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Abstract

In this study, The IFRF methane-oxygen combustion furnace is used to investigate the effect of the radiation model, the method of
evaluated absorption and emission coefficients and the different chemical mechanisms. The simulations are performed with
OpenFOAM open source software by using of PaSR (partially stirred reactor) combustion model. The numerical investigations
are carried out without radiative heat transfer and with the modeling of the radiation source term using the P1 (spherical harmonic
radiation model) and DO (discrete ordinate) models. To evaluate the absorption and emission coefficients used from the constant
coefficients, the grey mean gases model in terms of temperature polynomial, the WSGGM (weighted sum of grey gases model)
and refined WSGGM models. The investigation of the global mechanism effect on the temperature distribution in the oxy-fuel
combustion is performed by the modified 2-step Westbrook-Dryer mechanism by Yin and modified 4-step Jones-Lindstedt
mechanisms by Yin and Andersen. The results indicate that the lack of consideration of radiation heat transfer in the oxy-fuel
combustion leads to a large error in the prediction of the maximum and average temperature distributions inside the furnace. Also,
the DO model has less error than P1 model due to more heat loss prediction by P1 model in the low optical thickness. The
WSGGM model for calculating of absorption and emission coefficients provide the best result in comparison with other methods.

The refined 4-step Jones-Lindstedt mechanism by Andersen has best prediction of on the basis of numerical simulations.

Abbreviations

CCS Carbon capture and storage

CFD Computational fluid dynamic

DO Discrete ordinate

IFRF International Flame Research Foundation

JL Jones-Lindstedt

NG Natural gas

P1 Harmonic radiative heat transfer model

PaSR Partially stirred reactor

PDE Partially differential equation

PISO Pressure-implicit with splitting of operators

RTE Radiative transfer equation

SIMPLE  Semi-implicit method for pressure-linked
equations

WD Westbrook-Dryer

WSGGM  Weighted sum of grey gases model
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1 Introduction

Combustion systems using fossil fuels are the main source of
energy in industrial systems. The important issues associated
with these systems are increased efficiency, reduced pollution
and greenhouse emissions [1]. Oxy-fuel combustion has been
proposed as one of the new ways to increase the efficiency of
combustion systems while reducing emissions of environmen-
tal pollutants in recent years [2]. The pure oxygen is used as
the oxidizer in oxy-fuel combustion. This makes the combus-
tion products different from the air-fired combustion condi-
tions. Combustion products mainly consist of CO, and H,O
due to the use of pure oxygen in oxy-fuel combustion. Thus,
carbon dioxide is separated from water vapor using the con-
densation process, and it is possible to the carbon capture and
storage (CCS) of CO, which is the main source of greenhouse
gases [3, 4].

In the oxy-fuel combustion, the temperature is much higher
than the air-fuel combustion due to the replacement of N, with
0O,. The increase in the temperature leads to more radical
production, which is not predicted by reduced and global ki-
netics and can lead to errors in the calculation of temperature
and species distributions [5, 6]. Regarding this issue, various
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studies have been done to improve the global chemical kinet-
ics in order to use in oxy-fuel combustion. The 3-step and 6-
step kinetics (modified two step Westbrook-Dryer (WD) [7]
and four step Jones-Lindstedt (JL) [8] kinetics) was first pro-
posed by Andersen et al. [9] for use in oxy-fuel combustion. In
this kinetics, the coefficients and reactions are modified to be
capable of being used in the combustion with different oxygen
concentrations. The results obtained from this kinetics were
compared with the experimental data using a counter flow
diffusion flame solver. The conformance and acceptable accu-
racy of refined kinetics were observed in a wide range of
oxygen concentrations with experimental data. Yin et al.
[10] modified the 2-step WD and 4-step JL chemical kinetics
for use in methane-oxygen combustion. In this study, one and
two step reactions were added to WD and JL kinetics, respec-
tively. Also, Yin et al. [10] corrected the reaction coefficients
to use of them in the oxy-fuel combustion. Modified chemical
kinetics showed a much better accuracy than the initial kinet-
ics (the distribution of carbon monoxide in the furnace by
using modified kinetics is about 50% more accurate than the
original kinetics).

In the oxy-fuel combustion to reduce the maximum and
average temperature in order to increase its applications in
various industries, the mixing of oxygen with combustion
products, especially CO, and H,O is used. Lei et al. [11]
carried out the computational fluid dynamics (CFD) simula-
tions of a swirling diffusion flame under air-fired and oxy-fuel
conditions. This study was conducted with O,/CO, mixture as
oxidizer. The eddy dissipation and eddy dissipation concept
models has been used with quasi-global and global kinetic
mechanisms in this study. Results show that reasonable CO
predictions can only be obtained using a finite-rate approach
with appropriate mechanisms considering the CO, chemical
effects. The WD 2-step mechanism consistently underesti-
mates the CO concentrations. In contrast, the multiple-step
mechanism captures the chemical effects of CO,, and im-
proves the predictions.

Another important aspect is the modeling of radiative heat
transfer in reactive flow simulations. Radiative heat transfer is
very important due to the high temperature of combustion
gases. Furthermore, the carbon dioxide and water vapor have
the major contribution to radiation heat transfer in combustion
process because these species have high absorption and emis-
sion coefficients [12, 13]. Oxy-fuel combustion strongly pro-
motes radiative heat transfer, as a result of the much higher
levels of CO,, H,O. There are two important matter for the
correct prediction of radiation heat transfer: radiation model
and the calculation of absorption and emission coefficients.
Yinetal. [10, 14, 15] modified the weighted sum of grey gases
model (WSGGM) presented by Smith [16] to calculate the
absorption and emission coefficients in oxy-fuel combustion.
The modified model was used to simulate a 1 MW laboratory
furnace and a 609 MW utility boiler. The results show that the
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modified WSGGM model is not significantly different from
that of the WSGGM model in the laboratory furnace, while it
shows a significant difference in the utility boiler. The results
of modified WSGGM model has significant improvement in
the result of actual boiler. The non-grey gases radiation effect
and comparison of it with grey gases method in oxy-fuel com-
bustion done by Wheaton et al. [17]. All simulation conditions
are considered similar in this investigation. There was a very
small difference in the prediction of temperature and species
distributions by using two models, while simulation time is
assumed to be higher by assumption of non-grey gases. The
experimental study of radiation characteristics on the combus-
tion with O, /CO, mixture (oxy-fuel combustion) and air done
by Andersen et al. [18]. The experiments were carried out in a
test furnace with real flue gas recycle for creation of O,/CO,
combustion. The obtained results from the radiation charac-
teristics and temperature profiles showed the emissivity of hot
combustion products for the oxy-fuel combustion differ from
air-fired combustion. The total emissivity and the gas emis-
sivity were very different for the O, and CO, volume fraction
equal to 27 and 73%, respectively with the air-fired
environment.

According to the mentioned contents, the chemical mech-
anism and the radiative heat transfer characteristics are differ-
ent in the oxy-fuel combustion in comparison with air-fired
combustion. The chemical mechanism affects on the reaction
rates, species production and consumption. The different com-
bustion models can exhibit various behaviors in the prediction
of temperature and species distributions with different chem-
ical kinetics. Furthermore, different species distributions (es-
pecially CO, and H,O concentrations) affect the radiation heat
transfer calculations. Therefore, the effect of the different
chemical mechanisms and radiative heat transfer characteris-
tics is examined by using of PaSR combustion model to sim-
ulate oxy-fuel combustion in the present study (this model
was not used for the turbulence-combustion interaction
modelling in other studies [10, 14, and 15]). The effect of
the applying radiation (not investigated in other studies), radi-
ation model, and the method of calculating the absorption and
emission coefficients are taken into consideration for the radi-
ation heat transfer effect on the oxy-fuel combustion simula-
tion. Also, 2-step and 4-step global kinetics developed for the
oxy-methane combustion are investigated with PaSR combus-
tion model.

2 Computational details
2.1 Furnace configuration
The oxy-fuel combustion furnace has 0.88 MW thermal pow-

er and the burners are high velocity. The furnace is developed
and tested in the OXYFLAM2 project at the IFRF [19, 20].
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Fig. 1 IFRF furnace geometry
and dimensions (in mm)

Flow Direction,

/

The configuration of the IFRF furnace and its dimensions are
shown in Fig. 1. According to Fig. 1, the length of the furnace
is 3440 mm, which has a square cross section with dimensions
of 1050 mm. At the end of the furnace, a chimney with
740 mm length and 500 mm diameter is considered for the
exhaust of combustion products. The burners include two dif-
ferent inputs. The central portion of the burner has 16 mm
diameter where the natural gas (NG) is flowing. Also, an an-
nular section with internal diameter of 28 mm and outer di-
ameter of 36 mm is considered for oxidizer inlet. The length of
the fuel and oxidizer inlet pipes is 258 mm.

The quarter of the geometry considered in this study due to
geometrical and physical symmetries (which can be seen with
great approximation in the results of experimental data [20]),
and in order to reduce the volume of numerical computation
costs.

2.2 Governing conditions on the furnace

Natural gas and oxygen are used as fuel and oxidizer respec-
tively in the furnace. The analysis of the NG shows that the
fuel composition is assumed to be in accordance with Table 1
[20, 21]. NG contains various percentages of hydrocarbons in
which the major part is methane (86% of the total 94% of the
hydrocarbons in the NG). Also, 6% of the NG is N,, CO, and
O,. Hence, the share of other high carbon hydrocarbons which

is about 8%, is dedicated to methane. Since oxygen accounts
for more than 99.5% of the oxidizer (Table 2), pure oxygen is
used as oxidizer [15, 16].

Different boundary conditions governing the fuel and oxi-
dizer inlets including mass flow rates, velocity, temperature
and pressure, are presented in Table 3. The pressure 30 (Pa)
was generated to prevent air leakage into the furnace which is
also considered in numerical simulation. Other boundary con-
ditions are shown in Fig. 2. The numerical domain has two
symmetry planes that gradient of all quantities are zero in
these planes. The temperature profile of the upper and side
walls are according to the experimental data given in refer-
ences [20, 21], has been applied deduced using Eq. 1. In the
Eq. 1, zrepresents the axial distance from the beginning of the
furnace in meters.

T(z) = 1700598 + 212-5872z-46-669297" [K] (1)

For the primary and end walls of the furnace, which are in
the vicinity of fuel and air entry nozzles and chimneys respec-
tively, the boundary condition of the insulation wall is used in
accordance with experimental conditions. The wall emissivi-
ties are used from Bollettini et al. [21]. The constant pressure
boundary condition is considered for the outlet of the furnace.
It should be noted that the flow boundary condition for all
walls is considered as no slip condition.

Table 1 Mole fraction of

different species of fuel and its Species CH,4
properties NG volume fraction 86
Molecular weight fuel

kg/kmol 18.661

C,Hg
5.4 1.87 0.58 0.14 1.79 4.01 0.21
Density in standard pressure and temperature
kg/m® 0.8325

C3Hg C4Hyo CsHj, CO, N, O,
Lower heating value of fuel

Ml/kg 44.454
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Table 2 Mole fraction of

different species in oxidizer Species

Oxidizer volume fraction

N, H,O CO,
ppm< 100

CoHpy

ppm< 10 ppm<5 ppm <20

2.3 Numerical procedure

Numerical simulations have been done by OpenFOAM® soft-
ware. The ReactingFOAM transient combustion solver has
been used to perform simulations The PaSR combustion mod-
el of this solver has been used to model the turbulence and
chemical reactions interactions. The effect of chemical reac-
tions and flow turbulence are considered in the PaSR model in
order to calculate the reaction rates. The P1 and DO models
have been used to investigate the effect of radiation heat trans-
fer modeling. In the small optical thickness (less than 1 mm)
the DO model is more accurate than P1 model but the simu-
lation speed of the P1 model is much faster than DO model
[13]. The absorption and emission coefficients are calculated
using the four different models: the WSGGM model, the mod-
ified WSGGM model by Yin [14] that was added to the solver,
the Grey Mean model, and the use of constant coefficients for
calculating the absorption and emission coefficients. The sim-
ulations showed the k-¢ standard turbulence model with the
modified coefficient C;, had the closest agreement with the
experimental data due to the circular nozzles of air and fuel
inlets. Therefore, the C,. coefficient has been changed from
1.44 to 1.6 [22]. The effects of modified 2-step WD and 4-step
JL mechanisms (modified JL mechanism by Andersen and
Yin) have been investigated on the temperature distributions.

The PIMPLE algorithm employed to resolve the coupling
of the pressure and velocity. A combination of PISO and
SIMPLE algorithms used in this algorithm. The discretization
of convection terms performed by second order upwind
scheme for the continuity, momentum, and energy equations.
The convergence criteria for numerical simulations included:
residuals to less than 107° for all equations in each time step
and temperature changes to less than 0.1 K in the time period
0f 0.05 s in the outlet of furnace.

Table3  Governing condition on the fuel and oxidizer inlets in oxy-fuel
simulation
Flow type * Variable * Variable value
Oxidizer flow * Mass flow rate *224.5 kg/h

* Velocity * 118.53 m/s

» Temperature *2098.15 K

¢ Pressure *101,369.2 Pa
Fuel flow * Mass flow rate * 63 kg/h

* Velocity * 114.19 m/s

» Temperature *298.15 K

* Pressure *101,369.2 Pa
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3 Governing equations

The governing equations of the problem consist of the mass
conservation equation, the momentum conservation equa-
tions, the energy conservation equation, and the species con-
servation equations wich are presented in several reference
such as [23]. The chemical mechanism and radiative heat
transfer modelling have been considered in connection with
combustion model in the present study. In the follwing, the
combustion and radiative heat transfer models are explained.

3.1 Combustion modelling

In the averaged equations, it is necessary to model the mean
mass reaction rate of species k, wr. Different models have
been proposed for this purpose. In this study, PaSR combus-
tion model was used. In this model, the effect of both mixing
parameters and chemical kinetics in the combustion process is
considered. In the PaSR combustion modeling, each compu-
tational cell is divided into two uniformly reactive and non-
reactive parts [24, 25].

In addition, the reaction zone acts as a homogeneous
mixing reactor (given each species is completely mixed with
other species). Based on this, every oscillation can be ignored
in chemical source terms calculation [25]. In this method,
chemistry effects, large-scale separation, and the effects of
micro-mixing is considered, and only the effects of non-
uniformity of molecular mixing in the reaction zone is disre-
gard [24]. The average reaction rate for k-th species in the
species equation is obtained from Eq. (3).

.0 '
S == )
% T
_ _ 3
T+ Tmix ( )

Where T and 7, represent reaction time and micro mixing
(eddy break-up) time [24]. In these equations, c° is the average
concentration at inlet of the cell that may be the initial average
concentration of each cell. ¢ is concentration in the reaction
zone in the fine structures which is unknown, and ¢! is average
concentration of the output from the reaction zone which is
equal to the average concentration of total cells. It is calculated
as the Eq. (4) in which k™ is mass fraction of reaction mixture
[25].

¢l =«'c+ (1) (4)
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Fig. 2 Boundary condition on the
oxy-fuel furnace

Side Wall

Outlet

Symmetry Planes

If the total time is much larger than the turbulence mixing
time (T Tpiy), it can be concluded that x* =1 . In this case,
the whole reactor will have reaction. By knowing k", the un-
known parameter ¢ eliminates and one can obtain ¢'. In gen-
eral, the choice of 7,,;, depends on many things, including the
flow and the used chemical mechanisms. In the used solver,
the following Eq. (5) has been used to calculate the 7.
Tmix = Cmix @ (5)

pe

Table 4 Different chemical mechanisms used in the present study

/
Oxygen Inlet /

Fuel Inlet

Where . is effective viscosity and C,,ix is a constant
coefficient which can have a value of about 0.001-0.3,
depending on the flow. The C,,;x parameter is chosen
based on Reynolds number of fuel and oxidizer flow
(with increasing of Reynolds number, smaller C,,; use
in simulations). In this study, C;x=0.01 was used due
to high Reynolds number of inlet flows [25]. To calculate
the overall reaction time according to the species that
have smaller concentrations averaged (limiting species),
the relationship (6) is used [26].

Reaction No. Reaction Reaction order A b E
Modified Westbrrok-Dryer Mechanism [10]
1 CH, + 150, — CO + 2H,0 ‘”‘[}74] = AT e EIRT[CH, " 7[0,] 5.03x 10" 0 2.0x10°
2 CO+0.50, — CO, 4Ol — AT EIRT[CO)[0,)" P [H,0) 224 10° 0 4.18x 107
3 CO, — CO+0.50, O] — ATV EIRT[CO)[05) P [H,0] 3 1.10x 10" -0.97 3.28x 10°
Modified Jones-Lindstedt Mechanism (Andersen) [9]
1 CHj;+0.50, — CO +2H, ] _ AP EIRT[CH,) 2 [0, 44x10" 126 % 10°
2 CH;+H,0 — CO+3H, dCHL] _ ATbe EIRT(CH,) [H,0) 3.0%10° 126 10°
3 H, +0.50, — H,0 dIL] _ ATYe EIRT [1,]%[0,)" 5.69%10' -1 126 % 10°
4 H,0 — H, +0.50, IOl _ AT EIRT 1,02 [0,] [H,0) 52x10" -0.877 4.1%x10°
5 CO+H,0 & CO,+H, 40l _ AT E/RT[CO) [H, O 275 % 10° 0 8.4x 107
Modified Jones-Lindstedt Mechanism (Yin) [10]
1 CH, +0.50, — CO + 2H, L] — ATbe EIRT[CH,)"?(0,)' 44x 10" 0 1.26 % 10°
2 CH, +H,0 — CO +3H, L] — ATbe EIRT[CH,) [H0) 3.0x10° 0 126 % 10°
3 H, +0.50, < H,0 "[ff;] = AT e E/RT[[,][0,]*° 5.69x 10" 0 1.465 % 10°
4 CO +H,0 < CO, +H, 4Ol — AT e EIRT[CO) [H, O 275 10° 0 836x 107
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Fig.3 a Cross-sections of furnace a
in order presentation of the re- 9 ) Q
sults, b Considered plane in order oS o -
to presented contours (ﬂ) [ﬂ) [ﬂ]
1 1 T T T T T I I I | 1 1 1 U T 1 | 1
0 2 3 4
Z (m)
b
1 _;F ' _;o based on orthogonal spherical harmonics. This method is from
ue . . . .
P max fafz (6) PN approximation family method for RTE calculation and
P P suitable only for isotropic environments in terms of radiation

3.2 Radiative heat transfer modelling

Radiative heat transfer is an important heat transfer mecha-
nism due to high gas temperature. Therfore, radiative heat
transfer calculation of high temperature combustion product
is essential in the furnaces and boilers. The source term of
radiative heat transfer should be modeled in the numerical
simulations.

The many methods exist for the modelling of radiative heat
transfer from high temperature gas. These models have differ-
ent precision and run time. More precise methods require a
smaller computational grid and division of the numerical do-
main into several sections. The choice of method should be
based on the type of combustion conditions with more preci-
sion and fewer numerical simulations time. The P1 and DO
radiative heat transfer models has been paid more attention in
the recent years. These methods are tools for converting the
RTE into a set of PDE equations. The basic idea in the P1
model is that the intensity in a participating medium can be
represented as a rapidly converging series whose terms are

Fig. 4 Effect of considering
radiation on the numerical
simulation results
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intensity. For other environments, it requires the use of higher
order precision methods with very high mathematical com-
plexity [13].

DO model is based on discrete the directional variations of
radiation intensity. In this method, the solution of RTE is ob-
tained by solving the transfer equation for a set of discrete
directions, which includes the full range of solid angles (equal
to 47t). DO model solve the RTE equations proportional to the
number of discrete directions. This model is one of the most
accurate methods for solving the RTE. DO model can predict
the temperature distribution in wider range of optical thick-
ness unlike P1 method. In addition to, the non grey assump-
tion for the calculation of emission and absorption model is
provided only in DO model. However, time cost of DO model
is more than P1 radiative heat transfer model [13].

3.3 Chemical mechanism

Chemical mechanism has the special role in the accuracy and
run time of combustion simulations. The global kinetics with
suitable coefficient can lead to correct prediction of tempera-
ture distribution in the burners and furnaces. These chemical

With Radiation

Without Radiation

400 800 1200 1600 1800 2000 2200 2400 2600 2900




Heat Mass Transfer (2019) 55:2025-2036

2031

mechanisms have very little simulation time in comparison
with detailed and skeletal mechanisms such as GRI or
DRM. The modified WD, modifid JL (by Andersen), and
the modified JL (by Yin) chemical mechanisms are used in
the present study, as indicated in the Table 4. Difference in
these mechanism is in the number of species, and reactions
and the coefficient of reaction used in the Arenihus equation
for calculation of the reaction rates.

4 Results and discussion

The results of simulations are presented in this section. In
order to investigation the grid independency of the results,
the numerical grids with 570,000, 1,100,000 and 2,200,000
cells are used. The obtained results show that using of
1,100,000 cells lead to the independence of the results from
the numerical grid.

The results of simulations are expressed as curves on cer-
tain axial distances and in the form of contours on the sym-
metry plane. The profiles are at 22, 82 and 142 cm from the

a 3000

° Experimental [21]
------ With Radiation (JL)
Without Radiation (JL)

2500 4

2000 -
a0 ® 008 -0 -0--0--0-0_-900
C ad

3000

1500 A
2500

2000

Temperature (K)

1000

1500
1000

[
500 A 500

0 0.1 0.2 0.3 0.4 0.5 0.6

c 3000

beginning of the furnace on the symmetry plane are shown in
Fig. 3a. The contours are in a plane that is shown in Fig. 3b.

4.1 Effect of the radiative heat transfer model

The effect of applying radiation on the temperature distribu-
tion inside the furnace is shown in Fig. 4 (the DO radiation
model and WSGGM model used in these figures). Due to the
reduction of the cross-section area at the end of furnace, there
is an intense recirculation of combustion products. This recir-
culation causes that the high temperature combustion products
(extensively included H,O and CO, (to be released through-
out the furnace and the temperature of furnace increase away
from the flame formation regions. This raises the importance
of considering radiative heat transfer according to Fig. 4
throughout of furnace.

The effect of radiation exposure on the temperature distri-
bution for modified JL mechanisms is investigated in Fig. S5a
to c. The results were compared with the experimental data.
Considering the radiation led to reduction of the average tem-
perature by 350 K which indicates the importance of radiation
in the oxy-fuel combustion. Another important issue in

b 2800
° .
2600 - Experimental
---- With Radiation (JL)
24001 — Without Radiation (JL)

2200 +

2000 A

1800 A

Temperature (K)

1600 A

1400 A

1200 1

1000

0 0.1 0.2 0.3 0.4 0.5 0.6
y(m)

2800 A

2600 T~
2400 A N

[
2200 A

2000 A -®

Temperature(K)
[ ]

1800 A

1600

1400 A

1200

%0 _o__o_ ______

° Experimental

With Radiation (JL)

——— Without Radiation (JL)

0 0.1 0.2

0.3 0.4 0.5 0.6
y(m)

Fig. 5 Effect of applying radiation on the temperature distribution: a 22 cm distance from inlet furnace; b 82 cm distance from inlet furnace; ¢ 142 cm

distance from inlet furnace
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examining the variation of maximum temperature with radia-
tion exposure that the radiation reduces the maximum temper-
ature about 500 K. The effect of radiation in this situation is
not only due to the high temperature of the combustion gases
in the oxy-fuel combustion, but also because of the main com-
bustion products H,O and CO, which have much higher ab-
sorption and emission coefficients than nitrogen. This makes
radiation heat transfer mechanism as an important part in the
oxy-fuel combustion.

In this study, the two models of radiation P1 and DO
using the grey gases model were used to modelling of the
radiative heat transfer. The results of simulations are
shown in Fig. 6a to c. According to the results, there is
a slight difference between DO and P1 radiation model
results in the calculation of temperature. The middle size
of furnace leads to thin optical thickness in which that P1
and DO models don’t have much difference. The DO
model shown the better accuracy of the results (average
of about 2%) in the different cross-sections. This issue is
one of the challenges in P1 model due to the overpredic-
tion of radiation heat loss.

4.2 Effect of the evaluated of radiation coefficients
model

Oxy-fuel combustion products contain H,O and CO, which
have different radiation properties than N,. CO, and H,O have
emission and absorption coefficients which changed with tem-
perature and wavelength significantly. Therefore, the choice
of radiation coefficient calculation method can provide ac-
ceptable accuracy with appropriate time cost. Four method
with different run time and accuracy for absorption and emis-
sion calculation were used in the present study. These methods
include constant coefficients, grey mean, WSGGM, and mod-
ified WSGGM. In the constant coefficients method, the ab-
sorption and emission coefficients of species are used at
1800 K which is the average temperature in the [FRF furnace.
In the grey mean method, the sixth order polynomial for each
combustion species is used to calculate the absorption and
emission coefficients. The WSGGM and modified WSGGM
methods are based on the Smith [16] and Yin [15] studies. The
WSGGM method uses the weighted sum of emission and
absorption coefficients and these coefficients which are

a 3000 - b 0
® Experimental [21] ° Experimental [21]
2600 A
2500 DO
24004 A _____. P1
g 2000 o 2200
£ 2 2000
g 1500 g 0.-0'0000_0_000000
S g 1804 7T TTTTTTeeS
£ £
= 1000 = 1600 -
< 1400 A
500
1200 A
0 T T T T T 1000 T T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 03 0.4 0.5 0.6
y (m) y(m)
C 2300
. Experimental [21
2600 P (1
2400 A
2200 -
S5
£ 2000 4
g
é 1800
o
1600 -
1400 1
1200 A
1000 r r r r r
0 0.1 0.2 0.3 0.4 0.5 0.6
y(m)

Fig. 6 Effect of radiation heat transfer model on the temperature: a 22 cm distance from inlet furnace; b 82 cm distance from inlet furnace; ¢ 142 cm

distance from inlet furnace
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Fig. 7 Effect of radiation coefficient on the temperature at different sections of furnace: a 22 cm distance from inlet furnace; b 82 cm distance from inlet

furnace; ¢ 142 cm distance from inlet furnace

constant at the different wavelength. The modified WSGGM
model uses wavelength dependent coefficients for the calcu-
lation of radiative coefficients.

Temperature variations in the furnace for different methods
of calculating radiation coefficients using the DO model and
modified JL kinetics are shown in Fig. 7. The results show that
the method of constant coefficients has a significant difference
compared to other methods. This difference is evident in high
temperature regions since that constant coefficients taking into
account at 1800 K. The comparison between the WSGGM,
grey mean and modified WSGGM methods also show that the
results obtained from these methods have little difference.
This result is accordance with the results from reference [10]
for WGGGM and modified WSGGM methods. The modified
WSGGM method offers less error than WSGGM and grey
mean models due to the use of wavelength dependent coeffi-
cients for the calculation of emission and absorption
coefficients.

4.3 Effect of chemical mechanism

The temperature distribution for different kinetics is shown in
Fig. 8a to c. The correction of the reaction rate coefficients and

the consideration of one additional reaction in the modified 2-
step WD mechanism. However, modified 2-step WD mecha-
nism still predicts the maximum temperature more than the
experimental data in all sections significantly (2-step kinetics
relative to the 4-step kinetics at the site of the flame formation
predicts considerably more temperature values). The H, spe-
cies doesn’t exist in the 2-step modified WD mechanism.
Therefore, this kinetic can’t include the dissociation reaction
of H,O to H, which is an endothermic reaction which cause
the reduction of the maximum flame temperature. In addition
to, at high temperature condition, consumption of CO, into
CO may start by atomic hydrogen. As mentioned, H, does not
exist in the modified 2-step WD mechanism; Hence, reaction
rate of CO, to CO reduced and lead to the high temperature
prediction in numerical simulations.

The predicted temperature for modified 2-step mechanism
at 82 and 142 cm show a larger error than the 22 cm cross-
section, due to the flame spreading along the furnace. In fact,
in the flame formation region (high temperature region of the
furnace), dissociation reactions are very important in
predicting the temperature. Hence, 4-step kinetics results are
better than the 2-step kinetics in the high temperature region. It
should also be noted that in Fig. 8a, the difference between
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Fig. 8 Effect of different reduced chemical kinetics on the temperature distribution: a 22 cm distance from inlet furnace; b 82 cm distance from inlet
furnace; ¢ 142 c¢m distance from inlet furnace

chemical kinetics in the prediction of temperature for the mid-  of maximum temperature in the modified 2-step mechanism
dle section of furnace; according to this figure, the prediction  has high error.

c .
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Fig. 9 Temperature contours with different chemical kinetics: a modified 4-step Andersen kinetic; b modified 4-step Yin kinetic; ¢ modified 2-step WD
kinetic
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In Fig. 9a to c, two different modified 4-step kinetics are
also studied. According to the obtained results at different
sections, the Andersen kinetic results show better results than
Yin kinetics at different intervals, contrary to the results ob-
tained in reference [10]. In this reference, the EDC combus-
tion model was used to simulate the IFRF furnace. The con-
clusion of this study have indicated that the modified kinetics
by them has better results than Andersen’s kinetics, which in
the present study show the opposite.

Figure 9a to ¢ show the comparison between the tempera-
ture distribution of the three kinetics. The maximum temper-
ature in the 2-step Yin kinetics is more than 3400 K, which is
much higher than the maximum predicted by the 4-step kinet-
ics. The difference is related to the dissociation reactions. In
addition to, the maximum temperature predicted with modi-
fied 4-step Yin kinetic is over 2900 K, which is approximately
equivalent to the adiabatic flame temperature predicted with
equilibrium calculations by the GRI-Mech 3.0 mechanism
[10]. The maximum temperature obtained by 4-step
Andersen kinetic is more than 2600 K. The maximum flame
temperature should be less than the adiabatic flame tempera-
ture due to existence of non-equilibrium conditions and irre-
versibility in real situations, which is discussed only in mod-
ified 4-step Andersen kinetic.

5 Conclusion

In this study, the effect of radiation exposure, radiation model,
calculation method of the adsorption and emission coefficients
as well as effect of the chemical mechanism were studied. The
results indicated the importance of radiative heat transfer in
oxy-fuel combustion, which has a significant impact on the
distribution of temperature. Due to the high temperature of the
gases, the P1 model predicts the amount of radiation loss to be
slightly more than the experiments. The use of the modified
WSGGM, WSGGM and grey mean models to calculate the
absorption and emission coefficients of oxy-fuel combustion
lead to an acceptable prediction of the temperature than the
other models. Modified 2-step WD and 4-step JL mechanisms
with correction of reaction order, activation energy and pre-
exponent factors were compared for investigation of chemical
mechanism effects. Different 4-step chemical mechanisms
used do not have significant effect on the temperature distri-
bution. 4-step chemical mechanism have lower maximum
temperature and more precision than modified 2-step WD
mechanism due to consideration of dissociation reactions (dis-
sociation of H,O to H, and dissociation of CO, to CO due to
existence of atomic hydrogen).

Publisher’s Note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.
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