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Numerical Study on NO. Production
Of Transitional Fuel Jet Diffusion Flame*

Hiroshi YAMASHITA**

A direct numerical simulation of a two-dimensional jet diffusion flame developed
in a co-flowing air stream was carried out using the GRI [Gas Research Institute]
chemical reaction mechanism (NO; included) in order to elucidate the mechanism of
NO; formation in turbulent flow fields. The governing equations were discretized and
numerically integrated using the finite volume method. The temperature dependence
of thermodynamical properties was taken into account; transport properties were
calculated according to the simplified transport model proposed by Smooke [Reduced
Kinetic Mechanisms and Asymptotic Approximations for Methane-Air Flames,
(1991), p. 1-28, Springer-Verlag]. Fuel jet velocity was found to have the same effects
on the flame structure and the unsteady behavior as those concluded from the flame
sheet approach ; by increasing the fuel jet velocity, the flow becomes turbulent with
large fluctuations downstream, and the flame is disturbed by the enlarged fluctuations
in the turbulent region downstream where local extinction takes place. From a
comparison with the laminar counterflow diffusion flame, it was concluded that the
hypothesis of the laminar flamelet model that “the instantaneous local structure of the
turbulent flow field can be accurately simulated by the laminar diffusion flame”, can be
applied to the unsteady turbulent jet flame that includes the possibility of extinction
and takes into account the NO. formation process. As a result, it was verified that the
formation of NQ; in the turbulent flow field has the same mechanism as that in the
unsteady laminar diffusion flame even for the case of extinction.
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1. Introduction rr . . .
diffusion flame, with the most typical flow geometry,

Recently, the increase in the number of environ-
mental problems has become the main concern all
over the world. The conservation of energy and
natural resources as well as the need to reduce atmo-
spheric pollution has made the understanding of the
combustion phenomenon an urgent issue. The turbu-
lent diffusion flame is one of the most fundamental
flames used in a wide variety of applications. Numeri-
cal simulation can be used to gain a better understand-
ing of the turbulent mixing process and the structure
of such flames to help in the development of highly
efficient combustion systems and to realize an accu-
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had been the subject of many numerical simulations
carried out for turbulent diffusion flames”. The main
concern was to elucidate the effects of heat release on
flow characteristics and flame stability ; such aspects
were verified using simple methane-air kinetics such
as the global non-reversible one-step mechanism®~®
or the skeletal elementary reaction mechanism®®,
Moreover, the correctness and the physical validity of
the calculation method adopted have been verified by
comparing with physical phenomena derived from
experiments.

Based on such studies, the objective of this work
is to investigate the flame structure and the unsteady
behavior including NO. formation in a turbulent flow
field. Using the GRI [Gas Research Institute] chemi-
cal reaction mechanism (NO: formation included)®,
a numerical analysis is carried out by solving un-
steady, two-dimensional conservation equations. Fuel
injection velocity is varied so that the flow becomes
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turbulent with the possibility of flame extinction
downstream. Using detailed chemical Kkinetics,
multidimensional simulations of jet diffusion flames
were recently carried out for the laminar flow
field®-02: only a few calculations were made for the
turbulent flow field”, including the recent DNS of a
hydrogen-oxygen mixing layer®®*: however, the
formation of NO. was not considered.

In connection with the present work, a study
based on the laminar flamelet model was recently
conducted to investigate methods of estimation of
nitrogenous oxides emissions from turbulent jet
diffusion flames"®, with the aim of realizing a quanti-
tative evaluation of actual three-dimensional turbu-
lent combustion fields. We want to extend our
previous study” about extinction and attempt to verify
the hypothesis used in this model"®, taking into
account the NO: formation process.

We treat only the two-dimensional transitional
flow with a large-scale coherent fluctuation in this
study. The physical effect of unsteady flow on the
flame characteristics is the same as that of a three-
dimensional turbulent flow with a small-scale fluctua-
tion. We consider that the present study intermedi-
ates and fills a gap between the steady laminar flame
and the turbulent flame.

2. Analytical Model and Calculation Method

2.1 Analytical model

Figure 1 shows an outline of the analytical model
and boundary conditions. A Cartesian coordinate
system is employed such that x is in the principal flow
direction, v is in the transverse direction and the
origin is at the center of the injector exit. Here, u
and v are the velocity components in the x and ¥
directions, respectively, T is the temperature and Y;
is the mass fraction of species ;. We assume atmo-
spheric pressure and room temperature 7o=7T-=300 K
(Tw/To=1) and that the co-flowing air is composed

of Y0,,»=0.232 oxygen and Yx,»=0.768 nitrogen.
1
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Fig. 1 Analytical model and boundary conditions
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Methane is injected through an injector of width d
with a fully developed velocity distribution at mean
velocity #o, uniform temperature 7o and species mass
fraction Yo, into a co-flowing air stream of uniform
velocity #., temperature 7. and mass fraction Yi .
Here, the subscripts 0 and © correspond to the in-
jector exit (fuel side) and the outer flow (air side),
respectively. Outer flow velocity is fixed at #e=4
m/s, the injector diameter is I mm and the size of the
computational domain is xr=-2.9~66.9mm, y=
—17.2~17.2 mm.

Chemical reactions are described by the GRI
mechanism (NO; reactions included) in which
49 species with 279 elementary reactions are
considered®.

The governing conservation equations are the
overall continuity equation, the Navier-Stokes equa-
tion, the energy equation, the species continuity equa-
tion and the equation of state®”.

do
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p=poR°
The Soret and Dufour effects as well as the effects of
pressure diffusion are neglected. In the energy equa-
tion, energy dissipation due to viscosity is neglected
and by assuming a low Mach number, the term Dp/Dt
is neglected. In the calculations for the laminar two-
dimensional plane counterflow diffusion flame, we
assume a potential flow between the two streams of
fuel and air and solve the one-dimensional equations
in the nozzle direction using a

The non-dimensional parameters are the
Reynolds number Reo= pottod/tto and the Schmidt num-
ber Sco=to/0oDo in which the injector diameter d is
taken as the representative length, uo as the represen-
tative velocity and the representative physical prop-
erties are oo, o and Do at the injector exit.

We assume an ideal gas mixture. Concerning the
physical properties, the thermodynamic constants are
taken to be temperature-dependent, and the species’
specific heats at constant pressure Cp,: are approx-
imated by a polynomial fit of the temperature to the
JANNAF data“®. Transport properties are calcu-
lated according to the simplified transport model

similarity solution.
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proposed by Smooke*? in which the thermal
diffusivity of the mixture is approximated by the
relation :

A_A(-LY, A=258x10- 8), 7=

” <T0> , 58%10™* g/(cm-s), »=0.7,
and the species’ mass diffusivity is related to the
transport model via the Lewis number which takes a
constant specific value for each species. The mixture
viscosity is calculated by assuming a constant Prandtl

number for each species.

pD’:LLei(_c/%) /L=Pr<cip>, Pr=0.75

2.2 Numerical calculation method

The governing equations are discretized using the
finite volume method ; the SIMPLE method proposed
by Patankar is used for the pressure field®®.
Convective terms are computed by adopting the
QUICK scheme, and the implicit scheme of second-
order precision is used for the time advance. The time
step is 5ps in each of which the SOR method of
iteration is used with a relaxation factor of 0.07. A
high-temperature source is placed at the injector rim
in order to prevent the possible blow-off of the flame
at the nozzle exit. The computational mesh contains
241 and 141 grid points in the x and y directions,
respectively. Concerning the counterflow diffusion
flame, an interval of 15 mm is taken between the two
setting positions of boundary conditions for fuel and
air streams ; calculation is made for 201 grid points at
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3. Results and Discussion

3.1 Structure and unsteady behavior of flame

The fuel injection velocity is found to have the
same effects on the flame structure and the unsteady
behavior as those found in our previous studies where
the kinetics was described by the flame sheet model®
or the skeletal reaction mechanism ; by increasing
the fuel injection velocity, larger fluctuations are
produced downstream. The instantaneous distribu-
tion of temperature shown in Fig. 2 corresponds to a
jet velocity #o=20 m/s(Re,=1274) and a co-flowing
air velocity #~=4m/s. In this case, small-scale
fluctuations are produced along the central axis of the
jet but they do not reach the flame.

By fixing the outer flow velocity and increasing
the jet velocity, large-scale unsteady fluctuations are
produced beyond the transition point downstream.

o i
-2 4.8 11.6 18.4 25.2 32 388 45.6 52. 4 59.2 66
x (mm)

Fig. 2

Instantaneous temperature distribution
(=20 m/s, u-=4m/s)
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Fig. 3 Time-dependent distributions of temperature (¢=0, 0.1, 0.2, 0.3 ms)
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Fig. 4 Instantaneous contours of 7', Yeu, Ywo and Yio, (£=0.3 ms)

Figures 3(a) and 3(b) show the time evolution of
temperature contours, with a time interval of 0.1 ms,
for two different jet velocities #o=230 m/s (Reo=1911)
and ue=40m/s (Rey=2548), respectively. These
results are obtained after a sufficient period has el-
apsed for the effects of the initial conditions to be worn
out completely. The instantaneous mass fraction
distributions of CH, NO and NO: at time {=0.3 ms for
the two jet velocities are shown in Figs.4(a) and 4
(b). The flame is laminar in the upstream region,
having .a relatively thin diffusion layer which gradu-
ally widens with the progress of diffusion down-
stream. It can be seen that the flame itself is now
disturbed by enlarged fluctuations in the turbulent
region downstream where local extinction takes
place. In the figures, extinction takes place in the
neighborhood of x=50 mm for the jet velocity =30
m/s, while the flame is extinguished soon after the
transition point for the jet velocity of #e=40m/s; as
a result, the temperature decreases and CH radicals
disappear. Moreover, NO is found to have a distribu-
tion similar to temperature; NO. radicals seem to
peak at the outer side of the NO distribution as well
as beyond the extinction point downstream where NO
is converted to NO: by the temperature decrease.

In addition to Figs. 3 and 4, we elucidate the main
characteristics of the flame in two different regions:
the region of an active reaction zone (Fig.5(a):
we=30m/s, us=4m/s, t=0.3ms; xr=40mm) as well
as the extinguished region of the flame (Fig.5(b) :
ue=40m/s, u-=4m/s, t=03ms; x=25mm). The
two figures contain the transverse profiles of the
instantaneous species mass fraction Y: and species
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mass production rate w. along with temperature
7/2 300. All variables seem to have almost symmetric
distributions with respect to the central x axis and the
reaction zone of both sides is seen to have the same
structure. In Fig.5(b), the flame is totally extin-
guished but NO: is found to increase due to the decrease
in flame temperature during the extinction process.
An expanded view of w; distribution in Fig.5(a) is
shown in Fig.5(c).
3.2 Comparison with the laminar counterflow
diffusion flame
Studies have been carried out to investigate the
validity of the laminar flamelet model (LFM) in
which a hypothesis is made that “the instantaneous
local structure of the turbulent flow field can be
accurately simulated by the steady laminar diffusion
flame”®®.  Using detailed kinetics, a comparative
investigation was conducted®® for the different
laminar flow fields to which a similarity solution is
applicable. The scalar dissipation rate SDR at the
reaction zone was then used as a combination parame-
ter between the turbulent and laminar flow fields and
the hypothesis of this model was shown to be justified.
Another study was conducted for the two-dimensional
steady laminar coaxial flow field*®. In addition, the
jet flow field was investigated by Smooke et al.*” who
focused on the mixture fraction and did not make use
of the SDR. The applicability of LFM was proved in
our previous study” on the unsteady flame that includ-
ed extinction, by adopting the skeletal chemical reac-
tion scheme ; in the present study, however, we want
to extend our investigation to NO. formation in
unsteady turbulent jet flames.

JSME International Journal

NI | -El ectronic Library Service



The Japan Soci ety of Mechani cal

Engi neers

-~ 0.8

.Y
e
o

1

/2300
o
>

T

o

)
h

0.00012

0. 0001
0. 00008
£ 0. 00006
0. 00004+
0.000024 | J, ‘

iy,

"
it
s

_.,

(kg/ (m3s))

T/2300 , Yi

- N2
€02

T/2300
CH4
02

H20
Co

Yi

CH X10
N X40
NO

~ NO2 X20

N20 X40
HCN

(@) (p) Wi

r—

CH X0.1

- N X20

NO

~ NO2 X20

N20 X100
HCN

(a)

uo=30m/s, ua=4m/s;
=40 mm

0.2

1 T T T T
-6 -4 -2 0 2 4 6
y (mm)
(b) wuw=40m/s, ue=4m/s;
=25 mm

8

(b) Wi X1000/3

r—

CH X0.1

~ N X20

101

= NO

0. 14

s NO2
e N20 X100
~— HCN

(kg/ (m3s))

1
=4
o

y (mm)

(c)

Expanded view of w; distribution for (a)

Fig. 5 Instantaneous transverse distributions of 7', Y: and w: (+=0.3 ms)

Figure 6(a) shows the transverse profiles of
species mass fraction Y: and species mass production
rate w: for the corresponding steady laminar two-
dimensional counterflow diffusion flame (velocity gra-
dient 13.33s7"). When the velocity gradient is com-
paratively large in the steady laminar flow diffusion
flame, Takeno and Nishioka® showed that NO. for-
mation is dominated by the prompt NO mechanism
using the C2-Chemistry of Miller and Bowman®®. In
the prompt NO mechanism, HCN is generated from
N: in air via the elementary reaction CH + N .=
HCN+N, and HCN is converted into NCO, CN or NH
immediately or indirectly and further into N. NO is

JSME' International Journal

chiefly generated from N via the elementary reaction
N+OH=NO+H. Part of the generated NO is thus
converted into HCNO, HNO and HCN in the flame.

Starting from the value shown in Fig. 6 (a) as the
initial value at ¢=0, the velocity gradient was sudden-
ly increased by eight times, resulting in extinction®? ;
the profiles corresponding to the instants 7=0.6 ms
and #=1.0 ms during the unsteady extinction process
are shown in Figs.6(b) and 6(c), respectively. By
comparing Fig.5(a) with Fig.6(a) when the flame
exists, or Fig.5(b) with Fig.6 (b) when the flame
does not exist, both profiles of temperature, species
concentrations and production rates (at y=1~7 mm,
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Fig. 6 Instantaneous transverse distributions of 7', ¥: and w: (Steady and unsteady
counterflow laminar diffusion flame, velocity gradient 13.33~13.33xX8s™")

y=—2~—8mm in Fig. 5, and at y=3~9 mm in Fig.
6) show almost the same flame structure. Further-
more, the convective effects of the fluctuations
produced in the downstream of the turbulent jet flame
were found to be in good correspondence with those
produced by increasing the velocity gradient in the
laminar counterflow flame. In this way, it is proved
that the laminar flamelet approach can be applied to
the unsteady turbulent jet flame that includes extinc-
tion and takes into account the NO. formation pro-
cess. Here, the turbulent jet flame was selected to fit
the laminar counterflow flame ; however, it is neces-
sary to consider an appropriate combination
parameter® in order to realize good correspondence ;
this requires further investigation®®.

4. Conclusions

Based on the conservation equations of the un-
steady two-dimensional flow field, a numerical analy-
sis is carried out using the GRI chemical reaction
mechanism (NOy included) in order to elucidate the
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mechanism of NO; formation in turbulent flow fields.
This study has led to the following conclusions :

(1) The fuel jet velocity was found to have the
same effects on the flame structure and the unsteady
behavior as those concluded from the flame sheet
approach ; by increasing the jet velocity, the flow
becomes turbulent with large fluctuations in the down-
stream, and the flame is disturbed by the enlarged
fluctuations in the turbulent region downstream where
local extinction takes place.

(2) From a comparison with the laminar
counterflow diffusion flame, it was concluded that the
hypothesis of the laminar flamelet model that “the
instantaneous local structure of the turbulent flow
field can be accurately simulated by the laminar
diffusion flame”, can be applied to the unsteady turbu-
lent jet flame that includes the possibility of extinction
and takes into account the NO. formation process.

(3) As aresult, it was verified that the formation
of NO: in the turbulent flow field has the same
mechanism as that in the unsteady laminar diffusion
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flame even for the case of extinction.
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