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INTRODUCTION S .
Since the early 1970's, with the promulgation of the Clean Air Act, all .
gas turbine manufacturers installing machines in the USA have had to
develop and implement methods to control NOx emisstons from their
turbines. The method most widely used is diluent (water or steam)
injection in the flame zone of the combustor. To meet the New Source

Berformance Standards (NSPS), (Ref.1) simple methods were developed
which relied on controlling the direct diluent injection: as a function of

D fuel flow rate.. As the codes became progressively more stringent, - _
- - controls algorithms had to be developed to minimize the effect of dilvuent -
.- Anjection on‘hardware integrity, combustion stability, and other emisstons. = .. -

The purpose of this document 15 to describe the basts of GE's contrél

- algorithm and how 1t is used 1n conjunction with the turbine
instrumentation to 1imit NOx to a specified limit. . S

:f o . _q}::

X iniany éombustion process involving air, oxides'of nitrogen (NOx) are

formed. NOx formed from oxidation of free molecular nitrogen in the
combustion air or fuel s called thermal NOx. For a given combustion
system, thermal NOx is primarily a function of combustor residence time

. and the adiabatic flame temperature of the fuel which 1s the temperature -
- reached by burning a theoretically correct mixture of fuel and air in an’
tnsulated vessel. - - : L o S
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INTRODUCTION

Since the early 1970's, with the promulgation of the Clean Alr Act, all
gas turbine manufacturers installing machines in the USA have had to
develop and implement methods to control NOx emissions from their
turbines. The method most widely used is diluent (water or steam)
injection in the flame zone of the combustor. To meet the New Source
Performance Standards (NSPS), (Ref.l) simple methods were developed
which relied-on controlling the direct diluent injection as a function of

. fuel flow rate. As the codes became progressively more stringent,

_"controls algorithms had to be developed to minimize the effect of diluent

. ‘  -injegtjon;gn,hardugrgathegrity!,cgqbg;tqu;;tébiljtxﬁ and other emissfons. = . -~ -’

- The purpose of ‘this document 15 to describe the basts of GE's control -

11

~algorithm and how it 1s used 1n conjunction with the turbine -
~Instrumentation to limit NOx to a specified limit.

L aa;x'g"aguuni |

~ In any combustion process involving air, oxides of nitrogen (NOx) are

formed. NOx formed from oxidation of free molecular nitrogen in the
combustion alr or fuel is called thermal NOx. For a given combustion

. system, thermal NOx 1s primarily a function of combustor residence time

and the adiabatic flame temperature of the fuel which is the temperature

-reached by burning a theoretically correct mixture of fuel and air in an
tnsulated vessel. -



The following general relationships exist between diffusion flame
combustor operating conditions and thermal NOx production: -

. NOx Increases directly with fuel/air ratio
. NOx increases exponentially with combustor fnlet air temperature

. _' NOx 1ncreases‘approx1m§tely as the square root of combustor inlet -
pressure : - : - -

®* NOx decreases exponentially as the total moisture of the combustion
air.increases, either because of specific humidity of the inlet . air,
_steam injection, or water .injection. S S
The current industry accepted .method for abating thermal NOx formation is
to reduce the combustor flame. temperature by introducing a thermal heat
.sink into the flame zone. HWater or steam are extremely effective at ..

achieving this goal within 1imits. A penalty in overall efficiency must

be paid for the additional fuel required to heat the water or steam to
combustor temperature, although gas turbine output is enhanced because of

~ . the additional mass flow through the turbine. There are practical 1imits . -
. to the amount of water or. steam that can be injected into-a*standard .. -

single fuel nozzle diffusion flame combustor before operating problems - :
_adeyelop,_;lhe'pra;tic;lﬂligitssarg:detefgipgg_by:f: 7 T
. -Cqﬁbﬁ;tqg-dyﬁamfc ﬁréisufe oséiilatj66§. o

e - Carbon ndnbxjde_em1s§16hs--€:_; |

. ;?1Cdﬁbﬁstér‘bperifing'Sfaﬁj]*fy::_ ’ o B

¢ : Combustor flame blow-off and/or blow-out (flame extingufshed) . -

Dyhamié BréSSure'oscliiitiéds.Qééﬁf'16 ali“diffusion‘fliﬁé'céﬁbustbréfénd:_'
are produced by the combustion process. Dynamic pressures can be defined

.. as-pressure oscillations within the combustor. These dynamic pressures = .
. .- can couple with the combustor acoustic mode and be amplified, thus'c;usipg-.

increasing mechanical wear rates of the combustion system hardware.
Injection of water or steam to reduce NOx will further tncrease the
dynamic pressure oscillations. (Ref.2). Dynamic pressure 1iaits have. .
been empirically established by field measurement and parts’ 1ife o
experience for GE machines. Exceeding these dynamic pressure limits will
tmpact the recommended maintenance intervals for the combustor hardware.

As more and more water or steam is added to the combustor, a point is
reached at which a sharp increase in carbon monoxide 1s observed. This
~sharp increase in CO indicates that the combustor efficiency is beginning
to decrease. On 11quid fuels, as more diluent 1s 1njected, CO will begin
to increase leading to combustor stability problems and if enough diluent
is injected, the flame will be extinguished. On gaseous fuels, once a
sharp increase in CO begins because of high diluent injection, further
increases also lead to the flame being extinguished.
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NOx CONTROL TO NSPS LEVEL

In September 1979, the EPA promulgated the NSPS.for stationary gas turbines
for NOx emissions. By then,. GE had developed the dilyent Injection method
of controlling gas turbine exhaust NOx to proper levels as dictated in the
NSPS. This diluent is injected into the flame zone of the combustor which
reduces the flame temperature and hence thermai NOx

The NSPS NOx code as per Subpart GG of 40CFR60 (Ref. 2) but written in
British units is: _

no:ra - 75(13652/Y) + F o OII-1.
NOxa = Allowablé NOx 1n PPMVD @ 151. 0 | S
Khere Y Hanufacturers rated ﬂeat Bate (HR) 1n BtuIKHH R

. F = Aliouance for fuel bound nitrogen

It also required tnat the measured NOx, after HR adjustnent be adjusted to' -
180 standard day conditions by the foiiouing ambient condition correction ;g.“

factor (correct form).. ,
| MOxygp = N%es[m:‘. 0.5 lsrnobs- 00633)[233-]' 53 .

-

. III-z
f'Hherefﬁfi _ o _
NOxygq = emissions of NOx at 15~ percent oxygen and ISO standard ;-“__:
T e ambient conditions BEPRREEY S o S
'1N0i°b; a o measured HOm euissions at 15 percent oxygen PPHV
Pref = . reference combustor inlet absolute. pressure at 101 3

_ T kiiopascals albient pressure,. PSIA .« _
- neasured conbustor inlet absolute pressure at test ambient

Pobs

- pressure, PSIA.* -

Hobs e . specific hunidity of ambient air at test lbs. waterllbs air;_

] : "- ;n transcendental constant (2 718).
Tamb - temperature of anbient atr at test, °K

The units on pressure terms are not defined in Ref. 1. They may be
different than PSIA but must be consistant for both terms. :




For the MS6001B, MS7001EA and MS9001E, the HR correction increases the - :
allowable NOx to the 90-100 PPMVD range. The amount of steam injection to
meet these levels of NOx on a typical MS6001B on natural gas or distillate
oi1 fuels {s shown in Figure 1. o

The 150 adjustment allows the measured, raw NOx value from a gas turbine
exhaust to be either above or betow the required value. For an MS6001B on

natural gas, the required NOx with HR adjustment is 95 PPMVD. On a day:

with ambtent temperature of 100°F, 60% relative humidity and a normal -

barometric pressure of 14.7 PSIA, the required NOx with ISO correction is

74 PPMVD. If the ambient temperature 1s 80°F with relative humidity of

. fqz and again a normal barometric pressure of 14.7 PSIA, the required NOx

s 105 PPMVD.- . . - . . I TS S S

" As discussed earifer, diluent. injection can have detrimental effects on
gas turbine operations. Even.though the IS0 adjustment can require the
-measured .raw NOx to be below the required value, the amount .of ‘steam/water
injection ‘to meet 1t s relatively Jow and.experience has shown 1t to have
minimal effect on other turbine operating parameters. Consaquently, a

: - . simple algorithm was develgpgﬂ;gp_congrgl-on!y;thé,1njectéd:steamliater',-}f_"
..“**—-4—r{ntﬁffﬁif%oﬁBﬁ?td?TafﬁafﬁﬁEtion'o “fuel flow rate. A~ sTngle con rol' Tihe ~——— .-
. ..--of diluent (steam/water) ‘injection flow.ratGSVs;-fug]:(gas[oil)'flow rate -

.- was devéloped. Figure 2.shows a-typtcal control curve for a standard _ MUY
.- MS60018 for NOx control to the;NSPS,lavel_forhstqan;1njectjonxv1th-gag,;:.;gggu; g

“ww?”f‘“?helf*fln;algebraic'fo;m; th1sicury§=fsf_ff-,__

Fooa Fuelffléw,leslseq L
- Fo " = Fuel flow offsét,'lbslsgc'-.ﬁ.s"~
m o= Sfegplgas slope o

Sain - Minimua steanm flow, lsisec. < -
| I Sr.+ So f.::} ;jlf._ :: L i'r ~ '.111_4'”_
S = Actual steam flow._lbsls§cf“ | o -
- S0 = Steam flow offset, 1bs/sec

See Figures 2 and 5 for the definition of fuel flow offset. The steam
flow offset 1s the minimum controllable steam flow. This is set by valve
tolerances and control {nstrument sensitivity. A typical value of So is
0.3 Tbs/sec. Once this curve is adjusted (if necessary) after the field
test, demonstrating compliance is relatively simple.. It only requires
that actual diluent injection flow be higher than that called for by the
Curve at the measured fuel flow. A dedicated controls routine in the gas

. turbine control system has a standard “Wet Low NOx Display" which helps

"7 the customer in keeping records to demonstrate compliance. A brief

description of Wet Low Nox Display is given in Figure 3.




IV. NOx CONTROL FOR MORE STRINGENT NOX CODES (e.g., NOx = 42 PPMVD @ 151 0z

As the NOx codes, in Japan and California, became more stringent in the
early 1980's, it became apparent that a more complex control mechanism
would be necessary to meet the lower NOx emissions limits (e.g. 42 PPMVD @
15% 02) and yet strike the balance to maintain the turbine hardware
-Integrity and keep CO emissions manageable. '

Figure 1 also shows the estimated steam injection required to meet
+ NOx = 42 PPMVD € 15% 02 (no corrections) on gas and NOx = 65 PPMVD @ 151
02 (no corrections) on oll for a typical MS6001B. At or below this
-+ level of NOx, the effect of diluents entering the combustion reaction zone
- from any source on combustor dynamics, stability, flame blow-off, turbine L
. hardware ‘1i1fe, and CO emissions cannot be neglected as 1t could at the -~ = |
" higher NSPS level.: Starting with the sale of MS50018 to Crown-Zellerbach - -
- '(now Gaylord Container Corp. in Antfoch, California) in late 1987 . = = .
(commercial operation Decembet, 1982), a new control algorithm vas .-
. developed to control the diluent injection into the combustor. In~
essence, -this algorithm accounts for all sources of diluent(s), viz.-

A N Direct combustor head-end steas orfwateri1njection,f-'ﬂ‘_- C
\k/g( 2.‘.}Hater_vapor'as-inlet'hywtdity_th;t;enters the gas turbjne;.f'-r"'
i

Z | “.-i ' compressor Anlet - - . .o 0o T
R "t /vy 3. -Power augmentation steam.(1f present) added to the compressor .
- - The technical basi’s of the non-NSPS NOx control algorithm is the NSPS.

- 180 ;orrectjon,-viz;;-'n ST R

" NOxygo [PrefJOJS ~19(Hobs-.00633) amb]f1,s3' -
Pbs) @l gy

M 1\._F°¥6bs_ ) |
| Within the usual range of ambient tqnditions.~the pressure correction
term is usually 5% or less and 1s neglected. Nith this assumption .

.r.'and_usjng'Taab_in *R, equation’(l) becomes: -

NOxqsq 19(H-.00633) a-b]-'353__ T - (2)

o =e : "
- NOx - Ls1e
Where NOx = NOxghs: H = Hobs

Now Iagh = 1 +Iamh-519 - | - (3
_ 519 . 519 : : S

Then F_m’l]-l.ﬂ .[1 +M]-‘-53. which by series eipansion -
-519 ' 519

=] -]1,83 (Tamb-519)
519

« 1 .-.00295(Tamb-519) (4)




Expressing temperature in °F, Equation (2) then becomes:

NOx{iso

= e 19(H-.00633) [1-.00295(Tamb-59)] (5)

The natural logorithm of Equation (5) gives:
NOxiso
_? NOx

=19 (H-.00633) + Tn [1-.00295(Tanb-59)] %)

Since the term .00295 (Tamb -59) is of the order of +.1, and the

In(1-.00295-(Tamb -59)] ¥s also of the order of 1.1;'Equation*(6)': e
simplifies to: - R T ' ' o

" NOxy¢ : o ' B o .
— 2 - 19 (#.00633) -.00295 (Tamb <59 © - (7)

In :
©NOx

‘Equation (7) shows the v;riation_15'N0m-dﬁe'tohchahges in the ambient - -
:tempgrature;and;humidity,s T T 3Qg‘jﬂ; S
) Ksi&iﬁéuiséd_eifiiéfffinjediing:anjfdiiubnfgihtd the flame of a = - ..
diffusion flame combustor exponentially reduces: thermal NOx (Ref 2).-. -

~ “'Figure 4 shows the effect of steam/water injection on thermal NOx for. = -
~ typical GE heavy-duty gas.turbine;,‘:Ininathematical form, these. e

curves could be written as: -

'.",_“RHOx,.éﬂeifHSf(s{FT.,fof:sieam,inj§6t1§ﬁ l-_'ﬁif?}"f‘g‘:ﬁff(és_j:f 

RMOry = & My OVF) for water injéction . | C )

" RNOX = Ratlo of - NOx with diluent injection -
| - -NOx without diluent injection .

S = Steam flow, .1bs/sec-
- F -~ = Fuel flow, 1bs/sec T
W = Hater flow, lbs/sec R
mg = Slope of the steam injection line
By . = . Slope of the water injection line

- Since energy 1s required to vaporize 1iquid water, it is a more

effective diluent in lowering the combustion temperature, than steam

and my, >mg . '
. Inlogarithaic form, Equations (8) and (9) become: -
1n RNOXg = -mg (s/F) - | - (10)
In RNOxy = -my (w/F) an

Equations (10) and (11) show the variation §n NOx due to steam and

water injection respectively.



Equating Equations (10) or (11) to (7) shows the necessary .
variation in injected steam or water as the ambient humidity and
temperature deviates from humidity « .00633 1bs water/lbs dry - -
alr and 59°F (standard reference conditions).

Equating (10) to (7):
-mg (5) = 19 (H -.00633) -.00295 (Tamb -59) (12)

Tor § e .00295 (Tamb ~59) - 19 (H -.00633) LA

. Stmtlarly, ‘equating (1) to (Mo i - R
M = .00295 (Tamb -59) - 19-(H -.0063) - (.
F o my e N LT N
~ Lab and fieid tests have shown that the typical value of o

‘ms « 1.06 and my = 1.58 for GE heavy-duty gas turbines. ..
. Substituting mg = 1.06 1n Equation (13) gives: .~ .

.5 = 0028 (Tamb <59) £17.95°(H ~-00653) - iqisy. .
FoOU T T RTINS e

' Adding Equation (15) to ‘the NSPS ‘Control curve” (Equaticn 13
coglvess o T e
" Sp_= @ (F-F0) + F [.0028 (Tamb -59) - 17.95 (H -.0063] -~ .(16) * -

Equation (16) shows how the required steam injection must vary = .
with ambient humidity and. temperature to hold'ﬂOx at:.a preset . - -

B -value, e.g., 42 PPHVD @ 15% 03,

For those tufﬁines where power augmenfation steam 15 preient.:
- 1ts contribution towards NOx abatemént_lustrbe,accqunted.for._,

~ The general form of Equation (16) reads: . _
Sg_= m-(F=F0) + F [.0028 (Tamb -59) - 17.95 (H'-.0063)] - (17) .
+ :5.1,,_ - QSp E . : T .

Where Sp = Power augmentation steam flow, 1bs/sec

q = Fraction of power augmentation steam flow entering
the flame zone. : ' :




Equation (17) 1s THE algorithm that is used to control the steam -
injection flow on all GE heavy-duty gas turbines that must meet
NOx levels less than the NSPS.

Note that the agtual steam flow is higher than required steam
flov from Equation (17) by the steam flow offset, So.

For water injection, the equation {s:

WR = @' (F-Fo) + F [.0019 (Tamb -59) -12. (H -.006)]  (18)
+ Hpin - ¢ (ms/mw) Sp ' B S Fo

- HR = Required water f]ou;'IbSIiet

Hatn = Mininun vater flov, Tbs/sec .-

;R Actual water flqg, lbs/séc,'

| Mg = Mater flow offset, lbs/sec ~ .

“-”;Other:térh;-afeAtﬁes;méfés}tﬁr.stggif{ﬁjggfjpﬁ.'ff.f T

- The :1géfifhm'foEfsféaﬁfiﬁjettibn”{éfshoén”{h“ihé-§§ibﬁi¢ai\fbrqf R
- - .4n. Flgure Sa-5c. Figure 52 shows the very strong effect of -

humidity on. a high ambient temperature day. On cold days,-e.g;

30°F, where the specific humidity 1s very low, the amblent

o humidity effects are negligible, Figure 5b. - The ambient - ..~ -

”‘temperaturg_effgctslarejquite,sizable and‘are'Shown.iniF{gurejscﬁf

‘ATl GE manufactured gas turbines come equipped with - = - -

- documentation on control specifications which show 1ﬁrdet311.t e B

(among other things), the NOx control :algorithm. The-
specification shows the algoritha in controls .language, and
Figure 6 compares the algebraic terms of the algorithm with the .
“controls language terms and also shows typical values of the: =
constants. . S S

I B Spectal Instrumentation

Since the NOxX édhtfo] algorithm needs fnputs for turbine inlet

/ _ humidity and temperature, all GE gas turbines that control NOx to
these levels are equipped with: : ' ,

_In!et humidity sensor.

Inlet temperature sensor.

Included in the Appendix A are typtical arrangement drawings which .
show the standard locations of these sensors. Appendix A also
contains literature on the humidity sensor describing the scientific .
principle behind i1t. Specifications on the tnlet temperature sensor
are also Included.
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0.

Qemnﬂiaﬁn&&omplimse

It 1s fmportant to recognize that the NOx control algorithm is no
Tonger a single curve but a family of curves depending on the ambient
conditions. However, demonstrating compliance 1s stil}

stratghtforward. Appendix B shows the steps necessary to demonstrate
compliance. e '

The GE control system "Wet Low NOx Display" again helps the
customer's record keeping on showing continuous compliance. The
required steam/water flow s now compensated for ambient humidity and
temperature. _ _ o

'Starting vith the Crovn Zelierbach (now Gaylord Container Corp )

MS60018 which began commercial operation in 1982 in Antioch, .. ,
California, there are 48 GE gas -turbine units operating,: instalied or.'
shipped (as of the end of 1988) that control NOx using this - -

~ .algorithm. Al1 these units have to meet stringent NOx codes with.
.. - elither water or steam injection. Some units also have power -~ .~ " .1n -
' 4augmentation steam. A list of these units is given in Appendix C. S

The field experience. uostly in California, has clearly proven that

“.the algorithm works 1n-maintaining-the NOx-at or.below the required = - . .
-value. -Appendix D fncludes actual.data, as reported to the local alr .
\district demonstrating continuous compliance with the permit NOx -

1mit over a number of different anbient temperature conditions and

"ifhumidity. -

1.
2.

Code of Federal Regulations Titie 40 Artiélerso' Subpart oG,

- E.J. Walsh, *GE Heavy-Duty Gas Turbine Hultiple-Combustion System" -

GER 3435A.
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d. . NET LOM NOx DISPLAY

DATA.LIST 07 displays the data required to verify the

low nitrous oxide emission regulations.

compliance with

This data 11st consists of the hourly iverage and the minute averages.

Each set of data, which 1s
follouiag'

- Oate and Time of the average calculation
- Average Fuel Flow:

Avarage Injection Flov'

Average Actual Injoction to Fucl Ratio
RATIO oo

'Annge chuind Injoction to Fuol Ratlo
RATIO

Avarage Mlgnt Temperature:
1. The \

is the average of
each -hmto and {3 calculattd vhon.r

dispiayed on one )ine, consists of the

for example, GAS FUEL LBS/SEC
for example, STEAM L8S/SEC '

hbclod ACTUAL -

labeled uzoum_ﬁ.'

-DEG F or DEG C

the |nputs during

‘- the HET LoM IOI coutrol ls onahlcd _
‘::oAI'A LIST 07 dlsplays tlu mt 10 sets of ninuto

- Qty &0 ainuto averages have’ bun

DA‘I’A I.IST 07 dlsplays tbe lut calcyl
‘sat of data

E ‘average which consl:ts of one

averages with the latest data at the top of the Ilst'. sio L

, ‘_' ‘Thl hourly avongo is the a\m-agl of thc Tast’ 60
“winute aungss and 13 calculated nch linuto when’ '

‘= WET LOW NOx control is enabled and

accﬁulatod. .
ated hour‘l y .

.Q........................‘....I..0...C0....0.‘............Q.......‘......‘...l

DATA LIST 07 NET LOW NOx DATA
. HOUR AVERAGE “GAS FUEL  STEAM ACTUAL
TINE LBS/SEC  LBS/SEC. - RATIO
14 MAR 84 20:29:00 5.000 1.000 0.200
MINUTE AVERAGES J
TINE ,
GAS FUEL - STEAM ACTUAL
- LOS/SEC  LBS/SEC RATIO
14 MAR 84 20:29:00 - 5.000 1.000 0.200
14 MAR 84 20:28:00 §.000 " 1.000 - 0.200
14 MAR 84 20:27:00 5.000 - 1.000 -0.200 -
14 MAR 84 20:26:00 5.000 1.000 .0.200
14 MAR 34 20:25:00 5.000 1.00Q-- - - 0.200
14 MAR 84 20:24:00 5.000 1.000 0.200 -
T4 MAR 84 20:23:00 5.000 1.000 0.200 .
14 MAR 84 20:22:00 5.000 1.000 0.200
14 MAR 84 20:21:00 5.000 1.000 0.200
14 MAR 84 20:20:00 5.000 1.000 0.200

RATIO

4 m l4 20:29'26

REQUIRED - AMSIENT
© TEMP'F

0.190 75

REQUIRED  AMBIENT

RATIO TEMP*F
0.190 75
0.190 75
0.1%0 75
- 0.190 75
. 0.19%0 7%
- 0,190 75
. 0.1%0 78
0.1%0 75
0.19% 7%
0.19% 75

.0‘...0.............................l.‘......lt...l............l..‘.......‘....

EIGURE 2



NOy WITH DILUENT

NO, DRY. .

'é

TYPICAL CURVE OF

' NO ABATEMENT HITH DILUENT INJECTION

0.3

0.2 [—

0.1l

GE HEAVY DUTY GAS TURBINES:QI

-STEAM INJECTION

'T__ugrsn iﬂJECTIﬂﬁ-::.
l"\11J"I\l.(3l\!3|:lJEﬂ.

_L_L | |_| | $ l
0.02 06 1.0 14 *";-’1-.3*--
T DILUENT-TO-FUEL ﬂASS RATIO |

_-1FIGURE dfviH_=



._P ‘{' :' 1 | : la - - S 'TYPICAL: . ) B _   7 R . - ?

" GENERAL ELECTRIC - PG6541(B) GAS TURBINE
STEAM TO FUEL FLOW SCHEDULE . -

STEAM INJECTION TO LIMIT NOx TO 42 PPMVD @ 15% 02

FUEL: NATURAL GAS . ‘
ELEVATION: SEA LEVEL S

. ] . ) ...}..-!...}...;;-.
senhased

.
ansmss

.

« e
catéasaree

-S¥F €0X

Ll

¥onetase

Jrarhevahars

> -
areianage

sasmas

sedgse

DI N Geredeie

cow - e
.-‘!..-i--ci

Py

.
PRI TRY
.

.t

H

FHE- R

[P S S

HE- R4

PO

cederei

- )

o

eealesalonsd

peesgeeer

a R

- -
. —

. .
R T R TR P PY T
H . H

. .
Cssbacsmaan
. .

) i.-.i.--? 4. !...i...!...!... i FQ eee ...:1...:;...; : ...:....i...é...:p...
INJECTION ERABLE FLOWA"fi i i Srdresfreciaeieacieed Jemeleaciedd
L b 0 0 £ B I B Boecdordepeduscfsideniond

»

3
FUEL FLOW - Ib/s

FIGURE Sa




_— T e TYRICAL - e e

" @GENERAL ELECTRIC - P@G6541(B) GAS TURBINE -
STEAM TO FUEL FLOW SCHEDULE - .

STEAM INJECTION TO LIMIT NOx TO 42 PPMVD @ 15% 02 - '

3TF20% AM

: S R s :
: esngeeeiies -
: : - o
. 3 Tessfoan} Beaehrea -
ool . .
ciene
. < M

favaprocbons

L

STEAM FLOW = ib,

. l-
4 e
. . N .
[ R
[ R . H
FORY FIPT ETRY TS PP PYTY PRTY PR PO ePasefern
<. ek . - - - . . . .
. sodanafovefasefacsfocsdaee PR T
- - + . H
:

H -
S R RO R B R R A

-
Jeosloesfanal

.
N 4iebanel “eeleam

ceafotehraifanafann
FR- -

. .
Freageas
H

3 : } s 4
FUEL FLOW — Ib/s

. FIGURE Sb

o

[~




L e e Tyereal . o

"~ - 'GENERAL ELECTRIC - PG6541(B) GAS TURBINE
STEAM TO FUEL FLOW SCHEDULE

STEAM INJECTION TO LIMIT NOx TO 42 PPMVD @ 15% 02

FUEL: NATURAL GAS
ELEVATION: SEA LEVEL

1%

.
.
PR

uiaoﬁ.ll-.“

pevey Pese

. H H
feas wesBednfeeafern
. . e

TP TR P . teae sesetans
- - e e - .
- cnshvectuns ¥ fases aeacjens fraglaae
Lt . . - . .. e * u - b .
. r o H H . .
espesaprne H T arefescgoee HEE TP
- L . " e . ‘e L] - "
. . .
amrases H o
. . . . .

4 -
S FE- S-S A R -
. $rasfencfans vesfanafacs PYTTITTIRCT T PROTTPOr oy PORTIRRY SERNEE
. . . 14 Lo . . - . R .- .
3 wadeen PYC P S temebeee p
h -
. . EL TR
5
, 3

ssgandranme

R cgemchees toee ...i.\..g...g...i... PR PRV SN P .
' Paee 5 cebaee

. raes
H
freafonspanapras . Beeshesafons
R PR

tee -

H

- .

¢ : 3 4 S ' ’
FUEL FLOW = Ib/s

FIGURE 5¢




STEAM INJECTION FLOW REFERENCE
ALGORITHM: MK4_WORV1_O1 STM/INJ

REQUIRED STEAM FLOW IS SCHEDULED AS A FUNCTION OF FUEL FLOW, NITH COMPENSATION
FOR AMBIENT TEMPERATURE (CTIM), SPECIFIC HUMIDITY (CMHUM), AND IF USED, POWER
AUGMENTED STEAM FLOW (HQKn_A). -

THE EQUATION FOR THE REQUIRED STEAM FLOW USED IS BASED ON:

SR = [F-FOIm + F[ .0028(Tamb-59) - 17.95(H-.0063)] + Smin - q(Sp)

(IN MKIV, THIS BECOMES: | |

;HQR - [FQT - WQKn_| B]HJKn_K + FQT[PQKn_T(CTIH-59F) -
- HQKn H(CHH[H 0. 0063)] + IﬂDKn_N - (l'KJKn A) H)JA

£, ‘TOTALIZED GAS: FUEL FLOW . . (LBISEC)

WHERE: - FQT' - = oo
- CMHUM = H, SPECIFIC HUMIDITY - - (LB WATER/LB AIR) i
. CTIM . = Tamb, - AMBIENT TEHPERATURE . (DEG F) - C
. HQR = SR, - - STEAM FLOW REF. . o ,(LBIS:_C)

- -NOTE.. I'K,)Kn_ . H-IEH n-O, GAS FUEL < LK83HKI SELECT LBSPKO
- WQKn_.* "+ WHEN. h-l' GAS FUEL > LK83HKI SELECT. L83I'Kl

R 'AAIHITIAL CONTROL SPEC SETTINGS ARE PREDICTED FOR Tl'l£ ALLCRED ENISSIONS LEVEI.._
~AS -EMISSTONS TEST DATA IS AVAILABLE, CONSTANTS SHOULD BE READJUSTED TO. C(NPLY .

* "WITH REQUIREMENTS. 'HOWEVER, IN THE INTEREST OF MINIMIZING GAS TURBINE -
- MAINTENANCE COSTS, INJECTION -CONTROL CURVES SHOULD BE SET TO REDUCE Enxssrous
- NO MORE_ THAN 101 BELOW ALLOWABLE. o o

" WATER INJECTION FLOW REFERENCE
 ALGORITHH: MK8_WQRVI_O1 K20/INJ

| REQUIRED WATER FLOW IS SCHEDULED AS A FUNCTION OF FUEL FLOW, NITH .COMPENSATION
" © FOR AMBIENT TEMPERATURE (cnn) SPECIFIC HUMIDITY (OMAM), AND' IF USED, POWER
+ AUGHENTED STEAM (WK A). | . |

THE EGJATION FOR THE REQJIRED HATER FLCH IS BASED ON:
WR = [F-FO]I' +F[.0019(Tamb-59) -12(H-.0063)] + l'hin-q(lsllw)Sp
IN MKIV THIS BECOMES:

WQR = [FQT - WQKnBIWQKN_K + FQT{mKn T(CTIM-59) - '
I'K)Kn H(CMHUM - 0.0063)] + NQKn_N - WJA(mJ)

HHERE‘ I'QR - = WR, REQUIRED WATER FLOW oL (LB/SEC) .
FQT =F, . TOTALIZED FUEL FLOW (LB/SEC) :
CMHUM = H, SPECIFIC HUMIDITY (LB WATER/LB AIR)
CTIM = Tamb, AMBIENT TEMPERATURE DEG F

NOTE: WQK(n)_ : n=0 (GAS QR MIXED FUEL LB3HKQ)
WOK(n)_ : nel (LIQUID FUEL ONLY SELECT L83WK1)

FIGURE 6a: ALGORITHM DEFINITION




NAME " TYPICAL VALUE UNITS . ADBSC!IPTIOH

MXIV - ALGEBRAIC - 6001B- - 7001Bx

WQKO_A q - 0.265  .0.265 . #/#. . ‘POWER AUG, STEAM CORRECTION

WQXO_B Yo ©2.200 5,470 ° #/SEC.. - FUEL FLOW OFFSET = -

WQKO_R . - 1.80 - . " 4.910 -  #/SEC_ . . INJECTION ENABLE FLOW

WQKO_H : 17,950 17.950 - - #/#H =~ HUMIDITY CORRECTION COEPF

WKOE ma 1,700 ‘ : 1.6120° . . llATIQ- © STEAM/GAS SLOPE

WKO_X Sain 1.000 3.110 =~ #/8EC 7]HINIHUH INJEGTION 'FLOW LIMIT

woko_r . 0.0028 . .0.00280 . /¢ - AMB, TEMPERATURR ¢ORRBCTIOH CORFF.

WQKR3 8o . 0.300° - 0.300 - '#/SBC:;-n'ADJ; STEAM FLOW. OFFSET

NOTES

1. These valuan are typical. Each unlt 1n'the field‘hiu itn aice apeciflc‘valuea.

2, The MKIV al;orithl includel protective linlting valuel for -axlnul and nininun On MARY
paraneterl as vell as loglc avitching - pointn | ‘3 :

3. The vuter/gal slope chnn;an depending on the polltion of the lnlet guida vanes (2 values

ot the llope) Values of tha-e con.tants dlffer dependln; on the nlope.

EIGURE 6b: TYPICAL VALUES FOR STEAM. INJECTION



1.

RAME . TYPICAL VALUR™ - = UNITS__{; DESCRIPIIOH -
MKIV - ALGRBRAIC 6001B _‘”'-700131' o T
WQKO_A q(me/mv) ~ 0.1778  0.1778 ~ #/# . . AUG STM RATIO INTO FLAME
WiKO B Po 2,20 . 5.470 #/SEC -~ FUBL FLOW OFFSET =
WQKO_E 1.80 ~ 4.900. . #/SEC - INJECTION ENABLE FLOW
CWQKO_ R 12,000 . 12.000 . #/#8 " HUMIDITY CORRECTION CORFF.
WQKO K m* 4 1.334 1.1700 - - ‘RATIO : .. WATER/GAS SLOPE .
WOKO_N  Wain 1.000 1.000 #/8BC - MINIMUM INJECTION FLOW LIMIT
WQKO_ T . : 0.00190- - 0.001%0 . /F. - . AMB, TEMPERATURE CORRECTION COEFF.
WQKR3 Yo 0.300 _'0.300‘fj,‘ I/S;C- 'f;ADq,‘HATEl_llnH;OF?SSI
m. . B . - . .
Theae values are typicnl;‘ kach unit in the field haa ita aite specific valuel.
2. The HKIV algorithm lncludel protectlve lilltin; valuen for- nlxinu- and llnilul on -any
parameters as well as logic nultchln; pointl. f.' '
3. ' The water/gas ulope chnn;es depenﬂlng on the po-ltion of the inlet guide vane- (2 values

of the slope). Valuel of these eonntnntl dlffcr depandin; ch the nlope.

. PIGURR 6¢: TYPICAL VALUES POR WATER IMJECTION -




~ APPENDIX A

~ INLET HUMIDITY & TEMPERATURE SENSORS
STANDARD- LOCATIONS ‘& SPECS.

!
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Infrared System
Detects Condensation,
Icing Conditions

instrument uses infrared bandwidth
with selective absorption properties to give
fast accurate dew point- measurements

E. J Stcl'anms Central Smos Ednor
Sterling 'Hq"ﬁ:. -MI—A new anti-
ice and absolute moisture control

' Sysiem protects gas turbines and
large antennas from: condensation

and ice. This system uses an infra- .

red method of dew point measure-

* ment that. is very accurate and in- .

. sensitive 1o the effects of
. contamination. ambient light, and

environmental temperature excur-

- _sions.. Its method of operauou is
~based on the fact that certain bands
. within the infrared spectrum are
absorbed by. water. There . is in fact

'..;'Smurcomams unhmmmsmmmwnwmtomm wm«mmmm

and monitoring infrared energy of
this band’s wavelcngth

“The 'system is a patent-protected
, cvelopmcnt of the Environmental
& Process Controls-Company. It
‘includes an. electronic controller. a
‘sensor unit..and a connecting cable
" The sensor generates. conditions’
‘that cause a moisture film to be
produced then dnssxpated. and mea-.

sures the temperatures at whickthe
moisture appears and disappears. It
also measures ambient tempera-
ture. The electronic controller con-
tains logic for control of the sensor
and interpretation of the tempera-
ture data. It also provides for digital
display of the temperatures. and
furnishes a relay contact-type out-
put signal. The output signal acti-
vates ancillary equipment. which

provides the actual protection

against formation of condensation

- or ice,

The sensor is a box-hke structure
with an air opening that.includes a. ..

- S e e 7 ‘thermomodule, a. Light Emuung
‘one band. the 935 nanometer band., -

“whose absorption is exclusively lim-
ited to water. The system generates -
‘and detects moisture by generating -

Diode(LED). a phototransistor. and
two matched thermistors. The

' thermomodule contains a solid-

state thermocooler and one of the
twa thermistors: The het side of the
thermocooler is fixed to the sensor

.housmg. and uses the housmg asa

heat sink. The cold side is equ:ppcd

-with a reflective surface that is part -
_of the.infrared optical system: The - =
- thermistor' is embedded benecath L

this attzched reﬂemvc surface and

‘measures its’ temperature. " The’

other thcrrnmor 1s euhcr mstalled.'

MAIN HOUSING
RETAINER SCREW

SENSOR FRONT VIEW

FIGURE A3:

INLET HUMIDITY SENSOR




on the exterior of the sensor hous-
ing, or when possible, is mounted
on the surface of the protected
equipment.

The LED and photo transistor are
selected to and applied in a manner
that causes them to operate in the
935 nanometer band. They are lo-
cated in the housing, and are in-
clined at 30-deg angles to and are
. focused on the reflective surfacc

. Thisarrangement is such that virtu-

aily all the infrared energy emitted

" . by the LED is reflected to and im-

" pinges on the phototransistor. .
-In operation, the thermomodule
in  the sensor is turned on by the
electronic logic within the control-

ler. lis activation produces a chill-

ing effect. which causes a thin film

‘of dew or condensation 10 accumu-’

. late on the attached reflective sur-
' face. The thinp film of moisture ab-
. sorbs all. of the infrared energy

_-emitted by the LED. This absorp-._ '

- tioh eliminates reflection of any in- .

.. frared. energy to the- phototrans:s-'j_-—.
- tor, causmg it to be turned off. The -

.turnioff signal informs the electronic
controller that moisture is prescnt
- on the reflective surface. -

" The phototransistor’s turnoff slg-:-'

) L_ nal, indicating the presence of mois~

ture. produces two related actions.-

It activates the circuit that receives
input. from the reflective surface’s
embedded thermistor, causing it 1o

Wmmwmmdmmunm mmaummstor

begin momtormg the temperature

“of that surface. Alsa. it stops flow of

current to the thermomodule,
thereby - allowmg warmmg of lhe
reﬂecuve surface.”

-As the- rcﬂcctlve surfacc warms,
its moisture film is quickly dissi-

temperatufe to be tcmporanly ter--

‘minated. Also, it causes cusrent to
flow'to the thermomodule. produc-
- ing a chilling. effect !'or the next
‘measuring cycle.

The monitoring of the tempera-

ture of the reﬂectlve surface fur-_
nishes the data for the dew pomt

. determination. The.dew point.is

taken as an average of the tempera- -

- tures at which moisture appears and’

dlsappcars The difference between .

- these two temperaturés is usuaily.
pated. causing the- phototransfer 10 .
turnback on. This turn on signal’

also produces two related actions. It .
" causes the thermistor circuii’s mon-
itoring of the reflective surface's

less than -0.5F; ‘803 very ‘accurate;

'h:gh-resoluuon dew point tempera- ‘

ture measurement is obtained. .
Thet mstrumem s second thcrmls- :

- tor.circuit-measures ambient or sur- .
" face (of the protected cqu:pmenu' '

temperature. The dew point temp-

- erature and ambient or surface

tempéerature measurements. _are’

" available within the instrument in

both digital and analog form. The -

FIGURE A3 (Continued)




INFRARED SYSTEM

digital form allows their selectabie
readout on an LED digital display
unit on the front panel of the con-
troller. The analog form allows their
use by logic that provides control -
and alarm functions. The instru-

ment also includes circuitry for dig-
ital storage of the two readings, and

for output of these readings and _
control signals to a computer or

other microprocessor-based control
unit.. - T L
" In:systems -used for protection .
against ice, detection of conditions -

that cause formation: of ice is ob= -

tained - from data. . processing
provided by a pair of comparator
_ circuits. One circuit compares the

- ambient i_eu!pera:g;e 10:a reference . o
signal that corresponds to the 41F A

. ambient temperature, at which ice
formation becomes a threat. This °

- -cireuit is.activated by an ambient

* temperature. 'of 4|F- or less. ind

- arms the second comparator circuit. -

The second circuit compares ambi-
~ent and dew point. temperatures,

and is a«_:_ti_v_atéd when dew point - .

- temperatures are 4F lower than am-
bient temperature. This activation
provides warning and control out- -

puts, which indicate that conditions ...

for formation of ice exist. The con-
trol signals activate devices that

protect - against . ice. . and are - '

provided by a control relay built
into the controller. :
_ The controller logic also provides
.. for generation of a dry cycle, It is
used at startup and periodicaily to -
‘remove moisture or ice from the
reflective surface. During the dry .
cycle, the polarity of current sup-
plied to the thermocooler is re-
versed to heat the reflective surface. -
~ To facilitate readout and control
* functions during this interval. the
. previous temperature readings are
stored in the controller's memory.
Additional details . . . Contact En-
vironmental & Process Controls
Co., 35523 Dunston Dir.. Sterling
Heights, M1 48077, 313.979.45)32.

FIGURE A3 (Concluded)
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FiG. #|

STAMP DW@,PART & REV. NOS,
TYPE & CALIBRATION, MFG, AND o i
DATEZ ON THIS SURFACE. - . :

: DUPLEX LEAD WIRE

.5'0-2.0 U“‘ . ’

ey | .500NPT. :
. I SN | ' l I
. : . 26
SOV E- 177 11-% KU 24
max. | g8 DIA
e A - ~o
mmnzumws

M M nnmoeoaplc must be of uqo‘ ceutnctlo. wsing’ 321 ~ 317 S"l‘- :
-7 Steel sheath, inert high temperature lasulation (MgO er.approved .
equal) Chromel-Alumel thermocouple vlrn. m ealltuﬂu R
“l(" liSRZgQgcorhucr._ o e

s TN N l..ud wires shall be Chromcl-ﬁhuul B& S ﬂl gage or hrgor ‘

B B " strandéd thermocouple wire with lasalatioa good for 1000° y
- service ISA calibration “K", Chruul-youo- (ﬂ, Alnuul-ud l-l.
o _wl!h ho! junctlen lnsuhud. _

3. Splice between lhcrmocouplo & lead must be prouclcd fnm moch- .
aniul d;ch due to nbrulu & lud ‘nrc uuun. ‘ : :

4 Athptor to be of . 873 Hex Staialess Steel. -
8. ncrmoeuplc&'cnﬂ&n“uunwludumuu. _
_ 6. Insulatfon reststance between the sheéth and either wire of the 7"
_ A smlmhcsmuiqalmnltm
'fh“ may be pnnhud (rom Lewis ta.hurh‘ Ce. Mece Isc.
_ 550 Spriag St. 1401 South Marshall
Naugatuck, Comn. 04770 Parile, mn-m 6!’«
- or - ' orequal ip
- ‘ )
p 248A4123
- i L) ---{2 wmea 1

FIGURE A4: INLET TEMPERATURE SENSOR




R e P

st @uierme [ ———

L STAMP e.t bwal nv.no. 3 o = | DIA BORE

- SIMILARTO STD SERIES W602 (\.EW\S "NG CO)
MATERIA\. 304 STAINLE&& ST!!\.. R

—1.25 : U INSERTION LENGIH—
2 - |-— 2.5

A .7soup1' PO 50 DIA—

AND F1G. NO. ON REX.

12 | »aaz

i aowwmemr 3 wm 2

FIGURE A4 (Concluded)



APPENDIX B

'DEMONSTRATING COMPLIANCE FOR NOX LESS THAN NSPS




To check-out the NOx control algorithm and certify the gas turbine for proper
compliance requires several steps. S

Gas Turbine Start-up and Check-out

The first step 1s go through all the start-up checks and have the unit up
and running. The turbine must be checked out for proper operation up to
full load. This step usually requires several weeks.

. Dilhent Injection System Check-out

The steam/water injection system needs to be checked béfore fnjection into

the -turbine. For water injection; most of the equipment is usually on a
skid and must be checked for proper calibration, feedback, etc.. -~ =~ - =

If the tufbine'1s édﬂippéd w1th'Stéah~1njeéffon;[the-kteaﬂ generatdf-hds"

to be up and running. All steam Tines must be blown out, traps checked’

and controls set.

. Instrumentation Calibration

"A]l.jnstruméﬂfatioh mustfbé“brbpéfly_cal{bfhtéd.;rThis includes exhauSth'-_b
~ thermocouples, 1nlet-hum1djty;and'temperature sensors, ‘all flow meters B

- (fuel.and diluent) ete.

. Software Checks. .- e :

. “The 'software needs to be checked for proper feedback commands, set points, -
~etc. One way to do this is to type in representative values of the - o
' parameters and checking the output. - - S T B

;:Sef;up and Check-out of Emiséiqhs Equipment

The emissions test vendor fs,charged to perform this function. ‘Depending

‘on.the contract, the vendor {s.hired by GE or the customer.

" This step requires setting up and calibrating the emissions measurement
,tra;ns<as‘specified in the permit, - Special protocol has to be followed in
" gather

ing the sample exhaust gas, processing it and Tts measurement to the

" required accuracy.

_'All'test vendors are quite faniliar'with‘these procedures.
. Preliminary Emissions Test '

The next step is to run a preliminary emissions test. The test must

duplicate accurate operating conditions and the data needs to be gathered

- .at the required loads specified in the permit. The diluent tnjection

system should be in u;nual mode. The exhaust gases could be sampled from

“only one location.

During the test; the diluent flow may need to be adjusted manually to meet
the required NOx. _




The data fo be recorded:

Gaseous Emissions: NOx, CO, etc. (as required tn the permit)
. Exhaust 0,

Ambient Conditions: Temperature, humidity, pressure

Machine Parameters: Output, exhaust temperature, fuel flow,
steam/water flow, fuel heating valve (LKV), exhaust gas flow rate (if
required) : i

anNnow

. Adjust Control Constants

From the neﬁ déta'of—step 6. the required steam flow at reference L :
. conditions 1s calculated using the algorithm. This 1s the steam flow vs.. . -
fuel flow reference 1ine that meets the permitted NOx. 1If the constants .-

of the original controls setting differ from the values calculated from

the test data, these constants must be readjusted.

n

. Retest to Check the Adjusted Constant(s).

The'adjusted algorithm ﬁuét be rechecked across the load fangé'to validate -

the changes. The test procedure is similar to step 6, except:the controls -
are .in auto :(not manual) mode. - LT e S

. Complance Test . ol i o
*'The'néiffstep is to perform the'officidl-Edﬁplﬁance'test; ‘Again, the test
+. - vendors are usually quite famiifar with all the protocols and test - :

= . Pprocedures. ST IR : R
""10. Compliance Test Report

The test'ﬁendoriprepares the fESt rehort_u§1ng,proper procedures.
f-CohtihhoUsscbmp1iaﬁéé a _ - B _ |

' The Wet Low NOx Display is avallable on all turbines to assist the

) N customer in monitoring and recording the continuous NOx compliance -

-requirement. The required diluent flow 1s automatically compensated for
~ ambient humidity and temperature. ' - )




GE HEAVY DUTY GAS TURBINES OPERATING OR SHIPPED
. (as of the end of 1988) -

~USING THE ‘NOX CONTROL ALGORITHM AS Dsscamzo |
IN THIS Docuusu'r FOR CONTROLLING NOx LESS THAN NSPS



SHIPPING NAME FUEL DILUENT NOx
DATE LOCATION (# UNITS) USED PPMVD

M57001

1984 FLUOR/KRCC NG WNTR 42 (1)
' BAKERSFIELD, CA (4) BL°) § S . 4z

1986 FLUOR/SYCAMORE | N6 . HWWR .42
BAKERSFIELD, :CA (4) oL - - -. . 4

1986 .  GILROY FOODS * . _ NG = -~ ST .~ .25 .
: 0 TGILROY,CA (Y o oIL . T Bs e

1987 ' FLUOR/ARCO . K - SM . a2
; _NATSON CA (4). : BUT . 65
1988 . ENCOGEN - N6 STM &2
- CSHEEDATER, X (@ C .

1988 . HARBOR COGEN/CHAPLIN - ke . Wm o a

TORRANCE CA (D)

1988, . .- MIDWAY. SUNSET coeeu 0T UNG s RTRY LT

L UTAFT, CA (3). --1h”'_'01L5 P R

‘1988 BASIC AMERICAN rooos NG S a2 3
e KIGCITYLAKD O oI T e

1988 . SMITH/FIRESTONE o | -
0 OKLAHOWA CITY, OK (1) NG - STM © 42

1988 © - HSPE/TENASKA - NG - . - STM a2
 PARIS, TX (2) oL . 65

1982 - CROWN ZELLERBACH - -~ - - - .
| (GAYLORD CONTAINER) : NG~ STM a2
ANTIOCH, CA (1) - oIl . STM 65

1984 - INLAND CONTAINER . N6 - WM 42
' ONTARIO, CA (1) - oI WTR . . 65

1986 . CHEVRON . . N6 sm 42
' EL SEGUNDO, CA (2) ©BUT STM 65
- PROP. STM. 65

1986 - KAISER/GE | NG STM 42
SAN JOSE, CA (1) oL smM 65

1985 _ UNIVER. ENERGY : NG WTR 42
: TAFT, CA (1) ,

1986 CARDINAL COGEN NG ST 42 (1
PALO ALTO, CA (1) OIL STM 65




SHIPPING NAME FUEL DILUENT NOx
DATE LOCATION (# UNITS) USED- PPMVD

MS6001 (cont.)

1987 ~ ANR VENTURE - NG STM a2
| HARTFORD, CT. (1) oIL STH 62

1987 " KOCH REFINARY NG . STM 42
- CORPUS CHRISTI, TX (1) ~ RG . STH . 65

1988 ~ - CELANESE o NG - .. STM. .. 42
LU Bskop, ™ <1) Lol - ST 65
" 1988 ENCOGEN . NG - ST . a2
) SHEETHATER, TX (1) =~ e
1988 . . EXXON CHEMCO NG ST 42
A - BAYTON, TX @ T
1988 - FINAOILCO - . NG . STH-L . sg oo
" PORT ARTHUR, TX (1) - z:'RG s T e

'INDIAN axv' FL (g)_v-zi -

1988 PRITCHARD/TEXACD NG -~ W . P
. .. BAKERSFIELD, CA- M. S e e e

- 1988 CAIN CHEMIGAL =~ ',uc" S s a2

CORPUS cuaxsrr T (1) CoIL 65

NE

1985 - - CITY'OF SANTACLARA NG -WIR . . . 42pPM
T USANTACLARA, CA(2)- - OIL . WR T a2peM

1985 TURLOCK IRRIGATION DIST. NG WIR - 42pPM

~ PROP

TURLOCK, CA (2) : oIt NTR - ... 65PPM

1987 - MOBIL TORRANCE - NG S 42pPM
" TORRANCE, CA (1) - PROP STM " 42pPH

1988 . .MERCK, SHARP, DOWME -~ - NG = WTR . -~ . - 45PPM
U WESTPOINT, BA (1) OIL . WR 45PN

Natural Gas
Refinery Gas
Butane
Propane
Steam
Hater
Utilize Multiple Nozzle Quiet Combustor
Data showing continuous compliance 1s included in Appendix D

NG
RG
BUT

STH
WTR -
*

QP




APPENDIX D

FIELD DATA, AS REPORTED TO THE LOCAL. AIR DISTRICT DEHONSTRATING o
' CONTINUOUS CG‘IPLIANCE HITH THE PERHIT NOX LIMIT.



1. CARDINAL COGEN (MS60018)

Attached here is the fleld data from Cardinal Cogen which has a MS60018
installed on the campus of the Stanford University. The emissions test
was done in June 1988. This gas turbine is controlled to 42 PPMVD NOx @
15% Oz using the algorithm described here.

Cardinal Cogen 15 a special case. Their fuel contract with the supplier
allows the fuel quality to vary at certain times. The customer also has.a
continuous exhaust monitor (CEM) installed in the stack as mandated by the .
BAAQMD. The customer 1s using the CEM to economize their plant operation.

by minimizing their steam injection. . This is done manvally.. =~ .~ = .

It is important to recognize that the algorithm described here allows the:
customer to meet NOx compliance but not necessarily “economize® the steam
flow. - The Cardinal Cogen CEM provides a means to operate at the absolute.
minimum steam injection. If the fuel guality is significantly changing
and the customer wants to optimize. the steam flow manually, the constants
in the algorithm have to be retuned. GE has designed an automatic system
.to do this which does not require retuning the constants. . ‘Such a system
is-1n operation at several California sites. = T e

The field data is a copy of the-Emis§1on$ Report filed uithiththAAQHD_for'”

--the months of August and. September, 1988.. As«isaevident;zthe-;lgofttha;[h?_.:%a;?f'

controls the gas turbine NOX below. 42 PPMVD. " In those few fncidences - -

(4 in 2 months) when the NOx exceeded 42 -PPMVD. (maximum variation §s 3% or
~ less), the cause was either the vartation of the fuel gas composition or

the excess occurred during start-up. =~ - S e -

U 2. KERN.RIVER COGENERATION COMPANY (4 X MSIO0IE)

This appendix also includes the field data from KRCC which has four . - - . -
- MS7001E installed outside of Bakersfield, CA. "NOx level 1s 140 1bs/hr

- (42 PPMVD @ 151 Op) on natural gas and oft with steam injection. The .
data clearly shows that the NOx algorithm is controlling the gas turbines .
below the permit value. . .- e o T
Also included are the letters from Kern County Air Pollution Control -
District confirming that the units meet all applicable permits on the
annual .compliance tests for years 1987 and 1988. - ‘

5892a/




—rr
. .

Cardinal Cogen

4 joint venture
Serra CoGen, Inc. Raymond Energy Inc.
A subwury of General Electric Company , A Sutsidiary of Kaiser Engineers Inc.

October 13, 1988

BAAQMD . el

9319 Ellis. Strect .

San Francisco, CA 94109

Attn: Gale Karels .

Subject: ‘Emissions chg rt - Augg
. : P ant No. 6 9 R

Doar.ux;_K;:qu:“

; AﬁtaghodﬁfisifCardihdlféCo&bh‘s- "Monthly" iﬁ;ss:&hijldpoft*“&,L-x5$};
‘for August, .1988. - This " is the :first: -onthly report. .- -

subn:ttad by Cardinal Cogon 20 wWe lpprocznto any comments’
-your dcptrtnqnt naY havc concerning it; content and
: we raaliz. this. fibort is overdue and apbiogizc‘fdr?any.
- inconvenience this . nmay Rave caused BAAQMD. Our delay was

. caused by problems with extracting emissions data from our

computer's archive storage systam. We're confident this
- preblea woen't occur tgain., . ' . : :

- Very Trulr Yourl._

AT

Steven !ansporgor""
Instrunent Technican

. ee: A. Brush
Q.. Juvier
R. Paterson
F. Vilecs
‘File 10.10

Principal Offies

Schenectaay, N.Y,

Agrmnigtrative Office: Staniory, & P".'O. th . '31'“0
Caxiang, Callomia Tet: 419 TZ3 1700



CARDINAL COGEN
MONTEHELY EMISSIONS REPORT

I. SOURCE GENERAL INFORMATION

e W

"Source S-5 Duet Burner and S-6 ‘Gas Turbine .

Address Cardinal Cogen
Building 14-105, Stanford Univereity
Stanford, CA. - 94305 4114

.~ Phone Number . o (415) 723 3890
. Affected Facility ‘
. - Person Conpletin: Report

This is to - certify that to the - beet of ny knocledge. the

,inzornetion provided on theee torme 1n correct end accurate

.-ﬂPereon Responsible tor review end intecrity ot report ﬂ

~ Title:

?'Dife:

_ II. CONTINUOUS EMISSION MONITOR INFORMATION .

-

L L]

~SBMe N

Manufacturer: - Horiba Horiba *Eofibe‘

Model No. : . Y1A-500F% PMA200F V1A-500F

Serial No. : 581749011 702008 561749012

Basis for Gas Measurement: Dry :

Averaging Time : . : 6 minutes

Corrected to % Oxyten : ' 15 X

. Zero/Span Values : : : o

' : ‘ NOX 02 - COQ

Zero = O ppm 0% 0 ppm
Span 98.55 20.9 % 94.4

Date of last Performance Test : T7-27-88

Performance Specification Test : 7-27-88

. Total COperating Time of Socurce

During Reporting Period (minutes) : 20,133



Operating Permit 304
Plant No.

1e

Saurce §-5 Duct B
Source S-6 Gas Turc::

CARDINAL COGEN
MONTHLY EMISSIONS REPCRT

)

Ban.
Use
ly Ave.
( SCFM ) ( Min.

Gas

Fuel _
Daily Ave.
(xm1

................

ﬂ_,mmwmummmmmmuwwmA
C camasmcemans

.3,777177777777777

“

_.mmmmmmmummmmmus

- - 111111 11111

A

_uawwwauuwmaauum.

. 9385R5883353888

duct burper and gas turbine cperating together

ihnﬂnmuummnilwuﬂm‘uﬁmt
daily between 6AM - 11 AM to meet

oxygen. re
'is 42 pem corrected to 15X cxygen.

this limit
icns reporting starts an 8-17-88, the day written notificstion -

with

Iimi
correctad to 15X

buarner,

t

nndthmuisnmnuyﬁd



CitdInLL Cact

TORTRLY EINISSIONS Rgp2011?

SYATINRNY OF RICESS BOISSIOES

S SASAAET RS AEN RO SRR ERRI AN RPN TANTRNAsadsISacaRe .

Ixcess stact saissions occarred during the acatd of fugust, 1983, as listed belen:

RN

Tel !h-u(

Sigificaat changes {2 the m.turln mtu sim
the last Perforsance Tst'

- Tes

Xh

Sl : _%/l‘;)’?"‘hu .10 -13-98

- Ntle :

pey

T

" aaliirtien. Deteaed
. calliration circaitry,

101 Ixcess Inissions
.- (MM, 1 B dverage, : Corrective '
Date . Tise Corrected o 153 02) 011 Eu letion - Lesarks
- K-8 un 2.5 3 Ituaed Stes
1384 R 1 Iajection Control
{1 2.1 z Coxstants '
{11} wr t  Fae Oecarred at lov -
- after ¢ mit triy.
- Balow load fnjection
e There sare 10 ecedesces during this reporting perfed. = ¢ . -
- CBNS CORRRCTIVE ACYTIOER-RRBPORY . - : R
. ',."....!.ll'f..l-ll.tﬂﬂtII‘.IC.‘-..'Ul"-l..l.l.lll.-“Il. - C : mnmm
0 ettt Bate & Tise _ _  botificatica .
R © . Incperatire Coaditiom -. . °  Inoperative Condition ' o
FH-0 . Sk - S-S 0TI Probless aeaxni A )

tise



CARDINAL COGEN
MONTHLY EMISSIONS REPORT

O 30 00 od M B0 TR A PR B ST b ot YRR M PR M ok om M MR M N

PLANT OPERATING RECORD

‘Date - Time Off Time On ‘ 'Reason for Shutdosm
: Line Line '
8-19-88 - 1787 . 2155 Control Systes Fault

Comments :




Cardina] C ogen

4 joint venturs
Serra CoGen, Inc. Raymond Energy Inc.
A Subsidlary of General Electric Company A Subsidlary of Kaiser Engineers Inc.

October 25, 1988

BAAQMD . -
939 Ellis Stroot :
San Fraacisco, CA 94109 ST

Q_ittg: Gale x;rtls :

o Subﬁcct. "Em ssions Rc rt e tamb‘jr
o . PRlagt No, 1629 . ‘

b‘ir Mr. Karels:

.:.Attachod is Cardinal Coqona 8. ”HCV” 1& nnissions xoport' .
- for Scptonbcr 1988. S - L B

sinco we have not heazd £ron e @gi:ding th. August
_ chcrt, wc ‘are suhnztting this repo Lho same tornat.

Elcus. notitr us if You havo any QLCQ\AMM’ or canmnntl.

'Vcry Trulr Ybnrt.

St.von Mansperger
Instrument Technican

ce: A. Brush
0. Juvier
R. Patasrson
F. Vilece
R. Boaricks
File 10.10

Princtost QMo
Scnenectady, N.Y. 2.0. Sox 0




CARDINAL COGEN
MONTHLY EMISSIONS REPORT

- I. SOURCE GENERAL INFORMATION

. Serson Completing Report:

Source _ S-5 Duct Burner and S-§ Gas Turbine

]Addregs Cardinal Cogen

- Building 14-105, Stanford Universit?
Staniord CA 94305 -4114 - .

Phone Number (415) 7233890
Affected Facility ' '

. -- Steve danspertor;if 
Sigued: ;_gdgéi‘%iszva‘“ﬁa‘t§£$-

7.

Date '_' _ +

-_This 13 to certiry that to - the best of By knowledzo. the

'y in!ornatian provided on thcso !orns is correct and accurate. ..

',.Person Responsiblo for reviec and intezritr of report. f‘“

Title: 'saéilitr_xnc
. Date: lfzérﬂff;*’¢'

'IT. CONTINUOUS RMISSION MONITOR INFORMATION

- 1 L
2.
3.
4.
5.

. 6.

7.

Manufacturer: Horika Horiba . Horiba
Model RNo. : ' V1iA-500F PMA200F V1A-500F
- Serial No. : ' 61749011 702008 581749012
Basis for Gas neasurenent' Dry L
Averaging Time : : : - 6 minutes
Corrected to X Oxygen : .18 %X
Zoro/Spqn.Valnoa : ‘
' ROX 02 co
Zexro - 0 ppm 0x 0 pom
Span 998.55 20.9 % 94.4
Date of last Performance Test : 7-27-88
Performance Specification Test : T-27-88

. Total Operating Time of Source

During Reporting Periocd (minutes) : 42,957




Tl
53

Iy

i

Operating Permit 3C
Plant No.

CAFDINAL COGEN
MONTHLY EMISSIONS REPCRT

3
Ee:

3888585558

. . L L S R

£385888 8885883858888

...................

llllllllllllllllllllllll

“mmammmmmmmmm mm lmmmmummmmm

lllllllllllllllllllllll

$9993999939YYS99YIIIVIIVIIIIIS

_mwwwmwawwwwwxammwwwmwwmwmwwwwa

P AL LE LU LI
mwmmwmWHHWHMHHHMMHWMWMWWMHWM

9-02-88 -

o corrected to 15X oxygen.
used daily between 6AM - 11AM to meet .

burner is generally

heating steam demands.




Ca2dINAL COGLT
TOBTRLY RUISSIOES ILPORY

" STRTRNRNY 47 QIICESS PRISSIGNS

Lrcess stack aissions sccarred during the neatd of Septasder, 1988, as listed beles:

Mz Lzcess Daissions Tuel Iirisg .
._ (M, 1 Ir. bversge, . Corrective
hats i Correctad 80 15302). 041 Qus . ketim lesaris

341 1% q _ z lfoed St
' . C * Injection Catrol
Coastarts

.u; 9341 3” S L ;?fh.f " ': rkﬁnﬂithi o
U e g : - lesd baring tarty
o . : ' ail try.

s v ol g s et e,

CENS CONILCTITT 162100 REFOLT.
S hwatm . kwite T Mtiflatin
L lepentie Geditie  Depertive Cmditim o -
e kem kntie . i Gowtiektin Twho ki Mo




CARDINAL COGEN
MONTHLY EMISSIONS REPORT

PLANT OPERATIEG RECORD -

LA R B B R N R R RN RERER RN T YT T YY1,

Date Time Off Time Om Reason for Shutdowm
Line Line :
9-30-88 - 1732 2135 - Control Po#e; Sya;@n,!ault

.. . Comments :




Kern River Cogeneration Company Box 80478, Bakersfield, CA 93388 . {805) 399-2¢aG1

- Charles Myers, Executive Director

November 186, _1988
KR-2471

Mr. Edward J. Walsh :
Turbine Technelogy Department
General Electric Company
-Bldg. 53, Room 322 .
. OneRiverRoad @~ -
-Schene'(:ta'd){, NY 12345

Re: Air Emission Data

N - Dear Mr. Walsh:. .

Per your recent telephone conversation with Bill Hauhe of this office, attact.
are copies of two letters issued by the Kern County Air Pollution Conuinel
District (KCAPCD) to Kern River Cogeneration Company verifying-compliayice.
with ‘all applicable permits for the ‘years 1987 and 1988. Also, attached are
copies of the "Monthly Stack Monitoring Report” (May, 1988 thru October, 1988) -
for the four (4) units located at the Kern River Cogeneration Company - Ornisr
Though this is public information, we ask that you use discretion when it ia
disseminated. If you have any questions, contact Mr. W. E. Hauhe, Jr. at the .
-letterhead address. = - - - o A

Sincerely,

C. O, MYERS -
Executive Directyr

WEH:dmh
Attachment
~ec: Messrs. F. A. Maggio (w/attachment)

M. A. Soares (w/attachment)
G. M. Thomson (w/attachment)




<. KERN COUNTY AIR POLLUTION CONTROL DISTRICT

1901 "W~ S!rﬂLI:uIlo 150 LEON M NESEATSCN, M3,
iakensfleld, Calllom “‘:-Jﬂ'l'-:lﬂ . Otreczar of Pudiic Hocith Servicrs
Telephane: ($01) -3 . . - Alr Follition Control Qffcar

Kern tirer Comorpn G|
< "2y y
&y =
=n’ Wi I

S R T
i

CALLY»

Y

” .

June 18, 1987 O iCHA NS
N RCUTE RN 7N

ALE

Mervyn Scares C L 1 JN22°8T -
Kern River. Cogenera:ion Company . S : e . _
P.0. Box 80478 B _— - L
Bakersfield. CA 93388 ' ' : ‘ S

: Subject. Omar hill Annual Ccmpliance Te:t 2‘;L
January - February, 1987 L

Dear Mr. Scares:.
- ;'We.havé rébieﬁéd"ybuf'anndii.édibifaﬁéé test re: | -Gmar Hzll
and find the four units to’ be in compliance with all applicahle'
pernxts. ' e ) .
:3:  Sihcére’y;V

EON M xzssrrrson ¥.D.
412 P LLU’I‘ION comor.

. n:y‘xa}rsohn . .
- Manager Technifal Services -

4/ §b



KERN COUNTY AIR POLLUTION CONTROL DISTRICT

1700 “M" SUeet, Sulte 273
Bakorutiald, Calltomnia 93301
Telaphone: (503} 081-0442

‘Mr. Mervyn Soares
Kern River COQenerat*on COmpany

-P.O.

Subje

Box 80478
Bakersfield cA 93388

Kern River Coganeration Co.

COM. | MC
<jwﬂ“) HAS
st REM B
o RLL
October 14, 1988 GLH 'ﬁ—O '_.
copY 70 RS Y.
FILE )

0T 17'88

ct- Kern nger Cogenerafidn Company.

,Dear Mr Soares -

'-Pursuant to: comnletion and approval of Your most recent
source test, we find the subject facility to be in full B
Tcompliance with em;ssison requlrements. ' I

- HM:cm

cc:

files

Very truly yours, .

CITRON TOY INTERIM
AIR POLLUTION CONTROL DISTRICT

Henry Mayrsohn P E.. Manager
Technical Services Section




KRN RIVIR COGKNERATION PACILITY . KRN COUNTY, CA - UNIT 1
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