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COMBINED CYCLE PERFORMANCE ANALYSIS

ABSTRACT

Previous Gas Turbine (GT) analysis was basically limited to unit output and heat rate for
the following reasons:

o GT component analysis requires accurate temperature and pressure
measurements B

o} Additional temperature, pressure and flow measurements are required

o HRSG flows, pressures and temperatures must be accurately determined

o} Flue gas bypassing must be determined

As a result of the above a performance model was built in PEPSE. This performance
model includes four GTs, four bypass stacks, four HRSGs, one steam turbine generator,
one condenser, one condensate pump, one boiler feed pump and one gland steam
condenser. Each GT exhausts into an HRSG which is modeled in the performance mode
as a convective boiler section. The amount of flue gas escaping thru the stack by-pass is
modeled by controlling the bypass flow of flue gas to obtain the stack temperature. The
steam turbine is modeled as a general turbine with one extraction. Since HL&P's
Maximum Capability Testing is performed at Valves Wide Open (VWO) on the steam
turbine, the bleeds and leakoffs are modeled as fixed flows. There are assumptions and
controls built into the model to simulate interstage cooling air by-passing the compressor
section. Estimates are made since these are internal flow paths and are not easily
measured. A fixed percentage is used for this cooling flow, the reason for this is because
in actuality multiple air extractions exist and the amount from each is not measured or
readily measurable. This cooling air is then mixed with the expander first stage aft
section. This requires modeling the expander as two sections with a cooling air mixer.
This has to be done to compensate somewhat for PEPSEs' lack of interstage modeling
capabilities. In reality the admission of cooling air is complicated somewhat since the air
is injected in the first stage buckets, first stage forward and aft wheelspace, second stage
wheelspaces and third stage wheelspaces.

The HL&P Maximum Capability Test is designed to establish the maximum generation of
the unit, document any equipment limitations, and define current equipment performance
or efficiency. General plant process instruments are used for pressures, temperatures
and flows in general. Where more accurate instrumentation is required the Central
Results Performance Analysis Group will supply and install necessary test grade
instrumentation. For these Combined Cycle tests, ambient temperature is monitored, GT
by-pass temperature, HRSG flue gas temperature and fuel gas components, fuel flow

(P, T,Diff.) and fuel analysis, along with standard PEPSE inputs for the HRSG, Steam



Turbine, Condenser and Pumps. -

INTRODUCTION

The purpose of this paper is to demonstrate some of the capabilities of PEPSE in
performing Combined Cycle Unit Performance Analysis. Thru the use of Controls,
Schedules, Operations, and Operational Variables a method of evaluation for the
Combined Cycle and adjustment to standard conditions is possible.

The T. H. Wharton Units 3 and 4 are each a Combined Cycle (CC) unit comprised of four
(4) General Electric(GE) Frame 7, Model MS7000 Gas Turbines (GTs), four (4) Heat
Recovery Steam Generators (HRSGs) and one Steam Turbine Generator also furnished
by GE. The units were originally placed in service on August 16, 1974. Each gas turbine
has a base rating of 50.25 MW without inlet air filter and a design heat rate of 12,900
BTu(HHV)/KWHr. The combined cycle unit has a base rating of 279.9 MW Net for the
unit output without inlet air filters and a heat rate of 8710 BTu(HHV)/KWHr. The turbine
generator is rated at 133,000 KVA, three phase, €0 cycle, 0.85 PF, 13,800 VOLTS, 0.58
SCR at 30 psig H,, and designed for 95°F cooling water. The combined cycle
performance is based on 3.5 inHg absolute back pressure at the steam turbine exhaust,
ambient temperature of 100°F, atmospheric pressure of 14.64 psia and an elevation of
122 feet above sea level with gas turbine exhaust silencers installed.

Each GT exhaust is directed to a dedicated HRSG. The steam generated form the HRSG
then feeds the GE 100MW steam turbine with the rated inlet conditions of 800psig and
850°F. The steam turbine is and outdoor rated, tandem-compound, double flow,
non-reheat, non-regenerative cycle machine with 23" last stage blades. There is a gland
steam condenser with no other provisions for feedwater heating. For the above
conditions, the maximum expected steam flow to the turbine is 990,000 Ib/hr.

Over the years the GE Frame 7 GTs have undergone several modifications such a
installation of inlet guide vanes, inlet air bag house filters. Most of the modifications have
increased pressure drops and cost the unit in heat rates. However, being completed in
1995 are GT prime upgrades designed to upgrade output by some 4.4% and 9.9% and
reduce the GT heatrate by some 2% and 3.2% at 40°F and 100°F respectively. The test
data analysis this paper covers was performed in June of 1992 on the T. H. Wharton Unit
4,

BODY OF PAPER

A Maximum Capability test was performed on T. H. Wharton Combine Cycle Unit 4 on
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June 23, 1992. This test was designed to evaluate the maximum generation achievable
with four (4) gas turbines, four (4) heat recovery steam generators and the steam turbine
in service. The test is to also identify actual and potential equipment limitations and
problems related to capacity or heat rate.

Previous Combined Cycle Analyses methods required component analysis with accurate
temperatures, pressures and flows that required considerable instrumentation and was
done during design verification and initial testing or under research projects with EPRI.
The HRSG feed water flow, pressure and temperature had to be accurately measured
and with some flue gas by-passing thru the bypass dampers it was difficult to analyze the
system.

As for methods used in Combined Cycle Analysis, The American Society of Mechanical
Engineers (ASME) performance test codes cover the unit output and heat rate issues but
do not address individual GT section and other Combined Cycle component analysis.
There are some GT and Combine Cycle analysis software applications offered by various
software companies, GT experts, and the Electric Power Research Institute (EPR!). At
this period the Performance Analysis Division had not evaluated these applications
although HL&P’s Maintenance Division had procured EPRIs Gas Turbine Evaluation
(GATE) and Efficiency Map (EMAP) software applications. These applications, upon
preliminary review, required detail GT and combined cycle design parameters. Some
customizing and training would be required before one could expect to fully realize some
of their value and capability. As an alternative a performance model built with PEPSE, the
general purpose thermodynamic application, was investigated since several Performance
Analysis personnel were familiar with the software.

To aid in this analysis a PEPSE model was made and verified. The test inputs were
identified to be obtained on the unit. Plant instrumentation was used along with
Performance Analysis instruments on low pressure and critical areas or where plant
instruments are not installed. Performance Analysis also supplied a flue gas analysis
trailer to collect flue gas component and temperatures in the HRSG stacks. Manual data
was taken for all data except the fuel gas data that came from the Bailey terminal.

The PEPSE model uses several controls to perform function in the thermodynamic
balance for each gas turbine in the mode!:

o The gas turbine efficiency is controlled to obtain the test MW load.

o} The compressor efficiency is controlled to obtain the compressor outlet test
temperature.

o] The stack bypass is controlled to obtain the test measured stack outlet
temperature.
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The steam turbine is modeled as a general turbine PEPSE Type 08 with and expansion
line swing to match the test measured exhaust pressure and gross generation.

Gas Turbine thermal kit correction curves are incorporated as Schedules for correction to
the ISO (59°F) conditions from the test measured conditions:

The gas turbine heat rate vs. inlet temperature.

The gas turbine MW output vs. inlet temperature.

The gas turbine air flow vs. inlet temperature.

The gas turbine exhaust temperature vs. inlet temperature.

0O O O O

The above corrections are made utilizing Operational Variables and Operations.
Additionally a correction for altitude is implemented.

The Replacement Features and the Special Input /Output capabilities of PEPSE are
utilized to enter data and obtain outputs for each GT,HRSG, and the Steam Turbine,
Condenser, Pumps and other model equipment. The corrected outputs are then printed
for easy identification with the proper labels to make the report writing easier and less
time consuming.

The stack leakage is greatly influenced by the stack temperature, feedwater and steam
temperature, and indicated steam flow in addition to the calculated flue gas flow.

The PEPSE model of the Combined Cycle T. H. Wharton Unit 4 is shown in Figure 1. The
bady of this paper incorporates the PEPSE model as developed for Combined Cycle
Performance Analysis.
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Figure 1. PEPSE™ Configuration.
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RESULTS AND DISCUSSION

COMBINED CYCLE

The maximum capability test was performed on the T. H. Wharton Unit 4 on June 25,1992
at a combined gross load of 308,395 KW. The gross unit heat rate was calculated at
9204.7 BTu/KHr and the net unit heat rate at 9359.1 BTu/KWHr. The steam turbine gross
generation is 102,463 KW with a gross turbine heat rate of 10992.2 BTu/KWHr.

Unit 41 GT and HRSG

Unit 41 GT produced a corrected output of 58,400 KW while the corrected heat rate is
13,435 BTu/KWHr. The compressor efficiency is 88.83% while the compressor suction
flow is 1,886,006 Ib/hr or 445,568 acfm. The expander isentropic efficiency is calculated
at 87.84%.

The Unit 41 HRSG performance is based on the PEPSE calculated heat exchanger
effectiveness. The Unit 41 HRSG has an effectiveness of 0.9544 with a measured stack
temperature of 341.5°F. The estimated bypass stack leakage for this unit is 15.41%.

Unit 42 GT and HRSG
Unit 42 GT produced a corrected output of 57,939 KW while the corrected heat rate is
13,351 BTu/KWHTr. The compressor efficiency is 88.17% while the compressor suction

flow is 1,864,681 Ib/hr or 440,524 acfm. The expander isentropic efficiency is calculated
at 88.49%.

The Unit 42 HRSG performance is based on the PEPSE calculated heat exchanger
effectiveness. The Unit 42 HRSG has an effectiveness of 0.9576 with a measured stack
temperature of 344.5°F. The estimated bypass stack leakage for this unit is 12.98%.

Unit 43 GT and HRSG

Unit 43 GT produced a corrected output of 57,584KW while the corrected heat rate is
13,514 BTu/KWHr. The compressor efficiency is 88.93% while the compressor suction
flow is 1,882,072 Ib/hr or 444,448 acfm. The expander isentropic efficiency is calculated
at 87.43%.

The Unit 43 HRSG performance is based on the PEPSE calculated heat exchanger

effectiveness. The Unit 43 HRSG has an effectiveness of 0.9575 with a measured stack
temperature of 340.0°F. The estimated bypass stack leakage for this unit is 14.41%.

Unit 44 GT and HRSG
Unit 44 GT produced a corrected output of 59,344 KW while the corrected heat rate is
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13,323 BTu/KWHr. The compressor efficiency is 87.20% while the compressor suction
flow is 1,903,631 Ib/hr or 449,726 acfm. The expander isentropic efficiency is calculated
at 88.96%.

The Unit 44 HRSG performance is based on the PEPSE calculated heat exchanger
effectiveness. The Unit 44 HRSG has an effectiveness of 0.9567 with a measured stack
temperature of 343.5°F. The estimated bypass stack leakage for this unit is 15.18%.

Auxiliary Equipment
The Condenser can reject 7.73e+8 BTu/Hr with an inlet temperature of 87.35°F and an

outlet temperature of 114.12°F, a temperature rise of about 26.8°F. This provides a
backpressure of 1.89 psia or 3.85 inHg for the steam turbine exhaust condition

The circulating water pump is delivering a flow of 57,908 gpm with a condenser inlet
pressure of 34.8 psig.

The condensate pump is delivering a flow of 1696.6 gpm at a discharge head of 103 psig
with an efficiency of 71.09%, the expected efficiency at this flow is 73.2% at a developed
head of 280 ft or 121.21 psig.

The boiler feed pump is delivering a flow of 1686.1 gpm at a discharge head of 1260 psig
with and efficiency of 74.77%, the expected efficiency at this flow is 74.2% at a developed
head of 2370 ft or 1026 psig.

CONCLUSIONS

The T. H. Wharton Unit 4 Combined Cycle can achieve the maximum summer rated
capability of 285 MW without any equipment limitations. The Unit 44 GT is the best
performing GT with higher output and lowest heat rate. There is estimated a significant
leakage thru the bypass dampers on each HSRG system, the dampers should be
examined and adjusted for tighter closure. If this is not possible then an additional
guillotine or knife gate closure device should be installed to reduce the exhaust gas loss.

If a detailed GT, HRSG, steam turbine or other component analysis is required or any
cycle critical flows, temperatures and pressures are required on an on going basis then
better monitoring instrumentation will need to be installed. Plant Engineers and their
Instrument and Controls personnel, Maintenance Services GT personnel and Performance
Analysis personnel should meet to discuss the need for better performance monitoring
and the required instrumentation.

The condensate pump is head deficient and should be inspected at the next opportunity.
Initially the lift should be reset and performance monitored, if not improved, the pump
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should be scheduled for maintenance.

The boiler feed pump is operating as inspected and head capability is adequate for
continued operation.

The circulating water pump is operating as expected and is adequate for continued
operation.

The GT Prime modifications project underway will alleviate some of the simple cycle GT

deficiencies but other maintenance is required for the balance of the combined cycle
system as discussed above.
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