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1. Introduction

This paper is written to inform GTS]J readers of the
Integrated Control and monitoring System (ICS) that
is required by the H System combined cycle power
The
state—of-the-art, highly efficient combined cycle power

plant. H System combined cycle is a
generation unit that accommodates a single-shaft gas
turbine (GT), steam turbine (ST) and generator with
a multi-pressure heat recovery steam generator
(HRSG). We will discuss the major systems of the
H-System combined cycle and its the control system
requirements, including topics on the adaptation to the

Japanese market. Overviews of how the ICS is used to

Foat 18T

sequence equipment from startup to shutdown and
how the Full Scope Engineering Simulator aided in the
validation of the H System combined cycle and the
ICS will also be discussed.

2. H System Combined Cycle Integrated Systems

A much higher level of integration between the GT,
ST and HRSG is demanded in the H-system combined
cycle, as compared to a traditional combined cycle
power plant due primarily to steam cooling of the GT
hot gas path. However, besides the obvious coupling
through the steam cooling system additional couplings
exist through the cooled cooling air system and

e m;:*

H

e o vt e e o i o S e
"y g -
; & % "
Fuel { Heat Recovery
Heatii § Steam Generator - i
System ; I rt:q NNV SR Y
Tod 3 i
e et N . B
PR i e
f I
B H h i
i o bk
: i,
I
L.,

£
i
i
H
i i
i i
i SR N
¥ < f
i ;
i é P i
[ y
; ) M’
3 Feedwater Q
5 w LP LP Pump N
H i
!
i Steam Turbine
H Cooling - -~{Deserating
! -tk B N -
i b }N" A—
H § 1 s e o C‘L L g [GtANG Beat]

N i s s oot g Jondenser|
R | el TR fee —

Condensate Pump Condensate Filter

Figure 1. H System Cycle Diagram
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through the gas fuel performance heater (see Figure 1).

Additional operational integration was achieved
using a ST Model Predictive stress Control (MPC)
algorithm to load the power plant during startup as
quickly and efficiently as possible while respecting the
ST stress boundary.

2.1 Steam Cooling System

The H-system GT has steam cooled stage 1 nozzles
and shrouds, stage 2 nozzles, and rotor components.
The GT steam cooling system is integrated with the
steam cycle reheat section. The primary source of
steam for the GT is the ST high pressure (HP)
exhaust and the intermediate pressure (IP) section
steam from the HRSG. Prior to the parts being cooled
with steam, they are cooled with cooled compressor
discharge air.

The primary purpose of the Cooling Steam logic is
to control the steam flow to maintain adequate
pressure and temperature into the cooled components.
The cooling steam for the GT is based on a prescribed
flow schedule that the ICS calculates based on GT
operating temperature, source steam temperature, and
other parameters. The ICS also includes functions to
sequence GT, ST, and HRSG control valves in a
coordinated fashion to effect a bumpless air-to-steam
and steam-to-air transfer, including pipe preheat,
establishing proper steam conditions, and purging air
from the cooling passages.

In addition to primary control, the ICS provides
protection of the steam-cooled components from loss
of steam resulting from excessive leakage, blockage, or
unacceptable steam conditions. Steam cooling
protection is provided through a Cooling Flow Fault
Detection (CFFD) algorithm and an Optical Pyrometer
Protection System. The CFFD algorithm utilizes
advanced Kalman filtering techniques to detect a
blockage or a leakage in the stator components. The
CFFD is the primary protection of the stage 1 and 2
stators and is the backup protection for the rotor. The
Optical Pyrometer Protection System is used to detect
Stage 1 and Stage 2 turbine bucket temperature
trends and is the primary protection for these rotating
parts against a loss of steam cooling.

2.2 Cooled Cooling Air System

A Cooled Cooling Air (CCA) system (see Figure 2)
is used to cool the GT compressor rotor below its
material limits and to cool various stage 2 turbine
stator components. The CCA system takes hot GT
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compressor discharge air and cools it with IP feed
water resulting in the creation of IP steam, which is
added back into the steam cycle to minimize any
impact to the thermal performance. The ICS modulates
mixing valves to blend the CCA discharge air with hot

- compressor discharge air to control temperature

independently to the rotor cooling circuit and the stage
2 nozzle. The cooled discharge air is also used to
pressurize the closed loop clearance control system
and as a primary source of air to the combustion gas
purge system.

On the steam side, level control is accomplished by
three—element drum level control providing a position
reference for the evaporator water inlet level control
valve. The evaporator outlet steam conditions are used
by the ICS to control the IP drum level.

To IP Steam Drum
To Gas Purge

3 Stage 2 Nozzle
Cooling Manifold
Gompressor Rotor
Gool ing Menifold

From 6T Gompressor
Discharge

T~

Cooled Cooling Air
Gooler
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To HRSG To HRSG To HRSG
Blowdown Blowdown Blowdown

Figure 2. Cooled Cooling Air System

2.3 Fuel Gas Performance Heater

Gas fuel heating utilizes low-grade heat from the
HRSG to increase the gas fuel temperature to improve
the net plant thermal efficiency. IP economizer
discharge water is used to heat the fuel in a shell and
tube heat exchanger (HX). The ICS modulates the
temperature control valve on the exit of the HX and
returns the water to the condenser. An inlet water to
gas temperature pinch point control strategy is used
to optimize the fuel temperature and minimize flashing
downstream of the control valve without discharging
excess heat to the condenser. This strategy ensures
the highest possible fuel temperature is achieved for
all operating conditions of the HRSG. The ICS ensures
that water can only be supplied to the fuel gas
performance heater if adequate IP water pressure is
sensed, so that any heat exchanger leak will be
propagated from the waterside to the gas side.

3. H System Integrated Control System
The high degree of integration of the H System
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combined cycle demands a control and monitoring
system that is also highly integrated - one that offers
a total unit control and monitoring solution to our
customers. The H System ICS combines a high degree
of integration with flexibility and ease of operation. The
ICS is designed with modular expansion capability to
accommodate varying applications and future plant
equipment growth within the same framework. The
ICS has more power and speed than a traditional
power generating unit control and monitoring system
and utilizes this to compute advanced algorithms for
the H System combined cycle. In addition, the H
System ICS is designed for high operational reliability.

The ICS developed for control of the H System
combined cycle power plant, which includes the
controls of the GT, ST, generator excitation, static
starter, HRSG, and mechanical auxiliaries, is a highly
integrated system. The ICS has many unique H
System control functions including those for cooling
and the
automatic sequence of equipment required to start up

steam, clearance control, fuel heating,
and shutdown the power plant. A redundant Unit
Data Highway (UDH) connects the controller modules
to provide - a reliable high-speed peer-to-peer
communication link between controllers, resulting in
seamless operations such as closed-loop control and
coordinated plant start and shutdown. The same
high-speed integration extends to H System
equipment protection.

A redundant Plant Information Highway (PIH)
provides a communication interface to plant-level
computers for supervisory control (plant start and
shutdown) and monitoring of operation and alarm
conditions. The PIH also provides an interface to other
controllers handling the. control of Balance-Of-Plant
(BOP) equipment.

The ICS is designed for high levels of fault tolerance
to maximize unit protection reliability, running
reliability, and system availability. Single point failures
are avoided by use of triple or multiple redundant
sensors and Triple Modular Redundant controllers;
employing two-out-of-three voting strategies.

The control system has demonstrated that it meets
those requirements of computational capacity and
execution speed through simulation testing, factory
stage tests, and field tests.

One of the solutions that General Electric and
Toshiba achieved to maximize the H System combined
cycle integrity of the ICS for the Japanese market was

to use a combination of TOSMAP™ series controller of
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Toshiba Corporation and Speedtronic Mark VI series
controller of General Electric Company. In addition to
the H System combined cycle requirements, this
scheme provides a plant-level supervisory function
with a coordination of overall automatic plant start
and shutdown capability in a manner that Japanese
customers are familiar with. These two systems are
connected via redundant gateways that apply an
enhanced version of the GSM (GE drive systems
Standard Message format) protocol to meet the
communication speed and reliability required. In
addition, this interface includes data exchanges such as
alarms and events with time synchronized time tags,
adequate process parameters, and, operation commands.

4. Integrated Plant Start and Shutdown

The ICS provides a full-scope automated plant
startup and shutdown starting with the initiation of
circulating water to circulating water shutdown taking
into account the unique integrated operations demanded
by the H System combined cycle. Figure 3 shows a
typical overview of a start~up and shutdown and
highlights key events. Among the various sequencing
and programmed controls, this section also highlights
the air—cooled to steam-cooled transfer sequence.

4.1 CGirculating Water Start to HRSG Ready Condition

When establishing the sequencing of the circulating
water .system, valve positions and pump operation
timings are determined through a thorough transition
analysis of the water flow to prevent water hammering
and over flashing due the large volume and inertia of
the circulating water. A similar strategy is applied for
the cooling water cooler system after the circulating
water system is ready.

The condensate system is then started with auxiliary
hydraulic fluid
activation, and then condenser vacuum is established.

steam system warming, system
After reaching the required vacuum the feedwater
pump fills the economizers and drums. During prefill,
drum pressure is used to bias the drum level control
valves to maintain the same amount of feedwater flow
into the drum regardless the varying plant start
conditions, very hot (high pressure) to cold .(low
pressure).

GT pre-start sequencing also takes place during
this period to ensure that auxiliary systems are ready
for plant operation.
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Figure 3. Plant-level Automation Outline
4.2 GT Start Instead of applying the traditional means of ST

After all ready-to-start permissive conditions are
obtained, the Load Commutated Inverter (LCI) is
activated to raise the turbine to purge speed. The Gas
Turbine and HRSG is purged at three to four times of
the fuel-passage volume.

After purge is complete, the GT decelerates and
fires. When flame is established the speed is held by
the LCI to warm up the GT. As soon as the unit
begins to accelerate, the steam piping drain sequence
activates to remove any condensation from the piping.
When the steam piping is free of condensate, the
steam cooling system is prepared to accept steam. LCI
provides additional torque during acceleration until
the GT ‘becomes self-sustaining. To prevent the LP
turbine blades from windage heating damage, cooling
steam is introduced to the turbine above 50% rated
speed.

4.3 Air Cooling to Startup Steam Cooling

First, reheat piping is purged using HP steam to
displace any remaining cooling air. At this point, the
reheat stop valve is kept closed to prevent losing any
of the condenser vacuum until this reverse purge is
complete. After the reverse purge is complete the
cooling steam system enters GT cooling air purge
mode, where the GT is supplied with cooling steam to
purge any remaining air to the GT exhaust.

4.4 Temperature Matching and ST Loading

The ICS controls GT .exhaust temperature by
opening variable guide vanes on the compressor or by
raising the load to provide an optimum temperature
for warming up the ST.
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loading that references the difference between main
steam temperature and turbine metal temperature,
MPC was developed. MPC is designed to load the GT
at the maximum rates allowed by the ST rotor stress
constraints. This new control technology relies on the
use of models for the GT, HRSG and ST to predict the
effect of gas turbine load rate on the ST rotor stresses.
In addition, the new prediction capability is combined
with optimization algorithms to calculate the GT
loading profiles that result in the fastest startup. MPC
is currently being utilized at the 9H Baglan Bay site.
MPC has demonstrated fuel savings and reduced NOx
emissions during startup.

4.5 Startup Steam Cooling to Normal Steam Cooling

Prior to admitting steam to the HP steam turbine,
an alternate steam source is required for the GT cooling
circuit. This is referred to as the startup steam cooling
system. In startup mode, the steam supply to the GT
is from the IP steam drum and the startup steam
cooling valves. When the steam turbine is on-line these
startup cooling valves are closed and the supply to the
GT cooling circuit is from the IP steam drum and the
HP steam turbine exhaust. A GT cooling circuit
bypass valve is used to control steam flow in the
circuit. The GT cooling circuit is effectively returned
to another reheat section of the HRSG.

During startup the ICS automatically sequences the
GT cooling system from air cooling mode to startup
steam cooling mode, and eventually to normal steam
cooling mode based on operating conditions of the
combined cycle plant.
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4.6 Loading Up

Following the initial ST startup and transfer to GT
normal steam cooling mode, loading of the unit is
enabled. Loading of the unit is achieved through the
use of a manual or remote load command setpoint.
Loading rate limits are calculated by the ICS taking
into account the ST rotor stress constraints and the
available steam for GT steam cooling.

Figure 4 describes the DLN loading schedule.
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Figure 4. Fuel Transfer Schedule

5. Full-Scope Engineering Simulator

A key element in the design, development and
initial validation testing of the H-system ICS has been
a full-scope, engineering grade simulator. This
simulator includes high fidelity models of the following
major plant subsystems:

¢ GT flange-to—flange, including compressor, turbine,
and combustor systems;

e gas fuel system, including piping manifolds,
performance heater, DLN control valves, and,
instrumentation;

¢ GT accessory systems, including steam cooling,
CCA, clearance control, purge air, and, lube oil
systems;

¢ ST, including HP, IP, and LP sections;
¢ ST accessory systems, including steam seal system,
bypass system, and, shell thermal response;

*« HRSG, including HP, IP and LP evaporator,
superheater, economizer sections, and ammonia
catalyst;

« generator and electrical system, including shaft
torque balance and acceleration, exciter, generator
terminal voltage and current, and a simplified
electrical grid; '
¢ balance of plant, including condensate, feedwater,
condenser, circulating water, and closed cooling
systems.

With this level of detail, the response of the
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H-system power plant may be studied over a broad
range of normal combined-cycle transients including
cold, warm and hot startups; load swings; fired
shutdowns; and NOx production. In addition, automatic
protective actions of the control system including
alarms, runbacks, load rejections, and trips can also be
evaluated. Developing such a capability to allow
detailed operability analysis and testing prior to plant
commissioning was considered essential to reduce the
risk inherent in developing a new combined-cycle
power plant and the corresponding ICS. One example
of such an analysis was the extensive testing of the
H-system combined—cycle power plant response to
grid frequency fluctuations, a capability enabled by
the inclusion of a simplified electrical grid within the
simulation model.

This simulation was hosted on two distinct hardware
platforms:

*a comprehensive hardware-in-the-loop setup
comprised of Speedtronic Mark VI controllers
coupled through special purpose I/0 interface
computers to the simulation model; and

* a smaller scale, table-top simulation platform
wherein the - simulation model communicates
directly with the ICS controllers over a
proprietary Ethernet link.

These two simulation platforms provide unique
capabilities and wvalidation support from conceptual
through detailed design. The simulator may also be
used to provide traditional operation training and
familiarization exercises making it useful throughout
the complete design and development cycle.

The integration of the H System combined cycle
power plant that utilized both the Mark VI controllers
and TOSMAP™ controllers was fully validated with
an engineering grade simulator at the Toshiba’s Fuchu
Complex in Japan.

6. Conclusion ‘

The ICS for the H System combined cycle power
plant provides customers with integrated control and
monitoring. Extensive and vvigorous validation
exercises during the development of the ICS for the H
System combined cycle ensured that high reliability,
availability, flexibility, and ease of operation
requirements could be met.
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Rafting Test for Single Crystal Superalloy under High Thermal Stress Application

BT B

MATSUSHITA Masahiro

BE SRAET

CHEN Jinxiang

Abstract

fal

FUKUYAMA Yoshitaka

R R

FUJISAWA Yoshiaki

L IRE L A

YOSHIOKA Yomei

HE ®BA*

HINO Takehisa

Experimental equipment has been built to evaluate high heat-resistant materials under the turbine

blade operating condition. This equipment heats the outer surface of a test piece with three propane

and oxygen fueled burners, while it cools the inner surface by forced convection of water or air. The

experimental conditions are decided by conducting preparatory tests, heat transfer analysis and

structure analysis. Using this equipment, a cylindrical straight pipe of single crystal superalloy

CMSX-2 was tested at maximum material temperature of about 1000 degree Celsius for 80 hours. The

results show that raft structure occurs only under the influence of thermal stress.

Key words : Rafting, Single Crystal Superalloy, Thermal Stress, Turbine Blade, Heat Transfer
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