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Disclaimer 

This report was prepared as an account of work sponsored by an 
agency of the United States Government. Neither the United States 
Government nor any agency thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, 
or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or otherwise does 
not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed 
herein do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



ABSTRACT 

Whm a commercial gas turbine, designcd and optimized for natural gas fuel, is c111ployed in an Admxmd 
Circulating Pressurird Fluid bed Combustor (CPFBC) application, chan3cs omur that afkct both thc 
thermodynamic cycle and the pcrfbmance of thc individual components comprising the mchiac. Thcsc. 
effects derivc principally fiom thc increased pressure drop encountewd bclnwn the c o i n p ~ s ~  dischar8e 
and tlx e x p d z r  inlet, with ch;inges in gas propertics and flow m s  for the hot rnrnbwdkm prdtkts 
having secondary cffits (Ref, 2 and 4). The net dkct is  that pwer output can be r e d t i d ,  and significant 
design andlor operatiom1 compromises may bc rcquircd for the gas turbine. Application of an cxternal 
boost cctniprcssor can mitiguc these effm. 

lNTRODUCTlON 

Tbc operation of a gas turbine is bascd on well defiied physical principles, derived from furidrunentai 
aerodyxmnics and thermodynamics. The application of thwc; principles lm led to a &sip evolution that 
h%s resulted in thc large, efficient gas turbines mauufacturcd for today's cornp.%itivo power generation 
market. Tht: 
thermodynamic cycle and dctailcd design of cornponmls such as conipressors, cambustors, and ercpmdcrs, 
mflocts this focus 011 optinlizhg both simple cydc md wmbincd cycle pafoiniancc: f i r  these fuels. 

Thcsc machines are optimizcd for the: combustion of natural gas or distillate oil. 

BRAYTON CYCLE EFFECTS 

Thc typical design ba5is prcssurc drop behveen compressor turd cxpander for a conmierckal gas turbino is in 
the range of 3.5 to 4.0 pcrccnt. In a CFFBC applicaLion, this pressure drop can bc: as high as 12 percent. 
reduchg thc prcssurc a1 the inlet of thc expmdcr, and reducing the yrcsuurc ratio available for axpatision. 
Ti% combined effect of iducing cxpander inlet pressure and kmpwaturc WKYOI mass flow is a very 
significant loss in net poww output. Figure 1 illustrates thc c f f W  of pressure and teiiipraturc an a 
rcprcscntation of the Brayton cyclo, from an energy/eatmpy ptmpcctivc, 

Figure 2, bclow, prcserikq B simplified flow diagram of an advtblid CPFBC spurn. Thc CPFBC uses 
W M ~ X M C C ~  air from the gas turbine mmprcssor to fluidize and oxidize thr: cuaVsorht bd. Jjot vitiated 
(oxygm-deplctcd) air from the CPFBC is rmtcd to the gas turbine co~iibustor io support topping 
wnbustim of low Rtu spgw, produced in ac carbonixcr vessel, enabling the ttlrtrinr: to opera at thc full 
desigu basis firing temperature. Energy i1.r thc gas turbine exhaust produw SEW in EZ HRSG, which is 
uscd to power a Rankine boucnning cycle, Additional steam is gcnc-ralcd in thc CPFBC Sw use by the 
bottomin8 cycle. 

Sntisfaction of the gas turbinc design physical principlm alluded to dove  requires that sonic isdjustnwnr or 
compensation be made for thr: hcrcslscd prcssure drop. The compmaiblc flow theory undertying this 

, assertion is explained bclow, followcd by a discussion 011 s w d  ways to compenmte for the effects of thc 
added pressure drop, Thermal perforrnance for the s y s w  dcpictod in Figure2 is calculaacd using ihc: 
ASPEN-SP flow h t  simulator software. Caniparative performance is pmcntcd in Table A, foliodig ii 
bricf description of the cMlfigur&ms that were evaluated. 



COMPRESSIBLE FLOW EFFECTS 

The basis for the pokntial duct ion in expmddcr inld temperature is explained by compredblr: flow 
thcory. At the design conditiai, flow is sonic, or choked, at o m  or more discrete ax%ioiis in thc expander 
flow passages. The relationship between flow last', tmpcrature, ymsiin', and thc therinodyimio 
propertics of the flowing gas arc defined by a s p d f i ~  rdacionsiiiy, as folhs:  

1 

\y = W dT /A P thW= I Wli  {2/k+l)k+lflr-]]l/2 , where W = mass flow, lbfscc 
T = absolute teiilp, OR. 

A = flow area, sq. fiy 
P = total prcss., psia 

k = spoclfic heat d o ,  
CplCv, of the gas 

R = u n i m d  gas constant, 
f .986 Btu/lbriM!e OR 

AIZW = Mo1wular Wcight 

Notc: See Ref. 3 for derivation of this quation. 

The value of the critical, or choked flow paramctcr, (v} is a weak function of k and It, -and is eswsiliafly 
constant. Thusy the relationship &wcn flow, turbine inlet tenipaturr;, turbine inlet ~ R E S U I C ,  mdocuIar 

* 

weight, and flow area is uniqucly dclincd. If a gas turbinc is dcsiped for a specific appkdion, such as 
firing natural gas, a suhblc tutbinc nozzle area is provided. If the writ! machiUte is uscd in a CPFBC 
;tpplication, sonw of the fac;rors in thc flow paramE.tir;r relation c h g c  as follows: 

I .  

2. 

Thc gas molecular weight cl~angcs in an advanced CPFBC applicatjon dac tu two faotors: (a), the 
combustion of coal produces morc GO2 tdative ta H20 coinpared to h e  firing of natural gas, and 
(b) advmtnccd CPFBC applkatiw ]nay rcsltlr m firing additional fuel to p d u c c  stcani in thc Fluid 
Bed Heat Exchanger, yiddiny a with a h@er proportion of combuslion p ~ o d ~ c r ~  (lass excess 
sir} compard to i scatldsrd natural gas fired combustion turbine application. The net change in 
gas ~O~ccUkdr weight in mi admd CPFBC applkation varies from abut 3 3 4  to 5%, the 
h g c  'on a square rmt basis is thercfbrc b c w m  1.79% to 2.5%. 'ITiriS affect tends to incrcasc 
the amount of n u s  flow that can pass through the turbine rides, other couditions king cqud. 

The ninss flow of gas through the turbine nozzles in an a d m d  CPFBC is sigificantly grater 
h i  the mass flow obuinx! for the same machins in a natural gas fuzkx! application. This 
hcmscz in nozzlc mass flow varies fran about 1.3% to as m k  as 4.8%. T ~ c  iiicrcad mags 
flow is quantificd by comparing the sum ofthe f d M g  mil~s mptrfshFpwtbr in an advanced 
CPFBC application: fud (such as coal), sorbent (such as Iimcstow], moisturc (web as s t m  
injected iim thc cahmizcr); less solids removed from thc systtm (:ah and spcnt sorbcnt). 



COMPENSATING FOR INCHEASED BltESSURE DROP 

The fin1 two fa&ors noted abovc tcnd to offset each othcrr. Thc most sigiiificmit net 
increased prcssure drop. This can bc mitigated in several ways, m follows: 

is wuscd by the 

1,  The airflow through the machhe may bc: rcdrtced by partial closure of thc compressor inlet guide 
mies. This rduces the mass flow through the turbine ex@r nozzles; it also teds to rcducc thc 
power output of the system .. 

2. The firing temperature, aud thus tIic krbine idet tt;lipzaurC, may bc rcduced, as illuitrated in 
Figurc 1. This results in a sacrifice of output and ~ ~ c i m c y  for the gas tuhiae. Thc mmll 
impact on the cornbind cycle in an advanced CiJFBC application, which uses both a Brayton cycle 
and n. Radkic cycle, depends on marly vandbl~ and must be evaluated for cadi application. 

3. The prcssuwmay behrwsed in scvcral ways: (1) An ndditiud stage may bo added to the gas 
turbinc compressor to provide a highcr prasure ratio; (2) An ~xtcrnal boost compressor may be 
added to the system; (3) The extemd circuit prcssure drop m y  be r e d u d  by changing design 
paramGtcrs for the Colllpoucnlcs in t b ~  &wit; and (4)Thc gas turbine compressor may be 
rcmatched to operate at a bighcr pmsure ratio. For a constant sped machine, this implies sc3ting 
the compressor opcrating point higher on the compressor hWflow characteristic. This mpilus 
Gaution ta avoid opcration too close to tile stat1 or surgo line, at which point comprcssot opcmtim 
is unstable aid damage may rcsuIt. in this paper, the usc of m cxkmal, datric motor driven 
boost compressor is evafuatd , 

The twrbinc nozzlc arm may be increased by about 9%. This is a significant increase for n 
production machine, and could require design anrf mlii changes. 

. 

-- - 
4. ' 

This paper evduatcs in%rated system ( g a ~  n t r t i n e ~ ~ ~ ~ ~ / ~ ~ ~ ~ / s t o a r n  turbine) perfontwice i s  
different approaches ndcd above are employed to satisfy the chokd flow paramctct. rcfationship at the gas 
turbine expander itllct nodcs. Certain system design parameters arc filrd, includiog: 

Cas Turbine is a Wcstingbousc 501F production machine, as built for finug natural gas. Cumprcssor 
pressure d o  is hdd constant at 14: 1. 

Steam Turbine is a generic tandun mpound m h i n c  with a double flow low pressure section, rated at a 
m m h l  105 MWe vdb fbcdwaw hwtcn in service, ope& at 14SO psiB/1000"F/lflM0F, wndcnsing at 
2.5 in Hg abs. Stcam turbine performance is conlyutcd pcr Spmcw, Cotton, and Cannon (Ref- 6)- Steoln 
turbine throttle flow i s  held constant at 100% ofrawd valuc. 

CPFBC is as shown in Figun 2. Coal is Pittsburgh No. 8, with a carbonizcr tcmpcratum of 1700OF. 

Case A incorporates tu1 electxic motor drivcn bwst comprwor in the system. The gas turbine compressor 
dischqe air flow is collcctod and c;~nveyeQ orr-board dte inachinq and through a rcgc~~crativc hcat 
exclmngcr and a thm cooler. The cooled air is boosted in i hc  boost comprcssor, reheated in the 
regem-ative heat exclmgw, then sent to tho CPFBC proccss vessels. The boost compressor rcphces thc 



pressure lost in the CPFBC ~~csseIs, as well as rhc =generative heat exchmg~~ turd trim cooler (asses. Thc 
gas turbine air flow, firing tcrnperattxe, and IIOZZ~C am remcrbx &as in thc otiginal machine. 

Case B also utilirm an electric mlor driven boost cornpzswur, bul does not h~c~rpomte thc ~ ~ n c t a t t ~ v o  
hcat exchanger mid triiii coolcr 'Boost mnipresEor ynuuurc rise is smkewhat reduccd; ovcn so, drive power 
rcquircments are hcrcascd due to the sign&anlly highcr i t k t  teniprottui-e to lhc boost compressor. As hi 
Casu A, airflow, firiug tempcrius and nozzle area remain un&angcd. 

Case C docs not use a boost coniprcssor. Matching of the d w i p  basis flow parameter at the turbiac inlcL 
is achicvcd by partial closing of tho gas turbine mpressor inlct guido vales, thereby reducing cbmprcssor 
airflow and mass flow to thc turbinc nozzles. An 8.2% rcduclion in ailnow is required. 

.> 

Caqe D dso does not use a boost compressor. Matching of the design bitsis flow pamnclcr at the turbine 
inlet is achicvcd by rcducing the turbine hlct tcmpcrature by appraxhiatdy 440°F. 

Case E is the final casc without a boost compmssor. The turbine nozzle area is k r e a s o d  by 9%, 
coinpensating for the CPPSC added presrun: drop. Airflow mrd twbine inlet temperature rcnmin lhe same 
as in tho original des@ case.. 

Relativc prformancc for the various casos is yrwmkd in table A below. 

Table A 
Performance of Various Advanced CPFBC Cunfigurations for a 

Westinghouse 501F Gas Turbine with H Repowered Stenm Bottoming Cycle 

Thc rcsults for the cases evaluated indicate that the boast compressor, with or without regenerative heat 
transfer, provides tht: best output. The highest efficiency is rt;srlizcxt by ~ b c  nxlud airflow CSISL', but ;u a 
loss ki net output. Thc rduccd ttrrbinc inlot tmptmtlcrc; t a u  swf3it.s with rcspoci to nd oulpul and 
effickucy. Finally, Lhc (wsc with rhc i~mcascd ttoii.de area has a tnodest tductioe in output, with 
cEcimcy that is close to the Imxhxi cases. Further e\~aluntiotl of tliese c a g e s  to evdnate capitat cost and 
mnmics will be undertaken. 

http://ttoii.de


CONCLUSJON 

IJsc of a stnudad production gas turbine in an advanced CPFBC cyde applicatiar results in the to 
cornpalsate for changes to the original dcsign basis Braytan cyde (caused by thc increased pressure drop 
between tlie compressor wid expandcr), and for offccts on the turbjlie nozzlo flow matching. Some of thmsc 
conipcnsating actions will rcducc overall net cycle powr output and efficiency. The addition of a boost 
compressor can effeAvcly wmatda the; i~ozzle flow relationship and bcmse ncl powcr d d c  maintabling 
l i d  efficicncy, without iricreasiiig thc physical nozzle area of thr: turbinc. A significant d m t a g c  for this 
approach is that it avoids rnodifications arid iiiwstmcnt fur ehc gw turbine coinpressor wid cxpandcr. An 
extarnaf subsystcm, comprised of wailablc industrial campoiients, can bc configured to suit fhe s y s t m  
requircmcnts. The ultimate success of this approach depends on thc spcwific application, including thc 
turbinc selected, and thc cyclc configuration and its desigu paramctcrs. 
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BRAYTON CYCLICS 

C. 

. .. 



FIGURE 2 

ADVANCED CIRClILATING PRESSURLZED FLUIDIZED BED (PFBC) CYCLE 
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