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Abstract

Francis type hydraulic turbine runners have complex blade shapes.
Runner blades have three dimensional profiles that direct the incoming
flow. In this study, a reverse engineering methodology is developed for
the redesign of turbines. Traditional reverse engineering steps are
combined with the basics and flow dynamics of hydraulic turbines and
applied to two different turbine runners (which have different specific
speeds) of two different hydroelectric power plants in operation. The
methodology is first verified by application on the first runner and
utilized for the redesign of the runner of another power plant. The
reasons for the reduced performance of the second runner are examined
with the help of the new inverse engineering design methodology and a
rehabilitation study is performed. Thus, the runner which only provides
70% of its installed capacity, is redesigned and can now utilize its full
capacity.

Keywords: Simulation, Energy efficiency, Hydroturbine

Oz

Francis tipi su tiirbinlerine ait cark kanatlarinin yapisi oldukca
karmagsiktir. Ug boyutlu profilleri ile gelen akist yénlendirirler. Bu
calismada, tiirbinlerin yeniden tasarimi icin bir tersine miihendislik
yéntemi gelistirilmistir. Geleneksel tersine miihendislik yéntemi,
hidrolik tiirbin temel calisma prensipleri ve akiskanlar mekanigi
temelleri ile birlestirilerek iki farkli kullanimda olan santralin tiirbin
carkina (iki farkli 6zgiil hizi olan) uygulanmigstir. Yéntem, oncelikle bir
santrale uygulanarak dogrulanmis, ardindan diger santralin tiirbin
carkinin yeniden tasariminda kullanilmistir. Ikinci santralin tiirbin
carkinin ¢alismasindaki sorunlarin sebepleri yeni gelistirilen yontem ile
arastirtlmis  ve  ¢arkin  rehabilitasyonu  gerceklestirilmistir.
Kapasitesinin %70'i verimle ¢alisan ¢ark, tam kapasite ¢alisir hale
gelmistir.

Anahtar kelimeler: Simiilasyon, Enerji verimi, Su tlirbini

1 Introduction

Hydraulic turbines that are used for energy generation in
hydroelectric power plants are divided into two groups based
on their working principles as reaction and impulse type
turbines. Francis turbines are the most common of reaction
type because of their wide range of applicability. Their main
components are the draft tube, spiral case, stay vanes, guide
vanes and the runner as shown in Figure 1.
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Figure 1: Main components of Francis turbines.

Water enters the turbine through the spiral case, where the
flow is distributed uniformly towards the stay vanes. Guide
vanes control the discharge, consequently generated power of
the turbine. Runner is the part that generates power. It has
specifically shaped blades over which water flows. The cross
section of the runner blades is usually a thin airfoil structure
[1]-[3]. The blades have complex shapes and are iteratively
designed with special design software. Especially for the
rehabilitation of existing power plants, a reverse engineering
design methodology is necessary for the detection and
improvement of the performance.

In its most general sense, reverse engineering of shapes is to
convert existing parts into engineering designs. Solid models of
products cannot be measured with conventional measurement
techniques; therefore, they need be obtained with reverse
engineering with the help of scanning. Several products can be
improved in terms of design or can be manufactured by the
utilization of this method [4],[5]. It consists of three main steps:
scanning of the product, surface approximation for geometrical
modeling and the development of the CAD model. An important
part of this process is scanning. The coordinates of the points
on the surface are obtained with scanning. Contact and non-
contact methods can be used for scanning purposes. Contact
type data acquisition methods touch the surface by using a
mechanical probe. Light, sound or magnetic fields are used in
non-contact type of scanning. The information on the
coordinates is obtained by round trip time of the beam which is
transmitted from the surface. The scanning method that is
going to be used is selected per the complexity of the surface
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that is going to be scanned [6]-[8]. Free formed surfaces are fit
to point cloud data that is obtained from scanning in order to
develop a solid model. The surfaces are generated using two
different methods: curve method and surface method. The
construction curves are primarily obtained from point cloud
and then free formed surfaces are generated along with
construction curves. The surface is directly generated from the
measurements in the surface method [5],[9].

Lin et al [10], developed a reverse engineering methodology to
meet the customized artificial joint design and to decrease the
production cycle and cost. Researchers, first, design a method
to get better data points and to deal with cloud data. After
organizing the cloud data, free form surfaces are constructed by
the data points using the reverse engineering software. With
this study, data base of different kinds of prosthesis free form
surfaces are obtained through reverse engineering.

Garcia et al [11], developed a geometry reconstruction method
for Francis turbine components with reverse engineering
approach. To obtain a model, CAD model techniques like basic
metrology, surface scanning, 3D digitalization and
development of molds are used. The results are compared with
assembly drawing values. For spiral case, as the results are not
coupled perfectly, linear, exponential and logarithmic functions
are tested to eliminate wrong values. With this way, results are
refined and maximum error is measured as 1.92%. For draft
tube, the dimensions are compared with prototype and error is
measured as 0.08%. The covers and fixed blades are modeled
from drawings. For obtain the shape of the fluid zone in the
runner, low density polyurethane molds were made. Then it is
digitalized using a 3D scanner. Computational fluid dynamics
analysis and mechanical analysis are performed after the
reconstruction of the geometry.

Francis type hydraulic turbine runners have complex blade
shapes which should be designed with special design software,
based on the solution of three dimensional Navier-Stokes
equations. Runner blades have rotational and three
dimensional profiles to direct the incoming flow and to provide
the best possible efficiency and performance. It is necessary to
develop a reverse engineering design methodology for
specifically the redesign of the turbines for the rehabilitation of
existing hydroelectric power plants. In addition to traditional
reverse engineering methodology, it is also important to be able
to obtain analyzable blade geometry from the solid model and
to determine the blade design parameters from the existing
turbines. In this study, a reverse engineering methodology is
developed for the redesign of turbines for the rehabilitation of
existing power plants. Traditional reverse engineering steps
are combined with the basics and flow dynamics of hydraulic
turbines and applied to two different turbine runners (which
have different specific speeds) of two different hydroelectric
power plants in operation. The methodology is first verified by
application on the first runner (the turbine of BUSKI HEPP in
Turkey) and utilized for the redesign of the runner of another
power plant (Kahta HEPP). The reasons for the reduced
performance are examined considering the new inverse
engineering design methodology and a rehabilitation study is
performed to increase the performance.

2 Reverse engineering design methodology

The basics of the methodology are shown in Figure 2. The
methodology is especially important for the redesign of existing
turbine runners that are already in use in actual hydroelectric
power plants. The existing runner geometries are scanned and

converted into analyzable CAD models. In addition to
traditional reverse engineering steps, blade design parameters
are also determined to obtain analyzable blade geometries
from the solid model.

Part Surface Creation of
Digitization Approximation CAD Model
Meridional L Definition of
Profile BDle fémgon IOf Blade
Specification ade Angles Thickness

l

Analyzable CFD
Blade Design Verification

Rehabilitation

Figure 2: Steps of reverse engineering design methodology.

As shown in Figure 2, the first step in the method is digitization
of the parts. Primary purpose of this process is to obtain point
cloud data of the blade to be able to generate the CAD model of
the turbine runner geometry. Tactile and non-contact methods
can be used in this process depending on the arrangement of
the blades and the complexity of the blade geometry.
Noise-related problems must be solved and the number of
points should be reduced before surface generation. The
surfaces are generated using the measurements, directly. After
the surfaces are generated using the point cloud data, the solid
model of the runner is generated. The solid model of one of the
blades is formed and the blade profile is reflected to different
sections to form the final CAD model for the whole blade.

Determination of the blade design parameters is a vital part of
the whole process. Meridional contour, blade angles and blade
thickness distribution are the design parameters and they are
necessary to obtain analyzable blade geometry. ANSYS
Bladegen module [12] and SolidWorks software [13] are
utilized for the generation of the blade geometry.

Meridional contour is a two-dimensional profile that
determines the boundary of the blade geometry and it is
defined as the projection of the runner blade profile to the
radial plane. Constituents of the meridional contour are hub,
shroud and leading edge, trailing edge curves including inlet
and outlet diameters. It is a significant parameter for runner
design and turbine performance because it contains
geometrical descriptions. The components of the meridional
contour are shown in Figure 3.
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Figure 3: Meridional contour components.
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Meridional contour is determined by projecting the blade
geometry to a cross-section which is located at the rotation axis.
Leading edge and trailing edge curves are obtained by
reflecting on cutting plane of these edges. The curves obtained
in different planes are combined within a single plane and the
meridional contour is attained by projecting hub and shroud
curves to the plane as shown in Figure 4.

Rotation Axis

Hub

Trailing Edge

Figure 4: Meridional contour on section plane.

Component curves of the meridional profile are transferred to
design program ANSYS Bladegen [12] as point cloud data.
Equally spaced span curves used in blade angle definition are
identified by Bladegen [12] to facilitate the design as shown in
Figure 5. Blade angle distributions and thickness distribution
are defined over hub, shroud and span curves from leading
edge to trailing edge.

Figure 5: Span curves on runner geometry.

There are two different angle definitions in Bladegen [12], both
are determined in camber curve of the blade. Wrap angle, called
theta angle, is the position angle in the cylindrical coordinate
system, which defines the position of the blade at a given point
in the camber line. Metal angle (beta angle) determines the
direction of the runner blades at the same point where the wrap
angle description is achieved. The positions of the points on the
camber curve are calculated by averaging the coordinates of
each corresponding points located at pressure and suction
sides of the blade.

ps Ss
xpe =1 &
ps 2 Ss
e = Yi tyi )
7P% 758
e =120 3)
CCi = 6 + 579+ G52 @)

Ri® = /(Xfc)z +()? (5)

Meridional length of a section, M;, is the distance between
leading edge and trailing edge and varies for each section
because of the blade structure. Blade leading edge is considered
as absolute zero for each section and meridional length of each
point on the camber curve is calculated based on absolute zero
point.

Mjy; = M; + (Cci+1)2 + (Cci)2
i=0,-,L-1 (6)

Mo=0

Meridional length is required to be dimensionless in order to
use same meridional length definition for each section.

%Mi=MiML*100
%MO0=0 7

%ML=100

Blade profiles where blade angles are determined are gained by
taking sections with span curves from the solid model. The
angle between radius axis and the point located on the camber
curve is the wrap angle of the point when viewed from hub side.
Blade wrap angle of a point on the camber curve is shown in
Figure 6.

Figure 6: Wrap angle.

Wrap angle is calculated using the distance from rotation axis
(x-coordinate) and the distance from radius axis (y-coordinate)
as shown in Equation 8.
0; = tan~! (Z_:) (8)

Conformal mapping method is used to determine the blade
metal angles. The position of a point on the camber curve on
conformal mapping is determined by Equation 9. Blade leading
edge is considered as absolute zero for each section as it is in
the meridional length definition. Figure 7 shows conformal plan
of a section.
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Figure 7: Conformal mapping.
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R + R;
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In Figure 7, B; represents leading edge metal angle, (3,
represents trailing edge metal angle. Metal angle of a point on
camber curve, 3;, is calculated as follows.

)

dA
tan Bl = Kf((xi | Mg (10)
tanf, = dxX |ML (11)
AXi
tan f3; A (12)

Blade thickness distributions are determined from cross-
sections which are used in blade angle definitions. Thickness
distributions are obtained by the distance between positions of
each corresponding points located at pressure side (PSi) and
suction side (SSi) of the sections as:

PS = \/ () + O6F) + (@) (13)

ss; = \/(fo)z )2 + (2592 (14)

The thickness is obtained by Equation 15 for all regions on the
sections except for the leading edge and trailing edge regions.
Elliptical ratios convenient for blade structure are selected for
these regions.

Blade Thickness = +/(PS;)? — (SS;)2 (15)

3 Application of the developed reverse
engineering design methodology to turbine
runners

The developed design methodology is first applied to the
runner design of a new hydroelectric power plant (Runner 1:
Buski HEPP). After its validation, it is also applied to an existing
power plant (Runner 2: Kahta HEPP) for design improvements.
Kahta HEPP currently utilizes only 70% of its installed capacity.
The reasons of diminished performance are investigated with
the new reverse engineering design methodology and the
performance is increased with the help of computational fluid
dynamics integrated reverse engineering design.

Figure 8 shows the meridional contours which are obtained by
projecting the blade geometries to the cross section for the two
different runners, after obtaining the runner geometries with
the help of laser scanning for Kahta (Runner 1) and solid
modeling for Buski (Runner 2) runners.

Point clouds are generated for the leading edge, trailing edge,
hub and shroud curves and are transferred to the
turbomachinery design software, Ansys Bladegen [12]. Three
span-curved meridional profiles are used for each of the
runners. The runner geometries are sectioned with span curves
to obtain the blade profiles. The angle and thickness definitions
are obtained with the help of blade profiles. Equally spaced
points are taken from each side (both pressure and suction
sides) of the blade profiles. Positions of the points on the
camber curve are found out with Equation 4. Non-dimensional
meridional lengths are used when angle and thickness
distributions are transferred to the design software. The wrap
angles are calculated using the coordinates of the points by

Equation 8. The wrap angle distributions for both runner
blades are shown in Figure 9.
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Figure 8: The meridional profiles (a) Runner 1 (b) Runner 2.
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Figure 9: Wrap angle distribution. (a): Runner 1, (b): Runner 2.

Positions of the points on conformal mapping are calculated in
accordance with Equation 9 and the metal angle distributions
are found out by conformal mapping method which is a
function that preserves angles locally [14]. Figure 10 shows the
metal angle distributions for the two runners.

Blade thickness distributions are calculated using the distance
of the corresponding points located on the pressure and suction
sides of the profiles. Thickness calculations for leading edge and
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trailing edge regions are neglected since elliptical ratios are
assigned to the leading and trailing edges in the design
software. Figure 11 shows the blade thickness distributions.
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Figure 10: Metal angle distribution. (a): Runner 1,
(b): Runner 2.
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Figure 11: Blade thickness distribution. (a): Runner 1,
(b): Runner 2.

Volumetric comparisons are made for both runners and
relative volumetric errors are calculated. Mainly, the volumes
of the original geometries and the geometries obtained through
the reverse engineering methodology are compared with each
other for the two runners. The volumes of the original and
reverse engineering geometries are given in Table 1.

Table 1: Volumes of the original and the reverse engineering

geometries.

Runner Volume Runner Volume
Geometry [mm3] Geometry [mm3]
Runner 1 656582.64  RUMNETZ o4 43)38

Original Original
Runner 1 Runner 2

Reverse 652997.70 Reverse 585376.90

Engineering Engineering

The relative error for the total volume of the first runner is 0.55
%, whereas it is 5.04% for the second runner when the reverse
engineering geometries are compared with the original ones.
The reverse engineering methodology is applied to the laser
scanned geometry of the second runner (Kahta HEPP) since no
solid model was available for the actual runner. However, the
first runner is a new design and its solid model is available
(designed by our group previously [15]). Therefore, there are
regions of welding especially on the hub and shroud parts of the
second turbine runner, as shown in Figure 11, which makes the
volumetric relative error higher for the second runner
geometry. The reverse engineering geometries that are almost
exactly the same with the originals are shown in Figures 12 and
13 for Runner 1 and Runner 2, respectively.

Figure 12: Runner 1 blade geometry.

Figure 13: Runner 2 blade geometry.
4 Computational fluid dynamics analysis of the
reverse engineering geometries

Once, it is determined that the reverse engineering blade
geometries reflect the properties of the original geometries,
CFD analysis of the turbines are performed for performance
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evaluation. Ansys CFX solver [16] is used for the computational
fluid dynamics analyses. Total pressure inlet and mass flow
outlet boundary conditions are used. Through CFD analyses, it
is verified that the hydraulic performance results of the actual
power plants are duplicated. After making sure that the
geometries and the performance results are the same with the
actual cases, the next step is the redesign of the runner for
improved performance.

The first runner (Buski HEPP) has a head of 78m, a flow rate of
2 m3/s and an efficiency of 96.32%. The second runner
(Kahta HEPP) has a head, discharge and power of 125 m,
3.25m3/s and 3500 kW, respectively.

The flow over Francis turbine blades is complex and three
dimensional due to the complexity of the geometry. The
Reynolds number for the flow over the blades is very high. To
perform the CFD analyses of the geometries, three dimensional
Reynolds averaged Navier Stokes equations are solved using k-
Bturbulence modeling. Finite volume approach is utilized.
First order upwind method and high resolution schemes are
used for space discretization. For the preliminary design
process, upwinding is selected to reduce the design time;
however, for the final designs, high resolution scheme is
selected. Unstructured grids are used in the computations. Grid
independent results are obtained for each runner design.
Figure 14 shows an example grid for the runner. In order to
achieve a grid-independent solution, the computational runs
are performed for several grids and number of elements.

Figure 14: Grid for the runner.

Efficiency and head are used to prove that the solutions are not
dependent on the grid. Figure 15 and Figure 16 show the results
for efficiency and head for several grids composed of five
different numbers of elements.

y+ (the non-dimensional height for the first cell) is an important
parameter for obtaining accurate solutions. Figure 17 shows y+
values for the blade surface for several grids. The grid with
500,000 elements is used for the rest of the study after careful
examination of Figures 15,16 and 17.

Table 2 shows the results for the CFD analysis of the first runner
(Buski HEPP). The analysis results for the original blade
geometry and the reverse engineering geometry are shown in
Table 2. There is only a 0.3% difference in the results for the
efficiency.
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Figure 15: Mesh independency for efficiency.
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Figure 16: Mesh independency for head.

Figure 17: y* distributions for. (a): 20x103, (b): 100x103,
(c): 250x103, (d): 500x103 number of elements.

Table 1: Runner 1 performance values and comparison.

Original Eni?XEZi?ng Difference
Blade Blade [%]
Discharge [m3/s] 2.0 2.0 -
Head [m] 74.36 74.19 0.23
Power [kW] 1404.65 1405.91 0.09
Efficiency [%] 96.32 96.61 0.30

Blade loadings, pressure and velocity distributions are also
compared. When blade loadings on mid-sections are examined,
loadings on the reverse engineering blade are like actual blade
loadings as it is in Figure 18; however, loadings of the reverse
engineering blade are shifted approximately by 3 kPa both on
pressure and suction sides.
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Figure 18: Blade loadings at mid-sections for Runner 1.

In Figure 18; Streamwise (0-1) is the dimensionless blade
length, 0 represents leading edge and 1 represents trailing edge
of the section.

Figure 19 and Figure 20 show the velocity and pressure
distributions on the blades, respectively. As seen from the
figures, there is no separation or backflow both in the actual
and reverse engineering geometries. Static pressure gradually
decreases from the leading to the trailing edges of the blades.
Velocity and pressure characteristics of the actual and reverse
engineering blades are similar as seen from figures 19 and 20.
The accuracy and applicability of the CFD aided reverse
engineering methodology presented in this study is proved
with the help of Figures 18, 19 and 20.

Figure 19: Velocity distribution on (a) actual blade, (b) reverse
engineering blade.
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Figure 20: Pressure distribution on, (a): Actual blade,
(b): Reverse engineering blade.

5 Results of the CFD analysis and redesign of
runner 2 (Kahta HEPP runner)

CFD analyses of Kahta HEPP are carried out to find the reasons
of diminished performance of the present runner. Preliminary
analyses are performed for values between 12 to 24 degrees to
find out the angle of attack of the blade with respect to water
flow. 16 degrees of inlet flow angle provided 120.6 m of head
and 3485.4 KW of power, which are close to the performance
values of the existing runner of Kahta hydroelectric power

plant. When the CFD analysis results are examined, it found out
that there is cavitation when the angle of attack is 16 degrees.
Water hits the pressure side of the blade instead of the center
of the leading edge. Therefore, cavitation starts at the inlet since
it is a fore-loaded blade. Flow separation and backflow are
detected because of the improper flow angle of the existing
blade as seen in Figure 21. Unwanted flow characteristics such
as separation and backflow can be seen both in the velocity
vectors and pressure distribution over the blade in Figure 21.
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Figure 21(a): Velocity distribution, (b): Pressure distribution
for 16 degrees of inlet flow angle at mid-section.

The inlet flow angle is changed to a value to avoid cavitation
which is 20 degrees. Figure 22 shows the velocity distribution
for 20 degrees of flow angle. As seen in Figure 22, there is no
separation or backflow for 20 degrees. Figure 23 shows the
pressure distribution over the blade for an inlet flow angle of
20 degrees. Figure 23 shows that the stagnation point is at the
center of the leading edge, as desired.

However, this angle only provides 70% of the installed capacity.
The power is 2453.5 kW for 20 degrees of inlet flow angle,
whereas the head value 81.2 m which means water cannot drop
all its energy, there is an excess energy corresponding to 40 m
which is shown in terms of blade loadings in Figure 24.

The physics of the flow in turbines, together with the energy
equation, is used to investigate the cause of the diminished
performance of the runner. The relationship between power
generation and turbine kinematics parameters is shown with
energy equation. Velocity components of angular momentum
are given in Figure 25 where:

Hn = ® (I, —Iy)

n= omotT (16)
I =nD,V; cosay a7
I, = nD,V, cosa, (18)

Here, H is the turbine head in meters, 1 is hydraulic efficiency,
w is angular velocity in rad/s; I is leading edge circulation and
I, is trailing edge circulation, where IV is absolute velocity in
m/s, D is the diameter in meters and «a is flow angle.
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Figure 22: Velocity distribution for 20 degrees of inlet flow.
Angle.
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Figure 23: Pressure distribution for 20 degrees of inlet flow
angle.
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Figure 24: Blade loadings for 20 degrees of inlet flow angle.
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Figure 25: Velocity components of angular momentum on
leading edge and trailing edge.

According to energy equation, trailing edge circulation should
be as close to zero for high hydraulic efficiency. For this
purpose, flow angle of outlet edge should be as far as 90
degrees. When CFD analyses results are examined, outlet flow
angle is changed from 41 to 44 degrees per different inlet flow
angles. In other words, desired power cannot be produced
physically for this geometry.

The basis of the rehabilitation of the runner is setting the
trailing edge circulation to zero. For this purpose, firstly, outlet
angle is kept close to 90 degrees by changing blade wrap and
metal angles gradually. Several modifications are made on the
runner and several CFD analyses are performed. The details of
the 17 different CFD cases, the geometrical changes made, aim

and result in terms of head, power, efficiency and outlet angle
of water are shown in Table 3. The blade profiles, thickness,
metal and wrap angles of the blades as well as the inlet angle
are changed gradually to perform CFD analyses and to observe
the effects on performance.

As aresult of blade angles changing studies, 107 meters of head
and 3242 kW of power was attained; however, there were still
approximately 10 meters of head that cannot be converted to
energy. Blade thickness distributions were increased to convert
remaining head to energy, as well. In the final design, 121
meters of head, 3540 kW of power and 96.5% efficiency is
reached, utilizing the total capacity of the water.

Figure 26 shows the pressure and velocity distributions on the
final blade. Stagnation point is at the center of the leading edge
in the final design and there is no backflow or separation. The
new geometry also steers the flow smoothly with accurate inlet
and outlet flow angles.

al - @
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Figure 26(a): Pressure distribution, (b): Velocity distribution
of the final design.

6 Discussion and Conclusions

In this study, a reverse engineering methodology is developed
specifically for the redesign of turbines for the rehabilitation of
existing power plants. Traditional reverse engineering steps
are combined with the basics and flow dynamics of hydraulic
turbines and applied to two different turbine runners (which
have different specific speeds) of two different hydroelectric
power plants actually in operation. The methodology is first
verified by application on the first runner (the turbine of BUSKI
HEPP in Turkey), designed previously by our group. According
to the results of the verification study, it is observed that the
reverse engineering runner has similar performance with the
actual runner. The CFD results agree with each other within
0.3%. The developed CFD aided reverse engineering design
methodology is proved to be applicable for Francis turbine
runners depending on the results of verification case study.

Verified design methodology is applied to the CFD aided
analysis, reverse engineering and redesign of the existing
runner of another hydroelectric power plant, Kahta HEPP
runner which produces only 70% of installed capacity. The
reasons of the diminished performance are determined using
the newly developed CFD aided reverse engineering based
design methodology and a rehabilitation study is carried out. A
new runner geometry that produces 100% of the installed
capacity is designed and computationally tested. The
importance of the developed reverse engineering design
methodology for rehabilitation studies of Francis turbines is
shown with the rehabilitation case study.
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Table 3: The results of each design.

Version Modification Aim Result Head Power  Efficiency Oulet flow
(m) (kw) (%) angle (o)
RO - 81.2 2453.5 96.3 421
R1 Leading edge metal To improve inlet Head and power 95.5 2882.2 94.8 724
angle is changed to conditions of the increased. Cavitation
550 runner is detected because of
the flow separation
near trailing edge.
R2 Trailing edge metal To prevent Flow separation is 101.1 3053.7 94.8 81.5
angle is reduced 40 on separation and reduced and blade
R1 to improve outlet loadings are improved.
flow angle
R3 Trailing edge metal To improve Blade loadings are 105.1 3171.7 94.7 87.1
angle is reduced 20 on blade loadings shifted to the outlet
R2 section of the blade.
R4 Metal angle To obtain Velocity and pressure 106.3 3206.6 94.6 89.6
distributions of R3 are  uniform velocity distributions are
smoothed distribution improved
R5 Leading edge metal To geta Stagnation point is at 107.4 32422 94.7 89.7
angles of R4 are stagnation point the center of the
rearranged except for at the center of leading edge
hub and shroud the leading edge
to have a proper
inlet pressure
distribution
R6 Camber of R5 is To improve Power increased, 119.4 3578.5 94.0 72.2
reduced in all sections  performance by efficiency decreased,
of leading edge narrowing the cavitation is detected
flow area
R7 Trailing edge metal To enhance the Cavitation 116.9 3504.9 94.1 73.2
angles of the cavitation characteristics are
midsection and shroud performance and  improved, no change
of R6 are changed to regulate the is detected in outlet
outlet flow
R8 Outlet metal angle is To improve Slight improvement in 115.4 3496.3 95.0 87.5
flattened, blade length outlet flow pressure distribution
of R7 is increased conditions
R9 Metal angles are To reorganize Inlet blade loadings 120.1 3606.9 94.3 88.6
smoothed, inlet flow flow conditions are improved,
angle is set to 190 efficiency decreases,
no change in outlet
pressure distribution
R10 Blade thickness is To convert the Cavitation region is 110.9 3377.6 95.5 87.6
increased 5Smm unused head to narrowed
energy and to
improve
cavitation
characteristics
R11 Inclination of the To convert more Outlet pressure 122.6 3716.3 95.1 88.3
metal angle of the head to energy distribution goes
shroud region of R10 worse, cavitation
is reduced exists
R12 Inclination of the To increase the Cavitation 121.3 3681.9 95.2 86.0
shroud is taken as the curvature and characteristics are
average of R10 and outlet flow angle improved
R11, outlet metal
angle is smoothed for
the mid-section.
R13 Metal angle of the hub To smooth A trace of recovery is 121.7 3700.0 95.4 89.6
of R12 is reduced by 5 pressure obtained at inlet blade
degrees distribution loadings
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Table 3: Continued : The results of each design.

R14 Inlet metal angle is To prevent Cavitation 120.7 3668.4 95.5 89.3
decreased by 10 cavitation by characteristics are
degrees and increasing outlet improved
inclination of R13 is area between
reduced two blades
R15 Slight curvature is To increase Cavitation problem of 121.2 3575.8 96.2 89.9
defined for all sections efficiency and to the outlet region is
of R14 improve solved; however, flow
cavitation separation is detected
characteristics
R16 Curvature of R15 is To avoid flow Flow follows the blade 118.2 34714 96.4 89.5
reduced separation structure; however,
head decreases
R17 Curvature of the hub To prevent head Cavitation free blade 121.2 3539.6 96.5 89.6

area of R16 is
regulated

loss with the desired head,
power and separation
characteristics is
obtained
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