Recent Technologies for
Geothermal Steam Turbines

1. Introduction

Geothermal energy differs from fossil fuels such as
oil, coal and natural gas in that it is a clean energy,
having little impact on the environment and emits
almost no carbon dioxide (CO;), nitrogen oxides (NOy)
or sulfur oxides (SOy). Fuji Electric delivered Japan’s
first practical geothermal power plant to the Fujita
Tourist Enterprises Co. at Hakone Kowaki-en, since
then has gone on to deliver more than 50 geothermal
plants in Japan and around the world. Fuji Electric is
counted as one of the leading manufacturers of geo-
thermal power plants in the world.

Because geothermal steam is highly corrosive,
when designing steam turbines for geothermal power
generation, it is extremely important to realize and
give due consideration to the corrosion of materials.
For this reason, Fuji Electric has carried out continu-
ous corrosion testing onsite at the location of geother-
mal power generation, and materials testing in a
laboratory. The valuable data thus acquired was
reflected in the turbine design in order to realize high
reliability. Moreover, Fuji Electric has also actively
worked to enhance the efficiency of geothermal steam
turbines by applying recent blade row technology.

This paper introduces Fuji Electric’s recent tech-
nologies for geothermal steam turbines.

2. Recent Materials Technology for Geothermal
Steam Turbines

2.1 Corrosion testing in a modeled geothermal environ-
ment

In order to increase the reliability of geothermal
steam turbines, it is important to assess the life of
materials under the conditions of the geothermal
environment. Fuji Electric tests the corrosiveness of
geothermal steam turbine materials and evaluates
their applicability to even more severe environmental
conditions.

Assuming harsh conditions as the environment to
which a turbine is exposed, environmental conditions
were established for a concentrated corrosion test so
that the long-term usage condition of a turbine could
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Table 1 Standard environment for corrosion tests

cl H,S S0, pH | Temp.

10,000 ppm 300 ppm 50 ppm 3.5t04.0 | 60°C
(1.8 %, (HyS gas sealed | (Mixed as
as NaCl) at 0.2 L/min) Nay,S0,)

Table 2 Contents of the corrosion test

Test Description

Immersed in a corrosive solution.
Weight reduction is measured and
corrosiveness is assessed.

Corrosion test

While applying a static stress,
immersed in a corrosive solution and
the time to failure is evaluated.

Stress corrosion
cracking (SCC) test

Repeatedly applied bending load while
Corrosion fatigue test | immersed in a corrosive solution, and
number of ruptures are evaluated.

Static mean stress and dynamic cyclic
load are applied simultaneously, and
the fatigue limit is obtained.

Corrosion fatigue test
(mean stress loading)

Static stress is loaded, and the amount
of generated SCC cracking
propagation is evaluated.

Blunt notched compact
tension (BNCT) test

Pre-cracking is formed, and the

Double cantilever beam susceptibility of propagation due to the

(S]:t)ri]s; Eii';(?srilgn crack concentration of stress at the tip of the
ropagation (K1SCC) cracking is evaluated (2 types of test
Ees tp g are performed with different shaped

test specimens)

be modeled quickly. Table 1 lists the standard corro-
sion test environment, Table 2 lists the various corro-
sion tests performed in order to assess various stress
conditions, and Fig. 1 shows the external appearance of
the corrosion test equipment.

2.2 Use of new turbine materials

In existing geothermal steam turbines, 13 % Cr
steel is used as the blade material and 1 % Cr steel is
used as the rotor material. These materials are used
widely and have a successful track record. However,
we had developed and selected materials for both the
blade and rotor in order to obtain even higher corro-
sion resistance and reliability. Table 3 lists the
chemical compositions of the developed and selected



Table 3 Chemical composition of blade and rotor material that has been developed and selected

. Chemical composition (%)
Material
C Si Mn P S Cr Ni Cu Nb Mo Vv w Al

Existing material 0.17to | 0.10 to | 0.30 to 13.0t0|0.30 to| _ o o o o o
Blade | (13 % Cr steel) 022 | 050 | 0.80 |50:0301=0.020\ 144 | 050
material| Developed material 0.10 to | 0.30 to 15.0to| 4.2 to |3.0 to| 0.20 to

(16 % Cr 4 % Ni steel)| 99° | "0.35 | 0.60 |<0-025|50.005| 60" "5 |37 | 035 | - - -

Existing material 0.24 to 0.30 to 1.10t0|0.50 to| o 1.00 to | 0.20 to o

(1% Cr steel) 0.34 | S0-10 | 7359 | £0.007|<0.007 |77 40" | 700 150 | 0.35 =0.008
Rotor Selected material 0.21 to 0.65 to 2.05t0|0.70to| o 0.80 to | 0.25 to | 0.60 to o
material | (2 % Cr steel) 0.23 | 010 | "g75 [£0.007<0.007 | "5 15 | 7 g0 0.90 | 0.35 | 0.70

Selected material 0.26 to 1.40to|3.40to| ~10.30to o

(3.5 % Ni steel) 0.32 | S0-07 | £0.04 1<0.007 £0.007 |71 7" | "3 60 0.45 | S0-15 £0.010

Fig.1 Corrosion cracking and corrosion fatigue test equipment
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blade and rotor materials. New materials have higher
chromium content than the existing materials, and
this contributes to their better resistance to corrosion.
The new blade materials are also heat treated appro-
priately in order to lower their susceptibility to
corrosion and cracking.

The corrosion test described in section 2.1 was
implemented for the existing blade material and for
the new blade material, and the fatigue limit diagram
obtained from the result of this testing is shown in
Fig. 2. The results verified that under the operational
stress conditions of the turbine, the new blade materi-
als tolerated a higher stress amplitude, and exhibited
higher corrosion resistance and reliability. This im-
provement is believed to be due to the increased
chromium additive, which has the effect of suppressing
the formation of corrosion pitting that has a large
impact on corrosion resistance and reliability.

Figure 3 shows the results of a stress corrosion
cracking propagation test (K1SCC test) that was used
to evaluate the propagation of cracking at areas of

Recent Technologies for Geothermal Steam Turbines

Fig.2 Fatigue limit diagram of existing and new materials

1
2_ o8t
1)
B s Fatigue limit line from 16 % Cr 4 % Ni steel test
S8 06
o Q2 N,
Fg E 04} s\\s \(
2% M
T:Zg P
5 0.2 Fatigue limit line  ~~~=ao___| _
from 13 % Cr steel test = !
0 0.2 0.4 0.6 0.8 1
Mean stress (relative value)
Fig.3 KI1SCC test results
1.0
> 1013 % Cr steel
B /A 16 % Cr 4 % Ni steel
£ o
£ >
ke ¢
&
2 o1
s 0]
3 o]
bS]
9
Q
Q
=
w
o
2
= 0.01 o;
on v
o v
j=N
2
o
Ad
: 3
i
S ?
0.001
0 1.0

Stress intensity factor (relative value)

concentrated stress in both the existing material and
the new blade material. The crack propagation
threshold of the stress intensity factor (in units of MPa
vVm) was 10 MPa vVm (relative value of 0.17) for the
existing blade material and 60 MPa v'm (relative value
of 1.0) for the new material, thus demonstrating the
superiority of this new material. On the other hand,
Fig. 4 shows the results of corrosion fatigue testing
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Fig.4 Results of rotor corrosion test

Fig.5 SCC test results (with and without shot peening)
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performed on the rotor material. As in the case of the
blade material, it can be seen that the application of
the selected material (2 % Cr steel) resulted in higher
resistance to corrosion.

2.3 Shot peening technology

As described above, the application of newly devel-
oped materials was confirmed to achieve higher resis-
tance to corrosion, but in order to support operation in
an even more severe corrosive environment and under
higher stress, shot peening technology is also being
studied and utilized. Shot peening generates compres-
sive residual stress by impacting a blade or rotor area
in which the generated stress is severe with a steel ball
having a certain amount of energy.

Stress corrosion cracking tests were performed on
the shot-peened blade and rotor material, and Fig. 5
shows results that verify their longer life. It can be
seen that the time to failure is at least twice as long for
shot-peened material compared to material that is not
shot-peened. Based on these results, Fuji Electric
began using shot peening as an effective measure to
increase the corrosion life of steam turbines.

2.4 Coating technology

Blade material is required to be resistant to both
corrosion and to erosion. Increasing the corrosion
resistance generally requires that the material’s hard-
ness be increased. However, when the hardness is
increased, the stress corrosion cracking characteristics
become poorer. Flame spray coating is considered to
be a method potentially capable of realizing resistance
to both corrosion and erosion simultaneously. Seven
types of materials were selected as candidates for the
flame spray coating, their hardnesses were measured,
and the corrosion test described in section 2.1 and a
blast erosion test were performed for each. The results
are listed in Table 4. These results show that the WC-
CoCr material has excellent corrosion resistance and
erosion resistance as a flame spray coating material.
The flame spray coating conditions were optimized for
this material and the flame spray coating material and
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Table 4 Results of coating test

Stress C . Bla.st
Coatin corrosion . OTTOSION | €TOSION | 1y, 41 6gs
g Fatigue| weight | (amount
material |cracking ducti N Hv
(SCC) reduction | of average
wear)
%Nci)c”%li%" Poor Poor |Excellent| Good 790
23 - 2
WC-10C04Cr| Excellent | Excellent | Excellent | Excellent 1,100
CoCrMo Poor Fair |Excellent| Good 650
Al-Zn Poor — — — —
Stellite
No. 6B — — Poor Good 540
spraying
gg sz g{;%gf Excellent | Fair Fair Good 770
;g Z; gﬁ%crf — — Fair Good 810
— : Not tested

application method were verified to be at a level
suitable for practical application to steam turbines.

2.5 Welding repair technology for the rotor

As described above, various technologies have been
developed and selected in order to increase corrosion
resistance. However, products that have already been
delivered contain existing materials and their corro-
sion resistance is insufficient compared to the new
products. In some geothermal steam turbines that
have been in operation for a long time, corrosion has
caused pitting and stress corrosion is causing cracks to
appear. Accordingly, a repair technology was needed
for these already-delivered products.

In the case of a rotor, stress corrosion cracking
occurs at the bottom of the blade groove where the
concentration of stress is highest. If cracks occur in
this area, the propagation can be suppressed by
shaving the area of occurrence so as to eliminate the
crack. However, if the crack grows larger, it will be
necessary to shave the entire blade groove. At such a
time, technologies for overlay welding and for reusing
the blade groove are required.
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After welding conditions were selected for the plate
material, welding was performed according to the
dimensions of the turbine and then a mechanical
property test and a corrosion test were implemented.
13 % Cr steel is used as the overlay material and the
welding was implemented as multi-layer tungsten
inert gas (TIG) welding.

A test specimen was sampled at the weld location,
and the results of its corrosion fatigue testing are
shown in Fig. 6 and the sample’s overlay welding
microstructure is shown in Fig. 7. The microstructure
has zero defects. Excellent mechanical properties and
corrosion resistance were verified for the rotor host
material, and this welding repair technology was
established for steam turbines.

As described above, a method has been established
for assessing corrosion, which largely impacts the
reliability of geothermal steam turbines, and new
materials, shot peening technology, coating technology
and repair technology have been developed and estab-
lished. By using these materials and technologies
appropriately according to the geothermal conditions
and the generated stress, it is thought that higher
reliability can be achieved.

In the future, Fuji Electric plans to advance the
assessment and research of corrosion under geother-
mal conditions and intends to evaluate techniques for

Fig.6 Results of corrosion fatigue test of repair welded area
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achieving even higher reliability and for assessing the
residual life.

3. New technologies of Improving the Efficiency
of Geothermal Steam Turbines

As a measure to improve the efficiency of geother-
mal steam turbines, recent technologies based on
expertise acquired from the development of steam
turbines for conventional thermal power generation
are applied mainly to blade rows in order to realize a
significant improvement in efficiency.

3.1 Advanced reaction blades (high load and high efficien-
cy reaction blades)

Utilizing recent blade row design technology, high-
efficiency reaction blades capable of maintaining high
efficiency while increasing the load per stage are used
in blade rows, with the exception of low-pressure blade
rows, in geothermal steam turbines. For the same
number of stages, the use of these reaction blades
increases the efficiency by at least 1 % compared to the
conventional reaction blades (see Fig. 8).

3.2 Improving the performance of low-pressure blades

Because low-pressure blades in a geothermal
steam turbine account for a larger proportion of the
total turbine load than in a conventional steam
turbine, improving the performance of these low-
pressure blades will have a greater effect on improving
the performance of the total turbine than in the case of
a conventional steam turbine. Originally developed for
use with conventional steam turbines, a new series of
low-pressure blades having much higher performance
are being adjusted for use in an environment of highly
corrosive geothermal steam and are being applied to
actual turbines.

Below, features of this new series of low-pressure
blades will be described from the perspective of their
efficiency and the status of the compact-size high-
efficiency low-pressure blades currently being devel-
oped will also be discussed.

Fig.8 Efficiency of conventional and advanced reaction blades
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(1) Transonic profiles

Recent advances in computational fluid dynamics
have made it possible to simulate accurately the flow
within a blade row, and by optimizing the velocity
distribution within that blade row, a low-loss profile
can be realized (see Fig. 9). The new profile shape is
characterized by a convergent-divergent profile (a
profile designed so that the flow path widens towards
the end) that is adapted for transonic flow. The results
of steam wind-tunnel testing confirmed that when the
outlet Mach number is large, use of the new profile
shape reduces profile loss to less than 1/2 of the prior
value.
(2) Lean-radial stationary blades

Using a 3-dimensional time-marching method, var-
ious profile shapes were compared while varying the
flow pattern, and from the results of this comparison it
could be understood that a banana-shaped stationary
blade which leans toward the circumferential direction
at its root and toward the radial direction at its tip, as
shown in Fig. 10, was the optimal shape. By using this
type of lean-radial stationary blade, flow in the vicinity
of the root, where separation is likely to occur, has
been improved dramatically. The results of a model
turbine test confirmed that stage efficiency was im-

Fig.9 Advanced low-pressure blade analysis example and
steam wind-tunnel test results
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proved by at least 2 % compared to the conventional

stationary blades.

(3) Development of high efficiency, compact-size low-
pressure blades

The technologies used to design the new series of
low-pressure blades for conventional large steam tur-
bines were also applied to the design of 500 mm-and-
shorter low-pressure blades, and a high-efficiency
compact-size low-pressure blade series that achieves
dramatically higher performance is presently being
developed (see Table 5).

This series is designed originally under consider-
ation with use in geothermal steam turbines, and will
also be provided the following features as well as the
items adopted to enhance efficiency by using this new
series of low-pressure blades.

(1) Highly reliable, rugged design for operation in a
corrosive environment

(2) The blade root mounting area in all stages uses a
simple inverted T-shape

(3) Redusing leakage loss from the blade tip with
shroud is in all stages

Figure 11 shows the blading plan for the largest
size blades (490 mm) in this series.

4. Example Applications of the Recent Technolo-
gies

Introduced below are examples of actual geother-
mal steam turbines to which the above-described
recent technologies have been applied.

Table 5 Development of high efficiency compact-size low-
pressure blades

50 Hz-use
(nominal exhaust area)

490 mm blade (2.5 m%)
350 mm blade (1.6 m”)
290 mm blade (1.3 m®)

60 Hz-use
(nominal exhaust area)

410 mm blade (1.7 m®)
290 mm blade (1.1 m”)
240 mm blade (0.9 m®)

Fig.11 Blading plan for 490 mm low-pressure blades

X
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Fig.12 Cross-section of 64.7 MW geothermal steam turbine for
Dixie Valley geothermal power plant

Fig.13 Cross-section of 55 MW geothermal steam turbine for
Reykjanes geothermal power plant
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4.1 64.7 MW geothermal steam turbine for the Dixie Valley
Geothermal Power Plant
Figure 12 shows a cross-sectional view of the steam

turbine whose efficiency was upgraded at the Dixie
Valley Geothermal Power Plant in the United States.
This turbine was placed into service in 1988, and 15
years later its internal components (rotor, blades,
stationary blade holder, stationary blade rings, etc.)
were upgraded using the latest technology in order to
increase efficiency of the turbine. The major recent
technologies applied to this turbine are listed below.

(1) New blade material is used in moving blades,
except in the last 2 stages

(2) New series of high-efficiency 665 mm low-pressure
blades are used for the low-pressure blades (in the
last 3 stages)

(3) To increase reliability, shot peening is implement-
ed in areas of concentrated stress at the blade root
and blade groove of low-pressure blades (in the
last 3 stages)

The efficiency upgrade enabled this plant to in-
crease its maximum load significantly from the previ-
ous value of 60.5 MW to 64.7 MW. After the upgrade,
stable operation continued as before.

4.2 55 MW geothermal steam turbine for the Reykjanes
Geothermal Power Plant
Figure 13 shows a cross-sectional view of the steam

turbine currently being manufactured for the Reykjan-

es Geothermal Power Plant in Iceland. The character-
istic features of this turbine are a high inlet steam
pressure of 19 bar abs., and 2 x 14 blade stages, which
are more stages than in a normal geothermal steam
turbine.

The major recent technologies applied to this
turbine are listed below.

(1) High-efficiency high-load reaction blades are used
in blade rows, except for the low-pressure blades
(last 3 stages)

(2) 490 mm high-efficiency compact-size low-pressure
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blades are used for the low-pressure blades (in the
last 3 stages)
(3) 2% Cr rotor material, which has excellent corro-
sion resistance, is used in the rotor
(4) New blade material is used in the moving blades
at the steam inlets (main steam, admission steam)
(5) To increase reliability, shot peening is implement-
ed in areas of concentrated stress at the blade root
and blade groove of low-pressure blades (last 3
stages)
This plant is scheduled to commence operation in
2006.

5. Conclusion

Japan is a volcanic country with abundant geother-
mal energy resources, but at present, geothermal
power generation only accounts for 0.2 % of Japan’s
total power generating capacity. Meanwhile, there are
other countries such as the Philippines and Iceland
where thermal power generation accounts for approxi-
mately 15 % of their total power generating capacity.
It is hoped that geothermal power generation using
domestically produced geothermal energy will continue
to be developed in the future. As a leading manufac-
turer of geothermal power plants, Fuji Electric intends
to continue to work to increase the reliability and
performance of geothermal steam turbines.
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