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Abstract — The gas turbine is a continuous-flow engine which develops steady aerodynamics and flame kinetics during stationary
operation. These favourable features limit the constraints placed on fuel properties as to the performance of combustion and provide
a considerable margin for devising clean combustion designs. This is why gas turbines have by essence access to a broad range of
primary energies. However, due to the high specialisation of aero- and aeroderivative engines, this advantage is essentially exploitable
by the Heavy Duty branch which, thanks to moderate compression ratios, robust mechanical designs and versatile combustion
systems, can utilise a wide series of commercial and process by-products fuels: natural gas, petroleum distillates, gasified coal
or biomass, gas condensates, alcohols, ash-forming fuels etc. In this context, a thorough knowledge of the multiple fuel/machine
interdependences, which seem insufficiently covered by the existing literature on gas turbines, is of prime interest. This paper offers
a consistent approach to three selected aspects of importance for gas turbine designers and users, which are: energy conversion
performances; combustion and emissions. This approach includes: (i) a review of main primary energies accessible to stationary
gas turbines, (ii) a new, differential method for assessing the influence of fuel on machine thermodynamics, with original equations
accounting for performance changes versus fuel, (iii) a comprehensive discussion of how fuel properties impact on NO, emission and
combustion design. Finally, the main trends and prospects of gas turbine technology evolution, in terms of efficiency enhancement
and low NO, achievement, are tentatively outlined. 00 2000 Editions scientifiques et médicales Elsevier SAS
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Nomenclature M molecularmass . . .. ......... kgol—1

LHV (7 Low Heating Value of the fuel defined on
Roman symbols of variables a molar basis and at temperatdte . . Jmol—1

* _ _ -1
Cp’  molar heat capacity of X at point . . JK~1.mol~1 LHV® =LHV(r) Cpfzg(-Tz Tg)oooos Jmol L
Cp’  average molar heat capacity of species " molar flow of afluid . . ........ mek
K L ) 1 P pressure . . . ... ... .. ...
. X between pomts_and] oo JK=-mol gt change in mole number between air and
Cp*  molar heat capacity of species X combustion gas, referred to 1 mole of fuel
averaged between 288 and 2350 . . .-KJ-mol~1 (equation (40))
ent co;Lecltion of GT efficiency for fuel R 8314 . . . . . . o~ l.k-1
entha : S .
FAR fuel—a![:yratio by mole=nf /n RI diluent injection ratio= nq/n¢
H specific enthaly b molfe a ol SGF  specific combustion gas flow ng/na
H hp 1 tGpr hy P ' " SHI specific heat input into the gas cycle
Hienx eat flux a exhaust. . ....... CHIN/Ra Jnol-1
GT

or Hin heatinputinto GEafLHV . . . . .. w r temperat.ure """"""""
ke = We/Wor Tc combustion temperature . . . ... ..
P = Wr/Wor Uc  flamespeed . .. ............ art
Lv latent vaporisation heat by mole . . .. -mbl~1 Ve speed of burning gases . . . ... ...

w air humidity defined as the ratio (moles

H50O in air/moles of dry air)
*Michel.Moliere@ps.ge.com w mechanical power . .......... W
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Greek symbols

a, B, v,
8, A, u dimensionless cycle parameters as per
equations (6a)—(6f)

n efficiency (polytropic data for turbine
and compressor)

T compression ratie= Pp/P1 ~ P3/ Py

10 combustion richness or “equivalent ratio”
= FARactuaV FARs

v molar Np/O5 ratio in air~ 3.76

0 density . . . . ... . ... ... ...

T characteristictime . . ... ......

w stoichiometric coefficient of @ in the

combustion of the fuel gH;, 0, SN,

Subscripts

1 air conditions at compressor inlet
2 compressor discharge

3 virtual conditions in combustors

associated with the ISO firing
temperature concept

3 turbine rotor inlet (first stage
rotating buckets)

3’ combustors outlet

4 turbine exhaust

5 exhaust of a CCGT (in flue gas stack)

8 fuel conditions at injection port

9 diluent conditions at injection port

a air

b combustion

¢, h,o,

s, n stoichiometric coefficients in the fuel
formula G.-H;, O, SsN,

d diluent (injected into the GT for
DeNOy or power increase)

f fuel

g combustion gas

r cooling of hot turbine parts

rz (combustion) reaction zone

S stoichiometric conditions

t turbulent

Superscripts

0 “ISO conditions” of ambient air as per
1ISO 3977
a, f,g (attached t€p): see the same

subscripts a, f, g

Abbreviations and acronyms

Al auto-ignition

B combustion system

BACT best available control technology
C compressor

CCGT gas turbine combined cycle
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CHP  combined heat and power
(cogeneration)
FBN  Fuel Bound Nitrogen

GT gas turbine

HCV  high calorific value fuel

HRB Heat Recovery Boiler

IBC ideal Brayton cycle

IGCC integrated gasification combined cycle

IGV  compressor inlet guide vanes

INO, NOy emission index of a fuel (base load
emission figure referred to NG)

LCV  low calorific value fuel

LFL  Lower Flammability Limit

MCV  medium calorific value fuel

NG natural gas

NGL natural gas liquid

PAH  polyaromatic hydrocarbons

RQL Rich-Quench-Lean combustion

SCR  selective catalytic reduction of NO
(conversion of NQ in N> by NH3 on
a catalyst)

SNG  substitute natural gas

T expansion turbine

UFL  Upper Flammability Limit

UHC  unburnt hydrocarbons

1. INTRODUCTION

There is an increasing amount of literature being is-
sued on gas turbines (GT) covering aspects as diverse
as: design(turbomachinery; combustion, heat transfer);
performancesmaterials (superalloys, coatingsgppli-
cations(propulsion; power generation; mechanical drive;
traction);process controgtc.

However, gas turbinduels are too often envisaged
as mere heat sources for the gas cycle. Moreover, be-
cause middle-distillates overwhelmingly dominate the
fuel pool of the aircraft industry, kerosene is often taken
as the fuel paradigm in thermodynamic-oriented mono-
graphs and in combustion treatises. Papers devoted to
stationary gas turbines and especially to power genera-
tion applications, usually mention natural gas and gasoil
but they virtually ignore the numerous alternative fu-
els. NowHeavy Duty gas turbineare essentially fuel-
flexible prime-movers. There is consequently an essen-
tial lack of literature addressing the wide sphere of fuels
and the multiple interrelationships between gas turbine
and fuel. Indeed, fuel impacts on most machine func-
tions and systems, including: combustion; energy conver-
sion performance; process control; selection of hot gas
path materials etc. This many-facetted interdependence



Fuel influence on energy and combustion performances

is maximised in IGCC installations where the gas tur-
bine exchangesyngasair andsteamwith the gasifica-
tion unit.

This paper aims to set out essential aspects of fuel/

2.2. Heavy Duty gas turbines

The family ofHeavy Duty gas turbinesmerged dur-
ing the 30’s [1], which is much later than steam tur-

machine interactions in three selected, essential areas bines. This historical shiftis linked, besides high temper-

which arethermodynamic performanceombustiorand
gaseous emissionn the author’s opinion, a combined
treatment of these three key-topics is worthwhile as
it enables a “horizontal”, multidisciplinary insight into
GT technology, which can supplement more classic,
“vertical” approaches available in specialised mono-
graphs.

2. THE TWO MAIN GAS TURBINE
BRANCHES AND THEIR FUEL
REPERTORIES

The numerous members of the present gas turbine
family have two distinct origins: from thaadustry and
from theaviation This dual ascendance and the radical
differences in applications have driven an early differen-
tiation of both fuel repertories.

2.1. Aero- and aero-derived gas
turbines

Aviation gas turbinesor jet engines emerged dur-
ing World War Il. They have enjoyed since then an ir-
resistible ascension both in the military and civil air-
craft transport activities. Due to safety considerations
and room restrictions for fuel storage, all aviation fuels
are liquids. In factkeroseneand civil/military jet fuels
(Jet Al; JP4) following stringent formulations and qual-
ity control procedures are the exclusive fuels suitable for
aircraft gas turbines.

The aeroderivative branchegan to develop in the
60’s as an extension of the jet engine activity. Manufac-

ature material issues, to serious aerodynamics and man-
ufacturing challenges posed by multistage air compres-
sors along with the complex stall issues arising during
start up and marginal operation. It is noteworthy that the
function of air compression is replaced, in steam cycles,
by the pumping ofliquid feed water, a simpler, sooner
mastered technology. Since the 60’s, however, decisive
strides achieved in manufacturing processes, aerodynam-
ics, heat transfer, combustion and super-alloy science
with valuable feed-backs from aircraft research programs
have brought about huge progress in GT performance. In
addition, Brayton cycles are exempt from a major draw-
back suffered by Rankine cycles which is the indirect heat
transfer mode between the heat source and the working
fluid: in steam cycles, heat exchange takes place through
boiler tube walls. This limits hot source temperature and
entails an irreversible exergy loss which can be allevi-
ated in sophisticated cycles like the ®-NH;z Kalina cy-

cles [2], at the expenses, however, of simplicity and cost.
In counterpart, the direct crossing of the expansion tur-
bine by the combustion gas in gas turbines poses strict
fuel purity requirements (ash or dust content).

The mid 80’'s were marked by the adventradtural
gasas a major power generation energy [3] and the con-
current dissemination of two efficient GT based concepts:
combined cycles (CCGT) andogenerationor “Com-
bined Heat and Power” (CHP). This enabled the mush-
rooming of GT based power plants presently experienced
worldwide.

In comparison with aeroderivatives, Heavy Duty GT's
feature: (i) higher power ranges but lower efficiency;
(ii) larger installation footprint; (iii) simpler maintenance
and, last but not least: (iv)wider fuel capability

Finally, in the quest for ever higher performances,
Heavy Duty and aeroengines are experiencing parallel
evolutions in many respects, including: firing temper-
ature, metallurgy, combustion, turbine cooling devices,

turers devised stationary packages of their aeroengines gc, [4].

to take up earth-based niches, like mechanical drive and

power generation, often in a competition with Diesel en-

gines. Today, the most powerful aeroderivatives presently
marketed are 40-50 MW-class engines which do not
compete in size with the new large, 250 MW-class Heavy
Duty products.

In addition tokeroseneandjet fuels aeroderivatives
can burmatural gasand light, cleargasoils

2.3. The fuel panel of Heavy Duty gas
turbines

Due to their robust designs and to less specialised
combustion systems, Heavy Duty machines can handle
awide range of fuels [5, 6lable Ishows a classification

143



M. Moliére

TABLE |
Fuel panel of Heavy Du

ty gas turbines.

Industry Origin process Fuel name State Characteristics Ashless (AL)/
branch (L/G) range ash forming (AF)
Qil oil extraction crude oil L light to heavy AL
oil distillation LPG: propane, butane L/G variable/C,
naphtha, kerosene L AL
gasoils L light to heavy AL
heavy oils L atm & vac residuals AF
catalytic cracking Light/Heavy cycle oil L highly aromatic AL
Natural NG extraction natural gas G — rich to weak AL
gas (NG) — soft to sour
NG extr./treatment gas condensates, NGL L light to heavy AL to AF
NG reforming H G variable CQ content AL
Coal coal extraction coalbed gas G LCV gas AL
lignite coal liquefaction synfuels L highly aromatic AL
methanol L MCYV liquid AL
coal gasification syngas (CO#H SNG G MCV to LCV AL (purified)
Steel coal pyrolysis coke oven gas G MCV AF
iron production blast furnace gas G LCV AF
Petro- naphtha cracking olefins G variable olefin % AL
chemical aromatics synthesis  »4ich gas G AL
industry butadiene unit etc. C4-rich gas G AL
Renewables fermentation biogas: £#l,—CO, G MCV to LCV AL (purified)
and residuals gasification syngas G MCV to LCV AL (purified)

of most primary energies accessible to Heavy Duty
GT's according to various criteria: (i) gas/liquid state;
(ii) ashless/ash-forming and (iii) origin branabii, gas,
coal and renewable

3. FUELS AND THERMODYNAMIC
PERFORMANCES

Maximising energy efficiency and minimising GO
emissions have become universal objectives. A consistent
approach to the fuel-dependency of GT performances re-
quires a short insight into turbomachine thermodynam-
ics [7, 8].

The aim is not to cover the vast and complex issue of
gas turbine performances, which requires sophisticated
engineering softwares, but rather to produce a much sim-
plified but comprehensive analysis of fuel effects in iden-
tifying the underlying fuel properties and the relevant
equations. In this framework, an original, differential ap-
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proach to fuel influence is proposédole-based proper-

ties of fluids, though not customary in turbomachinery,
are systematically used rather than mass-based proper-
ties, as the former are easier to handle when combustion
reactions are involved.

In its simplest concept (single-shaft train; no com-
pressor inter-cooler; nonregenerative cycle), a GT device
comprises an air compressor C driven by an expansion
turbine T, both turbomachines being connected through
a combustion system Bigure 1). Some thermal energy
(denotedHingT or simply Hin, for Thermalor Heat In-
pui) is injected into the combustors in the form of fossil
fuel (formula: GH;N, S;0,). This heat input is defined
as the produatis - LHV. It is noteworthy thaHin only ac-
counts for the combustion heat of the fuel @lugs not re-
flect the fuel temperatur@he raw shaft power i®gT =
Wt — Wc and the GT efficiency iggT = Wet/Hin. The
sensible heat contained in the exhaust gasesxbaust
heatis Hex This data is essential when designing CCGT
or CHP units as it represents the heat entering the Heat
Recovery Boiler, or HRB (see Section 3.3.6).
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1a : MAIN FLOW-SHEET

COMBUSTION AIR @
ng3"

b q B | P3"

T, P2 T3

Nab + Nar=Na

Nar COOLING AIR
T2, P2
1b : ACTUAL TURBINE GAS PATH
| nga, Ta,P4] P4
* ng3 i | ﬂ
- Tnap el B ===y P3 E’n'
2k 2 T3

1c : ISO TEMPERATURE HYPOTHESIS

C : COMPRESSOR, T : TURBINE, B : COMBUSTORS, G : ELEC. GENERATOR

Figure 1. Gas turbine cycle schematics.

3.1. Differential approach to GT this issue. A third delicate issue is the evaluation of the
thermodynamics various energy losses.

In so far as one investigates the influence of fuel, a dif-
A main difficulty faced when assessiftsT andygt ferential treatment enables to obviate these three issues as

comes from the fact tha¥r is a difference betweentwo ~ the corresponding effects are virtually fuel-independent
greater termsWy and We, which both change with GT and hardly affect cycle parameters, at least for fuels hav-
design, fuel and operation data. A second issue lies in the ing usualLHV data (i.e. for MCV/HCYV fuels). To this
various air flows which are bled from the compressorand €nd, it is convenient to usaethanethe most common
used to cool turbine hot parts. As shown in Appendix I, fuel in stationary GT applications, as reference fuel and
the notion oflSO firing temperaturds helps overcome to introduce as basic parameters the ratipandkc be-
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tween the power of the turbine (respectively of the com- dnet _ ke d(grFAR) — (kc — y)ﬂ
pressor) and GT output (Appendix II): NGT i
= dr: dC
Wr =krWer and + (ke =)= + (ke — k1p) F;g“
Q) T3 Cp3,

Wc =kcWgt (Which implieskt —kc=1)

dinz
. + (k1B — kca + ad)—— — de
The goal is to express each performance d#taf, (krf — ke ) Inm hf

HexX) as a product of suitable physical factors so that dnc dnt
a logarithmic differentiation will yield a sum of terms + (ke = d)ar % +ktp 77_T (4)
accounting each for a specific effect. To that end, one ex dTs d7y
requires a set of base-variables. The choice made in this —— =d(giFAR + A — — A —
paper is for the 8 following cycle variablesg, T, T, Hex T3 n
ne, 17, CP%,  andep. deg dinxz dnt
Thi . ' . + A+ —35 — —-n— (5
s approach yields a first set of equations (see Cp, Inm nT
equations (34)—(36) in Appendix II). where:

In order to introduce fuel properties in these equa- o
tions, one can use three further useful parameters (Ap- — the 6 coefficients:, g, y, 3, A andu depend only on

pendix I11): the 4 cycle temperaturegy, . .., T4):
— FAR thefuel-air ratio is the fuel flow divided by the IN(T>/ T1)
overall GT air flow:FAR= n¢/na [mol-mol~1], a=T12 T,— Ty (6a)
— SGEF the specific gas flovis the combustion gas flow IN(T3/ Ta)
divided by the air lowSGF= ng3/na, B=Ta o (6b)
— gs: the change, per fuel mole, in mole number between T
air and combustion gasj = (ng3 — na)/nf = h/4 + y = (6¢)
0/2+n/2. I3—T2
Appendix Il shows that: §= ;2 _ ;1 (6d)
3—12
SGF="8 _ 119" _ 1 4FAR T4
na na A= (68)
SHI Ia-1n
=1 — 2 In(73/T.
+ <C” LHV) @ =14 N8/ T0) (67
Ta—T1

whereSHI is thespecific heat inpufSHI = Hin/ny).

Since the last term of equation (2) (expression within
brackets) is much smaller than 1, differentiating (2)

— the termeps is the fraction of the energy inpuH{n)
spent to heat the fuel from its supply temperat@ge
(8 being the label of the fuel injection point) to the

yields: compressor discharge temperatiliseeys is given by the
dSGF SHI following formula:
—— =dIn(SGP ~ d(¢iFAR) =d( g —— /
SGF n(SGH ~ d(gfFAR) <qf LHV) (2)

_ Cpg(Ta—Tp)
Introducing these parameters in equations (34)—(36) leads enf = LHV

to a new set of equations which gives the change in per- ) . ) )
formance entailed by slight variations of cycle condi- This corrective term is not always minute and must

)

tions: not be omitted in the expression of the GT efficiency
dWor d7y dT; (equation (4)).
Wor — kt d(gtFAR) — kt T kt A One must note that a further development @fiBAR)
deg dl in equations (3)—(5) is not possiblegsamay undergo not
n oo : :
+kr(L— B)—g 4 4 (k1B — kca) | infinitely small but discrete changes when changing fuel.
Cps, nx To use these equations, one needs expressidasi)f
d d CpY, 7, nc, nt and their differentials. It is easy to show
+ ke % +krp % @) th'ft 1 Y
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C T3 — T AcpC T3 — T
FAR~ P3(T3 — T2) 1.4 Acp B3(T3 — T2)
LHV* LHV*
where
) cCP52+ 4 Cph20 +5Cp32 + 4 Cpb2 — wCps2
Cp=

Crs

The differenceA (¢iFAR) between two fuels can be
deduced from both equatlor@p23 can be written:

N [Acp — qiCP3l(T3 — T2)
CpgS ~ C[g3{ 1+ LHV* }

Now, according to Note 5, a good estimate 6)‘@1/
Cp3, is dCpds/Cpd,, Which leads to

dc pg4 - le}
LHV*

From equations (8) and ()3 one draws:

~ (T3 — T»)Cpi3d [

1/2..1/2 0.107
7 & KngsM 5" Ty'*(Cp3)

and
d d dM, dT3 dC
— =T 05— 052 40107—2
T ng3 Mg3 T3 CIO3
with
14 [AyFAR]
Mo=Mys———— — ~ M,|1— — Ay)FAR
o=Ma— "R a[1— (gt — An)FAR]
=Ma(l—ey)
where
cMo, + % Mu,0 + sMso, + 5 Mn, — oMo,
M =
May
and
dM,
—— ~d[(¢gf — Am)FAR]

The access tgc, nT heeds the knowledge of compres-
sor and turbine characteristics. In practice, howevgt, d

and d;t are small when changing fuel (see Section 3.2.3).

3.2. Quantifying the influence of fuel

A glance at equations (3)—(5) shows the fuel properties
which influence GT performances: (i) the termRAR),
an image of the combustion gas flow; (ii) the compression
ratio 7; (iii) the heat capacity of combustion gaSp;
(iv) turbine efficiencynt; (V) ent, an image of fuel
temperature and, indirectly: (vi) compressor efficiency
nc (throughr).

The outcomes of equations (3)—(5) can be illustrated
in considering, for instance, a typical “second genera-
tion” Heavy Duty GT burning methane in ISO conditions
(T1 = 288 K, P = 1.013 bar) and operating at “base
load”. “Base load operation means that the firing tem-
peratureTs equals the full design value aieally does
not change from one fuel to another.

Base load parameters arg; = 4948 mols™1; ng=
5104 mols™1; FARcH, = 0.031; T; =~ 622 K, T3 ~
1325 K, T4 ~ 805 K, r ~ 12.05, kT ~ 2.162. Table Il
gives the corresponding values of the coefficients con-
tained in formulae (3)—(5).

Table Il illustrates the impacts of 8 fuels on the
performance dataWgT, net andHex of the same GT
model running also at base load. Methane is taken as
reference fuel. The coefficieain formula G.H;N,,S,O,
has been normalised and taken equal to 1 (except of
course for H). In fact, actual temperature control curves
do not keepr3s rigorously constant at base load, but this
does not affect the ranking of fuelable IIl also gives
the NQO, emissions, expressed in ppm VW, or parts par
million by volume on a wet basis (a dry basis would
penalise H which only produces BD).

3.2.1. Influence of the fuel on the
combustion gas flow

(parameter ¢;:FAR)

Equations (3) and (4) show that a highgfFAR) data,
entailing a higher flow of combustion gasgg: equa-
tion (2)), tends to improve performances. In particular,
the following composition changes have positive effects
on WgTt andngr:

TABLE Il
Matrix of coefficients contained in equations (3)-(5) (T3 ~ 1050°C, 7 ~ 12). Fuel: methane.
dr/Th dT3/Ts d(giFAR dnc/nc dnt/nT dcp?/Cp? dinz/Inm den
dWgat/ Wet —2.162 2.162 2.162 2.325 2.015 0.495 .13 0
dneT/n6T —0.278 0.278 1.162 0.987 1.667 —0.507 0.680 -1
dHex/Hex —1.557 1.557 1 0 —0.776 1.776 —0.776 0
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TABLE Il
Influence of various fuels on power output and efficiency (same GT as in table Il). Operation conditions: base load
(T3 = const); ambient conditions: 15°C, 1 atm, air humidity: 0 %.

Fuels Molecular formuth  LHV(15.c)  LHV(7,)2 g de/‘ETT % dHex NO,
CcHrOp SNy, [kImol1 [kImol™Y] (=h/4+n/2+0/2)  [%] [%0] [%]  [ppm VW]
methane=reference  @Ha 802.82 800.35 1 (ref) (ref) (ref) 170
n-butane (gas) Hos 664.6 665.3 0.625 -1.60 -0.61 0.00 261
naphtha (liq} C1H2.286 637.9 639.1 0.571 —-2.15 -0.88 0.00 299
gasoif CiHiss 592.7 593.8 0.470 —-1.90 -0.90 0.00 327
hydrogen H 241.56 244,72 0.5 +3.84 4193 -0.80 445
carbon monoxid® C101 282.80 283.80 0.5 +4.00 +0.30 +9.50 640
coal synga$ C1H26801.26 475.8 480.8 1.30 +9.32 4219 +7.47 76
methanol (gas) H401 674.2 672.0 15 +5.75 +1.66 +3.84 76

1 Fictive molecular formulae used to calculate the molar combustionLté¥t
2 LHV (1, is the combustion heat defined at temperafyrésee Appendix II).

3 Liquid n-heptane containing 16 % hydrogen by mass.

4 Gasoil containing 13.5 % hydrogen by mass.

5Pure CO is improper for combustion in GT.

6 Molar composition: 47 % bl 15 % CO, 12% CH, 26 % CG .

(&) A higher fraction of inert (e.gsyngas fuetserm
LHV along witho/2 andn /2 in parametegs).

(b) A higher hydrogen or oxygen content (e.g.,
Ho-rich fuels term#i/4; methanaoltermo/2).

Remarkably, besides its unique combustion behaviour,
hydrogen develops outstanding energy performances in
gas turbines. These merits and especially the zerg-CO
emission of hydrogen explain the increasing interest for
Hz-based primary energy routes into the future power
generation world [9, 10]. HHCO based syngas fuels
containing inerts (MCV and LCV gas fuels) have also
interesting performances. However, since mechanical
energy is required to compress these gases prior to
injecting them into GT chambers, the overall energy
balance is, of course, different.

(c) A shorter paraffin chain: CHhas the highedt/4

data and performs better than the other gaseous paraffins

C,Hz2,42. Incidentally, the parametef; explains why
natural gas features better power output and efficiency
than gasoil, despite the slightly loweHV of the latter.
Though simple, this reason is scarcely set out in the
literature.

3.2.2. Influence of the heat capacity of
the combustion gases (Cp°)

From the equations (3)—(5) and the coefficients listed
in table Il, one can see that:
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— the higheCpg4, the higher the power output, due to the
relation (22a):Wt = ng(Hz — Ha) = nngg4(T3 — Ty,

but:

— the higheGCg4, the lower the GT efficiency: this
comes from the increase ify (and thus inHy4) caused
by a higherCp? (see equation (33)), hence less heat is
converted into mechanical power.

Both effects explain the higher power output but
lower efficiency of CO as a fuel with respect top H
(table III). Indeed, the concentration ratio (g®20)
in the combustion gas, which reflects theHC ratio

of the fuel, impacts on the value &p?, as Cpgjo ~

0.76Cp§fz. Whence again the flattering efficiency data
developped by both #rich fuels and LCV (N-rich)

syngas astpglj A 0.70Cp§fz.

3.2.3. Influence of the combustion heat of
the fuel (LHV) on turbine and
compressor behaviour

A well-known fact of turbomachinery theory [11] is
that nc (respectivelynt) is a function of the couple of
parametersr and Ty (respectivelyr and73). However,
due to the large air excess, the gas flow in a GT is
hardly affected by the fuel nature: passing from NG to
an MCYV fuel causes a minute increasenig (and thus
in r: see Section 3.3.4) which slightly improves and
does not virtually degradec. But for LHV data lower
than ca. 150 kdnol~! (i.e. 7000 kdINm—3) [12], the
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rise in ng and w becomes so high that the surge limit
of the compressor can be reached. This risk is magnified
at low ambient temperatures where the compressor must
handle higher air mass flows (equation (14)). To prevent
compressor surge, it is mandatory to bleed air from the
compressor discharge, which entails a dramatic drop
in GT performances. However, air bleed is no more
a drawback if the bled air is efficiently used to feed,
for instance, a gasification unit. Pressurized gasifiers
of coal, petroleum residue or biomass consume either
compressediir (in Air Blown Gasification cycles) or
compressed ® (in Oxygen Blown cycles) [13]. Such
“air integration” raises the overall electrical efficiency
of the whole installation which is termed IGCC, the
word “integration” applying to both the air and syngas
exchanged between gasifiers and CCGT. ifibegration
factoris precisely the ratio between the air mass extracted
from the GT compressor and that consumed by the
gasification unit.

3.2.4. Impact of fuel purity [14]

Four main features make stationary gas turbines sen-
sitive to various forms of fatigue and corrosion (thermal
fatigue; hot, type | and Il corrosion; fatigue-corrosion;
stress corrosion cracking):

— the direct crossing of the turbine path by combustion
gases, especially in presence of degraded fuel or air
qualities,

— the strongly oxidative conditions (high oxygen excess),

— the policy of minimum cooling of hot mechanical
parts, dictated by cycle efficiency considerations,

— the large size of rotating buckets which entail high
centrifugal stresses,

— the strong temperature/stress transients entailed, within

some operation profiles, by fast start-up and load changes.

Dust-bearing fuels (e.g., blast furnace gas) or ash-
forming fuels (e.g., heavy oil) result in solid particles
crossing and partly depositing in the turbine, which
(i) progressively impairs aerodynamic efficiency and de-
gradesT, (ii) restricts the passageway between partition
vanes and (iii) may cause erosion and/or corrosion of hot
gas path parts.

3.2.5. Specific enthalpy of fuel

The termeps already mentioned (equation (7)) gives
the impact of fuel temperature on GT efficiency. It affects
efficiency (equation (3)), but nd¥gTt (equation (2)) as
this heat is recovered in the turbine.

From equation (7) it is evident that the teregs
decreases (and thus GT efficiency increases) in the
following cases:

— ifthe fuelLHV increases (less fuel will be injected and
less sensible heat will be consumed),

— if the fuel temperaturelg) increasesnatural gascan

be preheated precisely to improve cycle efficiereavy

oil must be preheated to reduce its viscosity; a coal-
derivedsyngascan be delivered by a Hot Gas Clean-Up
unit, etc.

3.3. Further, non fuel-related
considerations

In fact, equations (3)—(5) are not limited to fuel
changes but are still valid for any cycle alteration,
provided the resultinghanges in the 8 base-variables are
smalland keep the coupléf, kc) virtually constant.

3.3.1. Influence of ambient conditions

When ambient temperature drops, both power output
and efficiency improve as shown by equations (3) and (4):
terms—ktd7Ty/ Ty and —(kc — y) dTy/ T1, respectively,
whence the “evaporative air cooling” [15] or “air chill-
ing” [16, 17] processes intended to raise power output
and efficiency by hot weather.

3.3.2. Effect of firing temperature and
pressure ratio

The coefficients contained itable |ll show thatTs
has a smaller influence on gas turbine efficiency than on
power output. In contrast, the effect of pressure ratio
is minute on power output but strong on efficiency [8].
These trends comply with basic GT theory: in an ideal
Brayton cycle gt depends onr and not on73 (equa-
tions (37) and (38)).

3.3.3. Effect of air pollution through
compressor efficiency

Although the ambient air is filtered before entering the
air compressor, some fine particles and organic contami-
nants tend to deposit on compressor blades during oper-
ation, to reduce compressor efficiengy and to degrade
thus GT output: coefficienkte) in equation (3) and GT
efficiency: coefficient{c — §)« in equation (4). This is
why periodical cleaning (off-line or on-line washing) of
the compressor is needed for the retention of machine
performances [18].
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3.3.4. Coupling between gas flow ngy and
compressor pressure ratio

The variablesr andng are not independent. Indeed,
the aerodynamic choking of the combustion gas flow on
the first stage GT partition vanes allows to write [19]:

P3

e S :Rl/z f kg A—l
oo = LA

el ] ot

where Apy is the overall free passage area between the
first stage partition vaneieg is the ratio of the heat ca-

pacities of the combustion gas at poink§ & Cp3/C\j);
o equals k§+1)/(kJ — 1). The functionf (k3) is equiv-
alent to Cp3)°197 around7s.

Note 1. — To account for the actual gas flow crossing
the partition vanes, one should consider here the poéint 3
of the “true cycle” figure 18 and not the point 3 of the
“ISO-equivalent cycle” figure 19, but the difference is
small.

SinceP3 ~ m Py with Py = const andigz = mg3/ Myg3,
one can write, for a given machine:

T KnggM;éz 31/2(Cpg)0‘107 or
(8)
g d dm, dr: dc
dr_ iz ooz 69T | 167988
T ngs Mg3 T3 Cr;

Therefore, any change img3 (due to fuel or any other
cause) entails a proportional changesnn which has,
however, a limited effect orWgt and ngt as equa-
tions (3) and (4) contain not but (Inx).

3.3.5. Effect of the cooling air flow (ny)
on GT efficiency

Thanks to equations (8 (3) and (4), it is possible to

assess the loss in performance caused by the diversion of

whence

Ang3
—n 5 = A(CIfFAR) =rFAR (aSQf =(qCH, = 1)
g

Moreover, equation (§ shows thatr will experience
the same relative increase ags. As a net result of
both ng3 and = increase, equations (3) and (4) predict
the following performance changes at constant firing
temperature:

dWg dinz
T — k7 d(@fFAR) + (k1 — kca)
WeT Inm
=ktrFAR+ ¢
d din
19T _ (kr — 1) d(gtFAR) + (k1B — kcot + )~
nGT Inm

— kerFAR+ ¢/

This extremely simplified approach assumes that
stays unchanged, which in fact leads to undervalgrd
Indeed, the efficiency of the expansion turbingr)(
will also increase, since the suppression of cooling air
admixture in the various turbine stages will (i) increase
the fraction of “working fluid” and (ii) reduce flow
turbulence and associated exergy losses. As the fuel-
air ratio FAR the coefficientkt and the percentage
of cooling air r increase for the more advance GT's,
there is an increasing incentive to save cooling air.
On the combustion side, a further benefit is that both
the combustion richnesg,; and the NQ emission
will be virtually unaffected. These reasons justify the
development of new turbine cooling concepts in which
cycle-air is replaced by steam flowing within an external
loop [20].

3.3.6. Effect of exhaust gas temperature
on the efficiency of a combined
cycle

While a moderate increase in compression ratio

compressed air to cool turbine hot parts. Let us consider jmprovesngr, an increase beyond a certain point may
the same gas turbine as above, burning methane at baseagversely affect the global efficiency of a combined cycle
load and let us assume, for instance, that one can suppressyithout additional firing. Letls denote the temperature

the cooling air flows and that this represents a fraction
r of the global air flow. At base load, the gas flow at
the outlet of the first stage partition vaneg4) will be
multiplied by (1 + r) and one will consume time more
fuelto keeprl'’s constantasthe GT cycle control criteria is
Ty and notT3 which is a virtual notion. Therefore, since
na stays constant:

AFAR
FAR
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of the combustion gas leaving the HRB (i.e. inthe CCGT
stack),nst the overall steam cycle efficiency aktlJsT,

the heat utilised in the steam cycle. TheocgT, the
CCGT efficiency can be written:

T4 — Ts
HUsT=nq4C T4 — Ts5) =ngC Ty —T
sT = ngaCPys(Ts — T5) = ngaCpys(Ts — T1) P
Ta—Ts . Ts—Ts
=He = (Hin — W,
)@TT4_T1 ( GT) Ta Ty
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_ Wer+Wst nstHUst
1CCeT=""Hin Hin
1 Ta—Ts
=nGT + ns7(l — neT) Ta T

SinceTs > Tx, the ratio (4 — T5)/ (T4 — T1) decreases
whenTy decreases and so dogsceT. A closer analysis
taking account of the dependency @it on T4, shows
thatncceT displays a (flat) maximum whemn increases.
This is why aeroderivative turbines (higher lower Ty)

do not display better CCGT performance than heavy duty
machines [21].

4. FUELS AND COMBUSTION SYSTEMS

4.1. The different types of combustion
systems

Besidescatalytic combustiofi22], there are presently
two main combustion technologies for GT's, which are
diffusion flame&or “non-premixed flame”) angremixed
flamecombustion [23, 24].

SPARK PLUG
POWER AUG.
STEAM

ATOM.AIR gas

LIQuID >
FUEL |

Pl
T
FRNAALY

AIR COMPRESSOR ROTOR

Common features of diffusion and premix combustion
in stationary GT’s, as compared with boilers or recipro-
cating engines, are as follows:

— quasi-adiabatic combustion with air already heated by
the compression process: 300—400 depending orr,

— pressurised, continuous-flow, steady regime, static
chamber-geometry combustion,

— strong molecular dissociation and high concentrations
of radicals in the flame front, which efficiently propagate
the combustion reaction chains thanks to very fast turbu-
lent diffusion,

— auto-ignition is neither required nor desirable, as initial
light up is done by spark ignition,

— flame propagation ability is however required (suitable
couple of UFL/LFL data of the fuel),

— large excess of air (overall combustion richness

of ca. 0.4-0.5, virtual richnesgg around 0.3-0.4) with
however a fraction of air subtracted (in most designs)
from the combustion usage to cool liner walls,

— medium pressure level (10-15 bar for Heavy Duties
and to 30 for aeroderivatives),

POWER AUGMENTATION
STEAM MANIFOLD

3 STAGE EXPANSION TURBINE

EXHAUST ;

(\

COMBUSTION
LINER

FLOW
SLEEVE

TRANSITION
PIECE

Figure 2. Cross-section of a Heavy Duty GT with two steam injection modes.
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— short residence time in the flame, of a few milliseconds
(too heavy liquid fuels cannot be burnt),

— high turbulence developing fast fuel/air mixing rates,

— strong flame stabilisation (intense swirl and hot gas
recirculation) rendered mandatory by high gas speed
which largely exceeds the turbulent combustion speed
Uc [25],

— possibility of air-assisted atomisation for liquid fuel (to
control soot emission) [26, 27].

Note 2. — GT flames are extremely turbulent so that
the “reaction zone” is delocalised over a large volume
of the combustion liner. But, for simplicity’s sake, it is
practical to speak about a “flame front”.

4.2. Diffusion flame combustors and
multifuel capability

4.2.1. Main features

In diffusion flames,fuel and air mix at the same
time and same place as they reathe specificities of
diffusion flame combustors arédure 2:

— gaseous and liquid fuels are burnt on the same princi-
ple, based on direct fuel injection,

— flame front is essentially heterogeneous in fuel

strength, with high internal temperature gradient and thus
intense, stability-enhancing recirculation of reacting gas
in the primary zone,

— the stoichiometric zone is very hot (typically 2 000-
2300°C, which is ca. 150-200 K above atmospheric
flames),

— auto-ignition in steady operation regime is not an
essential risk (no premix prior to combustion).

4.2.2. Fuel flexibility

This essential gradient of richness and temperature
provides some kind of “self-piloting effect” at the micro-
scopic scale which can be interpreted as follows: should
combustion kinetics weaken at a given flame spot due to
atoo low (respectively a too high) fuel strength, it would
be immediately “rescued”, through turbulent diffusion,
by adjacent cells having higher (respectively lower) fuel
strength. This explains the high “robustness” of diffusion
flames and:

H,0
zsoo"' P00 o 000 - 0.2
[- molar fract
+ 0.18
24004
=+ 0.16
22004
= 4 0.14
X -+ CO
& h H 1
= 20004 ‘ 012/ x co2
o
- L -
E COz —'1 0.1 H20
g 1800 oos| ™ CH4
2] P | I
2 (¢[0) / — 02
1600 ¥ -_:- 0.06
_CH, el r—l + 0.04
1400 l / ._J 02
T2 + 0.02
= o S SRR
1200 = f } 0
0 0.5 1 15 2 25 3
time [ms]

Figure 3. Species concentrations along the combustion liner.
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TABLE IV
Impact of liquid fuel properties on combustion and further GT processes.

Fuel property trend

Effects on combustion

Ultimate effects

higher viscosity

higher C/H ratio [26], carbon
residue and aromatics content

increaséss
generates PAH'’s

higher sulfur content

higher FBN

content of inert inorganics

(Ca, Ni, Al, Fe) inert ash

content of corrosive metals
(Na, K, V, Pb)

increases fuel droplet size

conversion of S into 50

conversion into organic NO

formation of refractory, chemically

generation of low melting-point ash

increases smoke (cenospheres)

increases thermal NO
increases soot, UHC, CO

increases S@and SQ emissions
raises flue gas Dew Point: HRB

increases overall NO

erosion, deposition
(fouling the turbine)

hot corrosion of turbine parts [14]:
low and high temperature hot corrosion

— their large fuel acceptance,
— their stability over a wide load range of the chambers,

— the possibility to admix external fluids (steam, water,
nitrogen etc.) into the reaction zone in order to reduce
NO, while incidentally augmenting GT power output
(increase img3).

All these features explain the universality of diffusion-
flames in gas turbine applications and account for their
dual-fuel capability as well. The fuel spectrum of Heavy
Duty GT's, much larger than that of Diesel engines,
covers a number of liquid fuels and a wide range of
HCV-MCV-LCV gas fuels fable ). As Heavy Duty
GT's create relatively loose combustion requirements,
they represent the prime movers of choice in CHP units
integrated in industrial plants where process by-products
can be used as GT fuels (refineries, steel processing,
carbo/petro-chemistry, food industry etc.).

4.2.3. Influence of gas fuel properties

The high combustion temperature and the overall
oxygen excess which prevail in GT chambers enhance
combustion kinetics, so that theharacteristic chemi-
cal time of combustiofizch) is lower than that of tur-
bulence ¢, a data practically unchanged from one fuel
to another). However, different hydrocarbons feature dif-
ferent Tc and ¢y data, which influence NQemission
and potentially combustion completion (CO/UHC emis-
sions).Figure 3shows how the concentrations of chem-
ical species evolve along a combustion liner during the
combustion of methane [28].

4.2.4. Influence of liquid fuel properties

Table IVsummarises the impact of liquid fuel proper-
ties on combustion and other GT processes.

5. FUELS AND GASEOUS EMISSIONS

Emission control has become a major task of the gas
turbine industry [29]. Typically, modern GT routinely
achieve combustion efficiency as high a 99.99 % at base
load with CO and UHC emissions as low as 10 ppm.
However, NQ is becoming a pollutant of increasing
concern, as the firing temperature of today’s machines is
gradually raised for performance enhancement. Another
essential feature of GT emissions lies in the fact that
NO,, on one hand, and (C® UHC), on another hand,
undergo opposite changes versus firing temperature and
thus versus loadigure 4.

5.1. Emission control within diffusion
flame combustion

5.1.1. Basic notions

Historically, the first GT combustion systems were
based exclusively on diffusion flames which involve
direct fuel injection and feature broad spread of fuel/air
ratio throughout the reaction zone. Diffusion flames
develop, therefore, high peak temperatufegife 5 and
high emissions ofhermalNO, (the highest at base and
peak load) but provide in counterpart stable and efficient
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Figure 4. Correlation between NO, and CO.
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Figure 5. Emission kinetics versus combustion richness.

combustion over a large GT operation envelope. The A basic NQ. emission determinant is thediabatic,

three basic mechanisms of non-organic NQe. the stoichiometric combustion temperatuf@cs), which is
Zeldovich’es, prompt NO and M0 routes, have been  the maximum theoretical temperature reached in the
abundantly described elsewhere [30-32]. combustor, taking account of molecular dissociations
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Figure 6. Reaction route in a gas turbine combustor.

which are promoted at high temperature but neglect-
ing radiative lossesTcs enables the prediction of NO
changes versus ambient and operational conditifigs (
ure 6 and the calculation of NQindices of GT fu-
els [33, 34].

Another form of NQ called organic NO, is added
to thermal NQ when the fuel contains chemically com-
bined nitrogen, termefiiel bound nitrogenThis type of
NO, forms as FBN atoms, which are much more re-
active than N, combines with O atoms in the reaction
zone. Fuels with significant FBN contents are: (i) heavy
distillates, (ii) heavy oils and (iii) some syngas prod-
ucts, depending on their purification proceBgjure 7
shows that the conversion rate of FBN to N®eclines
when FBN increases [35] as there is a competing mech-
anism consisting in the recombination of nitrogen atoms
(N- 4+ N- — N2), which has a second-order kinetics with
respect to FBN and is enhanced by high FBN.

5.1.2. NO, emission indices of fuels

The notion of Tes is a powerful tool to compare
the thermal NQ generated by gaseous and liquid fuels.
Appendix IV shows that the NOemission associated

with a fuel GH,0,SN, (which is assumed FBN-
exempt) can be written:

)

K (LHV (7,) + @Haz — E99)
cCpCO2 4 & CpHe0 + (v + 1) Cph

NO, =k Py exp[

wherew =c+h/4+s—o0/2.

EYS is the energy consumed by the equilibrated
dissociation of the reaction products in the flame front
andCy is the average heat capacity of specibstween
T (288 K) and 2350 KEYS, which refers to one fuel
molg, remains very small with respectltblV (less than
1072).

Formula (9) enables a parametric analysis of fuel
influence on NQ emissionitable Vshows a number of
fuel properties affecting the NOindex data (INQ) of
fuels gable III).

Figure 8 shows the NQ indices of various fuels
calculated at constant ambient conditons, combustor
design and thermal load, taking methane as reference
fuel.
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Figure 7. Conversion rate of FBN into NO, in function of GT output.

TABLE V

Impact of various molecular properties of fuels on NO, index.

Fuel property or thermal effect

Effect on INQ@equation (9))

Example (reference fuel: @H

Molar combustion heat{HV)
Stoichiometric consumption of
oxygen ()

Molecular formula (EH;N,,O,)

Diluents (N, CO; etc.)

Molecular dissociations

HigherLHV increases NQ

Lower data increases INO

Smallerh /2 data increases NO

High inert content decreases INO
(termn at denominator)

Higherdis tends to decrease INO
(see Note 9 in Appendix VI)

Alcohols have lowetHV, so lower INQ.

H2 and CO have higher INO
INO,. aromatics> olefins> paraffins

INO, of C.Hj increases ifi/c decreases:
NG < propane< butane< naphtha< gasoil

Syngas, blast furnace gas, lean NG

Effectiveness of diluent injection falls off at
high RI levels (less dissociation)

5.1.3. NO, emission in “mixture”

combustion

“Mixture combustion” means that two fuels are burnt
simultaneously in a gas turbine. They may be two
gaseous fuels (not premixed with each other) or one

natural gas is available in insufficient quantity for base
load operation, it can be complemented by gasoil stored

in the plant.

As shown in Appendix V, the NO data of a two-
component mixture follows a “geometric mean” law in

gaseous plus one liquid fuel. For instance, if commercial function of both fuel NQ data. Ifx; denotes the mole
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Figure 8. NO, emission index data of various fuels.

proportion of fuelj in the mixture, this original result (c) Air humidity. Introducing air humidity (so far
can be summarized by the simple relation [36]: neglected) in equation (49), leads to an altered form of
x1 o equation (9):
NOXmixture = (NOX)l ’ (NOX)Z (10) NOX(w)
NOX(w:O)
5.2. Non fuel-related factors “ Lo
_ exp[ K (1+ v)oCpt2w }
- TR h S n\
Equation (9) can be used to assess effects of further cCpLO2 + 5 Cp0 + (v + 5)CpM2

cycle changes, namely ambient conditiofigure 6: ~ exp(—kw) (112)

_ where w is the absolute air humidity defined here as
(@) Inlet air temperature. Due to the termHap, the ratio (mole of HO in air/moles of dry air). This is

NO, increases if7, increases, which results from an ¢ exponential form of the humidity-correction formula
increase inf1. Indeed, at constant atmospheric pressure, sften used 137].

equations (8§, (15) and (32) lead to:

ar _ [1_ R }ﬂ ~0.6790 5.3. Wet control of thermal NO, within
T2 ncCpal T1 1 diffusion flame combustion
so that . e .
With diffusion flames, the only effective route to
dHaz _ _dT2 002 _, 5,071 reduce thermal NQ often termed et controt, consists
Hy To—-T T T in injecting an inert fluid or “diluent” in order to reduce

Tcs. Such diluent (denoted d hereafter) can be water
(b) Pressure. The pressureP, depends not only or steam (the most widespread diluents) but alsooN
on the ambient pressurg; but also on fuel (as per even CQ. Thanks to their intrinsic stability, diffusion
equations (§ and (2)). However, the effect is small. In  flames accept the admixture of considerable quantities of
fact, one can take: ~ 1/2 in equation (9). diluents or inerts.
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5.3.1. Effect of diluent injections on
thermal NO, [38]

Appendix VI dealing with the injection of water or
steam on thermal NQleads to the equation:

(NOyg) = (NOlezo){l — RIzIN(NOyg,_)

Lvg — Hyo de
| [T " ?” (12)
where:

— Ry is the injection rate of diluent d in the reaction
zone (or flame front) (moles of diluefmoles of fuel),

— Lvq is the latent vaporisation heat of the diluelov{ =
0 for steam),

— A and B are parameters independentRif but func-
tions of: 7> (thus ofr); fuel composition|. HV and com-
bustion stoichiometry.

Figure 9 illustrates the linear decrease in N@ith
water injection.
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At this stage, it is important to stress that the effective
fraction of diluent for NQ abatement is the one which
actually reaches the flame front (hence the notd&iby).
Indeed, the classical steam injection mode (often termed
“DeNO, injection”) is performed into the chambers
and the steam jets aim at the flame front. Now there
exists another form of steam injection (termegubtiver
augmentation injectioh figure 2 which is effected at
the compressor discharge, i.e. upstream of the chambers.
In the latter injection mode, only a fractiorFy{) of
the steam is actually routed to the flame front whilst
the rest follows the main air stream and goes through
the cooling louvers and dilution holes of the liner. In
this case, equation (12) shows that, for a given injection
rate defined at the injection port (point 9), the NO
abatement effectiveness is onky, times that of the
“DeNO, injection” mode [39]:

A[|\|OxR|]Power augmentation
ARlg
_ FizA[NOxg Ipeno,
N ARlg

with Fip <1 (13)

0.5681 0.7588 0.8713 1.133

Diluent injection rate: Riw (kg/kg)

Figure 9. Effect of water injection on the emission of thermal and organic NO, (0.2 % FBN).
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However, both injection modes yield the same gains in
output and efficiency as shown below.

5.3.2. Effect on energy performances

Appendix VI shows that:

— both steam and water injections increase power as they
increaserg andCp? (equation (58)),

— efficiency increases in case of steam injection but
declines in case of water injection essentially because
the latent vaporisation heat of water is normally not
recovered within the cycle (equation (60)).

In addition, the recoverable hellex stays virtually
constant fg and Cp? increase butfy slightly declines
with actual temperature control curves).

5.3.3. Effect of diluent injection on
organic NO,

Unfortunately, injecting water or steam does not re-
duce but slightly increases the conversion of FBN into
NO, [39] (figure 9. This comes from the fact that (i) the
kinetics of organic NQ are much less temperature-
dependent than those of thermal NGand (i) flame
guenching increases flame length, residence time in the
flame and moves the flame more downstream in the com-
bustor, i.e. towards leaner zones. Now, the more “oxy-

genated” the flame, the higher the conversion of FBN to
NO, (Section 5.7).

5.4. The various, non-wet, low NO,
strategies

Since the early 80’s, alternative low-NGOcontrol
strategies have been developed [Z&]yre 10:

(i) change in combustion/dilution air split along the
combustor liner,

(ii) “multi-nozzle” combustion in which the flame is
split into several smaller flames,

(i) fuel or air staging to avoid the high temperature
band,

(iv) lean, premixed flameswhich develop low com-
bustion temperatures,

(v) catalytic combustion, which is a flameless oxida-
tion process.

Dry low NO, (DLN) or dry low emission(DLE)
systems generally combine the first four design measures
and presently offer the most successful solutions for
natural gas operation.

DLN technologies, like all the “primary” measures,
tackle the root causes of N@eneration and are favoured
by gas turbines designers. In contrast, “secondary” or

NO CONTROL
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BOUND N
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Figure 10. NO, control strategy routes.
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“postcombustion” measures like selective catalytic re-
duction (SCR) of NQ and catalytic oxidation of CO/
UHC aim to suppress pollutants already formed [40, 41].

Selective noncatalytic reduction (SNCR) processes based

on ammonia/urea injections are not applicable to gas tur-

bines as the ranges of temperature and residence time

which prevail in GT are not suitable.

Finally, some iron-, manganese- or barium-based ad-
ditives are sometimes used as “smoke suppressants”
i.e. to abate soot particles emitted by some viscous or
hydrogen-depressed liquid fuels, thereby reducing the
opacity of flue gases [42].

5.5. Dry low NO, systems [43]

Premix flames differ from diffusion ones in many
respects:

— the aim is to develop the leanest and the most homoge-

neous fuel strength throughout the reaction zone and to
generate the lowedics data (typically 500-600 K below
that of diffusion flames),

— due to this flame front uniformity, there is less hot
gas recirculation and the “mutual kinetic rescue” between
neighbouring reaction cells is weaker (see Section 4.2.2).

Therefore, the global kinetics is more easily weakened
(the “radicals pool” is also less reactive) so that a

ere

powerful aerodynamic stabilisation is required (usually
by vortical or swirl gas/air motion).

Historically, this “lean-premix” route has proven the
most consistent technology for thermal N@ontrol.
Since premix flames are intrinsically less stable than
diffusion flames, industrial DLN systems must include
all the provisions required to achieve: (i) machine light-
up, (ii) load change and (iii) large “turn-over”, while
' operating the reaction zone near theeak extinctioh
limit at base load. Presently, 25 ppm NGeems to
become the best achievable control technology (BACT)
for low NO, stationary gas turbines in a number of
regions worldwide [44].

The following measures are typical of second-genera-
tion GT designsfigure 11):

— two-stage combustor with a “primary” and a “sec-
ondary” zone,

— lower load range operated on diffusion flame by
igniting first the primary, then the secondary zone,

— higher load range operated on premix flame: gas
and air are premixed in the primary zone and burnt
in the secondary zone, where a pilot flame assists for
combustion stability,

— design features to prevent flame retro propagation
(flash-back) towards the primary zone.

FUEL PRIMARY OPERATION FUEL LEAN-LEAN OPERATION
o 70 %

100 % E um| %% [P mn|

1 — [ =
| . L,
11 W |
LT ml LT W]
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TRANSFER TO PREMIXED

Figure 11. DLN-1 operating modes.
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This paper does not aim at reviewing extensively
the design and operation of DLN systems, which are
described elsewhere [43]. In contrast, it is interesting
to analyse the strong interrelationship between fuel and
premix-flame combustion and stress the “fuel-special-
isation” of DLN systems.

5.6. DLN combustor designs and fuel
specificities

DLN combustion chambers based on premix flames
must be strictly operated between two borderlines:
(i) blow-off and (ii) flash-back. Auto-ignition and defla-
gration-to-detonation transitions pose further limitations.
In all these processes fuel properties which impact on the
turbulent speed of combustiob¢;) are involved.

(@) Blow-offoccurs ifUc; drops below the speed of
the reacting gased/€), which tends to push the flame
front downstream. This occurs either if gas speed sud-
denly increases (flow transient) or, more frequently, if
combustion kinetics are slowed down by a fuel strength
too close to the LFL (weak extinction) which is likely
to happen at low machine loads. Weak extinction is
frequently preceded by intense thermo-acoustic activ-
ity (strong “pressure dynamics”) and surging CO/UHC
emissions. The accessible power range of premix oper-
ation, often called turn dowri, is thus restricted on the
low load side. Turn-down can be widened by resorting to
a cycle artefact known asfeed heatinywhereby hot
air discharged by the GT compressor is recycled at the
compressor intake. Bleed heating produces the follow-
ing changes: it successively increases air inlet tempera-
ture T1; reduces the cycle air flow, (equation (14)) and
correlativelyngz andz (equation (8)); increases, there-
fore, firing temperaturd3s, as required by equation (3)
to keep power output constant. Finally, increasiige-
quires additional fuel which shifts fuel richness towards
the stable-premix region.

The presence of inerts in fuels both depre4$gsand
increasesvc (increased gas flow) and impairs premix
flame stability. Some inerts, liked\Nhave orlJc; a purely
thermal or “quench” effect (decreaselins) while others
may have an additional kinetic effect, like @@vhich
has strong extinguishing properties. The slightly positive
kinetic effect of HO on flame stability (enabled by the
reactivity of H and OH) is more than offset by its negative
“quenching” effect.

(b) Flash-backoccurs if Uc; locally exceeds the
speed of the reacting flowc, which tends to pull the

flame upstream, towards the premixing zone, the highest
flash back risk being in flow boundary layers (near liner
walls) where flow speed goes down to zero. Nblg; is
strongly tied with the intimate combustion kinetics of
the fuel and increases with flow turbulence and fuel
richness. The quality of “premixedness” of fuel and air
is a paramount quality of DLN designs for two main
reasons. Indeed “unmixedness” generate richer, hotter
combustion cells which: (i) will generate surplus N@

an exponential way [45] and (ii) will become potential
sites for flash-back, especially within boundary layers.
One can say that one of the greatest challenges faced in
DLN systems for advanced GT's lies in the attainment of
the most everFAR profile along with the minimisation

of pilot flame load figure 12 which resorts to inventive,
aerodynamically sophisticated and geometrically refined
devices (vane-generated swirls, vortices, etc.) [46, 47].
These issues interfer with hot part “lifing” and the control
of thermoacoustic effects.

(c) Auto-ignition (Al)is a third limitation of DLN
combustion. Al triggered in the flowulk can be caused
by the mere level of temperatui@® or by the radiative
heat received from the downstream reacting zone. Al
can be alssurfacetriggered (e.qg., if particles of carbon-
black have deposited on liner walls during previous
operation of the primary zone on liquid fuel). Al is
characterised by three main data: temperaturg)(
delay @a1) and energy £a;) [48]. In GT combustors,

Al risks depend on (iYfemperature (ii) static pressure
and (iii) time elapsed between premix and injection into
the flame front. Longer chain paraffins have |lovifég

and shorterra; data than methane [49]. For instance,
premixing butane with the air discharged by modern
GT compressors featuring high pressure ratio dhd
data (20 bars, 42TC), would generate very lowa,
data and increase the risk of self-ignition. In some
respect, this minimumya; requirement parallels that of
spark-ignited engines but fortunately, the lower pressure
and temperature levels in GT’s are not conducive to
detonations. Finally, when burning natural gas, Al events
in the premix zone are possible if natural gas contains
heavier hydrocarbons, due to the low AIT of the latter.
In this respect, it is noteworthy that commercial supplies
of natural gas are much less stable in composition than
gasoline and gasoil products.

(d) Characteristic reaction timez{,). Due to the
limited geometric length of the combustion liners, there
is a maximum time available to achieve 100% com-
bustion of the fuel and avoid the release of CO/UHC.
Now, some fuels (especially pure CO) have intrinsically
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Figure 12. Effect of fuel/air unmixedness on NO, emission.

“lazy” combustion kinetics or their combustion mecha-
nisms involve a larger number of elementary steps than
methane and need more time for completion. For in-
stance, the combustion mechanism gH3, > involves
stepwise fragmentation of the hydrocarbon skeleton prior
to forming CO and OH species which are ultimately
oxidised into CQ and HO. As the Tc data of pre-
mixed flames is much lower than that of diffusion flames,
the characteristic timech, is increased so that a com-
plete combustion of such fuels is not always achiev-
able within CH;-specialised DLN concepts. In addition,
the imperfect combustion of such fuels can raise the
troublesome “yellow plume” syndrome at the stacks of
large GT's. Such undesirable plume coloration is asso-
ciated with the formation of nitrogen dioxide (NDin

the flue gases. The yellow-brownish N@esults from a
partial conversion of the colourless NO in presence of
CO/UHC [50, 51].
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(e) Deflagration-to-detonation transitionglydro-
gen has a particularly lowa, data, is prone to catalytic
ignition (Ea is reduced by chemisorption/dissociation
on metallic walls) and Bfair premixtures have a high
propensity to pass from deflagration to strong detona-
tion regimes, as a result of its highc; and stoichio-
metric combustion temperatuiiecs. Therefore there is
presently no industrial premix technology capable of
burning H-rich gas fuels. In turn, fuels containing slight
proportions of H can be utilized in DLN combustors af-
ter some adaptations are made (change in chamber geom-
etry to prevent flash-back [52]). This leaves a challenging
investigation field opened (diffusion flames of gener-
ate high NQ), in consideration of the promising future
of Hz-based energy cycles.

In conclusion, while standard diffusion-combustors
can handle a wide fuel spectrum, current commercial
DLN systems are essentially designed and industrially
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Figure 13. Influence of temperature and pressure on auto ignition delay.

developed to handle “normal” natural gas fuels (contain- essentially accessible to the moderate-pressure Heavy
ing limited amounts of heavy paraffins, inerts ang) H Duty GT’s.

5.7. Dry oil low NO, combustors 5.8. FBN-rich fuels and RQL designs

The Al-delayza plays an essential role in the new Lean premix combustion is not applicable to FBN-

concepts of premix combustion for liquid fuels (“Dry oil  yich fuels as a decrease in fuel richness in the primary
low NO,” combustors) [53] in which the overalltime for - ;o6 increases the conversion rate of FBN into organic
atomisation, vaporisation and premixing must notexceed NQ. . |ndeed, a leaner reaction zone results in less
ta1. Now a1 not only depends on fuel chemistry butalso  pyqgrocarbon molecules competing with Ndicals for
sharply decreases with temperature and pressure [54, 55] oxygen capture. On the contrary, a rich reaction zone is
(figure 13: necessary to minimise FBN conversion. This is at the

Al = AP" exp(B/RT) origin of the so-called rich-quench-lean, or RQL concept,
where a fuel-rich combustion zone (to convert FBN in
N>) is followed by a quench and a lean zone (to minimise
thermal NQ production) [56, 57].

The set of parameters, n, B depends on the working
ranges of temperature and pressure. For Diesel olil, the
auto-ignition delay is divided by a factor of 100 when
the pressure ratio rises from 12>(~ 620 K) to 20

(T2 = 720 K) in a non-inter-cooled machine (see arrow in

figure 13. In addition the decrease of; with increasing 6. CONCLUSION: PREDICTABLE

hydrocarbon chain length, taking butane as reference, EVOLUTIONS

can be outlined as followsiutane(C4H10): 1; n-hexane

(CsH14): 0.79; cetane(CsH10): 0.63; decane(CioH24): Within the present state-of-the-art technology of large
0.262. Therefore, the dry oil low NQ capability is stationary gas turbines, the most important trends as to
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the evolution of energy and combustion performances
can be tentatively outlined as follows.

The BACT of 25 ppm NQ on natural gas admitted for
the current dry low N@ designs seems to coincide with
the maximum firing temperature level (TRIT of 1300—
1430°C, [20]) afforded by the most recent progress
in metallurgy, including: “directionally-solidified” and
“single-crystal” buckets, “thermal barriers coating” and
elaborate air cooling devices (e.g., serpentine cooling)

etc. These aspects fall outside the scope of the present pa-

per. Indeed, for the newer, highest firing temperature gas
turbine generation, smoothing-out the fuel/air mixedness
in the combustors is no longer a relevant solution as the
NO, emission produced by such combustion temperature
levels tends to exceed 25 ppm, even in ideally premixed
conditions.

There are presently diverging routes being explored as
to the way of performing low N@ combustion for this
next GT generation, e.g., ultra-lean combustion resorting
to active control of thermoacoustics; sequential combus-
tion; catalytic combustion. The speed of these evolutions
depends on the strength of the global environmental reg-
ulations. Emission limit values as low as 9 ppm Nfor

Proceedings of the PowerGen-Europe Conference (Madrid,

June 1997), Penwell, Tulsa, pp. 453-472.

[6] Chun M.K., Song H.K., Heavy duty gas turbines in
petrochemical plants, in: Proceedings of the PowerGen-Asia
Conference (Singapore, September 1999) (in print).

[7] Bathie W.W., Fundamentals of Gas Turbines, 2nd
edition, Wiley, London, 1996.

[8] Cohen H., Rogers G.F.C., Gas Turbine Theory, 4th
edition, Wiley, London, 1996.

[9] Mathieu Ph., Nihart R., Zero emission Matiant Cycle,
in. ASME IGTI & Aeroengine Congress (Stockholm, June
1998), Paper No. 98-GT-383.

[10] Aoki S., A study of hydrogen combustion turbines,
ibidem, Paper No. 98-GT-384.

[11] Sawyer’s Gas Turbine Engineering Handbook, 3rd
edition, Vol. I: Theory and Design, Technology International
Publications, Norwalk, CT, 1985.

[12] Bucko Z., Mutinski J., Gas turbines burning coal-
derived fuels: the lignite gasification, power generation
plant at Vresova, in: Proceedings of the PowerGen-Europe
Conference (Budapest, June 1996), Penwell, Tulsa, Vol. Il,
pp. 316-380.

[13] Cook C.S., System evaluation and low BTU fuel
combustion studies for IGCC power generation, Journal of
Engineering for Gas Turbines and Power 117 (1995) 673-
677.

[14] Moliere M., Sire )., Heavy Duty experience with
ash-forming fuels, Journal de Physique IV, Colloque C9,

stationary gas turbines have already been enacted in someSupplément au Journal de Physique Il 3 (1993) 719-730

regions of the world and even 3 ppm in some specific ur-
ban areas, which requires resorting to SCR DgND

to catalytic combustion. “Dry oil low N@' is a further
technological challenge.

Since the way to ceramic materials looks still long
away for large turbine parts, it is becoming increasingly
challenging to match ever more ambitious efficiency ob-
jectives requiring increasing firing temperatures. In this
respect, the radical change in “cycle air management”
provided by the concept of steam-cooling turbine parts
looks like a very promising step ahead.
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APPENDIX |

Energy balance in a gas turbine: the
various definitions of the firing
temperature

In this simplified approach, we will consider a single-
shaft GT running at nominal speed (e.g., 3000 rpm) and
base loadi.e. at the design value of the firing temper-
ature.Figure 1 gives the cycle schematics. For simplic-
ity’s sake,ambient pressureP; will be kept constant
throughout this paper. It is incidentally remembered that
the ISO conditions (ISO 3977) of ambient air are*C5
1.013-10° Pa and 60 % relative humidity. It is practical to
take 15°C as the origin temperature for all enthalpy data.
All forms of energy losses (thermal; mechanical: power
train; viscosity: pressure drops; inlet/outlet kinetic energy
of fluids) are assumed independent of the fuel burnt.

Two important preliminary remarks regard the air flow
and the fuel-air ratio.
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(i) An axial compressor rotating at constant speed has,
in its normal(71, P2) operation range, a quasi-volumetric
characteristic which means that the molar mass flow of
the air (z3) is proportional to the ambient air density (and
stays therefore constant at constanand P):

0 p
0 1 1
n =n —_ = 14

a1y = Mary) 7, P (14)
or:

dn d7y  dp dr

a W1 M4 M1 (15)

Ng T Py i
at constant?;.

Note 3. — This assumes that the opening angle of the
inlet guide vanes (IGV) which are devised to control
to some extent the air flow into the compressor is kept
constant.

(ii) Due to the high air excess that characterises GT
cycles, the fuel flow represents only a small fraction of
the air flow, i.e. typicallyns/na ~ 0.02-0.03 (LCV fuels
are excluded).

A first complication faced when establishing the en-
thalpy balance of a GT comes from the air cooling flows
which are bled from the compressor and used to cool var-
ious turbine hot partsp@rtition vanesor “nozzles” and
rotating buckets). There are in fact different ways to de-
fine thefiring temperatureof a GT figure 1):

— The first possibility is to use the combustor outlet
temperature (COT): point’3

— Alternatively, the firing temperature can be defined
upstream of the first-stage rotating buckets (poif)t 3
and called TRIT (turbine rotor inlet temperature). The
difference between COT and TRIT simply correspondsto
the cooling air stream injected into the first-stage turbine
nozzles.

— However, to suppress the cumbersome flows of cooling
air (nar), one can introduce the so called “ISO firing
temperature” which is the fictive temperature produced at
the outlet of the combustorghere all the air is assumed
to pass This ISO firing temperature corresponds to
point 3 in figure 1cand is denotedls in this paper.
Thereforengs = ngs = ny.

Hence, the equations of energy conservation, applied
to the compressor and the turbine give:

Wc =naHa2 — naHa1

=na(Ha2— Ha1)  (system C) (16)
Wt =ng3Hg3 — ng3Hga
=ng3(Hgs — Hys) (system T) a7
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Hence:

Wer=Wr — Wc

= ngS(Hg3 - Hg4) — na(Ha2 — Ha1) (18)
Before writing the energy balance relating to the combus-
tors (system B), one must state two important points:

— Hin is defined as the product{LHV7)], where the
subscriptT’ specifies the reference temperature at which
LHV, theisothermalcombustion heat, is defined (usually
T = T, = 288 K); thereforeHin is also a function of’,

— due to the isothermal definition &HV, the fuel and

the air must be taken at the same initial temperature when
writing the energy balance of the combustors (most likely
choices ard? or Tg).

In order to get an expression dflin containing
only fuel and combustion gas data, it is judicious to
mentally perform combustion b and to write that the
corresponding combustion helinr, is used to heat
(i) the fuel fromTg to T» and (ii) the resulting combustion
gas fromT» to T3, which gives:

Hin(r,) = ng3(Hys — Hg2)

+nt(Hrz — Hig) (systemB)  (19)
Note 4. —Hin() and Hin(r,) are correlated by the
Kirchhoff relation, a classical one in thermochemistry:

(Z Cp) pdeuCtS_ <Z Cp) reactants (20)

The reason for the “minus” sign is to comply with the
“thermodynamic convention”, according to which any
energy released by the system is counted negatively. This
relation enables the calculationldfn r,):

dLHV(r)
dar

LHV (1) ~ LHV ()
- [(Z Cp) prod B (Z Cp) reacl] (T2=Th)

and

Hin(r,) ~ Hingy) — ng I:(Z Cp12> products

- (Z Cp12> reactantJ(T2 —Ty (21)

In fact, the differences betweetin z,) andHin,, found
in applying this formula are rather low (stble 111).
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APPENDIX 1l
Deriving gas turbine performance data
from cycle parameters

Introducing in equations (16)—(19) the notion of “av
erage heat capacity between two poingsd j”, denoted

Cp” , enables to write:

Wr = ngaCpa,(T3 — Ta) (22a)
and

We = naniz(Tz —T1) (22b)
so that

WeT= Wt —Wc
= ng3CPg4(T3 — Ta) — naCpilp(T2 — T1) (23)

Note 5. — As T> undergoes limited changes (300—
400°C), Cpi, is assumed to be constant in this paper.

Hin(r2) = ng3CpgS(T3 —T7) + nprfzs(Tz —Ts) (24)

Since ns = Hin(r,)/LHV (1, and asCph, (T2 — Ts) <
LHV r,), one can alter equation (24) as follows:

Hin(z,) ~ ngCpis(T3 — T2) (1 + enr)

Cpb(T2 — Tg) /LHV (15, < 1

The termens represents the fraction of the fuel energy
consumed to heat the fuel frofig to 7>.

(25)

whereens =

Finally, the GT efficiency and the enthalpy of exhaust
gases are defined by:

neT = Wet/Hin (26)
Hex= ”lg4Cp?1(T4 —T1) =ngsCpi(Ts — T1) (27)

A differential approach toWgT, net and Hex is
fruitful because the cycle parameters are only slightly
influenced by fuel changes. To this end, it is convenient:

— to use the most common GT fuel,
reference fuel

— to introduce as variables the ratibsandkc between
turbine (respectively compressor) power and overall GT
power:

i.methane as

Wt =ktWet and

L 1)
Wc =kcWgt (wWhich implieskc =kt — 1)

Indeed, an analysis of the mathematic expression of
kT for a fuel f leads to the formula:

kr i =kr,.cH, — f(FAR;, Cpg, In7r)
=kt,cH, — ¢(FAR — FARcH,)

in which functione(x) is a first-order infinitely small
versusx. Now FAR is small and its changeFAR —
FARcH,) is still smaller.Cp, depends little on fuel due
to the large excess of Nand G in the combustion gas.
The term Inz, as a logarithm, changes also very little in
function of fuel.

The approach can be developed as follows:

WrdWr WcdWe
dWgTt =dWt —dWc = _
GT T c W We
dw dw- dw
GT i T ke c (28)
Wer Wt Wc

where d¥t/ Wt and d¥c/ Wc are derived from equa-
tions (22a) and (22b),

dngt dWgt dHin
net  Wer  Hin
dwy dWc  dHin
=k —k — — 29
"wr """ We T Hin (29)

Noting thatngz = ng4, the logarithmic differentials of
Hin and Hex are easy to write from equations (25)
and (27):

Hin _d dc T:

d _|n i’lg3 pgs d(T53 — ¢ (30)
Hin Cp23 T3 - T

dHex dngg dCp; | d(T4—Tv) (31)
Hex Cp?1 Ty —T1

Using the notion of polytropic efficiency, the compres-
sion/expansion equations give:

To = Ty R/cCPT (air compression) (32)

Ts = T3 ="TR/CP4l  (combustion gas expansion) (33)

This set of equations (28)—(33) leads to expressions
of dWgt/WeT, dngt/net and dHex/Hex, which are
valid at constantP; and which express the changes in
performance for small changes of the cycle conditions,
like a change of fuel:

d d dT;
T g T kL ) aCrss
Wer ng3 pg4
d d
+ (ktf — kca) +kccx£ Fhkp
nc 0T
(34)
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dneTt dngs d7y dT3
ke =Lty Lt ke -2
nGT ng3 n T3
dcp? din
~+ (kc —k1B) P4 4+ (k18 —kca + 058)—7[
C£4 Inm
d d
— denf + (ke — $)a 1€ 4 jrp 21T (35)
nc T
dHex dngs . dT3 d7y dcp;
— = +A—+A-1—+ A+
Hex  ng3 T3 ( ) Ty (A cr;
dinm  dyt
LTyt — (36)
nmw nt

The expressions of the 6 coefficients 8, y, §, A
and . which depend only on the 4 cycle temperatures
(T1 to Ty4) are given in Section 3.1 (equations (6a)—(6f)).

Note 6. — To establish equation (35), one has legiti-
mately considered tha@p3,/Cp3, ~ dCp3,/Cpls.

Note 7. — The term—dens must not be omitted in
the expression of gt/neT (equation (35)). For in-
stancegnt,ch, = 1.85 % andepfH,) = 4 %, so that, when
passing from CH to Hy, the differential dns equals
—2.15%.

Case of an ideal closed Brayton cycle (ICBC)

In an ICBC, where namely combustors are replaced
by heat exchangers (no fuel added), one has

1>
T = T/, = = 1, k =
3 3 nc=nt C ol
k Is cp? = Cpf
=—_-—, Nng3 =na, =
T Ts—T, g3 a:
so that:

Wt = naCp?{T3[1— ﬂ(fR/Cpa)] —T[1- n(fR/Cpa)]}
=naCPR(T3 — Tp[1— xR/ (37)

Hin =nCp*(T5 - T2) and

(38)

net=[1- ﬂ(—R/Cpa)]

Note 8. — Assimilating air to a diatomic perfect gas,
moreover, yieldsR /Cp? = 2/7 andnet = (1 — 7 ~0287)
= const. So, in an ICBC gas turbine, the performances
would obey the following trends:
— efficiency would be independent @ but would just
increase withr,

— power would increase with as well and be a linearly
increasing function of3 and (- T1).
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APPENDIX 11l

Deriving dWgr/ Wgr, dyer/net and
dHex/Hex from fuel properties

In order to assess in a straightforward way the influ-
ence of fuel on performances, one must express in equa-
tions (34)—(36) the differentialsng/ng and dCp?/Cp9
in function of fuel properties. To that end, let us take
C.H;N,S;O, as general molecular formula of the fuel.
This “fictive” formula rarely represents a pure chemical
but generally designates a mixture which may include
some inerts (but no FBN). For instance: £#H Hz + N>
would be noted €HgN>.

Let 3 be the “ISO-richness” in the combustors: by
analogy with the definition of3, “ISO” means that the
combustors are assumed to receive the whole compressor
air flow plus the actual fuel flowgs is not the true
combustion richness but the concentrations obC80,
and HO deduced fromps are identical to those at
point 4.

Using ¢3, the combustion reaction may be written:
93C:HLN, S0, + w (02 4+ vN2)

h
— 93¢CO2 + 935Sy + @3 > H2O

+¢3 % N2 + (1 — 93)0O2 + wvN2
where (@ + vNy) is a formula for air (withv ~ 3.76)
andw = (c+h/4+s —o0/2).
Remembering that; = Hin/LHV, the fuel richness
@3 can be written:

nf  Hino(1+v)

= 1 —_————
va=oldtv) = A

From the above combustion equation, one can deduce the
following expression of the molar combustion gas flow

(39)

n
ng3 = na+ qing =na<1+ M) (40)

na
wheregs = h/4 + 0/2 + n/2. Let us defineSGF, the
specific (combustion) gas flow, as

If one defines the specific heat inp8HI as SHI =
Hin/na, one can write, sinces = Hin/LHV:

SGF=1+ gFAR=1+ 2™
na
Hin/na SHI
T Ty T Thv 2)
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and, according to equations2nd (15):

dSGF _
SGF

d7i

dng3_% _2 L d(gFAR)
n

= (42)
ng3 na
Substituting this expression ofg/ ng in equations (34)—
(36) yields the expressions ofW&T/ Wet, dngt/neT
and dHex/Hexwhich are given in equations (3)—(5) and
are extensively exploited in Section 3.

APPENDIX IV

Thermal NO, index versus stoichiometric
combustion temperature Tcg

Since the residence timg in a GT flame is short and
the kinetics of thermal NQis, according to Arrhenius’
equation, an exponential function of the combustion
temperature, one can write:

diNOT|
dt rz °

o« Py expg[—E7/(RTcs)]t8 (43)

where Tcs is the adiabatic stoichiometric combustion
temperaturgtaking account of molecular dissociations)
and E# is the activation energy of Zeldovich’es mecha-
nism limiting step €7 is independent of the fuel nature).

Due to the high air excess that characterises combus-
tion in GT, tg which is the ratio between the volume flow
of the reacting air/fuel mixture and the liner volume, is
virtually independent of the fuel nature (for a common
range of fuels, excluding LCV fuels). So, notifiif the
term E#/R:

[NOJ]~ {

[NOJ ~ const Py exp[—T7/Tcs] (44)

Moreover, asTcs is usually comprised between 2200
and 2500 K, the ratio between the N@missions of
two fuels can be written using a first-order expansion of

1/Tcs:
1 1
Tes2  Tesa

_ #
%exp[(T%z TespT }

235¢
Thus, at constant operational and ambient conditions
and for a given combustion design/geometry, the,NO
emission data of a series of fuels obeys, in a first-
approach, an exponential law:

NO, = K P} exg[k'Tcs] (45)

wherek’ = E#/(235FR). Now, in the stoichiometric
conditions denoted by the lettes, the combustion
reaction can be written:

CcHRSOyN, + w (02 4+ vNp)
h
— cCOz +5S0; + 3 H20+ <va) + %)Nz (46)

wherew =c+ h/4+s —0/2 as above.

Like in Appendix I, the formula GH; S;N, O, may
include inert gases (#D, N2 and CQ etc.).

Since enthalpy data at 2& is taken equal to zero
for all species, the energy balance between point 2 and
point s allows to write, assuming that the fuel temperature
at injection port {g) is 288 K:

> Hu,0(Tes) + 5 Hs0p(Tey)

Hy(1e) = cHcoy(Tey) +

n
+ <vw + 5) HNy(Tes)

=LHV(zy) + wHap — E%® (47)

EYsis the energy of dissociation of the reaction products
in the flame front, an endothermal process which leads to
the formation of @, CO and radicals like H, OH, O and

is enhanced at increasing flame temperature (molecular
dissociations tend thus to oppose diy rise).

The various enthalpic term&; ¢, of the left-hand
side of equation (47) are polynomial functions of the
temperature but, becauskcs usually varies between
2200 and 2500 K, one can write, for each speties

Hitey ~Cpf - (Tes — TY), (48)

whereCp is the averaged molar heat capacity of species
i betweer? (15°C) and 2 350 K. Hence:

Tes— 17
- LHV + oHar,) — Edis
Cpe
_ LHV + wHayr,) — E9S 49
cCpP% + 4 CpH0 + Cpl2) + (v + ) Cph2

Combining (45) and (49) and taking, for simplicty’s sake,
a fuel exempt of sulphur:

NO, = k P} exp[k'Tcs]
k' (LHV + wHap— E¥S
:kPé”exp[ < (/ v+w a2 ) v }
cCpt2 4 5 CpM20 + (v + 5 ) CpN2
)

This formula is thoroughly analysed in Section 5.

)
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APPENDIX V

NO, emission data for “mixture
combustion”

“Mixture combustion” means that two distinct fuels
are burnt simultaneously in a same GT. Let be
the molar proportion of fuelj in the mixture §;
nfuelj /[nfuel1 + niuel2l). For the separate combustion of
each fuelj, the combustion equation writes:

CC.,' thSSjOOj Nnj + 0)] (OZ+ VNZ)
h4 .
~ ¢;COp +15,50, + L Hz0+ (uwj + %’)Nz

wherew; = c; +h;/4+s; — 0;/2. Neglecting theg s
term, equations (47) and (48) yield, for each fuel:

Chtuer (Tesw — T7) = LHV (1) + w1 Har,) (50a)
Chltuern (Tes — T1) = LHV (2, + w2 Har,) (50b)

Whereép%uel i is the heat capacity of the combustion gas
generated by fuel, averaged between 288 and 2 350 K.

Let us takec; = 1. Due to the large excess of air in
GT’s and the high concentrations obMind G in the
combustion gas, one can assume, for usual fuels (it is
virtually the case for all hydrocarbons), that

~~d ~ 9 —_~n9
Cp(fuell) ~ Cp(fuel2) = Cpmixture

Since x1w1 + x20w2 = W(mixturg aNd LHV mixture =
x1LHV (1) + x2LHV2), one can multiply equations (50a)
and (50b) byx; and x», respectively, and sum them,
which gives:

<9 0
Cp(mixtur(—j (xlTCS(l) +x2TCs2) — Ty )
= I—HV(mixture) + ®W(mixture) Ha(Tg)
The form of this equation, identical to that of (50a) and
(50b), means that:

Tesmixture = X1 TCs(1) + x2TCs2) (51)

Therefore, equation (45) gives the geometric law alluded
in Section 5.1.3:
NO, (mixture) = (NO, fuell)xl(NOxfuel 2))(2 (19)

This amazingly simple formula results from the linearity
of equation (51).
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APPENDIX VI

Effect of diluent injection on energy and
emission performances

Let d be the symbol for the diluent being injected and
9 the label of the diluent injection poirfigure J).

A. Effect on NO, emission

In the case of steam or water injection, the reaction in
the stoichiometric zone is:

C.H;,O,N,, + ®(02 4+ vN2) + RIzH20
h
— cCOp + <§ + RIrZ)HZO—i— <va) + g)Nz (52)

whereRly; is the injection rate of KO in the reaction
zone, ie the ratio between the number gfHmolecules
reaching the reaction zone and the number of fuel
molecules in the same.

To obtain Tcg, one must add, in the flame front
enthalpy balance, the sensible heat of the diluéhip)
and eventually its latent heat of vaporizatidtv{). The
exponential law (9) giving the NOemission becomes,
for any diluent d:

NOyg =k Py explkoTcs]
= szm exp{ [k/LHV(Tl) + wHyr,) — E(dllel)
— Rlyz(Lva — Hdg)]

v h «
. |:cCpCO2 + > Cp'° + <va) +
. -1
+ R'rszdj| }

Note 9. — In this equationds is a decreasing ex-
ponential function ofRI. Indeed, the higheRlI, the

lower Tcs, the lower the dissociation rategfﬂi?ﬁ) =

ESS_o exp—oRl). For instance, for methane combus-
tion and steam injection, one has~ 0.49. However,
because the mole fractions of dissociated molecules are
in the range of 103-1075, EdF'f,) is much smaller than
Hyy) and can be neglected in practice.

Y &Nz
2>Cp

(53)

Since the terms associated within equation (53) are
small, a first-order expansion with respecRbgives:
IN(NOxg,) — IN(NOxp,_y)

Lvgd — Hdo
—R|rz|:f

IN(NOyg_y) (54)

_ o1

T
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where parameterst and B are independent of the
injection rateRI but depend on: (iY» (so onr); (i) fuel
composition, LHV and coefficients of stoichiometric
combustion:

A= (LHV(Tl) + a)Ha(Tz)) and

B=cCp*% 4 = CpHZO <va)+ )CpN2

Experience shows that for the usual valueRbfa linear
expansion can also bee used:

(55)

(NO,g) = (Noxm){l ~ Rl IN(NOyg o)
cp’
+ 7“ (12)

B. Effect on energy performances

Lvg — Hag
A

All operation conditions are assumed constant except
those relating to the injection of diluent. Moreover, tur-
bine and compressor polytropic efficiency data are as-
sumed unchanged by diluent injection. In equations (3)
and (4), the variation of the paramet@FAR associ-
ated with the diluent injection can be simply written
by incorporating the diluent into the fuel composition
(C.H,S,0,N,,) whatever the injection mode (DeN@r
power augmentation):

C:H,S0,N,, 4+ RlgH20 < C.H(34-2R19) SsOo-+RIg) Ni
This formula becoming the new molecular formula of the
fuel, equation (2) gives (the changeRARis very small):

ho R RI
+ 224200 )
2
(56)

A(giFAR) ~ FAR
(grFAR) [(4 2 2772
h n o n n
4 2 2
One can easily show that the changeQp® resulting
from a water or steam injection can be written:

—FARRL >0
cp? _1>

p(RI —0)

B1. Change in power output. Besides §;FAR), the
sole other term altered in equation (30g°. For water or
steam injectionACp¥/Cp? is positive a<pH2° is higher
than bothCpN2 andCp®2. The change in (I) is minute
and can be neglected. Equation (3) leads to:

ACp?

Cp?

whereFAR = FAR(1 — ¢;FAR).

~ RIgFAR( (57)

AWgT p34
Wer =ktA@@iFAR +k1(1— B)—5— Cpg
P
= kTngFAR[l +1-78) (7 — 1>
Cpg4(R|=0)

-(1- QTFAR):|

Remembering the definition df;, one obtains the fol-
lowing relation showing a linear dependencefWgt

uponRlg:
Cry 1)

AWar = WTRIgFAR[l +(- ﬁ)(
p34(RI —0)

-(1- QTFAR)j|

de FAR)
where:

"’

— (1 - p) is always positive § = 0.771 in the example
of Section 3.2),

— (CH,/CP R0 — 1 is positive for d= H20 or CO
and negative for &= N or a rare gas.

But the functiony (8, Cp/Cp?, FAR) is always pos-
itive so that any diluent injection always increasggr,
which is a physical necessity.

= WTRIgFARw( (58)

B2. Change in efficiency. In equation (4) giving
dngT, the enthalpy balance (25) of the combustion cham-
bers must be altered as follows:

Hin,) = ”g3Cpgg(T3 —12) + nprfzg(Tz —Ts)
+ (ntRIg)Cplo(T2 — To) + (niRlg) Ly
(25b)

The latent healtvyr, is zero if the diluent is gaseous
and must be taken at temperatd@pefor the same reasons
as in Appendix Il. Substituting the expressionmf=
Hin(z,) /LHV 1) further gives:

Hin(z,) = ngaCpoa(Ts — T2) (1 + ent + eshd+ eina) (59)
where

Cphg(T2 — Ts)
AT VA
. RlgCpJo(T2 — To)
shd=
LHV
and
RlgLvg
elhd = 7LH\/(T2)
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The subscripts “shd” and “lhd” are respectively for
“sensible heat of diluent” and “latent heat of diluent”.

Then the change in heat input caused by diluent
injection (equation (35)) can be written:
ACP;  A(T3—T2)
ng3 Cpl, I3 -T2
+ Aeni + Aeshd+ Aelnd

This leads to the following expression of the change in
efficiency associated with diluent injection:

acH,

Crs,

Alnm
+ (k1B — kca + (XS)W — Aenid (4)

AHin _ Ai’lg3
Hin

AngT
nGT

=kcA(giFAR) + (kc — kTB)

whereenig (energy consumed to heat fuel and diluent)
equals:

Aenfd = Aenf + Aeshd+ Aelhd X Aeshd+ Aelhd
| Cpgg(Tz — T9) + LVy(1y)
o LHV

=R
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A further processing of this expression using equa-
tion (57) leads to the following approximate farmgt/
NGT:
AnGT
nGeTt

~ ng{kcFAR—i— (kc —kTPB)

d
-FAR(Cp3s — Cpg4(m20))
_Ce(T2—To)  Lvury
LHV LHV

whereFAR = FAR(1 — ¢:FAR).

One can see that, in the case of steam injection
(Lvacry) = 0), efficiency increases since the sole negative
term is minute compared with the two first terms. In
contrast, in the case of liquid water injection, efficiency
declines due to the high value of the negative term
containingLvy.

Both the relative changes gt andngT are approx-
imately proportional to the diluent injection raidg.

} (60)



