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Numerical Simulation of High-Pressure and Fuel-Rich

Turbulent Combustion Field

Takurou Makita,* Takahisa Yamamoto," Tomohiko Furuhata,* and Norio Arai®
Nagoya University, Nagoya 464-8603, Japan

To obtain fundamental data to design a practical gas turbine combustor in a chemical gas turbine combined
system, a methane-air turbulent diffusion combustor under high-pressure and fuel-rich conditions has been sim-
ulated. As a reaction model, the assumed probability density function (PDF) model based on the calculated results
of a counterflow diffusion flame and the eddy dissipation concept model with reduced reaction schemes were
adopted to predict the turbulent combustion characteristics especially under the fuel-rich condition. These numer-
ical simulations were carried out using a commonly used workstation DEC 500au, and species concentrations and
temperature profiles in fuel-rich turbulent diffusion combustor were predicted. Comparisons of the results calcu-
lated by both simulation models show quantitative and qualitative discrepancies in unburned species profiles such
as CO and H;. The simulated results of the PDF model shows good agreement with experimental results of not only
temperature and burned species profiles but also unburned species profiles. These combustion simulations were
completed within 12 h. From the comparisons and discussions, it is concluded that the PDF model could predict
the methane-air turbulent diffusion combustion characteristics with accuracy under fuel-rich and high-pressure

conditions.
Nomenclature
C,1,Cyy = g-equation model constant
C,,C., C, = model constants of k—& model
D = combustor diameter, m
F. F. Fy = composite radiation flux, W/m?
f = mixture fraction
Gy = stress production of k, m?/s3
g = concentration fluctuations
h = enthalpy, kJ/kg
k = turbulent kinetic energy, m*/s>
L = distance between jet planes, m
m; = mass fraction for i
P = probability density function
Sy = sourceterm for f
u,v,w = time mean velocity component, m/s
X,y,z = coordinate
x,r,60 = cylindrical coordinate
Zc = mass fraction for C element
Iy = diffusion coefficient for f
e = dissipationrate of k, m?/s3
7 = dynamic viscosity, kg/m/s
0 = density, kg/m?
Ok, Og, O = effective Schmidt number
0,07, 0, of subscripted entity
= generalized variable
Subscripts
eff = effective
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Introduction

E have proposed a new gas-turbinesteam-turbine combined

cycle chemical gas turbine (CGT) system.!> The schematic
diagram of the proposed system is shown in Fig. 1. It consists of a
fuel-rich combustor, a fuel-lean combustor, two sets of gas turbines,
a steam turbine, a recuperator, and heat recovery steam generators.
An important feature of this system is the introduction of a fuel
stoichiometry manipulation technique with fuel-rich combustionin
the first combustor and fuel-lean combustion in the second. When
it is considered that the only promising materials for turbine blades
operating at temperatures above 1773 K without internal cooling
are carbon-fiber-reinforced-carbon(C/C) composites, fuel rich, that
is, oxygen-lean, combustion and coating with C/C composites are
employed to prevent their deterioration at these high temperatures.
The second turbine is operated at temperatures of at most 1723 K,
where conventional turbine blade material is used. The system has
three features. First, fuel-rich combustion in the first combustor
would suppress NOx emissions. Second, the heat resistant materials
(including C/C composites) could be used as turbine blades. Third,
there is no need for a cooling technique for the turbine blade to
decrease exergy loss. According to the system analysis by a process
simulator, the total exergy efficiency of this systemis 63%, when the
equivalenceratio and turbine inlet temperature in the first fuel-rich
combustor are set to 1.60 and 1773 K, respectively. It is clear that
the first fuel-rich combustor plays a central role in the improvement
of thermal efficiency.

To develop the pressurized and fuel-rich combustor for the
proposed system, it is necessary to understand the turbulent com-
bustion characteristics in detail. We have performed a numerical
simulation based on a new concept to predict the turbulent com-
bustion characteristics of a methane-air diffusion flame. This sim-
ulation makes use of two models: the assumed provably density
function (PDF) model based on counterflow diffusion flame and the
eddy dissipationconcept (EDC) model with reduced chemical reac-
tion schemes. The calculated results are compared to the measured
data, and the performance of the turbulentcombustion simulation is
discussed.
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Fig. 1 Schematic diagram of the CGT.

Experimental

The total layout of the experimental setup, including the gas sup-
ply system, is shownin Fig. 2a. Air and methane were supplied from
gascylindersconnectedin parallel. A sequencerand a personalcom-
puter controlled the equipment. Figure 2b shows the details of the
laboratory-scalecombustor employed in this work. It consisted pri-
marily of ainjector,anigniter,a combustionchamber, and an exhaust
nozzle. The size of the combustor was 50 mm in inner diameter D
and 626 mm in length L. The combustor is made of stainless steel
with pure copper inside, and the combustor wall is water cooled.
The injectoris of a coaxial type. Methane was supplied through the
inner nozzle of 4 mm in inner diameter, and air was fed through the
outer nozzle of the inner diameter of 13 mm. The exhaust throats
consisted of five holes 1.7 mm in diameter and four holes 1.0 mm.
Both methane and air are introduced into the combustion chamber
without swirl, and their feed rates are set to 0.62 and 8.11 kg/hr, re-
spectively. The Reynoldsnumberis 6218 at methane injector outlet.
The equivalence ratio is 1.32, and the pressure in the combustion
chamberis 1.0 MPa.

Combustion gas and temperature are measured at three posi-
tions. Positions A, B, and C were located at 136 (x/D =2.7), 236
(x/D =4.7),and 336 mm (x/D = 6.7), respectively, where x is the
axialdistance and D is the inner diameter of the combustor. At each
position, both the thermocouples and the gas sampling probes were
set at six points (0, 5, 10, 15, 20, and 25 mm from the center of
the combustor) to measure radial profiles of combustion tempera-
ture and gas concentration, as shown in Fig. 2c. The thermocouple
was the R (Pt/Pt-Rh 16%) type with a 0.1-mm wire diameter. The
sampling rate of the temperature measurementis set at 500 Hz tak-
ing account of the thermocouple’s response time. The gas sampling
probes were 1 mm in diameter, and the gas components were mea-
sured using a gascromatographwith a thermal conductivity detector
(TCD). Figure 3 shows an example of time changes in pressure and
temperature during the combustion experiments? Each experiment
beganby supplyingmethane; the igniter started to run 2 s later. After
1-s intervals, air was fed. In the experiments, the igniter worked for
6 s. The temperature measurement and combustion gas sampling
were done between 10 and 15 s in steady state, as shown in Fig. 3.

Numerical Simulation

In the combustion simulation developed in this study, the k—¢
two-equation turbulence model* and the six-flux model® are used

to describe the turbulent flowfield and the radiative heat transfer,
respectively.

The general form of the governingequationsin three-dimensional
cylindrical coordinatesis

IR U ISP U ISR Iy Uy )
ax(p ) rar(rp ) rBQ(p ¢)_8x U
19 d¢ 19 d¢
+75(”¢5) * 7%(”’@) 5 M

where ¢ represents the dependent variables that denote the mass
(continuity); momentum U, V, and W; turbulence energy k; dissi-
pation rate of energy ¢; enthalpy /; radiative heat flux F,, F,, and
Fy; mixture fraction f'; and variance of mixture fractiong. I'y, is tur-
bulentexchange coefficientand S, is a source term. The expressions
of I'y and S are shown in Table 1. In Table 1,
k2
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The discrete equations of the governing equations (1) are derived
using power-law scheme® and iteratively solved by the SIMPLE
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Table1 Source terms and turbulent diffusion coefficient for governing equations
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Fig. 3 [Example of time changes in pressure and temperature during
combustion?

algorithm with TDMA.® The three-dimensional cylindrical finite
difference grid employed here has 55 x 32 x 4 grid nodes in the ax-
ial, radial, and angular directions,respectively. The gas flow charac-
teristics at the wall boundary are estimated using the wall function
model. The inlet conditions such as air velocity, components, tem-
perature, and gas composition are also given by the experimental
condition. The soot formation was not includedin this study because
we considered that its influence would be small and would not af-
fect our simulation result. Recent experimental data from Beltrame
et al.” and our research show that the formation of soot in the fuel-
rich methane combustion has little effect on temperature and gas
composition.

Assumed PDF Model

In this study, the assumed PDF model was employed to estimate
the formation of combustible chemical species such as CO an H,
under the fuel-rich condition. This model can be considered as an
extension of the flame sheet model that assumes an infinitely fast
chemical reaction such that the reaction zone is an infinitely thin
interface. That is, the microscopic structure of turbulent diffusion
flames can be expressed in one dimension. This study calculated
such a flame structure by use of a numerical simulation of a coun-
terflow diffusionflame. With the equal diffusivityassumption,under

1
'71[=/ m;(f) x P(f)df (®)
0

For the assumed PDF model, each local composition is decided
by the relationshipbetween the local value of mixture fraction f and
its variance g. This relationshipis called the library. Therefore, the
assumed PDF model needs what constructs the library from numer-
ical simulations or experimental data, before the actual numerical
simulation for turbulentcombustion field. The numerical simulation
of a one-dimensional couterflow diffusion flame was employed to
construct the library, and the details will be explained in the next
section.

Calculation of Counterflow Diffusion Flame

Figure 4 shows the analysis model for the counterflow diffusion
flame.!! Methane and air jet planes are at intervals of L. Each plane
is infinitely wide in the y and z directions. Methane and air are sup-
plied at x =0 and L, respectively.In this numerical simulation, L is
set to 15 mm, and the number of differential grids in computational
domainis 201. The initial temperature of methane and air is 298 K.
Table 2 shows the chemical species and elementary reactions using
the calculation for the counterflow diffusion flame. We consider 16
chemicalspeciesand 25 elementaryreactions. Thermodynamicdata
for chemical reactions are quoted from the CHEMKIN database.!?
Transportational coefficients are calculated by the simplified trans-
portmodel. Figure 5 shows the calculatedresults for the counterflow
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Table2 Chemical species and elementary reactions used in the calculation of counterflow

diffusion flame
Number Reaction Number Reaction
R1 H+0,<OH+0 R14 CH,O0+H=HCO +H,
R2 O+H, &»OH+O0 R15 CH,0 + OH=HCO + H,0
R3 H; + OH < H,O0+H R16 HCO+H= CO+H,
R4 OH+OH < 0+ H,0 R17 HCO+M=CO+H+M
R5 H+ 0O, +M=HO, +M R18 CH3 + 0, =CH30+0
R6 H+HO, = OH + OH R19 CH30+H= CH,0+H;
R7 H+HO; =H; +0; R20 CH3;0+ M= CH,0+H+M
R8 OH+HO,; = H,0+ O, R21 HO;,; + HO; = H,0, + O,
R9 CO+OH<« CO, +H R22 H,0, + M < OH 4+ OH +M
R10 CHs + M) < CH3z + H+ (M) R23 H,0;, + OH < H,0 +HO,
R11 CH; +H< CHz +H; R24 OH+H+M=H,0+M
R12 CH4 + OH < CH3 +H,O R25 H+H+M=H,+M
R13 CH3; + 0= CH,0+H —_ —_
4CHy4, 02, N, CO2, H;0, H, O, OH, HO,, H», CO, H,0,, HCO, CH,0, CH3, and CH30.
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Fig. 5 Calculated results for counterflow diffusion flame.

diffusion flame. From this, it is clear that the combustion reaction
zone exists from x =3 to § mm. In Fig. 5, the axis of L is converted
into a mixture fraction by means of Eq. (2). The converted result
is shown in Fig. 6. The species concentrationscorrespondingto the
value of f are predicted from these results. Moreover, temperature
profiles in the combustor are calculated by the composition of the
combustion gas in each local grid.

When an actual turbulent combustion field is numerically sim-
ulated, as shown in following section, the mixture fraction f and
its variance g are predicted in the flowfield calculation [Eq. (1)].
Subsequently, the concentrations of chemical species in each lo-
cal position are calculated using the library. As stated earlier, one
of the features of the assumed PDF model is that it separates the
calculation of the combustion reaction from that of the flowfield.

Multistep EDC Model

We also performed numerical simulations that employ the EDC
model'® based on reduced reaction schemes for methane combustion

chemical species.

as acomparisonfor thereactionmodel. We abbreviatethe simulation

of one-step, three-step, and four-step reduced reaction schemes as

one-step EDC, three-step EDC, and four-step EDC, respectively.
The reduced reaction schemes for each EDC consist of the fol-

lowing reactions 1416

One step:

CH, + 20, — CO, + 2H,0 9)
Three step:

CH,; + O, — CO +H, + H,0 (10)
CO + H,0 «<— CO, + H, (11)
H, + 10, — H,0 (12)

Four step:
CH, + 10, — CO +2H, (13)
CH, + H,0 — CO + 3H, (14)
CO + H,0 «<— CO, + H, (15)
H; + 10, — H,0 (16)

Three-step and four-step EDC models are able to estimate CO
and H, concentrations by taking into account water-, gas-, and
hydrogen-formingreactions. The procedures to obtain the reduced
mechanisms are given in Appendix B.

Boundary Conditions

The boundary conditions are shown in Table 3. The gas flow at
the wall boundary is characterized using the wall function model,
and the temperature of the inner wall of the combustoris estimated
by solving the heat balance equation for the combustor wall. The



MAKITA ET AL. 231

Table3 Boundary conditions

¢ Symmetrical axis Wall Outlet plane
U . U
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ar ax
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de N . de
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ar 0x
oh oh
h — =0 Heat balance for wall — =0
ar 0x
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heat conduction of the wall and heat flux transported to the inner
wall by convectionand radiationare consideredin the equation. The
temperature of the outer wall was assumed to be constant (<373 K)
because of the water cooling. The inlet conditions such as methane
and air velocity component, temperature, and equivalence ratio are
given by the experimental conditions.

Results and Discussion

Thermocouples were calibrated before each experiment, and the
radiative heat transfer of the thermocouple was taken into account.
The fluctuations of the species concentrationsand temperature data
were within 5% in the experiments. Figure 7 show the comparisons
between the calculated and measured radial and axial profiles of
temperature. The radial profile of temperature at position A calcu-
lated by the assumed PDF model is good compared to the measured
data. On the other hand, the predicted result for one-step EDC is
overestimated and for four-step EDC is underestimated. It seems
that, for one-step EDC, all products are evaluated as CO, and H,O
and that four-step EDC is affected by the steam reforming reaction
(9), which is an endothermic reaction. At position B, only one-step
EDC is overestimated; the others show good agreement. Moreover,
at also position C, the tendency of measured temperature, which
falls gradually at r/ D > 0.4, is predicted by all of the simulations.
When the centerline (r/D =0) between calculated and measured
axial profiles of temperature is examined, it is clear that one-step
EDC model must overestimate the temperature profile in the entire
combustor. On the other hand, both three- and four-step EDC mod-
els show the tendency of a temperature rise in the upstream region
of the combustor along with the experimental result.

Figure 8 shows the comparison between calculated and measured
profiles of CO mole fraction. At both positions A and C, the radial
profiles calculated by the assumed PDF model conform to the mea-
suredone. At positionC, the CO profile calculatedby four-step EDC
appears to be almost the same as that by three-step EDC. However,
both three-stepand four-step EDC are underestimatednear the com-
bustor wall (r/D =0.4). It seems that the equilibrium represented
by reactions (6) and (10) shifts to the right-hand side in those re-
gions. From the discussions of the centerline profile between the
calculation and the measurement, results of all models show good
agreement with experimental ones.

Figure 9 shows the comparisons between calculated and mea-
sured radial and axial profiles of the H, mole fraction at each point.
The radial profile calculated by each model is comparable to the
measured data at position A. At both positions B and C, however,
the predicted profiles are low compared with the measured one. For
three-step and four-step EDC, these discrepancies result because
that we have not taken into account the equilibrium states for re-
actions (7) or (11). For assumed PDF model, it is inferred that this
discrepancy is mainly caused by the adiabatic approximationin the
counterdiffusionflame. From the comparison on the axial profiles,
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both assumed PDF and four-step EDC models must underestimate
the H, profile. The three-step EDC model shows the peak on the up-
stream region, although no peaks were measured in the experiment.
These discrepancies require further investigation in the fuel-rich
combustion simulation.

Because computation times and CPU loads are significant prob-
lems in modeling the turbulentcombustor, we investigated the times
needed for the turbulentcombustion models developedin this study.
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hydrogendiffusionflame calculationis more than one month. There-
fore, we concluded that the turbulentcombustion models developed
in this study have a great advantage in practical application.

Conclusions

Turbulent combustion simulation under high-pressure and fuel-
rich conditions was performed. An assumed PDF model based on
a counterflow diffusion flame and EDC models based on a reduced
reaction scheme were newly employed as fuel-rich combustion re-
action models. The calculated results were compared with the mea-
sured results in detail. From the results and discussion, it was clear
that the assumed PDF model could be the most reasonable for es-
timating temperature profiles. It was obvious that each model un-
derestimates H, profiles compared with the measured results. En-
hancement of the accuracy of H, prediction is a future task in the
fuel-rich combustion simulation. Among the combustion models
studied here, the assumed PDF model showed good agreement with
measurement results in CO profiles. Furthermore, times needed for
the combustion simulation were investigated. All turbulentcombus-
tion models could finish the calculation within 12 h. Because other
combustion models, such as DNS and second moment closer mod-
els, have a much larger CPU load and longer calculation time, we
concluded that these combustion models, especially the assumed
PDF model, were suitable to practical application for developing
the fuel-rich combustor of the CGT system.

Appendix A: PDF

In this study, the clipped-Gaussian distribution function is used
as the PDF of the scalar calculation3~!° The clipped-Gaussiandis-
tribution function is expressed as

_ 1 NEETAY
P(f)_amexp[—z( = ):|[H(f)

—H(f — 1]+ A8(0) + B5(0) (Al)

where  and o are an average and a varianceof the clipped-Gaussian
distribution. H ( f) is a heaviside function. A and B are calculatedas

_ [ L(f=n\

A_/:oocr 2nexp|:—z( . ) df (A2)

B=foo L exp —l(f_“)z df (A3)
1 U«/ﬁ 2 (o2

whereas u and o are calculated using the mixture fraction f and its
variance g:

f=1+w—=DF(z) - nF(Zy)

+02/2n[exp(—%z§) — exp(—%zf)] (Ad)
g=14 "+’ = DF(z) — (u* 4+ 6*)F(Zy)
+0?/2m [ZU exp(—%Zé) -7 exp(—;Zf)]

+20;/,/«/E[ZU exp(—122) — Z,exp(—122)] - 1> (A5)

In the actual turbulentcombustion simulation, the clipped-Gaussian
PDF is estimated in each grid cell by means of the mixture fraction
f and its variance g.

Appendix B: Reduced Reaction Scheme for EDC Model

This paper employed two reduced reaction schemes for EDC
model: three-step and four-step reduced mechanisms. The details
of the derivation are given in Refs. 14-16. The reduced schemes
were estimated as follows.

Ithasbeenshown thatthe oxidationof methanecanberepresented
by following four global reactions'>:

CH, + 2H + H,0 —> CO + 4H, (B1)
CO + H,0 «— CO, + H, (B2)
H+H+M— H,+M (B3)
0, 4 3H, «<— 2H+ 2H,0 (B4)

The preceding set of reactions was deduced systematically from
the detailed chemical kinetic mechanism of oxidation of methane
shown in Table B1. The reaction rates are as follows.

w; = w34a+ w34b — wdda + wd4db + wé7a — wd7b + w48a

— w48b + w49a — w49b + w50a — w50b + wS51la — w51b
(BS)

w;; = w20a — w20b 4+ w2la — w2lb + w22a — w22b + w23a
—w23b+ w26a — w26b — w38 — w42 (B6)

wr; = wSa — wSb + wbéa — wb6b + w7a — w7b + w8a — w8b
+wl5a— wl5b+ w22a — w22b + w24a — w24b + w25a
— w25b + w26a — w26b + w27a — w27b + w28a — w28b
—w35a+ w35b — w37a+ w37b — w38 + w39a — w39%
+ wd4a — w44b — w46ba + w46b (B7)

w;y =wla—wlb—w7a+ w7b + w9% — w9b + wlla— wllb
+wl4 — wlba+ wléb — wl8a+ wl8b — wl9%a + w19
+w2la— w21lb + w23a — w23b + w33a — w33b

+ w37a — w37b 4+ w4l + w42 + w50a — w50b (B8)

where the numbersin the Eqs. (B5-B7) refer to the reactionnumbers
of Table B1 and a and b indicate forward and backward reactions,
respectively.

To reduce the chemical kinetic mechanism even further, we shall
assume that the concentration of the hydrogenradicals is in steady
state everywhere except in the combustion field. As a consequence
of this additional steady-state approximation, we obtain the relation

Wiy = wy; + wyyg (B9)

The consideration of Eq. (B5), the correlation between Eqs. (B1)
and (B3), and the correlationamong Eqs. (B1-B3) reduces the four-
step mechanism [Eqs. (B1-B4)] to the three-step mechanism used
in this paper:

CH, + 0, — CO +H, + H,0 (B10)
CO + H,0 «<— CO, +H, (B11)
H; + 10, — H,0 (B12)

The fuel breakdown reaction becomes remarkable in a high-
temperature condition. Regarding the fuel breakdown reactions,
which broadly determine the shape of the primary reaction zone,
itis well known that initial attack on the fuel is made predominantly
by hydroxyland hydrogenradicals, and that subsequently,in higher
alkanes, thermal decomposition is of major importance. Seshadori
and Peters showed a fuel breakdown reaction involving water and
the hydrogen radical from the sensitivity analysis of the detailed
reaction mechanism!#:

CH, + 2H + H,0 <— CO + H, (B13)
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Table B1 Detailed reaction mechanism for modeling reduced reaction scheme!3-14
Number Reaction Number Reaction
R1 0, + < OH+0 R27 CHO+H<«& CO+Hs
R2 H, +0« OH+H R28 CHO +0 <« CO+OH
R3 OH+OH < H,O0+H R29 CHO+ 0« CO,+H
R4 OH+OH < H,0+0 R30 CHO + OH < CO + H,0
R5 H+0,+M < HO, + M’ R31 CHO + 0O, & CO +HO,
R6 HO; +H <« OH+ OH R32 CHO+M' & CO+H+M
R7 HO; +H& Hy; +0; R33 CH, + H& CH+H,
R8 HO, + OH < H,0 + 0O, R34 CH, +0=CO+H+H
R9 HO; +H4& H,0+0 R35 CH; + 0, =CO+OH+H
R10 HO; + 0= OH+ 0O, R36 CHy + 0, = CO, + Hy
R11 HO; +HO; = Hy0, + 0O, R37 CHO+H <« CHO +Hy
R12 OH+OH+M & H,0, + M’ R38 CH,O+ O < CHO + OH
R13 H,0, <& H,0+ OH R39 CH;0+ OH < CHO +H,0
R14 H;0, +OH < H,O0 + HO» R40 CH,0+ HO; <& CHO + H,0,
R15 H,0, +H 4 Hy +HO; R41 CH,0 + CH3 < CHO + CH4
R16 H;0, + 0 < OH +HO, R42 CH,0+M < CHO+H+M
R17 H+H+M ¢ H, + H R43 CH3; + H& CH; +H;
R18 H+OH+M & H,0+M R44 CH;3; +H< CHy
R19 O+0+M &0+ M R45 CH3 + 04 CH,O+H
R20 CO+OH <« CO,+H R46 CH; +M& CH, +H+M
R21 CO+HO;, & CO, +0OH R47 CH4 + H4 CH; +H;
R22 CO+0+M & CO,+M R48 CH4 + O= CH; +OH
R23 CO+0,;, & CO,+0 R49 CH4 + OH & CH3 +H,0
R24 CH+0« CO+H R50 CH4 +HO; < CH3 +H;0,
R25 CH+ 0, & CHO+0O R52 CH4 + CH; < CH3 + CH3
R26 CH+ CO; & CHO +CO e M, M': third body

Likewise, significant reactions are shown as follows:

H+0, <> OH+ 0 (B14)
CO+OH «— CO, +H (B15)
O+H, <« OH+H (B16)
OH + OH <— H,0 +H (B17)
OH +H, «— H,0+H (B18)

Using the same procedure as in the three-step reduced mechanism,
we then obtain four-step reduced mechanism for methane combus-
tion:

CH4 + 30, — CO +2H, (B19)
CH, + H,0 — CO + 3H, (B20)
CO + H,0 «— CO, + H, (B21)
H, + 10, — H,0 (B22)
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