[OPEHHd, % -— TeMIIepaTyPOIPOBOSHOCTH cocTaBa, [asg peambHBIX KOMIIO3H-
111 ¢ MOMMOUCIEPCHBIM OKICIUTENeM N aKTHBHOH CBABKOI KapTITHA BIHAHUA
JUCIEPCHOCTHE KOMIOHEHTOB Ha HeCTallWOHAapHBIE XAaPAKTEPUCTHKHE TOPEeHHA
Geonee caomua. TpedyoTcs MOHOJIHUTENbHBIE YKCHEPUMEHTAJbHbIE IICCIEN0-
BaHHUA IIO,T.[OﬁHBIX CHCTeM [Jis1 BBISABJICHUSA BJIUAHIIA OIICIIEPCHOCTH N KOMIIO-
HEHTHOTO COCTABA TOIUINBA HA HECTAIMONAPHBIE XAPAKTEPUCTUKH IOPEHMW.
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Abstract

The interaction between radiation and combustion is studied theoretically in the
case of strained counterflow nonluminous laminar flames. Both Hy — O, diffusion and
C3Hg — air premixed flames are considered. Calculations are based on detailed chemical
kinetics and narrow-band statistical modeling of infrared radiative properties. It is
shown that radiative transfer decreases the temperature level, which affects particularly
the production and consumption of minor species and pollutants. For Hy — O, flames,
a low strain rate extinction limit due to radiation is found. It is also shown that the
commonly used approximation of optically thin medium is inaccurate, even for the
small scale laboratory flames considered here.

Introduction

It is well established that radiation is an important heat transfer mode
inindustrial large scale flames. For non-sooty, small scale laboratory flames,
radiative losses represent generally a small fraction of the chemical heat
release. Thus, radiation effects are the most often neglected in the studies
related to flame modeling. However, radiative transfer leads to a decrease
of flame temperature, which may induce large variations of some flame
properties. Some of these temperature dependent properties are: (i) pro-
duction of some minor species, in particular pollutants, (ii) flammability
limits, and (iii) flame propagation velocity.

Liu et al. [1] have studied experimentally radiation effects on tempera-
ture profiles in double premixed CH4 — air flames. Liu and Rogg [2] inves-
tigated the case of CO/Hy/Ny — air diffusion flames and showed important
effects of radiation on NO and NO,; production. Lakshmisha et al. [3] and
Sibulkin and Frendi [4] have studied the flammability limits and flame
velocities, taking into account radiation. in lean premixed CH4 — air flames.
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They show that radiative transfer is an important mechanism, explaining
the flame extinction in some lean propagating flames. T'ien [5] pointed out
the importance of radiative transfer in thle case of low strain rates. How-
ever, in all the above studies, radiative transfer has been modeled by using
the simplified approach of optically thin media and the mean Planck absorp-
tion coefficient [1—4], or by considering the flame as a blackbody radiating
medium [5]. Negrelli et al. [6] have discussed the accuracy of the model
using the mean Planck absorption coefficient and optically thin approxi-
mation.

In this paper, we study theoretically radiation-combustion interactions
in strained laminar, counterflow flames. The results presented here are rela-
ted to typical Hy — O diffusion flames and CsHs — air premixed flames. We
use a .detailed chemistry model and a statistical narrow-band representation
of radiative properties, as described ir section 2. In section 3 we present
radiation effects on the flame structure and the evolution of this structure
with the strain rate.

Problem formulation

The flame configuration considered in the present calculations is a
counterflow, axisymmetrical laminar flame, stabilized near the stagnation
plane of two opposed jet flows. The numerical prediction of these flames,
considered as adiabatic, is now standard and widely described in the litera-
ture (see for instance [7—8] for diffusion flames and {9, 10] for premixed
flames). In this study, we model the counterflow strained laminar flames
by searching for similar solutions of the different variables with the classi-
cal boundary layer assumption. The governing equations along the symmetry
axis are written in conservation form for mass, momentum and chemical
species and are completed with the perfect gas state equation [7—10]. Only
the energy balance equation is modified in order to take into account radia-
tive transfer:

K

X
ar
d—y) + (2 PYthprh) Z—f -+ 2 + Sp=0,

where Sy is the radiative volumetric source term. The similar solutions have
the form p=op(y), u=¢erU(y), v=V(y)/p(y), T=T(y) and Y,=Y,(y),
E—1, ... K, where y denotes the spatial coordinate normal to the stagna-
tion plane, p, u, v, T and Y, are respectively the density, velocity compo-
nents, temperature and mass fraction of the k'* species. The constant ¢ desig-
nates the strain rate defined by u(r, +)=-¢r, U and V designate a reduced
velocity and the normal mass flux, respectively. The conservation equations
are completed by formula expressing the transport coefficients (A, u), the
diffusion velocities (V,,), the thermodynamic properties (cp, cpr, k) and
the chemical production rates (w,) in terms of the state variables, T, p, Y,
and their gradients. These data, which involve detailed transport and comp-
lex chemical kinetics, are determined by using CHEMKIN and TRANS-
PORT packages [11, 12] in a vectorized form as explained in [13].

For non-luminous flames, the radiative source term Sz is due both to
infrared vibration — rotation bands of products such as COs, H20 and CO,
and to visible and UV radiation resulting from electronic transitions of
free radicals such as OH, CH and Cs. We have compared the amount of UV
and IR radiation in the simple case of Hy — O, flames where the main
contribution to UV emission is due to the A2% -~ X2II electronic transition
of the radical OH, centered near 32.684 cm~!. For the same flame, infrared
radiation results mainly from the vibtraticn-rotation bands of water vapor.
A line-by-line procedure has been used to compute the high-resolution
ultraviolet OH emission spectrum. The energy values are taken from [14]
and the Einstein emission coefficients for the individual transitions from
{15]. Emission lines were assumed to have a Voigt profile with mean
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Lorentz half-widths taken from [16]. Under the assumption of thermody-
namic equilibrium, the total ultraviolet intensity emitted by an isothermal
and homogeneous column of length = 10 e¢m, at 7= 2500 K and p=1 alm
with a OH molar fraction zoxr=2.5 1072 is about Iyv = 0.99Wm~2sr~!. For
the same column with a water vapor molar fraction zm o = 0.34, the emit-

ted infrared intensity, computed from a statistical narrow-band model, is
Ir = 7144 Wm2sr~1. We may conclude that the OH ultraviolet radiation
may be neglected in comparison with HeO infrared emission if the Max-
well — Boltzmann distribution holds for OH energy levels. But a departure
from this thermodynamic equilibrium may occur in some flames as discus-
sed in [17]. In the following, we consider only radiative transfer in the
infrared range.

For the flames considered in this study, the main radiating gases are
H,0 in Hg — O flames and H20O, COs and CO in C3Hg — air flames. IR radia-
tive properties of such molecules are modeled by using a statistical narrow-
band model with the exponential tailed-inverse distribution of line intensities

[18]. The transmissivity T, of an isothermal and homogeneous column of
length [, averaged over a spectral range Av is given by

2nzplk

exp 1+ —1

where z and p are the molar fraction of the absorbing species and the total

pressure, respectively, £ and § are the model parameters related to the
spectroscopic properties of the absorption lines inside Av [19]. The statis-
tical narrow-band model is used here with a low spectral resolution Av =
=25 ¢cm~! in the range 150—6000 c¢cm™!, including the most influent vibra-
tion-rotation bands for the temperature range considered here. The model
parameters are deduced from line-by-line calculations as described in [19,
20]. The transmissivity of non-homogeneous and non-isothermal columns is
computed by using the Curtis — Godson approximation which has been pro-
ved to be accurate for optical paths at constant pressure [19, 21].

The radiative transfer equation for an absorbing and emitting but non-
scattering medium is written in terms of transmissivities

it
Iy (s) = Iy (0) Ty (0, 8) + | I5(s)) 5> (57, 5) ds,

where I3 designates the equilibrium or blackbody intensity and t,(s’, s)
the transmissivity of the heterogeneous column between the ‘abscissae s’ and
s. The radiative source term in the energy conservation equation is obtained
by integration of dI./ds over the wave number v and the propagation
direction

oI,
SR: gl s' ()—S(S,u)deV‘
o amsr

In radiative transfer computations, we use a planar infinite gcometry consis-
tent with the flow field model. For the radiative boundary conditions, we
consider that the flame is inside an environment at room temperature. For
this planar geometry, this is equivalent to assume that the flame is bounded
by two infinite black parallel plates at room temperature. The radiative
transfer equation, associated to these boundary conditions, is solved by
using a pure numerical method described in detail in [19, 22]. Tt is worth
noticing that this procedure does not use any approximation concerning the
medium optical thickness.

The conservation equations associated to their boundary conditions
are solved numerically by using a finite difference unsteady formulation [8].
If we except the radiative source term in the energy equation, a fully implicit
scheme is used where the non-linear terms are linearized following a method
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similar to that of Briley and McDonald [23]. The radiative field is calcu-
lated, at a given iteration step, from the previous temperature and molar
fraction fields.

Results and Discussion

Two configurations of atmospheric flames have been considered in this
study: the strained diffusion flame in the counterflow of oxydant (Os+ Nz)
and fuel (Hs+ N;) and the strained premixed double flame in the counter-
flow of two identical fresh reactant mixtures (CsHg— air). In both cases,
the inlet gas temperatures are 300 K.

Calculations are based on the kinetics given by Westbrook and Dryer
[24] which contains 123 elementary step reactions and 31 species for
Cs:Hg — air flames. This scheme is completed by the NO, formation mecha-
nism as recommended by Miller and Bowman [25]. Calculations have been
carried out for a large number of parameters such as the strain rate and
inlet mass fractions of oxydant and fuel. Only typical results are shown in
the following.

Radiative effects on flame structure are expected to be the most impor-
tant when the rate of radiative loss becomes substantial in comparison with
the rate of chemical heat release. The ratio between these energies depends
in our computations on the strain rate and inlet mass fractions of different
species. As a result of the competition between convection and molecular
diffusion phenomena in the reaction zone, the flame thickness, maximum
temperature and product mass f{ractions increase when the strain rate
decreases. Additionally, when thle strain rate decreases, the chemical pro-
duction term in the energy equation decreases.

Figure 1 represents temperature and NO mass fraction profiles computed
with and without radiation in the case of the Hy — Oy diffusion flame. Two
relatively small values of the strain rate are considered on this figure (& =
=0.1 s7! and ¢ =2 s71). It is seen that radiation leads to a maximum tem-
perature decrease of about 150 K for e =2 s~! and 1080 K for e = 0.1 s~
(Fig. 1.a). In all cases, temperature and HsO mole fraction profiles are
wider than the chemical heat release pofiles. The ratio of radiation loss to
chemical heat release is much higher at the edges of the flame front than
at the flame centre. As a consequence, radiative transfer leads to a decrease
of flame thickness. The effects of radiation on the concentration of major
species are found to be small. On the other hand, radiative transfer is found
to be an important mechanism in the thermal production of NO as shown
in Fig. 1.b. Similar decrease of mass fraction are found for OH.
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Fig. 1. Temperature and NO mass fraction profiles for a strain rate of 0.1 s—! and 2 s—1.
The inlet mass fractions are Y, =1 and Yy = 0.1.
2 2

1 — without Radiation; 2 — with Radiatinn.
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Fig. 2. Maximum temperature and integrated radiative loss and chemical heat release
ratio 'R as a function of the strain rate, The inlet mass fractions are Y, =1 and YHz =
2 5
== 0.1.
1 — Tipax Without radiation; 2 — Tpge with the detailed rad. model; S—ppax with the 0. T. M.
approxim.; 4 — energy ratio.

In double premixed flames, the situation is slightly different since
emission from the volume between the flame surfaces is greater than the
emission from the flame fronts themselves. We have found a strong decrease
of temperature between the flame fronts at low values of the strain rate
and a decrease of the distance between the flame fronts as noticed by Sohrab
and Law [26].

We have also studied the influence of radiation on the extinction limits
of Hy — Qo diffusion flames. For the lean extinction limit, temperature and
H3O mole fraction decrease with the equivalence ratio in such a manner
that radiative losses decrease faster that the chemical heat release. Thus, we
found only very small effects of radiative transfer on the lean extinction
limit.

For diffusion flames considered as adiabatic, a decrease in strain rate
increases the flame thicknes and flame maximum temperature tends to a
constant value. At the same time, the chemical hcat release rate per unit
volume decreases almost proportionally to the strain rate. Figure 2 gives the
evolution of the maximum temperature as a function of the strain rate when
radiative transfer is taken into account. This figure also gives the ratio
between the integrated radiative loss and the chemical heat release rates:

oo

| sgay

This ratio reaches 80 % while the maximum temperature decreases from
2850 K to 1180 K due to radiative losses for e =0.009 s~!. If we consider
the flame structure at this value of the strain rate as an initial condition
and look for the solution at e = 0.008 s~!, the temperature decreases rapidly
during time iteration steps and reaches 300 K. This means that a low strain
rate extinction limit fer this flame is found for e close to 0.008 s~!, but such
strain rates are not [requently encountered in practical applications.

We have also carried out some calculations by considering the flame as
an optically thin medium (OTM) and by using the mean Planck absorption
coefficient given by Hubbard and Tien [27]. It is shown on Fig. 2 that the
use of this model leads to an overestimation of radiative losses. With this
model, the extinction limit is obtained at ¢ = 0.05 s~! which is six times
greater than the vasue obtained when using the detailed radiative model.
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Indeed. even for the small scale laboratory flames considered here, there are
many intense absorption lines for which absorption cannot be neglected in
the energy balance equation. If one considers the flame surface as a black-
body radiator, as it is done by T'ien [5], extinction is found at higher values
of the strain rate.

11.

12.

13.

14.
15.

16.

17.
18.
19.

20.
21.
22.
23.
24.
25.
26.
27.

REFERENCES

. Liu G. E,, Ye Z. Y., Sohrab S. II. On radiative cooling and temperature profiles of

counterflow premixed flames ;/ Combust. Flame.— 1986.— 64.— P. 193—201.

. Liu Y., Rogg B. Modelling of thermally radiating diffusion flames with detailed

chemistry and transport. Eurotherm Seminar N17 «Heat Transfer in Radiating and
Combusting Systems», Cascais, Portugal, 1990.

. Lakshmisha K. N., Paul P. J., Mukunda H. S. On the flammability limits and heat

loss in flames with detailed chemistry 4/ 23rd Symp. (Int.) on Combust., paper
n 23—510, Orleans, France, 1990.

. Sibulkin M., Frendi A. Prediction of flammability limit of an unconfined premixed

gas in the absence of gravity / Combust. Flame.— 1990.— 82.— P. 334—345.

. T’ien J. S. Diffusion flame extinction at small stretch rates: the mechanism of ra-

diative loss / 1bid.— 1986.— 65.— P. 31—34.

. Negrelli D. E., Lloyd J. R., Novotny J. L. A theoretical and experimental study of

radiation-convection interaction in a diffusion flame ;/ J. Heal Transfer.— 1977.—
99.— P. 212—220.

. Smooke M. D., Puri I. K., Sehardi K. A comparison between numerical calculations

and experimental measurements of the structure of a counterflow diffusion flame
burning diluted methane and diluted air / 21st Symp. (Int.) on Combust., Rein-
hold, N. Y., 1986.

. Darabiha N., Candel S. The influence of the temperature on the extinction and ig-

nition limits of strained hydrogen — air diffusion flames. In press in Combust. Sci.
and Technol.

. Libby P. A., Linan A.. Williams F. A. Strained premixed laminar flames with nonuni-

10.

ty Lewis number / Combust. Sci. and Technol.— 1983.— 34.— P. 257—293.
Giovangigli V., Smooke M. D. Extinction of strained premixed laminar flames with
complex chemistry / Ibid.— 1987.— 53.— P. 23—49.

Kee R. J., Miller J. A., Jefferson T. H. CHEMKIN: a general-purpose, transportable,
Fo(l)'tran ch%mical kinetics code package / Sandia National Lab. Report, SAND80—
8003.— 1980.

Kee R. J., Warnatz J.. Miller J. A. A Fortran computer code package for the evalua-
tion of gas-phase viscosities, conductivities, and diffusion coefficients / Sandia Na-
tional Lab. Report, SAND83-8209.— 1983.

Darabiha N., Giovangigli V. Vectorized computation of complex chemistry flames /
Proc. Int. Symp. on High Performance Computing, Elsevier Sci. Publ, Montpellier,
France, 1989.— P. 273—285.

Dieke G. H., Crosswhite H. M. The ultraviolet bands of OH. Fundamental data
J. Quant. Spectrocs. Radiat. Transfer.— 1962.— 2.— P. 97—199.

Chidsey I. L., Crosley D. R. Calculated rotational transition probabilities for the
A — X system of OH / J. Quant. Spectrosc. Radiat. Transfer.— 1980.— 23.— P. 187—
199.

Rea E. C., Chang A. Y., Hanson R. K. Collisional broadening of the A2S+ — X?IT band
Zfz OH by H,0 and CO, in atmospheric-pressure flames / Tbid.— 1989.— 41.— P. 29—

Gaydon A. G., Wolthard H. G. Flames. Their structure, radiation and temperature.
Forth ed. N. Y., John Wiley-Sons, 1979.

Malkmus W, Random Lorentz band model with exponential tailed S—! line-intensity
distribution / J. Opt. Soc. Am.— 1967.— 57.— P. 323—329.

Soufiani A., Hartmann J. M., Taine J. Validity of band-model calculations for CO,
and H,0 applied to radiative properties and conductive-radiative transfer / J. Quant.
Spectrosc. Radiat. Transfer.— 1985.— 33.— P. 243—257.

Hartmann J. M., Levi Di Leon R., Taine J. Line-by-line and narrow-band-statistical
model calculations for HyO / Ibid.— 1984.— 32.— P. 119—127.

Young S. J. Nonisothermal band model theory 4 1bid.—1977.— 18.—P. 1—28.
Soufiani A., Taine J. Application of statistical narrow-band model to coupled radia-
tion and convection at high temperature / Int. J. Heat Mass Transfer.— 1987.— 30.—
P. 437—447.

Brilev W. R., McDonald II. On the structure and use of linearized block implicit
schemes / J. Comput. Phys.— 1980.— 34.— P. 54—73.

Westbrook C. K., Dryer F. L. Chemical kinetic modeling of hydrocarbon combus-
tion / Prog. Energy and Combust. Sci.— 1984.— 10.— P. 1—57.

Miller J. A., Bowman C. T. Mechanism and modeling of nitrogen in combustion j
Ibid.— 1989.— 15.— P. 287—338.

Sohrab S. H.. Law C. K. Extinction of premixed flames by stretch and radiative
loss / Int. J. Heat Mass Transfer.— 1984.— 27.— P. 291—300.

Hubbard G. L., Tien C. L. Infrared mean absorption coefficients of luminous fla-
mes and smoke / J. Heat Transfer.— 1978.— 100.— P. 235—239.



