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Abstract. We performed Large-eddy simulations (LES) of the flow around a low-aspect-ratio
wall-bounded 2D hydrofoil at the zero angle of attack using spectral-element method (SEM).
The flow was considered for several Reynolds numbers Rec = 500, 5.0x10%, 5.0x10* and
1.2x10° based on the foil chord to reveal the influence of the test channel sidewalls and viscous
effects. The laminar-turbulent transition of the boundary layer was registered. A comparison of
the numerical results with experimental data for the highest Reynolds number was performed
and showed an excellent agreement.

1. Introduction

Flow around bluff bodies and wings has long been the subject of extensive research due to its practical
relevance for airspace and (under)water transport and turbomachinery, being an example of a complex
flow featuring separation and accompanying phenomena. The separation is usually connected to the
laminar-turbulent transition of a boundary layer (BL), BL evolution under the influence of an adverse
pressure gradient, formation of a recirculating zone affecting the ambient pressure field and, as a
result, leading to variations of the forces acting on a body. Previous studies cover different aspects of
separated flows over foils which are also considered in many comprehensive reviews and textbooks
[1-4]. With the rapid growth of computational resources over the past few decades, large-scale
numerical simulations have become a widely spread and effective tool to predict flow dynamics in
complex configurations. Jansen [5] performed Large-eddy simulations (LES) of the flow around a
NACA4412 profile for the Reynolds number Rec = 1.64x10° based on the hydrofoil chord length C,
comparing the numerical results with available experimental data [6-8]. Direct numerical simulations
(DNS) of the flow about a NACAO0012 section at different angles of attack were carried out by Shan et
al. [9] for Rec = 1.0x10°, Rodriguez et al. [10] for Rec = 5.0x10* and recently by Hosseini et al. [11]
for Rec = 4.0x10°. Serson et al. [12] and Munday et al. [13] studied the effect of surface geometry
modification and active mass injections to improve the lift-drag ratio of a wing. Another topical issue
is simulation of cavitating flow that was conducted, for instance, by Wang and Ostoja-Starzewski [14]
and Ji et al. [15] for NACAQ0015 and NACAG66 hydrofoils, respectively. Despite thorough
investigations in this particular field, the problem in general remains unsolved and is still important
and urgent. In this paper, we report on preliminary results of LES computations of the subcavitating
flow around a scaled-down model of guide vanes (GV) of a Francis turbine mounted in a rectangular
channel at zero angle of attack (a = 0°) for different Reynolds numbers and then compare them with
the ones of PIV measurements [16]. The research is motivated by the need to reveal the effect of

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1


http://creativecommons.org/licenses/by/3.0

TPH-2018 IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1128 (2018) 012085  doi:10.1088/1742-6596/1128/1/012085

sidewalls on cavitation onset, transition to unsteady regimes and partial cavity characteristics on
movable operating elements of hydraulic equipment.

2. Computational method and boundary conditions

We performed Large-eddy simulations (LES) of the single-phase flow around a low-aspect-ratio 2D
hydrofoil representing a scaled-down model of guide vanes (GV) of a Francis turbine, with the
geometry described in [16]. We use the computational code Nek5000 [17] based on the spectral-
element method and previously validated in a number of case studies [18-20]. The incompressible
Navier—Stokes equations
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are solved in the computational domain which is divided into elements, where the velocity and
pressure fields are approximated by high-order Lagrange polynomials. These polynomials are based
on the Gauss—Lobatto—Legendre rule
X—X.
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where @, are the coefficients of expansion, W¥|(x) are the N-order Lagrange polynomials. For the time
discretization, an implicit third-order backward differentiation formula (k = 3) is used
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where b, = 5’ b, = 5 and b, = ~5 » Atis the constant time step.

In this study, four Reynolds numbers are considered Rec = CUp/v = 500, 5.0x10°, 5.0x10* and
1.2x10° where C = 100 mm is the hydrofoil chord length and Uy is the mean velocity of the incoming
flow. The foil angle of attack is a = 0° for all the cases. The computational domain fully corresponds
to the test rectangular channel of the experimental rig in the Institute of Thermophysics [21]. Two-
dimensional slices of the computational domain together with the coordinate system are presented in
figure 1, where x, y and z are the coordinates along the streamwise, transversal and spanwise
directions, respectively. The hydrofoil maximum thickness D = 21.4 mm is used as a typical
lengthscale. The hydrofoil span dimension is roughly 3.7D and matches the width of the rectangular
channel, with its cross-section being yxz = 11.7Dx3.7D. The channel length in the x-direction is
30.5D. The hydrofoil chord length is C = 4.67D. Details of the computational mesh are given in table
1 and its visualization is shown in figure 2. Inflow parameters for the velocity field are set according
to the experimental measurements [16] with a uniform flow in the central part of the channel and
relatively thin boundary layers near walls, where the no-slip condition is applied. The outflow
boundary condition corresponds to the Neumann condition. We performed Large-eddy simulations
(LES) of equations (1). The subgrid-scale model is not used assuming a sufficient spatial resolution,
while two high-frequency modes are filtered applying a parabolic transfer function with amplitude of
5% for the latter mode [22].
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Table 1. Mesh characteristics of the whole computational domain and around the hydrofoil. The
number of nodes equals the number of spectral elements (SE) multiplied by N3, For higher and lower
Rec, N = 8 and 6, respectively.

on the hydrofoil
Rec SE Nodes SE Nodes
500, 5.0x10°, 5.0 x10* 38304 8273664 768 165888
1.2x10° 140448 71909376 2816 1441792
y/D}

Bt g s

3.0%
150 160 170 180 19.0 20.0 21.0 x/D

Figure 2. Computational domain (left) and near-hydrofoil blow up of a two-dimensional slice in the
x-y plane (right). Rec = 1.2x10°.

3. Results

The two-dimensional visualization of velocity and pressure fields in figure 3 demonstrates a decrease
in the BL thickness and intensification of turbulence level of the separated mixing layer with an
increase of Rec. At the lowest Reynolds number (Rec = 500), the simulations display that the flow is
steady while for Rec = 5.0x10° the wake becomes unsteady at roughly x/D = 22. A further increase of
the Reynolds number to Rec = 5.0x10* leads to the boundary layer (BL) turbulization already at x/D =~
19. When the Reynolds number is indeed high (Rec = 1.2x10°%) and very close to the experimental
one, BL becomes extremely thin and undergoes the turbulent transition in the aft part of the GV model
(x/D = 19.5-20) but the wake behind the hydrofoil trailing edge is very narrow and weak. The pressure
fields along the GV model are quite typical for all Reynolds numbers, with the maximum located
around the foil leading edge. Halfway along the surface, the local pressure reaches its minimum value
due to the flow acceleration and further downstream it increases again. However, the vortical pattern is
conveniently reflected in the pressure field only for Rec = 5.0x10", indicating relatively strong eddies.
Figure 4 shows the effect of viscosity or Reynolds number on the BL evolution and the mean velocity
profile along the x-coordinate. As seen, at lower Rec the velocity profile tends to the Poiseuille
solution relatively fast, while, for higher Rec, it does not change noticeably. A rapid increase of the
velocity magnitude right after the leading edge occurs due to the flow acceleration over the hydrofoil.
Downstream evolution of the mean velocity in a close-to-wall region above the GV model is shown in
figure 5 for all Re. As seen, a growth of the Reynolds number results in a reduction of the relative
velocity magnitude causing a strong difference between all these cases. The numerical results are
justified by an excellent agreement with the experimental data at Rec = 1.2 x10° (figure 5).

4. Conclusions
Using Large-eddy simulations we studied the single-phase flow around a scaled-down model of guide
vanes (GV) of a Francis turbine mounted in a rectangular test channel. The instantaneous velocity and
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pressure fields around the GV model were analyzed together with the profiles of the time-averaged
velocity for Reynolds numbers Rec = 500, 5.0x10° 5.0x10% 1.2x10°% The laminar-turbulent
transition of the boundary layer was registered. For Rec = 1.2x10°, an excellent agreement between
the numerical results and experimental data was obtained.

Rec = 500 Rec =5.0x10°
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Figure 3. Instantaneous streamwise velocity (top) and pressure (bottom) fields near the GV model
in the middle x-y section of the test channel (z/D = 1.85) for different Reynolds numbers. The flow
direction is from the left.
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Figure 5. Profiles of the streamwise component of the time-averaged velocity over the hydrofoil in
the median longitudinal plane of the test channel for all Reynolds numbers (lines) in comparison
with the experimental data [16] (symbols) in several cross-sections indicated in the scheme above:
(1) x/D = 16.45, (2) 17.45, (3) 18.5 and (4) 19.55. Dashed black line denotes the hydrofoil surface.
The flow direction is from the left.
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