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1. Introduction

Recently in the field of hydro energy development
both in Japan and overseas, the benefits of using bulb
turbine/generators at low head construction sites
where the head is 25m or less have been reconsidered
as a means to effectively develop domestic energy
sources.  And in response, the planning & development
of power plants equipped with bulb turbine/generators
is underway.

Fuji Electric has manufactured and delivered
numerous large size and large capacity bulb turbine/
generators ever since delivering the first large capacity
bulb turbine/generator in Japan to the Akao Power
Plant of The Kansai Electric Power Co., Inc. in 1978.

The Kansai Electric Power’s Minokawai Power
Plant (Figs. 1 & 2) was recently put into its commercial
operation following an inspection by the Ministry of
Trade and begun Commerce.  Fuji Electric delivered a
bulb turbine unit with a runner diameter of 5.55m, a
bulb generator with a stator frame external diameter
of 7.0m, and a control system etc. to the Minokawai
Power Plant.

Table 1 shows the recent manufacturing history of
large bulb turbine/generators.

As shown in Table 1, the turbine/generator for the
Minokawai Power Plant ranks among the top group for
both runner diameter and power output.  In addition,

it is also an advanced bulb turbine/generator that
utilizes numerous new technologies in design, manu-
facture and installation.  A summary of the new
technology is introduced in the following report.

2. Project Summary

This project is located on the right bank of the
Imawatari Dam, situated approximately 800m down-
stream of the point where the Kiso River and the Hida
River merge, this project utilizes the abundant water
flow discharged from the Imawatari Dam.  This dam
type power plant provides a maximum power genera-
tion of 23,400kW, has a maximum water consumption
of 220m3/s and an effective head of 12.36m.

As shown in Fig. 1, this is an urban type power
plant where the powerhouse is located in close proximi-
ty to the consumers, which is rather rare for a
hydropower plant.

Figures 3 and 4 illustrate, cross sections of the
overall power plant and the turbine/generator, respec-
tively.

Equipment specifications are listed below.
(1) Turbine

Max. power output  :  24,200 kW
Effective head  :  12.36/12.16m
Water consumption  :  220 m3/s
Rated speed  :  100 r/min

Fig.1 Vicinity of power plant Fig.2 External view of power plant after its completion

Hida River
Kiso River

Imawatari DamMinokawai
Power Plant

Imawatari
Power Plant
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Table 1   History of Fuji large bulb turbine/generators

Fig.3 Cross section of power plant

Fig.4 Cross section of turbine/generator

(2) Generator
Type  : Vertical shaft, revolving magnetic field,

water-water heat exchanger, 3-phase syn-
chronous generator (Fin cooling)

Max. power output  :  26,000 kVA
Rated voltage  :  6.6 kV
Rated current  :  2,274 A
Rated frequency  :  60 Hz
Rated speed  :  100 r/min
Rated power factor  :  0.9 (lag)
Stator frame outer diameter  :  7,000 mm
Excitation method  :  Brushless excitation

3. Characteristics

3.1 Bulb support method
Since the bulb which houses the turbine and

generator is placed in a water passage, in addition to
static loads such as hydraulic thrust force, dead
weight, buoyancy, generator torque, etc., it receives
mechanical vibrations from the rotating part and
hydraulic vibrations due to hydraulic pressure fluctua-
tion.  Therefore, for this project, a method to support
the bulb with two vertical (upper & lower) stay vanes
and an auxiliary supporting method, the anti-vibration
stay and casing support, are provided as illustrated in
Fig. 5 in an effort to increase the bulb’s natural
vibration frequency.

The upper stay vane is used as the passage for
inspecting turbine bearings, shaft seals etc.  The lower
stay vane, which also provides access to the turbine
chamber, houses the oil and water drain pipes.

Also, a ladder had been provided in conventional
stay vanes to enter and exit the turbine chamber.
However in this project a spiral staircase was installed
for reasons of safety and convenience and to improve

Item
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Akao, The Kansai Electric 
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Specific speed  :  685 m-kW
Runner diameter  :  5,550 mm
Max. hydraulic pressure  :  30 m
Max. speed rise  :  70%
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Fig.5 Construction of bulb support

its maintainability.

3.2 Turbine runner
The 4 blades of the turbine runner consist of 13%

chrome and 4% nickel stainless cast steel, and are
made movable so as to increase the partial load
efficiency.  The servomotor, which operates the runner
vane, is housed in the runner boss, and the pressurized
oil for operating the runner vane is supplied through
the pressure oil distributing head located at the end of
the generator shaft.

Normally, parts inside the runner boss such as the
link are lubricated by oil.  For this project however, it
was decided to use water instead of oil for lubrication,
since the construction site of this project is located at
the bottom of the Kiso River and the prevention of
river pollution was a major concern.

This bulb turbine was the first in the world to have
a servomotor housed inside a water-filled boss runner.
Methods to defect leakage, of servomotor oil in the
runner boss for example, were given special consider-
ation.

Figure 6 shows a photograph of the completed
runner.

Fig.7 Ceramic seal system

Section  A-A Section  B-B

A B

A B

Fig.6 Complete turbine runner

Fig.8 Closed circulation method with water-water cooler
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Fig. 10  Construction of bulb’s internal monitoring system
Fig. 9  Generator fan cooling method

Table 2  History of fin-cooled bulb turbine/generator

3.3 Main shaft sealing system
A ceramic seal system was used to seal the main

shaft.  This ceramic seal system is a mechanical seal
that has ceramic overlays on the seat side of the main
shaft and uses resin packing for the seal packing.  The
application of this system has benefits such as a
simpler water supply system and improved friction/
wear characteristics, compared to the conventional
sealing system which uses the carbon packing method.

Figure 7 shows the construction of the ceramic
sealing system.

3.4 Water supply system
A closed-circulation method with a water-water

cooler was adapted for the water supply system for the
pressurized oil and the lubrication oil.  The closed-
circulation method is, as illustrated in Fig. 8, a method
to exchange the heat of cooling water (circulation

Item
Power plant

Minokawai, The Kansai
 Electric Power Co., Inc.

Sakuma #2, Power 
Development Co., Ltd.

Pressure rise
1.0 atmospheric

pressure
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Remarks

Cooling
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water) at the pressurized oil and lubrication oil cooler,
using a water-water cooler located at the top of the
powerhouse water intake.  The cooling water is
forcefully circulated by pump.

To determine the location to install the water-
water cooler, hydraulic model tests were conducted at
the Technical Research Laboratory of The Kansai
Electric Power Co., Inc., in order to confirm that the
specified flow velocity could be obtained.

With the application of this method, the water
supply system will be simplified.  For example, com-
pared to the conventional direct water supply system
(a method of direct intake and use of river water as
cooling water), the strainer is eliminated.  In addition,
the use of clear water (tap water) for the closed-
circulation water has contributed to improved reliabili-
ty of the water supply system, which is often problem-
atic at hydropower generating facilities.

Control room

Speaker Recorder Monitor

Camera
Microphone
Vibrometer
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3.5 Generator cooling method
Fin cooling was used to cool the generator.  As

illustrated in Fig. 9, the fin cooling method is a method
in which steel cooling fins, attached to the stator frame
and inner wall of the top nose of the bulb, are cooled by
river water that flows around the outside of the bulb
and cooled air is circulated inside the bulb with a
motor-driven fan.  The application of this method made
it possible to eliminate conventional air coolers, result-
ing in easier maintenance.

Further, in the conventional air cooler, the area of
the outer casing to be cooled needs to be increased as
the generator capacity increases, thereby limiting the
applicable power output.  However, by changing the
coating of the bulb’s outer wall (river water side) from
conventional corrosion resistant paint to an aluminum
metallic coating, in order to reduce heat resistance of
the heat radiating area, fin cooling could be applied on
a larger scale in this project.

Although this fin cooling method has been applied
to medium/small bulb generators, prior to this project
it had not been used in large capacity bulb generators.
To date, this project is the largest capacity bulb
generator in the world that uses the fin cooling
method.

Table 2 shows the history of the fin-cooled bulb
turbine/generator.

3.6 Control system
A total digital control system equipped with a

programmable controller is used to control the turbine/
generators.  With this total digital control system, the
main unit sequence control function, governor function,
automatic voltage control function and automatic syn-
chronization control function are controlled by a single
programmable controller unit.  Previously, separate
control systems had been utilized, however the realiza-
tion of a programmable controller having high speed
arithmetic operation made it possible to control all
functions and thus to eliminate the control board.

3.7 Status monitoring system
A monitoring system in the control room was

introduced, in which movable and fixed type ITV
systems and microphones are installed in the turbine
and generator chambers in order to externally monitor
equipment status and to improve equipment maintain-
ability.

Additional systems, such as a thermometer/hy-
grometer, vibrometer, oxygen densitometer etc., are
provided to constantly monitor conditions inside the

bulb.
Figure 10 illustrates the construction of the bulb’s

internal monitoring system.

3.8 Site installation procedure
In this project, outdoor gantry cranes were used to

install the equipment.  Although use of outdoor gantry
cranes for the installation of equipment may risk
prolonging the work schedule due to inclement weath-
er, this project was able to achieve a considerably short
installation period compared to the usual installation
period for a bulb turbine, due to thorough preliminary
preparation for rainy weather, an efficient use of the
site assembly floor, and the application of new tech-
niques to the turbine installation.

Explanations of the new techniques for turbine
installation are given below.

To install the inner/outer casings and guide vane
rings in a turbine, normally the inner/outer casings are
assembled and installed, concrete is allowed to set, and
then the strain on the surface of the downstream side
casing flange is corrected.  Next the inner/outer guide
vane rings are assembled and installed.  However for
this project, the inner/outer casings and inner/outer
guide vane rings of the turbine are simultaneously
assembled and installed, followed by the application of
concrete.  As a result, the time necessary to correct
strain on the downstream side flange surface was
eliminated, shortening the construction period by more
than 14 days.

This was the first time for Fuji Electric to use this
technique, and a successful application of this tech-
nique requires continuous monitoring, during applica-
tion of the concrete, of the strain on casings and guide
vane rings, the concrete temperature etc. from the
start to the completion of the concrete work.  For this
project, the inner/outer casings and guide vane rings
were safely installed without any indications of harm-
ful strain due largely to the cooperation from relevant
individuals such as the civil contractor.

4. Conclusion

The characteristics and summary of the bulb
turbine/generator for the Minokawai Power Plant were
described in this report.

The authors assume there will be increased de-
mand in the future for developing and planning power
plants equipped with large size and capacity bulb
turbines, and would be grateful if this report will
become of reference, to whatever degree, for future
development/planning works.
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Fig.1 Turbine/generator assembly

1. Introduction

Making hydropower plants more economical is the
most important subject in promoting their develop-
ment.  Particularly in recent Japan, most of the large
and economical hydropower resources have already
been developed, leaving the remaining hydropower
resources limited to either ultra low head or high head
resources.  Of the various turbines, Pelton turbines,
which are used at high head resources, are often
installed in secluded mountainous areas.  Such hydro-
power resources are becoming more remote every year.
Therefore the construction and maintenance costs tend
to be higher compared to those of existing hydropower
resources.

Under these circumstances, the Nikengoya Power
Plant with a 6-jet Pelton turbine began its commercial
operation in June of 1995.  The main turbine/generator
specifications for this power plant are shown in Table
1.  Also the turbine/generator assembly is shown in
Fig. 1.

This power plant is located in Japan’s central
mountainous area, at an elevation of over 1,400m,
surrounded by numerous steep mountains.  This report
introduces the following new techniques adopted to

Table 1 Turbine/generator specifications for Nikengoya Power
Plant

Vertical shaft 6-jet Pelton turbine 

283.6m

11.0m3/s

26,800kW

400r/min

Totally enclosed
(Machine mounted heat exchanger type)

27,400kVA

11kV

1,439A

95% lag

60Hz

400r/min

Type

Net head

Discharge

Output

Rated speed

Type

Cooling

Output

Voltage

Current

Power factor

Frequency

Rated speed

3-phase vertical
synchronous generator 

Turbine

Generator

overcome these unfavorable construction conditions
and to make the power plant more economical.
(1) High specific speed design of 6-jet Pelton turbine
(2) Elimination of bypass
(3) Electrically powered deflector/needle operating

mechanism

2. High Specific Speed Design of 6-Jet Pelton
Turbine

2.1 Background of high specific speed design
Located in a secluded mountainous area, this

power plant imposed extremely severe limits on trans-
portation.  Therefore, minimizing the size of the
turbine/generator was the most important matter in
planning this power plant.  In addition, since minimi-
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Fig.2 Relative efficiency of conventional and new model

Fig.3 Bypass in run-of-river plant

zation of the turbine/generator not only lowers the cost
of equipment but also reduces the powerhouse size,
construction costs of the power plant can also be
reduced.  Therefore, for this power plant, the turbine

was designed to have as high specific speed as possible
so as to make the equipment more compact, satisfy the
transportation limit, as well as to make the power
plant more economical.

The specific speed of a Pelton turbine is generally
expressed with the following equation.

n  √P/Zn s = —————  …………………………………… (1)
H 5/4

Where, n s : Specific speed (m-kW)
n : Speed (r/min)
P : Turbine output (kW)
Z : No. of  jets
H : Net head (m)

As is clear from the definition of specific speed, it is
necessary to increase the number of jets and the
turbine speed in order to increase the specific speed.
However, it is well understood that when the number
of jets is increased to, for example 5 or 6 jets, a
problem with turbine performance – known as the
falaise effect – will occur.  This effect has never been a
matter of concern when the number of jets is less than
4.  For this reason, it is an international practice to
limit the specific speed of a 6-jet Pelton turbine to
approx. 20 m-kW or less.

The problems of this falaise effect have been
improved and the result, as applied to this power
plant, is described below.

2.2 Falaise effect
Figure 2 shows the relative efficiency of a conven-

tional model which exhibits the falaise effect, and of a
new model with improved falaise effect.  As this figure
clearly shows, when the falaise effect occurs in a full
load region, it will lead to a considerable drop in
turbine efficiency.  In this region, power swings and
erosion of the bucket’s inner surface will also occur.
Therefore, the falaise effect must be eliminated from
the actual turbine operation region.

The mechanism of this falaise effect occurrence
was analyzed by the observation of flow in model test
and by numerical analysis.  It was confirmed that
there are 2 kinds of mechanisms for the occurrence of
the falaise effect.
2.2.1 Falaise effect due to jet interference inside bucket

Jet interference, already a known cause, occurs
when the next jet begins flowing into the bucket before
water has completely flowed out of the bucket’s leading
edge, and these two jets violently collide in the bucket.
As a result, a considerable hydraulic loss occurs inside
of the bucket.
2.2.2 Falaise effect due to jet interference outside bucket

This is a newly discovered type of jet interference,
where water flow from a cut-out area, interferes with
the next jet which has not yet entered the bucket.  As a
result, the jet becomes turbulent, scatters and loses its
energy before flowing into the bucket.

Further, in this high specific speed design study, a

Fig.4 Deflector start-up characteristic at the field test

Relative  discharge  (%)

R
el

at
iv

e 
ef

fi
ci

en
cy

  (
%

)

Conventional model Falaise effect

New model

30 40 50 60 70 80 90 100
80

85

90

95

100

Head tank Intake

Intake dam 

Bypass

Power plant

Penstock Headrace tunnel

River

1 s 

Needle servomotor stroke (Gr.B)

Needle servomotor stroke (Gr.C)

Deflector servomotor stroke

Speed

Needle servomotor 
stroke (Gr.A)

Penstock pressure

Generator output

Generator voltage



26MW Pelton Turbine for Nikengoya Power Plant, Chubu Electric Power Co., Inc. 9

comparative analysis was also made in the falaise
effect region between the measured results of proto-
type performance and those of the model test.  Al-
though several studies(1) have been made on the
efficiency scale effect from model to prototype, so far
there is no established theory.  We had the opportunity
to examine the efficiency scale effect in a Pelton
turbine from model to prototype including its relation
to the falaise effect mechanism(2).

2.3 Reducing the falaise effect
To counteract the previously described mecha-

nisms, the following design was applied to this plant to
reduce the falaise effect.
2.3.1 Improved bucket configuration

The tendency of the jet output to flow toward the
leading edge of bucket was controlled by improving the
bucket wall slope and the shape of the cut-out area.
2.3.2 Relatively larger bucket size

By selecting a relatively larger sized bucket, the
tendency to flow toward the cut-out area of the bucket
was reduced.
2.3.3 Increased number of buckets

By increasing the number of buckets, the time for
each bucket to receive the jet can be reduced.

With these design philosophies, a high specific
speed design (ns = 23.0m-kW) was successfully
achieved for the first time in the world.

3. Elimination of Bypass

3.1 Bypass in run-of-river plant
At run-of-river plant, river water flow into a power

plant through an intake dam and used as is for power
generation.  If the power plant is shut down or the
amount of river water taken in becomes excessive, the
bypass, as shown in Fig. 3, directly discharges such
excess water from the head tank to the river, bypass-
ing the power station.  Therefore if this bypass can be
eliminated, construction costs will be reduced by a
large percentage of the overall power plant construc-
tion cost.

Since the elimination of a bypass will result in
problems such as a rise of the river water level due to
closing of the intake gate, pressurization of the head-
race, etc., the installation of a bypass or similar
substitute has been required at run-of-river plants by a
Japanese statute.  However, application of a Pelton
turbine will make it possible to eliminate the bypass,
as the above-mentioned problems can be avoided by
deflector discharge operation for long periods of time
and implementing start/stop controls with the deflec-
tor.

3.2 Basic concept of bypass elimination
The basic concepts for eliminating a bypass for a

Pelton turbine are as follows:
(1) The intake gate shall be controlled such that the

rate at which the river water level rises is small.
(2) The turbine will perform a full flow deflector

discharge operation.
(3) When malfunctions of the transmission line are

not recovered within a specified time, and when
malfunctions of the generating unit occur, the
intake gate shall close.

(4) When malfunctions of the transmission line are
recovered within a specified time, the generating
unit shall automatically begin operation again in
parallel.

3.3 Technical outline of bypass elimination
For the previously mentioned basic concepts of

bypass elimination to be realized, the civil, electrical
and mechanical equipment must take on new func-
tions.  An outline of bypass elimination techniques
with regard to electrical and mechanical equipment is
described here.
3.3.1 Deflector discharge operation over a long period of

time
During the deflector discharge operation, after

high speed jets directly hit the deflector, they spray
around the deflectors, hitting the housing, nozzle
protection shield, etc.  Therefore, after studying the
strength and rigidity of these parts, the plate thickness
was increased by approximately twice the existing
thickness of these parts.

To verify the reliability of a deflector during
discharge, the most severe operating condition, in
addition to analytical studies on papers, the actual
stress was measured beforehand on an identical proto-
type turbine.  These results were reflected in the
design of this power plant.
3.3.2 Start/stop controls by deflector

In conventional Pelton turbines, starting and stop-
ping the generating unit was controlled by needles,
and the deflector performed follow-up control.  Howev-
er, in the case of bypass elimination, needles will only
control the head tank water level regulator and start/
stop controls will be performed by the deflector.  To
implement such deflector control, the following studies
were made.
(1) Reduction of hydraulic torsional moment of deflec-

tor
In a 6-jet Pelton turbine with push-out deflectors,

when starting and stopping a units, a jet which
deflected by an adjacent deflector will hit the rear
surface of a deflector.  This causes the hydraulic
torsional moment of the deflector to sharply increase.
Therefore, models were tested to optimize the configu-
ration, size and installation position of the protecting
shield, so as to eliminate this collision between jet and
deflector rear surfaces.  As a result, the hydraulic
torsional moment of the deflector and the capacity of
the deflector servomotor can be reduced.
(2) Numerical analysis of deflector start operation

The optimization of a governor setting was made
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by analyzing with a stability calculation program, the
stable deflector start operation regardless of needle
opening and nozzle combination.

From the result of the above studies, a stable start-
up characteristic, as shown in Fig. 4, by a deflector was
obtained at the field test.
3.3.3 Deflector and needle functions

There are two requirements for eliminating the
bypass.  First, the headrace tunnel should not be
pressurized regardless of the type or severity of
accident, and secondly, the water should not overflow
from the head tank.  Therefore, in case of a drop in or
loss of power supply voltage during operation, the
deflector and needles must be able to securely carry
out the following operations.
(1) The deflector should be able to fully close and

switch to the deflector discharge operation inde-
pendent of the electrical signals.

(2) Needles should maintain the current opening.
These functions were added to the electrical servo-

motor described in the next section.

4. Electrically Powered Deflector/Needle Operat-
ing Mechanism

4.1 Background of electrical power
In convention hydropower plants, the oil pressure

servomotor was adapted as the operating mechanism
for the turbine.  However, the oil pressure servomotor
requires auxiliary equipment such as oil pressure
supply equipment, oil pressure piping, etc. and a
considerable amount of time was spent maintaining
and inspecting this equipment.  In particular, as
Pelton turbine construction sites have become increas-
ingly remote in recent years, there is a strong demand
for reduced maintenance and inspection of this equip-
ment.

Under these circumstances, the deflector/needle
operation mechanism of the 6-jet Pelton turbine for
this power plant was electrically powered for the first
time in Japan, and the entire hydraulic oil pressure
system was eliminated  As a result, not only was the
initial equipment cost reduced but the maintenance
cost, or in other words, the operating cost was also
reduced.

4.2 Electrically powered deflector operating mechanism
The 6 deflectors are connected to a guide ring, via

the deflector shaft, by a slider block type linkage
mechanism.  The guide ring is connected to an electric
servomotor and to a counter weight for emergency
closure.  A guide ring using a slider block is newly
developed, the application of which has resulted in the
simplification of the conventional complex linkage
mechanism that utilized turnbuckles.  Figure 5 is a
photograph of this deflector operating mechanism.

Specifications of the electric deflector servomotor
are as follows:

Rated load  :  156,900 N
Closing and opening time  :  15 s
Maximum stroke  :  250 mm
Motor output  :  11 kW
Motor voltage  :  200V AC
Motor speed  :  1,000 r/min

As mentioned in the section on bypass elimination
techniques, the electric deflector servomotor is connect-
ed to a counter weight for emergency closure so as to
be able to close the deflector independently of electrical
signals in case of a drop in or loss of power supply
voltage.  A photograph of this electric deflector servo-
motor is shown in Fig. 6.

4.3 Electrically powered needle operating mechanism
Each of the 6 needles is connected by a linkage

mechanism, via the needle shaft, to 6 electric needle
servomotors that can be operated independently.  A
special feature is the use of a slider block in the nozzle
pipe to convert rotating motion of the needle shaft to
linear motion.

Fig.6 Electric deflector servomotor

Fig.5 Deflector operating mechanism
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The specifications of each electric needle servomo-
tor are as follows:

Rated load  :  58,800 N
Closing and opening time  :  30 s
Maximum stroke  :  205 mm
Motor output  :  1.5 kW
Motor voltage  :  200V AC
Motor speed  :  1,000 r/min

As stated in the section on bypass elimination
technique, since the electric servomotors must main-
tain the current opening regardless of a drop or loss of
power supply voltage, they are equipped with a
magnetic brake.  This type of magnetic brake is free
when energized and brakes when released to operate
securely under emergency conditions.

4.4 Power supply system
An uninterruptible power unit is provided to

supply power to one electric deflector servomotor, 6
electric needle servomotors and the magnetic brake.

This system supplies alternating current (200V
AC), through a rectifier and inverter, as power at the
rated voltage and frequency.  In case of a drop in AC
voltage or power outage, a battery will supply the
power.  In addition, this system has a bypass circuit in
case failures occur in the inverter.  Should such a
failure occur, the bypass circuit will be switched on

automatically to deliver the AC current directly and
without interruption.

This system will provide each electric servomotor
with electrical backup functions, which in addition to
mechanical backup functions (counter weight for emer-
gency closure and magnetic brake) improve the overall
reliability of the system.

5. Conclusion

The latest technologies applied to the vertical 6-jet
Pelton turbine of the Nikengoya Power Plant were
introduced above.  We expect that these new technolo-
gies for the Pelton turbine will be efficiently adapted in
future plans for hydropower plants and that these
technologies will continue to develop.

We are most grateful to all the parties concerned
who advised and cooperated with us from the planning,
design, and site installation phases through testing of
this plant.

References:
(1) H. Grein, et al.:  Efficiency Scale Effects in Pelton
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Plants, Wien (1992)
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Recent Analysis Technologies for
Hydropower Equipment

1. Introduction

Computers are being used at each stage of hydro-
power equipment setup, from the receipt of a purchase
order to onsite installation and testing.

The history of analysis technologies for hydropower
equipment began with the introduction of flow analysis
technology into runner design and has developed as
computers have increased in speed and capacity.  This
analysis has made the transition from the classic
performance improvement technique based on model
tests using the try and cut method to computer-aided
flow analysis and performance prediction technologies.
Also, with the increase in the dimensions and head of
hydraulic turbines, a strength and vibration analysis
technique has been introduced.  This technique con-
tributes to the optimum construction design of hydrau-
lic turbines.  Presently, various numerical analysis
technologies are used at each stage of hydraulic
turbine planning and design.

This paper outlines the analysis technologies com-
monly used for hydropower equipment.

2. Flow Analysis Technologies

Flow analysis as a design tool for hydraulic
turbines and reversible pump-turbines began in the
1960s with two-dimensional, inviscid flow analysis,
and continued in the 1970s with quasi-three-dimen-
sional analysis.  The quasi-three-dimensional method
divides a flow passage into many rotating flow surfaces
of axial symmetry and performs iterative calculations,
repeating the flow analysis for each flow surface and
modifying the profile of the flow surface using each
analysis result.  Because this method requires only a
comparatively small memory capacity and can be
calculated quickly, it is still used as a simple design
tool.  However, this method is based on the approxima-
tion that fluid flows on a rotating flow surface having
axial symmetry, and is insufficient to describe the
details of much more complicated flows in actual
hydraulic turbines and reversible pump-turbines.  For
example, it is known that flow over the pressure

surface of high-specific-speed Francis runners used for
low head projects is approximately perpendicular to
the rotating flow surface, but this flow phenomenon
can not be described by the quasi-three-dimensional
method.  In addition, because of recent demand for
stable operation not only at the point of optimum
efficiency and its vicinity but also over a wider range,
the necessity to describe the internal flow at an
operating point far from the design point has in-
creased.  The quasi-three-dimensional method has poor
convergence in calculating these conditions, and little
detailed information about the flow can be obtained
from analysis with this method.

Using recently introduced three-dimensional vis-
cous flow analysis technologies, complex flow phenome-
na in hydraulic turbines have become understood and
the accuracy of analysis in regions far from the design
point has greatly improved.  Many flow phenomena are
being clarified, such as the flow separation occurring in
a runner during high-head and low-head operation or
the channel vortex in partial load operation, the
leakage flow from the blade tip clearance of a Kaplan
turbine, and the reverse flow at the inlet of a reversible
pump-turbine during high-head pumping operation.
This progress in analysis technologies has made it
possible to obtain more detailed information at the
design stage than ever before.

On the other hand, the preparation of data for
analysis and those analysis calculations require much
more time than the previous quasi-three-dimensional
analysis.  Therefore, quasi-three-dimensional analysis
and three-dimensional viscous flow analysis are prop-
erly used in combination at present.

The progress of flow analysis technologies has
improved design accuracy and reliability.  The previ-
ous method in which performance was improved by
repeating model tests is gradually changing to a
method in which the optimum design obtained from
iterative flow analyses and then confirmed with a
model.  However, to completely eliminate model tests,
strict direct numerical simulation of Navier-Stokes
equations must be easily performed on desktop com-
puters and the accuracy and reliability of these results
must be recognized generally.  These expectations are
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unrealistic at the present time.  It should be noted that
the model test is an effective method to verify the
result of analysis.  The flow analysis technologies are
powerful because they quantify elements previously
dependent on the designer’s perception and sense and
promote progress in design technology.  These analysis
technologies will contribute to expanding the stable
operation region of hydropower equipment by shifting
the range of instability or by controlling the strength of
that phenomenon.

3. Strength Analysis Technologies

As described above, with the increase of computer
speed and capacity, the finite element method (FEM)
which had been previously impractical because of its
enormous quantities of calculations became calculable
in two-dimensions beginning from approximately 1970
and in three-dimensions from the mid 1970s.  This
technique also was applied to strength analysis of the
main structures of hydraulic turbines and reversible
pump-turbines.  First, it was mainly used for struc-
tures having two-dimensions or axial symmetry with
simple shell elements and beam elements, and then
gradually became used in complicated, large-scale
analyses with three-dimensional solid elements.  It has
been applied not only to simple supports or immovable
restraints but also to constraint conditions closer to
actuality, such as multipoint constraint.  Recently,
FEM analysis has been easily performed with desktop
engineering workstations or personal computers.  Stat-
ic and dynamic stress and displacement are more
precisely calculated, greatly contributing to improved
equipment reliability, including fatigue strength.

It is important that each part of a high-head
hydraulic turbine or reversible pump-turbine has the
necessary stiffness to endure high water pressure.  The
FEM also handles nonlinear phenomenon such as the
rapid increase in bolt tensility caused by opening a
flange fastened by large bolts.  In contrast, low-head
bulb turbines have a large thin plate structure and it is
important to predict the precise amount of deformation
under manufacture, assembly, and installation.  Our
method of onsite installation is based on the result of
analyzing deformation during operation.

4. Vibration Analysis Technologies

Eigenvalue analysis with FEM is generally per-
formed to eliminate resonance problems.

Reversible pump-turbines often have a high head
and large capacity to improve economical efficiency.
They also require high reliability.  Because a high head
increases the exciting force of water pressure on the
parts, an analysis of vibration in the water is neces-
sary for the runner.  A fluid reaction force proportional
to the acceleration of vibration acts on the runner in

the water and exerts the effect of additional mass,
which lowers the natural frequency.  The runner is
also influenced by the stationary head cover and
bottom cover.  Therefore, it is necessary to perform
fluid-structure-coupled vibration analysis that includes
fluid around the runner and the stationary parts, and
to ensure that the frequency of fluctuating stress is
sufficiently far away from the resonance frequency.  At
present, verification is carried out both through analy-
sis with software and the measurement of fluctuating
stress at an actual head testing facility.

On the other hand, low-head bulb turbines have
low stiffness and their natural frequency is low.
Therefore, eigenvalue analysis is performed for the
whole model.

A special example is the verification of the effec-
tiveness of a pump-turbine structure for reducing
building vibration.  Vibration analysis of the building
structure of a certain high-head, pumped-storage pow-
er station was performed.  The analysis result agreed
favorably with onsite measured values.

5. Transient Phenomenon Analysis Technolo-
gies

The analysis of transient phenomena in hydraulic
turbines, especially the calculation of pressure rise
(∆ P) and speed rise (∆ N) during load rejection, and the
required flywheel effect (GD2) that influence not only
the preservation of the hydroelectric power plant
building and equipment but are also directly related to
the cost, is always carried out during estimation and
planning stage.  In other words, a method of closing
guide vanes to minimize the required GD2 while
maintaining ∆ P and ∆ N within permissible tolerance
is investigated.  When a tailrace is formed by a long
pressure tunnel, there is a possibility that pressure
during load rejection will drop to the vapor pressure
level (known as the water column separation phenome-
na) causing an abnormal pressure rise during the
reattachment of water columns.  Therefore, it is
necessary to simulate water pressure behavior.  In
addition, analysis may be necessary in a complex
waterway system such as where a penstock branch and
a surge tank are combined to confirm stability of the
governor control.

6. Conclusion

An outline of the history and recent analysis
technologies of Fuji Electric’s hydropower equipment
has been presented.  Other papers in this special issue
introduce “Vibration Analysis Technologies for High
Head Pump-Turbine Runners” and the “Application of
Numerical Flow Analysis Technologies to Hydraulic
Turbines and Pump-Turbines”.  We would be grateful
if you would take the time to read them.
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Vibration Analysis Technologies for
High Head Pump-Turbine Runners

Fig.1 Vibration modes of a disk with various diametrical nodes

k = 0 k = 1

k = 2 k = 3

1. Introduction

In the early 1970’s, the head exceeded 500 meters
in pumped storage power plants in Japan.  But for a
more economical construction, a higher head was
pursued.  Recently, higher rotational speed and more
compact equipment have been adopted.  Among the
many technical subjects in the planning and design of
high head pump-turbines, the estimation of dynamic
stress on the runners is most important in realizing
highly reliable runners.  With higher speed and a
higher head, not only static stress on the runner but
also dynamic stress and its frequency increases.  This
is because the amplitude and frequency of the pressure
pulsation around the runner increase.  Therefore, in
the design stage, the technology for prediction of
dynamic stress acting on the runners is of major
importance.

In accordance with these technical requirements,
Fuji Electric has developed fluid-structure coupled
vibration analysis technology and an actual head
model test apparatus.  In this paper, these develop-
ments will be briefly described.

2. Vibration Characteristics of the Runner in
Water

As the runner blades of a pump-turbine in generat-
ing mode pass one by one through the wakes of the
guide vanes, velocity and pressure around the blades
fluctuate periodically.  In pumping mode, velocity and
pressure around the blades also fluctuate as the blades
approach and pass the guide vanes.  Such pressure
pulsation due to the interaction between stationary
and rotating cascades varies according to the combina-
tion of the number of blades.  This pressure pulsation
generates a pressure field with diametrical nodes
satisfying the equation;

n・Z G + k  = m・Z R ………………………… (1)
Where ZG  and ZR are the number of guide vanes

and runner blades, respectively, and n and m are
orders of excitation.  The symbol k is the number of
diametrical nodes which corresponds to the vibration
mode.  This is illustrated in Fig. 1.

The frequency of pressure pulsation acting on the
rotating runner is;

fR  = n・Z G・N / 60 …………………………… (2)
Where N denotes the rotating speed of the runner

(r/min).  Such a pressure field with diametrical nodes
rotates with a speed of;

fPR =  fR / k ……………………………………… (3)
Where positive k corresponds to a progressive

wave, a wave rotating in the same direction as the
runner, and negative k corresponds to a reverse wave,
a wave moving in the opposite direction as the runner.

The frequency and the rotational speed of the
pressure pulsation observed on the stationary parts
are;

f S  = m・Z R・N / 60 ………………………… (4)
and
fPS =  fS / k ……………………………………… (5)

In addition, although there are infinite combina-
tions of n, m and k satisfying equation (1), the specific
mode of the pressure field which actually cause the
vibration on the runners can be found.  Taking into
account the response of the runner excited by such a
pressure pulsation, the following conditions can be
drawn:
(1) Lower order excitation modes (smaller n) general-

ly cause a larger response on the runners.
(2) Excitation modes with smaller k generally cause

larger response on the runners because they excite
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Fig.2 Finite element analysis model of a pump-turbine runner

Table 1   Excitation mode on the runner (number of diametrical
nodes)
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vibration with less diametrical nodes.
(3) A pump-turbine runner consists of two disks

(crown and band) connected by blades, and thus
responds easily to the excitation by which the
displacement at blade roots can always be zero.

The first and second conditions, specify modes with
n = 1 and smaller |k|.  From the third condition, it can
be concluded that the combination of two modes are
specified, of which the difference in k is equal to the
number of runner blades.  Table 1 lists the combina-
tions of excitation modes for various numbers of
runner blades and guide vanes which are obtained by
such an investigation.  For example, a pump-turbine
with 20 guide vanes and 6 runner blades is subject to
excitation with 2 and 4 diametrical nodes.  In this case,
the pressure pulsations with frequencies of 3 and 4
times ZR × N are observed on the head cover.
Excitation of the first order on the runner has a
frequency of ZG × N in all cases.

When the resonance frequency of a pump-turbine
runner is numerically analyzed, the above-mentioned
excitation mode should be considered.  Because the
vibration caused on a runner by the interaction with
guide vanes has a relatively high frequency, many
natural frequencies are obtained below the modes in
question.  The result should be evaluated, taking into
consideration that the mode with the same number of
diametrical nodes as the excitation mode is selectively
amplified.

3. Coupled Vibration Analysis in Water

3.1 Analysis method and calculation model
It is a well-known fact that the natural frequency

of a structure in water generally varies from that in
air.  The natural frequency of a structure in extensive
water is reduced by around 20%.  This reduction in
natural frequency is caused by the added mass effect,
which is due to the reaction force (pressure) from the
water adjacent to the structure.  This reaction force is
proportional to the acceleration of vibration.

In the case of a pump-turbine runner, there are
small spaces between the crown and head cover and
between the band and bottom cover.  When the crown
and the band vibrate, the water in these spaces must
move peripherally or move out of the space through the
runner seal and the outer periphery.  The volume of

this water is determined by the displacement of the
crown and the band.  Therefore, the reaction force from
water, or the added mass effect, of the runner is much
larger than in extensive water.  Therefore, the natural
frequency of pump-turbine runners in operation is
reduced by around 50% that of air.  Because this
reduction rate is affected by the mode shape of
vibration, the space between the head / bottom covers
and the runner, the stiffness of the head cover, etc.,
numerical analyses are necessary in order to quantita-
tively predict the natural frequency in the design
stage.

Vibration analysis of the runner is carried out
using the solver provided by MSC/NASTRAN, which
calculates the added mass effect of fluid.  As the
boundary element method is used for the solution of
the fluid property, the definition of the boundary is
only required for the modeling of the fluid region.  But
a knowledge of the definition of the fluid boundary is
necessary.  In addition, it takes a long time for the
solution of simultaneous equations.  This is because a
full matrix is produced for the fluid region due to the
application of the boundary element method.  As a
result, modeling knowledge has been accumulated
through the comparison between calculated and mea-
sured vibration modes based on such systems as a
simple disk in a vessel.

Figure 2 shows the analytical model of a pump-
turbine runner.  To take into account the effect of the
gap between the runner and the head/bottom covers
and the stiffness of the head cover, the model includes
the head and bottom covers.

3.2 Example of analysis results
Figure 3 shows an example of the vibration mode

and stress distribution of a runner.  Many natural
frequencies with various vibration modes are obtained
by the fluid-structure coupled vibration analysis solver
in MSC/NASTRAN.  As mentioned above, the degree of
response is different for each mode because of the
specific mode of the pressure pulsation acting on the
runner in operation.

Hence, the modal response analysis is carried out

Bottom cover

Runner

Head cover
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Fig.4 Flow chart of mode synthesize method programFig.3 Vibration mode and stress distribution on the runner

Fig.5 Actual head model test stand
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by applying pressure pulsation on the runner, based on
the result of fluid-structure coupled vibration analysis,
in order to predict the actual natural frequency.  Then,
the level and location of dynamic stress can be
quantitatively estimated from the stress analysis ac-
cording to the amplitude of vibration.  Because the
absolute level of pressure pulsation as well as the
dumping factor are difficult to directly calculate, the
reliability of calculation is improved by feedback of the
measured data in the power plants and the actual head
model test stand.

3.3 Fluid-structure coupled vibration analysis method by
mode synthesize method
As the fluid-structure coupled vibration solver in

MSC/NASTRAN applies the boundary element method
for the fluid region, it has the advantage of easy mesh
generation.  At the same time, its disadvantages
induce long calculation time and structural modeling
limited by the shell elements.  In order to eliminate
such defects, a new fluid-structure coupled vibration
analysis code was developed using the mode synthesize
method.

This method is based on the governing equations of
unstable pressure distribution caused by small scale
vibration of compressible fluid.  The equation of motion
for structures are coupled with fluid elements by
introducing in the external force term the pressure
generated by the vibration of the wall facing the fluid
region.  If the simultaneous equations are solved
directly, a very large matrix with a combination of
structures and fluid regions is generated.  Thus, the
algorithm shown in Fig. 4 is applied to reduce calcula-
tion time.

By this method, the eigenvalue analysis of the
structures in air is carried out first.  Then, the force
acting on the fluid is calculated using the mode of
vibration normal to the wall.  Consequently, the
pressure pulsation, generated by this external force,

acts on the structure.  As this pressure pulsation is
proportional to the acceleration of the wall, it is
equivalent to the added mass on the boundary wall.
These added mass components are calculated by the
mode synthesize method based on the vibration mode
of the structure.  These algorithms are iterated until
the natural frequencies converge.

4. Dynamic Stress Measurement in Actual Head
Model Test Stand

4.1 Actual head model test stand
As stated above, a pump-turbine runner rotating in

water forms a coupled vibration system due to its
interaction with the surrounding water and structures.
In order to simulate such a coupled vibration phenome-
non using a model, the hydroelastic similarity law
must be satisfied.  In other words, the ratio of

Eigenvalue analysis of structures in air
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End
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Fig.6 Actual head model test stand in operation

N89-6568-1

Fig.7 Measured stress amplitude on the runner in generating
mode

Fig.8 Measured stress amplitude on the runner in pumping
mode

Fig.9 Comparison between analyzed and measured stress
amplitude (generating mode)
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hydraulic excitation frequency to the natural frequency
of the runner should be equal for both the prototype
and the model.  In the case of a pump-turbine runner,
this similarity can be satisfied by manufacturing the
model runner with the same material as the prototype
and by operating the model runner with the same
peripheral speed, or with the same head, as the
prototype.  Under such conditions, vibration observed
in the model has a frequency in inverse proportion to
the scale ratio and the amplitude is nearly similar to
the prototype, if a small discrepancy in damping due to
the difference in the Reynolds number is overlooked.

The actual head model test stand is the facility for
the above-mentioned purpose and is outlined in Fig. 5.
The torque generated by the main motor is transmitted
to the model turbine through the speed increaser.  The
maximum available speed of the model is more than
7,000 r/min.  In spite of the small scale model, a few
MW of input power is required for hundreds of meters
of test head; thus, this facility is equipped with a pair
of model turbines at both ends of the high speed shaft.
When one of the models is operated in pumping mode,
the other recovers the driving power through the
generating mode operation.  Figure 6 portrays the
model test facility in operation.

4.2 Example of measurement in actual head test stand
Stress measurement was carried out in this test

stand with the model designed for a 400m class
pumped storage power plant.  The principal specifica-
tions of the prototype are listed below.
(1) Type  :  Reversible Francis pump-turbine
(2) Net head  :  400m
(3) Max. output  :  360MW
(4) Speed  :  360r/min
(5) No. of runner blades  :  6
(6) No. of guide vanes  :  20

The stress on the runner was measured by 12
strain gauges, each of which was monitored simulta-
neously by a 12 channel FM telemeter.  Together with
the stress, operating conditions such as the rotating
speed of the runner, discharge and static pressure at

the inlet and outlet of the model were also measured.
Preceding the installation of the strain gauges, finite
element analyses were carried out in order to deter-
mine the location of maximum stress for the assumed
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vibration mode.
Figure 7 shows the amplitude of dynamic stress as

a function of frequency in generating mode, which is
measured by changing the rotational speed continuous-
ly.  An obvious peak can be seen at 1,131Hz, and the
maximum stress amplitude at the resonance point is
31.4MPa.  The frequency of hydraulic excitation of the
prototype rotating with the rated speed of 360 r/min
corresponds to 1,410Hz on the model.  Therefore, the
prototype is operated at a frequency 20% different from
the resonance frequency, where the stress amplitude is
11.1MPa, or 1/3 of peak value.

Figure 8 shows the stress amplitude measured
during pumping operation.  An obvious peak exists at
1,131Hz, the same as in the generating mode, but the
level of the stress amplitude is about half that in the
generating mode including the resonance point.  This
is because the hydraulic excitation due to the interac-
tion between the guide vanes and runner blades is less
than in generating mode.

From these measurements, it is confirmed that the
level of the stress amplitude for the prototype’s
operating conditions is sufficiently low compared with
the strength of the runner in both the generating and
pumping modes.

4.3 Comparison of the results of coupled vibration
analysis
Figure 9 shows the results of the modal response

analysis in generating mode based on the fluid-
structure coupled vibration analysis compared to mea-

surements taken during testing with the actual head
model.  The resonance frequency of the runner ob-
tained by the analysis is 1,073Hz, while the measured
frequency is 1,131Hz, as stated above.  The error of
numerical prediction is about 5%, and accuracy is
sufficient for practical use.  In addition, simulated
stress amplitude as a function of frequency also
coincides well with measurements.  It is confirmed
that the stress amplitude acting on the runners can be
predicted in the design stage with sufficient accuracy,
and that a design that avoids resonance is possible.

5. Conclusion

In this paper, an outline of recent developments in
the evaluation of vibration characteristics of pump-
turbine runners in operation were reported.  It was
shown that the characteristics of dynamic stress on
pump-turbine runners in operation can be estimated
with sufficient accuracy before the manufacturing of
prototypes.  This was proven using both computer
aided fluid-structure coupled vibration analysis tech-
nology and actual head model test technology.

The pumped storage power plants of the future will
probably increase in both head and speed.  Though the
technical requirements become increasingly severe
from the viewpoint of reliability for the vibration of the
runners, we hope the technology presented here will
contribute to further developments in the world of
electric power generation.
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Fig.2 Discharge characteristics

Fig.1 Outline and computational results of the bulb turbine

1. Introduction

Numerical analysis technology has been widely
developed as an important tool in engineering design
due to the low cost and rapid development of Computer
Technology (CT), especially in the Engineering Work-
station (EWS) and Personal Computer (PC).  In
addition, the advancement of Computational Fluid
Dynamics (CFD) technologies is also remarkable.  A
variety of new analytical techniques and turbulent
flow models have been proposed and are now being
applied to complicated flow analysis.  Recently, several
simulations with separation and swirl have been
announced one after another, thereby expanding the
range of application.  Moreover, computer graphics
(CG) technology has developed remarkably in recent
years.  This powerful drafting tool is used to visualize,
in real time, analytical and data processing results on
the computer display.

In this paper, the author introduces applications of
the latest flow analysis technologies(1) to the design of
hydraulic turbines and pump-turbines, and demon-
strates the reliability and economy of the three-
dimensional flow analysis technology.

2. Flow Analysis of Hydraulic Turbines and
Pump-Turbines

2.1 Bulb turbines
A bulb turbine comprised of sixteen guide vanes

and four runner blades is analyzed.  The outline of the
bulb turbine, which includes guide vanes, a runner and
a draft tube, is shown in Fig. 1, and each operating
condition is shown in Fig. 2.  The optimum operating
condition (on-cam) where cavitation at the runner
entrance does not occur is made standard a point of
computation (double circle).  The computational do-
main extends from the inlet of the guide vanes to the
draft tube exit, and the boundary conditions for the
analysis include only discharge rate and head.  To
analyze the flow of this bulb turbine, two technologies
are introduced.
2.1.1 Interaction between the rotor and stator

The guide vanes are stationary, and the runner

blades are rotating.  In fact, the flow patterns are
three-dimensional and unsteady flow.  If the computa-
tions are carried out by full, three-dimensional, un-
steady flow, a very large computer and calculation
costs become necessary to analyze the interaction
phenomenon of this unsteady flow.  In order to avoid
these problems, previous researchers divided the com-
putational area.  That is, rotating and stationary
blades were independently calculated, the interface
between rotor and stator was disregarded.  However, it
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Fig.6 Outline and computational results of the pump-turbine

Fig.5 Cθ distribution by different passage forms upstream of
the runner

Fig.4 Pressure distribution on the bulb turbine runner

Fig.3 Velocity and pressure distributions at the guide vanes’
outlet

was confirmed that this divided calculation was differ-
ent from the actual flow(3), and it was shown that the
difference in the flow velocity distribution at the
runner inlet was especially large.  To evaluate the time
average of a rotor-stator interaction correctly, the
author proposed an approximate rotor-stator interac-
tion analysis technique(2).  In this technique, the
computational memory was decreased so that this
computation could be carried out on a desktop EWS.
Such techniques enable coupled analysis of the rotor-
stator and use as a tool in hydraulic turbine design.
2.1.2 Leakage flow analysis technology

Leakage flow exists in the gap between the fixed
discharge ring and rotating runner.  When observing
from the rotating runner, the leak flows from the
pressure side of the blade tip gap toward the suction
side.  A local attack angle near the tip side at the
leading edge is larger due to the effect of this leakage
flow than in the case of disregarding the gap influence.
The leakage flow from the blade tip gap strongly

affects not only entrance cavitation performance but
also downstream flow.  Therefore, it is necessary to
analyze the effects of leakage, taking the gap into
consideration, to correctly evaluate the performance of
the bulb turbine.  As a result, the author developed the
leakage flow analysis technique(2) which enables the
leakage analysis of a very small gap.
2.1.3 Computational results

Three-dimensional flow simulation in a bulb tur-
bine can be accurately carried out by introduction of
the flow analysis technologies described above.  Figure
1 shows the analytical results of a bulb turbine which
includes guide vanes, a runner and a draft tube in
optimum operating condition.  The length of vectors
corresponds to the magnitude of flow velocity.  Figure 3
shows the distribution of flow velocity and pressure at
the guide vanes’ exit.  Here, the ordinate represents
the velocity components (C z, Cθ and C r) in the axial,
circumferential, and radial directions, respectively.
They are normalized by the runner’s peripheral speed,
and the pressure coefficient Cp is normalized by the
dynamic pressures of the runner’s peripheral speed.
The pressure distributions on the pressure and suction
surfaces of the runner blade at midspan are shown in
Fig. 4, with the three lines representing three on-cam0.3

0.2

0.1

0.0

-0.1

-0.2
0.4 0.6 0.8 1.0 1.2

Radius

P
re

ss
u

re
 c

oe
ff

ic
ie

n
t 

/ v
el

oc
it

y 
co

ef
fi

ci
en

t

Cz

Cθ     

Cp

C r

0.4

0.2

0.0

-0.2
0.0 0.2 0.4 0.6 0.8

Distance from blade inlet

P
re

ss
u

re
 c

oe
ff

ic
ie

n
t

Midspan

Discharge 
ring

Type B

Type ABoss

Distance from runner vane center

V
el

oc
it

y 
di

st
ri

bu
ti

on
 (

C
θ)

0.6

0.5

0.4

0.3

0.2

0.1
-0.2 0.2 0.6 1.0 1.4



Application of Numerical Flow Analysis Technologies to Hydraulic Turbines and Pump-Turbines 21

Fig.7 Velocity and pressure distributions at the inlet in low
discharge pumping operation

Fig.8 Velocity vectors at partial discharge

Fig.9 Computational results for the low-pressure range

Fig.10 Erosion near the tip side on the suction surface of
actual runner

Fig.11 Tip leakage flow and vortex near tip side

operating conditions.
In Fig. 5, the passage profile between the guide

vane and runner is changed and then the distributions
of circumferential velocity are compared from the boss
to the discharge ring.  It is understood that a difference
exists in the absolute velocity and the spanwise spread
of the velocity for both kinds of passages.  The
difference in velocity distribution directly affects the
runner inlet flow condition.  The best passage profile of
such on-cam conditions can be chosen by flow analysis.
These computational results will be very important in
furthering runner design.

2.2 Pump-turbines
The pump-turbine operates the runner in either

the forward or reverse direction and performs pump
and turbine operations with one runner.  Therefore,
when the runner is designed, the performance of both
pump and turbine operations must be considered.  To
improve the balance between pump and turbine perfor-

mance, analysis of the flow of the pump-turbine in the
design stage is much more important than the  ordi-
nary turbine runner.

Figure 6 shows the flow field in the blade-to-blade
passage at its most efficient pump operation.  The
reduction of radial velocity can be found on the
pressure surface.  When the discharge is decreased
with the guide vanes having the same opening, reverse
flows are created at the leading edge of the runner.
Efficiency and head suddenly changes, and vibration
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and noise occur at the partial discharge operating
conditions.  Figure 7 shows the velocity and pressure
distributions of the pump inlet in the case of reverse
flow generating at the leading edge.  The abscissa is
the radius, the left side is the crown, and the right side
is the band.  Axial velocity C z starts decreasing from
midspan toward the band side and is negative near the
band side.  It is understood that Cθ increases steeply in
the same area.  It is possible to say that reverse flow
occurs at the band side in this operating condition
when such results are analyzed.  Figure 8 shows the
velocity vectors on the pressure and suction surfaces at
this operating condition.  A strong reverse flow is
observed near the band side.  Moreover, this reverse
flow area expands from the pressure side toward the
suction side.  It can be confirmed that efficiency and
head decrease due to reverse flow(3).

The performance and appearance of the flow of the
pump-turbine model in the initial design stage are
obtained by computational results.  From these results,
the initial design can be evaluated, and any redesign
for the next stage can be drawn.  The accumulation of
such analytical information and the improvement in
both the analytical technologies and computational
environments will contribute to building a more reli-
able tool for pump-turbine design.

2.3 Kaplan turbines
An existing Kaplan turbine runner to be replaced

is also analyzed.  The specific speed of this Kaplan
turbine is nSQ = 156 (r/min, m3/s, m) at the maximum
efficiency point.  As in bulb turbines, there exists the
leakage flow through the gap along the blade outer
periphery in Kaplan turbines.  In high head machines,
cavitation erosion can be generated due to this leak-
age.  The Kaplan turbine mentioned in this paper was
manufactured in the 1960’s, with the discharge ring
designed as a complete cylinder.  Therefore, the gap
expands at the leading and tailing edges by an
increase in the runner opening.  Figure 9 shows the
pressure contours on the suction surface obtained by
the analysis.  A narrow, low-pressure area can be seen
a little upstream of the runner’s center line near the
tip side, and a high-pressure range exists adjacent to
this low-pressure range.  Moreover, a low-pressure
area is also found along the leading edge.  In this
turbine, extremely violent cavitation erosion was gen-
erated in the suction surface of the blade tip side, as
shown in Fig. 10.  In particular, the heaviest erosion
occurs on the blade suction surface, where the gap is
minimal in size.  The dark color in this figure shows
that erosion is heavy.  Although the low-pressure
range of the computational result appears a little
upstream in comparison with the actual erosion, the
shapes of the two results are very similar.

In Fig. 11, the flow field near the tip side on the
suction surface is shown with the velocity vectors and
streamlines.  It is understood that a thin, strong tip

vortex is formed near the center of the runner where
the gap is narrow.  Moreover, the high-pressure belt
observed in Fig. 9 is dependent on stagnant pressure.
This in turn is a blade-to-blade secondary flow that
collides with the blade suction surface at the inside of
the tip vortex.

3. Conclusion

The development of three-dimensional analysis
technologies and the computational results of the
hydraulic turbines and pump-turbines are introduced.
More detailed information regarding flow through the
hydraulic turbine and pump-turbine can be obtained
now than in the past by the advancement of the three-
dimensional flow analysis technology.  It is expected to
achieve a wide but steady operating range by improv-
ing the efficiency of hydraulic turbines and pump-
turbines.

However, the CFD technologies which have been
developed are not perfect and have limitations in the
field of numerical techniques and turbulent models.
When commercial software is used, there are many
instances where the computational results greatly
differ from the actual flow in the case of complicated
flow.  Great care must be taken to recognize these
occurrences.  Therefore, the designer must perform
flow analysis after fully understanding the suitable
range of application for the computational code and the
turbulent model.  The hydraulic turbine's internal flow
is a compound flow, as explained above, with separa-
tion, cavitation, and a strong vortex.  Selection of the
best computational techniques is necessary, in accor-
dance with the various types and operating conditions
of the hydraulic turbine.

As a quantitative design tool, the improvement of
analysis technologies and the improvement of analyti-
cal accuracy and reliability is an important topic for
the future.  The mission of the design tool is to point
the way for design improvement by analyzing perfor-
mance defects of the hydraulic turbine.  We intend to
advance both utility and analytical technologies aim-
ing at the achievement of the higher level CFD
technology, by which the design can be completed
through “Numeric experimentation” without relying on
the model test.
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1. Introduction

Japan’s hydropower plants occupy an important
position as entirely domestic, clean energy sources and
new development of hydropower plants is promoted to
ensure a stable energy supply.

The history of hydropower plants in Japan is long
(about 100 years) and Fuji Electric has supplied
hydropower equipment for nearly 60 years.  Deterio-
rated hydropower plants erected before the 1950s still
remain in large numbers.

Formerly, these plants that have been in operation
for a long time are restored to their initial condition
mainly by repairing only severely deteriorated parts.

However, there is a demand for reducing the labor
involved in maintenance and inspection due to the
trend in unmanned hydropower plants.  There are also
demands for environmental protection measures to
prevent pollution that are stricter than when the
plants were originally built.  Performance of the main
unit sometimes has to be reconsidered in response to
changes in the river flow and operating conditions.
Also, the number of skilled engineers for maintenance
is insufficient.  Because of these changes in the
environment around existing hydropower plants, cus-
tomer needs for repair and modernization are diversi-
fied.  Therefore, recent existing hydropower plants
have undergone integrated modernization by incorpo-
rating measures for reduced labor, higher efficiency,
environmental protection, improved performance of the
main unit, equipment simplification, and improved
reliability.

This paper, based on recent technical trends to
meet current needs, introduces several characteristic
examples of modernization technologies for the equip-
ment.

2. Trend of Modernization Technologies

A summary of the technologies used for moderniz-
ing the equipment is shown in Table 1.

Amongst hydropower equipment, systems for cool-
ing water and pressurized oil have the most complicat-
ed configuration and require the most labor for mainte-

nance.  Eliminating devices that use these systems will
simplify the equipment and increase reliability.  There-
fore, in the modernization of equipment, the applica-
tion of technology to omit pressurized oil, air, and
cooling water, the so-called “three-less” technology, is
the most important topic.  Many new technologies
aimed at a wide range of applications have been
developed.

In consideration of the global movement for envi-
ronmental protection which has become stricter, tech-
nologies to prevent oil leakage into rivers and to
eliminate toxic materials are the main focus of mod-
ernization technologies.

With the goal to simplify equipment and provide
advanced functions, application of digital technology to
control equipment is increasing.  The establishment of
digital added value technologies such as automatic
patrol inspection systems to improve maintenance
efficiency will also be an important topic in the future
to improve the management techniques of power
generating systems.

Table 1 mainly describes new technologies used for
equipment modernization.  In the future, it is antici-
pated that there will be greater demands for enhanced
technology to restore deteriorated equipment under
the existing restrictions.

3. Modernization Technologies

3.1 Modernization Technologies for hydraulic turbines
3.1.1 Waterless cooling system

The water supply equipment at hydropower plants
contains many components, malfunctions most fre-
quently, and thus requires much labor to maintain.

Therefore, the elimination of this water supply
equipment, known as waterless design, is a major
theme in the modernization of hydropower equipment
to reduce the incidence of malfunctions, simplify
maintenance, and shorten inspection time.
(1) Use of air cooled oil-immersed turbine bearings

Many existing oil lubricated type hydraulic tur-
bine-generators have used river water as the water for
cooling.

Waterless cooling systems for turbine bearings
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Fig.1 Outline of the mechanical seal

Table 1 Modernization technologies for hydropower equip-
ment (summary)

Table 2 Record of air-cooled vertical hydraulic turbine
bearings
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include natural air cooling, fan cooling with a separate
oil-to-air heat exchanger, heat pipe cooling for horizon-
tal machines, etc.

The application of heat pipe cooling is limited to
low power horizontal-shaft machines because of the
characteristics of the working medium.  Natural air
cooling and fan cooling systems can be applied to
vertical-shaft machines.  The range of these applica-
tions has been widened recently.

The natural air cooling system cools the lubricant
by heat radiation from the external surface of the
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bearing oil tank and is an ideal system that needs no
extra attachments such as a power source.  Recently,
this system has expanded its application range while
accumulating the following features.

(a) Fins are attached to the external wall of the
oil tank to raise heat radiation efficiency.

(b) Heat radiation is similarly improved by wid-
ening the effective heat radiation area as well
as securing space around the oil tank.

(c) A low viscosity lubricant, VG46, is used to
reduce heat generation in the bearings.

(d) Use of segment type bearings reduces heat
generation.

(e) The guaranteed maximum bearing tempera-
ture is raised from 65°C (former value) to
75°C.

On the other hand, the fan cooling system cools
heated lubricant by drawing it into an air-cooled oil
cooler equipped with an electric fan.  This system has a
wider application range than the natural air cooling
system as long as space to install the oil cooler with
fan can be secured.

Table 2 shows application examples of these air
cooling systems.
(2) Shaft seal device using ceramics

In conventional shaft seal devices, gland packing
and carbon packing were widely used.  These both
required complex water supply devices to remove dust
and sand from the supply water.  Other disadvantages
were that repeated tightening was necessary for gland
packing and carbon packing would rapidly wear in a
short time once abnormal wear occurred.  The develop-
ment of a shaft seal device which needs no clean water
supply, has higher reliability, and a long life span, is
hoped for.

Application of the labyrinth seal with no sliding
parts is worth investigating first.  However, its appli-
cation is limited to use with low tail water levels, and
is therefore seldom used.

Recently, Fuji Electric has developed a mechanical
seal type shaft seal device which uses a ceramic
compound material for the sliding surface and a
special synthetic resin for the seal material.  This seal
device was applied to a certain existing hydraulic
turbine and was successful in yielding a low wear rate
and stable performance.  Figure 1 is an outline of this
device.  Instead of a clean water supply, the mechani-
cal seal type only requires a small quantity of river
water at atmospheric pressure for cooling.

Fuji Electric is now promoting studies on the
combination of ceramic materials.
3.1.2 Oilless (greaseless) Technologies
(1) Water-lubricated bearings

Previously, grease-lubricated bearings were gener-
ally used in Kaplan turbines.  However, grease-
lubricated bearings required a constant supply of
grease for lubrication.  Once used, the grease would
flow out into the river.  Recently to prevent pollution,

there has been a growing demand for greaseless
bearings and a water-lubricated bearing was developed
as a replacement.

Figure 2 shows an example of a water-lubricated
bearing structure.

The water-lubricated bearing uses water for the
lubricant and glass fiber reinforced phenol resin wound
in layers for the bearing surface material.  Fuji Electric
uses a hydrodynamic lubrication system.  The hydrody-
namic lubrication system efficiently uses the shaft
rotation and water viscosity to form a wedge-shaped
water film between the shaft and bearing and supports
the bearing load with this water film.  Therefore, as
this system does not require a pressurized water
supply at the bearing surface (as used for hydrostatic
bearings) it has the special feature of being a self-
contained system.

Since unit No. 1 started operation in 1984, the
number of Fuji Electric’s applications of this bearing
system amounts to 15 existing modernized turbines
and to 20 when new turbines are included, all of which
continue satisfactory operation.
(2) Application of the motor-operated servomotor

In conventional hydropower plants, guide vanes,
inlet valves, and pressure regulators were generally
operated by oil pressure.  However, oil pressure devices
consist of pipes, valves, and many other components,
and as a result are prone to oil leakage.  Various parts
will be contaminated by an oil leak, and there is also
the danger of fire in case pressurized oil is sprayed.
For these reasons, this device was difficult to maintain.

In consideration of these problems, if the guide
vane mechanism is made to operate electrically and
the oil pressure device is omitted, the station equip-
ment will be much simplified, and the amount of
equipment to maintain as well as the required labor
will be greatly reduced.

In addition, the electrical operation of guide vanes
makes it possible to eliminate pressure regulators in
stations such equipped.

In this case, to limit the water pressure rise in the
penstock generated by the sudden closing of the guide
vanes to values as in conventional devices, it is
necessary to close the guide vanes slowly.  Accordingly,
the hydraulic turbine generator shall tolerate a speed
rise at load rejection up to the runaway speed of the
prime mover, a so-called runaway speed machine.

However, the fatigue strength of the rotor compo-
nents becomes a problem for the generator.

As long as steel plates produced under the present
manufacturing technology and high quality control are
used, fatigue strength is not a big problem.  However,
because most of the machines currently being refur-
bished were manufactured during the postwar rehabil-
itation period and are subject to repeated stress, it is
difficult to ensure their continuous use.  Therefore it is
necessary to replace the main rotor parts in these
machines.



Vol. 43 No. 1  FUJI ELECTRIC REVIEW26

Fuji Electric’s motor-operated servomotors have
been used in applications since 1978.  Currently 86
units are in operation, including new installations.
Figure 3 is a diagram to show the elements of a
motorized power cylinder which converts the motor’s
rotational motion into linear motion of the output
shaft.

Fuji Electric formerly used a DC brushless system,
but with the improvement of inverter technology, has
utilized an AC brushless system in applications with a

larger output.  At present, an AC vector control system
is applied to rated outputs of 22kW or more.

The applicable range of motor-operated servomo-
tors is not more than 20,000 kW for generator output,
30 kW for motor output, and 295 kN for rated thrust.

In the repair of existing machines, however, some-
times the installation of a motor-operated servomotor
is restricted by space and each case must be considered
individually.

Motor-operated servomotors have already been
applied not only to Frencis turbines but also to operate
Pelton turbine needles and deflectors.  Application to
the operation of Kaplan turbine runner vanes is now
under development.

3.2 Modernization technologies for generators
3.2.1 Shaft seal device with magnetic fluid

Fuji Electric prevents oil vapor leakage from the
shaft seal of the bearing oil tank by partitioning the
inside and outside of the oil tank with an air curtain
using the labyrinth system shown in Fig. 4 as a
standard structure.

However, because the relation between pressure
inside and outside of the oil tank and air pressure
sealed in the labyrinth part can not be ideally regulat-
ed, it is difficult to stop leakage completely.
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Fig.2 Example of a water-lubricated bearing structure

Fig.3 Elements of a motor-driven servomotor system
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Fig.5 Shaft seal device using magnetic fluid

Fig.4 Labyrinth type shaft seal device Fig.6 Air flow when one unit is in operation
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Before hydropower plants were unmanned, it was
thought that oil leakage from the bearings was un-
avoidable and would be monitored by the maintenance
staff, oil leaks were unimportant as long as there was
no undesirable effect.  Now in unmanned plants, even
stains due to oil vapor are considered a problem.

Until now, all of the types of shaft seals have had a
clearance between the shaft and oil mist cover.

The shaft seal device introduced here, as shown in
Fig. 5, completely fills this clearance with magnetic
fluid to stop oil vapor leakage.

The permanent magnet mounted on the inside of
the oil mist cover forms a magnetic circuit through the
clearance between the shaft and oil mist cover.  The
magnetic force holds the magnetic fluid in its position.

However, for high shaft peripheral speeds, there is
a problem in that the magnetic fluid is vaporized by
frictional heat or scattered by centrifugal force.  There-
fore, this device can not be applied to all machines.

Currently, one such device is being manufactured
for application in a specific plant.  It is desired to use
this device in applicable machines in the future in

order to reduce maintenance labor.
3.2.2 Measure to maintain insulation resistance

In hydropower plants in which more than one pipe-
ventilated generator is installed, the insulation resis-
tance of the generator not in operation greatly drops
and when started, the field winding ground detector
relay may activate.

The reason for this behavior is that the generator
in service takes in the room air and discharges it
outdoors.  Simultaneously, the same quantity of out-
side air is drawn into the generator room through the
fresh air inlet.  Because the building fresh air inlet is
usually equipped with dust and insect filters, pressure
inside the building is made a little negative by the flow
resistance.  As a result, the outside air flows backward
from the exhaust port of the generator not in opera-
tion, and flows around the field windings and arma-
ture windings into the generator room.

Therefore, when humidity is high, the windings
are directly exposed to moist outside air, and the
deteriorated, absorbent insulation cannot maintain the
appropriate insulation resistance, resulting in activa-
tion of the field winding ground detector relay.  As a
measure to prevent insulation resistance from drop-
ping, a space heater is provided, but this is not
effective when exposed to the flow of outside air.

This problem has been solved by connecting the
discharge ducts of several generators, providing motor-
operated discharge dampers, and attaching opening
regulators.  Using Fig. 6, these measures are intro-
duced below.

When both units No. 1 and No. 2 are in operation,
air does not flow in the connecting duct.  When unit
No. 2 stops, part of the discharge of unit No. 1 flows in
the connecting duct.  By closing the discharge damper,
that discharge is returned through the No. 2 generator
to the generator room.

As a result, although pressure inside the plant is
negative, the discharge of unit No. 2 does not have
negative pressure and therefore does not such in
outside air.  Moreover, since the unit is filled with air
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heated by unit No. 1, having low relative humidity, the
insulating material absorbs no moisture and the
insulation resistance can maintain the appropriate
value.  In addition, the amount of flow backward into
the room is related to the room temperature, and a rise
in room temperature raises the winding temperature.
Therefore, by changing the opening of unit No. 1’s
discharge damper, the discharge quantity and flow
backward can be regulated to keep the room tempera-
ture at a prescribed value.  Further, in winter when
one unit is operated for a long period of time, not only
can this system maintain the insulation resistance, but

can also heat the room air and solve the problem of
frozen plant equipment.

4. Conclusion

This paper introduces several characteristic exam-
ples of recent modernization technologies that Fuji
Electric is developing for existing hydropower plants.

In the future, customer needs for refurbishing
existing hydropower equipment will become more and
more diversified.  It is hoped that the reader finds this
paper helpful in repairing deteriorated equipment.
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