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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 — € and SST k — w 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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EIS8I3dh CXATST ol 3MB-FS8 3R &fUldh (transient) HATST 3MSThe GFER 3
e R aifRerar &7 Fafea a=a & fou fear Sar €, S aRad=a adieRoia
ol Aldl I IcUF 'l &1 RAR 3raer (steady state) HATAT DI T ReR YdTE
R SR fafd wR Rafdal — S 6 \os cear &g, it ¥R, e 3R
IR, 39 4R 3R gof 4R - I gRHifd faam Srar €1 ¥R gRads dem wecRe™
ST geATY &t aTaT & S ST €, STel YA &) 9T & A1y Feadl gl
3fTh-fESTTe/810h <RET8 JATA-T &l Ud Ufdde URUITH dicad ShsIsd (vortex
breakdown) &1 3T €| IS SIF H dicad Jdhs3T 3 R W FAT §Y
gicad 9 (rotating vortex rope) IR IF YR R JFaiRa aices ok & wU H
Udhe BT 2| dicad SdhsI3- &l [Fad Yalg &l JFSd &x <dl & AR Iaifed
Te IdAR-gerd el ol 7, SR exars err gc Sl 2|

I8 WY Yo AT TR YR UREAT & URUTHEE®RY [qafad g ares faeaiRd
Iicad PR 3R gAT aicad AT & IURT UG 3T FRTART TR e AT
ST TRgd dxal ©| ReR sraver # TERT Wued @ Hads sadr oy, 39 YR
3R 3R wR RAfddl R dgr 91 fdgsi & 9 gitie dared &1 91 Rgoe faan
T B URY H, 3ffIe YR aicaw 9 & S0 R g URANS 3menfRd Aa
k—e 3R SST k—w TS AISH T YATSAAT T o Hedih fohar 71| 31ifere
YR TR fIgae ANSYS CEX aifiifsde Atcday &l IUANT e fhy Ty 3k e
e 9 TS o AT T AT TR aRUMHN | 61 5| YR IaR-derd ol
U9 AR 6 UgaH- 7 FFT 3R favga dee fagyor faar mam| g
IR Rgeee & d9 R &1 Jedida o< I8 w8 fhar a1 f& ardad dahsree
& TSTh Higsarht & foy iR afod 39 e Alsal & awHdr g

Ad 976, ReR s (IS Tear fig, 39 9R, 3iftid ¥R) 3k 39 srawensi &
a9 &t FaTe- & g3 OpenFOAM 30H-9RY AFeoR H fdy 7u| 594
Scale Adaptive Simulation — Shear Stress Transport (SAS-SST) THo\ HISS &I
WWWWWW?WW@?@W@WW(mCSh)
f[gpfd &I THRNSIA -1 & 5T Laplacian smoothing 3MeMRA SRIATHG WA &7
STINT §3M| Ga1a 3R 97 &30 &1 fA&N0 dR aicad sdms3T ol Hifda!, faemes
faeaiRa aicad @R &R FAA aica T & Icuft, T & TE| IS e &g
R HATHE AR YrAIfa o UIhiss W Macdd Arsed grr 17| fahg 39 3R
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3ferd WR W, R & 7 @ uRomH ddveHe 9, W $ET &5 # aicad
SHSI3T Dl IuRATT & IR & TTST 9T 7|

STPC <& | dicad SHhsl3 de &Il € Sie ¥de oI URHATT (swirl magnitude)
Tdh FUTIE T W Sifa 81 SIAT ¥ eXarsd & &ftie Adad, Waus qedr fog
I sip-feome Rafdal &1 ek I1a 999, 7R A Foed a0 yare § Td6 &l
IcAfd T T B Bhoeawd, §TUC <gd d dicad Shsiey 3cud &Il § 3R
T YT IRAET ST &1 39 YR WR dicad DR &l APR ST g8 STl
T ST 50% &t 2hH &1 3fafer # dhara 37efig YaTe ¥R (stagnation) 3RY
B ST 21 3% §1¢ UdTE Ush Y fReR, faeaiRa gl aicad ik 3R 39P
IRI 3R 7 AT a7 MICHS H THIRAAT & 1T T 7 IS TR ool 37ef o
gRacd <@ TRIT, ST Y66 FIRR B3 s911aT © 3R 3iad: U siFdde Ao axeHT
¥ foue Srar 21 faraikd aiced R & WiaR Udle ol 3AcHl (flow reversal)
Sh-vh I BIAT T I YR H FOUS caal &g A &R IgC HHAT & SR
ST 50% FAI H YAiE &5 ged @ IdT § R acad Sdhsed i H
fRIYATY SN Yo 3eeAT 3R e | ' Sl ©) 39d 916 yarg efR-efR
HAIE cEdm &g & fRwar a1 w9 # S 3 g

HAIE q&rar fog A 3 ¥R 6 &ffie Haad! 4, yare 9 &7 § uRadd S
30% AT §1d S & 916 € GWs <d ©1 VB STUC [ H dald JaTE T
A IRY BIAT 2| Ya18 U ¥ fig & IRl 3R fauifsd & Sian &, S o
YN & fadfad BT € S 99T & A1y e $U ¥ hadr &1 50% I h
915 39 YU &F H Th-9d H Ydle IGcAl o'l 7| 3 ¥R W= yare &fitis
9 WT 9 & §1¢ RO BT IIaT T T & & @evarR AT, 376 9 &
g IeTe gauanet o T €, S T &7 3R ISP IRI AR P AMSCHR
¥ g AoEd e BRR R @7 ufaffecg R 81 F R oy foue ax
TG dicad 9 BT 0 Rl €] U IRIAT A6 UPR & dicad SThsle
BT YeRTT el 2|
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