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SUMMARY

This work compares finite volume CFD results with experimental results of the flow in two different
kinds of water turbine runners. The runners studied are the GAMM Francis runner and the Holleforsen
Kaplan runner. The GAMM Francis runner was used as a test case in the 1989 GAMM Workshop
on 8D Computation of Incompressible Internal Flows where the geometry and detailed best efficiency
measurements were made available. In addition to the best efficiency measurements, four off-design
operating condition measurements are used for the comparisons in this work. The Holleforsen Kaplan
runner was used at the 1999 Turbine 99 and 2001 Turbine 99 - II workshops on draft tube flow,
where detailed measurements made after the runner were used as inlet boundary conditions for the
draft tube computations. The measurements are used here to validate computations of the flow in the
runner.

The computations are compared to the measurements with respect to detailed velocity and pressure
distributions at several measurement sections and several operating conditions. The comparisons show
where the computational method is sufficient and where it is not sufficient. The behaviour of the
computational method is similar for both kinds of water turbines, which shows that experience of
computations in water turbines will ultimately give quantitatively correct results. Copyright © 2000
John Wiley & Sons, Ltd.
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1. BACKGROUND

This work was initiated by a need for validation of the CALC-PMB [9, 11] CFD code for water
turbine applications. The code has been under development and been used for computations
of the flow in water turbines since 1997. It was validated against academic flow cases but not
in applications as geometrically complicated as water turbines.

It is very difficult to find publically available water turbine runner geometries and detailed
measurements of high quality since manufacturers do not give access to the information. It
is also not common practice to make detailed pressure and velocity measurements during the
development of new runners since it is the overall efficiency that is important at that stage.
Detailed geometries, velocity measurements and pressure measurements of two kinds of water
turbines that could be used for the validation were however found: the GAMM Francis runner
and the Holleforsen Kaplan runner. The GAMM Francis runner was used as a test case in
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Table I. The GAMM operating conditions, where operating condition 1 is the best efficiency operating

condition.
Volume flow rate coefficient [—] Energy coefficient [—]  Efficiency [—]
Operating condition P = ﬁ = 92_2152_ n= pg_QE
ref ref
1 0.286 1.07 0.920
2 0.220 0.66 0.850
3 0.330 1.40 0.910
4 0.220 1.07 0.885
5 0.330 1.07 0.905

the 1989 GAMM Workshop on 3D Computation of Incompressible Internal Flows where the
geometry and detailed best efficiency measurements were made available. In addition to the
best efficiency measurements, four off-design operating condition measurements are used for the
comparisons made in this work. The Holleforsen Kaplan runner was used at the 1999 Turbine
99 and 2001 Turbine 99 - II workshops on draft tube flow, where detailed measurements made
after the runner were used as inlet boundary conditions for the draft tube computations.
Unfortunately, in the case of the Holleforsen runner, only the measurements are publically
available while the runner geometry is used in this work through a collaboration with the
manufacturer, GE Energy (Sweden) AB.

The nomenclature used in this work is the same as that used at the workshops, which allows
direct comparisons with the available measurements and facilitates understanding for those
who are familiar with the nomenclatures of the workshops. Unfortunately, the nomenclatures
are not the same in the two workshops, which must be kept in mind. The purpose is
not to compare results between the Francis and Kaplan cases but rather to compare the
computational results with the measurements. Thus the two nomenclatures should not pose
any difficulties. The terms absolute and relative are used throughout this work to denote flow
properties of the inertial and rotating coordinate systems, respectively.

The backgrounds of the cases are further described in the following sections.

1.1. The GAMM Francis runner

The GAMM (Gesellschaft fir Angewandte Mathematik und Mechanik) Francis model was
designed at IMHEF-EPFL, Lausanne, for experimental research in the hydraulic laboratory.
The model was used as a test case in the 1989 GAMM Workshop on 3D Computation of
Incompressible Internal Flows [1], where all the geometrical information, including stay vanes,
guide vanes, runner and draft tube, and the best efficiency measurements were available. The
runner is also available as a test case in the annual ERCOFTAC Seminar and Workshop on
Turbomachinery Flow Predictions [14]. Of course, several off-design condition measurements
have been made at IMHEF for internal use. Table I shows the operating conditions studied in
this work. Here Q[m3/s] is the volume flow rate, Q = 52.36s~! is the runner angular rotation,
E[J/kg] is the specific hydraulic energy and T[Nm] is the runner torque.

The model has 24 stay vanes, 24 guide vanes and 13 runner blades with a runner radius
of Ryey = 0.2m. The geometry used in this work combines information from the GAMM and
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ERCOFTAC workshops since a few discrepancies were found between the descriptions [13].
There are also some discrepancies in the measurements, which mainly affect small details such
as the exact measurement positions and integral values such as the volume flow rate, the
specific energy and the efficiencies. The measured velocity and pressure distributions shown
in this work are believed to be qualitatively correct, however, except for regions in which the
measurement method is inadequate.

At the time of the GAMM workshop, Euler computations were state of the art. Computations
similar to those presented here have been made at IMHEF [7], where computational results
of the GAMM runner using two different commercial CFD codes, TASCflow and N3S, were
compared with the same measurements as in this work. A coupled computation of the best
efficiency operating condition including both stay vanes, guide vanes and runner was also
made. No significant differences were observed between the single and coupled computations,
however. The IMHEF computations were made on a coarse mesh (less than 100,000 nodes)
using the standard k — e turbulence model with wall functions in order for the computing time
to be reasonable for industrial use.

To bring the computations one step further and be able to resolve boundary layers and
clearance flow (hub and tip clearance flow in Kaplan turbines and guide vane clearance flow),
this work employs a low Reynolds number turbulence model that can be used all the way to
the wall. The computational grid for a single runner blade passage consists of 560 736 control
volumes.

The computational results of this work are slightly better than the IMHEF TASCflow
results and both codes qualitatively capture the same flow features. However, the IMHEF
N3S computations seem to be less reliable. The CALC-PMB and TASCflow CFD codes are
very similar and both use structured grids, while the N3S CEFD code uses unstructured grids.
The structured grid approach thus seems to be the best approach.

1.2. The Hélleforsen Kaplan runner

The Holleforsen Kaplan model draft tube was thoroughly investigated at the 1999 Turbine
99 and 2001 Turbine 99 - II workshops on draft tube flow [2, 4]. The velocity distribution
measured close to the runner blade suction side was used as an inlet boundary condition in the
contributions at the workshop and the remainder of the measurements were used for validation
of the draft tube computational results.

The model runner has a diameter of 0.5m and has five runner blades and 24 guide vanes. The
tip clearance between the runner blades and the shroud (which is included in the computations)
is 0.4mm. The computations are made at a head of H = 4.5m, a runner speed of N = 595rpm
and a volume flow rate of Q = 0.522m3/s. This operating condition is close to the best
efficiency operating point at 60% load, and was referred to at the workshops as test case T
(top point of the propeller curve). The real power plant, which is located in Indalsélven in
Sweden, has a head of 27m and consists of three Kaplan turbines with a runner diameter of
5.5m, maximum power of 50 MW and flow capacity of 230m?/s per turbine.

This work computes the flow in the wicket gate and runner of the Holleforsen turbine
model. The computations are made in two steps [12]. The flow in the wicket gate is first
computed, which shows good agreement with observations [10]. The result of this computation
is circumferentially averaged and applied as the inlet boundary condition for the runner
computation. The computational runner results are compared to the workshop measurements
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at the draft tube inlet. The computational grid for a single guide vane passage consists of
285177 control volumes. The computational grid for a single runner blade passage consists
of 722157 control volumes, where 15884 control volumes are in the tip clearance (19 control
volumes in the runner blade tip to shroud direction) and 2926 control volumes are in the hub
clearance.

2. NUMERICAL CONSIDERATIONS

The main features of the finite volume CALC-PMB CFD code are its use of conformal block
structured boundary fitted coordinates, a pressure correction scheme (SIMPLEC [6]), cartesian
velocity components as the principal unknowns, and a collocated grid arrangement together
with Rhie and Chow interpolation. The low Reynolds number turbulence model of Wilcox [15]
is used to resolve the turbulent flow in clearances and boundary layers. Coriolis and centripetal
effects are included in the momentum equations but not in the turbulence equations. This is
common in turbomachinery computations for reasons of numerical stability and the small
impact of such terms in these kinds of industrial applications. The discretization schemes used
in this work are a second-order Van Leer scheme for convection and a second-order central
scheme for diffusion. The computational blocks are solved in parallel with Dirichlet-Dirichlet
coupling using PVM (Parallel Virtual Machine) or MPI (Message Passing Interface). The
parallel efficiency is excellent, with super scalar speedup for load balanced applications [9, 11].
The ICEM CFD/CAE grid generator is used for grid generation and Ensight and Matlab are
used for post-processing.

The same computational method is used for both kinds of water turbines, where the steady,
incompressible and periodic flow of a single blade is computed. Only the inlet boundary
conditions and the geometries differ. The Francis runner computations obtain inlet boundary
conditions from an extrapolation of the measurements and the Kaplan runner computation
obtains its inlet boundary condition from the circumferential average of a separate guide vane
computation. All computations use axi-symmetric inlet boundary conditions for the velocity
and turbulent quantities.

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.
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 normalized 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.

2.1. Equations

The equations used for the computations are briefly described below.
The steady Reynolds time-averaged continuity and Navier Stokes equations for

incompressible flow in a rotating frame of reference read [8]

6pUi o
8:@ =0

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 00:1-6
Prepared using fldauth.cls



VALIDATIONS OF FINITE VOLUME CFD IN WATER TURBINES )

DpUU; oP 9 U,
69;]- l= - o1 + a—m] ((M + 1) c’)—m;> + pgi — PEijk€kim S T — 2p€ik Q2 Uy

where —€;jx€x1m QT is the centripetal term and —2¢;;,Q;Uy, is the Coriolis term, owing to
the rotating coordinate system. Because of the potential nature of the pressure, gravitational
and centripetal terms [8], they are put together during the computations in what is often
referred to as a reduced pressure gradient

or* 0P
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Thus, a relation for the reduced pressure is
P* = P — pgixi + p€iji€rim Qi NTmT;

In 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 low Reynolds number k£ — w turbulence model of Wilcox [15] for the turbulent kinetic
energy, k, and the specific dissipation rate, w, reads

opU;k 0 e\ Ok N
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where the turbulent viscosity, u¢, is defined as
k
Ht = p—
w

The production term reads

P (Ui, 0U; 0U:
k= e 837]' Bml amj

and the closure coefficients are given by
£* =0.09, c,1 = %, Cw2 = %, or=2and o, =2

A no-slip wall boundary condition is applied for the velocities and k = 0 at the walls. The
specific dissipation at the first node normal to the wall (at y™ < 2.5) is set to w = 6v/(C,2n?),
where n denotes the normal distance to the wall. For the pressure, 8>P/dn> = 0 at all
boundaries. Dirichlet boundary conditions are applied at the inlet and Neumann boundary
conditions are applied at the outlet for the velocity components and for the turbulent
quantities.

Most hydraulic turbine computations found in the literature use the wall function approach
to reduce the size of the computational domain. However, the wall function approach is based
on local equilibrium assumptions in fully developed boundary layers, which is not found in
water turbine runners. To bring the computations one step further, this work uses a low
Reynolds number turbulence model that can be used all the way to the wall.
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Profile 15
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(a) The geometry. (b) Schematic meridional description.

Figure 1. The GAMM Francis runner geometry, meridional contour (solid lines) and the domain that

is computed (dashed lines). The domain has a radial inlet at the top and an axial outlet at the lower

part of the figure. The dotted lines are sections in which the results are compared with measurements.

Note that the inlet boundary conditions are extrapolated from the measured inlet axis to the inlet of
the computational domain.

2.2. GAMM inlet boundary conditions

The GAMM runner inlet velocity boundary conditions are derived from an upstream potential
flow extrapolation of the inlet axis measurements (see figure 1). This extrapolation assumes
that there is no work done on the fluid in the extrapolation region and that the angular
momentum and the mass flow are conserved. The axial velocity coefficient is set to zero. The
reason for choosing this extrapolation technique is that it was used by Gros et al. [7] and its
use here allows direct comparisons of the present computations with their computations.

The runner inlet boundary conditions for the turbulent quantities are difficult to prescribe.
It is common in water turbine computations to assume a turbulent intensity and a turbulent
length scale and to apply constant turbulent properties at the inlet. The inlet turbulent kinetic
energy is prescribed as

. . . -2 . . .
where «y is the turbulent intensity and Cj," is the inlet average absolute velocity squared. The
turbulent length scale is used together with dimensional analysis to set the inlet boundary
condition for w as

kil
B
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(a) The geometry. (b) Schematic meridional description.

Figure 2. The Holleforsen Kaplan runner geometry, meridional contour (solid lines) and the domains
that are computed (dashed lines). The left domain is the guide vane domain, with a radial inlet in the
spiral casing region and an axial outlet in the runner region. The right domain is the runner domain,
with a tilted inlet between the guide vanes and the runner blades and an axial outlet at the lower part
of the figure. The dotted lines are sections in which the results are compared with measurements.

where 8* = 0.09 and [ is the turbulent length scale. The computations made in this work
assume a turbulent intensity of 5% and a turbulent length scale of 1/3 of the inlet channel
height. These numbers are somewhat arbitrary but it is not expected that their exact values are
influential, since the source terms of the k& and w equations will be much larger than the history
effects as soon as the flow reaches the runner. According to the ERCOFTAC description, the
turbulent intensity was estimated to be 3%. It is however not specified how this value has been
obtained.

2.8. Hélleforsen inlet boundary conditions

The Holleforsen computation includes both the guide vanes and the runner (see figure 2).
The guide vane computational domain includes the runner duct, but the runner blades are
not included in the computations. The inlet boundary for the runner computation is located
between the guide vanes and the runner blades. The interaction between the rotating and
stationary frames of references is numerically very complicated. A simple approach is used
in this work where the computations are made in two steps. The flow at the guide vanes is
first computed without the runner blades. The flow at the runner is then computed using
the circumferentially averaged velocity and turbulence distributions from the guide vane
computation as the inlet boundary condition. Upstream effects of the runner blades on the
flow at the guide vanes are thus neglected. This is reasonable since LDV measurements reveal
no upstream effects of the runner blades on the velocities at the guide vanes [10].

Since the flow in the spiral casing is not included in the computation, the flow at the inlet of
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the guide vane computation is assumed to be axi-symmetric and aligned with the guide vanes.
A fully developed turbulent 1/7 profile is used as the guide vane inlet boundary condition.
The inlet turbulent kinetic energy is estimated by
_ AN
kin = CH O'BI?n <6_y>
where [,,, is the Prandtl’s mixing length and is given by
Iy = min(ky, A9)

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

10p

Win

3. VALIDATION AGAINST MEASUREMENTS

The computations are validated against detailed velocity and pressure measurements of two
different kinds of water turbines and several operating conditions. The following sections
compare the computed results with the available measurements.

3.1. GAMM comparisons

This section compares the GAMM runner computational results with measurements of the
best efficiency operating condition [1] and four off-design operating conditions (see table I).
The runner measurement sections (inlet axis, middle axis and outlet axis) are shown in
figure 1, where the abscissas, s, are aligned with the measurement axes and normalized by
R,y = 0.2m. The measurements were done using a five-hole pressure probe, which gives the
three components of the local flow components and the local static pressure [5]. The velocities
and the static pressure are normalized with v2E and pE, respectively. The specific energy, E,
was defined at the workshop as

PI Q% Pref Q?‘ef
E=-L4 2L gz, el frel g7
p +2A%+g ! p 2A72“ef gt

where the standard section (I) is taken at the machine inlet before the spiral casing, the
reference section (index ref) is located in the axial diffusor (see figure 1) and A is the area of
the sections.

The normalized velocity coefficients, C,, are the tangential (C,, positive in the runner
rotation direction), the axial (C,, positive along the Z-axis), the radial (C;, positive in the
R-direction) and the meridional (C,, = /C? + C2, always positive). The absolute and relative
flow angles are given in degrees and are defined as

a = arctan C—m
= c.

B = arctan (C—m>
B QR/\V2E - C,
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The static pressure coefficient is defined as
P — Py

pE
where the reference static pressure, P,.r, was measured at the reference point on the shroud
(see figure 1).

Pressure transducers provided the static pressure distribution on the runner blades along
three profiles of the blades. As the pressure transducer assembling process allowed placing three
transducers on each blade, the measurements were made on several blades. The surface static
pressure of the computations is compared with the measurements at profile 15 (see figure 1).

The accuracy of the test instrumentation was claimed to be far better than the IEC
model turbine acceptance test code requirements [5]. The pressure probe method is however
inadequate in regions of high unsteadiness and recirculation, where the measurements are not
reliable.

Cp=

3.1.1. Velocity profiles Figures 3 - 5 compare the circumferentially averaged computed and
measured velocity coefficient distributions and flow angles at the measurement axes. At the
inlet axis, one evaluation point of the circumferentially averaged results is located in the hub
boundary layer, which is why there is a sudden change in velocity coefficients and flow angles
to the right in the graphs. Note that the hub is rotating, which explains why the tangential
velocity coefficient is non-zero at the hub.

It should be noted that the computations satisfy mass conservation. Thus, the disagreement,
in the level between the computed and measured meridional velocity distributions must
originate in mnon-periodicity of the experimental flow, in a normalization error or in
measurement errors.

The computational results mainly differ from the measurements close to the axis of rotation
after the runner. This is particularly true at operating conditions 2 and 4, where the mass
flow was low and a strong unsteady vortex rope formed in the experimental setup. Neither the
computational assumptions of steady periodic flow nor the experimental method is sufficient
in this region of high instabilities and recirculation. Thus better measurement techniques and
numerical methods are both needed to study the flow in this region.

3.1.2. Outlet azis static pressure distribution Figure 6 shows the good agreement achieved
between the measured and computed static pressure coeflicients at the outlet axis of operating
condition 1.

3.1.3. Runner blade static pressure distribution Figure 7 compares the computed and
measured static pressure distributions along profile 15 (see figure 1). The abscissa, s, is the
distance from the leading edge along the surface of the blade profile normalized by R,.¢. The
computations give more or less the same distributions as the measurements but do not capture
a small low pressure region on the suction side close to the leading edge (at s = 0.1).

3.2. Hélleforsen comparisons

The following sections compare the Holleforsen Kaplan runner computational results with
the detailed experimental results of test case T that were available at the Turbine 99
workshop [2, 4].
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Figure 3. GAMM operating condition 1 flow survey. Solid lines: circumferentially averaged
computational results. Measurement markers: A: Tangential, O: Axial, &: Meridional, +: Absolute
(@), x: Relative ().

Copyright © 2000 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2000; 00:1-6
Prepared using fldauth.cls



VALIDATIONS OF FINITE VOLUME CFD IN WATER TURBINES 11

(a) Operating condition 2. (b) Operating condition 3.

(c) Operating condition 4. (d) Operating condition 5.

Figure 4. GAMM operating condition 2-5 flow surveys. Inlet absolute velocity coefficients. Solid
lines: circumferentially averaged computational results. Measurement markers: A: Tangential, <:
Meridional.

3.2.1. Velocity profiles The computational results are compared with the Turbine 99 LDV
measurements at sections Ia and Ib (see figure 2). The velocity coefficients, C,, are the velocities
normalized by (/A;, where @ is the volume flow rate and A; is the area of each section
(Q = 0.522m3/s, A; = 0.15m? for section Ia and A; = 0.23m? for section Ib). As at the
Turbine 99 workshop, the absolute tangential velocity is defined as positive when the flow
is co-rotating with the runner, and the axial velocity is defined as positive in the main flow
direction which is downward at section Ia and Ib. The radial velocity is defined as positive
when the flow is outward from the axis of rotation.

Figure 8(a) compares the circumferentially averaged computed and measured velocity
distributions at section Ia. The computed velocity distributions are very similar to the
measurements in the outer region (large radius), while they differ slightly from the
measurements in the inner region. The main difference is the lack of a peak in the predicted
axial velocity close to the shroud. Andersson [3] argued that this peak originated in the leakage
between the runner hub and the runner blades. This leakage is included in the computations
but they do not capture this effect. Both supplementary measurements and computations
suggest that the effect more likely originates from boundary layer effects that are already
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Figure 5. GAMM operating condition 2-5 flow surveys. Outlet absolute velocity coefficients. Solid
lines: circumferentially averaged computational results. Measurement markers: A: Tangential, <:
Meridional.
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Figure 6. GAMM operating condition 1. Outlet axis static pressure coefficient distribution. Solid lines:
circumferentially averaged computational results, +: measurements.
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(a) Operating condition 1. (b) Operating condition 2.

(c) Operating condition 3. (d) Operating condition 4.

(e) Operating condition 5.

Figure 7. GAMM runner. Surface static pressure coefficient, profile 15. Solid lines: computational
results. Measurement markers: A: Pressure side, l: Suction side.
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Figure 8. Holleforsen velocity coefficient distributions. Solid lines: computational results. Measurement
markers: A: tangential; O: axial.

present in the spiral casing [10], which is not included in the computations. It should be noted
that the LDV technique used in the experiments has problems making measurements close to
surfaces, and the measurement points closest to the hub are thus unreliable [12].

Figure 8(b) compares the circumferentially averaged computed and measured velocity
distributions at section Ib. The computed flow captures some of the main features of the
experimental flow. The flow in the axial diffusor after the runner is very difficult to capture,
particularly close to the hub [13]. The periodic and steady assumptions lack the same validity in
this region, where the experimental flow has a vortex rope formation with inherent instability
and recirculation. Experimental visualizations indicated a small recirculation region close to
the rotational axis at section Ib, and both mean and RMS values of the velocity measurements
and the visualizations indicated a vortex rope that extended to about r* = r/R = 0.25 [3].
The model draft tube bend also causes streamline curvature below the runner.

It should be noted that the velocity measurements at section Ia and section Ib presented
in figure 8 were made at a single tangential angle, which does not take into account the
tangential variation. Measurements indicate a non-negligible tangential variation of 2% and
15% for the axial and tangential components, respectively, at section Ia [3]. Furthermore, the
operating condition altered slightly during the measurements because of hardware problems.
The velocity measurements were more sensitive to this than the overall efficiency and pressure
recovery were [4].

3.2.2. Runner blade wakes The computation resolves a periodic behaviour of the wake at
section Ia, as shown experimentally by Andersson [3]. Figure 9 compares the computed and
measured periodic behaviour of the tangential velocity component at r* = r/R = 0.92 at
section Ia. There are distinct peaks in the tangential velocity component in the wake regions.
The magnitude of the peak seems to be much greater in the measurements. However, phase
averaging the measurements yields results similar to those of the computation.

3.2.8. Pressure recovery At the Turbine 99 workshop, Andersson [3] presented the pressure
recovery of the draft tube from section Ia to the outlet of the draft tube. Figure 10 compares
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Figure 9. Holleforsen comparison between computed and measured periodic behaviour of the tangential

velocity component at r* = r/R = 0.92 at section Ia. Dots: individual measurement samples; solid line:

computational results. The computational results have been phase-shifted to match the measurements

because it was not possible to obtain the exact runner angles of the measurements. One runner
revolution (five blades passages) takes approximately 0.1s.
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Figure 10. Holleforsen comparison between computed and measured pressure recovery between section

Ta and the end of the draft tube cone. O: measured pressure coefficient; solid curve: computed pressure

coefficient. The vertical lines show some important locations: dotted line: end of runner cone; dashed-

dotted line: section Ib; dashed line: end of draft tube cone. The abscissa, L, is 0 at section Ia and 1
at the end of the draft tube.

the computed pressure recovery with the measured pressure recovery in the axial diffusor. The
pressure recovery

C _ Pwall - Pwall,[a
Pr=—75 " —
den,[a

is normalized with the dynamic pressure at section Ia: Pyy, o = pQ?/(243,) = 6.48kPa
(Q = 0.522m3/s, Ar, = 0.145m?, p = 1000kg/m3). Py is the average of the measured
pressure at two sides of the draft tube cone. For the computational results, P,q; is the
circumferential average of the pressure at the draft tube cone wall, since the computational
domain is rotating. Pyai1,1. is the corresponding value at section Ia.

4. CONCLUSION

When CFD is introduced in new kinds of flow it is essential to validate the computational
method against the most important flow features. Detailed measurements of the studied flow
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are thus needed. It is very difficult to find publically available water turbine runner geometries
and detailed measurements of high quality, however, since manufacturers do not make the
information available. It is also not common practice to make detailed pressure and velocity
measurements during the development of new runners since it is the overall efficiency that is
important at that stage.

The computational results in this work are validated against detailed velocity and pressure
measurements of the flow in two different kinds of water turbine runners at several operating
conditions. It is shown that the computational results qualitatively capture the main features
of the experimental flow in all cases. The behaviour of the computational results is similar for
both kinds of water turbines, which shows that experience of computations in water turbines
will ultimately give quantitatively correct computational results for this kind of flow.

The computational results in this work are slightly better than the TASCflow computational
results of Gros et al. [7], and both codes qualitatively capture the same flow features. The
CALC-PMB and TASCflow CFD codes are both finite volume CFD codes and both use
multiblock structured grids, which shows that the method is reliable for computations of the
flow in water turbines.
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