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1. Flameless Combustion
2. Oxygen-enhanced Combustion
3. Oxy-Fuel Combustion
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1. Air-fuel Combustion
2. Self-recuperative Furnace
3. Damkdhler Number
4. Jet-in-hot-coflow Burner
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1. Adelaide University
2. Detailed Chemical Mechanism
3. Well Stirred Reactor
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1. Delft-jet-in-hot-coflow Burner

2. Flameless Furnace of Lisbon University
3. Direct Numerical Simulation (DNS)

4. Eddy Dissipation Concept

5. Partially Stirred Reactor
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1. Kolmogorov Scale
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Figure 1- Furnace geometry and dimensions
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Figure 2- Flameless furnace boundary condition
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Table 1- The coefficients of non-gray gas radiation conditions

Amount of CO, Wave Length (um)
Injection (%) 0.0-2.5 | 2.5-3.0 | 3.0-4.0 | 4.0-5.0 | 5.0-9.0 | 9.0-20
25 0 0.75 0 0.78 0 0.72
50 0 0.79 0 0.82 0 0.75
75 0 0.82 0 0.85 0 0.78
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Figure 3- Streamlines into the furnace and different axial distances for validation of solver and combustion model results
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Figure 4- Variations of temperature and oxygen dry volume fraction for the eddy dissipation concept models in 90, 150 and 210mm
axial distances
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Figure 5- Variations of carbon dioxide dry volume fraction for eddy dissipation concept models in 90, 150 and 210mm axial distances
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Figure 6- Well stirred reactor
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Figure 7- Temperature and carbon dioxide variation as a function of equivalence ratio
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Figure 8- Laminar flame speed variations with equivalence ratio in injection condition of 40 and 70 percente of carbon dioxide
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Table 2- Reactions related to the kinetic analysis

Reaction No. Reaction Reaction No. Reaction

R5 H+0,—~0+0H R6 H+OH+M«H,0+M
R17 O+H02<—>02+OH R18 OH+H02<—>02+H20
R24 OH+CO-H+CO, R53 02+CH,—~0H+HCO
R58 02+CH-0+HCO R68 0,+CH3-0H+CH,0
R69 0+CH3—H+CH,0 R79 HO2+CH302+-02+CH302H
R74 OH+CH3<—>H20+CH2 R105 02+CH20H<—>H02+CH20
R122 0+CH,0—~0H+HCO R123 H+CH,0—H,+HCO
R124 OH+CH,0+H,0+HCO R130 HCO+M—H+CO+M
R131 0,+HCO—HO,+CO R216 CH4+CH«—H+C2H4
R254 02+C,H—~CO+HCO R814 02+C2H—~0+HCCO
R832 0+OH+M—HO+M R986 0+CH,0-2H+CO;
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Figure 7- Contour of formaldehyde radical changes under flameless air-fuel, oxygen enrich and oxy-fuel combustion condition
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Figure 11- Chemical and physical effects of CO; injection on the ignition delay time and sensitivity analysis for calculation of
importance reactions on the ignition delay time calculations
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R2460 C2H+0—CH*+CO 6.023x10% 0.0 457
R2461 C2H+02-CH*+C02 6.023x10™ 44 -2285.1
R2462 CH&CH* 1.85x10° 0.0 0.0
R2463 CH*+H20-CH+H20 5.3x10% 0.0 0.0
R2464 CH*+C0O2~CH+CO2 2.41x10 43 -1694
R2465 CH*+CO—CH+CO 2.44x10" 05 0.0
R2466 CH*+H2—~CH+H2 1.47x10* 0.0 1361
R2467 CH*+02-CH+02 2.48x10° 214 -1720
R2468 CH*+N2-CH+N2 3.03x10? 34 -381
R2469 CH*+CH4—CH+CH4 1.73x10% 0.0 167

G0 VY g B YO polie 3,5 lp CHY ol Ol s (glS ols dslllae jo aled S5y o)y jolaiod
(S 9eSTsd B3 e SI>) oo oaisSapnST 5l oolitul b alady ooy Gl Ll LY JSS 50 o SaeaSTso
CH* JBGoly ol oS aunS1ss B2y polie Hiolidl b ogd co cdmlive S ) )0 a5 43685 lan .l ool as o
Syl 59 Ll 1als 4 is ggdg0 (ul 45 Whoo SRS (az s BB ygon segli TV s Jsb o caday
Sl laa 5l oolaiwl cll> 1o woadplxl om0 Slasliv 4 axei b oS ol sl jo cpl 0l o alads 5l o yictie
S nSTgs 1 eslaiul oasluwsds soue s Gillae .l 0ais osalive Cug, JB dlad ag> dsS e caSauS]
6 590 € randlite Jol)) ales S5y 5 el Jele 515 99500 e ol Gialidl 5 oasiSanms] oz 52
S reS 4 padlite JB00), (goyz peS S anSTed (o) VY &) Hlade jo oS glaigTay ol alulS g
Sl Al a0s Glop- g Gl Sl yo Gl ool lade aiios vy ¥ ogas Jlade cpl a5 soww, YE-VY

Xco2=0% Xco2=25% Xco2=50% Xeoa=T7%

CH* ! '
(Mass Fraction)

8E-14 82E.13 1.56E-12 23E-12  304E-12 37BE-12 4.52E-1? S526E.12  GE2

Figure 8- Contour of methylidyne radical changes by injecting 0, 25, 50 and 77% carbon dioxide mass fraction into the oxidizer
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Figure 13- Sensitivity analysis for CH* radical
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Figure 10- Hydroxyl radical mass fraction contour in the flameless air- fuel, oxygen enrich and oxy-fuel combustion condition
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Figure 17- Sensitivity analysis for OH radical
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Numerical study of the effect of carbon dioxide injection on flame structure
in flameless combustion regime
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The present study investigates the effect of carbon dioxide injection on the flame structure using numerical
simulation of flameless furnace. Using the different amounts of CO, injection into the oxidizer leads to the
formation of three air-fuel, oxygen-enriched and oxy-fuel combustion modes. Numerical simulations are
performed using OpenFoam software. Standard k-¢ turbulence and discrete ordinate models are used for the
calculation of momentum and energy equation source terms, respectively. Four combustion models based on
the eddy dissipation concept model are also used to validation of turbulence-chemistery interaction model.
Investigations are included the temperature distribution, ignition delay, flame color, and OH radical in order
to the study of flame structure. The results show that by switching from air-fuel flameless combustion to
oxygen-enriched and oxy-fuel flameless combustions coupled with the replacement of part or all of the mass
fraction of N, with CO,, the maximum flame temperature is reduced due to the higher CO, heat capacity and
active presence of CO, in the chemical reactions. Moreover, the presence of CO, in oxygen-enriched and
oxy-fuel combustion results in a delayed in ignition process and significantly reduces the concentration of
excited methylidyne radical (CH*), which is the main factor of visible light emission.

Keywords: Flameless Combustion, Carbon Dioxide Injection, Oxygen Enrich Combustion, Oxy-Fuel
Combustion, Flame Structure
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