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PSR-Based Microstructural Modeling for Turbulent Combustion
Processes and Pollutant Formation in Double Swider Combustors
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The present study numerically investigates the fuel-air mixing characteristics, flame structure,
and pollutant emission inside a double-swirler combustor. A PSR (Perfectly Stirred Reactor)
based microstructural model is employed to account for the effectsof finite rate chemistry on the
flame structure and NO formation. The turbulent combustion model is extended to nonadiabatic
flame condition with radiation by introducing an enthalpy variable, and the radiative heat loss
is calculated by a local, geometry-independent model. The effects of turbulent fluctuation are
taken into account by the joint assumed PDFs. Numerical model is based on the non-orth
ogonal body-fitted coordinate system and the pressure/velocity coupling is handled by PISO
algorithm in context with the finite volume formulation. The present PSR-based turbulent
combustion model has been applied to analyze the highly intense turbulent nonpremixed flame
field in the double swirler combustor. The detailed discussions were made for the flow structure,
combustion effects on flow structure, flame structure, and emission characteristics in the highly
intense turbulent swirling flame of the double swirler burner.
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Nomenclature------------
ap,k : Absorption coefficient of kth species
CO : Carbon Monoxide
e : Enthalpy variable (dimensionless)
f : Mixture fraction
g : Variance of mixture fraction
h : Total static enthalpy
NOx : Nitrogen Oxides
P : Probability density function
Qrad : Radiative heat loss rate per unit volume
U : Difference between adiabatic and mini-

mum enthalpy at a given mixture fraction
U» : Second derivative of U
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x : Scalar dissipation rate
o : Dirac delta function
as : Stefan-Boltzmann constant
t : Residence time of local PSRs

Superscript
: Favre (density-weighted) averaging

1. Introduction

The strict emission regulation has become a
major technology driver for the gas turbine indus
try. NOx, CO, and unburned hydrocarbons are
regulated from base load down to varying degrees
of part load. In order to achieve the low NOx
emission, the combustor designers have only the
limited options including catalytic combustion,
lean direct injection of fuel, premixed combustion
and rich-quench-lean combustion.

Through a series of consistent experimental
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studies (Hayashi et al. 1998 ; Terasaki and Haya
shi., 1996), Hayashi et al. have demonstrated the
capability of 10w-NOx emissions of nonpremixed
lean direct fuel injection burners which are com
pletely free from the serious drawbacks of lean
premixed combustor such as autoignition, flash
back and combustion instability. These burners
take advantages of the strong mixing of fuel and
excess combustion air by strongly swirling flows
or interacting impingement of fuel jets, and
achieve the low-NOx emissions over the wide
range of inlet air temperature, while maintaining
high combustion efficiency even near flame stabil
ity limit. Instead of premixing fuel and air up
stream the combustion region, rapid mixing of
fuel, excessive air, and burned gas is used not only
to suppress the formation of fuel-rich gas pockets
but also to shorten the life time of hot gas pockets
which are the major source for NOx formation.

The present study has been motivated to
develop the turbulent combustion model which is
capable of predicting the detailed flame structure
and the pollutant emission of the lean direct fuel
injection burners with the computationally effi
cient and physically realistic ways. A number of
numerical approaches are now potentially capa
ble of simulating the turbulent reacting flows.
These approaches include flamelet models (Fer
reira, 1996), reaction progress variable (RPV)
models (Louis, 1997 ; Kim et aI., 2000), condi
tional moment closure (CMC) (Klimenko et al.,
1999 ; Kim et aI., 2000), PEUL model (Schlatter,
1997) and PDF transport model (Correa, 1996).
These methods coupled with reduced and detailed
chemistry have been emerged as the promising
tools for simulating the turbulent reacting flows.
Reduced chemistry schemes are often used in the
turbulent combustion modeling, with success on
certain issues and/or over limited sets of condi
tions. However, the full chemistry schemes are
often needed to analyze the higher order hydro
carbon chemistry, the soot formation and oxida
tion processes, and so on. The laminar flamelet
model offers one of the convenient ways to incor
porate the detailed chemistry. However, in order
to analyze the highly intense turbulent flame field
in the lean direct fuel injection combustors, the

turbulent combustion models must have the capa
bilities to handle the distributed reaction zones
with the thickened flame. In the distributed reac
tion regimes, the turbulent mixing time scales are
comparable to the chemical reaction time scales, i.
e., the Damkohler number of many of the reac
tions is of order of unity or less. The laminar
flamelet model is not applicable to these thick
ened flame fields. Hu and Correa (1996) devel
oped the PSR microstructual model which brings
the complex chemistry to bear within the dis
tributed reaction zone regime, at the relatively
low computational cost of the assumed shape
PDF/ k-e-g model. In their PSR-based combus
tion model, the microstructure of the distributed

The present PSR-based turbulent combustion
model has been applied to analyze the highly
intense turbulent non premixed flame field in the
double swirler combustor (DSC). Computations
are carried out for the nonreacting and reacting
turbulent swirling flows of DSC. Based on numer
ical results: the detailed discussions were made for
the flow structure, combustion effects on flow
structure, flame structure, and emission character
istics in the highly intense turbulent swirling
flame of the double swirler burner.

2. Physical and Numerical Modeling

2.1 PSR-based microstructural model
In a nonpremixed turbulent flame, the thermo

chemical properties can be characterized by the
mixture fraction and the residence time. In
intensely turbulent flames, the residence time
could be quantified using scalar dissipation rate.
The lower dissipation rate corresponds to the
longer time for reactions (i. e., the large micros
cale residence time). Thus turbulent flame prop
erties can be described by the PDFs of mixture
fraction and scalar dissipation rate (or microscale
residence time). The turbulent eddy structure of
the distributed reaction zone is modeled as a
distribution of PSRs over a range of mixture
fractions and residence times. Therefore, the
instantaneous thermochemical state of a mixture
in a non premixed adiabatic flame condition can



90 Seong-Ku Kim, Sung-Mo Kang, Yong-Mo Kim and Jeong-Lak Sohn
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now be determined by mixture fraction, / and
residence time, r. Prior to a flame calculation, all
the thermochemical properties such as tempera
ture, species concentrations, density are calculated
by using a PSR code over the allowable range of
mixture fractions and residence times.

The density-weighted (Favre-averaged) prop
erties of the reacting mixture are evaluated by
convoluting the instantaneous properties with the
joint probability distribution:

r$=1<»1\/>(j, r) • F(j, r)d/dr (I)

- C gx= g2/ig

Therefore, as a consequence,
expressed as

(7)

Eq. (I) can be

Here, mixture fraction and residence time are
assumed to be statistically independent, so that
the assumed joint probability density function can
be constructed as

¢*(rl)=11
¢(j, rl)· F1(j)d/ (9)

The integral shown in Eq. (8) can be expressed
in terms of error function as follows

r=CL (3)
X

Based on Eq. (3), H(r) can be obtained from
the pdf of scalar dissipation H(x) as

The PDF for residence time, H( r) can be
obtained from a relationship between residence
time and scalar dissipation rate as follows,
according to Hu and Correas suggestion (Hu et
al., 1996).

The residence time, t: in a turbulent eddy
PSR is

(12)

(11)Inrl- fir ( CR) ~
81 j'1IJ and J1.r=ln Cgd +y

where

where

2.2 PDF of mixture fraction
The beta function has been most widely used

for assumed PDF of mixture fraction. However, It
is slower to get the mean scalar quantities by
integration, and it may sometimes lead to singu
larity difficulties in numerical simulation. The
clipped-Gaussian function also gives reasonable
results, but it is very time-consuming to deter
mine the model parameters due to solving a set of
non-linear equations for each integration. Zhou
et al. (1997) proposed a multi-delta function,
which has the advantage of both the simplicity of
the double-delta model and the reasonability of
the clipped-Gaussian model.

Multi-delta PDF:

(6)

(4)

(2)

- [~J 1 InlReX=exp J1.+y and ~=T-I-0-

Here, H(x) is taken to be log-normal function
(Lentini, 1994).

F3(X) k exp[ (In X- fI)2 ] (5)
X(J 7r 2(12

where, J1. is the mean and (J is the standard
deviation of InX, and are related to the mean
scalar dissipation rate and local turbulent
Reynolds number as

The mean scalar dissipation rate is related to
the local turbulent kinetic energy, the local dissi
pation rate, and the local variance of mixture
fraction, as follows

(l2a)
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(b) f=0.2 and g=0.03

Fig. 1 Distribution functions and probability den
sity functions of multi-delta, clipped Gaus
sian, and beta PDF models

and the adiabatic enthalpy, respectively. The
minimum enthalpy, hmin is defined as the enth
alpy of the mixture in equilibrium state at temper
ature corresponding to the inert mixing.

The present study assumes that the flame is
optically thin so that radiation source term can be
determined locally only by emission. This opti
cally thin radiation model allows the
computationally manageable procedure for the
turbulent flame calculations because the radiation
source term must be computed prior to flame
calculation to consider the effect of turbulent
fluctuation via the probability density functions.

With the assumption of the optically thin limit,
the radiative loss rate per unit volume can be
expressed as

Qrad(T, Yk)=4£1B~(Pk'ap,k)(T4
- T6) (14)

Here, four species H20, CO2, CO, and CH 4 are
taken to participate in radiation and more
detailed informations can be found in the web site
of TNF workshop (TNF workshop web site).

The transport equation of mean enthalpy vari
able is derived as follows

a(- -)+_..Lr - - -) __~ fJ.eff ae)at p e ax;-puje -ax7\. a, aXj

. +(e-l)Cg UJ pg ~ - Q£]d (15)

In the present study, the single-delta PDF is
used for enthalpy variable as the shape of PDF
for enthalpy variable has the negligibly small
influence on the result (Louis, 1997).

(l2b)
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Figure I presents comparison of distribution
functions and its derivatives, i. e., probability
density functions. The predicted results with the
three PDF models for mixture fraction have
demonstrated, though not presented here, that the
preditive capabilities of clipped Gaussian and
multi-data PDF models are almost identical, but
that there are some difference compared to that of
beta PDF, especially near lean or rich mixtures,
as would be expected in Fig. I.

2.3 Extension to non-adiabatic flame
When the radiative heat loss is taken into

account, enthalpy transport is no longer described
by the mixture fraction transport equation. Thus,
in numerically modeling the non-adiabatic flame
field, a transport for a separate enthalpy variable
must be solved. A normalized enthalpy is utilized
for improving statistical independence from the
mixture fraction as well as for convenience in
governing lookup table (Kim et al., 2000):

h- hmln h- hm1n (1'3)
e had- hm1n U(j)

Here, h and had are the total static enthalpy

2.4 Numerical model
The governing equations on the non-orth

ogonal body-fitted coordinate system are discret
ized by the finite volume method with a TVD
type high-order upwind scheme for convection
terms and the central differencing scheme for
diffusion terms. Non-staggered grid arrangement
is used and PWIM (pressure weighted interpola
tion method) is adopted to prevent a pressure
oscillation. Pressure-velocity coupling is handled
by PISO algorithm. To improve convergence in
highly swirling flow calculations, the centrifugal
force term appearing in the radial momentum
equation is implicitly treated by utilizing the
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discretized tangential momentum equation (Jang
et al., 1998). More detailed information can be
found elsewhere (Kim et al., 1994).

3. Results and Discussion

To evaluate the predicative capability of the
present PSR-based turbulent combustion model.
The highly intense turbulent swirling flame in the
double swirler combustor (Terasaki et al., 1996)
have been chosen. Figure 2 shows the schematic
configuration of the double swirler combustor
and the main components including an upstream
swirler set and a flame tube of 300 mm in length
and 80 mm in diameter. The swirler set consists of
coaxial and corotational swirlers with 16 curved
vanes of an angle of 45°. Combustion air is influx
ed through inner circular and outer annular
passages with a ratio of about I:2. Air entering
through the inner passage mixes with gaseous fuel
injected from multi-hole nozzle at angle of 60°
and the combustible mixture is substantially ac
celerated by passing through the converging duct,
which is designed to prevent flashback .and
autoignition. Computations are performed for
two experimental conditions listed below. Here,
methane is used as fuel and the reference air
velocity, U r e f denotes the mean velocity of air
averaged over the cross sectional area of flame
tube.

As shown in Fig. 2, the grid arrangement is
based on the 210 X 54 nonuniform grid. The
computational domain extends up to x=OAm for
ensuring the numerical convergence especially in

Fig. 2 Schematics and grid system for a double
swirler combustor

the reacting flow calculations. In order to avoid
the excessive computing time in the 3D simula
tions, the double swirler combustor is axisyrn
metrically modeled by modifying the fuel nozzle
to an annular injector at the given fuel mass flow
rate. At the inlet boundaries with the swirler
vanes, the axial and tangential velocities are
uniformly imposed according to the given flow
rate and the vane swirl angle.

In order to understand the basic flow structure
of the double swirler combustor, the nonreacting
turbulent swirling flows are initially analyzed.
Figure 3 shows the predicted velocity vectors for
the double swirler combustor and the conven
tional burner with a large hub swirler (Terasaki

et al. 1996). Strong swirling flows in the two
burners are characterized with the existence of a
large central toroidal recirculation zone (CTRZ)
and an accompanying corner recirculation zone.
However, there are the distinct differences in the
detailed flow structures and mixing patterns of
two swirl combustors.

Compared to the conventional swirler, the
double swirler creates the much stronger and
wider CTRZ with its apex up to the throat and
the resulting air/fuel mixing process is greatly
enhanced due to opposing effect of the reversed
flow and the high-velocity jet issued through the
converging duct. For the conventional burner, the
large portion of fuel jet penetrates the upstream
recirculation zone and they mix with the annular
air jet. Consequently, the conventional swirler
yields the much slower air/fuel mixing process
which leads to the formation of locally fuel-rich

IDou"_.com_1

IC__I_.com_1

Fig. 3 Predicted velocity vectors and streamlines
for the double swirler combustor and the
conventional burner under the nonreacting
condition
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Fig. 5 Radial profiles of axial and tangential veloc
ities for the double swirler combustor under
the nonreacting condition

crostructual combustion model has been applied
to predict the turbulent reacting flows in the
double swirler combustor. In this study, the PSR
based library was constructed over the allowable
range of mixture fractions, residence times, and
enthalpy variables by using the full GRI 2.11
mechanism for methane-air combustion, which
contains 277 elementary chemical reactions of 49
species including nitrogen chemistry (Bowman et
al., GRI-Mech 2.11). Figure 6 presents a data
base of temperature and mass fraction of CO and
NO in the f r t plane at the adiabatic (e= 1.0)

and nonadiabatic (e=0.85) condition. The maxi
mum peaks of temperature occur along the stoi
chiometry USl=0.055) and the temperature is
decreased by reducing the residence time. When
residence time decreases below a certain value,
the PSR reaches to the flame-out condition un
able to sustain combustion and then its outlet
temperature drops suddenly to inlet temperature.
With approaching to this flame-out condition,
CO concentration increases due to the increase of
the incomplete combustion. The NO concentra
tion has its maximum values at the slightly lean
side of stoichiometry and it almost linearly.
increases by increasing the residence time. By
increasing the deviation from adiabatic flame
condition, the temperature, and the concentration
of CO and NO decrease owing to the increased
radiative heat loss.

Fig. 4 Distribution of normalized fuel concentra
tion within the double swirler combustor
(left) and the conventional swirl combustor
(right) under the nonreacting condition

regions especially in the upstream locations. The
radial profiles of normalized fuel concentration
shown in Fig. 4 clearly indicate these mixing
trend. The double swirler forms the highly uni
form mixtures in a very short distance from the
injector. This enhanced aerodynamically
-controlled mixing process between fuel jet and
swirling air jet is very effective in suppressing
NOx formation when the combustion takes place.

To evaluate the predicative capability of the
standard k-c model in the swirling flows, the
predicted and measured radial profiles of axial
and tangential velocities in the double swirler
combustor are presented in Fig. 5. In terms of the
strength and location of the centerline reversal
velocity, the standard k-c model favorably agrees
with experimental data. However, there are the
quantitative differences between prediction and
measurement. Figure 5(d) and 5(t) indicate the
present procedure yields the overestimation of the
angular momentum flux and the rapid decay of
tangential velocity to a solid-body rotation down
stream. These discrepancies are mainly attributed
to the defect of standard k-c model based on
the isotropic viscosity assumption and the uncer
tainties in swirler exit boundary conditions.

In the next stage, the present PSR-based mi-
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Fig. 6 PSR-based library presented in the f-r plane
at the adiabatic (e= I) and nonadiabatic (e
=0.85) conditions for a methane-air flame
(Tln=650K, fol=0.055)

Predicted velocity vectors and temperature
contours for the double swirler combustor
under the burning condition

Figure 7 shows the predicted velocity vectors
and the temperature fields for the double swirler
combustor. The combustion processes significant
ly modify the swirling flow structure in terms of
length, width, and strength of CTRZ. This is
mainly caused by the gas expansion effects which
include the thickness increase in the shear layer of
recirculation zone, an early closure of the recir
culation zone, and the decrease in length of
CTRZ. However, it is necessary to note that the
k-g turbulence model exaggerate this tendency.

In order to check the validity of the present

Log,:(I,If)

Fig. 8 The turbulent combustion regime of the
double swirlercombustor (modifiedBorghi's
diagram)

PSR-based microstructual combustion model in
this highly intense turbulent reacting flow, based
on the reference scales of time, length, and veloc
ity for nonpremixed flames, the modified Borghis
diagram of combustion regimes (Lentini, 1994)
are plotted in Fig. 8. Along the reaction front in
the turbulent flames of DSC, the combustion
processes mostly occur at the distributed reaction
regime. This result confirms that the present PSR
based microstructual combustion model is valid
for the combustion regime of DSC.

Figures 9 and 10 show the predicted and
measured radial profiles of temperature and
equivalence ratio at several axial stations. Numer
icalresults are obtained by three combustion
models including the equilibirum model, the
PSR-based model, and the PSR-based model
accounting for radiative heat loss. Near the exit of
double swirler, three combustion models predict
significant temperature peaks, which was not
captured in measurement (Terasaki et aI., 1996).
These qualitative differences are directly tied with
the incorrect peaks of mean mixture fraction
shown in Fig. 10. This discrepancy is mainly due
to the rough modeling of the 3-D fuel injection
process. In the downstream locations (H>
35mm), all models predict the qualitatively cor
rect trend. In prediction of temperature and equiv
alence ratio at the primary combustion zone, the
PSR-based model yields the improved results
over the equilibrium model. However, in the
upstream comer recirculation zone, the PSR
based models considerably underpredict the tem-
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Fig. 11 Radial profiles of CO concentration within
the double swirler combustor
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Radial Distance 1m]

Fig. 10 Radial profiles of local equivalence ratio
within the double swirler combustor

radial profile of CO concentration at H = 50mm.
Compared to the equilibrium model, the PSR
based models made the noticeable improvement
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Fig. 9 Radial profiles of temperature within the
double swirler combustor

perature distribution which is nearly to the inert
state. This might be caused by the defect of the
PSR-based model, which leads to substantially
underpredict the reactedness for lean or rich
mixture. Numerical results also indicate that the
effect of radiative heat loss on temperature distri
bution is marginally important for this highly
intense turbulent flame.

Figure II shows the predicted and measured
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Fig. 12 Radial profilesof NO concentration within
the double swirler combustor

for predicting the peak level of CO concentration.
The radial profiles of NO concentration at H=
75mm and 200mm are presented in Fig. 12. At the
relatively upstream location (H=75 mm), two
PSR-based models considerably overestimate the
NO concentration. The overprediction of NO in
the recirculation zone is attributed mainly to the
overestimation of flame temperature. But, at the
far downstream location (H=200 mm), the
predicted NO level is quite close to the experimen
tal data. It is also found that the effect of the
radiative heat loss on the NO formation is quite
noticeable in this DSC flame field.

4. Conclusions

The present PSR-based turbulent combustion
model has been applied to analyze the highly
intense turbulent nonpremixed flame field in the
double swirler combustor. Based the
computational results, the following conclusions
can be drawn:

(I) Compared to the conventional swirler, the
double swirler creates the much stronger and
wider CTRZ with its apex up to the throat and
the resulting air/fuel mixing process is greatly
enhanced due to opposing effect of the reversed
flow and the high-velocity jet issued through the
converging duct.

(2) The combustion processes significantly
modify the swirling flow structure in terms of
length, width, and strength of CTRZ. This is
mainly caused by the gas expansion effects which
include the thickness increase in the shear layer of
recirculation zone, an early closure of the recir-

culation zone, and the decrease in length of
CTRZ.

(3) Compared to the equilibrium model, the
PSR-based models made the noticeable improve
ment for predicting the peak level of CO concen
tration. At the relatively upstream locatiorufl =

75mm), two PSR-based models considerably
overestimate the NO concentration. But, at the far
downstream location (H=200mm), the predicted
NO level is quite close to the experimental data. It
is also found that the effect of the radiative heat
loss on the NO formation is quite noticeable in
this DSC flame field.

(4) The present PSR-based microstructural
combustion model together with the joint PDF

. model and the geometry-independent radiation
model successfully predict the main features of the
highly intense turbulent reacting flows in the
double swirler combustor. However, there exist
the considerable deviations between prediction
and measurement. These discrepancies are mainly
attributed to the defect of turbulence model and
combustion model, uncertainties in the swirler
exit boundary conditions, and experimental
errors.

(5) The future work includes the critical
validation of the present PSR-based turbulent
combustion model against the detailed experimen
tal data based on the reliable combustion diag
nostics.
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