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Abstract. Moderate compression ratio and versatile combustion systems are requisites for the design of stationary gas
turbines. In the present days, it is important to make allowance for the use of conventional and alternative fuels like
petroleum distillates, gasified coal, natural gas or bio-syngas, bio-ethanol, bio-diesel. It is of great interest, therefore,
to advance the knowledge of the implications of the use of such different fuels in the design of the combustor. This
study is concerned with the preliminary design of gas turbine tubular combustion chamber and the numerical
simulation of its performance using own computational program based in semi-empirical formulation. Ethanol and
diesal were chosen as typical fuels. The characterization of conventional and alternative fuels for stationary gas
turbines has been carried out in the Brazlian context. Inlet and outlet boundary conditions like air mass flow, fuel
mass flow, pressure, temperature, and equivalence ratio were previously fixed having a specific gas turbine in mind.
Direct fuel injection was adopted and diffusion flames used for both gaseous and liquid fuels. Calculations for the
dimensions of the air admission holes have been performed and exhaust gas temperatures in the several zones of the
combustion chamber have been determined. In this study has been analyzed the factors that influence the combustor
performance, combustion efficiency, pressure loss, outlet temperature profile and the operation stability limits.
Preliminary dimensions of the flex combustion chamber are shown and comments are made for the sake of choice of
multi-fuel combustor.
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1. INTRODUCTION

Gas turbines find enormous applications in aerdcaltautomotive, naval, electric power generatéon in oil
industry. Pollutant emissions and the alternatived are being of much concern in the last yearshat high priority
has been given to these subjects.

In the aeronautical industry, the reduction of podutant emissions is being deeply considered. afsaixtures of
aeronautical fuels and their possible substitutesbio and synthetic fuels is being, thereforesadered.

In the electric power industry the restrictiongtie supply of natural gas and other low ashes oobulistilled fuels
have driven the interest of researchers to idertdityer possible fuels, the alternative fuels (Datkal., 2001).
Generally, all coal-derived fuels, heavy crude, shale and biofuels are considered as alternhtale.

In these applications, gas turbines are for lam@egps and their combustion systems are usuallyldped for a
single specific fuel (natural gas or diesel). Camiagnal diffusion flame technology is used and higbels of NG and
partially unburnt species are emitted.

Fossil fuels reserves are finite, non-renewabl@adture and are increasingly difficult to be expmdit Moreover,
problems in the international oil market are beaggrincreasingly common and their excessive utiimahas caused
serious environmental damages.

Given these facts, programs focused on the resed@lternative energy sources have been strongigu@aged in
the United States, Canada, European Union, Braml @her countries. In recent years, aiming at mgkndustrial
processes environmentally friendlier, researchgsoténtial fuels for use in gas turbines have hmemoted. Among
these are liquid and gaseous fuels from biomassyasyfrom coal, biogas, refinery gas and other nveational
sources.

A major advantage of any thermal engine (in thgsecific case, gas turbines), using continuous EsER of
combustion, is its ability to successfully burn adevvariety of fuels, the "fuel flexible gas turbircombustor"
(Barringer, 2001).

Much research is being carried out in this fieldhiag at the design and development of gas turborabustors to
successfully burn low, medium and high calorifiéuealiquid and gaseous fuels. This paper desctieslevelopment
of a methodology focused on the design of statprgas turbines combustion chambers with the abilityburn
conventional and alternative fuels. This researtidies the fuel combustion characteristics as fancthe major
parameters used to calculate combustor performazsicemass flow, fuel mass flow, pressure, tempeeatand
equivalence ratio. In a later phase of the reseaaehdynamics, temperature traverse quality aradingp will be
considered.
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Numerical models are used to calculate the comtnugtificiency of these fuels in a specially destjeembustor,
as well as their influence on the pollutants emissinder representative operating conditions, geimgy information
that can be used during the design stage of theudaise, having control of pollutant emissions.

2. SIZING THE COMBUSTOR

Sizing of the combustion chamber was based on aetbone-dimensional approaches developed by Lefgbvr
Melconian and Modak (1985), and Gordon and McBsidasthodology for the thermokinetic equilibriungrfimability
limit and near-global simplified kinetic mechanisnf$993). These approaches were used simultaneously into
successive substitution using Newton-Raphson, lotbfazation and Lagrange polynomials (Collins, 2003

There is the necessity to analyze several aspéasmobustion during the combustor design if fuelxibility is
sought. Stull and Prophet (1971) suggested andamsidered in this work:

* Aerodynamic and chemical considerations to caleulaé housing and liner cross-sectional areas,edisas

determining the primary, secondary and dilutionezgaometry;

e Calculation of the distribution for cooling air aa@ mass flow in the primary, secondary and diuitzone;

» Diffuser characteristics;

»  Swirler characteristics;

e Calculation of flame temperature in the combustoves;

» Calculation of the holes for air intake in the difint zones of the combustor.

2.1. Aerodynamic considerations

Aerodynamic processes play vital part in the desigd performance of gas turbine combustion systéinthe
aerodynamic design is good and fuel injection syste matched appropriately then, it is ensuredotperation of the
combustor without major problems (Ramsden and Barpt994).

The process of mixing air with fuel is extremelypiontant in the combustion and dilution zones. Adyatxture in
the primary zone is essential for high burn ratd emnimization of NQ and soot formation. Achieving appropriate
temperature distribution in the combustor exhasistependent on the degree of mixing of dilutionaaid combustion
products in the dilution zone. Satisfactory fuel+aixture inside the liner and steady flow throughthe combustor are
important features sought during the combustorgieddo minimize the combustor length, parasiticéssand pressure
loss (Darby, 2001).

Use is made of two dimensionless parameters relatgessure loss in the combustor during the desfgthe
combustion chamber:

a) The ratio of total pressure loss in the combustohe total pressure inputRs;.4/Ps).

b) The ratio of total pressure loss in the combustdhe reference dynamic pressuk®{ 4/qes).

Equation (1) shows how these parameters are redaigdhow they are used to calculate the housingsesectional
area of the combustor (Lefebvre, 1999).

05 \? 4%
| Ry | mgT5™ AP;_, | AP5_4
A =1 5| 7P P @)
3 Qret 3
where
At - Cross-sectional area of the combustor housifg,
(AP3_4 /P ) - Ratio of total pressure loss to input total ptes, dimensionless;
(AP&4 / Qret ) - Ratio of total pressure loss to reference dyogressure, dimensionless;
my - Air mass flow at the combustor inlet, kg/s;
P - Total pressure at the combustor inlet, Pa
R, - Air universal gas constant, Nm/kg-K;
Ty - Total temperature at the combustor inlet, K.

2.2. Thermochemical considerations

The primary purpose of the combustion is to raigedir flow temperature through efficient fuel castion. From
the design point, one important requirement is howelate to combustion efficiency to the operatpayameters
(pressure, temperature and air mass flow), togetitarthe dimensions of the combustor (Zamueteal., 2002). The
methodology used in this research is based on tineing speed. For a given fuel-air ratio (F/A), tt@mbustion
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efficiency ng is correlated to th® parameter, as shown in Eq. (2). When the valué f 73E+06 (Sl units), the
efficiency is highest, close to 100%.

The combustor housing cross-sectional area is leadzliat that point. A correction factor, b in Etjoa (3), is used
to correct the inlet temperature to the combustas.function of equivalence ratio in the primargne.

T3
: 075 (T]
P, Ay D~ exp

ng=1(6)=6= e )

b=245[139+In(¢p )] for 06<¢y <10

or 3)
b=170[200-In(@s, )] for 10<@, <15

where:
b - Temperature correction factor at combustlatjmlimensionless;
Des - Diameter of the housing cross-sectional arga,
0 - Correlation parameter of combustion efficiendiynensionless;
Dzp - Equivalence ratio at primary zone, dimensissje
Mo - Combustion efficiency, dimensionless.

Equivalence ratios in the primary zone are guessel] using a methodology based on thermokinetidilegum,
the fuel flammability curve is built to delimit thgas turbine operational conditions.

The methodology used is the one developed by GoatonMcBride (1993), which had been used in gasiriar
combustors by Lazaroiu (2007) for the free energyimization. The chemical equilibrium condition wastablished
using the Gibbs free energy minimization. Tempeeand pressure were used as thermodynamic vagiable

Fuel reaction with air is modeled by Eq. (4), whikbludes the equivalence ratio. For this studyrttesst significant
twelve combustion products were considered.

EP(C,HLONgy ) +(ng, O, +ny, Ny +Nngg, CO, +nyy oH,O0+n, Ar) - 0, CO,
+NngO+n;,OH +ny;;NO+n;H,NO, +........

where:

- Number of carbon atoms;

- Argon;

- Number of hydrogen atoms;

- Number of oxygen atoms;

- Number of nitrogen atoms;

- Number of moles for the reactants and pregunbl;
- Molar air-fuel ratio;

- Equivalence ratio.

Q®>ao0oocr>o
=

A set of 12 equations are, thus, needed to catule molar concentration of the twelve chemicalcegs. Five
equations are obtained from the chemical elemeadtmbe C/H/N/O/Ar between the reactants and predddte seven
remaining equations are non-linear and they araidd from chemical dissociation.

Equations (5) to (10) were obtained from the masservation of the main chemical elements (Ferguke8s):

(Yoo, * Yoo )Ny —&¢ga-ngo, =0 (5)

(2Y4,0 *2Yn, *Yu *You )Ny —&¢b-2ny o =0 (6)
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(yAr)Nt N =0 9
12 12
N, =Zni and Zyi -1=0 (10)
i=1 i=1

where:

N; - Total number of moles of the mixture, moles;
y - Mole fraction.

Using concepts of thermokinetic equilibrium for teal reactions, seven non-redundant equilibriwiationships
were used to calculate the unknown mole fractigremyl the number of total moles. Nhese expressions are part of
the solution set involving the combustion produatsshown by Eqg. (11, 12, 13, 14, 15, 16 and 1&7g{son, 1985).

2
1 yu P
y
H2
Y2
1 YoP
y
0,
2 2 Ve Y2
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1 1 Yno
=0,+=N, « NO and K, =——
2 2 2 2 4 v, v (14)
yo2 y,\,2
y
Hy#20, « H0 and Ky =— 10— as)
Yo, Yu, P
y
co+%o2 ~CO, and Kg= C;’z (16)
YeoYo, P
y
NO+%OZ -~ NO, and K, :% (17)
YNno y022 P2
where:
K - Equilibrium constant for constant pressure;

P - Total pressure at the combustor, atm.
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The equilibrium constants of Eqn. (11) to (17) wikeen from NIST-JANAF Thermochemical Tables ascfions
of temperature, calculated using Eq. (18).

— T Bi 2
109K | cagon = A '”(m}f?mi +DiT+ET (18)
where:
A/B,CDE - Correlation coefficient of equitibm curve at constant pressure;
[ - Index for each non-redundant equilibrium teag
T - Total temperature at equilibrium state, K.

Equations 5 to 8 were linearized and a new setjoétons (11 to 17) was obtained. Such equatiomsvatten in
terms of ¥, Yo Yco, @nd Yy, respectively and are shown below (Ferguson, 1985):

f, + il Ay + il Ay + il Ayo + il Ay 0 for i=1234
i T BYco, T BYH,0 T Yo, T BYN, T =449 19
I Y co, * O0Yu,0 ? o, 2 oy, ? (19)
where:
f - Linear function based ony Yoz, Yco, and yy;
Yco - Mole fraction of carbon monoxide;
Vh2 - Mole fraction of carbon hydrogen;
YNz - Mole fraction of nitrogen;
Yoo - Mole fraction of oxygen;
oloy; - Partial derivative respect i mole fraction.
Equation (19) can be rewritten in terms gfff, f; and f, as well asy,, Yo,, Yco and yi, as follows.
A 5y of, Ay of, Ay of, Ay = 0‘
1 N o co H, ~
N, 2 0y, > 0Yco OVh, 2
of, of, of, of,
fy + Yo, 5 DVco Yy, = 0
Oy, Yo, 2 0Yco H, ’
of of of of (20)
fy + 2 s Ayo, 2 Ayeo 2 Ayy, = 0
Oy, 0Yo, 9Yco 0y,
of, of, of, of ,
fy + Ayy Yo, 5 OVco Yu, = O
N, 2 0Yo, > 0Yco H, 2 ]

Equation (20) can be rewritten in matrix form, adicated in

Raphson method were used for the solution of E2). (

of, of; of, of,
Oyn, o, Neco OV,
of, of, of, of,
ay N, aYOZ Moo  OWn 5
of, of, of 5 of 5
oy N, aYOZ Nco  OWn 5
of, of, of, of ,

| OYn, o, Voo OV,

Ayn, -f
Ayo, | |1,
AYco |- fa
Ayy, -f,

Eq. (21) and (22). LU factorization axdwton-

(21)
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where:
[Ai] - Matrix of thedfi/dy; partial derivatives;
[-fi] - Vector of linear functions based o, Woz: Yco, and y,;
[Ay] - Vector of the mole fractions variation basadN,, O,, CO, and H.

For several operating conditions, a set of solstiofi Eq. (22) was obtained. Subsequently, base@rangy
conservation and adiabatic combustion, Eq. (23) afatsined. With equivalence ratio variation fronardeto rich
mixture, the flammability curve of each fuel wadaibed. By inverse interpolation of Lagrange polymals, for given
temperature the equivalence ratio in the combysiarary zone was obtained.

ZNr( hf,r+Ahs,r) _ZNp( hf,p+Ahs,p)=0 (23)

r p
where:

*hip - Enthalpy of formation for the products, kJ/Kmo

*he, - Enthalpy of formation for the reactants, kJ/lkmo

Np - Number of moles of the products, mol;

N, - Number of moles of the reactants, mol;

p - Products;

r - Reactants;

*Ahg - Sensible enthalpy of products, kd/kmol;

*Ahg, - Sensible enthalpy of reactants, kJ/kmol.

The equivalence ratio value in the combustor prinzane is used in Eq. (3) to calculate the coroectactor of the
inlet temperature in the combustion chamber and this parameter is used in Eq. (2) to calculagedtoss-sectional
area of the combustor casing. In the sequencg/1Egives the cross-sectional area of the comblister.

2.3. Basic settings for the combustor

The largest values obtained for the cross-secti@mabs, calculated from aerodynamic and thermodatadmi
considerations, were chosen for the casing and wostob liner, what would be appropriate to accomnmdae
aerodynamics and chemistry at any operation regDtiger dimensions were, then, calculated using(&4).25, 26 and
27) (Sawyer, 1985).

Lo = 075D 4 (24)

L, = 05D 4 (25)

LZD - ( max J D # (26)

T4 - T3

LTZD =05L,p (27)
where:

Dy - Diameter of the liner cross-sectional area, m;

Lzp - Length of combustor primary zone, m;

Lss - Length of combustor secondary zone, m;

Lsp - Length of combustor dilution zone, m;

L1z - Length of combustor transition dilution zone,

T max - Maximum combustor temperature, K;

T3 - Temperature at the combustor inlet, K;

T, - Temperature at the combustor exit, K.
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For the calculated equivalence ratio in the conmdyuptimary zone, the air distribution at the otlzenes was
obtained, using Eqgn. (28, 29, 30 and 31) (Sawy@851L

%Aircooling = 0'1T3 -30 and mcooling = (% Aircooling )m3 (28)
. . ¢overa]l

Mzp = Mg o (29)

zP

. . ¢overa]lmax .

Mzs =Mj o8 |~ Mzp (30)
Mzp = Mg —Mzp —Mzg ~ Meggiing (31)

where:

YAIr cooling - Percentage of cooling air, dimensionless;

M ooling - Cooling air mass flow, kg/s;

Myp - Air mass flow at combustor primary zone, kg/s;

Mg - Air mass flow at combustor secondary zoneskg/

My - Air mass flow at combustor dilution zone, kg/s;

Doverall - Overall equivalence ratio, dimensionless;

Doverall max - Maximum overall equivalence ratio, dimensiosles

The diffuser, swirler and holes for air intake fe tprimary, secondary, dilution and cooling zones subsequently
calculated.

3. ANALYSIS OF RESULTS

The tubular combustor performance parameters té&iosary gas turbine designed to burn diesel ahdnel, were
calculated using the methodology detailed aboveeci@p attention was given to flammability limitsveyall
equivalence ratioqbyera), lean equivalence ratigpéar), rich equivalence ratiop(c), equivalence ratio in the combustor
primary zone @p), to name the most important for the study, havimgmind the analysis of a newly designed
combustor at all the operating conditions of the abine in service. These results are summaiizdab. 1, Fig. 1
and 2.

Table 1. Major characteristics of a stationary tgalsine combustor burning diesel and ethanol.

barameters Diesel fuel Ethanol liquid fuel
Maximum Power Base load Idle | Maximum Powef Base load Idle
Temperature at combustor inlet (K) 800 1,060 350 800 1,060 350
Temperature at combustor exit (K) 1,600 1,390, 700 1,600 1,390, 700
Overall equivalence ratio 0.35 0.29| 0.13 0.35 0.286, 0.128
Lean equivalence ratio 0.325 0.223| 0.514 0.282 0.196, 0.435
Rich equivalence ratio 28 2.74| 2.215 2.8 2.8 2.8
Poverall Pean 1.07 0.65| 0.24 1.232 0.74| 0.294
Goverall Prich 0.124 0.052| 0.058 0.124| 0.0517,0.0457
O 1.393 0.582| 0.514 1.179] 0.4925 0.435
Temperature correction factor (b 283|61 208.03 177.47 312.05 167.05/136.49
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Figures 1 and 2 show the equilibrium temperaturanging with the equivalence ratio. The adiabatami

temperature increases as equivalence ragjoig increased until the equivalence ratio of agpnately 1 to 1.1,
decreasing subsequently.
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Figure 1. Equilibrium temperature as function ofiieglence ratio for diesel fuel
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Figure 2. Equilibrium temperature as function ofi@glence ratio for ethanol fuel
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From Figures 1 and 2, the flammability zone narravith decreasing combustor inlet temperature arbgure.
Both temperature and pressure have significanténite on the combustion stability, as reflectedth®y stability
curves. As can see in Fig. 1 and 2, when the apgrigmperature is 350 K and the pressure is 1% #i¢ stability
zone is narrowest. The adiabatic flame temperasusmaller than the one obtained for the operagngperature of 800
K and pressure of 2,000 kPa.

Other important results that can be drawn from Eigand 2 are the lean and rich equivalence ratiocsan be
observed that, for similar operating condition, tlaenmability curve of ethanol is narrower than fllanmability curve
of diesel fuel. It can also be seen that the dguilin temperatures on the ethanol combustion dalsilirve is very
close to the equilibrium temperature on the dilsehmability curve. This is of great importance aese, for any gas
turbine combustor, there is a limit in equivalenago, for both lean and rich mixtures, beyond vihiice flame will be
unstable and flame out, would occur.

Table 2 shows the major geometrical characterisasulated for a tubular combustion chamber, wifitfils both
the aerodynamic and thermochemical requirementa &ationary gas turbine burning diesel or ethanol

Table 2. Basic geometrical features of the statipgas turbine combustor.

Features of Combustor Diesel fueEthanol liquid fuel
Combustors number 6 6
Housing combustor area fm 0.088181 0.088181
Diameter of housing combustor area (m) 0.3351 0.3351
Liner combustor area @n 0.061726 0.061726
Diameter of liner combustor area (m) 0.28031 0.28031
Cooling air (%) 51.4 51.4
Air in the combustor primary zone (%) 25.0 30.0
Air in the combustor secondary zone (%) 18.37 13.37
Air in the combustor dilution zone (%) 5.23 5.22
Air mass flow of cooling air (kg/s) 9.303 9.303
Air mass flow in combustor primary zone (kg/s 265 5.430
Air mass flow in combustor secondary zone (kg/s) 3.326 2.421
Air mass flow in combustor dilution zone (kg/s ilse 0.946
Length of combustor primary zone (m) 0.2103 0.2103
Length of combustor secondary zone (m) 0.1402 0.1402
Length of combustor transition dilution zone (m) 1802 0.1802
Length of combustor dilution zone (m) 0.3603 0.3603
Total length of combustor (m) 0.7107 0.7107
Area at compressor exit {in 0.096000 0.096000
Pressure loss in the diffuser (%) 1.0 1.0
Area at diffuser inlet (3) 0.016000 0.016000
Diameter at diffuser inlet (m) 0.1427 0.1427
Air velocity at diffuser inlet (m/s) 136.99 136.89
Air velocity at annular area (m/s) 72.44 70.37
Air at annular area (%) 87|5 85.0
Air mass flow at annular area (kg/s) 15.840 15.390
Expansion ratio coefficient (dimensionless) 1.89 1.95
Diffuser angle (°) 21.5p 20.53
Snout angle (°) 30.92 29.23
Total length of diffuser (m) 0.2439 0.2569
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From the results shown in Tab. 2, it can be seemthe geometric characteristics, calculated foleg €ombustor
burning diesel fuel, do not differ much from thdcedated for the combustor burning ethanol. Theandjfferences
take place in the air distribution for the combugtoimary and secondary zones, which would reqairgeometry
optimization of the holes to obtain a stable cortibusand high efficiency, allowing appropriate thmerchemical
development and reliable flame stability during toenbustor operation.

Another important result is related to the quacdifion of the combustion products in the combuptonary zone,
because the presence of high values of CO repsekese of combustion efficiency (Ferguson, 1983)isTmodel is
useful to calculate the variation of the main specCQ, H,O, CO, H, O,, Ny, Ar, OH, O, H, NO and N@ Figures 3
and 4 show these chemical species calculated asdarof equivalence ratia.
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Figure 3. Combustion of diesel: molar concentratamproducts equilibrium composition.
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Figure 4. Combustion of ethanol: molar concentrafar products equilibrium composition.
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The results plotted on Fig. 3 and 4 are of muchoirtigmce because of the qualitative changes of CO, NO and
NO, with the equivalence ratio. For CO emission, it @ observed that, when the equivalence ratioci®ased from
lean to rich, CO increases and the combustion e$dliis the largest emitter of this pollutant corepato the
combustion of ethanol.

From the same Fig. 3 and 4, one can compare ther whéaracteristic emission from hydroxide fuelsttiis case,
liquid ethanol) compared with diesel. TheGHconcentration from the combustion of diesel inses with the increase
of equivalence ratio until a maximum is reachedha&t stoichiometric equivalence ratio, decreasinigssquently.
Furthermore, the D molar concentration from the combustion of ethaimoreases with the increase of the
equivalence ratio, reaching maximum at the stoitieimic ratio, slowly falling subsequently, maintaip a nearly
constant trend.

4. CLOSURE

The aerodynamic and thermochemical models detaitetve were implemented in a FORTRAN language code.
Numerical simulations were carried out to validde functionality and versatility of such models.

The non-linear system of equations was solved usuggessive substitution combined simultaneousti Wl
factorization and the Newton-Raphson method. Thilt® quickly obtained, were the concentrationch&émical
species at equilibrium in the combustion productd ao problems were expedienced concerning singakrThese
results were used to calculate the preliminarydsesitings for the flex combustor burning diesel kguid ethanol.

Description of the behavior of each chemical spec@ncentration as function of equivalence ratuadde detailed
for each type of fuel and combustor operating ciiors. The computational tool turned to be partidyl useful for
determination and control of CO, GONO and NQ emissions during the combustion of diesel andrethin a flex
stationary gas turbine.
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