों से की गई। प्रेशर उतार-चढ़ाव की

प्रमुख आवृत्तियों को पहचानने हेतु FFT आधारित विस्तृत स्पेक्ट्रल विश्लेषण किया गया। प्रयोग

और सिमुलेशन के बीच अंतर का मूल्यांकन कर यह स्पष्ट किया गया कि वॉर्टेक्स ब्रेकडाउन

की सटीक भविष्यवाणी के लिए और अधिक उन्नत टर्बुलेंस मॉडलों की आवश्यकता है।

इसके बाद, स्थिर अवस्था (सर्वश्रेष्ठ दक्षता बिंदु , उच्च भार, आंशिक भार) और इन अवस्थाओं के

बीच क्षणिक संचालन के सिमुलेशन OpenFOAM ओपन-सोर्स सॉफ़्टवेयर में किए गए। इसमें

Scale Adaptive Simulation – Shear Stress Transport (SAS-SST) टर्बुलेंस मॉडल का

उपयोग किया गया और लोड परिवर्तन के दौरान गाइड वेन की गति से उत्पन्न जाल (mesh)

विकृ ति को समायोजित करने के लिए Laplacian smoothing आधारित डायनामिक मेसिंग का

उपयोग हुआ। दबाव और वेग क्षेत्रों का विश्लेषण कर वॉर्टेक्स ब्रेकडाउन की भौतिकी, विशेषकर

विस्तारित वॉर्टेक्स कोर और घूमते वॉर्टेक्स रोप की उत्पत्ति, स्पष्ट की गई। सर्वश्रेष्ठ दक्षता बिंदु

पर संख्यात्मक और प्रायोगिक वेग प्रोफाइल में निकटतम सामंजस्य पाया गया। किं तु उच्च और
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आंशिक भार पर, परिधीय क्षेत्र में तो परिणाम संतोषजनक थे, परंतु कें द्रीय क्षेत्र में वॉर्टेक्स

ब्रेकडाउन की उपस्थिति के कारण कु छ विचलन पाया गया।

ड्राफ्ट ट्यूब में वॉर्टेक्स ब्रेकडाउन तब होता है जब स्वर्ल की परिमाण (swirl magnitude)

एक निर्णायक सीमा से अधिक हो जाता है। टरबाइन का क्षणिक संचालन, सर्वश्रेष्ठ दक्षता बिंदु

से ऑफ-डिज़ाइन स्थितियों की ओर जाते समय, रनर से निकलने वाले प्रवाह में स्वर्ल को

अत्यधिक बढ़ा देता है। फलस्वरूप, ड्राफ्ट ट्यूब में वॉर्टेक्स ब्रेकडाउन उत्पन्न होता है और

असामान्य प्रवाह संरचना बनती है। उच्च भार पर वॉर्टेक्स कोर का आकार काफी बढ़ जाता

है। लगभग 50% क्षणिक क्रम की अवधि में कें द्रीय अक्षीय प्रवाह स्थगन (stagnation) आरंभ

हो जाता है। इसके बाद प्रवाह एक लगभग स्थिर, विस्तारित कें द्रीय वॉर्टेक्स कोर और उसके

चारों ओर उच्च वेग वाले आउटफ़्लो में विभाजित हो जाता है। इस इंटरफे स पर तेज अक्षीय वेग

परिवर्तन देखा गया, जो प्रबल शियर लेयर्स बनाता है और अंततः एक कॉम्पैक्ट सर्पिल संरचना

में लिपट जाता है। विस्तारित वॉर्टेक्स कोर के भीतर प्रवाह का उलटना (flow reversal)

रुक-रुक कर होता है। उच्च भार से सर्वश्रेष्ठ दक्षता बिंदु  की ओर उलटे संक्रमण के दौरान

लगभग 50% समय में प्रवाह क्षेत्र पुनर्गठित हो जाता है और वॉर्टेक्स ब्रेकडाउन की मुख्य

विशेषताएँ जैसे प्रवाह उलटना और स्थगन समाप्त हो जाती हैं। इसके बाद प्रवाह धीरे-धीरे

सर्वश्रेष्ठ दक्षता बिंदु  की विशेषता वाले रूप में लौट आता है।

सर्वश्रेष्ठ दक्षता बिंदु  से आंशिक भार की क्षणिक क्रमावली में, प्रवाह वेग क्षेत्र में परिवर्तन लगभग

30% समय बीत जाने के बाद स्पष्ट दिखाई देते हैं। VB ड्राफ्ट ट्यूब में कें द्रीय प्रवाह स्थगन

से आरंभ होता है। प्रवाह एक स्थगन बिंदु  के चारों ओर विभाजित हो जाता है, जिससे एक

स्थगन क्षेत्र विकसित होता है जो समय के साथ रेडियल रूप से फै लता है। 50% समय के

बाद इस स्थगन क्षेत्र में रुक-रुक कर प्रवाह उलटना देखा गया। आंशिक भार पर प्रवाह क्षणिक

क्रम पूरा होने के बाद स्थिर हो जाता है। स्थगन क्षेत्र की लहरदार सीमा, अक्षीय वेग के

तीव्र रेडियल प्रवणताओं को दर्शाती है, जो स्थगन क्षेत्र और उसके चारों ओर के आउटफ़्लो

के बीच मजबूत इंटरफ़े स शियर लेयर का प्रतिनिधित्व करती है। ये शियर लेयर्स लिपट कर

घूमते वॉर्टेक्स रोप का निर्माण करती हैं। प्रवाह संरचना सर्पिल प्रकार के वॉर्टेक्स ब्रेकडाउन

को प्रदर्शित करती है।

viii



Contents

Certificate i

Acknowledgement iii

Abstract v

सारांश vii

Contents ix

List of Figures xiii

List of Tables xxi

Abbreviations xxiii

Symbols xxv

1 Introduction 1
1.1 Hydraulic turbines . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.2 Vortex breakdown in hydraulic turbines . . . . . . . . . . . . . . . . 7

2 Review of Literature 11
2.1 Experimental investigations . . . . . . . . . . . . . . . . . . . . . . . 13

2.1.1 Flow characterization . . . . . . . . . . . . . . . . . . . . . . 13
2.1.2 Spectral analysis . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.1.3 Cavitation effects in vortex ropes . . . . . . . . . . . . . . . . 26

2.2 Numerical investigations . . . . . . . . . . . . . . . . . . . . . . . . . 39
2.2.1 Flow field investigations . . . . . . . . . . . . . . . . . . . . . 41
2.2.2 A note on turbulence modelling . . . . . . . . . . . . . . . . . 51

2.3 Formation mechanism of vortex rope . . . . . . . . . . . . . . . . . . 54

ix



2.4 Research gaps . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
2.5 Research objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

3 Computational Methodology 67
3.1 Governing equations . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.2 Reynolds-averaged Navier-Stokes (RANS) approach . . . . . . . . . . 69

3.2.1 k-ε turbulence model . . . . . . . . . . . . . . . . . . . . . . . 71
3.2.2 k-ω turbulence model . . . . . . . . . . . . . . . . . . . . . . 72
3.2.3 Shear stress transport (SST) k-ω turbulence model . . . . . . 72

3.3 Large eddy simulations (LES) . . . . . . . . . . . . . . . . . . . . . . 73
3.4 Hybrid or bridging turbulence models . . . . . . . . . . . . . . . . . . 79

3.4.1 Shear stress transport – Scale adaptive simulations (SST-
SAS) model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

3.4.2 Partially-averaged Navier-Stokes (PANS) model . . . . . . . . 80
3.5 Near wall modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.6 Test case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.7 Discretization and numerical schemes . . . . . . . . . . . . . . . . . . 87
3.8 The computational mesh . . . . . . . . . . . . . . . . . . . . . . . . . 90
3.9 Simulated operating conditions . . . . . . . . . . . . . . . . . . . . . 94
3.10 Boundary conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4 Steady State Operations 97
4.1 Capability assessment of URANS models . . . . . . . . . . . . . . . . 98

4.1.1 Methodology of computation . . . . . . . . . . . . . . . . . . 98
4.1.2 Velocity prediction . . . . . . . . . . . . . . . . . . . . . . . . 100
4.1.3 Pressure prediction . . . . . . . . . . . . . . . . . . . . . . . . 105

4.2 Steady state operation . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.2.1 Case validation and velocity profiles . . . . . . . . . . . . . . 109
4.2.2 Draft tube velocity field . . . . . . . . . . . . . . . . . . . . . 117

4.3 PANS simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
4.4 Proper orthogonal decomposition . . . . . . . . . . . . . . . . . . . . 128

4.4.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128
4.4.2 Cumulative energy . . . . . . . . . . . . . . . . . . . . . . . . 130
4.4.3 Frequency content . . . . . . . . . . . . . . . . . . . . . . . . 131
4.4.4 Coherent structures . . . . . . . . . . . . . . . . . . . . . . . 135

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5 Transient Operations 141
5.1 Swirl number . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
5.2 Velocity field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

5.2.1 BEP -HL load change . . . . . . . . . . . . . . . . . . . . . . 144
5.2.2 HL - BEP load change . . . . . . . . . . . . . . . . . . . . . . 151

x



5.2.3 BEP - PL load change . . . . . . . . . . . . . . . . . . . . . . 163
5.3 Pressure field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

5.3.1 BEP - HL load change . . . . . . . . . . . . . . . . . . . . . . 170
5.3.2 HL - BEP load change . . . . . . . . . . . . . . . . . . . . . . 174

5.4 Flow visualizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
5.4.1 BEP - HL load change . . . . . . . . . . . . . . . . . . . . . . 178
5.4.2 HL - BEP load change . . . . . . . . . . . . . . . . . . . . . . 180
5.4.3 BEP - PL load change . . . . . . . . . . . . . . . . . . . . . . 183

5.5 Vorticity distribution . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
5.6 PANS simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
5.7 Computational cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . 196
5.8 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197

6 Conclusions 199
6.1 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 199

6.1.1 Steady state operation . . . . . . . . . . . . . . . . . . . . . . 200
6.1.2 Transient operation . . . . . . . . . . . . . . . . . . . . . . . . 203

6.2 Future scope of work . . . . . . . . . . . . . . . . . . . . . . . . . . . 205

Bibliography 209

List of Publications 235

Curriculum Vitae 237

xi



List of Figures

1.1 A schematic representation of the water cycle[3] . . . . . . . . . . . . 2
1.2 Categorization of turbines for selection based on specific speed and

head[6] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 A schematic representation of the working of a hydroelectric power

plant[7] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Components of a Francis turbine . . . . . . . . . . . . . . . . . . . . 6
1.5 Hill chart of a model high head Francis turbine[8] . . . . . . . . . . . 6
1.6 Vector diagrams of velocity at outlet of a Francis runner under a) PL

b) BEP c) HL operations[5]. U is the runner velocity, V the absolute
flow velocity, and W the relative velocity of flow with respect to the
runner. Va and Vt are axial and circumferential velocity components,
respectively. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.7 Visuals of RVR (left) and EVC (right) in the draft tube[6] . . . . . . 9

2.1 Spiral vortex core enveloping the stagnation region at PL turbine
operation[51] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.2 The Francis 99 model test section showing placement of PIV system
and pressure sensors: a) top view b) side view[13] . . . . . . . . . . . 15

2.3 Contour plots of absolute flow velocity (V ) in the draft tube at a)
BEP operation b) PL operation[13] . . . . . . . . . . . . . . . . . . . 16

2.4 Mean axial and radial velocities at two cross-sections (line 1 and line
2) of the draft tube cone for 20 repetitions[13] . . . . . . . . . . . . . 16

2.5 Salient locations of measurement in the U9 draft tube. Red dots
indicate pressure sensors[54]. Section I-III are the LDA measurement
sections. a, b, c, and d represent the circumferential alignment of
pressure and velocity measurements . . . . . . . . . . . . . . . . . . . 17

2.6 Averaged axial (U∗) and tangential velocity (V ∗) profiles at salient
sections of measurement during BEP operation[54] . . . . . . . . . . 17

2.7 Time evolution of normalized velocities in the draft tube during PL
operation: a) radial (U∗) and b) axial (V ∗) velocities[13]. . . . . . . . 19

2.8 Averaged axial (U∗) and tangential velocity (V ∗) profiles at salient
sections of measurement during PL operation[54] . . . . . . . . . . . 20

xiii



2.9 Visual of the RVR obtained using air injection (left) and a schematic
representation of the RVR (right)[54]. ω1 and rRVR are the angu-
lar velocity and radius of precession respectively. ω2 is the angular
velocity of self-rotation of the vortex . . . . . . . . . . . . . . . . . . 22

2.10 Axial velocity phase averaged with respect to RVR frequency repre-
sented by a contour plot[54] . . . . . . . . . . . . . . . . . . . . . . . 22

2.11 Tangential velocity phase averaged with respect to RVR frequency
represented by a contour plot[54] . . . . . . . . . . . . . . . . . . . . 23

2.12 Spectrograms of pressure-time signals acquired in the draft tube cone
during a) BEP-PL load change and b) PL-BEP load change accep-
tance[13]. Black solid line represents the time variation of GV angle
scaled on top-right y-axis . . . . . . . . . . . . . . . . . . . . . . . . . 24

2.13 Spectrograms of a) plunging and b) rotating modes of RVR acquired
during PL-BEP load change[13]. Black solid line represents the time
variation of GV angle scaled on top-right y-axis . . . . . . . . . . . . 25

2.14 Spectrograms of a) plunging and b) rotating modes of RVR acquired
during BEP-PL load change[13]. Black solid line represents the time
variation of GV angle scaled on top-right y-axis . . . . . . . . . . . . 25

2.15 BEP-PL load change effected appearance of rotating and plunging
components of the RVR in the draft tube cone[13]. Time evolution
of pressure (left) radial velocity (centre) and axial velocity (right)
amplitudes in RVR frequency is shown. Blue solid line represents
the time variation of GV angle scaled on top-right y-axis. Black and
dashed solid lines indicate appearance of the plunging and rotating
components of RVR, respectively. . . . . . . . . . . . . . . . . . . . . 26

2.16 Representation of pressure fluctuation amplitudes against frequency
through a waterfall diagram at cone downstream (left) and cone up-
stream (right) locations[47] . . . . . . . . . . . . . . . . . . . . . . . 29

2.17 Plot of frequency (red) and amplitude (green) of pressure fluctuation
against cavitation number[47] . . . . . . . . . . . . . . . . . . . . . . 29

2.18 Fast Fourier transform of the pressure coefficient at a point on draft
tube wall near inlet (Q = 0.82.QBEP )[75] . . . . . . . . . . . . . . . . 31

2.19 Short time Fourier transform (STFT) of the pressure coefficient at a
point on draft tube wall near inlet for three cavitation numbers σ a)
0.26 b) 0.20 c) 0.15 (Q = 0.82.QBEP ) [75] . . . . . . . . . . . . . . . . 32

2.20 Stability diagram identifying unstable operating regimes involving
upper part load (UPL) instability in a model Francis turbine[75] . . . 33

2.21 Visual illustration of volume fluctuation related to upper part load
(UPL) instability seen in a cavitating vortex rope near runner hub
(Q = 0.87QBEP, Cavitation number = 0.06)[81] . . . . . . . . . . . . 34

2.22 Different patterns of vortex ropes seen in a draft tube under various
operating regimes[85] . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

xiv



2.23 Distribution of different patterns of vortex ropes seen in a draft tube
as per operating regimes[85] . . . . . . . . . . . . . . . . . . . . . . . 37

2.24 Root mean square values of pressure in draft tube (PDT1), penstock
(PP2) and spiral casing (PSC1), and shaft displacement (DT1) over
the range of PL operation[12] . . . . . . . . . . . . . . . . . . . . . . 38

2.25 Time-frequency diagram of pressure in the draft tube cone (PDT1)
and spiral casing (PSC1)[12] . . . . . . . . . . . . . . . . . . . . . . . 38

2.26 A plot of dominant frequencies over the operating range of the tur-
bines[12] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.27 Spanwise profiles of axial velocity at different instants in course of
BEP-PL load change[26] . . . . . . . . . . . . . . . . . . . . . . . . . 42

2.28 Contour plot showing time evolution of axial velocity in the draft
tube cone at a measuring place near draft tube inlet a) experimental
data b) numerical data[26] . . . . . . . . . . . . . . . . . . . . . . . . 42

2.29 Time evolution of axial velocity at four different radial positions[26] . 43
2.30 Pressure iso-surfaces for RVR visualization, generated using DES

model at PL (left), BEP (centre) and HL (right) conditions[121] . . . 44
2.31 Spanwise profiles of axial velocity generated in the draft tube cone at

upstream (left) and downstream (right) locations during BEP oper-
ation[121] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.32 Spanwise profiles of axial velocity generated in the draft tube cone
at upstream (left) and downstream (right) locations during PL oper-
ation[121] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

2.33 Spanwise distribution of axial (V) and radial (U) velocites generated
in the draft tube cone at a) upstream and b) downstream locations
during BEP operation [122] . . . . . . . . . . . . . . . . . . . . . . . 46

2.34 Spanwise distribution of axial (V) and radial (U) velocities generated
in the draft tube cone at a) upstream and b) downstream locations
during PL operation[122] . . . . . . . . . . . . . . . . . . . . . . . . . 46

2.35 Spanwise profiles of radial velocity generated in the draft tube cone
at upstream (left) and downstream (right) locations during BEP op-
eration[121] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.36 Spanwise profiles of radial velocity generated in the draft tube cone
at upstream (left) and downstream (right) locations during PL oper-
ation [121] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.37 Distribution of normalized tangential velocity across draft tube cone
radius near inlet during BEP operation[119]. . . . . . . . . . . . . . . 48

2.38 Distribution of normalized tangential velocity across draft tube cone
radius near inlet during PL operation[119]. . . . . . . . . . . . . . . . 48

2.39 PL pressure fluctuation in the draft tube cone captured using various
turbulence models[128]. Left and right diagrams correspond to two
different locations of pressure measurement on the draft tube . . . . . 51

2.40 A vortex tube generally used for experimentation on VB[21] . . . . . 55

xv



2.41 Double helix type (top), spiral type (middle) and bubble type VBs [21] 56
2.42 Sketch of a spiral rotating vortex representing the periodic motion in

a vortex whistle[163] . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
2.43 Variation of swirl number (left ordinate) and maximum amplitude of

precession frequency of RVR (right ordinate) with discharge normal-
ized by BEP flow rate[168] . . . . . . . . . . . . . . . . . . . . . . . . 60

2.44 Formation of an axisymmetric (bubble type) VB downstream of a
GV system by core swelling[37] . . . . . . . . . . . . . . . . . . . . . 61

2.45 Spanwise evolution of a) absolute, b) axial and c) axial velocities
characterizing VB caused by BEP-PL load change[13]. Load change
from BEP is initiated at 8.65s and PL is reached at 11.15s . . . . . . 63

2.46 Streamlines generated from averaged steady solution of the transient
(PL-BEP) flow condition at various instants [41]. Twenty repetitions
of measurement are used for averaging. . . . . . . . . . . . . . . . . . 64

3.1 Geometry of the investigated test case . . . . . . . . . . . . . . . . . 86
3.2 Test section of the experimental rig and numerical test case . . . . . 87
3.3 Pictures of the mesh created in different parts of the domain . . . . . 92
3.4 Pictures of the unmorphed (BEP) and morphed (HL) mesh near guide

vanes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4.1 Visuals of the computational mesh . . . . . . . . . . . . . . . . . . . 100
4.2 Numerical and experimental profiles of mean axial velocity on mea-

surement line 1 at PL . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.3 Numerical and experimental profiles of axial velocity on measurement

line 2 at PL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
4.4 Deviation of numerical axial velocity data from experiment along

measurement line 1 at PL . . . . . . . . . . . . . . . . . . . . . . . . 102
4.5 Numerical and experimental profiles of horizontal velocity on mea-

surement line 1 at PL . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.6 Numerical and experimental profiles of horizontal velocity on mea-

surement line 2 at PL . . . . . . . . . . . . . . . . . . . . . . . . . . 104
4.7 Deviation of numerical horizontal velocity data from experiment along

measurement line 1 at PL . . . . . . . . . . . . . . . . . . . . . . . . 104
4.8 Contour plot of pressure distribution along the guide vanes at PL . . 105
4.9 Frequency spectrum of the numerical pressure signal at PL in vaneless

space (VL2) obtained through FFT . . . . . . . . . . . . . . . . . . . 107
4.10 Frequency spectrum of the numerical pressure signal at PL in draft

tube cone (DT5) obtained through FFT . . . . . . . . . . . . . . . . 107
4.11 Frequency spectrum of the synchronous pressure fluctuations at PL

obtained through FFT . . . . . . . . . . . . . . . . . . . . . . . . . . 108
4.12 Frequency spectrum of the asynchronous pressure fluctuations at PL

obtained through FFT . . . . . . . . . . . . . . . . . . . . . . . . . . 108

xvi



4.13 Experimental and numerical axial velocity profiles on Lines 1 and 2.
Solid lines represent simulation and dashed lines with square markers
represent experiment . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.14 Experimental and numerical axial velocity profiles on Line 1 at a)
BEP b) PL . Solid lines represent simulation and dashed lines with
square markers represent experiment . . . . . . . . . . . . . . . . . . 113

4.15 Numerical horizontal (U) and normal (V ) velocity profiles on Line 1 115
4.16 Numerical a) horizontal (U) and b) normal (V) velocity profiles on

Line 1 at PL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116
4.17 Contours of normalized instantaneous axial velocity (W ∗) in the draft

tube at BEP and HL operating conditions . . . . . . . . . . . . . . . 118
4.18 Contours of normalized instantaneous horizontal velocity (U∗) in the

draft tube at BEP and HL operating conditions . . . . . . . . . . . . 119
4.19 Contours of normalized instantaneous normal velocity (V ∗) in the

draft tube at BEP and HL operating conditions . . . . . . . . . . . . 120
4.20 Contours of normalized instantaneous axial velocity (W ∗) in the draft

tube at BEP and PL operating conditions . . . . . . . . . . . . . . . 122
4.21 Contours of normalized instantaneous horizontal velocity (U∗) in the

draft tube at BEP and PL operating conditions . . . . . . . . . . . . 122
4.22 Contours of normalized instantaneous normal velocity (V ∗) in the

draft tube at BEP and PL operating conditions . . . . . . . . . . . . 123
4.23 Experimental and numerical axial velocity profiles on Line 1 at a)

BEP b) HL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.24 Experimental and numerical axial velocity profiles on Line 2 at a)

BEP b) HL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.25 Contours of normalized instantaneous axial velocity (W ∗) in the draft

tube at BEP and HL operating conditions obtained using PANS tur-
bulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126

4.26 Contours of normalized instantaneous horizontal velocity (U∗) in the
draft tube at BEP and HL operating conditions obtained using PANS
turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.27 Contours of normalized instantaneous normal velocity (V ∗) in the
draft tube at BEP and HL operating conditions obtained using PANS
turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

4.28 Cumulative energy of POD modes in velocity components on numer-
ical plane over BEP, HL and PL operation . . . . . . . . . . . . . . . 130

4.29 FFT of POD time coefficients under BEP operation . . . . . . . . . . 132
4.30 FFT of POD time coefficients under HL operation . . . . . . . . . . . 133
4.31 FFT of POD time coefficients under PL operation . . . . . . . . . . . 134
4.32 Contour plots of POD modes 2-5 of velocity components on numerical

plane under BEP operation . . . . . . . . . . . . . . . . . . . . . . . 137
4.33 Contour plots of POD modes 2-5 of velocity components on numerical

plane under HL operation . . . . . . . . . . . . . . . . . . . . . . . . 138

xvii



4.34 Contour plots of POD modes 2-5 of velocity components on numerical
plane under PL operation . . . . . . . . . . . . . . . . . . . . . . . . 139

5.1 Evolution of swirl number with time during BEP-HL transient oper-
ation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.2 Evolution of swirl number with time during BEP-PL transient operation144
5.3 Contour plots depicting spatiotemporal evolution of axial velocity

(W ∗) on Lines 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.4 Spatiotemporal evolution of axial velocity (W ∗) on Line 1 [15]. . . . . 147
5.5 Contour plot depicting spatiotemporal evolution of horizontal veloc-

ity (U∗) on Lines 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . 149
5.6 Contour plot depicting spatiotemporal evolution of normal velocity

(V ∗) on Lines 1 and 2 . . . . . . . . . . . . . . . . . . . . . . . . . . 149
5.7 Spatio-temporal contour plot of normalized axial velocity (W ∗) on

Line 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
5.8 Spatio-temporal contour plot of normalized horizontal velocity (U∗)

on Line 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
5.9 Spatio-temporal contour plot of normalized normal velocity (V ∗) on

Line 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
5.10 Spatial contours of normalized axial velocity (W ∗) in numerical plane

at different time instants along transient operation . . . . . . . . . . 158
5.11 Spatial contours of normalized horizontal velocity (U∗) in numerical

plane at different time instants along transient operation . . . . . . . 159
5.12 Spatial contours of normalized normal velocity (V ∗) in numerical

plane at different time instants along transient operation . . . . . . . 160
5.13 Variation of axial (W ), horizontal (U) and normal (V ) velocities at

5 points on Line 1 in the draft tube . . . . . . . . . . . . . . . . . . . 163
5.14 Variation of axial (W ), horizontal (U) and normal (V ) velocities at

5 points on Line 2 in the draft tube . . . . . . . . . . . . . . . . . . . 163
5.15 Evolution of normalized axial velocity (W ∗) on Line 1 . . . . . . . . . 164
5.16 Evolution of normalized horizontal velocity (U∗) on Line 1 . . . . . . 165
5.17 Evolution of normalized normal velocity (V ∗) on Line 1 . . . . . . . . 166
5.18 Contour plots of normalized axial velocity (W ∗) . . . . . . . . . . . . 167
5.19 Contour plots of normalized horizontal velocity (U∗) . . . . . . . . . 168
5.20 Contour plots of normalized normal velocity (V ∗) . . . . . . . . . . . 169
5.21 Temporal variation of static pressure in the vaneless space (VL2) . . 171
5.22 Fluctuation of pressure in the vaneless space (VL2) . . . . . . . . . . 173
5.23 Fluctuation of pressure near the wall of draft tube cone (DT5) . . . . 173
5.24 FFT of pressure fluctuations in vaneless space (VL2) . . . . . . . . . 173
5.25 FFT of pressure fluctuations in draft tube cone (DT5) . . . . . . . . 174
5.26 Spectrogram of pressure fluctuations in vaneless space (VL2) . . . . . 174
5.27 Spectrogram of pressure fluctuations in draft tube cone (VL2) . . . . 174

xviii



5.28 Radial distribution of averaged pressure in the draft tube. a) Line 1
and b) Line 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5.29 Fluctuation of pressure a) vaneless space (VL2) b) draft tube (DT5) . 177
5.30 Spectrograms of pressure fluctuation obtained at a) vaneless space

(VL2) b) draft tube (DT5) . . . . . . . . . . . . . . . . . . . . . . . . 178
5.31 Visuals of the iso surface of λ2 at 750s−2 under BEP and HL operations179
5.32 Streamlines of planar velocity (vp) across four radial cross-sections

in the draft tube cone . . . . . . . . . . . . . . . . . . . . . . . . . . 180
5.33 λ2-iso-surfaces at 750s−2 within the draft tube at different time in-

stants along HL – BEP transient operation . . . . . . . . . . . . . . . 181
5.34 Streamlines of velocity (Vp) in xz (meridional) plane at different time

instants along transient operation . . . . . . . . . . . . . . . . . . . . 183
5.35 λ2-iso-surfaces at 750s−2 within the draft tube at different time in-

stants along BEP – PL transient operation . . . . . . . . . . . . . . . 184
5.36 Streamlines of in-plane velocity on meridional xz plane in draft tube 185
5.37 Contour plots of magnitude of vorticity over BEP-HL load change . . 186
5.38 Contour plots of magnitude of vorticity over BEP-HL load change . . 188
5.39 Contour plots depicting spatiotemporal evolution of normalized axial

velocity (W ∗) on Line 1 obtained using PANS turbulence model . . . 189
5.40 Contour plots depicting spatiotemporal evolution of normalized hor-

izontal velocity (U∗) on Line 1 obtained using PANS turbulence model190
5.41 Contour plots depicting spatiotemporal evolution of non-dimensional

normal velocity (V ∗) on Line 1 obtained using PANS turbulence model190
5.42 Spatial contours of normalized axial velocity (W ∗) in numerical plane

at different time instants obtained using PANS turbulence model . . 191
5.43 Spatial contours of normalized horizontal velocity (U∗) in numerical

plane at different time instants obtained using PANS turbulence model192
5.44 Spatial contours of normalized normal velocity (V ∗) in numerical

plane at different time instants obtained using PANS turbulence model192
5.45 λ2-iso-surfaces at 750s−2 within the draft tube at different time in-

stants along BEP – HL transient operation obtained using PANS
turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

5.46 Fluctuation of pressure in the vaneless space (VL2) predicted by
PANS turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . 194

5.47 Fluctuation of pressure near the draft tube cone wall (DT5) predicted
by PANS turbulence model . . . . . . . . . . . . . . . . . . . . . . . 195

5.48 FFT of pressure fluctuation in the vaneless space (VL2) predicted by
PANS turbulence model . . . . . . . . . . . . . . . . . . . . . . . . . 195

5.49 FFT of pressure fluctuation near the draft tube cone wall (DT5)
predicted by PANS turbulence model . . . . . . . . . . . . . . . . . . 195

5.50 Spectrogram of pressure fluctuation in the vaneless space (VL2) pre-
dicted by PANS turbulence model . . . . . . . . . . . . . . . . . . . . 196

xix



5.51 Spectrogram of pressure fluctuation near the draft tube cone wall
(DT5) predicted by PANS turbulence model . . . . . . . . . . . . . . 196

xx



List of Tables

3.1 Specifications of the test case under investigation . . . . . . . . . . . 85
3.2 Mesh independency study[185] . . . . . . . . . . . . . . . . . . . . . . 91
3.3 Evaluation of grid discretization error based on GCI method . . . . . 92
3.4 Mesh quality parameters . . . . . . . . . . . . . . . . . . . . . . . . . 93
3.5 Simulated operating conditions . . . . . . . . . . . . . . . . . . . . . 95

5.1 Comparison of computational resource for SAS and PANS simulations.197

xxi



Abbreviations

AMI Arbitrary Mesh Interface
APG Adverse Pressure Gradient
BEP Best Efficiency Point
CFD Computational Fluid Dynamics
CRIO Compact Reconfigurable Input/Output
DNS Direct Numerical Simulation
EVC Enlarged Vortex Core
GV Guide Vane
HL High Load
HPC High Performance Computer
IDC Inner Core Diameter
LES Large Eddy Simulation
LEVM Linear Eddy Viscosity Model
Nd:YAG Neodymium-doped Yttrium Aluminum Garnet
PISO Pressure Implicit with Splitting of Operator
PIV Particle Image Velocimetry
PL Part Load
PVC Precessing Vortex Core
RANS Reynolds-Averaged Navier–Stokes
RVR Rotating Vortex Rope
SIMPLE Semi-Implicit Method for Pressure-Linked Equations
URANS Unsteady Reynolds-Averaged Navier–Stokes
VB Vortex Breakdown

xxiii



Symbols

fn Runner frequency (Hz)
k Turbulent kinetic energy (J)
ns Specific speed (-)
I Turbulence intensity
TG Generator torque
U Horizontal component of velocity within numerical plane (m/s)
Ux Velocity x-component (m/s)
Uy Velocity y-component (m/s)
Uz Velocity z-component (m/s)
U∗ Normalized horizontal component of velocity within numerical plane (-)
V ∗ Normalized velocity component normal to numerical plane (-)
W Axial component of velocity within numerical plane (m/s)
W ∗ Normalized axial component of velocity within numerical plane (-)
x∗ Normalized radial distance from draft tube central axis
α Guide vane angle (◦)
ε Turbulence dissipation rate (m2/s3)
ν Kinematic viscosity (m2/s)
νt Turbulent or eddy viscosity (m2/s)
vp Planar velocity within central xz plane(m/s)
ωgv Guide vane angular speed (◦/s)

xxv




