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ABSTRACT

When a commercial gas turbine, designed and optimized for natural gas fuel, is cmployed in an Advanced
Circulating Pressurized Flauid Bed Combustor (CPFBC) application, changes occur that affect both the
thermodynamic cycle and the performance of the individual components comprising the machine. These
effects derive principally from the increased pressurc drop encountered between the compressor discharge
and the expandcr inlet, with changes in gas properties and flow mates for the hot combustion products
having secondary cffects (Ref. 2 and 4). The net cffcet is that power output can be reduced, and significant
design and/or operational compromises may bc required for the gas turbine, Application of an external
boost compressor can mitigate these effects. :

INTRODUCTION

The operation of a gas turbine is bascd on well defined physical principles, derived from fundamental
aerodynamics and thermodynamics. The application of thuse principles has led to a design evolution that
has resulted in the large, efficient gas turbines manufacturcd for today’s competitive power generation
market. These machines are optimized for the combustion of natural gas or distillate oil.  The
thermodynamic cycle and detailed design of components such as compressors, combustors, and expanders,
refleets this focus on optimizing both simple cyclc and combined cycle performance for these fuels. '

BRAYTON CYCLE EFFECTS

The typical design basis pressurc drop between compressor and cxpander for 8 commercial gas turbing is in
the range of 3.5 to 4.0 pereent. In a CPFBC application, this pressure drop can be as high as 12 percent,
reducing the pressure at the inlet of the expander, and reducing the pressure ratio avadable for expansion.
The combined effect of reducing cxpander inlet pressure and tempurature and/or mass flow is & very
significant loss in net power output. Figure 1 illustrates the cffects of pressure and temperature on a
reprosentation of the Brayton cycle, from an energy/entropy perspeetive,

Figure 2, below, presents a simplified flow diagram of an advanced CPFBC systcm. The CPFBC uses
compressed air from the gas turbine compressor to fluidize and oxidize the coal/sorbent bed. Hot vitiated
(oxygen~depleicd) air from the CPFBC is routcd to the pas turbine combusior 10 support topping
combustion of low Btu syngas, produced in the carbonizer vessel, enabling the turbine to operaic at the full
design basis firing temperature. Energy in the gas turbine exhaust produces stecam in a HRSG, which is
uscd to power a Rankine bottoming cycle. Additional steam is gencrated in the CPFBC JSor use by the
bottoming cycle.

Satisfaction of the gas turbine design physical principles alluded to above requires that some adjustment or
compensation be made for the increased pressure drop. The compressible flow theory underlymg this

_ assertion is explained below, followed hy a discussion on several ways to compengate for the effects of the
added pressure drop. Thermal performance for the systom depicted in Figure 2 is calculated wsing the
ASPEN-SP flow sheet simulator software, Comparative performance is presented in Table A, following a
bricf description of the configurations that were evaluated.
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COMPRESSIBLE FLOW EFFECTS

The basis for the potential reduction in expander inlet temperature is oxplained by compressible flow
theory. At the design condition, flow is sonic, or choked, at onc or more discrete scctions in the expander
flow passages. The relationship belween flow rate, temperature, pressure, and the thermodynamic
propertics of the flowing gas arc defined by a specific relationship, as follows:

=W VT/AP VMW= | KR Q&+ Dk+HIK-1112 where W =mass flow,  Ib/sce
T = absolute temp, °R
A=flowarea, sg ft.
Note: See Ref. 3 for derivation of this cquation. P =total press., psia
k = specific heat ratio,
Cp/Cv, of the gas
R = universal gas congtant |
1.986 Btu/lb-mole °R.
MW = Mclecular Weight

The value of the critical, or choked flow paramcter, () is a weak function of k and R, and is essentially
constant. Thus, the relationship betweon flow, turbine inlet temperature, turbine intet pressurc, molccular
weight, and flow area is uniqucly defined. If a gas turbine is designed for a specific application, such as
firing natural gas, a suitablc turbine nozzle area is provided. Jf the same machine is used in a CPFBC
application, some of the factors in the flow paramster relation change as follows:

1. The gas molecular weight changes i an advanced CPFBC application due to two factors: (a), the
combustion of coal produces morc CO3 relative to HyO compared to the firing of natural gas, and

(b) advanced CPFBC applications may reselt in firing additional fuel to produce steam in the Fluid
Bed Heat Exchanger, yiclding a gas with a higher proportion of combustion products (less excess
air) compared (o a standard natural gas fired combustion turbine application. The net change in
gas molccular weight in an advanced CPFBC application varies from about 3.5% to 5%, the
changc on a square root basis is therefore between 1.75% t0 2.5%. This affect tends to increase
the amount of mass flow that can pass through the turbine nozzles, other conditions being cqual.

2. The mass flow of gas through the turbine nozzles in an advanced CPFBC is significantly greater
than the mass flow cbtained for the same machine in a natural gas fucled application. This
increase in nozzlc mass flow varies from about 1.3% to as much as 4.8%. The ificrcased mass
flow is quantified by comparing the sum of the following muss inputs/outputs in an advanced
CPFBC application: fucl (such as coal), sorbent (such as limestone), moisture (such as steam
injected into the carbonizer); less solids removed from the system (ash and spent sorbent),

'3, Pinally, and most significantly, the pressurc drop between the compressor exit and the turbine
nozzles is increased from a mominal 3.5% in a standard natural gas fueled machine to
approximately 12% in a typical advanced CPFBC application.




ROy BYSMETC CG0- =96 LI IGAM ¢ G/ _ o DOE:# 5

COMPENSATING FOR INCREASED PRESSURE DROP

The first two factors noted above tond to offset each other. The most significant net effect is caused by the -
increascd pressure drop.  This can be mitigated in several ways, ag follows:

1. The airflow through the machine may be reduced by partial closure of the compressor inlet guide
vanes. This reduces the mass flow through the turbine expander nozzles; it also tends to rcduce the
power output of the system.

2. The firing temperature, and thus thic turbine inlet temperaturce, may be reduced, as illustrated in
Figure 1. This results in a sacrifice of output and cfficicncy for the gas turbine. The owerall
impact on the combined cycle in an advanced CPFBC application, which uses both a Brayton c¢ycle
and a Rankine cycle, depends on many variables and must be evaluated for cach application.

3 The pressurc may be-increased in scveral ways: (1) An additional stage may be added to the gas
turbinc compressor to provide a highcr pressure ratio; (2) An external boost compressor may be
added to the system; (3) The external circuit pressure drop may be reducod by changing design
parameters for the compononts in the circuit; and (4) The gas turbine compressor may be
rematched to operate at a higher pressure ratio. For a constant speed machine, this implies sctting
the compressor opcrating point higher on the compressor head/flow characteristic.  This requircs
caution to avoid operation too close to the stall or surge line, at which point compressor operation
is ungtable and damage may rosult. In this paper, the use of an cxtemal, clectric motor driven
boost compressor is evaluated,

4, The turbine nozzlc arca may be increased by about 9%. This is a significant increase for a
production machine, and could reguire redesign and tooling changes.

This paper evaluates intograted system (gas turbine/CPFBC/HRSG/stoam turbine) performance &5 the
different approaches noted above are employed to satisfy the choked flow paramcter relationship at the pas
turbine expander inlet nozzles. Certain system design parameters arv fixcd, including:

Gas Turbine is a Westinghousc 501F production machine, as built for firing patural gas, Compressor
pressure ratio is held constant at 14:1,

Steam Turbine is a generic tandem compound machine with a double flow low pressure section, rated at a
nominal 105 MWe with fecodwator heaters in service, operating at 1450 psig/J000°F/1000°F, condensing at
2.5 in Hg abs. Stcam turbine performance is computed per Spenceer, Cotton, and Cannon (Ref. 6). Steam
turbine throttle flow is held constant at 100% of raied value.

,CPFBC is as shown in Figurc 2. Coal is Pittsburgh No. 8, with a carbonizer tcmperature of 1700°F,

The following configurations are cvaluated:

Case A incorporates an electric motor driven boost compressor in the system. The gas turbine compressor
discharge air flow is collected and conveyed off-board the machine, and through a regencrative heat
exchanger and a trim cooler. The cooled air is boosted in the boost compressor, reheated in the
regenerative heat exchanger, then sent to the CPFBC process vessels. The boost compressor replaces the
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pressurc lost in the CPFBC vessels, as well as the regenerative heat exchanger and trim cooler losses. The
gas turbine air flow, firing temperature, and nozzle arca remain as in the original machine.

Case B also utilizes an electric motor driven boost compressor, but docs not incorporate the regencrative
heat exchanger and trim cooler. Boost compressor pressurc rise is somewhat reduced; oven so, drive power
roquirements are increascd due to the significantly higher inlet temperature to the boost comprcssor Asin
Casc A, airflow, fiving temperature and nozzle area remain unchanged.

>

Case C docs not use a boost compressor. Matching of the design basis flow parameter at the' turbine inlet
is achicved by partial closing of the gas turbine compressor inlet guide vanes, thereby reducing compressor
airflow and mass flow to the turbine nozzles. An 8.2% rcduction in airflow is required.

Case D also does not usc a boost compressor. Matching of the design basis flow parameter at the turbine
inlet is achicved by reducing the turbine inlet temperature by approximately 440°F,

Case E is the final casc without a boost compressor.  The turbine nozzle area is increased by 9%,
compensating for the CPFBC added pressure drop.  Airflow and turbine inlet temperature remain the same
as in the original design case.

Relative performance for the various casus is presented in table A below,

Tablc A
Performance of Various Advanced CPFBC Configurations for a
Westinghouse S01F Gas Turbine with a Repowered Steam Bottoming Cycle

CT Mwe 162.0 1632 1392 103.7 151.8
ST Mwe 115.0 111.0 111.2 112.1 1i1.1
Aux Mwe 11.0 124 53 4.6 5.8
Net MWe 266.0 261.8 245.1 2112 257.1
v, HAV 457 46.2 46.5 433 458
Boost Fan HP 7700 9650 0 0 0
CT Nozze A/Ades. 1.0 1.0 1.0 1.0 1.09
Airflow, Ib/sec 968 068 889 968 968
Firing Temperature, °F | 2465 2480 2455 2020 2460

The rosults for the cases evaluated indicate that the boost compressor, with or without regenerative heat

transfer, provides the best cutput. The highest efficiency is rcalized by the reduced airflow case, but at a
loss in net output. The reduced turbine inlel wmperature case suffers with respect o net output and
efficiency. Finally, the casc with the increased nozele arca has a modest reduction in output, with
cfficicney that is close to the boosted cases. Further evaluation of these cases to evaluate capital cost and
ceonomics will be undertaken.




RCY BY:METC S10- 1-96 cpii7an s ) G/C- ‘ DOL: % 7

CONCLUSION

Usc of a standard production gas turbine in an advanced CPFBC cycle application results in the need to
compensate for changes to the original dusign basis Brayton cycle (caused by the increased pressure drop
between the compressor and expandcr), and for effects on the turbine nozzlc flow matching. Some of these
compensating actions will reduce overall net cyele power output and efficiency. The addition of a boost
compressor can effectively rematch the nozzie flow relationship and increase net power while maintaining
net efficicncy, without increasing the physical nozzle area of the turbine, A gignificant advantage for this
approach is that it avoids modifications and investment for the gas turbine compressor and cxpander, An
external subsystem, comprised of available industrial components, can be configured to suit the system
requircments.  The ultimate success of this approach depends on the specific application, including the
turbine selected, and the cycle configuration and its desigu parameters.
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FIGURE |
BRAYTON CYCLES
1 4
2 3 .
%ﬂ P Firing Temp Limit {Dexign)
INAdtatnns’ Snbihhe S Nl
Sy (Redured dve ta noxrde elfects)
.‘"’ .
ov"”"f
v“".
P2 et o
Esthalpy P4
' P4
P1
Enteopy

Cycle P1/F2/P3/P4 is a normal dosign basis cycle for a typical machine.
Cycle P1/P2/P3° /P4’ represenis a CPFBC gas turbine cycle, Note the reduced turbine sxpansion ratio and
turbine inlet tomperature, (Based on juaintaining dusign basis mass flow.)
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FIGURE 2

ADVANCED CIRCULATING PRESSURIZED FLUIDIZED BED (PFBC) CYCLE
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