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A Numerical Comparison of Four Operating Conditionsin a Kaplan
Water Turbine, Focusing on Tip Clearance Flow

H. Nilsson! and L. Davidson?

ABSTRACT

A parallel multiblock finite volume CFD (Computational Fluid Dynamics) code CALC-PMB [3,
10,11] (Parallel MultiBlock) for computations of turbulent flow in complex domains has been
developed and used for the computations of the flow through a Kaplan water turbine. The com-
putations are including both the guide vanes and the runner, where the runner computations get
the inlet boundary conditions from the circumferentially averaged properties of the guide vane
computations. Four different operating conditions have been computed and the results from
the computations are compared. The computational results are in accordance with observations
done by the the turbine manufacturer. Thiswork isfocused on tip clearance flow, which reduces
the efficiency of the turbine by about 0.5%.

INTRODUCTION

Thiswork isfocused on tip clearance lossesin Kaplan water turbines, which reduces the effici-
ency of the turbine by about 0.5%. Thiswork is part of a Swedish water turbine program finan-
ced by a collaboration between the Swedish power industry via ELFORSK (Swedish Electrical
Utilities Research and Development Company), the Swedish National Energy Administration
and GE Energy (Sweden) AB. The purpose of the Swedish water turbine program isto increase
Swedish water power competence in order to meet the growing water power demand in Sweden
and demands on preservation of the environment and efficiency.

The main features of the CALC-PMB CFD code are the use of conformal block structured
boundary fitted coordinates, a pressure correction scheme (SIMPLEC [4]), cartesian velocity
components as the principal unknowns, and collocated grid arrangement together with Rhie
and Chow interpolation. The discretization schemes used in this work are a second-order Van
Leer scheme for convection and a second order central scheme for the other terms. The com-
putational blocks are solved in parallel with Dirichlet-Dirichlet coupling using PVM (Parallel
Virtual Machine) or MPI (Message Passing Interface). The parallel efficiency isexcellent, with
super scalar speedup for load balanced applications[1, 10]. The ICEM CFD/CAE grid genera-
tor isused for grid generation and Ensight and Matlab are used for post-processing.

Theinvestigated turbineisatest rig with arunner diameter of 0.5m. It hasfour runner blades
and 24 guide vanes. The tip clearance between the runner blades and the shroud is 0.25mm.
To resolve the turbulent flow in the tip clearance and the boundary layers, a low Reynolds
number turbulence model is used. Because of computational restrictions, complete turbine
simulations found in the literature usually use wall functionsinstead of resolving the boundary
layers, which makes tip clearance investigations impossible. Since part of the computational
domain isrotating, Coriolisand centripetal effects are included in the momentum equations. At
this stage, the £ — w model of Wilcox [13], which can be integrated all the way to the wall, is
used without terms for rotational effects. Thisis common in turbomachinery computations for
reasons of numerical stability and the small impact of such terms in these kinds of industrial
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applications. To resolvethe turbulent boundary layers and thetip clearance at the same timethat
the grid size should be kept aslow as possible and the control volumes as orthogonal as possible,
the computational grid is created in a multiblock topology using ICEM CFD/CAE. During the
computations, the computational blocks are assigned to separate PVM or MPI processes. The
level of paralelization is thus determined by the block size distribution and the distribution of
the processes on the available processors.

Since the computations involve both rotating and stationary frames of references, the inte-
raction between these is numerically very complicated. A simple approach is used in this work
where the computations are performed in two steps. The stationary guide vanes are first compu-
ted without any interaction from the runner blades. The rotating runner isthen computed, using
the circumferentially averaged vel ocities and turbulent quantities from the guide vane computa-
tions at the trailing edge of the guide vanes. The upstream effect from the runner blades on the
flow at the guide vanes is neglected. The computations of both the guide vanes and the runner
are confined to a single guide vane or runner blade. Thisincludes no extrarestrictions since the
boundary conditions are assumed to be stationary axisymmetric and the stationary Reynolds
averaged solution is thus periodic.

The present work investigates the flow structures of stationary periodic turbulent mean flow
for different guide vane angles. The runner blade angle is kept at a constant value so that the
same runner grid may be used for all cases.

EQUATIONS

The equations used for the computations are briefly described below.
The stationary Reynolds time-averaged continuity and Navier Stokes equations for incom-
pressible flow in arotating frame of reference read [2, 6]
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where —e; €m0z, is the centripetal term and —2¢;,,(2, Uy, is the Coriolis term, owing to
the rotating coordinate system. Because of the potential nature of the pressure, gravitational and
centripetal terms[6], they are put together during the computations, in what is often referred to
as areduced pressure gradient
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Thus, arelation for the reduced pressureis
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When post-processing, the variation of the gravity term is assumed to be negligible and the
centripetal term is simply subtracted from the reduced pressure.
The £ — w model of Wilcox [13] for the turbulent kinetic energy, &, and the specific dissi-

pation rate, w, reads
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Case Nn Qll Y n
(%) (%ﬁ) (guide vane angle) | (efficiency)

k15 | 160.1 | 1.195 35.1 92.40
k138 | 150.0 | 1.136 33.3 92.62
k150 | 145.0 | 1.115 33.0 92.56
k123 | 140.0 | 1.084 31.9 92.26

Table 1: The operating conditions used in this work.

where the turbulent viscosity, 1, is defined as

k
He = p—
w

The production term reads
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and the closure coefficients are defined from experiments as

ﬁ*:0.09,cw1zg,cwgz%,ak:2andaw:2

At the walls a no-dlip condition is applied for the velocities, £ = 0 and at the first node
normal to thewall, at y™ < 2.5, w = 6v/(C,9n*) where n denotes the normal distance to the
wall. For the pressure, theimplicit inhomogeneous Neumann boundary condition 5> P/on?* = 0
isused at all boundaries.

OPERATING CONDITIONS

The operating conditions used as test cases in thiswork are given in table 1, where V;; isthe
unit speed, (01, istheunit flow, V isthe rotational speed, () isthe volumeflow, D isthe runner
diameter, H isthe head, v is the guide vane angle and ) is the turbine efficiency. The test case
names are used in presenting the results. The reason for choosing these operating conditions
is that the best way to increase the blade tip load is to decrease the unit speed. An increased
blade tip load leads to increased tip clearance flow and tip vortex cavitation [8]. The unit speed
of the operating conditions in table 1 decreases from case k15 to case k123. Even though the
efficiency isnot greatest for case k15, it is decided to be the best point of operation. The reason
for thisisthat other flow features, such astip clearance vortex cavitation, become important for
the other cases.

GUIDE VANE COMPUTATIONS

For the guide vane computations, one computational grid has been created for each operating
condition. The grids are equally sized (120,344 control volumes) with similar multiblock topo-
logy to reduce grid point distribution dependencies. In figure 1(a), the computational grid for
case k15 is shown as a surface grid, duplicated to four guide vanes. At the inlet, the flow is



aligned with the guide vanes and fully developed turbulent 1/7 profiles are assumed [3, 10]. The
inlet turbulent kinetic energy is estimated by

U\’
kin — 070.512 i
g m<@>

where [, isthe Prandtl’s mixing length and is given by
Iy, = min(ky, AJ)

where k = 0.41 is the von Karman constant, A = 0.09, y is the distance from the wall and §
isthe inlet height. This relation stem from the assumption of turbulence-energy equilibrium,
i.e. production of turbulent kinetic energy is balanced by its dissipation. The inlet specific
dissipation is set according to
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Win

The computational domain includes the runner section but no effects of the runner are inclu-
ded. At the outlet fully developed Neumann boundary conditions are used. The computations
are performed for a single guide vane using axisymmetric inlet boundary conditions and assu-
ming stationary periodic flow. The purpose of the guide vane computations is to generate inlet
boundary conditions for the runner computations.

RUNNER COMPUTATIONS

For the operating conditions described above, the runner blade angle is kept constant so that
the same grid may be used in al cases. This saves a great deal of work and allows the results
to be compared without grid dependence. The grid consists of 324,360 control volumes of
which the tip clearance is resolved by 7,392 control volumes where 24 control volumes are in
the runner blade tip to shroud direction. The grid is shown in figure 1(b), as a surface grid,
duplicated to four runner blades. The quality of the computational results relies a great deal on
the quality of the grid. Using a complicated O-grid topology like this, the control volumes can
be made sufficiently orthogonal and the resolution of the boundary layers does not unnecessarily
resolve other regions. The computational domain starts at the trailing edge of the guide vanes,
where axisymmetric inlet boundary conditions from the guide vane computations are applied.
Fully developed Neumann boundary conditions are used at the outlet, at the end of the axi-
symmetric diffusor before the draft tube bend. Since the computations are performed in a
rotating frame of reference, the velocity on the rotating surfacesis set to zero while the vel ocity
on the stationary surfaces is given a counter-rotating velocity component. The computations
are performed for a single runner blade assuming stationary periodic flow. The main purpose
of the runner computations is to investigate tip clearance flow features and their variation with
decreasing unit speed.

RESULTS

The main object of the guide vane computations in this work was to produce reasonable inlet
conditions for the runner computations. The circumferentially averaged velocity coefficient
profiles at the trailing edge of the guide vanes (R=0.287m, figure 2) isshown in figure 3(a). The
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(a) Four (of 24) guide vanesfor the k15 case. (b) The Kaplan runner grid.

Figure 1. Multiblock grids of the runner and guide vanes of the Kaplan water turbine, investigated in this
work. Only the grid planes attached to surfaces are shown.

distribution of the velocitiy coefficientsis not uniform along the traverse line and, because of the
curvature of the meridional contour of the turbine, the magnitudes of the velocity coefficients
generally increase at the lower ring and decrease at the upper ring except for the radial velocity
coefficient in the upper ring boundary layer. Thelower ring flow hasthus more dynamic and less
static energy and vice versafor the upper ring flow. Among the three velocity components, the
tangential velocity isthelargest. The effect of deceleration in the boundary layers duetofriction
thus becomes largest for the tangential velocity, which is the reason why the radial velocity is
accelerated in the boundary layers, corresponding to a reduction of centrifugal force [5]. These
velocity coefficient profileswere used asinlet boundary conditionsfor the runner computations.

The general Euler equation for turbomachinery relating the input shaft power to the change
in angular momentum for a thin axisymmetric stream tube can be written [7]

—dPspapr = dm 2 (roCpo — r1Cpy)

where dri is the mass flow through the stream tube, €2 is the runner rotation, r is the mean
radiusand Cj isthevelocity inthetangential direction in astationary coordinate system. Index 1
denotes before the runner and index 2 denotes after the runner, which should be located far from
the runner blades so that the properties can be assumed to be axisymmetric and uniform along
the height of the thin stream tube. Thisequation isvalid for athin axisymmetric control volume
where there is no mass, momentum or energy transfer through the control volume surfaces
except at 1 and 2, with the exception of input shaft power transmitted to the blades in the control
volume as torque. The surface forces in the tangential direction on the control volume surfaces
are also assumed to be negligible. Using this relation, assuming that the stream tube surfaces
follow the meridional contour of the turbine and that the mass flow distribution is similar for
all the cases, the radial blade power distribution can be investigated qualitatively. Figure 3(b)
shows the circumferentially averaged radial distribution of rC, before (y=0.071m, figure 2)
and after (y=-0.137m, figure 2) the runner blades for the different cases. The main difference
between these cases is that the shaft power close to the runner tip increases when the unit speed



R=0.287m

Figure 2: Circumferential ave-
raging. The solid lines are the
casing and runner blade profiles.
The dashed line isthe axis of ro-
tation. The dotted lines are the
positions of the circumferential
averaging. The inlet boundary
for the runner computations is
located at R=0.287m.
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Figure 3. Circumferentially averaged properties of the flow. The properties are normalized using 2, the
runner rotation and R,.. 7, the turbine radius.

decreases. Thisisin accordance with the fact that the blade tip loading for this runner increases
when the unit speed is decreased.

The pressure difference between the pressure side and the suction side of the runner blades
drives a flow through the tip clearance between the runner blade tip and the shroud. It can be
seen in figure 4(a) that the magnitude of the axial absolute velocity coefficient increases when
the unit speed decreases. This effect is greatest close to the leading edge tip clearance, whichis
in accordance with both observations made by the turbine manufacturer and the inreasing blade
tip loading with decreasing unit speed.

Thetip clearance flow creates a jet that separates from the runner blade suction side and gi-
vesriseto alocal static pressure reduction closeto thetip on the suction side of the runner blade,
which is the center of atip vortex. If the static pressure in this region falls below the vapour
pressure for the water flowing through the turbine, cavitation bubbles will form. Figure 4(b)
shows the runner blade tip static pressure distribution in a meridiona plane going through the
center of a runner blade. The tip clearance jet impacts on the shroud boundary layer, where a
local static pressure increment can be observed. There isalso alocal static pressure reduction



somewhat radially inside the tip (twice the blade tip thickness), on the suction side of the blade.
A possible cavitational scenario in this case could be that a fluid particle is trapped inside the
tip vortex long enough for cavitational bubbles to be formed. Escaping the tip vortex, the ca-
vitational bubbles might follow the vortex rotation and impact on the runner blade suction side
between the local static pressure minima, implode and damage the blade or they might survive
into the second local static pressure minimum and be transported towards the trailing edge of
the blade.

In figure 5(a), the vortex formed on the suction side of the blade, by the tip clearance jet,
is visualized by a stream ribbon close to the vortex core. The stream ribbon is colored by the
magnitude of the relative velocity, which shows that the magnitude of the relative velocity isre-
duced close to the vortex core since the velocity increases downstream where the stream ribbon
escapes from the vortex core. The reduced relative velocity in combination with a low static
pressure makes this region a cavitation bubble production region, since the fluid is exposed to
low static pressure for longer periods of time. In the same figure, a stream ribbon emitted inside
the shroud boundary layer is visualized. The shroud stream ribbon is counter-rotating, relative
to thetip vortex, and it is being scraped off the shroud boundary layer by the tip clearance jet.

In figure 5(b), a static pressure 3D iso-surface visualizes where the suction side static
pressure is locally reduced for the k123 case. This reveas three main regions where the sta-
tic pressure is locally reduced. The first region occurs at the leading edge. In this region, the
formation of sheet cavitation is often initiated. The second region occurs on the suction side
of the blade surface. Close to thisregion, major runner blade cavitation damage is often obser-
ved. The third region occurs at the tip clearance vortex core, as described above. According
to the turbine manufacturer, the studied Kaplan runner is not supposed to run at this operating
condition owing to the erosional effects of cavitation.

VALIDATION

For the present investigation, the only information available is the geometry definitions and the
operating conditions in table 1. The validation of the computations thus relies on validations
performed for other applications [3,9] and an ongoing project, where the code is validated
against the GAMM [12] Francis turbine.

The correct solution is assumed to be reached when the largest normalized residual of
the momentum equations, the continuity equation and the turbulence equations is reduced to
1073 [10]. The momentum equation residuals are normalized by the sum of the mass flow
through the turbine and the mass flow through the periodic surfaces multiplied by the largest
value of the velocity component of each equation. The continuity equation residual is norma-
lized by the sum of the mass flow through the turbine and the mass flow through the periodic
surfaces. The turbulence equations residuals are normalized by the largest residual during the
iterations.

DISCUSSION

As mentioned, the reason for choosing the operating conditions used in this work is that the
best way to increase the blade tip load is to decrease the unit speed. An increased blade tip
load leads to increased tip clearance flow and tip vortex cavitation. The numerical analysis
performed has shown that these flow features have been captured by the computations. The
blade tip loading increases when the unit speed decreases. The magnitude of the computed
tip clearance velocity coefficients increases when the unit speed decreases. Thisis particularly
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Figure 4: Flow features at the tip clearance, between the runner blade tip and the shroud.
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relative velocity (red is high and blueis low) reduced (dark regions) for the k123 case.

Figure 5: Runner blade suction side effects.



significant at the leading edge of the tip clearance. The tip vortex core has a reduced static
pressure and reduced relative vel ocities. Three main regions of suction side local static pressure
reduction are observed. These flow features are in accordance with observations made by the
turbine manufacturer.

In thiswork, the upstream effects from the runner on the guide vane flow and the transient
effects of non-axisymmetric runner inlet boundary conditions are excluded. In particular, the
non-axisymmetric runner inlet boundary conditions are expected to affect the dynamics of the
tip vortex because of the varying angles of incidence. In the future, a more advanced coupling
between the rotating and stationary partstogether with transient computationswill be usedtoin-
clude the transient effects of guide vane wakes, varying angles of incidence and the instabilities
of the tip vortex.

The introduction of CFD in the area of hydraulic machine research is believed to increase
a detailed knowledge of the flow inside the machines and to speed up the design procedure.
This requires that the experience from CFD in this areais increased, which cannot be achieved
without detailed experimental investigationsto be used for comparisons. With sufficient expe-
rience of CFD in the area of hydraulic machine research, CFD will definitely be used in future
hydraulic machine devel opment.
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