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Effects of Additive and Preheat on the Partially Premixed CH4-Air
Counter Flow Flames Considering Non-gray Gas Radiation
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Detailed structures of the counterflow flames formed for different inlet fluid temperatures and

different amount of additives are studied numerically. The detailed chemical reactions are
modeled by using the CHEMKIN-II code. The discrete ordinates method and the narrow band
based WSGGM with a gray gas regrouping technique (WSGGM-RG) are applied for modeling
the radiative transfer through non-homogeneous and non-isothermal combustion gas mixtures

generated by the counterflow flames. The results compared with those obtained by using the
SNB model show that the WSGGM-RG is very successful in modeling the counterflow flames
with non-gray gas mixture. The numerical results also show that the addition of CO,; or H,O

to the oxidant lowers the peak temperature and the NO concentration in flame. But preheat of
fuel or oxidant raises the flame temperature and the NO production rates. O, enrichment also
causes to raise the temperature distribution and the NO production in flame. And it is found that
the O; enrichment and the fuel preheat were the major parameters in affecting the flame width.

Key Words : Radiative Heat Transfer, Counterflow Flame, Combustion, Laminar Flow,
WSGGM-RG, Discrete Ordinates Method

" 1. Introduction

The counterflow combustion system has been
often considered in many studies. It has some
advantages in both experimental and numerical
studies due to its simplicity, since the counterflow
combustion system can be approximated as an
axisymmetric flow system with nearly one-dimen-
sional heat flow. And the flow field computation
could be easy by considering laminar flow. There-
fore the laminar counterflow combustion system
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is very useful and powerful to observe the effects
of inlet velocity, temperature changes, concentra-
tion, additives, radiative heat transfer and others.
Study on laminar flame is not only profitable
itself but also significant for turbulent combustion
studies.

There have been many different studies on the
effects of additives such as CO; for more than 40
years (McLintock, 1968). Du et al.(1991) con-
cluded that the introduction of additives generally
affects soot formation through the following three
ways ; dilution effect, thermal effect and the direct
chemical effect. Liu et al.(2001) investigated the
mechanism of the chemical effects of CO. addi-
tion on soot and NOx formation in a counterflow
diffusion flame. Li et al.(1999) studied the in-
fluences of staging and diluent addition. They
identified important reactions for pollutant for-
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mation and suggested means to reduce emissions
by verifying through the measurement and nu-
merical computations.

Radiative heat transfer has often been neglected
in combustion modeling, but recent works consi-
dering radiative heat transfer lead to more im-
proved results. Zhu et al.(2003) studied self-ab-
sorption effects of radiation for a counterflow
partially premixed flame. The results show that
self-absorption must be considered for modeling
a relatively thick double flame structure and a
reaction zone that is sensitive. And comparing the
results of experiments and computations, they
showed that thé mechanism of GRI-MECH 2.11
(http// www.me.berkeley.edu/grimech) yields bet-
ter agreements with the experimental data than
the GRI-MECH 3.0 mechanism (Zhu et al., 2002).
Kim et al.(2003) applied a WSGGM-based low~
resolution spectral model for the radiation prop-
erties of combustion gases. It is developed using a
narrow-band model to estimate self-absorption
of radiation in one-dimensional counterflow dif-
fusion flames. It shows that the model coupled to
the OPPDIF code (Lutz et al., 1997) predicts the
self-absorption of radiation energy very well
compared with the results of the statistical nar-
row-band model. Guo et al.(1998) investigated
the effects of radiative heat loss and extinction
characteristics. CH4/CO,/Air and CH,/CO,/0;
counterflow premixed systems were considered
and analyzed numerically using the detailed chem-
istry and transport properties with emphasis on
assessing the importance of radiation reabsorp-
tion. It is also important to study the effects of
inlet temperature changes on gas mixtures. Lim
et al.(2000) investigated the effects of air pre-
heat on flame structure in CH4/Air counterflow
diffusion flames using experimental and numeri-
cal methods. Lee (2004) investigated the change
in the NO emission indices due to the interaction
between a vortex and methane-air flames.

The purpose of the present article is to investi-
gate the effects of the inlet temperature changes of
gases and the introduction of additives such as
CO; or H0 by considering the radiative heat loss.
Calculations were performed using the OPPDIF
code developed in Sandia National Laboratory.

GRI-MECH 2.11 mechanism containing 279 ele-
mentary reactions and involving 49 chemical
species was considered (http ://www.me.berkeley.
edu/grimech) . Chemkin-II database was used to
obtain the necessary thermochemical and trans-
port properties (Kee et al., 1989). And radiative
heat transfer computation was performed by using
the discrete ordinates method with the WSGGM
regrouping technique (Park and Kim, 2003;
2005).

2. Theory

2.1 Counterflow combustion system

The counterflow combustion system consider-
ed here is illustrated in Fig. 1. Air or Air with
additive is ejected from the lower nozzle and fuel
or fuel with air is ejected from the upper nozzle.
Therefore the stagnation plane occurs between
the upper and the lower nozzles. The premixed
flame near the fuel nozzle is observed to be green
while the diffusion flame is blue (Li et al., 1999).
Assuming that the flow is laminar and axisy-
mmetric then we can easily observe the effects
according to the changes of temperature, concen-
tration, velocity etc. Due to its simplicity the
counterflow combustion system has been consi-
dered in many experimental and numerical stu-
dies.

2.2 Governing equations

To analyze the counterflow combustion system
several equations can be derived by using the
coordinate system shown in Fig. 1. Mass conser-
vation equation using the cylindrical coordinate
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at steady state can be written as

(o) +--2 (pvr) =0 (1)

9 1
ox ¥
where # and v are axial and radial velocity
components respectively. o is the mass density
of gas mixture. According to the assumption that
all the quantities including radial velocity and
temperature etc. are functions of x only, conser-
vation equation can be simplified as

daj
e —G=0 (2)

where J=pu/2 and G=—pv/r are axial and
radial mass flux components respectively. Radial
momentum equation can be written as

H- 2dx<]G)+§£+dx[ (;‘i(%)}:o (3)

where g is the fluid viscosity and H is given as

=(1/0) (3p/d7).

tion can be written as
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Energy conservation equa-

(4)

dT V
I/la%?;hk Wet

where T, Cp, A are temperature, specific heat
capacity of gas mixture at constant pressure, and
—V-q is the
radiative heat source term. Cpn, Yi, Br, @ Te-

thermal conductivity respectively.

present specific heat capacity at constant pressure,
mass fraction, enthalpy generation and chemical
species generation rate of £-th species respective-
ly. The conservation equation of chemical species
can be expressed as

dY. d
dx dx

_d)kaZO,
k=1, K

where W, is the molecular weight of the k-th

(P Y Vi) (s)

species. V}, represents the diffusion velocity of the
k-th species and is written as

daX; Di 1 dT

Vi= “dx oY T dx ()

XkW ; WDy,

where Dy;, DE, X, are the multicomponent mass

diffusion coefficient, thermal diffusion coefficient,
mole fraction of k-th species respectively. And
the equation of state is given by

== (7)

where W is the mean molecular weight of gas
mixture. The boundary conditions for each noz-

zles are
x=0: F=ﬂ‘u‘”, G=0, T=Tpr,
2 (8)
pqu‘FkaVk:(Pqu)F
x=L: F=£% G—o T=T,
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2.3 WSGGM with gray gas regrouping
(WSGGM-RG)

In this study it is assumed that only CO, and
H,0 gases participate by absorbing the radiative
energy while all other gases are assumed to be
transparent. The hypothesis that the spectra of the
absorbing gases in a narrow band are not cor-
related is well known and holds for CO./H,0 gas
mixture with fairly good accuracy (Goody et al.,
1989 ; Lacis et al., 1991). Then the transmissivity
of the gas mixture of COz and HzO over a narrow
band can be obtained by multiplying the trans-
missivity of each gas (Modest, 1993) as

Toumix == Tn,c0,° TnHy0 (10)
Therefore the average narrow band transmissivity
of CO2/H;0 mixture in the form of the narrow
band based WSGGM (Kim et al., 1996; 2000)

can be written as
Mmix

i=21 I/Vi,mlx(ﬂ) g Fumed (11a)

Tomix=

or considering Eq. (10)
MCO‘ MHXD
Tﬂ,mlx:icgl mﬁzl Wi, (77) X Win,o(7) g™ WaamtFanoll
(11b)

By comparing Eq. (11a) with (11b), the spectral
weighting factor Wmx(7) and the absorption co-
efficient x;mix for the gas mixture can be written as

Wmix( ) Mcoz( ) X WHZO(U) (123}
Kimix= Kico, T Kin,0 (12b)

The number of gray gases replacing the real
gas mixture, Mmix, is M? when M=Mco,= Mo
Using the absorption coefficient suggested by
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Kim and Song (2000), the local gray gas absorp-
tion coefficient of COs/H20 mixture can be writ-
ten as

e_ahCOJ/T e'“mm/T

T D Xoo, T kom0 e X (13)

Kimix= Kio,c0,

Since the number of gray gases required for re-
placing the real gas mixtures is very large (when
M=30, M*=900 gray gases), a gray gas regro-
uping process which enables us to reduce the
number of gray gases to a designated number is
introduced in order to improve the computational
efficiency of the WSGGM for gas mixtures while
the accuracy of the WSGGM is reserved (Park et
al., 2003 ; 2005) . The gray gas regrouping process
is performed comparing the magnitudes of the
gray gas absorption coefficients for the reference
state. The new weighting factor, W;new is obtain-
ed by simply summing up the original weighting
factors of the gray gases in the 7-th group as

VVi,new(”) :::2'1 VVj,mlx(77> <l4>

where /V; is the number of gray gases in the 7-th
group and the subscript ‘new’ means the para-
meter after the gray gas regrouping process.

The new absorption coefficient for the i-th
group, Kinew, can be obtained by using the Planck
mean type absorption coefficient and written as

N;
Zl Kjmix Wimix
Kinew :t__w/_— ( 1 5)
inew

where the total weighting factor for the i-th

group can be given by using the spectral weight-

ing factors of the i-th group.

; I/Vi,new(”) Ib(”) A”
;Ib(ﬂ)A?

I’Vi,new: (16)
Physically the weighting factor in Eq. (16) cor-
responds to the blackbody energy fraction in the
spectral region of the effective absorption coeffi-
cient.

2.4 Radiative transfer

Assuming one-dimensional infinite plate of
length L filled with real gases, radiative intensity
at point p and in the direction of m can be written
by using the discrete ordinate method (Kim et al.,

1991) as

o= tinLiwmt [ WipkinlooAxp (17)
Hem pim+ FWapkipDto

where subscripts ¢, p and m represent the i-th
gray gas, position and direction respectively. i
is the directional cosine of m-th direction. f is
the weighting factor for calculating the intensity,
I, e,m, at the east face of the control volume. Then
I.p,m can be determined by using the weighting
factor, f as

Ii,p,m:fli,e,m+ (I -f) Ii,w,m (18)
Finally the radiative heat source term at point ‘p’
can be calculated as

_V'QP:_[:X‘ /lm([e,m_[w,m) WmJ/Axp (19)

=1

where @y is the angular weighting factor for m-
th direction and N, is the number of total angular
directions considered. For the SNB model, the
spectral data of Soufiani and Taine (1997) were
used. And the one dimensional code (Kim et al.,
1991) is modified to analyze the radiative heat
transfer equations with the WSGG-RG model.

3. Numerical Results and
Discussion

In this work detailed structures of the laminar
counterflow flames formed for different inlet tem-
peratures and for different additives are studied
numerically considering radiative heat transfer.
Distance between the fuel and the oxidant nozzles
is 2cm and the total pressure is 1 atm. Methane
and air were used as fuel and oxidant. GRI-
MECH 2.11 contains 279 chemical reactions and
involves 49 species while GRI-MECH 3.0 in-
cludes 325 chemical reactions and 53 species.
Since the results using GRI-MECH 2.11 yields
better agreements with the results from experi-
ments than GRI-MECH 3.0, GRI-2.11 is consi-
dered in this study. Chemkin-1I database is used
to get the necessary thermochemical and trans-
port properties {Kee, 1989). And for the nongray
radiative mixture gas, properties are modeled by
using the WSGGM with gray gas regrouping
(Park et al., 2003 ; 2005) . Sio gaussian quadrature
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Table 1 Operating condition for each flame

Flame I Flame Il | Flame Il | Flame IV Flame V Flame VI
Vr, Volem/s] 10
Gap between
2
nozzles [cm]
Tr[K] 300 300,400,500
TolK] 300 | 300400,500 300
Diotar [atm] - 1
¢ 2
Fuel Composition CH4/Air
Oxidant Air Air+CO; | Air+H0 0,+N;, Air Air
Composition

set is used for one-dimensional radiative analysis
by using the discrete ordinates method. And it is
assumed that only H,O and CO. affects the ra-
diative heat transfer. The assumed conditions for
each combustion modeling are listed in Table 1.

3.1 Results for different radiative models
(Flame 1)

In this chapter the results obtained by using
the “No Radiation” model (neglected radiation),
the SNB model (reference data) and the WSGGM-
RG (current) are compared with each other. For
Flame I, the equivalence ratio, ¢, is 2 and the
inlet fluid velocities through each nozzles are
10 cm/s at 300K. Figure. 2 shows that the “No
Radiation” model overestimates the peak temper-
ature up to 4.4% as compared to the more accu-
rate SNB model because it neglects the radiation
effects. The current WSGGM-RG compares fairly

2200

SNB

Eamoo - /
g 1200 f[/
2 1000 | i/
E sl 1/
g

%] 05 1.0 1.5 20
Distance from Fuel Nozzle [cm}

Fig. 2 Flame structure obtained for Flame 1

well with the accurate SNB model. And the peak
temperature of 1965K by the WSGGM-RG shows
0.76% relative error as compared to the SNB
result (1980K). However the SNB model required
1982 seconds to complete the computation while
the WSGGM-RG required only 103 seconds on
the same pentium 4 2.6 GHz computer. Therefore
we conclude that the WSGGM-RG is an effective
and fairly accurate method and we will use the
WSGGM-RG for the rest of our studies.

3.2 Effects by additives

3.2.1 Effects by CO; addition (Flame II)

It is known that the introduction of additives
causes to change the flame structure significantly
(McLintok, 1968 ; Du et al., 1991; Liu et al,
2001). CO; addition to the combustion zone
appears in many practical combustion systems
such as EGR (Exhaust Gas Recirculation). In
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Fig. 3 Flame structure obtained for Flame II
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this study the CO, addition rates (Flame II in
Table 1) are considered from 0% to 25% with
5% increment by mole fraction and the corre-
sponding amount of CO; is added to the oxi-
dant nozzle. Inlet temperatures and velocities for
both fuel and oxidant nozzles are set equal to 10
cm/s and 300K respectively. When 5% of CO; is
introduced to the oxidant nozzle, the WSGGM-
RG estimated the peak temperature to be 1918K
which is 47K lower as compared to the result by
no addition of CQO,. The peak NO mole fraction
is estimated as 4.389X107° at 5% CO. addition
which is 1.545X107° lower as compared to the
result by no CO; addition. As the CO; concentra-
tion is increased to 25% the peak temperature and
the peak NO mole fraction are estimated as 1718K
and 1.232X107° respectively. For the same CO;
concentration of 25% the WSGGM-RG estimates
the peak temperature to be about 100K lower
than the No radiation model. Such difference is
due to the radiative heat loss from the dense CO»
gas volume near the flame (Li et al., 1999).

3.2.2 Effects by HzO addition (Flame III)

Addition of H;O into the air nozzle causes
similar effects on flame as the CO; addition. The
operating condition shown in Table 1 is applied
for the Flame III. The H,O addition rates are
considered from 0% to 25% with 5% increment
by mole fraction. The inlet fluid temperatures
and velocities of both sides are 300K and 10
cm/s respectively. When 5% of H:O is added to
the oxidant the peak temperature is estimated as
1938K which is 27K lower than that of no HzO

addition. The peak NO mole fraction is estimat-
ed as 4.500X107° at 5% H,0 addition which is
1.434X 1075 lower than that of no H,O addition.
As the Hz0 concentration is increased to 25% the
peak temperature and the peak NO mole fraction
are estimated as 1793K and 1.247 X 107° respec-
tively. For the same ranges of the H,O concentra-
tion the WSGGM-RG results in the peak
temperatures 90K-100K lower than those of the
No radiation model. Our study shows that both
CO; and H,O additions to the oxidant show
similar effects on flame temperature and NO gen-
eration.

3.2.3 Effects by O; enrichment (Flame IV)

The effect of the O, enrichment on the flame
structure is studied by supplying the Oz Nz mix-
ture at a designated volume fraction to the oxi-
dant nozzle. And the mixture ratios of Oz and N,
are 9:1, 1:1 and 1:3.76 (standard air) by volume.
Figure 5 shows that the peak flame temperature is
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Fig. 4 Flame Structure obtained for Flame III

Table 2 Results for CO, addition

CO0, 0% C0; 5% CO; 15% CO, 25%
Peak Temperature (K) 1965 1918 1820 1718
Peak NO mole fraction (X 10%) 0.05934 0.04389 0.02497 0.01232
Table 3 Results for H,O addition
H;0 0% H;0 5% H:0 15% H,0 25%
Peak temperature (K) 1965 1938 1869 1793
Peak NO mole fraction (X 10%) 0.05934 0.0450 0.02431 0.01247
Peak CO. mole fraction 0.083 0.0829 0.0826 0.0817
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increased as the O concentration is increased. As
the concentration of Oz is increased from 50% to
90% the peak temperature is increased by 137K
and the flame front is shifted to the fuel nozzle.
And it is found that the O, enrichment causes to
thicken the flame width.

3.3 Effects by preheat

In this study the effects by preheat of oxidant
or fuel are studied numerically. The preheat of
oxidant or fuel may affect the chemical reaction
near the flame zone by activating some reactions
or by suppressing some other reactions.

3.3.1 Effect by oxidant preheat (Flame V)

The effect by preheat of oxidant is studied by
considering three different oxidant temperatures
of Tp=300K, Tpo=400K and T,=500K. Figure
6 and Table 5 show that the preheat of oxidant
from 300K to 500K causes to increase the peak
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Fig. 5 Flame structure obtained for Flame 1V
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flame temperature by 43K and the diffusion flame
is shifted to the oxidant nozzle. And it is also
found that the flame width becomes slightly stre-
tched by the oxidant preheat. The peak NO mole
fraction is increased by 2.026 X 10™° with an in-
creased NO production as the oxidant preheat
temperature is increased by 200K from 300K to
500K. But CO; generation is not much affected
by the oxidant preheat. Lim et al.{(2000) suggests
that such effects originates from the enhanced
reaction rate of the prompt initiation reaction,
N,+CH — HCN+N.

3.3.2 Effect by fuel preheat (Flame VI)

The effect by preheat of fuel mixture is studied
by considering three different fuel preheat tem-
peratures of Tr=300K, Tr=400K and 7»=500K.
When the fuel inlet temperature is 500K the peak
flame temperature is estimated as 1965K which
is 57K higher as compared to the result obtained
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Fig. 6 Flame structure obtained for Flame V

Table 4 Results for O, enrichment

Standard Air 0, 50% 0, 90%
Peak Temperature (K) 1965 2301 2438
Peak NO mole fraction {X10) 0.000593 0.00654 0.01959
Peak CO; mole fraction 0.0830 0.110 0.125
Table 5 Results for Air preheat
To=300K To=400K To=500K
Peak temperature (K) 1965 1987 2008
Peak NO mole fraction (X 10%) 0.05934 0.06828 0.07960
Peak CO; mole fraction 0.0830 0.0824 0.0817
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Table 6 Results for fuel preheat

Tr=300K Tr=400K Tr»=500K
Peak temperature (K) 1965 1996 | 2022
Peak NO mole fraction (X 10%) 0.05934 0.06723 0.07691
Peak CO; mole fraction 0.0830 0.0810 0.0805
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Fig. 7 Flame structure obtained for Flame VI

for T7=300K. Figure 7 also shows that the pre-
mixed flame is shifted to the fuel nozzle and the
flame width becomes significantly large as the
fuel preheat temperature is increased. The peak
NO mole fraction is increased by 1.757X107% as
the fuel inlet temperature is increased from 300K
to 500K. And we can conclude that the fuel pre-
heat is more sensitive to the flame structure as
compared to the oxidant preheat.

4. Conclusions

In this paper detailed flame structures of the
CH,/Air. counterflow laminar partially premix-
ed flames, which are formed for different inlet
temperature and the introduction of additives,
are studied numerically considering the nongray
radiative heat transfer. The detailed chemical
reactions are modeled by using the CHEMKIN-
IT and the OPPDIF code. The discrete ordinates
method and the narrow band based WSGGM
with a gray gas regrouping technique (WSGGM-
RG) are applied for modeling the nongray ra-
diative transfer. The numerical results show that
the introduction of CO; or H,O to the oxidant
lowers the peak temperature and the NO produc-
tion in flame. But O, enrichment causes to raise

the temperature distribution and the NO produc-
tion. Preheat of fuel or oxidant also causes to
increase the flame temperature and the NO pro-
duction. Our study shows that the fuel preheat is
more sensitive than the oxidant preheat to the
flame temperature and the NO production.
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