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a b s t r a c t

We introduce and validate a novel mathematical model for computing the radial profiles of
both axial and circumferential velocity components, respectively, of the swirling flow exit-
ing the runner of hydraulic turbines within the full operating range. We assume an incom-
pressible, inviscid, axisymmetrical, and steady swirling flow, with vanishing radial velocity
at runner outlet. First we find the correlation between the flux of moment of momentum
downstream the turbine runner and the operating regime given by turbine’s discharge and
head. Second, we express the relationship between the axial and circumferential velocity
components, corresponding to the fixed pitch runner blades, using the swirl-free velocity
instead of the traditional relative flow angle at runner outlet. It is shown that the swirl-free
velocity profile practically does not change with the operating regime. Third, we introduce
a constrained variational problem corresponding to the minimization of the flow force
while maintaining the prescribed discharge and flux of moment of momentum. This for-
mulation also accounts for a possible central stagnant region to develop when operating
the turbine far from the best efficiency point. Fourth, we show that by representing the
unknown axial velocity profile with a suitable Fourier–Bessel series, the discharge con-
straint can be automatically satisfied. The resulting numerical algorithm is robust and pro-
duces results in good agreement with available data for both axial and circumferential
velocity profiles measured on a model Francis turbine at several operating regimes. Our
mathematical model is suitable for the early optimization stages of the runner design, as
it provides the swirling flow configuration at runner outlet without actually computing
the runner. By optimizing the parameterized swirl-free velocity profile one can achieve
through the inverse design approaches the most suitable runner blades configuration at
the trailing edge.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

Modern hydraulic turbines meet new challenges associated with the variable demand on the energy market as well as
limited energy storage capabilities, resulting in great flexibility required in operation. Quite often turbines tend to be oper-
ated over an extended range of regimes far from the best efficiency point. In particular, Francis turbines, which have a fixed
pitch runner, experience an abrupt decrease in efficiency and severe pressure fluctuations at off-design operating regimes. In
. All rights reserved.
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Analysis and Prevention of Vortex
Breakdown in the Simplified
Discharge Cone of a Francis
Turbine
We perform a numerical analysis of the decelerated swirling flow into the discharge cone
of a model Francis turbine operated at variable discharge and constant head, using an
axisymmetric turbulent swirling flow model and a corresponding simplified computa-
tional domain. Inlet boundary conditions correspond to velocity and turbulent kinetic
energy profiles measured downstream the Francis runner. Our numerical results are
validated against experimental data on a survey section further downstream in the cone,
showing that the Reynolds stress turbulence model with a quadratic pressure-strain term
correctly captures the flow field. It is shown that the diffuser performance quickly dete-
riorates as the turbine discharge decreases, due to the occurrence and development of
vortex breakdown, with a central quasistagnant region. We investigate a novel flow con-
trol technique, which uses a water jet injected from the runner crown tip along the axis.
It is shown that the jet discharge can be optimized for minimum overall losses, while the
vortex breakdown is eliminated. This flow control method is useful for mitigating the
Francis turbine flow instabilities when operating at partial discharge.
�DOI: 10.1115/1.4001486�
Introduction

The variable demand on the energy market, as well as the lim-
ted energy storage capabilities, requires a great flexibility in op-
rating hydraulic turbines. As a result, turbines tend to be operated
ver an extended range of regimes quite far from the best effi-
iency point. In particular, Francis turbines operated at partial dis-
harge have a high level of residual swirl at the draft tube inlet as
result of the mismatch between the swirl generated by the guide
anes and the angular momentum extracted by the turbine runner
1�. Further downstream, the decelerated swirling flow in the draft
ube cone often results in vortex breakdown, which is recognized
ow as the main cause of severe flow instabilities and pressure
uctuations experienced by hydraulic turbines operated at part

oad �2�. More than 3 decades ago Palde �3� concluded that the
raft tube surge is a hydrodynamic instability, known as vortex
reakdown, occurring in the draft tube as a result of rotation re-
aining in the fluid as it leaves the turbine runner and enters the

raft tube throat.

Contributed by the Fluids Engineering Division of ASME for publication in the
OURNAL OF FLUIDS ENGINEERING. Manuscript received January 14, 2007; final manu-
cript received March 15, 2010; published online April 27, 2010. Assoc. Editor: Rajat

ittal.

ournal of Fluids Engineering Copyright © 20

aded 03 May 2010 to 193.226.8.56. Redistribution subject to ASME
The main goal of a hydraulic turbine draft tube is to decelerate
the flow exiting the runner, thereby converting the excess of ki-
netic head into static head. Modern hydraulic turbines have com-
pact elbow draft tubes, with a rather short discharge cone. As a
result, the draft tube hydrodynamics is very complex due to the
combination of swirling flow deceleration with flow direction and
cross-section shape/area changes. In practice, the hydraulic per-
formance of a turbine draft tube is quantified with the wall pres-
sure recovery coefficient
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Most of the pressure recovery occurs in the draft tube cone. For
economical reasons, this conical diffuser is short and it has a
rather large angle. To minimize hydraulic losses associated with
kinetic-to-potential energy conversion in the draft tube cone, a
certain level of residual swirl is provided at the runner outlet. This

swirling flow at the cone inlet is tuned for optimal performance at
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Analysis of the Swirling Flow
Downstream a Francis
Turbine Runner
An experimental and theoretical investigation of the flow at the outlet of a Francis
turbine runner is carried out in order to elucidate the causes of a sudden drop in the draft
tube pressure recovery coefficient at a discharge near the best efficiency operating point.
Laser Doppler anemometry velocity measurements were performed for both axial and
circumferential velocity components at the runner outlet. A suitable analytical represen-
tation of the swirling flow has been developed taking the discharge coefficient as inde-
pendent variable. It is found that the investigated mean swirling flow can be accurately
represented as a superposition of three distinct vortices. An eigenvalue analysis of the
linearized equation for steady, axisymmetric, and inviscid swirling flow reveals that the
swirl reaches a critical state precisely (within 1.3%) at the discharge where the sudden
variation in draft tube pressure recovery is observed. This is very useful for turbine
design and optimization, where a suitable runner geometry should avoid such critical
swirl configuration within the normal operating range. �DOI: 10.1115/1.2137341�
1 Introduction
Swirling flow behavior in various technical applications has

long been an intensive subject of research. Usually swirl effects
are seen as either the desired result of design or unavoidable,
possibly unforseen, side effects �1�. However, the hydraulic tur-
bine draft tube on one hand benefits from the swirl at the runner
outlet in order to mitigate flow detachment in the cone, but on the
other hand suffers from the flow instabilities leading to pressure
fluctuations and ultimately to the draft tube surge.

The draft tube of a hydraulic turbine is the machine component
where the flow exiting the runner is decelerated, thereby convert-
ing the excess of kinetic energy into static pressure. In the case of
machine rehabilitation of an existing power plant, mostly only the
runner and the guide vanes are currently modified. For economical
and safety reasons, the spiral casing and the draft tube are seldom
redesigned, even if these components present some undesirable
behavior. However, the installation of an upgraded runner requires
a reliable prediction of the flow in a compact draft tube in order to
avoid the peculiar and undesirable efficiency curve from Fig. 1.
The efficiency drop as the discharge is increased above the best
efficiency point value is found to be related to a corresponding
sudden variation in the draft tube pressure recovery coefficient at
the same discharge. It is this phenomenon we address in this pa-
per.

The obvious practical importance of predicting the complex
flow downstream the turbine runner, in the draft tube, led to the
FLINDT research project of Flow Investigation in Draft Tubes
�2�. The main objective of this project was to investigate the flow
in hydraulic turbines draft tubes, for a better understanding of the

Contributed by the Fluids Engineering Division of ASME for publication in the
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physics of these flows and to build up an extensive experimental
data base describing a wide range of operating points which can
provide a firm basis for the assessment of the CFD engineering
practice in this component. The extensive experimental investiga-
tion of the draft tube flow has been complemented with three-
dimensional numerical flow simulations �3,4� aimed at elucidating
the swirling flow evolution up to the turbine outlet as well as the
phenomena that led to the peculiar sudden drop in the turbine
efficiency.

Other investigations have been mainly focused on the ability of
the CFD tools to accurately reproduce the complex three-
dimensional velocity and pressure field in draft tubes for Kaplan
turbines �5,6�. One important issue addressed in these studies was
the sensitivity of numerical results to the boundary conditions,
particularly the inlet ones.

The present paper focuses on the structure of the swirl produced
by the constant pitch turbine runner and further ingested by the
draft tube. The corresponding hydrodynamic field is a direct out-
come of the runner design and the operating point. Since changing
the runner design, while keeping the same draft tube, may lead to
an unexpected sudden efficiency drop for a certain discharge, it
would be preferable that some design criteria be put forward as far
as the runner outlet swirl is concerned. The present analysis
shapes such criteria by using relative simple mathematical and
numerical tools. Of course, the complex three-dimensional and
unsteady flow in the draft tube cannot be quantitatively predicted
only by analyzing the draft tube inlet swirl. However, if the runner
outlet swirl structure displays a sudden change with respect to
appropriate criteria, and this change occurs at a discharge close to
the experimental one where the sudden drop in turbine efficiency
is observed, these criteria should be taken into account when de-
signing or redesigning the runner.

In analyzing a swirling flow one benefits from a large body of

literature on this subject. In laboratory investigations swirl was

JANUARY 2006, Vol. 128 / 17706 by ASME
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Domain-DecompositionMethod for Time-Harmonic
AeroacousticProblems
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A domain-decomposition(DD) method is developedfor parallel computation of time-harmonic aerodynamic–
aeroacoustic problems. The computational domain is decomposedinto subdomains, and the aerodynamic–
aeroacousticboundary-valueproblem is solved independentlyfor eachsubdomain.Impedance-typetransmission
conditions are imposedon the artificially intr oducedsubdomainboundariesto ensure the uniquenessof the solu-
tion. A Dirichlet-to-Neumann map is usedas a nonreflecting radiation condition along the outer computational
boundary. Subdomainproblemsare then solvedusing the finite elementmethod,and an iterati veschemeupdates
the transmissionconditions to recover the global solution. The presentalgorithm is implemented for two model
problems.First, the soundradiated fr om a surfacesimulating a two-dimensionalmonopoleis calculatedusingan
unstructur edmesh.Second,the flow about a thin airf oil in a transversegust is computedusinga structur edmesh.
The accuracyof the numerical schemeis validated by comparisonwith existing solutions for both the near-field
unsteadypressure and the far-field radiated sound. The convergenceand the computational time and memory
requirementsof the presentmethod are studied. It is shown that by combining the subdomaindir ect solvers with
global iterations this DD methodsignificantly reducesboth the computational time and memory requirements.

I. Intr oduction

A CCURATE computationof aeroacousticsphenomenamust
preserve the wave form with minimum dispersionand dis-

sipation.This requiresa large numberof grid points per wave-
lengththroughoutthecomputationaldomain.As a result,for time-
harmonicwaves the discreteform of the correspondingelliptic
boundary-value problemusually leadsto a very large systemof
equations.

Thereare two typesof solvers for large systemof equations,
direct solvers and iterative solvers.Direct solvers are robust, but
for aeroacousticapplicationstheir memoryandCPUtime require-
mentslimit their usein three-dimensionaland/orhigh-frequency
computations.Iterative solvers,on theotherhand,have lessmem-
ory requirements;however, theirconvergenceratestronglydepends
on thewave number, andin someinstancesthey maynot converge
atall.

This paperpresentsa methodfor solving time-harmonicaero-
dynamicandaeroacousticproblemsusingdomaindecomposition
(DD). Themethodhasbeendevelopedfor theexterior Helmholtz
problemby Susan-Resiga andAtassi.1 Thecomputationaldomain
is dividedinto subdomains,andtheboundary-valueproblemis for-
mulatedandsolvedindependentlyfor eachsubdomain.Onthearti-
ficially introducedsubdomainboundaries,transmissionconditions
thatensuretheuniquenessof thesolutionareimposed.An iterative
schemeupdatesthetransmissionconditionsaftereveryiterationun-
til theglobalsolutionis recovered.Thus,theproblemcanbesolved
concurrentlyin all subdomainsonparallelcomputers.Themainad-
vantageof the presentmethodis to reducememoryrequirements
for solvinglargesystemsof linearequations.Moreover, with paral-
lel computingthecomputationaltime is alsosignificantlyreduced.
Themethodthusprovidesanefficientandrobustschemefor solving
largesystemsof linearalgebraicequations.

In thepresentpapertheDD methodis implementedfor twomodel
problems.First, soundradiatedfrom a surfacesimulatinga two-
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dimensionalmonopoleiscalculatedusingthefiniteelementmethod
on unstructuredmesh.This modelproblemis anextensionto that
developedin Ref.1 for a structuredmesh.A nonoverlappingmesh
partitioningis usedto build anoverlappingdomaindecomposition.
The algorithmalsodefinesthe new subdomainboundaries,other
thanthe original boundariesof the global computationaldomain,
onwhich transmissionconditionsareimposed.

Second,theunsteadyflow aboutathinairfoil in atransversegustis
computedto determineboththenear-field unsteadypressurealong
the airfoil surfaceand the far-field radiatedsound.The problem
is formulatedin termsof the unsteadylinearizedEuler equations,
with the unsteadypressureasthe unknown variable.This hasthe
advantageof avoiding the velocity discontinuityin the wake and
leadstoasimpleformulationfor theradiationconditionontheouter
computationalboundary. It alsoteststheaccuracy of thepresentDD
methodfor treatingsingularitiessuchas the airfoil leading-edge
singularity.

The presentmethodusesan exact nonreflectingradiationcon-
dition basedon a Dirichlet-to-Neumannmap.The supportof the
kernelof themapis truncatedto enhancetheefficiency of thecom-
putations.Thefinite element(FE) methodis usedto discretizethe
boundary-valueproblemin eachcase.Theflux associatedwith each
subdomaininterfacenodeis usedfor implementingthe transmis-
sion conditions.The accuracy of the numericalschemehasbeen
validatedby comparisonwith the exact analyticalsolutionfor the
monopoleproblemandwith the resultsof Atassiet al.2 for both
the near-field unsteadypressurealong the airfoil surfaceand the
far-field acousticpressure.

Finally, the performanceof the DD methodis examined.The
dependenceof theconvergencerateonthedomainoverlapandonthe
problemparameters(theMachnumberandthereducedfrequency)
is investigated.The benefitsof usingDD for computationaltime
andmemoryrequirementsarecomparedwith adirectsolver for the
wholecomputationaldomain.It is alsoshown that,becauseof the
limited communicationbetweensubdomains,theDD algorithmis
particularlysuitablefor parallelcomputing.

II. Formulation
TheHelmholtzequationis thebasicequationfor time-harmonic

waves.It alsorepresents,througha transformation,the linearized
Eulerequationsaboutauniformmeanflow.3 Wethereforeconsider
theHelmholtzequationfor thedevelopmentandapplicationof our
DD approach.

Letusconsideraninfinitedomainexteriortoaninnerboundary� ,
asshown in Fig.1a.Theoutwardunit vectornormalto � is denoted
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