IOP Conference Series: Earth and Environmental Science

PAPER « OPEN ACCESS

Parametric Design Tool for Development of a Radial Guide Vane
Cascade for a Variable Speed Francis Turbine

To cite this article: Filip Stojkovski et al 2021 IOP Conf. Ser.: Earth Environ. Sci. 774 012112

View the article online for updates and enhancements.

@ The Electrochemical Society
Advancing solid state & electrochemical science & technology

The ECS is seeking candidates to serve as the

Founding Editor-in-Chief (EIC) of ECS Sensors Plus,

a journal in the process of being launched in 2021

The goal of ECS Sensors Plus, as a one-stop shop journal for sensors, is to advance
the fundamental science and understanding of sensors and detection technologies for

efficient monitoring and control of industrial processes and the environment, and B 7
improving quality of life and human health.

Nomination submission begins: May 18, 2021

This content was downloaded from IP address 37.25.84.49 on 17/06/2021 at 11:45


https://doi.org/10.1088/1755-1315/774/1/012112
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstGv9V5KKvpErWtUnLtMowHIKEwhwlVzwiVvD2loIRtZoysfv1ayjQ_z2H6FJf7ATDAyVb-dEV7vuHnL7q7fcx9Vn8NSKctK5JuYCu7oU_TEy-MH6dxgda-9gal9iwesc7L1LsEarSfYqnwAxCrBPRnMk0XbIcV7jw-0-9NrgvzoxRUxEkCxONYLnUWVj-KHTaU-X7qIaY7g6iD1LEUz96Z2r7V7fMS4yh0Y4IhNK7B1UD0xQlB0p0CfjFd9CigVUF0Mj_L9PYQ7T-gFyPLiQ&sig=Cg0ArKJSzOmFh3OYJ_uG&fbs_aeid=[gw_fbsaeid]&adurl=https://www.electrochem.org/ecs-blog/call-for-nominations-editor-in-chief/%3Futm_source%3DIOPConferenceServicesEIC%26utm_medium%3DIOPConferenceServices%26utm_campaign%3DSENSEIC

30th IAHR Symposium on Hydraulic Machinery and Systems

IOP Conf. Series: Earth and Environmental Science 774 (2021) 012112

Parametric Design Tool for Development of a Radial Guide
Vane Cascade for a Variable Speed Francis Turbine

Filip Stojkovski, Marija Lazarevikj, Zoran Markov
Ss.”Cyril and Methodius” University in Skopje, Faculty of Mechanical Engineering
Skopje, Rugjer Boshkovikj 18, 1000 Skopje, Republic of North Macedonia

Corresponding author: filip_stojkovski@outlook.com

Abstract. Hydropower as a part of the family of renewable energy sources represents an
engineering and scientific field which inspires researchers to work on development of the
systems and sub-systems in a way of optimizing the whole energy transformation process to
obtain more efficient, flexible and reliable hydropower operation with the best possible water to
energy ratio. This research is part of a Horizon 2020 HydroFlex project by the Norwegian
University of Science and Technology (NTNU), where the main goal is development of a flexible
hydropower generation. The guide vane cascade is one of the most crucial stationary sub-systems
of the hydraulic turbine and is a subject of this study. Its re-design for obtaining a quality “flow-
feeding” of a variable speed high head Francis turbine is developed. Having this goal in mind, a
MATLAB code was generated, based on several key parameters, such as initial energy
conditions as net head and turbine discharge at best efficiency point (BEP). Turbine runner
geometrical constraints are taken into account during this process, while using recommendations
for some initial guide vane calculations such as their number, inlet and outlet diameter, guide
vane axis diameter, delivery angles etc. Using an inverse Euler turbine equation, the operating
range of the turbine was calculated for a variable speed and discharge conditions, keeping the
shock-free flow for all states at the runner’s inlet, as it is the most favourable inflow condition.
For those operating points, the flow streamlines angles were obtained at the guide vanes leading
and trailing edges. With an interpolating mathematical functions between the angles of the
leading and trailing edges, the camber lines of the hydrofoils were obtained for further guide
vane cascade geometry development. This algorithm can be implemented on any given runner
geometry. The guide vane design is then exported into ANSYS Workbench for further numerical
tests, such as CFD simulations for verifying the hydrodynamic characteristics and FEM analysis
for verifying the structural integrity of this sub-system for variable speed operating conditions.
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1. Introduction
Increasing flexibility in energy production from hydropower plants is a task demanded by the
hydropower sector in Europe and worldwide, especially at off-design operation conditions of the
turbines. Using flexibility, variable speed operation (VSO) can be implemented to perform more
efficient energy production at off-design operating conditions. As part of the HydroFlex project, the
goal of this research is to develop a parameter based code for generating favourable designs of a radial
guide vane cascade for low specific speed Francis turbines. In this case, the code was developed for the
existing Francis 99 turbine runner from the open source web-site of the Waterpower Laboratory [11] at
NTNU, but the research shows that it can be generalized for various high head Francis turbine runners.
To start with, the theoretical background was implemented and researched by using the classic
turbine theory to obtain the one-dimensional mathematical relations which describe the flow conditions
in the guide vanes, especially the flow conditions between the guide vanes and the runner. Secondly, the
physics of variable speed turbine was studied and mathematically simplified as one dimensional models
to obtain the relations and dominant parameters which need to be examined. Next, a matrix based
calculation was performed to obtain the operating ranges of the turbine and the guide vanes openings
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for settled range of rotational speed and discharges, by keeping constant head as the situation is observed
as steady state.

The geometry of the radial cascade blades was developed by using recommendations for
developing a 4 digit NACA hydrofoils and by implementing the camber and thickness functions. As
previously the operating ranges of the turbine were calculated, following the one dimensional mid-span
streamline curvature at the inlet and outlet of the guide vanes, by interpolating the hydrofoil camber
functions, the camber line of the blade was obtained, and the thickness was obtained from other static
calculations. Later, the initially obtained geometry was tested with Computational Fluid Dynamics
(CFD) simulations for the previously given operating conditions and it was compared with the
numerically obtained results for the existing guide vanes of the Francis 99 turbine.

2. Theoretical Background

During turbine operation, flow to the runner is managed by the guide vanes and depending on the
opening position, turbine torque varies. The guide vane is the stationary component, and the runner is
the rotating component of a turbine. We can represent the flow conditions between the guide vanes and

the runner inlet i.e. in the vaneless space, considering the equation of motion of an ideal fluid in the
vector form Lamb — Gromeko [2,3]:

v o
E+ QAxV =—grad(gH) 1

where H is the specific energy of the fluid in absolute movement, V = (7; v, 71;) is the absolute velocity

vector having components in a cylindrical coordinate system, and @ = rotV is the vortex vector whose
projections on the axis of the cylindrical coordinate system are equal to:
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Fig.1. Absolute flow vector and its components in
cylindrical coordinate system for the vaneless space

Experimental studies show that in the area between the guide vanes and the runner, the fluid motion
with sufficient accuracy can be considered steady and axisymmetric. With reasonable accuracy, we can
also accept that in front of runner, the specific energy of the fluid is constant. In that case, for steady
flow and for axisymmetric conditions:

017_0 d(v,H)
at ' A

(©)

Two flow modules can be observed, i.e. the flow is potential, or the flow is rotational (helical type).
For potential flow it can be derived that there are no changes in the velocity in the radial direction:

d(v,r) d(v,1r) ovy, _ _
92 dz + ar dr + %rdga =d(r)=0 4)

and for helical flow, the vortex vector and the velocity vector are parallel to each other, i.e.:
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dv, av,
= — B = 5
d(v,1) o dr + 2 dz=0 (5)
From both cases the “free vortex” equation can be derived, which shows that the circulation created by
the guide vanes in the vanelesss space preserves:

= *‘vu dl = 2rm - v, = const. (6)

According to this, several conclusions can be derived:

e The guide vanes form a steady axisymmetric flow in front of the runner, which is either potential
or rotational

¢ Inthe case of potential flow, the swirl is constant for all points of the liquid in the region between
the guide vanes and the runner

e In the case of a rotational flow, the swirl of the flow maintains a constant value along the
streamline and changes from one streamline to another

Let’s consider in what cases behind the guide vanes potential or helical flow is formed. This is mainly
determined by the outlines of the flowing part in the area between the guide apparatus and the runner,
and also depends on the height of the guide apparatus. In the present case, a high-head Francis turbine
runner is studied. The leading edge of the runner blade is located in the zone of radial movement of the
liquid and represents a vertical line, i.e., r; = const. along the leading edge of the runner blade.

h

Leading edge (1)

Log-spiral
inlet flow

Line sink/vortex

Fig.2. Flow path of Radial-axial hydraulic turbine [1] Fig.3. Radial cascades [5]

Following the classic turbine theory, a mean mid-span streamline method was used to develop the
mathematical relations valid for the guide vanes outlet i.e. runner inlet conditions. The water flow in
front of the runner is formed by the annular (radial) cascade of guide vanes, which is characterized by
the form of the blade profiles and the chord spacing of the cascade [1]. The blade profile can be
symmetric if the camber line of the profile is represented by straight line, or asymmetric if the camber
line of the profile is curved. The cascade is defined by the pitch, which means the distance between two
blades in the row, and the chord length of the blades. The ratio of the chord length and the pitch, i.e. L/t
indicates the cascade density. As the guide vane must ensure complete closure of the turbine runner, the
ratio L/t is greater than unity, which shows that the cascade is sufficiently dense, and by that, it can be
assumed that the direction of water velocity is very close to the direction of the blades outlet edges. For
radial-flow cascade, the vector of absolute water flow can be presented as a sum of two vector
components: the radial (meridian) component and the peripheral (circulation) component:

Vg = Vor + Vou O

Knowing the flow rate through the turbine and the dimensions (height) of the guide vanes, the radial
component can be specified as:
Q

= 8
Vor Doz TL'BD ( )
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The angle between the vector components is derived from the geometry relation of the guide vanes
opening as:

_ Vor
sinag

Vg s Vou = VpCOSQy 9

Fig.4. Guide vanes opening parameters [4]

The flow conditions just in front of the runner, for high-head (low-speed) turbines, in a relation with the
constant circulation created from the guide vanes (eq.6), the velocity parallelograms can be related as:

(10)

Fig.5. Velocity parallelograms [1] = 60

Including the Euler turbine equation, the torque and the energy created in the runner can be written as:

pQ
Z My = pQ(r1C1y — T2C2) = E(Fl -1) (11)
W
gHNp = uiCqy — UpCoy = E(H -I3) (12)

from which several essential conclusions can be considered:

e The principal importance is the structure of the flow in front and behind the runner.

e Most favourable operating condition regarding the efficiency is the outlet circulation T, = 0;
where the front circulation is constant and can be estimated as I = Iy = const. from the
circulation created behind the guide vanes.

e Most favourable inflow conditions can be estimated when shock-free (zero-incidence) entry in
the runner is provided, i.e. the leading edge angle remains constant 8; = const.

Previous explanations are derived for constant rotational velocity of the runner. The variable speed
operation assumptions regarding the guide vanes, can be derived from the Euler equation observing the
possibility of flow regulation with the guide vanes. After several mathematical operations, the flow
regulation can be expressed as [3]:

gHny 2 gHng 2
0= ( w )+(wr2) S ctgag = ( w )+(wr2)_<7"20tgﬁz) onB (13)
(ctgao) n (rZCtgﬂZ) 0 Q A, ot
1By, a,

where Q is the flow rate, w is the angular velocity of the runner, « is the guide vanes outlet angle
(fig.4), B, is the runner blades trailing edge angle (fig.5) and 4, is the runner outlet surface. In the case
that it is analysed, this equation was implemented in the previously tested operating region of the turbine,
which is described later in this paper. The physical phenomenon of variable speed used at high-head
(low-speed) turbines, keeping the head constant, at constant guide vanes opening, can be written as:
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u, <./gHny (14)

which shows that the flow rate decreases with the increasing of the rotational speed of the runner [4].
Physically this can be described as the near positioning of the runner blades and the guide vanes, when
the rotational speed increases, the rotational “frames” created of the runner blades inner channels are
more frequent and they are “repelling” the amount of flow, in other case when the rotational speed
decreases, the rotational “frames” of the runner blades inner channels are less frequent and the runner is
absorbing increased amount of flow, observing runner with fixed number of blades. This shows how the
runners rotational speed influence on the flow rate, for constant head and constant guide vanes opening

[4]:
d 2 _gH H d
q 9@ _ v —gHn,  gH difn (15)
dw w? w W

where A is positive number, and the change of the hydraulic efficiency with the rotational velocity can
be neglected for further simplifications.

3. Hydrodynamic profile of a guide vane

Profiling the hydrofoil of the guide vanes by using the derived one-dimensional relations can be made
with several easy steps. Observing the hydrofoil camber line, for the calculated velocities and
streamlines angles for the BEP of the turbine, we can “interpolate” the camber line as a function between
the streamlines angles, taking into account the previously assumptions for most favourable inflow
conditions. Observing fig.3. we can conclude that the guide vane hydrofoil camber is positioned in a
way that the leading edge of the hydrofoil is corresponding with the spiral case and stay vanes outlet
angle of the absolute velocity vector. The trailing edge of the guide vane hydrofoil shall be in accordance
with the guide vanes outlet angle (fig.4) i.e. @y = a4, previously calculated for various runner inflow
conditions. The NACA standards, are recommending equations for describing the geometry of their 4-
digit MPXX hydrofoils, such as [10]:

M
ycl=ﬁ(2Px—x2);for0<x<P (16)

ycz:%[(1—2P)+2Px—x2];forP<x<c a7

where eq.16 describes the law of camber-line distribution from the beginning to the location of maximal
camber deflection and eq.17 describes the camber-line distribution from the maximal camber location
to the full length of the chord line ‘c’, M defines the maximal camber deflection and P is the location of
maximal camber. The thickness distribution above and below of the hydrofoil is described as:

t
=55 (apVx — ayx — ax? + azx® — a,x*) (18)

ap = 0,2969 [—]; @, = 0,1260 [-];a, = 0,3516 [—]; a5 = 0,2843 [];a, = 0,1015 [-] (19)

The coordinate points for the hydrofoil up/low contour lines are calculated as:

dv.:
tan(@) = Yei (20)

dx
Xy =X =Yt Sing; yy = Yo + ye - cost (21)
X, =X+ Yy Sinb; y, = Yo — Y - cos6 (22)

where xy, yy, x;, and y; are the coordinates of the upper/lower curves respectively, and 8 is the angle
of the camber increment. The equations for the camber line can be equalized for M and P as the camber
is represented by two functions having the same camber criterions - parameters. Using the tangency rule
for the leading and trailing edge angles of the foil, with the eq.20, we can simply represent that the first
camber function is strictly dependent from the leading edge angle, and the second camber function from
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the trailing edge angle. Developing a system of two equations and representing M and P as two variables,
for previously calculated angles of the leading edge (the angle of the stay vanes outflow) and trailing
edge (delivery angle of the guide vanes), we can determine the M and P parameter of the hydrofoil for
the calculated streamline angles:

p?- [tgao - tgasvo] —-P- [Ztgao + tgasvo] +tgag = 0 (23)
P-tgag, —2-M =0 (24)

Solving this system of equations gives the values of M and P, and then by implementing those values,
by using the equations of the camber line, the hydrofoil geometry is determined.

4. Parametric Design Tool - Initial Calculations and Geometry Development

All of the above equations and calculation procedure is implemented into a MATLAB code which is
performing calculations for deriving the initial geometry of the radial guide vane cascade, where all
previously described assumptions and simplifications are respected. First, the theoretical velocity
triangles for the given runner geometry are calculated for obtaining the location of the best efficiency
point. After that, the code is developed for calculating the velocity parallelograms for the vaneless space
between the guide vanes and the runner, and also at the guide vanes inlet (constraints from the spiral
case and stay vanes distributors). The number, diameters and pivot diameter for the guide vanes are
calculated acc. to recommendations from the literature, which gives us space for further optimization
including these variables. As it was mentioned, the principle of variable speed was implemented. For
the given runner and measured model data, a flow and speed range were determined in the working area
of the runner. According to eg.13, as the runner speed and flow are changing, disregarding the changes
in the head (eq.3), the resulting variable is the guide vane flow delivery angle. All results are represented
in relative values.

Q[m3/s] | 021

H[m] 12,38
n [rpm] 333,33 25

ned [-] 0,176 20 PP
Qed[] | 0,156 & ::{g{;?

0
e
OSSR
Sesueigntynt
R
SRS
S OSSCSISICSS SN,
SIS

Dgvi[m] | 08 SRR
Dgv2 [m] 0,65

Dgv_ax [] 0,71

SESKS
S SISO
oS

SSOSSOSISS
S

g
3

o
Jeses
SIS

o

alfa_v [deg]

wo o

Bgv [m] 0,06 0
ngv [-] 28 02
alfa_gvo 01
[deg] 10,103 QedH o o1 " eap
Tab.1. Turbine and Gu_lde Fig.6. Guide vanes delivery angles Fig.7. Guide vanes delivery angles
Vanes Calculated Design _ o~ _ PR
H=const.;Q=var.; n=var H=const.;Q=var.; n=var

Parameters

From the charts on fig.6 and 7, it can be concluded that the guide vanes flow delivery angle increases
with the rate of increased flow and runner speed. The function curvature is concave instead of convex
because the losses through the guide vanes are neglected. The range on the 3D surface plot shows the
maximal opening the guide vanes can have in the defined range of calculation for the machine, and the
range on the 2D contour plot is constrained within the range up to 12 [deg] where later CFD calculations
are performed. Using simplified mathematical models for the hydraulic losses in the turbine and with
the indirect method for determining the efficiency, the theoretical hill chart was calculated using the
one-dimensional theory developed before for the mid-streamline, within the runners operating domain,
and also the mechanical torque that the runner can produce for these conditions.



30th IAHR Symposium on Hydraulic Machinery and Systems IOP Publishing
IOP Conf. Series: Earth and Environmental Science 774 (2021) 012112 doi:10.1088/1755-1315/774/1/012112

/\‘/;377
0.06 02 ’(/15 02
01 <" 016
.04 . <" o014
044 015 016 017 018 0d9 02 02 Qed [-] 0 o2 ned [
ned []
Fig.8. Predicted turbine hill (H=const.;Q=var.; n=var) Fig.9. Runner Torque (H=const.;Q=var.; n=var)

From the predicted hill chart it can be concluded that the previously calculated BEP corresponds with
the iso-lines for the zone of maximal predicted efficiency. From the chart on fig.9, it is evident that the
torque increases with the increased amounts of discharge and reduced runner’s speed. The point of
variable speed in our case is to catch and connect the local best efficiency points of the turbine in
different operating conditions. As expected, for keeping the head constant, and changing the guide vanes
opening and runner rotational speed, we will obtain a similar behavior as double regulated turbine. Using
the relations described in part 3, a guide vane hydrofoil is developed for the BEP and a radial guide vane
cascade is plotted, which is later exported into ANSYS Workbench and ANSYS CFX for further CFD
analysis.

GV Hydrofoil 1

0.2
as0
0.1

F(Ilgl.1:0;Ol?%/gISo;p;d:gil;i;zs\éa;n;?(y:dlrzg/c;I Fig.11. Guide vanes radial cascade plot
5. CFD Analysis

Two CFD models were built, tested and compared for similar mesh sizes and identical conditions, i.e.
tested for constant head and +5% off-design rotational speed. The first CFD model i.e. Model 0 is the
original Francis 99 Turbine, where the guide vane cascade and runner performance ware examined and
tested. Model 1 is represented with fig.10. from above, developed with the design tool. Comparison of
the guide vanes hydrofoils is given on the figures 12 and 13.

16°

< ~ b‘u ~
{ , ”
705 i
@° \ ~
5
~ G)’\ o~ }
~J A\
3 7
Fig.12. Francis 99 — Hydrofoil (Model 0) Fig.13. Developed Hydrofoil (Model 1)

According to the calculations in the design tool, the developed geometry of the blades in Model 1 is
shorter. Also the thickness of the blade was calculated according to the maximal hydrostatic pressure
for prototype pressure conditions, i.e. calculated as 14% of the blade chord length. The leading and
trailing edge angles differs also as the NACA recommendations were implemented for 4 digit hydrofoils
where the maximal camber and its location is strictly influenced from the calculated streamline angles,
where in this case, it pulls behind the camber extension. The hydrofoil of Model 0 has a maximal
thickness of 20% located at 20% chord length, compared to Model 1 where the maximal thickness is
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14% located at 30% of the chord length. The pivot point of the blades in Model 1 is adopted to be at the
gravity center of the blade. These calculations do not take into account the pivot point location, as the
blade torque need to be examined via CFD simulation in some positions of partial opening to obtain a
“zero torque”. The numerical models are consisted of 3.3 - 3.4-10° cells. The number and size of the
cells was selected according to previous performed CFD simulations of 3 operating points of the existing
Francis 99 turbine model which showed good corresponding with the same points from the turbine hill
chart. Zone mesh independence test for the guide vane domain was carried out, observing the total
pressure drop through the cascade, for obtaining low deviations of the total pressure in front of the
runner, i.e. the guide vanes outlet, where the number of cells from 0,4 to 1 million gave total pressure
deviation of +2%, so the meshes for the guide vanes were created within the range of 450-600-10° cells
(fig.13.1.). The runner was consisted of 1.97-10° cells, the draft tube from 70-10° cells and the spiral
casing with the stay vanes from 776-10° cells. The non-conformal meshes are connected with general
grid interface. The boundary conditions of the models are set as constant inlet total pressure and outlet
static pressure, i.e. the head is constant H,, = 12,4 [m] as it was calculated within the design tool.
Multiple openings for the guide vanes were taken into account to obtain the operating range of turbine.
The simulations were guided as steady using the “Frozen Rotor” interface model for the runner. The
selected turbulence model is standard k — ¢ as it was previously tested for giving best predictions for
the hydraulic character of the guide vanes blades [7] and the efficiency of the turbine [8]. The number
of iterations was set to 1000, and the convergence of the results was successful reaching a residuals for
the continuity up to RMS to 10°® (fig.13.2).
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Fig.13.1. Mesh independence test for the guide vanes Fig.13.2. Convergence of residuals

The results obtained from the CFD simulations represented on a relative and non-dimensional scales for
the discharge and the efficiency, where the calculated parameters for the Model 0 are the basis and the
results from Model 1 are compared with them. The results for the head from the CFD calculations which
are calculated according to IEC 60193 [13] varied cca. £0,06% which is negligible. The efficiency is
calculated as the ratio of mechanical power of the runner with the hydraulic power of the turbine, i.e.

Py, T -w
ne=p-=—0pl-l (25)
h pg nQ
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Qp Q[
Fig.14. Turbine efficiency (n=1) Fig.15. Turbine efficiency (n-5%) Fig.16. Turbine efficiency (n+5%)

According to the charts it can be concluded that the efficiency is increased with using the guide vanes
in Model 1. For runner design rotational speed (n=333,33 [rpm], i.e. n=1 [-]) the BEP location is shifted
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to increased discharge from the location of the design basis BEP and the trend of the curve is similar
with the basis curve. For runner rotational speed decreased by -5%, the local BEP location corresponds
with the basis local BEP location, where it can be seen that the trend of the efficiency curve is not similar
with the trend of the basis curve. For runner rotational speed increased by +5%, the local BEP location
corresponds with the basis local BEP location and the trend of the curve is wider than the basis curve.
By capturing the local best efficiency points and connecting them, a non-dimensional graph
(Qea [—] nea [—]) was plotted for showing the trend of the connected BEPS.
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From the chart on fig.17. it can be concluded that the curve of the connected local BEP’s for Model 1 is
consistent showing how the runner’s flow rate decreases with the increased rotational speed and vice
versa. For Model 0 at n+5% it can be seen that the guide vanes are shifting the local BEP for a decreased
flow rate. The guide vanes of Model 1 maintain higher outlet circulation which is one of the primary
criteria for the efficiency of the guide vanes and the efficient “flow feeding” of high head turbines.

B o i . NI A\ =
Fig.19. Mid-span streamlines in runner Fig.20.Mid-span streamlines in Fig.21. Mid-span stre
(ModeIO n=1, Local BEP) runner (Model 0, n=+5%, Local BEP) (ModeIO n=-5%, Local BEP)
X W\

Fig.22. Mid-span streamlines in runner Fig.23.Mid-span streamlines in Fig.24. Mid-spntam:as in runner
(Model 1, n=1, Local BEP) runner (Model 1, n=+5%, Local BEP) (Model 1, n=-5%, Local BEP)
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The differences between the local BEP’s is represented by the velocity profiles developed behind the
guide vanes for both models, where a sc. “index of asymmetry” of the velocity profile is pointed out. It
shows the ratio of the standard deviation of the mean velocities calculated along each point with the
mean axial fluid velocity of the channel (in our case the meridian velocity on the pitch between 2 guide
vane blades) [6]. The surface between the 2 blades is represented as a rectangular cross section with the

blades pitch length and the blade height.

2 (U — U)?
n—1

(26)

Fig.33. Meridian velocity profiles

Fig.34. 3D Meridian velocity profile

On fig.33 it can be seen that the meridian (radial) velocities are not constant despite the assumption of
simplification presented in eq.3. The guide vanes are creating crests which disrupt the velocity vector
field in the vaneless space. Also because the angular change at constant radius, a localization of the
maximal meridian vector was obtained near the first (left) blade. The velocity profile is disturbed along
the guide vanes height because the skin friction between the top and low guide vanes rings. All of all, a
3D deformed meridian velocity vector profile is obtained which needs to be examined. If we neglect the
deformity of the velocity profile along the guide vanes height, we can extract the angular change of the

meridian velocity which is dominant in cases like this.
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Fig.35. Comparison of the meridian velocity profiles for Fig.36. Relative deviation of the partial velocity
Model 0 and Model 1 at n=1 [-]; BEP vectors from the average velocity vector

At first sight, the primary difference between the velocity profiles for the both models occur at the
location near the second (right) blade where for Model 1 the velocity vectors are more intense than the
Model 0, resulting in reduced maximal meridian velocity. Using eq.26, the index of asymmetry is
calculated for the observed profiles. Using the individual average velocity, the asymmetry is plotted and
compared (fig.36.), where it can be concluded that deviation differences occur between the two observed
velocity profiles from their average value, but the velocity profile of Model 0 shows slightly better than
the Model 1 (35% vs. 50%) cca. difference of 15% which means that the velocity profile is more
symmetric. Theoretically, obtaining more symmetric meridian velocity profile should produce more
efficient inflow conditions for the runner. This situation preserves for all other cases and the asymmetry
is produced mainly from the shape of the guide vanes. The asymmetry of the profile mostly changes
with the guide vanes opening position and flow rate, where for constant guide vane opening and for
variable speed conditions, the asymmetry remains almost constant and changes the intensity of the
average meridian velocity vector because the changes in the flow rate. This shows that the one
dimensional theory of velocity parallelograms is insufficient for describing all the phenomena occurring
in the vaneless space.

6. Conclusions and Further Work

In this paper, a one-dimensional mathematical model was presented and implemented for development
a radial guide vane cascade for the purposes of variable speed high head Francis turbine. For the guide
vane hydrofoil geometry, the recommendations for 4 digit NACA hydrofoils were considered and the
geometry was obtained by interpolating the camber functions between the guide vanes previously
calculated inflow and outflow angles. The obtained geometry is represented as a slightly non-
symmetrical concave hydrofoil (Model 1) and it was tested via CFD simulations and compared with the
original guide vane hydrofoil (Model 0) from the turbine model Francis 99.

Primarily, the results are interpreted regarding the turbine efficiency, where the developed
Model 1 showed better efficiency throughout the operating range of the turbine, for variable speed
observed at +5% change from nominal rotational speed, where at the best efficiency points, the
efficiency increased up to 1%. This was obtained because the guide vanes of Model 1 keep higher values
of the circulation in front of the runner, which is crucial for high head reaction turbines. Also, Model 1
has minor pressure and energy losses than Model 0 about 1%, which shows that it is hydraulically more
efficient. One step further was taken and the meridian velocity profile was examined behind the guide
vanes where a 3D deformed velocity field was obtained. By its simplifications, two averaged by height
meridian velocity profiles were compared for both models and were statistically examined for deviations
of the partial vectors from the average velocity vector, showing the rate of asymmetry in circumferential
direction. Model 0 showed 15% more symmetry than Model 1, mainly because the shape of the trailing
edge of the guide vanes, and because Model 0 produces lower circulation intensity.

The main conclusions include determination of the crucial parameters which are dominant for
developing guide vanes for variable speed high head turbines, such as the intensity of the developed
circulation and potentially more symmetrical meridian velocity profile behind the guide vanes for all
variable speed operating points, to obtain some kind of law of similarity between the velocity profiles
for various rotational speeds, because the laws of velocity parallelograms are insufficient for describing
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these effects. Further work should include the pressure distribution at the trailing edges of the guide
vanes, to prevent occurring of blade tip vortices [12].

The conclusions can be summarized as follows. First, the flow conditions in the vaneless space
are far from axisymmetric, but they are repetitive for each guide vane section, which shows that the
velocity profiles need to be examined to obtain theoretically close symmetrical meridian velocity profile.
Also the average meridian velocity by theory shall be kept constant, which shows that this will influence
the flow space between the guide vane blades. After that, the cascade shall be examined if it is
accelerating or decelerating the fluid and how does it influence on the efficiency. Second, for high head
turbines, the crucial parameter here is shown to be the circulation created by the guide vanes, which
need to be increased or decreased for variable speed operations. Finally, the pivot point location and
even eccentricity of the guide vanes shall be determined for obtaining “zero torque” on the blade. This
condition will change the kinematical point of rotation of the blades, which can lead to reforming the
shape of the flow path between two guide vanes, and by that, to change all flow conditions.
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