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Low Heating Value Fuel Combustion: Flamelet
Combustion Model and NO Formation Model
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This study has performed the numerical simulations of turbulent low-heating-value fuel (LHVF) combustion
and NO emissions using a flamelet model and a newly developed NO formation model. The emphases of this
study are that the flamelet model employs a flamelet library specialized to LHVF combustion reaction, and a NO
formation model involves not only the Zeldovich mechanism but also Fenimore mechanism. The calculated results
of temperature and chemical species concentrations are compared with the measured ones. In consequence, it
is clarified that the flamelet model can predict temperature and chemical species distributions of experimental
results well, and the NO formation model developed in this paper shows good agreement with experimental results

quantitatively.
Nomenclature
Cy1,Cp2 = g-equation model constants
Cu,Ce1,C2» = k-€ model constants
D = combustor diameter, m
F.,F.,F, = composite radiation flux, W/m?
f = mixture fraction
Gy = stress production of k, m?/s’
g = variance of mixture fraction f
h = enthalpy, kJ/kg
k = turbulent kinetic energy, m?/s’
L = distance between jet planes, m
m; = mass fraction for specie i
P = pressure, Pa
P = probability density function
Sy = source term of dependent variable ¢
Uu,v,w = time mean velocity components, m/s
vp = prompt NO reaction rate, mole/(m> s)
vr = thermal NO reaction rate, mole/(m? s)
X; = mole fraction of specie i
x,r0 = cylindrical coordinate
Z; = mass fraction of element i
Ty = diffusion coefficient for ¢
€ = dissipation rate of k, m?/s>
" = viscosity, Pa-s
0 = density, kg/m?
Ok, Oc, O, = effective Schmidt numbers
Op,0f, Oy
= dependent variable
X = scalar dissipation rate, 1/s
Subscripts
P = prompt NO
T = thernam NO
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Introduction

OW-HEATING-VALUE fuel (LHVF), which is composed of

CHy, H,, CO, CO,, and minor components like NH3, is mainly
produced from coal and biomass gasification processes and blast
furnaces in steel plants. Recently, LHVF received worldwide at-
tention as a new energy resources, and it is being studied to use
LHVF as a fuel in gas turbine systems.! Because major pollutants
such as sulfur content and heavy trace metals are already eliminated
in the gasification process, LHVF can be used as a clean combus-
tion fuel similar to natural gas. The authors propose a new-concept
LHVF gas turbine system®? that employs a combination of fuel-
rich and fuel-lean combustion processes. In previous studies, the
authors performed thermodynamic and exergy analysis of the pro-
posed system and estimated its power generation efficiency to be
over 60% (Refs. 4 and 5). One of the tasks in developing this sys-
tem is to design a gas turbine combustor specialized for the LHVF
and to predict environmental pollutant emissions such as nitrogen
oxides.

In this study, we developed a numerical combustion model and
a NO formation model specialized for the field of turbulent LHVF
combustion. One of the focus areas of this study is to develop a
LHVF combustion simulation model and NO formation model for
“industrial and practical uses.” In other words, the models devel-
oped in this study were required to be cheap and consume less
CPU time. Hence, in this study a k-e two-equation model and a
flamelet combustion model were used for the turbulent flow and
turbulent combustion models. Coupling calculation using a large-
eddy-simulation model for turbulent flow and the detailed chem-
ical reaction model (e.g., 50 chemical species and 300 elemen-
tary reactions) for chemical reactions yields more accurate results
for an LHVF gas turbine combustor.®~® However, such a calcu-
lation requires much more CPU power and time, which makes
it unsuitable for industrial and practical uses.>~!* In addition, al-
most all NO formation simulation studies performed thus far took
into account only the Zeldovich (thermal) NO mechanism, while
the Fenimore (prompt) NO mechanism was not taken into ac-
count. Thus, the NO formation model involving both the Zeldovich
NO and Fenimore NO mechanisms was recently developed
here.

This study carried out LHVF turbulent combustion experiments
for both the models under the same conditions, and the results were
compared. Further, the flamelet model with the flamelet library spe-
cialized for the LHVF and the NO formation model were compared
and evaluated their accuracy.
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Table 1 Chemical components of LHVF231415

Chemical component Vol., %

CHy 11.0

N, 50.0

CO, 10.0

H, 15.0

CcO 14.0
600

50 | Position A  Position B Position C
(x/%=0.43) (x‘/D=O.73) (;x/D=1403)

» 200

|

Fig. 1 Schematic drawing of turbulent LHVF combustor.

Experimental

To evaluate the accuracy of the numerical simulation model, ex-
periments on LHVF turbulent combustion were carried out. Figure 1
shows the details of a test combustor used in this study.

The size of the combustor is as follows: inner diameter, 200 mm;
and length, 600 mm. The combustor is made of stainless steel, and a
coaxial-type fuel/air injector is employed. The fuel enters the com-
bustor through a inner nozzle (¢ 8 mm) of an injector, and air enters
through the outer swirler nozzle (¢ 20 mm), which is fitted at an
angle of 30 deg.

The composition of LHVF is as shown in Table 1. The compo-
sition of this syngas refers to our previous studies>~* and the refer-
ences of coal and biomass gasification studies.'*!> The fuel and air
feed rates are set to 37 and 64 1/min, respectively. Then the Reynolds
number based on the outlet of the fuel injector is 5011, swirl num-
ber is 0.33, and equivalence ratio is 0.8. An atmospheric pressure
is maintained in the combustor. Combustion gas temperature and
species compositions are measured at three positions. Positions A,
B, and C are located at 86 (x/D =0.43), 146 (x/D =0.73), and
206 mm (x/D =1.03), respectively, where x is the axial distance
and D is the inner diameter. At each position, the R type (Pt/Pt-
Rh 16%) thermocouples with a 0.1-mm wire diameter are set at
17 points (at intervals of 5 mm) in the radial direction of the com-
bustor. The sampling rate of the temperature measurement is set at
500 Hz, taking into account the response time of the thermocouple,
and the radiation loss of the thermocouple is eliminated by using
a suction pyrometer unit. Gases are sucked through a water-cooled
sampling probe made of stainless steel at six points (at an inter-
val of 10 mm) in the radial direction. The tip diameter of the gas
sampling probe is ¢ 1 mm. Intensive cooling starts at the joint of
the probe tip by a water jacket cooling system where chemical reac-
tions halt. Sampling gases are analyzed by using a gascromatograph
with a thermal conductivity detector and chemiluminescence ana-
lyzer. These measurements were carried out for a duration of 1 min,
and the measured data were converted to time average data. The
deviations in the tempereture and the concentrations of the chemi-
cal specie in the experiment are approximately 5 and 3% from the
time-averaged data, respecetively.

Outline of the Turbulent LHVF Combustion Simulation

Combustion Flowfield

The numerical simulation of the flowfield includes a solution of
the overall continuity equation and the Navier—Stokes equations in
low-Mach-number formulation. The turbulent flow is described by
the standard k- two-equations model,'® and radiative heat transfer is
calculated by using the six-flux radiative heat-transfer model.!” The
generalized conservation equation in three-dimensional cylindrical
coordinates for a dependent variable ¢ is

9 U 190 v 10 W
a(p ¢)+;5(i’p ¢)+;£(P )

a r ¢ 10 r ap 19 r ap S
S\ ) i\ ) T raeUerae ) T

)]
The dependent variable ¢ represents mass (continuity); momentum
(U, V, W); turbulence energy k, the dissipation rate of the turbu-
lence energy €; enthalpy &; radiative heat flux Fy, F,, F4; mixture
fraction f; and the variance of mixture fraction g. I' is the turbulent
diffusive coefficient, and S, is the source term. The expressions for
the source terms are shown in Table 2. The governing equations are
iteratively solved by using the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equation) algorithm with TDMA (Tri-Diagonal
Matrix Algorithm).!® This study surveyed the effect of a number
of grid nodes and consequently employed three-dimensional, cylin-
drical, finite-difference grid that has 65 x 60 x 4 grid nodes in the
axial, radial, and angular directions, respectively.

Flamelet Model

In the turbulent combustion simulation, eddy dissipation concept
(EDC) is one of the currently used models for two reasons: 1) this
model expresses the reaction rate as a simple proportionality re-
lation, that is, the mass fractions of the fuel and oxidant and the
characteristic time of eddy dissipation €/k; and 2) this model sim-
plifies the actual reactions into a few overall reactions, for example,
the complicated methane combustion mechanism is reduced to one
reaction CHy 4+ 20, — CO, 4+ 2H,0. The drawback of this model
is the unsuitability to combustion of synthetic fuels like LHVF;
the chemical reaction mechanisms and combustion characteristics
completely depend on the concentrations of chemical species such
as CHy, H,, and CO. This study, therefore, focused on employing the
flamelet model for the turbulent combustion model. The concept of
the flamelet model can be considered as an extension of the “flame
sheet” model that assumes an infinitely fast chemical reaction such
that the reaction zone has an infinitely thin interface.!® Assuming
equal diffusivity under constant-pressure combustion without heat
losses, the thermochemical properties are completely determined by
a local mixing state, which is described by the mixture fraction f:

f= M 2)
Zi,fuel - Zi,air
where Z; i denotes the mass fraction of element i in the mixture
originating from the fuel stream and Z, ,;, denotes the mass frac-
tion of element i in the mixture originating from the airstream. The
flamelet concept introduces a scalar dissipation rate x that describes
the degree of departure from equilibrium state and can be interpreted
as the inverse of characteristic diffusion time. Under the condition
of widely separated timescales, the combustion chemistry reaches a
quasi steady state and immediately adjusts to the local flow condi-
tion. By transformation of the physical coordinate into ones using
the mixture fraction, the temperature and species are determined
from the balance between the diffusion and chemical reaction as

1 xd*T (=Ah)
A _ i 3
PLe3df = T, > o 3)
where Le is Lewis number and is set at unity w; is the mass pro-

duction rate of the chemical specie i, and y is the scalar dissipation
rate and is defined as follows?2!:

x =Cy(e/k)g* “4)
where C, is set equal 2.0.




138

YAMAMOTO AND FURUHATA

Table 2 Source terms and turbulent diffusion coefficients for governing equations

Variable ] Ty Sp
Mass 1 0 0
Axial ; U 9 U +1 bl A% n 10 ow opP
xial momentum -—\r — -— — -
Meff 3 Meff 3 rar Meff ar 90 Meff 3 ax
Radial ) v U n 10 av n 10 a (W
adial momentum — — -—\r — -— —| —
© 4 Hett a Hett ar ror Heft ar r a6 THeft ar\ r
Hett [ OW N v pW2 3P
r raf r r ar
T ial . W 9 U +V-eff (W 1oV n d 19V W
angential momentum — r—| — -— - r - —
g peft ax \ /a0 r "\ ) T e or | M\ 70 T
n 10 ow n 2V VW oP
oo | M\ rae T r oo
Kinetic energy k et/ Ok Gy — pe
Dissipation rate € Weff/ ¢ %(Cel Gy — Cerp€)
Stagnation enthalpy h eff/On 2ar(Fy + F, + Fy — 3E)
Mixture fraction f Mett/O f 0
Concentration fluctuation g Mefr/Og Ce1Gg — ngp%
Turbulent viscosity —_— —_— W = Cupkz/e (C,=0.9)
Effective viscosity —_ —_ Heff = s + 1L

Table 3 Elementary reactions used in counterdiffusion flame calculation?”-28 [k; = B; T exp(—E;/RT)]?

No. Bs® of Ef B,° ap Ep

R1 H+0,=0H+O0 2.0x 10 0.0 16,800.0 1.575 x 1013 0.0 690.0
R2 O+H,=OH+H 1.8 x 1010 1.0 8,826.0 8.0 x 10° 1.0 6,760.0
R3 H, +OH=H,O+H 1.170 x 10° 1.3 3,626.0 5.090 x 10° 1.3 18,588.0
R4 OH+OH=0+H,0 6.0 x 108 1.3 0.0 5.9 x 10° 1.3 17,029.0
RS H+0,;+M— HO, +M 2.3 x10'8 —0.8 0.0 — — —
R6 H+ HO, — OH + OH 1.5x 10" 0.0 1,004.0 — — —
R7 H+HO, — Hy 4+ 0, 2.5 x 1013 0.0 700.0 — — —
RS OH+HO; +M — H,0+ 0, 2.0 x 1013 0.0 1,000.0 — — —
R9 CO+OH=CO,+H 1.510 x 107 1.3 —758.0 1.570 x 10° 1.3 22,337.0
R10 CHs +(M)=CH3 +H+ (M) 6.3 x 1014 0.0 104,000.0 5.2 %1012 0.0 —1,310.0
R11 CH; +H<=CH3 +H, 2.2 % 10* 3.0 8,750.0 9.570 x 102 3.0 8,750.0
R12 CH4 + OH= CH3 + H,0 1.6 x 10° 2.1 2,460.0 3.020 x 10° 2.1 17,422.0
R13 CH3 +0— CH,O+H 6.8 x 1013 0.0 0.0 — — —
R14 CH,0+H— HCO +H, 2.5 % 1013 0.0 3,991.0 — — —
R15 CH,0 + OH — HCO + H,0 3.0x 1013 0.0 1,195.0 — — —
R16 HCO+H— CO+H, 4.0x% 1013 0.0 0.0 N S N
R17 HCO+M—CO+H+M 1.6 x 1014 0.0 14,700.0 E— — S
R18 CH3 + 0, - CH30+ 0 7.0 x 1012 0.0 25,652.0 E— — E—
R19 CH30+H— CH,0+H, 2.0x 1013 0.0 0.0 E— E— E—
R20 CH3;0+M — CH,O+H+M 2.4 x 1013 0.0 28,812.0 — — —
R21 HO, +HO» — H,0, + 0, 2.0 x 10'2 0.0 0.0 — — —
R22 Hy0, +M<=0H+OH+M 1.3 x 107 0.0 45,500.0 9.860 x 10'* 0.0 —5,070.0
R23 H,0; + OH = H,0 + HO, 1.0 x 1013 0.0 1,800.0 2.860 x 103 0.0 32,790.0
R24 OH+H+M— H,0+M 2.2 x 102 -2.0 0.0 — — —
R25 H+H+M—>H, +M 1.8 x 10'8 -1.0 0.0 — — —

aUnits are [mol], [cm?], [s], [K], and [cal/mol].

For the flamelet model, the local composition is determined by
the relationship between the local values of the mixture fraction
and the scalar dissipation rate. This relationship is referred to as
a flamelet library. Unless the formation of these relationships is
clear, the flamelet model cannot carry out the turbulent combustion
simulation. However, the flamelet library specialized for the LHVF
has not yet been studied and reported. This study has devised a new
method to construct a flamelet library using the numerical simulation
of counterflow diffusion flame. Its details are stated in the next
section. Finally, the mean mass fraction of the chemical species is

bSubscripts f and b denote forward and backward reactions.

calculated using the probability density functions (PDFs):

1; =/mi(f,x)7’(f,x)dx df ®)

where f and y are assumed to be statistically independent of each
other, and then the PDF P(f, x) is calculated as follows?>23:
Pfx) =P -Px) (6)

A clipped Gaussian PDF and log-normal PDF have been employed
for the mixture fraction and scalar dissipation rate.>*>
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Stagnation plane
| Diffusion flame

\\\%\/A

L

Fig. 2 Counterflow diffusion flame.

LHVF Flamelet Library

This study proposes a method using the numerical simulation of
counterflow diffusion flame to construct the flamelet library special-
ized for LHVFE.

Figure 2 shows the analysis model of the counterflow diffusion
flame.?® Fuel and air-jet planes are situated at intervals of L. Each
plane is infinitely wide in the y and z directions. Fuel and air are
supplied at x =0 and x = L, respectively. In this numerical simu-
lation, L is set to 15 mm, and the number of differential grids in a
computational domain are 201. Initial temperatures of both fuel and
air are set at 298 K.

Table 3 shows a reaction mechanism used in the calculation of the
counterflow diffusion flame that has 16 chemical species and 25 ele-
mentary reactions. This reaction mechanism has been discussed ex-
tensively by Bendtsen et al.?’ and Fujiwara et al.® Thermodynamic
data for chemical reactions have been quoted from the CHEMKIN
database.?’ Transport coefficients are calculated by using the sim-
plified transport model.*

Figure 3 shows examples of the calculated results of the coun-
terflow diffusion flame. When fuel and air inlet velocities are set at
1) 0.2 m/s, 2) 1.0 m/s, and 3) 3.0 m/s, the scalar dissipation rates are
0.81 1/s,3.37 1/s, and 20.5 1/s, respectively. The width of the flame
(reaction) zone is strongly affected by the inlet velocities and in
turn by the scalar dissipation rate. The LHVF counterflow diffusion
flame in this simulation blew off as high as over the scalar dissipa-
tion rate of 300 1/s. According to the reports by other researches, %28
the extinction limit of methane couterflow diffusion flame is found
to be approximately in the range of 35 and 60 1/s. LHVF has ex-
tremely good flammability, as compared with the methane extinction
limit.

By expressing the results of the counterflow diffusion flame in
terms of the mixture fraction f, we can obtain the flamelet library
of the LHVF combustion, as shown in Fig. 4. The library implies
that the chemical species are functions of the mixture fraction f and
scalar dissipationrate x . In the calculation of a turbulent combustion
field, the mixture fraction and scalar dissipation rate are estimated
by flowfield calculation, and consequently, the chemical species
concentration in each local position is determined by the library.
One of the features of the flamelet model is the separation of the
combustion reaction calculations from that of the flowfield.

NO Formation Model

The NO formation mechanism is very complicated, for example,
in methane combustion, the transport equations for approximately
50 chemical species and over 300 elementary reactions are required
for the exact simulation of NO formation.?® Therefore, it is not
realistic to carry out NO formation calculations with detailed chem-
ical reactions by turbulent combustion simulation. This paper aimed
some reaction routes of NO formation and described the NO forma-
tion model. The purpose of this model is to facilitate the calculations
of the Zeldovich mechanism as well as Fenimore mechanism. The
details of the model are explained as follows.
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Fig. 3 [Examples of counterflow diffusion flame calculations: a) x =
0.81 1/s, b) x =3.37 1/s, and ¢) x =205.2 1/s.

Thermal NO

The thermal NO formation rate is estimated by the Zeldovich
mechanism. With a steady-state approximation for a nitrogen atom
and by not considering the reverse reaction that is presumed to be in

equilibrium, the instantaneous formation rate of NO is represented
by31

d[NO]
dr

—E
= vyo.r = Ar[N2][O] exp <TT) (7)

where Ay =5.74 x 10" (cm?/mol)!/?/s and E; = 66,900 K.

Prompt NO

The Fenimore mechanism is closely related to the hydrocar-
bon combustion chemistry. The general scheme of the Fenimore
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Fig. 4 LHVF flamelet libraries of CHy, H,, CO, CO;, and H,O.
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Fuel + N, v HCN—
1
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Fig. 5 Prompt NO formation model.

mechanism is that the hydrocarbon radicals react with molecular ni-
trogen to form amines or cyano compounds. The amines and cyano
compounds are then converted into intermediate compounds that
ultimately form NO.

In this paper, the prompt NO formation model, as shown in Fig. 5
is newly devised by taking into account the Fenimore mechanism.
This model assumes that HCN is formed as an intermediate com-
pound by the reaction between hydrocarbon and atmospheric Ny,
and HCN then is either oxidized to NO or converted to N, by a
reaction with NO.3? Following DeSoete,** the overall reaction rates

v;(i =1, 2, 3) mol/(m> s) are given by
v = pA, X2 Xy, exp(—30,000/RT)/M,, ®)

vy = p(1 x 10') Xyen Xg, exp(—67,000/RT)/M,, (9

v3 = p(3 x 10'%) Xyen Xno exp(—60,000/RT)/M,,  (10)

where X; (i =fuel, N,, O,, HCN, and NO) is the mole frac-
tion, M,, kg/kg mol is the molecular weight of mixture, and A,
(=1 x 10%) is the model parameter.> Here b is the order of the
reaction, which varies according to the O, mole fraction as follows:

1.0 (Xo, < 0.0037)
b= {-0.5%1log(Xo,) —2.325 (0.0037 < X0, <0.0183)
0.05 (Xo, > 0.0183) (11)

Overall Formation Rate of NO
NO is normally present only in trace quantities; therefore, the NO
formation and LHVF combustion field can be calculated separately.
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Fig. 6 Calculated results of velocity vectors diagram and contour
maps of temperature and mixture fraction.
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Fig. 7 Comparisons between calculated and measured radial temper-
ature profiles.

Equations (7-10) represent the instantaneous laminar rates; it is
necessary to time average these equations to obtain the time-mean
values of the rate in turbulent flames. This study employs a PDF of
the mixture fraction f and scalar dissipation rate x. The distribu-
tions of f and y are obtained by solving the conservation equations
(¢ = f and g) and Eq. (4). Finally, the NO formation is calculated
as follows:

1
Uno, T = / vno,r (fs x) - P(f, x)df (12)
0

1
v; =f vi(f, ) -PUL0df (=1,2,3) 13)
0

UNo,p = U2 — U3 (14)
Sno = (Uno,r + Uno.p) Mno (15)
Shen = (v — Uy — U3) Mucen (16)

where Mo and Mycn are the molecular weights of NO and HCN,
respectively. Sxo and Sy kg/(m? s) are the source terms of the con-
servation equations for the mass fractions of NO and HCN [¢ = mno
and MHuCN in Eq (1)]

Boundary Conditions
The boundary conditions are as shown in Table 4. The gas flow
at the wall boundary is characterized by wall function model. The
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Fig. 8 Comparisons between calculated and measured radial profiles:
CO and H;.
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Table 4 Boundary conditions

¢ Symmetrical axis Wall Outlet plane
U aU/or=0 Wall function aU/dx =0
\4 0 Wall function aV/ox=0
w oW /ar=0 Wall function oW /ox=0
k dk/or=0 Wall function dk/ox =0
€ de/ar =0 Wall function de/dx =0
h oh/or=0 Heat-balance for wall oh/ax =0
f af/or=0 ‘Wall function af/ox =0
—— CH,(calc) O CH,(xp)
_ CO2 (calc.) O CO2 (exp.)
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Fig. 9 Comparisons between calculated and measured radial profiles:
COZ and CH4.

inner wall temperature of the combustor is estimated by solving the
heat-balance equation for the combustor wall. The heat conduction
of the wall and heat flux transported to the inner wall by convec-
tion and radiation from combustion gas are considered in the equa-
tions. The temperature of the outer wall was assumed to be constant
(<373 K). LHVF and air inlet velocities, component, temperature,
and equivalence ratios are given by experimental conditions.

Result and Discussions

The LHVF flame in the experiments of this study is not luminous
throughout the flame region. In addition, the flame has a high stabil-
ity, and there is no intermittent blowoff. From these observations,
we can conclude that the LHVF flame combustion condition in this
experiment is fairly good.

The simulation results of the combustion gas velocity vectors and
the contour maps of the temperature and mixture fraction are shown

in Fig. 6. The outer recirculation zone is clearly visible, and the area
of the mixture fraction f =0.15 spreads widely in the upstream
region of the combustor. This implies that the burned gases in the
downstream region are transported to the upstream region by the
outer recirculation flow. With regard to the temperature contour map,
arapid temperature increase occurs in the vicinity of the injector, and
a high-temperature region (221400 K) is created around x /D = 0.8.

Figure 7 shows the comparisons between the measured and simu-
lated radial temperature profiles in each position. These calculations
are in good agreement with the measured results of temperature at
positions B and C. However, at position A the calculated temperature
is overestimated compared with that obtained in experiments in the
center region.
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Fig. 12 Comparisons between calculated and measured radial profiles
of NO.

Figure 8 shows radial profiles of the combustible specie concen-
trations of H, and CO. In position A, the measured profiles of H,
and CO show peaks near the centerline of the combustor. These
peaks decrease at position B and do not appear at position C. The
calculated profiles of H, and CO appear to be slightly underesti-
mated for small radii (r/D < 0.1) at position A and overestimated
for large radii (/D > 0.2) at all positions. These discrepancies are
prominent in the CO profile.

Figure 9 shows the radial concentration profiles of CO, and CH,
at each position. The measured CH, is prominent at position A;
however, this is not the case at position B. This tendency is pre-
dicted to a significant extent by the calculations, although its value
is underestimated for small radii at position A. By comparing the
CHy,4 profiles with that of CO and H, in Fig. 8, it can be considered
that CH, is burned and decomposed in the early stage of LHVF
combustion. This consideration is followed by our previous study,?
which simulated the LHVF counterflow diffusion flame using a de-
tailed reaction mechanism (49 chemical species and 279 element
reactions). Considering the measured CO, profiles in position A,
there is a dip at r/ D = 0.2. This tendency implies that the boundary
is formed by jet flows from the injector and the outer recirculation
flow. The calculated CO, profile predicts this boundary with a high
degree of accuracy.

It is expected that the discrepancies in temperature and chemi-
cal species concentrations just stated are caused by the accuracy of
the k-€ turbulent model rather than that of the flamelet turbulent
combustion model. However, the calculated results could approxi-
mately predict the measured results. Thus, the combination of the
k-€ turbulent model and the flamelet turbulent combustion model

with the flamelet library created in this paper is useful for the nu-
merical simulation of the LHVF gas turbine combustor.

Figure 10 shows simulated contour maps of the NO and HCN
concentrations. The contour maps of the reaction rates of NO and
HCN are shown in Fig. 11. Comparing with the both the NO and
HCN distributions on the central axis, HCN is found to have gener-
ated in the upstream of the region where NO is generated. This result
agrees well with those of previous researches that HCN is the source
of NO formation at the beginning of the combustion reaction.?!-3

Figure 12 shows the comparisons of the measured and simulated
radial NO concentration profiles. The simulated NO concentration
is underestimated at small radii (r/ D < 0.1) at each position. These
discrepancies in NO formation can be attributed to the calculation
accuracies of the combustion gas temperature and flow. However, the
quantitative agreement between the measurements and calculations
is fairly good at all positions.

Conclusions

This study developed a turbulent LHVF combustion simulation
model for industrial and practical uses. A k-e¢ two-equation model
was used as a turbulent flow model, and a flamelet model with a
flamelet library specialized in LHVF combustion was employed as
acombustion model. In addition, the newly developed NO formation
model takes into account the PDF as well as the Zeldovich and Fen-
imore mechanisms. The emphases of the model are in predicting the
thermal and prompt NO separately; the HCN formed as an interme-
diate of the combustion reaction and the sources of NO formation.
Based on the comparison between measured and simulated results,
it is clear that the LHVF flamelet model can be used to calculate
the turbulent combustions within reason. In particular the tenden-
cies of the calculated results of temperature and chemical species
show good agreement with the experimental results. In addition, the
calculated NO concentration shows good agreement quantitatively.

From these results and comparisons, the authors concluded that
both the numerical simulation models of the turbulent LHVF com-
bustion and the NO formation are effective tools for simulating the
LHVF turbulent combustion field and designing the LHVF gas tur-
bine combustor. The applicability of this simulation model to other
LHVF having compositions different from that in this study is the
next task of this study.
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