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Brayton, George (1830-1892), U.S. mechanical engineer
and pioneer in the development of internal combustion
engines, invented the continuous ignition combustion
engine that later became the basis for the turbine
engine. He is believed to be first in the United States
to manufacture and sell gas turbines commercially
(in the Providence, Rhode Island, area). He began
working on internal combustion engines in the 1870s.
His internal combustion engine contained a diaphragm
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through which flame entered the water-cooled
cylinder, creating poor combustion (George B. Selden
later patented an engine identical to Brayton's except
that it omitted the diaphragm). He was born Oct. 3,
1830, Rhode Island, and died Dec. 17, 1892, London,
England.

http://www.asme.org/Communities/History/
Resources/Brayton_George.cfm
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UNITED STATES

PATENT OFFICE.

GEORGE B. BRAYTON, OF BOSTON, MASSACHUSETTS. .

IMPROVEMENT IN GAS-ENGINES.

Specification forming part of Letters

To all whom it may concern:

Be it known that I, GEORGE B, BRAYTON,
of Boston, in the county of Suffollt and State
of Massachusetts, have invented. certain new
and useful Improvements in Gas-Engines; and
I do hereby declare that the following specifi-
cation, taken in connection with the drawing
making a part thereof, is a full, clear, and ex-
act description of the same.

Figure 1 is a side elevation. Fig.2isaver-
tical section on the line # # of Fig.3. Fig. 3
is a horizontal section on the line y y of Figs.
2 and 4. Fig. 4is a vertical section on the line
z z of Figs. 2 and 3.

The drawing is made on a scale, with refer-
ence to the model, of six inches to the foot.

The invention hereinafter described relates
to a means for making practically available,
as a motive-power, those compounds which re-
sult from the mixture of gases obtained from
light hydrocarbons with atmospheric air. It
- has for a long time been known that such com-
pounds were capable of developing, upon igni-
tion, an immense degree of force, and various
attempts have been made to employ them as
motive agents for working machinery. My in-
‘vention is embodied in a stracture which pro-
vides, first, for maintaining an accumulation
of a limited quantity of the gasebus compound
under considerable butuniform pressureinthe
reservoir, the supply to the reservoir being
always proportioned to the consumption of the
engine, and the gaseous compound mixed only
as it is introduced to the reservoir; and, sec-
ondly, for introducing a jet of the mixed com-
pound so under pressure, while in the act of
changing its volume as the result of igni-
tion, into a cylinder, to act with its expansive
force upon a moving piston. )

In the drawing I have represented a single-
aeting engine, arranged toexhibit myimprove-
ment. To construct a double-acting engine,
operated by this motive-power, would require
changes of arrangement, which any competent
constructor would understand, but would not
involve any change in principle,

Referring to T'ig. 2, A is the cylinder proper
of the engine, which is fitted with a piston, B.
As the piston is exposed to the direct action
of the ignited and heated gases it should be
‘made of or protected by some material, as, for

-5
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Patent No, 125,1C6, dated April 2, 1872,

instance, soap -stone, capable of sustaining,
without injury, a high de of heat. The
cylinder itself should also be incased with
a water-tight jacketof metal,and enough larger
in diameter than the cylinder to allow of a wa-
ter-space between the two, through which wa-
ter should be made to circulate. A conven-
ient way for effecting this will be to connect a

tank of water, which may be located at any -

convenient place, with the water-space by two
pipes, one entering near the top and the other
near the bottom of the same, as in the com-
mon arrangement for establishing a water-cir-
culation. The eylinder A is, in this instance,
surmounted by an air-pump, the barrel of
whichis C. Itis furnished with a piston, D, at-
tached to the rod E,common to it and the pis-
ton B. This air-pump issupplied with a proper
induction-valve, «, and eduction-valve, b, of
any preferred construction and arrangement.
F is a chamber, provided with two inlets, ¢
and d. The former admits admospheric air,
and the latter, by means of any suitable tube
or conducting-pipe, is connected with a sup-
ply of common illuminating gas or other car-
bureted hydrogen, as, for instance, the vola-
tile constituents of petroleunm oils. The ca-
pacity of these two inlets may beregulated by
means of ascrew-valve applied to each, so that
the relative quantities of air and gas to be ad-
mitted at the same time to thechamber Fmay
be varied at pleasure. In general the proper
proportions will be found to be twelve parts
of air, by volume, to one of carbureted hy-
drogen to make a compound, which npon ig-
nition will be followed by a complete combus-
tion; but, in practical operation differences in
chemical constituents of the gas employed will
probaly require variations in the required pro-
portions of atmospheric air. Tt is obviousthat
the movement of the piston D of the air-pump
will, af each downward stroke, draw into the
barrel C acharge of gaseous compound through
the valve a, and that upon the upward-stroke
of the piston the same charge will be forced
through the eduction-valve b into the reservoir
G. This reservoir should be constructed of
strong boiler-plate, or of the best mixtures of
iron used in casting ordnmance. It should be
made with reference to sustaining a constant
internal pressure of at least sixty poundsto the
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square inch. It should be furnished with a
pressure-gauge, and with a safety-valve, ar-
ranged to open when the pressure from any
cause exceeds the prescribed limit. It is not
to be understood that any large volume of the
gaseous compound is to be collected and re-
tained within the reservoir G. Its interior ca-
pacity need not be more than twice the cubical
contents of the cylinder A ; but, nevertheless,
of sufficient size to enable the air-pump (which
should be properly proportioned to that end)
to maintain within the reservoir auniform max-
imum of pressure.

The arrangement of devices which I employ

for applying the gaseous compound to work the
engine are as follows: In a suitably-formed re-
cess or chamber, H, formed at the bottom of
the cylinder A, below the range of the down-
stroke of the piston, I place any convenient
number of wire-gauze diaphragms, e. These
I call the ‘“interceptors,” because they serve
to guard the passages ti:lrough which the gas
is supplied to the engine, and cut off the flame
after the gas has been ignited from the sup-
ply which is flowing from the reservoir when
the valve-connection is opened, and are so lo-
cated that all gas consumed in working the
engine must pass through them. Iisa screw-
valve, which, when opened, allows the gaseous
compound to flow into the conducting-passage
Jy with which and the recess or chamber H,
spanned by the interceptors, a communication
is made, whenthe valve & is opened. The valve
h is opened for every up-stroke of the piston
B by means of the revolving-cam J on the
main shaft, which causes the lever K to vibrate
and work the valve-rod %, which is pivoted to
such lever. The configuration of the cam J
determines the length of time that the valve
L shall remain open, and the spring j causes
the valve to  ¢lose upon the instant that the
cam ceases to hold it open,
Aspreviouslyindicated, Iintend to apply the
gaseous compound to work the piston whileit
is undergoing expansion after ignition. Ihave
therefore to providefor maintaining a constant

flame upon the upper surface of the intercept-’
ors which will serve to fire each charge of gas

S0 soon as it passes through the diaphragms
of wire-gauze, and upon its first entrance to
the eylinder. TForthis purpose I make a small
V-shaped channel, m, in the edge of the valve
I, or, which would be better, make a vent
through the valve-seat and regulate its area
by a check-valve. This allows a small quan-
tity of the gas to flow at all times to the inter-
ceptors, which, being ignited,.will burn tran-
quilly and with a lambent flame upon the up-
per surface of the interceptors, and constitute
a living torch at the entrance of the cylinder
to fire each charge of gaseous mixture in sue-
cession.

Let it now be supposed that the engine is to
be put into operation. The reservoir G should
be filled with gaseous compound to the de-
sired pressure. This may be done by revolv-

ing the balance-wheel by hand if the engine
be of small capacity, or a separate air-pump
for charging the reservoir may be used in case
the engine 1s too large to be readily revolved
by hand. The screw-valve I is now opened
and a lighted taper is inserted through the ex-
haust-port L, Fig. 1. The small supply of gas
admitted through the channel m in the valve
I has struggled through the meshes of the
gauze interceptors, and upon the taper being
applied to it will burn quietly. The valve &
is now opened by a starting-bar or other con-
venient means, and a charge of gas, under
the pressure in the reservoir, rushes against
the under side of the interceptors, and upon
reaching the flame playing upon their up-
upper surface is fired thereby. While in the
state of expansion consequent upon ignition
it exerts not a spasmodic or explosive force

1upon the piston, but a true pressure due to ex-

pansion on account of the fact that the piston
is at the very commencement of its stroke when
the expanding gas begins to act upon it, and
the quantity of gaseous mixture during its pe-
riod of admission is in proportion to the extent
of the movement of the piston, and is put into
the state of expansion upon passing the inter-
ceptors and entering the cylinder. The piston
having cowmpleted its upward stroke, the no-
mentum of the balance-wheel M, (Fig. i,) whieli,
by means of the common crank and links shown
at Fig. 1, is connected in any convenient way
with the piston, which causes the piston tode-
scend again, the injection-valve /& being now
closed. While the piston is descending a cam
on the main shaft, acting upon a lever (Fig. 1)
similar to that which works the valve %, opens
the exhaust-valve’ M (Fig. 3) in a well-under-
stood way. The exhaust-passage in the sev-
eral figures is indicated by a broad black-feath-
ered arrow. It would naturally be supposed
that the flame caused by igniting explosive
gas under pressure upon the surface of the
wire-gauze interceptors would be forced back
through theinterceptors and ignite the gaseous
compound in the passage f, connecting with
the reservoir, and explode the contents of the
latter. Many months of experiment with a
working-engine subjected to every variety of
conditions likely to oceur in daily use have
proved to me that a series of wire-gauze dia-
phragms (six or more) perfectly intercept the
flame and render danger from accident impos-
sible; and that the flame has no tendency to
turn backward is proved from the condition
of the gaunze after long use in showing no
evidence of being even slightlyburned. Ihave
also repeatedly caused the gaseous compound
in the reservoir to befired, and the safety-valve
in every instance has prevented the slightest
injury to the apparatus. In case itispreferred
to make use of any of the light hydrocarbons
obtained from -petroleum or other sources, as,
for instance, naphtha, on account of the great-
er cheapness of the material over illuminating.
gas, it will be found most convenient to allow
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the fluid having the necessary constituents to
be dropped upon or absorbed by a sponge
placed in a vessel so that it can readily vapor-
1ze, and in that state be pumped off from the
vessel by the air-pump, in combination with
atmospheric air, into the reservoir for supply-
'iu§ the engine.
have described the reservoir G as contain-
ing the mixed gases. It is, however, entirely
practicable to ewmploy two reservoirs, one of
which shall contain the carbureted hydrogen
and the other atmospheric air, the contents of
both being condensed by pressure and mixed
only as the charge from each reservoir enters
the chamber H. Such arrangement would be
more complicated in the machinery necessary
to be used than the one described, requiring,
as it would, induction-valves appropriate to
each reservoir; but it would insure nearly ab-
solute safety in the use of such gaseous agents
of force.
I do not limit myself to the construction or
-arrangement of the several parts of the engine
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Japan’s First Environmentally Conscious H System™™
Combined-Cycle Thermal Power Plant

MATSUSHITA Takehiko™*!

1. Introduction

The first H System combined cycle power plant
in Japan is under construction and commissioning
in Tokyo Electric Power Company (TEPCO) Futtsu
thermal power station group 4.

Futtsu group 4 consists of three units and main
contractor is General Electric Company(GE). In this
plant, Toshiba takes responsibility for design and
manufacturing of unit 4-1 to 4-3 Steam Turbines (ST),
Generators (GEN), and for manufacturing of 4-1 to
4-3 GE designed Gas Turbine(GT) Compressors
under the agreement between GE and Toshiba.
Also, Toshiba takes responsibility for design and
manufacturing of unit 4-1 and 4-2 auxiliary equipments
and for construction and commissioning of unit 4-1 and
4-2 under the contract with TEPCO.

As for Futtsu first unit 4-1, GT first firing was
executed in November 2007, the first synchronization
was executed in December 2007 and the rated output
507MW was achieved in February 2008 and started
commercial operation in July 2008. This paper is
written to inform GTSJ readers of the H System™

combined-cycle technology, Futtsu 4 plant outline and

Figure 1 TEPCO Futtsu thermal power station

its contraction history.
2. H System™ Combined Cycle System Features

MOCHIDA Naotaka ™!

Toshiba has supplied Combined Cycle Plants
equiped with 1100 degree C class GT in the 1980s
and Combined Cycle Plants equiped with 1300 degree
C class GT in the 1990s to domestic and oversea
customers.

Toshiba has concluded H System™ manufacturing
partnership agreement with GE in March 1998 for the
next generation high efficiency combined cycle.

H System™ Power Train consists of 1500 degree
C class GT supplied by GE and ST & GEN supplied
by Toshiba (see Figure 2). H System combined cycle
power plant is state-of-the-art, high efficiency and
power with low NOx emissions level (see Tablel),
and the operating characteristics of the plant make
it suitable for daily start and stop as well as 1300
degrees C class plant.

9 H Sysﬂnf‘ TOSHIBA

Figure 2 H System™ power train

JEfEs2ft 20004:3 H 6 H
* 1 HRASHIE

Table 1
Comparison of single-shaft CC power plant specifications
H System™ CC 1300 degree C class CC
(TEPCO Futtsu#4-12) | (TEPCO Shinagawa#1)
Gas Turbine MS9001H MS9001FA
Stage Output 507TMW 380MW
Thermal Efficiency
53% 50%
(HHV)
Steam Cycle HP/IP/LP/RH HP/IP/LP/RH
Steam | MSP/MST | 12.63MPa  558C 10.53MPa  532C
Condition |HRSP/HRST| 2.45MPa . 558°C 229MPa . 532C
No(;izl:iizctsnlzzt;;m 5ppmvd or less 5ppmvd or less
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The key distinguishing feature of H System™ is the
steam cooling that GE developed for the gas turbine.
H System™ gas turbine’s first two stages nozzles
and buckets use closed-loop steam cooling. The use
of steam cooling resolves the conflict between higher
firing temperature and lower NOx.

Figure 3 compares temperature drop of the
combustion gas stream across the first stage nozzle for
a conventional GT and H System™ GT. In the open
loop cooling system of conventional GT, the air that
is used to cool the nozzle, mixes with the main flow
stream, therefore reducing its temperature upstream
of the first stage bucket. Meanwhile, in the closed loop
steam cooled nozzle of H System™ GT, the steam does
not mix with main flow stream and therefore does
not reduce its temperature by mixing with the main
flow stream. GE has confirmed conventional GT has a
temperature drop as large as 155 degree C across the
first stage nozzle but in H System™ GT, cooling the
first stage nozzle reduces the temperature drop less
than 44 degree C.

With a temperature drop only 44 degree C, the
steam-cooled nozzle design can maintain the same
combustor exit temperature, and therefore the same
NOx levels, yet benefit from a 111 degrees C increase
in firing temperature over the 1300 degrees C class
GT. Additionally, closed-loop cooling also minimizes
parasitic extraction of compressor discharge air,
thereby allowing more air to flow to the combustor for
fuel premixing.

The use of single crystal materials on the first stage
nozzles and buckets, and thermal barrier coatings
on the first and second stage nozzles and buckets,
ensures these components stand up to high firing
temperatures while meeting maintenance intervals.

entional GT HSystem GT
oling nozzles Seam cooling nozzles

Cooling air
discharged
to gas path |4

Cooling air supply  Cooling air supply Steam  Steam Steam o o
supply return  Supply
| Large Mozzle AT Small |

Figure 3 Merits of closed steam cooling circuit

3. Plant Outline of TEPCO Futtsu Thermal Power
Station Group4

In TEPCO Futtsu thermal power station, H
System™ Combined Cycle Plant is under construction
for group 4. In this thermal power station, group 1
& 2 are a combined cycle power plant utilizing 1100
degree C class GT, and group 3 is also a combined
cycle power plant utilizing 1300 degree C class GT.

As mentioned in “Introduction” , Toshiba has
concluded H System™ manufacturing and design
partnership agreement with GE as defined in figure 4.

Except for power-train scope of supply, Toshiba
also takes a responsibility for supplying the other
equipment (Heat Recovery Steam Generator (HRSG),
Condenser, Pumps, Piping and valves, etc.), installation
and commissioning for Toshiba & GE supplied
equipment.

3.1 Plant Specification
Table 2 shows plant specifications.

Table 2 Plant specifications
Plant specifications of TEPCO Futtsu thermal power station group 4

Unit 3
Unit Output 507MW
Grope Output 1520MW
Contractual Thermal Efficiency (HHV) 53%

3.2 Power Train

TOSHIBA GE

& ar

Compressor Combustor Turbine

TOSHIBA | GE |

Figure 4 Scope of design and manufacturing of H system™

Dasign

(1) Gas Turbine

GE MS9001H GT is applied. Major specifications are
shown in Table 3.

The GT has been designed with an 18-stage
compressor, a 14 combustion chamber DLN-2.5H
system and a 4-stage steam-cooled turbine. In order to
meet the increased flow requirement, the combustor

diameter is increased by approximately 20% from the
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conventional type for 1300 degree C class GT. DLN-
25H combustion system have demonstrated the ability
to achieve low NOx levels and have increased fuel
flexibility, while maintaining the capability to achieve
low NOx at a partial load between 50 and 100%.

Table 3 GT specifications
Gas turbine specifications for TEPCO Futtsu thermal power station group 4

Type MS9001H
Inlet Pressure 2.19 MPa
Outlet Pressure 0.0079 MPa
Inlet Temprature 1,499 C
Outlet Temprature 618 C

(2) Steam Turbine

Stem Turbine — The reheat, condensing turbine
includes an integral High Pressure (HP)/Intermediate
Pressure (IP) opposed flow section and a double
flow Low Pressure(LP) section with 335" last stage
buckets. The reheat design assures high thermal
efficiency and excellent reliability based on a large
experiences.

The cycle performance between ST and GT is
optimized because GT uses ST HP exhaust steam for
GT steam cooling.

Table 4 ST specifications
Steam turbine specifications for TEPCO Futtsu thermal power station group 4

Type TCDF-335"

Number of Cylinder 2

1263 / 245 / 0.71
558 / 558 / 360

Steam Condition | Press (MPa)
(HP /1P /' LP) Temp (C)

(3) Generator

Generator is of two-pole, cylindrical-rotor type and
utilizes a stator frame with vertical coolers, spring-
mounted core, liquid cooled stator conductors and
hydrogen gas cooled rotor. The one-piece field forging
also has a single-stage axial flow fan mounted at each
end for circulation of hydrogen.

Generator and thyristor starting system have been
coordinated to assure durable and reliable operation.

Table 5 GEN specifications
Generator specifications for TEPCO Futtsu thermal power station group 4

Rating Capacity 566 MVA

Rating Voltage 19 kV

Rating Frequency 50 Hz

Rating Power Factor 09 pf

Cooling System Stator Water Cooling
Rotor Hydrogen Gas Cooling

Excitation Thyristor Excitation

Generator has specific design enhancements to allow
starting from turning gear speed.

3.3 HRSG

HRSG is reheat, triple pressure, natural circulation,
and horizontal gas flow type. Toshiba has many
experiences of this type of HRSG.

The water/steam heating surfaces are arranged
at the adequate exhaust gas temperature zone to
maximize the heat recovering from GT exhaust gas.

The necessary area for the HRSG is almost the same
size as for the former 1300 degree C class HRSG by
applying its elevation to be highered although the
amount of heat transfer becomes larger than the
former.

HRSG is shop-assembled as large modules with steam
drums, piping, instruments and cabling and shipped
as module. It is effective for severe quality control and
minimizing the erection time.

3.4 H System™ Unique System and Equipments
H System™ has the following unique systems and
equipments to achieve higher efficiency and power.

3.4.1 GT steam cooling system

GT cooling steam for first two stages nozzles and
buckets is supplied from HP ST exhaust steam and
IP steam from HRSG during normal loaded operation.
The exhaust steam from HP ST is split. One part
is returned to the HRSG for reheating, the other
is combined with IP steam. The cooling steam is
returned to the steam cycle in the cold reheat line to
the reheater. Therefore, the closed circuit GT steam
cooling system operates in series with the reheater.
The steam is used to cool the nozzles and buckets in

first two stages. In turn the heat transferred from the

Condenser losses

Other losses

S
7%
GT cooling steam 539
Fuel ‘ 36 % Generator output
(LNG) &
100 %
T
! GT Other losses
Heating ' exhaust
fuel gas )
1%
H
Other losses 43 % g
1% 17 % |G

Exhaust gas losses

Figure 5 Typical thermal flow diagram of H System™
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-—
FaH Fuel gas

Figure 6 Flow diagram of H System™ combined cycle power
plant

hot gas path parts increases the steam temperature.
This GT cooling system has contributed to achieving
a higher combined cycle efficiency and increasing ST
power. (see Figures 5 and 6)

Toshiba designed steam-cooling systems based on
GE’ s experience. Especially, for designing steam-
cooling pipe connected to GT casing, stress and
moment analysis in various operation cases was
carried out and then the piping configuration was
decided by the analysis results. Anti-corrosive and
high strength materials are used for GT steam cooling
pipe.

GE supplied hydraulic control valves for GT steam
cooling temperature and flow control. Toshiba supplied
mixing tees which relieves heat stress in mixing
difference pressure and temperature steam.

Cooling air goes through GT cooling steam circuit
during start up before the amount of the generated
cooling steam becomes sufficient. Therefore, GT

GT cooling
stacm return
flow meter

7T coaling
steam supply
flaw mator

GT coolme
S stoam hydeaule
valves

Figure 7 3D-CAD model for gas turbine steam cooling
equipments arrangement plan

cooling steam system is designed so that cooling air
should be kept from discharging to ST and Condenser.

Toshiba used 3D-CAD model for designing GT
cooling steam piping. (see Figure 7)

3.4.2 GT cooling air-cooling (CAC) system

The cooling air-cooling system uses water extracted
from IP economizer to cool air extracted from the
compressor discharge flow. The cooled air is used to
cool gas turbine gas path components and compressor
wheels and gas fuel purge.

Compressor discharge air is supplied to an evaporator
where heat extracted from the air generates IP steam.
The cooled air is then attemporated by compressor
discharge air to achieve the cooling air temperatures
desired for GT stage 2 nozzle cooling, gas fuel system
purge and compressor wheel cooling. Feed water for
the cooling air cooler evaporator is supplied from the
HRSG IP economizer section discharge. The produced
IP steam is sent to the IP drum of the HRSG upstream
of the steam separators.

3.4.3 Clearance control system

A GT clearance control system is provided which
functions independently of the steam system shown on
Figure 6.

The clearance control system is a closed loop air
system, which includes an air circulation compressor,
air heaters, air coolers and air system charging
compressors. The clearance control system passes air
through internal passages in the GT compressor stator
casing and the turbine casing.

During startup, air supply temperature is controlled
to the scheduled set point to open turbine clearance.
As GT is loaded, the clearance control system air
temperature decreases to reduce the inner casing
diameter and controls the rotor tip clearances. During
shutdown, the air supply temperature increases to
keep the inner turbine shell heated up in the event of
a hot or warm start.

3.4.4 Fuel heating system

The fuel heating system uses water from the
discharge of the HRSG IP economizer to pre-heat the
gas fuel before it is sent to the GT combustion system.
The transfer of energy from the HRSG IP economizer
to the fuel gas system improves combined cycle
system efficiency by reducing the heat consumption
equivalent to amount of energy transferred from
the IP economizer, thereby utilizing low level HRSG
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Figure 8 Clearance control system skid

energy at the highest possibility efficiency.

The water flow through the fuel gas heater is
controlled to achieve the set point gas temperature.
The water outlet from the fuel gas heater flows to the
condenser.

3.5 GT Inlet Fogger System

A GT inlet fogger system is provided as a power
augmentation feature for operation at high ambient
temperature condition. Small demineralized water
droplets are sprayed to the compressor inlet air to
evaporatively cool the air entering the GT, which
results in increased mass flow and added power
output during high ambient temperature conditions.
The inlet fogger is located in the inlet duct,
downstream of the silencer with adequate distance for
droplet evaporation.

3.6 DeNOx System

Selective catalytic reduction process (SCR) for
denitrification of exhaust gas is used in conjunction
with the GT Dry Low NOx combustion system.

The DeNOx system has more than 90% NOx
removal efficiency. The NOx concentration at the
exit of the stack is lower than 5 ppmvd at 16% O
reference.

3.7 Starting Method

The Stage will use the LCI from turning gear
through purge, firing, and initial acceleration, in
combination with the GT firing, to obtain full operating
speed as the primary means for starting the stage.
Steam start capability for each stage is provided as an
emergency backup for the LCI start.

3.8 Control and Monitoring System

GT, ST and HRSG with H-unique equipment
are controlled by GE MarkVI. MarkVI works in
conjunction with the TOSMAP-DS™, the state-of-
the-art distributed control and monitoring system for
the Group Computer and its associated Balance of
Plant (BOP) controllers. TOSMAP-DS™ serves a wide
variety of operator interface to support interaction
of controls strategies with various mechanical and
electrical systems. A fully automated plant start-
up and shutdown capability and other sophisticated
supervisory functions are provided in a similar manner
as previous TEPCO plants, while downsizing the
control and monitoring system by adopting generic
technology. This feature resulted in consuming less
power source. TOSMAP-DS™ is also connected to the
GE MarkVI via redundant bi-directional high-speed
gateways.

4. Overview of TEPCO Futtsu#4-1 Construction
4.1 Constructions and Commissioning History
The construction of Futtsu#4 started in Dec. 2004.
Major milestones for the first stage 4-1 were as
follows.
- Aug. 2006 : GT on-base
- Oct. 2006 : HRSG on-base
- Oct. 2007 : Vacuum up
- Nov. 2007 : GT first ignition
- Feb. 2008 : Base load operation
- Jul. 2008 : Commercial operation start

4.2 H-system™ Unique Construction Activity

To realize GT steam cooling system, a very fine and
full flow capacity steam filter is equipped with the
cooling steam supply piping and non-corrosive material
is applied to the piping around GT. In addition, during
the construction stage, especially for the piping
after the steam filter, H-system™ required extreme
attention to cleanliness inside the piping in order to
avoid obstructing cooling paths by particles.

Therefore, Toshiba performed hydraulic flushing
by using high-pressure centrifugal pump and filter
after the piping welding work has been completed.
The steam system flushing has achieved the required
cleanliness according to NAS (National Aerospace
Standard) grade.

For the steam piping except GT cooling steam pipe,
the air blowing out that is popular for usual combined
cycle power plant has been performed.

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.



148 Japan’s First Environmentally Conscious H SystemTM Combined-Cycle Thermal Power Plant HZAH X 2 — E > Z &5

4.3 H-system™ Unique Commissioning Activities
[GT steam cooling system]
GE and TSB commissioning team confirmed the

following changeover has been succeeded.

- GT air-cooling operation during start-up

- Changing over form GT air cooling to GT start-up
steam cooling

- Changing over from GT start-up steam cooling to GT

normal steam cooling

- In the event of Load Rejection, GT cooling mode is
changed over from GT normal steam cooling to GT
start-up steam cooling

[GT cooling air-cooling system]

GE and Toshiba commissioning team confirmed CAC
system has provided cooling air to the GT compressor
rotor to maintain the desired rotor temperature and
also, the system provides cooling air to cool second
stage turbine nozzle and wheel spaces.

[GT clearance control system]

Prior to site commissioning, Toshiba confirmed the
clearance control skid has functions to control the
required temperature under the rated flow rate and
to pressurize the closed loop as a proper pressure in a
factory.

GE commissioning team confirmed the system could
control the tip clearance of the compressor blades
and the turbine buckets in order to maintain high
efficiency output of GT throughout the full operation.

5. Conclusion

As for a large capacity thermal power plant, it
should be considered to achieve a reduction of fuel
consumption, a reduction of COz; and NOx emissions
for environmental concerns.

GE and Toshiba believe that H-system™ contribute
to realizing an environmental conscious combined

cycle power plant.

— 24 —
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Figure 9 Group 4 stage 4-1 power train (GT & ST)

Figure 10 Group 4 stage 4-1 HRSG, exhaust duct
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(MORITS 1 L
) NEMEHRBEY AL
1 BHKERBEY —CH A 2L
F£1  BHEKREBRBEY —C A 7 VO BEERIFHT s
I irculati I irculati . )
Cycle nertc(s}li?eCErglrl)atlon nertC}(fSSG C(lé%uz)a tion Bottoming Reheat Cycle Bottoming Reheat Cycle
Maximum 1500 1700 1500 1700 1500 1700 1500 1700
Temp. (C)

Coolant Rate (%)

0 15 0 15

0 15 0 15

0 15 0 15

0 15 0 15

Efficiency
(%, HHV gross)

48.8 | 54.0 | 52.0

52.2 1 50.3 | 55.4 | 53.9

60.4 | 58.7 | 61.5 | 60.2

61.0 | 60.1 | 62.2 | 61.4

Steam Direct Expansion
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Cycle Topping Extraction Cycle Cycle New Rankine Cycle Reheat Rankine Cycle
Maximum 1500 1700 1500 1700 1500 1700 1700

Temp. (C)

Coolant Rate (%) 0 15 0 15 0 15 0 15 0 15 0 15 0 Film Closed
Efficiency 60.1 [ 59.1 | 61.5 | 60.5 | 56.4 | 54.8 | 58.5 | 55.5 | 58.7 | 57.2 | 60.2 | 58.9 | 65.3 | 60—61 | 63—64
(%, HHV gross)
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3. KR-BEEFRBEEMT

IRFERBEY — ¥ BT B RF-BMEMRBESR T, K
AROAHRUT L D IRBERFHID TR EEIX1700C &£ 2> TV S
boo, KFKE, BEOMITIE R R KEDOMREE
DOWTIEHIF AL, FEROZBRT, ThbbEEEEE
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T BRI S BR A 2 FH o 72 PR BE 25 AT BABR O34T D L 720
PIFIC, ZoMEZRT,

3.1 KFR-BFREHDN
RFE-FRFIRBEC BT B3I, B KR MET C
i, MHRKFERN—F KR EOREN, MBSO
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F 2 BEEBGHERE X ORHERCR OB (WE-NET)

o Weight . Topping regenerating cycle New Rankine cycle
Evaluation index Unit - -
W (%) Value:x |Point:f(x)| f(x)w Value:x |Point:f(x)| f(x):w
. Efficiency Gross %
Efficiency At rated load 16.8 CHHV 68.0 11.4 61.7 67.0 11.3
. 10000

Capital cost 3.6 89.1 3.2 9.2 89.5 3.2
Economy yen/kW

Generating cost 8.9 Yen/kWh 75.4 6.7 24.62 75.4 6.7

Element 16.8 % 69.7 1.7 74.9 62.2 10.5
Feasibility technology

R&D cost 8.4 10%yen 59.3 5.0 170 57.5 4.8
Reliability Availability 15.6 % 87.5 13.6 80 90.0 14.0
Layout Site Area/power 2.8 mYkW | 0.0200 | 130.0 3.6 0.0135 | 143.0 4.0

output

NOx 9.2 ppm 100.0 9.2 0 100.0 9.2
Environmental | SOx 9.2 ppm 100.0 9.2 0 100.0 9.2

Cooling water 2.3 t/s 40.0 0.9 11.0 40.0 0.9
Originality 6.5 70.0 4.5 70 70.0 4.5
Total 100 79.1 78.3
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Development of Thermo-mechanical Fatigue Test Machine
for Plate-type Thermal Barrier Coating Specimen

ABSTRACT

TANAKA Makoto

Hd B LI

KAGAWA Yutaka

A new thermo-mechanical fatigue (TMF) test machine for the evaluation of thermal barrier coatings

(TBCs) in plate-type specimen has been developed. Potential of the system is evaluated using plate

type EB-PVD Y:03-ZrO2; TBC specimen. In-phase and out-of-phase tests are simulated to demonstrate

potential of the machine. It is proved experimentally that the system enables both in-phase and out-

of-phase TMF tests with highly controlled TBC temperature, substrate temperature, temperature

gradient in TBC layer, and applied stress and/or strain conditions.

Key Words : Thermal barrier coatings, Thermo-mechanical fatigue, Temperature gradient, Test equipment,

EB-PVD, Y203ZrO: TBC
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Fig.1 Set up of developed TMF test equipment for plate-type TBC specimen:

(a) overall appearance,

(b) appearance of detail for extensometer attached specimen.
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Fig.2 (a) Schematic drawing of cross section for heating and cooling system,

(b) shape and dimensions of air nozzle

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.



170 TFIRREER I — T« > T EMRE LABERETHBREEDRR

Elzkﬁz'(';‘l t/?—/r\wf

(C) 1200 T T 200
/TBC surface

1150 QG
1100 F -— 7 180 ;’

5 ‘ 8
z._: 1050 F /Substrate back surface 1160 g
= £
T 1000 S
g <
£ 950 10 3
e ©
900 o

3 120 g

850 | (=

800 : : : : 100
0 2 4 6 8 10

Distance from center (mm)

(c) temperature and thermal gradient distribution in TBC specimen.

REH OEMENICZ 7 2 XV %%, GHIRIZEN
2R e AR ET 72 =7 2 X VIdFig. 2 (b) I
RYIICEBETEZE L mmD 7 2DRDSEMER
PREMB LI ->TWAE, EMZERIZI T Y
H— (SLP-15CDM5 CHEHEL60 ¢ /min) BHITT Y v
27 (SAT-120-140 : w1200 ) =L Tt s, =
TONVTORMOI Y ¥ 2 — 7 HlHA ] RE R fEEIC R -
TWb, TNHIZKY, SimmE - S Ema L O #sy
Hawreszy, »oORBRIREGRZMNE5 T2 L
NTE S,

KRB OTBCREREE X, 7 7 A4 NSRS R
(IR-FAIL, F/ =) 12k ¥ €7y —hRFOEE4
mm® FfFERAZ A L THlE S5, TBCEZE TO
) E I R 133 4AmMm T H b T OB, kT ¥ —
6 OED BEHEEFHIEE L T 5 72 0O
R ORFE L BENE L L -0IHIE 21T o 700 REBH
%WDHHK& I, TEARIEMESEE L TR Rim e
7y — ICRBIBFEN Y D, RERF Mo E
75‘5Hﬂﬁ§ﬂé(mf§kfﬁ§¢(ﬂn§nfﬁ‘%ﬁj]§ﬂé{mf§£7)‘
=39 5 £ 5 TSR ERT O Bt #R Al & KOS IR 2
RO MIERBMEOMNEZIT > 720 2 DIREKIE
EZE1Z, 300, 600, 900K LF1200C I ToT o720 ZDHE
RS, A LZRSREFOBFRMEEZ ¢ =05 K
Bl IE A2 H8 OeFwiE R % B =0958 PeE L
Too B, EMoEER, EMEMRECARY NEE

I CREVEEN Z L) AT TRlE L7z SBRK O
H%E%Emﬁ,%%wuﬁﬁmmﬁfﬂﬁ?é;k
WTE S,

Fig. 2 (¢) WEARWIZEICIE » THio 7z, TBCHE K
REEAS1150°C DI O FRER P 0 )2 A 5 T8 O 50
OEREH M OREAR A TH 5. R HFRES T
B X Z10mmOHPH TH—NEAIMAE SN, TBCHE & &
M OMEZED=I50C T—ETH 5, ZOHPAYTIE
KRB RPN ICONTRAKREIZK TS S L &
DITIREARIIA E 2B HIANERT,

3. RBF&E

AFEETIX, TBCE (JE $2200um) %#BC (K »

Fa—bF) B (EX=200um) O LICETFE—29
W% (EBPVD) Hickha—54 7 L-b0%
H v 72, TBCH 1Z8mass%Y20s-ZrO:T & v, BCHE iX
WIET I ABERECCa—74 7LD TH
%o CoNIiCrAlY-BC/g @ 1t % #l B (mass%) 1%, 32.0-
Ni, 21.0-Cr, 8.0-Al 05-Y, 31 13CoTH %5, HAITITE
E=3mm®Inconel 738LC% W 720 M DAL 5 M K
(mass%) 1%16.0-Cr, 85-Co, 3.4-Al, 34-Ti, 1.7-Mo, 2.6-W,
1.75-Ta, 0.9-Nb, 0.11-C, 3% D IZNiTH %, Fig.3 123 —
T4 YT ENTBCY AT 4 O & J5 0] o Wi i fHL ik G-
H%RY, =54 Y7 LIZIRETHTGO (Thermally

-

- 4 5
100 pm } Substrate

Fig.3 Polished transverse section of TBC specimen.

Grown Oxide) BJE Z13h,~05+015umTdH o720 %
B, TOTBCYVAT A7 74 I3 Iv Ak

— (JFCC) TIEREN=bDTH 5,

Fig. 4 [ZRBR TR R OS2 R, aBIE e Iy il
T YO AR L L, IREE & T2 AN O I A%in-
phase % (Fout-of-phase® DRER % 17 > 72 T L O &wAK
i B\ E TBCRE i i % Te™=1150C M OF Tihe"=400C
EL, InE - HEIEEIRE BIZE5T /s ICERE L iR
BRSO RN L o TR EN D O FARIKRRD L I 12
Fb¥sb,

& = emtéEm (1)
6.5 dia. 16, 20 16
- o
8 dia. Q_'\/
L

~
N\
Y
i
|
g
R
o)
l
M T

Coating Area
11 66 11 |6
100 (unit : mm)
50 . 25

Fig.4 Shape and dimensions of plate type specimen.

Download service for the GTSJ member of ID , via 216.73.216.196, 2025/07/12.



Vol.37 No.3 2009.5 FARRBE R I —T > TENRE LA BEBEFTHBREEDRRE 171
(@ (b)
250 prrr — 1200 __ 0.25 11200 __
200 11000 2 0.20 {10002
[
150 As00 £ o 015 1800 5
2 S =
__ 100 1600 £ T 010 1600 S
© 1 o E 1 Qo
L 50 j400 £ Z 005 .-J400 E
S 0K {200 - g s =
2 3 ' T OR 200
g -50 | N, . e S -0.05
(] : E \ .o V2 \ N7 / <
00F N , . , \ S -0.10
150 F Ny N = 015
F \ /
-200 / N -0.20
osob .0.25 ! L L I ! |

0 100 200 300 400 500 600 700
Time (s)

0 100 200 300 400 500 600 700
Time (s)

Fig.5 Time-mechanical loading and temperature profiles obtained for TMF test: (a) stress control mode, (b) strain control mode.
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Fig.6 Temperature-mechanical loading profiles obtained for TMF control test: (a) stress control mode, (b) strain control mode.
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