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Non-Adiabatic Flamelet Modeling for Combustion Processes
of Oxy-Natural Gas Flame
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In order to realistically predict the combustion characteristics of the oxy-fuel flame, the

present study employs the non-adiabatic flamelet approach. In this combustion model, the

detailed equilibrium chemistry is utilized to accurately account for the thermal dissociation as

well as to properly include the radiative cooling effects on the detailed chemistry. Numerical

results indicate that the present approach has the capability to correctly capture the essential

features and precise structure of the oxy-fuel flames. In this work, the detailed discussion has

been made for the characteristics of oxy-fuel flames, the capability and defect of the present

approach and also uncertainties of experimental data.
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1. Introduction

Recently the industries have been driven by
the requirements of maintaining or improving
product quality and minimizing production costs.
Within these requirements, the overall energy
management and energy efficiency play important
roles. It means that new, high-performance de-
signs will provide smaller, more compact furnaces
offering lower capital investments. In designing or
selecting high-efficiency furnaces, several envir-
onmental aspects must be taken into account.
These include considerations on emissions of
carbon dioxide, carbon monoxide and nitrogen
oxides. The most recent regulations of the Kyoto
conference impose on industrialized nations re-
ductions of carbon dioxide emissions.

Over past 10 years, oxy-fuel combustion has

* Corresponding Author,
E-mail : ymkim @hanyang.ac.kr
TEL : +82-2-2220-0428; FAX : +82-2-2297-0339
Department of Mechanical Engineering, Hanyang Uni-
versity, 17 Haengdang-dong, Seongdong-gu, Seoul 133-
791, Korea. (Manuscript Received January 14, 2005;
Revised August 10, 2005)

gained widespread acceptance as an alternative
to the conventional air-fuel firing. Initial con-
cerns over furnace refractory life due to higher
flame temperatures and combustion space concen-
trations, and continuous and costly burner main-
tenance have largely been overcome. The level of
oxy-fuel usage is expected to increase as the
perceived risks and costs are reduced with more
experience and improved combustion technology,
furnace design, and air separation technology.
Today, both oxy-fuel and air-fuel furnaces are
able to meet existing regulations. However, it is
acknowledged that oxy-fuel has the potential to
reduce costs and achieve lower emissions simul-
taneously (Lievre, 2001).

Different to the air-fuel case, designers of oxy-
fuel burners still rely heavily on engineering in-
tuition and trial and error testing procedures.
This is due both to the scarcity of comprehensive
experimental data in semi-industrial and full-
scale combustion systems and to the limited ca-
pabilities of existing CFD codes, whose predic-
tions cannot be used with confidence to assist in
the furnace/burner design process (Lallemant et
al., 2000). With regard to numerical research,
there have been only the limited publications to
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deal with predicting the detailed structure and
properties of oxy-natural gas flames. However,
the previous numerical approach (Brink et al.,
2000 ; Breussin et al., 2000) for the oxy-fuel
flames was based on the relatively ad-hoc physi-
cal models concerning the turbulent combustion
processes and the detailed thermo-physical pro-
perties. At the high temperatures prevailing in
oxy-fuel combustion, the chemical dissociation
and radiative heat transfer as well as flame/radia-
tion interaction are progressively dominant. Thus,
in modeling the oxy-fuel flames, the chemistry
model must have a capability to fully account
thermal dissociation. Moreover, since the flue
gases mostly consisting of HzO, CO; and CO,
which are known as strongly radiating species,
the energy loss effects on the turbulent combus-
tion model must be treated adequately.

In order to realistically treat the turbulence-
chemistry interaction encountered in the oxy-fuel
flames, the present study employs the non-adia-
batic flamelet approach. In this combustion mo-
del, the detailed equilibrium chemistry is utiliz-
ed to accurately account for thermal dissocia-
tion as well as to properly include the radiative
cooling effects on the turbulent combustion mo-
del (Young and Moss, 1995). To address the
dominant mode of energy transfer in these high
temperature equipments, the radiative heat trans-
fer is calculated by using the finite volume meth-
od (FVM), which has been known to provide
accurate results in planar, 3D geometry, and ax-
isymmetry by using both the structured grid and
the unstructured grid (Raithby and Chui, 1990).
All physical models, which include flamelet
model and radiation, have been implemented into
our flow solver of the unstrucuted-grid finite
volume method.

In the present work, we have chosen the mea-
surements of the OXYFLAM project (Lallemant
et al,, 1997) to check the predictability of our
developed code. The OXYFLAM project was
motivated to generate a detailed set of infor-
mation for designing the burners and validating
computer codes for oxy-fuel flame calculations.
Based on numerical results, the detailed discuss-
ions have been made for the essential features of

oxy-fuel combustion, the capability and defect of
the present numerical approach and also uncer-
tainties of experimental data.

2. Mathematical Formulation

2.1 Non-adiabatic flamelet approach

Since the detailed descriptions of the conserv-
ed scalar/probability density function (PDF)
approach are given by many other literatures
(Spalding, 1971 ; Bilger, 1976), only the funda-
mental concept and the non-adiabatic equilibri-
um calculation regarding to heat loss/gain will
be outlined in this paper. The basic idea of the
model is the numerical separation of fluid dyna-
mics and chemistry introducing a chemistry-in-
dependent conserved scalar variable called the
mixture fraction, which is zero in the oxidizer
stream and one in the fuel stream generally in a
two-feed system.

In the equilibrium chemistry approach, all the
instantaneous thermochemical properties are cal-
culated by computing the equilibrium state of
the detailed chemistry, and are stored in an equi-
librium library prior to a flame calculation. At
adiabatic flame condition with no radiative heat
loss, all the interested values of flame can be
immediately determined only by mixture fraction.
When heat loss is taken into account, however,
the local value of enthalpy depends not only on
mixture fraction but also on the balance of en-
thalpy energy transport. In that case, an addi-
tional transport equation has to be solved for
enthalpy as an independent variable. For cal-
culating a non-adiabatic nonpremixed flames
by using the equilibrium chemistry, the equili-
brium flame-library must be confirmed to have
the values of all possible energy states. Therefore
additional variable will be needed to represent
the heat loss or gain states. In this study, we
address the normalized enthalpy loss variable
approach (Louis et al., 2001) as defined below

h—lwin_ h— hmin
hed_hmin U(Z)

§= (1)

where Jiaq is the adiabatic enthalpy and /imn
the minimum value of the enthalpy, which is
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defined as the enthalpy of the mixture when
instantly cooled down to the temperature of the
surrounding. Subsequently, the enthalpy loss var-
iable, ¢, represents the local fraction of radiative
or convective heat losses. In the adiabatic case,
this enthalpy loss variable remains unity. When
heat loss is taken into account, ¢ will be smaller
than unity. Through this method, the non-adia-
batic equilibrium database can be constructed
easily from the adiabatic state to the maximum
cool-downed state. Constructing the flame data-
base using the equilibrium chemistry, the basic
idea is to modify the enthalpy values according to
the normalized enthalpy loss variable and to cal-
culate the equilibrium chemistry at the prescribed
enthalpy profiles.

These similar processes have been explained in
more detail by Carpentier et al.(2003), who cal-
culated the non-adiabatic flamelets by modify-
ing not the normalized enthalpy loss variable
but the radiative sink term of the flamelet equa-
tion. In Figure 1 the cooling effects on oxy-
methane flame are illustrated in the cases of flame
temperature and the CO and CO; concentrations,
especially considering detailed equilibrium chem-
istry. Decreasing the enthalpy loss variable, tem-
perature has the tendency to decrease because of
the proportionality of temperature to enthalpy.
With regard to CO and CO,, the variations are
clearly seemed sensitive to enthalpy loss or tem-
perature. Toward low temperatures, less CO equi-
librium is produced and consequently more CO;
is produced. As the flamelet library displayed in
Fig. 1, the non-adiabatic approach with detailed
chemistry is needed to accurately predict the tem-
perature and gas compositions in the context of
high-temperature and strongly radiating flames.
Through this work the detailed chemistry of
GRI-Mech Version 2.11 is used for constructing
the non-adiabatic equilibrium library.

Assuming that enthalpy and mixture fraction
are statistically independent, the enthalpy equa-
tion is now transformed to a new enthalpy loss
variable that is to a large extent statistically in-
dependent of the mixture fraction. Substituting
the enthalpy loss variable of Eq. (1) in the
enthalpy transport equation gives the following
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mean value equation for &:

where [J,, denotes the Favre average of second
derivative of U to mixture fraction and S; is the
source term due to radiative heat transfer, nor-
malized with the denominator U(Z) of Eq. (1).
The second term of RHS of Eq. (2) is modeled as
in the mixture fraction variance equation (Louis
et al, 2001). This term, which is not familiar to
the conventional Favre average transport equa-
tion, accounts for the effects of scalar dissipation
along the mixture fraction space. In this work the
variation of enthalpy loss variable and mixture
fraction is assumed to be quite linear.
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For considering the energy loss effects, there-
fore, the equilibrium library has two independent
variables, i.e., mixture fraction Z, and enthalpy
loss variable, ¢, which describe the mixing state
and deviation from adiabatic condition, respec-
tively. Thereby, to account for the effects of tur-
bulent fluctuation on the thermo-chemical scalars
including temperature, density, and species mass
fractions, the Favre averaged properties of the
reacting mixture are evaluated by convoluting
the instantaneous properties with the joint PDF
of Zand ¢:

d=[[ 47z, 0 Pz, dzar ()

where @*™* is the equilibrium solution corre-
sponding to a given mixture fraction Z and ¢,
which is constructed previous to calculation. In
this study, the mixture fraction Z and enthalpy
loss variable { are assumed to be statistically in-
dependent and the shape of PDF for the mixture
fraction is presumed as the beta-function and the
PDF of the enthalpy loss variable is taken as delta
function with neglect of its fluctuations.

2.2 Finite-volume method for radiative heat
transfer
The RTE for a gray absorbing, emitting, and
scattering gas in a specified direction s at any
position r may be written as (Modest, 1993)

w:um +o(r)1I(r. s) +£(r) L(r)
s (4)

) [1tr. ) 0(s'. ) d2
4w o

where I (r, s) is the radiative intensity, which is
a function of position and direction; I,(r) is
the black-body radiative intensity at the tem-
perature of the medium ; £ and ¢ are the absorp-
tion and scattering coefficients, respectively ; and
@ (8, s) is the scattering-phase function from the
incoming 8 direction to the outgoing direction s.
In the Cartesian coordinates (x, v, z), the spatial
derivative term in Eq. (4) can be written as

G Stn St tm=2 ¢ L )

where y, 7, and £ are the direction cosines
along the Cartesian coordinates x, vy, and z di-
rections, idim denotes the dimensionality of the
problem and is equal to 2 for a 2D planar or
axysymmetric geometry and 3 for a 3D geometry.
All boundaries are assumed to be gray-diffuse.
Under this assumption, the wall bounding the
medium emits and reflects diffusely. The wall
boundary intensity [w for all outgoing direction
(s*n>0) is given by

=8 /I(rw, s)s-ndf (6)

§.n>0

where ¢ is the wall emissivity and the unit vec-
tor n is the surface normal pointing out of the
domain.

The RTE (4) involves not only spatial differ-
entiation but also the angular integration over
the solid angle 2. To solve this equation nu-
merically, both spatial domain and angular dom-
ain must be discretized at first. For calculating
the radiative source term of the energy equation
(2), we use an accurate and efficient radiative
finite-volume method applicable not only for 2D
planar and 3D geometries (Kim et al, 2005) but
also for 2D axisymmetric geometries using an
unstructured finite volume method. The axisy-
mmetric control volume method of Murthy and
Mathur (1998) is employed in 2D axisymmetric
problem. In this work, a sequential iterative ap-
proach is adopted for solutions of the radiative
equatuions. The solver of the discretized equa-
tions is based on a Gauss-Seidel procedure.
Finally, the radiative energy loss term for a gray
absorbing, emitting, and scattering gas will be
obtained from the RTE and may be written as

Vearaa=x(7) [[I(r, ) =L(r)]d2  (7)

Calculating an idealized case is implemented for
the validation of accuracy in a geometry with a
varying temperature medium that somewhat re-
sembles the real furnace. This problem involves a
cylindrical enclosure of 6 m long and 2m in
diameter, with black walls at constant tempera-
ture (7w=>500K). The medium is absorbing,
emitting and non-scattering and has a uniform
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Fig. 2 The distributions of net local radiant heat

transfer along the lateral wall of the cylin-
drical enclosure for different absorption co-
efficients, k=0.1, 1 and 10 [1/m]

absorption coefficient #. The medium tempera-
ture field is assumed known (see Fig. 2) so that
the radiative finite-volume method can be de-
coupled from the energy equation and validated
independently. The computed results of the net
radiant heat transfer on the lateral wall are com-
pared to an exact solution with using different
absorption coefficients in Fig. 2. The prediction
is based on a structured grid with 8 control
volumes in the radial direction and 18 in the
axial direction with an angular discretization of
8 X8. As shown in Fig. 2, the matching order
has a little difference of our prediction from that
of Chui et al.(1993), but shows a good predicta-
bility.

3. Results and Discussion

As a preliminary validation case of oxy-fuel
flames, a high-momentum non-swirling oxy-nat-
ural gas flame fired in the IFRF furnace 2 is
chosen (Lallenmant et al., 2000). The internal
length of the furnace was 3740 mm, and the di-
mension of the nearly square cross section was
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1050 X 1050 mm. The chimney contraction diame-
ter was 500 mm. The whole furnace was lined
with refractory, giving a very hot flame. The
natural gas entered through a round pipe in the
center of the burner. The diameter of the fuel
inlet was 16 mm. The oxygen stream entered
through a 4 mm wide annulus. The separation
distance between the oxygen stream and the natu-
ral gas stream was 6 mm. The natural gas injec-
tion velocity was 105.4 m/s and that of the oxygen
stream was 109.7 m/s. The thermal input of this
oxy-fuel flame was 0.78 MW.

Within the OXYFLAM project (Lallemant et
al., 1997 ; 2003), the new development of measur-
ing instruments for studying oxy-fuel flames had
been undertaken extensively. Mean and fluctua-
ting axial velocity measurements were taken using
the standard IFRF water-cooled Laser Doppler
Velocimetry (LDV) probe. The 25 mm diameter
LDV probe and the focusing optics are enclosed
in a 63 mm outer diameter water-cooled jacket
which protects the equipment from the harsh
flame environment. The probe end is protected
from flame radiation by means of two water-
cooled quartz windows located in front of the
focusing lens.

A new instrument for measuring temperatures
up to approximately 2500 K was also developed
to overcome the limitation of existing measure-
ment techniques for temperature measurements
in excess of 2100 K in large scale combustion
systems. This instrument was named the High-
(HTS)
design and operating principle of HTS was bas-

Temperature Suction Pyrometer. The
ed on the classical suction pyrometer, except that
the gas is cooled before the temperature is mea-
sured by a thermocouple. In order to estimate the
temperature drop in HTS pyrometer, the CARS
(Coherent Anti-Stokes Raman Spectroscopy)
calibration at high temperatures was conducted
to enable the construction of calibration curves
extending the operation of the instrument up to
2400 K. The conventional gas sampling method
was used for detailed inflame determinations of
major species, Oz, CO,, UHC, CH4, H,;, CO and
NOx. Since concentrations of radicals (O, H and
OH) and intermediate species (H: and CO)
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amount to 20% of all the species in an oxy-fuel
combustion, Lallemant et al.(2003) had carried
out the thorough investigation into the accuracy
of gas composition measurement in oxy-fuel
flames and concluded that substantial measure-
ment error is likely to occur due to radical re-
combination in the probe.

Numerical approaches of this oxy—-natural gas
furnace had been attempted by Brink et al. (2000)
and Breussin et al.(2000). Just as same as done
by previous calculations, the axisymmetric de-
scription is used in our try for simplification of
modeling the furnace. The grid consisted of 21,
177 triangular cells, where the larger number of
cells is adapted to well capture the characteristics
of this jet-like flame with a large recirculating
zone.

In this study, the natural gas, which consists of
86% CH,, 5.4% C.Hs, 1.87% C3Hs, 0.58% C4HI10,
0.14% CsHiz, 4.01% Ns, 1.79% CO,, and 0.21% O-
(Brink et al., 2000), is simply assumed as a pure
CH,. The modified 2-& model is used for pre-
dicting the flow and mixing fields, in which the
model constants of Ce; was modified from the
standard value (1.44) to 1.48 to especially im-
prove the quality of mixing field. In this pre-
liminary calculation, a gas absorption coefficient
for the equation of radiative heat transfer is ob-
tained using the assumption of the optically thin
limit throughout the whole combustion chamber.
Four species H,O, CO,, CO, and CH,4 are taken
to participate in radiation and more detailed
information can be found in the web site of TNF
workshop. In the previous works (Brink et al.,
2000 ; Breussin et al., 2000), however, the con-
stant gas-absorption coefficient 0.3 m™ was used.
The wall emissivities of this oxy-fuel flame with
refractory liner is used just same as those of the
previous numerical work (Bollettini et al., 1997).
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The wall emissivity of furnace is set 0.6 and the
one of chimney 0.4.

Because the detailed thermal boundary condi-
tions were given in the references (Bollettini et al.,
1997), we use just the measured profile of tem-
perature on the furnace wall, which may be simi-
lar to the temperature of recirculating flue gas.
Through the present work, it is identified that
this wall-temperature boundary condition is
one of key factors for simulating the radiation
dominant oxy-fuel flame field.

In the previous work of Breussin et al.(2000),
the measured exit temperature of this oxy-fuel
furnace is 1958 K and the temperature within the
strong recirculating hot zone generated by the
high momentum jet is around at 1850-1900 K.
The predicted temperature of recirculation zone
is about 1800-1920 K and the predicted tempera-
ture of the exhaust gas, 1940 K is slightly lower
than the measured one. This implies that the
thermal boundary conditions used in this calcu-
lation are appropriate. The predicted tempera-
ture field is displayed in Fig. 3. The most volume
of chamber is filled with the hot flue gases having
a nearly stoichiometric mixture are highly cooled
down by the radiative and convective heat trans-
fer. There exists little gradient of temperature at
furnace wall and this tendencies are same as those
observed at experiment.

In Figure 4, the quantitative comparison with
measurement has been made for the profiles of
axial velocity, temperature, oxygen, carbon diox-
ide, hydrogen and carbon monoxide. At the up-
stream region (x=0.22m), the predicted profile
of axial velocity has a good conformity with the
measured one. However, at the downstream loca-
tions, the spreading rate of fuel jet is some un-
derestimated. This discrepancy may be attributed
mainly to the defect of the modified ~£-& model.
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Fig. 3 Predicted temperature field of a high-momentum oxy-natural gas jet flame
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In the predicted profiles of temperature, interes-
tingly, another reaction zone is found at the up-
stream reaction zone (x=0.22 m). In the certain
condition of the oxy-fuel flame field, this secon-
dary reaction possibly occurs through chemical
reaction between the recirculated hot-flue gases
and the fresh pure O, stream. However, this ex-
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perimental data obtained by the intrusive tech-
nique does not support the existence of this
additional reaction zones. To assess the charac-
teristics of the measured temperature distribu-
tion, Lallemant made the equilibrium calcula-
tions to estimate the gas temperature in the exter-
nal recirculation zone by using the measured
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H, concentrations. This estimated temperature
distribution based on the measured H, concentra-
tions indicates that there exists the secondary
As illustrated in IFRF document
(Lallemenat, 1997), the measured temperature

reaction zone.

after the CARS correction is quantitatively well
agreed with the temperatures deduced from the
H-equilibrium concentrations except the secon-
dary reaction zone structure. This result might
support the possible existence of the secondary
reaction zone. Just like the present result at the
upstream reaction zone (x=0.22 m), the curve of
the calculated equilibrium temperature indicates
another higher temperature region at near to fresh
O, stream, which is not seen in the corrected
temperature curve. To clarify this issue, the more
systematic experimental and numerical research
should be needed. At downstream locations (x=
0.82m and 1.42m), the temperatures are over-
estimated especially for the central region while
those of flue gases are predicted relatively well at
all radial positions. These deviated profiles of the
predicted temperatures are mainly caused by the
defect of the modified 4-& model. Moreover the
optically thin assumption of absorption coeffi-
cient for raditive species is seemed to be another
important reason, which has been known to have
some errors in high-temperature ranges (TNF
web site) .

In terms of the O, mole fraction, the predicted
profile well captures the measured one at all loca-
tions. It is also clearly indicated that, at down-
stream regions, there exist little concentrations of
O, and the main reaction of oxy-fuel is nearly
terminated. However, especially at the down-
stream regions (x=0.82m and 1.42m), the CO,
mole fractions are considerably under-predicted
due to the existence of thermally dissociated CO
concentration in the high temperature condition.
Evidently, the under-predictions of CO; concen-
tration are closely tied with the over-prediction
of temperature at these locations. Despite of the
limited experimental data, the reactive intermedi-
ate species, H, and CO, at four locations are
compared to predicted results, respectively also in
Fig. 4. Same as the above statement, at the down-
stream (x=1.42m) the under-predictions of CO,
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can be explained by the over-predicted results of
CO in Fig. 4. The predicted and measured results
of H; are close to each other at all locations.
From Figure 4, though there exists the discrep-
ancy of temperature, at x =0.22 the results of O,
CO,, H;, and CO are well predicted to match
measurements. However at downstream (especial-
ly at x=1.42m) it seems that the over—predicted
temperature causes to enforce the thermal dis-
sociation of CO; to CO but the other species, O,
and Hj, are less sensitive to this high tempera-
ture. This may mean that at this well-mixed state,
nearly close to the stoichiometric mixture, the
dissociation processes of CO are more important
rather than Ho,.

4. Conclusions

The non-adiabatic flamelet approach has been
applied to predict the combustion characteristics
of the oxy-fuel flame. Based on numerical results,
the following conclusions can be drawn.

(1) Numerical results indicate that the present
approach has the capability to correctly capture
the essential features and precise structure of the
oxy flames. With the more realistic gas property
for radiation, the well-defined thermal boundary
conditions and the improved turbulence model,
the predicative capability of the non-adiabatic
presumed PDF approach could be further im-
proved.

(2) In the predicted profiles of temperature,
another reaction zone is found at the upstream
reaction zone (x=0.22 m). To clarify this issue,
the more systematic experimental and numerical
research should be needed.

(3) These deviated profiles of the over—pre-
dicted temperature are mainly caused by the de-
fect of the optically thin assumption for radia-
tive species, which may be very inaccurate at very
high temperature.

(4) In terms of the O, mole fraction, the pre-
dicted profiles well capture the measured one at
all locations. However, especially at the down-
stream region (x=1.42m), the CO; mole frac-
tion is considerably under-predicted due to the
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increase of thermally dissociated CO concentra-
tion in the overestimated flame temperature.
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