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The paper presents the results of numerical simulation of three-dimensional turbulent flow around a hydraulic
turbine guide vane at the angle of attack of 9° with the aspect ratio of the foil equal to 0.8. The influence of turbulence
modeling variants on 3D flow effects is analyzed. The 3D boundary layer separation at the vane-sidewall junctions and
the flow separation near the trailing edge influence the flow pattern. The study considered various approaches for
modeling of a turbulent flow, such as the k- SST turbulent viscosity model and several variants of the differential and
algebraic Reynolds stress models. At the given angle of attack, the k&~ SST model shows a significant separation zone
in the corners between the wall and the vane, while no separation of the flow in the central plane is observed. Both
differential and algebraic Reynolds stress models reproduce the secondary vortex flow at the corners and suppress
the flow separation near the central cross section.
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Introduction

Unlike the fluid mechanics in hydropower equipment, the foil profiles have the across
dimensions compared to the foil chord length. A typical example is a guide vane of the hydro-
turbine. The vane’s quasi-2D shape is fitted to a limited space between the turbine chamber
walls. The analogous situation is observed for the impeller vanes. Here the corner effects
might have a significant contribution to the turbulent flow past the hydrofoils (especially with
the phenomena of separation or cavitation). However, the turbulence models (based on the tur-
bulent viscosity hypothesis) are fitted mainly to simulation of 2D boundary layers and incapa-
ble to reproduce such effect as the secondary vortex flow in corners: this kind of simulation
requires the Reynolds stress models.

The secondary vortex flow developing due to anisotropic turbulent effects was disco-
vered for the channels of rectangular shape. Nikuradze [1] found in 1926 that the isolines of
the axial component of velocity in a direct duct (with a rectangular cross section) are shifted
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towards the corners of the duct. Flow visualization using a dye tracer demonstrated a pattern of
secondary eddy flow induced in the mainstream-normal plane: this vortex pushes the fluid with
a high longitudinal momentum towards the duct corners from the center. The paper [2] demon-
strated that the vortex generation occurs due to a gradient of normal components of the Reyn-
olds stress tensor. However, the models of linear eddy viscosity assume that the normal turbu-
lent stresses are isotropic: thus, those models cannot reproduce this effect. Another paper [3]
illustrates the role of gradients of turbulent shear stress in inducing a secondary flow in the rec-
tangular channel. A theoretical study [4] of the secondary flow induced by skew and stress
used the equations for the average vorticity. The shortcomings of the linear turbulent viscosity
models for simulation of the flow in a rectangular-section duct were explained in [5] (the au-
thors used the nonlinear models k-¢ and k-/). This model was used for the simulation of flow in
a duct and found generation of 8 vortices in the duct cross section. Paper [6] presented an in-
vestigation of a turbulent flow in a squared duct; the authors used a model with closure of sec-
ond order and elliptic-type relaxation in the near-wall layer. It was concluded that the second-
order closure models tend to underestimate the intensity of a secondary flow in a non-round
channel, but the near-wall functions cannot reproduce the main flow mechanisms. The study [7]
uses the model of the Reynolds stress transfer for modeling of a steady or a rotating rectangular
duct with the aspect ratio equal to 4. The authors noted a significant influence of the secondary
vortices on the wall shear stress distribution (even at the background of low intensity). It was
demonstrated that the second order closure models can reproduce these vortices and have
a good compliance with experimental data. A research of turbulent flow in channels with dif-
ferent geometries was presented in [8] and [9] using the RSM and DNS models. The study [8]
demonstrated a role of turbulent pulsation anisotropy in a rectangular channel. This means
an advantage of the second-order model as compared to the linear eddy-viscosity model. Paper [9]
compared the flows in channels with different shapes (circular, squared, and with wall corruga-
tions). The authors found that the corrugation (and in corners of a rectangular duct) creates
areturn flow directed from the channel center towards the corrugations. Numerical experi-
ments [10] demonstrated a big role of a weak secondary flow in the rectangular channel on
the flow detachment in the downstream diffuser.

The improper modeling for the secondary flow produces errors in simulation of flow over
a 3D airfoil. For example, publication [11] presents a v2f model for improving the simulation
for a 3D boundary layer in the wing-fuselage junction zone. The linear and nonlinear models
of eddy-viscosity and the differential model of Reynolds stress transfer were used [12] for
the study of a turbulent flow over the NACA0020 wing installed on a flat sheet. The closure
models of second order have several advantages for simulation of the U-shaped vortex. Paper [13]
was devoted to flow simulation over a test model of DLR F-6 aircraft (shown in [14]): it was found
that the k-« SST model overestimates the size of detachment zone in the wing-fuselage junc-
tion zone. The same kind of test was used in [15] for validation of the algebraic model of Rey-
nolds stress transfer BSL-EARSM, which demonstrated a more correct description of in-corner
flow detachment. This study also estimates the effect of anisotropy of the diagonal Reynolds
stress: it was compared with computations using only the isotropic part of the developed BSL-
EARSM model. Here the isotropic version of model slightly reduces the separation region
inside the corner (compared to k- SST model), but the bigger improvement of results was
achieved due to the anisotropic model.

For the conditions of a long wing, the error in corner detachment modeling is insignifi-
cant for estimation of the lifting force and drag. The situation with modeling in hydropower
engines can be different: the foil profiles usually have similar longitudinal and transversal di-
mensions. The study [16] deals with cavitation-load and cavitation-free flow past a vane of
the hydroturbine wicket gate: the authors noticed for the attack angle of 9° and cavitation-free
flow a high difference between the simulated velocity profiles and experimental data. Although
the PIV measurements revealed the flow detachment in the central plane, the 3D simulation
with k- SST model (or a developed DDES model) demonstrated the separation-free flow.
Meanwhile, the 3D effects are significant for study of cavitation flow for the studied vane.
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The experimental study [17] for this vane with the attack angle of 9° had found the cavitation
instability which develops along the wing span. Besides, the 3D simulation is a must for study
of cavitation in a flow through the end clearance between the vane and the walls [18].

In paper [17], the significance of the turbulence simulation for 3D flow around the hydro-
turbine flow duct of the turbine wicket gate was estimated through numerical study of cavita-
tion-free flow past a vane of wicket gate and comparison with experimental data [17]. Experi-
ments provided the velocity profiles on the suction side of vane: this allows one to estimate
the corner effects, in particular, on the flow separation in the foil middle zone.

1. Numerical model

The study was performed for the scale model of a vane in a wicket gate of a high-head
hydropower station (with the main chord length C = 100 mm). The simulation domain is part
of the duct of a hydraulic test bench. The experimental procedure for this setup was described
in works [17, 19, 20]. This zone comprises the inlet confusor and the working channel with
a mounted hydrofoil (Fig. 1). The hydrofoil axis was in the middle of the working section’s
height equal 2.5C, while the hydrofoil width was 0.8C, which coincides with the working sec-
tion width.

Distilled water was taken as working fluid. The parameters of the medium (according to
experimental data) were taken at the temperature of 30 °C (Table 1). The input mass flow rate
was 161.4 kg/s. The mass flow rate was calculated from experiments as a product of the average
velocity, water density for the known conditions, and the duct cross-section area. The flow velo-
city in the working duct U, was 8.1 m/s and it was evaluated from PIV measurements at a cer-
tain shift upstream of the foil.

Computations were performed using the Ansys Fluent 17.1 soft package and the control
volume method. Turbulence modeling was performed using the models of different levels:
the k- SST model based on the eddy-viscosity approximation [21], differential Reynolds stress
model (two modifications), and the algebraic Reynolds stress model. As for the differen-
tial Reynolds stress model, we chose the versions using
the equations for specific dissipation rate w: this allows
one to resolve the boundary layer from the wall.
The first version of w-based RSM model (RSM-w,
[22]) uses the equation for w taken from the k- model.
The second version (RSM-BSL) takes the equation # Pas 0.79:10°

Table 1
Working fluid properties at the tem-
perature 30 °C (for distilled water)
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Fig. 1. Simulation domain in 3D shape (a) and the diagram (b).
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| Table 2
B CFD grid parameters
; No. Nurrizzflgicell, v+ at the sidewall

1 224 <350

2 317 <250

3 317 <120

4 1160 <10

Fig. 2. CFD grid.
for w from the k- BSL model (baseline). The second version of equation for w is the best
for eliminating the undesired sensitivity for the freestream conditions (typical of Wilcox’s
model).

The linear model LRR [23] is used in both cases for calculation of the redistribution term
in the Reynolds stress equations. The presented version of explicit algebraic model for Rey-
nolds stress (BSL-EARSM) is a combination of BSL model and Wallin—Johansson relation for
stress [15]. It was shown in [15] that this model is suitable for calculation of in-corner separa-
tion flow in the zone of wing-fuselage junction.

The simulation was based on 3D simulation grids comprised from hexahedral cells.
In the hydrofoil vicinity, we take a near wall layer with condensed coordinate lines towards
the foil surface. The rest of domain is covered by more sparse unstructured grid (Fig. 2).
On the average, the dimensionless distance from the foil wall up to the first node of computa-
tions was about y, ~ 1, i.e., the boundary layer can be resolved from the wall. In the wingspan
direction, the grid was condensed near the sidewalls with a different level of resolution, up to
v+ <10 for the basic grid. The basic grid comprises about 1100 thousands of control volumes.
The other versions were different in the spanwise direction resolution, and the grid characteris-
tics are presented in Table 2.

The velocity-pressure link during computations was provided with SIMPLEC algorithm
(see [24] and [25]). The convection terms in the momentum transfer equation were approxi-
mated by a central-difference scheme [26], while the equations of turbulence transfer were
described by a first-order upwind scheme.

2. Results

Comparison of simulation with experimental data demonstrates that the 2D simulation
using the k-w SST model is proper for describing the flow past a wing profile, including
the case of flow separation from the trailing edge (Fig. 3). This figure presents the graphs of
the longitudinal component of velocity for different cross sections in the central streamwise

x/IC=-0.4 x/C=-0.25 x/IC=0 xC=025 x/C=05
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0.08 ] <>

1 | |
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Fig. 3. Velocity profiles compared.

Experimental data (/) and results of 2D (2) and 3D (3) simulations
by k- SST model.
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Fig. 4. Streamlines in the central cross section.
Results of 3D simulation on the grid No. 4 using k- SST model (¢) and RSM-BSL model (b).

plane (a symmetry plane) taken at the suction face. The vertical axis is a plot of the distance to
the foil wall along the Oy axis, and the horizontal axis is the velocity normalized by the super-
ficial velocity through the passage cross section — U, = 8.1 m/s. Since the Reynolds number
is rather high, the boundary layer thickness is extremely low, so data is presented for a thin
layer near the vane surface. Although the 2D simulation demonstrates good results, we have to
take into account 3D effects for this geometry [17]. Meanwhile, the 3D simulation produces
a worse matching to experimental data, even for a fine mesh No. 4. For both cases (2D and
3D), the calculated velocity profiles are similar to experimental curves above the first half
of the vane — from the front edge up to the separation point: the good compliance occurs for
the zone of potential flow and for the boundary layer. However, the experimental data reveal
a flow separation near the rear edge at the coordinate x/C = 0.75, but the 3D simulation (per-
formed with k- SST model) demonstrates almost separation-free flow, as shown in Fig. 4a.
On the opposite, the 2D simulation (using the same model) demonstrates flow separation at
the rear edge and the velocity profiles on the suction face are close to experiment (before and
after separation of the boundary layer).

The reason for discrepancy between 3D simulation and 2D simulation along with exper-
imental data is a broad corner separation at the sidewalls of the working duct (Fig. 5a).
The recirculation zone (induced by the lateral separation) occupies almost the entire zone above
the vane in the diffuser part of flow. This phenomenon squeezes the flow in the central plane and
this prevents the flow separation here. This kind of results is typical of the turbulence models
based on the linear eddy viscosity. Since the listed models of turbulent viscosity are inadequate
for corner separation (they overestimate separation), we performed this kind of flow using

Fig. 5. Vector lines of wall stress
and recirculation zones
depicted by isosurface for zero longitudinal
component of velocity.
Simulation results on grid No. 4
from k-w SST (a), RSM-BSL (b)
and BSL-EARSM (¢) models.
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Fig. 6. Comparison of velocity profiles calculated using
different models of turbulence for refined computation on grid No. 4.

Results of experiment (/) and computations using k- SST (/),
RSM-BSL (2), RSM-w (3), and EARSM (4) model.

the Reynolds stress models (RSM). Calculation with the RSM-BSL model revealed the flow
separation in the central plane (Fig. 4b) at lower values of corner separation (compared to k-
SST models) — see Fig. 5. The algebraic Reynolds stress model (BSL-EARSM) demon-
strates similar results — see Fig. 5c.

Comparison of velocity profiles in the central plane demonstrates that the simulation
by RSM-BSL model is in compliance with experimental data and depicts the flow separation
at the rear edge properly (Fig. 6). We should note that the results from the w-based RSM model
are closer to experimental data than the alternative k-« SST model. At that, the results from
the BSL-EARSM model are very close to the corresponding differential model RSM BSL.

The results in the flow structure are critical for the vane-acting forces. Table 3 presents
the linear coefficients for drag and for lifting force which are calculated by formula

C=F/ (pUéCl /2), where F is the lift force, and / is the vane length in z direction. One can

see that the lift force calculated by k- SST model is twice lower and the drag force is by 1.6
times higher than for RSM model. Both versions of differential model of RSM and algebraic
RSM model produce similar results.

The computation grid refining in the span direction is significant for simulation results.
This was confirmed by computations on several meshes (see parameters in Table 2). In general,
better refining of the boundary layer at the sidewalls produces a better simulation for the sepa-
ration flow (Fig. 7). However, the results for the grid No. 3 (coarse but refined towards
the sidewalls) is very close to that for fine grid No. 4.

The reason why the Reynolds stress model is more accurate in reproducing the corner
separation phenomenon is, obviously, due to the secondary flows in the corners (the result of
turbulence pulsation anisotropy [15]). According to the results from [2] and [5], the longitudi-
nal component of vorticity in the corner of a rectangular channel is generated due to the aniso-
tropy of the Reynolds stress tensor in the plane normal to the flow:

2 2 2 2 2
[Uy ag!x-{'Uz ag)xj: o (H?—Mi)— 6—2—6—2 uyuz+v 6—2+a—2 glx’
oy Oz 0Oyoz oy~ oz oy. oz
where U is the velocity vector, €, is the longitudinal component of vorticity vector, u is the velocity

pulsation, and v is the viscosity. This equation illustrates that the turbulent flow produces the longi-
tudinal vorticity due to existence of the gradient in the Reynolds stress tensor components.

20000,

Table 3
Drag and lifting force coefficients
Model Cy C,
k- SST 0.074 0.35
RSM BSL 0.046 0.74
RSM w-based 0.045 0.82
BSL-EARSM 0.047 0.68
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Fig. 7. Comparison of velocity profiles in the central plane,
produced on different meshes using the RSM-BSL model.
Digits /—4 correspond to numbers from Table 2, 5 — experimental data.

Figure 8 demonstrates existence of explicit anisotropy of turbulence in the corner be-
tween the vane and the butt wall. The Reynolds stress model creates the recirculation flow in
the yOz plane: it captures the mainstream to the corner and this increases the longitudinal
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Fig. 8. Streamlines and isolines
for the longitudinal velocity (left)
and the difference of normal components
of the turbulent stress tensor (right)
in the cross section x =— 0.25C.

Calculations using k-w SST (a), RSM-BSL (b),

and BSL-EARSM (c) models.
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velocity and prevents flow separation. The secondary flow can be reproduced both by differen-
tial (Fig. 8b) and algebraic (Fig. 8c) Reynolds stress models.

The pulsation of velocity components (i.e., Reynolds stress), being calculated using
the RSM BSL model are in qualitative agreement with experimental data (Fig. 9). This graph
shows that the Reynolds stress is close to zero in the free stream and starts increasing with
the development of a boundary layer. The simulated pulsations for the longitudinal component
of velocity are much lower than experimental data. However, the pulsations of wall-normal and
the shear stress are in compliance with experiment. Experimental data on velocity pulsations
(longitudinal and normal components) exhibit an additional maximum near the rear edge (not
available in simulations). The shear stress at the vane tail changes the sign and this is explained

by the recirculation zone.
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Fig. 9. Comparison of Reynolds stress using the RSM-BSL model
with experimental data.
a — r.m.s for pulsations of longitudinal velocity,
b — r.m.s for normal velocity,
¢ — cross-correlation between the longitudinal and normal components
of velocity (with opposite sign).
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Conclusions

This study demonstrates that the modeling of turbulence is important in simulation of
the finite-size hydrofoil. The significant 3D effects might take place, for example, for vanes
in a hydroturbine, for stator column and the runner vanes. These cases cannot be limited by 2D
simulations and require full 3D simulation. Meanwhile, the typical turbulence models (based
on the linear turbulent viscosity approximation) are best tailored for simulation of planar shear
flows and fail in describing the effects related to the anisotropy of turbulent pulsations.

For the considered case and for a flow past the vanes of a wicket gate (at rather high an-
gle of attack), the k- SST model overestimates the separation zone sizes in the corner between
the sidewall and the hydrofoil (this facilitates preventing the flow separation in the central
plane). Both differential and algebraic RSM models can take into account the anisotropy of
turbulent pulsations. Thus, it is capable to reproduce the secondary eddy flow in the corners;
this flow transfers the momentum from the middle flow towards the sidewalls and this depress-
es the appearance of flow separation. As a result, the flow in the middle of channel becomes
more two-dimensional and the flow separation occurs in the central plane.

The accuracy of CFD depends significantly on the grid resolution in the span direction
and, mainly, on y, at the sidewall. If the values of y, are high, the RSM model at the sidewall
gives the wrong estimations for flow separation in the central plane. Among these two consid-
ered Reynolds stress models, the best results were demonstrated by the RSM-BSL model that
takes the turbulence dissipation rate equation from the k- baseline model, or the algebraic
BSL-EARSM model with the same feature. Therefore, the accurate modeling of entire flow
depends on several interdependent factors: flow separation for the vane, flow separation in
the zone of hydrofoil-wall junction, and generated secondary flow.
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