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ABSTRACT. The flexibility and fast responsiveness of hydropower systems make them a reliable solution
to overcome the intermittency of renewable energy resources and balance the electrical grid. Therefore,
investigating the complex flow fields during such operation is essential to increase the reliability and
lifetime of future hydropower systems. The current article concerns the utilization of OpenFOAM for
the numerical study of Francis turbines during transient load change operations. The details of employed
models and numerical schemes are thoroughly explained. The Laplacian smoothing algorithm is applied
for the deformation of the guide vane domain. For the first time, The impact of different mesh diffusivity
parameters on both load rejection and acceptance operations is studied. It also is shown that general
slip boundary conditions cannot be used for slipping points on the guide vane upper and lower surfaces.
Instead, different alternatives are introduced and compared. The developed framework is tested on a
high-head Francis turbine. Different transient operations are simulated and results are compared to
the experimental data. It is shown that OpenFOAM can be employed as a trustworthy CFD solver for
numerical investigation of Francis turbines transient operations.

1. INTRODUCTION

Intermittency of renewable energy resources, such as wind and solar, could potentially result in an
unstable electricity grid. Flexibility and fast responsiveness of the hydropower systems have made them
a sustainable solution for stabilizing the power [1, 2]. Therefore, the fast growth of wind and solar electrical
energy production caused hydraulic turbines to work in transient operations more often. The transient
operation in hydraulic turbines usually refers to the change in operating conditions. For instance, if
there is a need for producing more power, the guide vanes open up, the flow rate grows, and thus the
turbine output power increases which is usually known as load acceptance operation. In contrast, the
load rejection operation closes down the guide vanes to decrease the flow rate and the output power.

The transients operations usually generate large fluctuations in local and integrated flow quantities
such as pressure and runner torque that could potentially deteriorate turbine lifetime [3, 2]. Although
the importance of understanding transient phenomena of hydraulic turbines is ever-increasing, complex
flow fields during transient procedures are still not well perceived and require more in-depth studies.

Accurate experimental measurements are often expensive and time-consuming. Computational Fluid
Dynamics (CFD) is a reliable alternative to study the transient flow field of hydraulic turbines during
load change operations. A few authors have employed proprietary CFD codes to investigate load change
operation of Francis turbines [4, 5, 6, 7, 8, 9, 10, 11]. However, to the best of our knowledge, no study is
reported in the literature on the investigation of load change operation using an open-source CFD code,
except for our previous studies [12, 13, 14]. For more information, the readers are referred to Salehi et
al. [12].

Employing OpenFOAM as a reliable and flexible open-source CFD tool for studying transient flow
fields during load changes can be quite advantageous. The current paper signifies that OpenFOAM
can be an accurate and trustworthy alternative to proprietary CFD codes for the assessment of complex
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FI1GURE 1. The full assembly of Francis-99 model turbine

transient load change phenomena in Francis turbines. Detailed descriptions on OpenFOAM simulation of
Francis turbine load change are provided. For the first time, the effect of different diffusivity parameters
on the mesh morphing procedure of the guide vane domain during both load rejection and acceptance is
studied in detail. Additionally, the slipping of the mesh points on the lower and upper flat surfaces of the
guide vane domain is carefully investigated and discussed. The high-head Francis-99 turbine is employed
as a test case to evaluate the performance of the employed numerical framework.

2. INVESTIGATED TEST CASE

The Francis-99 high-head model turbine, provided by the Francis-99 workshop series [15] is utilized
as a test case to study the performance of the adopted numerical framework for predictions of Francis
turbine load changes. The model is integrated with 14 stay vanes in the spiral casing, 28 guide vanes, 30
runner blades (15 main blades and 15 splitters). The model head at BEP condition is about H =~ 12 m.
The full model of the turbine, including spiral casing, guide vanes, runner, and draft tube is considered
in this study (Fig. 1).

The computational mesh consists of four different domains whose corresponding mesh are generated
separately. The spiral casing, runner, and draft tube domains are meshed in ICEM-CFD, while the
guide vane mesh is generated by TurboGrid. The meshes are converted into OpenFOAM format and
then merged together to construct the full model shown in Fig. 2. The model contains nearly 16 million
hexahedral cells. More information about the produced mesh is provided by Salehi et al. [12].

Fig. 3 displays the y-normal section of the Francis-99 turbine. The vaneless space pressure is measured
at the VL2 probe, while in-plane velocity components are measured at the PIV plane on three different
lines.

Two load change operations are investigated in this work, namely, load rejection, Best Efficiency Point
(BEP) to Part Load (PL), and load acceptance, BEP to High Load (HL). Both transient procedures start
from the BEP condition. The guide vane angles are changed (close down or open up) and consequently
the flow rate changes. The guide vane angles at PL, BEP, and HL are ap;, = 6.72°, aggp = 9.84°, and
agr, = 12.43°.

3. MATHEMATICAL FORMULATION

The Unsteady Reynolds-Averaged Navier-Stokes (URANS) equations, which governs transient incom-
pressible turbulent flows, are stated as

oU;

I 1

weo 0
ot + ox;  p Oy + oz V@xj T ) 2)

The current study employs the Shear Stress Transport (SST) based Scale-Adaptive Simulation (SAS)
URANS model [16, 17] (i.e., kOmegaSSTSAS) to compute of the unknown Reynolds stress tensor —pu;u;.
SST-SAS is a turbulence-resolving URANS model, used for the simulation of practical transient flows.
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FIGURE 2. Zoomed view of the computational mesh at BEP condition, showing the
spiral casing, the guide vanes and the runner (the draft tube mesh is now shown here).
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FiGURE 3. Two sections of the Francis-99 model, showing PIV plane, velocity lines,
pressure sensors

The formulation of this model introduces an additional source term in the turbulent eddy frequency (w)
equation, which decreases the local eddy viscosity to resolve the turbulent spectrum and break-up of
large eddies, providing LES-like solutions. A variety of studies investigated and verified the performance
of the SST-SAS model for simulations of hydraulic machinery flows [18, 19, 20, 21, 22, 9, 10].

4. COMPUTATIONAL FRAMEWORK

This section explains the details of the employed computational framework, i.e., discretization schemes,
pressure-velocity coupling, boundary conditions, linear solvers, and parallel processing.

4.1. Discretization schemes. The utilized discretization schemes are elaborated upon in the following
subsections.

4.1.1. Temporal schemes. The temporal derivatives in all transport equations are approximated using
the implicit second-order backward scheme (i.e., backward). The time-step is chosen to At = 1.25 x
10~* s, based on the rotational speed of the runner, which is common practice in CFD simulations
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of turbomachinery flows. In the current test case, the runner is rotating at a constant angular speed
of 332.59 rpm. Accordingly, the runner rotates 0.25° in each time-step, which is sufficiently small to
capture most physical phenomena. Moreover, the guide vanes change their angle by 1.625 x 10™* ° each
time-step. The blade passing frequency (rotational frequency of the runner times number of the blades)
is f, = 166.3, while the time-step frequency is 8 kHz. Hence, the high-frequency pulsations due to
rotor-stator interaction should be easily captured.

The mean and maximum Courant-Friedrichs-Lewy (CFL) [23] numbers at BEP are 0.025 and 55,
respectively. The high CFL values correspond to a very small portion of the domain where that cells are
very small because of the complexity of the geometry. In fact, 99.38% of the cells have CFL numbers less
than 2.

4.1.2. Gradient schemes. The second-order linear scheme is usually employed in OpenFOAM for the
discretization of gradient schemes. Here, the cellLimited approach is utilized to improve the stability
and boundedness of the gradient terms, due to the high skewness of the cells in some regions, which is
inevitable because of the complex geometry.

4.1.3. Divergence schemes. The Linear-Upwind Stabilised Transport (LUST) scheme [24] is used to dis-
cretize the convective terms in the momentum equation, which is an unbounded discretization scheme
that blends the central and second-order linear upwind schemes (i,e., linear and linearUpwind) using
a weighted averaging, as
pLusT = 79 + (1 — 7)1 (3)

In Eq. (3), ¢. and ¢, represent the face-centered values approximated using the central and linear
upwind schemes, respectively. The blending factor, ~ , is hardcoded 0.75 in the OpenFOAM LUST
scheme, indicating that the face values are computed blending 75% second-order central and 25% second-
order linear upwind schemes. Therefore, the method enhances the numerical stability significantly. In
most practical engineering flows with complex geometries the pure central scheme cannot be used due to
numerical instabilities. Hence, LUST provides a proper alternative for turbulence resolving simulation of
such flow fields.

The second-order upwind discretization scheme is employed for approximations of other convective
terms (i.e., k and w).

4.1.4. Laplacian schemes. The second-order scheme with explicit non-orthogonal correction is employed
for the calculation of the Laplacian terms. Here again, a limiter is applied because of the mesh quality
in some regions. A limiter with a coefficient of 0.333 is utilized for the non-orthogonal correction part.
Therefore, all the Laplacian terms are approximated using Gauss linear limited corrected 0.333
scheme.

4.2. Pressure-velocity coupling. The CFD simulations are performed using the pimpleFoam solver,
suggesting a correction of the pressure field through the PIMPLE algorithm. PIMPLE combines the two
well-known pressure correction algorithms, SIMPLE [25] and PISO [26]. The SIMPLE algorithm works
as an outer loop while the PISO algorithm performs inner correction loops. The maximum number of
outer corrections is set to 10. Residual criteria of 107® and 1076 for p and U, respectively, control the
number of performed outer loops. In most time steps the pimple algorithm converges after five outer
loops in the present case. Two inner corrections are carried out in each outer loop. In each inner loop,
one additional non-orthogonal correction is considered to ensure convergence of all explicit parts in the
discretized equations such as non-orthogonal correction. The calculations of the turbulence transport
equations are carried out at the end of the final outer correction loop.

4.3. Boundary conditions. In the Francis-99 case, the guide vanes change their angle by 1.3°/s during
the load change procedures. Fig. 4a compares the variation of the measured guide vane angle in the ex-
periments with the applied ad-hoc smooth function for the numerical simulations. The smooth variations
reduce the numerical instabilities at the starting and stopping processes of the guide vane rotation. A
new boundary condition for the pointDisplacement field is implemented that receives the guide vane
rotational speed as a Funcl variable, which enables time-varying values for boundary conditions. The
rotational speed is calculated as the time-derivative of the guide vane angle and is shown in Fig. 4b.
The inlet volume flow rate of the turbine is assumed to vary linearly with respect to the guide vane
angle, as recommended by the Francis-99 workshops [15]. Consequently, a time-varying but spatially uni-
form velocity is imposed at the inlet of the spiral casing using a csvFile option in the uniformFixedValue
boundary condition. A similar approach is applied for the inlet values of the turbulent kinetic energy,
k, and the specific rate of dissipation, w, assuming a fixed turbulence intensity (I = 10%) and viscosity
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FIGURE 4. Variation of (a) guide vane angle, (b) guide vane rotational speed, and (c)
turbine volume flow rate for both investigated cases

ratio (v/v = 100). The inletOutlet condition is imposed at the outlet for the velocity, with an inlet
value of uniform (0 0 0) to prevent incoming backflow.

The couplings between the domains (spiral casing, guide vane, runner, and draft tube) are realized
through the Cyclic Arbitrary Mesh Interface (cyclicAMI) boundary condition [27, 28].

Both transient cases start from the stationary BEP condition. Therefore, before the commencement of
the transient procedures, a statistically stationary flow condition at BEP should be achieved. For a faster
convergence, a steady potential flow solution was computed and used as an initial condition. Afterward,
the unsteady turbulent flow at the BEP condition is simulated for 2 s flow time, corresponding to 11
runner rotations. Subsequently, the procedures plotted in Fig. 4 started.

4.4. Linear solvers. The Geometric Agglomerated Algebraic Multi-Grid (GAMG) linear solver with the
combined DIC/Gauss-Seidel smoother is employed to solve the pressure and Laplacian dynamic mesh
equations. The solutions of the linear systems of velocity, turbulent kinetic energy, and specific dissipation
rate are obtained with the iterative smoothSolver with the Gauss-Seidel smoother.

4.5. Parallel processing. The scotch [29] domain decomposition approach is used to split the compu-
tational domain and distribute roughly equal loads to the processors while minimizing their interconnec-
tions. The job is submitted to a Linux cluster using 320 CPU cores. Each simulation took around 18
days (440 hours) to complete. Therefore, the computational cost of each transient simulation was more
than 140,000 core hours.
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5. MESH MOTION FRAMEWORK

Simulations of Francis turbine load change procedures involve two different mesh motions, i.e, rotation
of the runner domain and mesh deformation of the guide vane domain (please have a look at Figs. 1 and
2 to see the runner and guide vane domains of the current case study). Such type of simultaneous mesh
motions can be carried out in OpenFOAM using the dynamicMultiMotionSolverFvMesh class, which
enables utilization of different fvMotionSolvers on each cell zone. It applies all the prescribed mesh
motions on the corresponding cell zones in a sequence using a forAll loop. Accordingly, the mesh in
the runner domain performs a solid-body rotation around the turbine axis using a combination of the
solidBodyMotionSolver and rotatingMotion classes. Besides, a mesh morphing approach is employed
to spread and smoothen the guide vane motion into the guide vane region mesh. For this purpose, the
displacementLaplacian mesh motion solver is applied to this cell zone.

After calculation of the new locations of the mesh points, the points are moved and then the face fluxes
are corrected using the face velocity which is computed based on the face swept volume. More details on
the dynamic mesh implementation in OpenFOAM is provided by Jasak and Tukovié [30] and Jasak [31].

In the OpenFOAM PIMPLE loop all the dynamic mesh calculations are performed in the first outer
correction loop using the controlledUpdate() function of the dynamicFvMesh class.

5.1. Mesh morphing.

5.1.1. Displacement Laplacian solver. The displacementLaplacian mesh motion solver performs the
mesh morphing procedure using the Laplacian smoothing equation

V- (I'Véeen) =0, (4)

using a cell-centered finite volume approach. Herein, I" is the motion diffusivity and d.. is a vector
field representing the spatial displacement of the cell centers (cellDisplacement). However, to update
the mesh at each time step, the location of the new points are needed, meaning that one needs the
displacement vector of the mesh points doin (pointDisplacement). After obtaining the solution for dcer,
the inverse distance weighting approach is adopted to interpolate the cell-centered displacement vectors
onto the point locations and calculate dpoint. In contrast, the mesh motion boundary conditions (in this
case the rotation of the guide vanes shown in Fig. 4b) are specified by the user on the pointDisplacement
and they are automatically adapted as boundary conditions for the cellDisplacement equation. Finally,
the new point locations are calculated by

Xt+At — Xt + 6t (5)

point point point*

5.1.2. Motion diffusivity. The motion diffusivity, I', controls how far the boundary movement is spread
into the internal mesh. Different approaches are available in OpenFOAM to calculate this diffusivity,
e.g., uniform and inverse distance. In order to have a smooth mesh morphing, the small cells close
to the moving boundary (here guide vanes), should be able to move with the boundary with the least
deformation, while the larger cells away from the surface can deform noticeably. Consequently, I' should
decrease with distance from the moving patch (here guide vanes), indicating that points close to the guide
vanes move at nearly the same rate as the guide vane boundary points, while the points far away from
the boundary surface are less affected. Hence, the inverse distance (inverseDistance) approach with
respect to the guide vane surfaces seems to be a proper choice for the diffusion parameter.

Additionally, one can enhance the decay rate of I' through the diffusivity manipulators that are
available in OpenFOAM (for instance, quadratic and exponential). The inverseDistance and the
quadratic inverseDistance diffusivities work as 1/y and 1/y? functions, respectively, where y is the
minimum distance from the guide vane surfaces. Obviously, the quadratic manipulator significantly
increases the rate of diffusivity reduction with distance from a surface. Here, a study is carried out to
investigate the effect of the diffusivity parameter decay rate on the mesh during turbine transient opera-
tions. A Francis turbine load change procedures involve either closing down (load rejection) or opening
up (load acceptance) of the guide vanes. The mesh motion in both types of load changes is here simulated
with and without the quadratic manipulator.

The numerical tests are performed using the moveDynamicMesh utility, which only conducts the dy-
namic mesh calculations without solving the flow field while monitoring the mesh quality aspects. First,
the load rejection procedure (i.e, guide vane closure) is examined. Fig. 5a demonstrates the unmorphed
mesh at the BEP condition with guide vane angle o = 9.84°, while Figs. 5b and 5c¢ illustrate morphed
meshes at @ = 5.81° utilizing the inverseDistance and quadratic inverseDistance diffusivity pa-
rameters, respectively. « is the guide vane angle computed with respect to the fully closed position. The
figure shows the mesh between the guide vanes on the upper surface, which is the region with the highest
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FIGURE 5. Mesh morphing in the load rejection operation on the upper surface of the
guide vane domain

mesh deformation. The guide vanes are closing down. Consequently, the cells between the guide vanes
are squeezed and the cells that are in the middle of this region sustain the largest deformation. One can
see that adding the quadratic manipulator is pushing the deformation more towards the middle as the
cells near to the guide vanes becomes more rigid. Therefore, the inverseDistance diffusivity is more
appropriate for the guide vane closure procedure. The inverseDistance produces the first negative-
volume cell after 4.79° guide vane rotation, whereas quadratic inverseDistance can only rotate the
guide vanes for 4.07° without any mesh quality problems.

A similar comparison is made for the guide vane opening procedure (i.e., load acceptance) in Fig. 6.
Once more, a zoomed view of the region with the largest deformation is shown, which in this case
corresponds to the cells near the leading edge on the middle surface of the guide vane domain. The
undeformed interface with the upstream domain (spiral casing) is highlighted with a blue curve. In
the opening situation, the cells are pushed towards the upstream and downstream domains. Since the
locations of the points on the cyclicAMI surfaces are kept fixed, the first cells at the interface experience
the highest deformation. The first negative-volume cell is detected after a guide vane opening of 4.42°
and 5.02° for inverseDistance and quadratic inverseDistance diffusivities, respectively. For this
reason, the quadratic manipulator which increases the decay rate of the diffusivity improves the mesh
morphing procedure and enables larger guide vanes openings without any mesh quality problems.
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The effects of the considered diffusivity parameters are further examined by assessing the mesh quality

measures during the dynamic mesh calculations. The moveDynamicMesh utility checks and reports the
mesh quality at each time step. Therefore, the quality measures are extracted from the output log file,
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~
const vectorField& nHat = this->patch () .pointNormals();

tmp<Field<Type>> tvalues =
(
(
this->patchInternalField()
+ transform(I - 2.0*sqr (nHat), this—>patchInternalField())
) /2.0

)i
\

LISTING 1. evaluate fucntion of basicSymmetryPointPatchField

utilizing the foamLog script and an ad-hoc query database foamLog.db. Here the number of severely
non-orthogonal faces (> 70°) created during the mesh deformation is explored. In load rejection (Fig. 7a),
the number of severely non-orthogonal faces shows a sudden rise for the quadratic manipulator after
3.7° rotation whereas inverseDistance produces a significantly lower number of highly skewed faces.
For load acceptance operation (Fig. 7b), both diffusivity parameters create nearly similar number of
non-orthogonal faces. However the inverseDistance encounters negative-volume cells sooner.

One should note that the selection of a proper diffusivity parameter in turbine transient operations
becomes more important when dealing with significant load changes (e.g., shutdown and startup). It can
provide more robust mesh deformation that results in a lower number of mesh changes. In the current
test case, the inverseDistance and quadratic inverseDistance are adopted for load rejection and
acceptance, respectively.

5.1.3. Slip condition. The mesh points corresponding to the lower and upper surfaces of the guide vane
domain are required to slip on this flat surface. The general point slip boundary condition in OpenFOAM
(slipPointPatchField) is identical to basicSymmetryPointPatchField, which works as an explicit cor-
rection. After obtaining a mesh displacement solution, the normal component of the quantity of interest
(here pointDisplacement) with respect to the boundary surface is removed and only the tangential
components are kept, i.e.,

6p0int,” = 6point - ((Spoint . ﬁ) - 1. (6)
Accordingly, the evaluate function in basicSymmetryPointPatchField removes the normal component
as shown in Listing 1.

Fig. 8 presents the mesh deformation on the upper surface near the trailing edge of a guide vane,
employing the slip boundary condition for the upper and lower surfaces of the guide vane domain. The
explicit correction in the slip condition is very unstable and very sensitive to small distortions. Since
the local normal vectors of the points are calculated at each time step (see the first line in the previous
code listing), very small imperfections will accumulate and cause sudden divergence. The figure shows
that the points on the upper surface of the guide vanes are notably distorted after a very small rotation
of the guide vanes (0.16°) and the mesh is totally destroyed with numerous negative-volume cells after

(A) a = 9.84° (BEP) (B) o = 9.68° (C) o =9.59°

FI1GURE 8. Performance of the general slip condition on the upper surface of the guide
vane domain
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~
scalar zValue = 0.0298040;

const label patchID = boundaryMesh () .findPatchID ("gv_upper");
labellList patchPoints = boundaryMesh () [patchID] .meshPoints{();
forAll (patchPoints,pointI)

{
}

transformedPts [patchPoints|[pointI]].z () = zValue;

-

LisTiNG 2. Example code for correction of flat surface points

only a 0.25° rotation. Here it should be noted that some/most mesh generators never give perfectly flat
patches, and those tiny distortions will grow extremely fast. Even round-off errors will wrinkle the surface
quickly. Such round-off errors may typically appear at edges on the slip surface, where it is not ideal to
calculate the point normal. The slip condition by itself has no information about the actual geometry,
and it should therefore always be avoided (or removed as an alternative).

In order to tackle this problem, one needs to make sure that the points stay on the requested geometrical
surface while slipping. For this purpose, different alternatives can be suggested. One way is to use the
fixedNormalSlip condition, which does not calculate the local point normals, but receives a user-specified
normal and keeps the tangential slipping direction fixed. Obviously, this alternative can only be used
for flat surfaces where the point normals are the same over the entire patch. Again it should be noted
that some/most mesh generators never give perfectly flat surfaces, and those surfaces will remain non-flat
when using the fixedNormalSlip condition.

Another remedy, that could also work for curved surfaces, is the surfaceSlipDisplacement boundary
condition which slips the points while keeping them on a specified STL surface using a point projection
algorithm. The resolution of the triangles in the STL surface may however impact the accuracy due to
the fact that STL surfaces are discretized with triangles. That discretization also yields a non-continuous
surface normal direction that will could affect the slipping process.

A more exact treatment would be to add an explicit correction step after the slip condition to make
sure that the points do not leave the geometrical surface. As an example, one can implement a new
dynamicFvMesh class that corrects the point locations according to the exact representation of the geo-
metrical surface. This correction step should be performed after calculating the new point locations and
just before calling the fvMesh: :movePoints function. For instance, the user could provide the location of
the flat surface and the boundary condition should make sure that the patch points stay at that surface.
An example of such a procedure is shown in Listing 2. This alternative is not limited to flat surfaces,
but the exact geometry must somehow be introduced inside the dynamic mesh solver. One could correct
the points inside the forAll loop to make them stay on any geometrical surface. It can be shown that
all the explicit corrections alternatives only work on surfaces with small curvatures and thus Salehi et
al. [14] developed a new dynamic mesh framework in OpenFOAM that can be applied on surfaces with
high curvatures. The framework was then successfully applied to the transient operation of a Kaplan
turbine.

In the currently investigated test case, the points slip on flat surfaces and thus all three aforementioned
alternatives can be successfully applied. It should just be remembered that the slip condition will not
work. Here, all the computations are performed using the surfaceSlipDisplacement approach.

6. RESULTS AND VALIDATION

In this section, the numerical results and discussion are presented. The main intention of the current
section is to assess the accuracy of the utilized numerical framework in OpenFOAM for predicting tran-
sient operations of Francis turbines. Therefore, the focus is on comparisons with the experimental data
to validate the numerical results, leaving out a detailed analysis of the physics of the flow.

The pressure in the vaneless space (between guide vanes and runner blades) is monitored throughout
both the load rejection and load acceptance operations. Fig. 9 compares numerical and experimental
pressure at the VL2 probe (see Fig. 3) for both load change operations. The comparison reveals that
the pressure variation is adequately predicted by the numerical simulations. The maximum relative error
(|Pnum — Pexp|/Pexp *x 100) is 3.96% and 3.76%, respectively. When the transient initiates, the pressure
decreases during load rejection and increases during load acceptance and settles at a new stationary
condition. The numerical pressure is slightly lower than the experimental values at the PL condition and
slightly higher than the experimental values at the HL condition. It should be noted that the reference
pressure is set at the outlet of the draft tube, so, much of the differences due to losses show up in the
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FI1GURE 9. Time-variation of static pressure in vaneless space

pressure at VL2. The zoomed view of the pressure at the BEP condition denotes that the high-frequency
pressure pulsations due to Rotor-Stator Interaction (RSI) are well-captured.

Three PIV lines in the draft tube are defined in the experiments [15] (see Fig. 3), and the experimental
and numerical velocity components are monitored on these lines. Figs. 10 and 11 compare the numerical
and experimental variation of axial velocity on the three PIV lines during load rejection and acceptance,
respectively.

An overview of the presented results reveals quite similar trends for the time-variation of the axial
velocity on all lines at both operating conditions. The velocity contours on Line 1 and 2 (horizontal lines)
demonstrate a quasi-steady condition at BEP (¢ < 1 s). The load rejection results on the first two lines
(Fig. 10) show the formation and development of a large central recirculation (stagnant) flow region. The
sudden change in the flow direction of Line 3 also denotes the creation of a reversed flow region. Strong
low-frequency oscillations are observed after ¢ = 6 s, indicating the establishment of a Rotating Vortex
Rope (RVR) due to a large positive residual swirl at the runner outlet.

In the load acceptance operation, the flow leaves the runner with a residual negative swirl. Both
the experimental and numerical results show the creation of a rather thin and straight central stagnant
region, which in contrast to the load rejection procedure is quite stable and does not rotate.

To further assess these phenomena, the flow structures in the draft tube are visualized using the A,
vortex identification method [32]. The OpenFOAM function object Lambda2 is utilized to compute the
Ao field. Fig. 12 presents vortical structures inside the draft tube using iso-surfaces of Ay = 750 s~2 for
both PL and HL conditions in red color. Additionally, the stagnant region is illustrated with iso-surfaces
of zero axial velocity W = 0 in blue. Clearly, at PL the RVR is formed helically wrapped around the
central stagnant region and rotates around the turbine axis. In contrast, at the HL condition, a large
counter-rotating stable vortex is established around the slender reversed flow region at the center of the
draft tube.

7. CONCLUSION

The current article presented a detailed description of OpenFOAM features for numerical investiga-
tion of Francis turbines transient operations. Simulation of load change operations in Francis turbines
requires concurrent solid-body rotation of the runner domain and mesh deformation of the guide vane do-
main, which was carried out employing the Laplacian mesh morphing approach. A study was conducted
on the impact of diffusivity parameters in different load change operations and it was revealed that
inverseDistance diffusivity performs a smoother mesh deformation at load rejection while quadratic
manipulator enhances the mesh morphing procedure at load acceptance. The general slip condition was
shown to be unstable and highly sensitive to small distortions and should be avoided for slipping of the
mesh points on guide vane upper and lower surfaces. Three different alternatives, i.e., slip with a fixed
normal vector, slip on a specified surface, and correction of the points inside the dynamic mesh solver
were presented and their advantages were discussed. The high-head Francis turbine model, Francis-99,
was chosen as a case study, and both load rejection (BEP to PL) and load acceptance (BEP to HL)
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operations were examined. Numerical results were validated against experimental data and the devel-
oped methodology was shown to be a reliable and accurate framework for simulation of Francis turbine

transients.
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FIGURE 10. Time-variation of axial (W) velocity during load rejection operation
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(A) Part load (B) High load

Ficure 12. Tllustration of draft tube vortical structures with iso-surface of Ay = 750 52
(red) and stagnant region using the zero axial velocity iso-surface (blue)
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NOMENCLATURE

Acronyms

BEP Best Efficiency Point

CFD Computational Fluid Dynamics
CFL  Courant-Friedrichs-Lewy

HL High Load

LUST Linear-Upwind Stabilised Transport
PL Part Load

RSI  Rotor-Stator Interaction

RVR Rotating Vortex Rope

SAS  Scale-Adaptive Simulation

URANS Unsteady Reynolds-Averaged Navier-Stokes

English symbols

n Patch normal vector

k Turbulent Kinetic €Nergy . ... .. ..o m?/s?
p PresSUTe . et e Pa
U; Cartesian velocity vector........ ... ... i m/s
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Xpoint POINES POSIEIONS ... o m

Greek symbols

(1]
2]
(3]
(4]

(5]

[6]
[7]
(8]
(9]
(10]
(11]
(12]
(13]
(14]

(15]
(16]

(17]

(18]

(19]

20]
(21]
(22]
(23]
[24]
[25]

[26]

Guide vane angle . ... ... e e

Point or cell displacement .. ........ ... oo e m

Motion diffusivity

Lambda2 VATIable . ..........it e 572

Fluid Kinematic vISCOSIEY . ... .uuuuttt e m? /s

Specific diSSIPAtION TALE .. ...ttt e ettt e e g1

Fluld density . .. .ooo o kg/m?3
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