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ARTICLE INFO ABSTRACT
Article type MILD combustion has emerged as a promising technology for achieving uniform temperature
Research Article distribution, reduced pollutant formation, and improved thermal efficiency in industrial reheating

furnaces. However, the performance of different burner geometries under MILD conditions—
particularly in full-scale steel-heating scenarios—has not been adequately characterized. In this
study, the thermal behavior of three burner configurations, namely a co-flow axial burner, a swirl
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Swirl burner; common operational benchmark. Results indicate that the swirl burner provides the most uniform
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enhanced internal recirculation. In contrast, the perforated lining burner exhibits the fastest
heating rate, reaching the target temperature in approximately 153 minutes, though with high
local temperature oxidations. The co-flow axial burner delivers moderate uniformity and heating
performance. Overall, the findings indicate that burner type plays a critical role in combustion
stability, thermal uniformity, and furnace start-up time in MILD combustion systems, with the
swirling burner exhibiting superior reliability and operational stability under high-temperature
conditions.

Introduction

Steel reheating furnaces are critical in metallurgical industries for preparing billets or slabs prior to hot forming.
Conventional combustion systems in these furnaces often create large temperature gradients and emit high levels
of nitrogen oxides (NOx). Flameless oxidation, also known as Moderate or Intense Low-oxygen Dilution (MILD)
combustion, has emerged as a promising alternative. By strongly diluting fuel and oxidizer with recirculated
combustion products before ignition, MILD combustion suppresses visible flame formation, reduces peak
temperatures, and promotes a more uniform thermal field within the furnace volume.

Despite these advantages, the performance of MILD combustion systems is highly sensitive to burner geometry
and the resulting mixing characteristics of fuel and oxidizer streams. Different burner configurations can produce
distinct flow structures, internal recirculation rates, and temperature distributions. Therefore, systematic
experimental evaluation of burner designs is essential for optimizing industrial reheating furnaces operating under
MILD conditions.

The present work addresses this need by experimentally comparing three burner types—co-flow axial, swirl,
and perforated lining—in a purpose-built laboratory-scale MILD furnace. The study focuses on both heating rate
and flame stability, providing practical insights for burner selection in steel reheating applications.

Methodology

Laboratory-Scale MILD Furnace
Experiments were conducted in a laboratory-scale flameless oxidation furnace designed and constructed at

the National Combustion Laboratory of Tarbiat Modares University. The furnace was scaled down from a 7 MW
industrial steel reheating furnace using the constant residence time (CRT) scaling method, resulting in a 10 kW
laboratory model. Key dimensions of the scaled furnace are 919 mm (length) X 513 mm (width) x 293 mm (height).
The furnace walls and roof were insulated with multi-layer refractory materials (cordierite-mullite, lightweight
firebrick, and perlite) to maintain external surface temperatures below 80 °C during operation up to 1600 °C.
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Burner Configurations

Three distinct burner geometries were fabricated and tested:

e Co-flow axial burner: A 1-inch diameter burner with an axially adjustable fuel tube. The fuel nozzle could
be positioned upstream or downstream of the air exit to control premixing and flame stability. Optimal
stability was achieved with the fuel tube retracted by 2.5 cm relative to the air outlet.

e Swirl burner: A l-inch burner featuring a helical swirler (4 cm pitch) along the fuel tube. Air flowing
over this spiral acquires a tangential velocity component, inducing a swirling motion at approximately
45° relative to the burner axis. This enhances mixing, flame volume, and stability.

e Perforated lining burner: A 1-inch burner consisting of a perforated inner tube (}2-inch, 16 holes of 3 mm
diameter) enclosed within a perforated outer casing (1-inch, holes of ~1.5 mm, porosity =~ 0.26). The
design promotes distributed, multi-point injection for uniform heating and increased power capacity (up
to 30 kW).

Instrumentation and Procedure
Each burner was installed separately in the furnace, and tests were performed under comparable firing rates
and air preheating conditions. Fuel (natural gas) and air flow rates were controlled via calibrated rotameters and
pressure regulators. Temperatures were measured using S-type thermocouples (for high-temperature regions up to
1600 °C) and J-type thermocouples (for stack and lower-temperature zones). Thermocouples were arranged in a
9-column, 3-row grid on the sidewall to capture spatial temperature distributions. A CCD camera recorded flame
behavior, and RGB image analysis was employed to assess flame uniformity and thermal structure.

Results and Discussion

Flame Structure and Stability

The co-flow axial burner produced a long, narrow flame (=35 cm) with relatively low momentum. The flame
exhibited sensitivity to hot gas recirculation from the furnace rear wall, leading to intermittent instabilities. Due to
insufficient mixing at an equivalence ratio of ~1.1, unburned gases were observed in the furnace.

In contrast, the swirl burner generated a voluminous, helical flame (=40 cm) with significantly enhanced
mixing and momentum. The swirling motion stabilized the flame, prevented lift-off, and improved heat transfer
to the furnace walls. However, increased turbulence led to moderate flame oscillations over time.

The perforated lining burner, when operated at 18.4 kW, produced a uniform, continuous flame sheet across
its surface. During initial startup, distinct flame plumes were visible, but as the burner body heated up, the plumes
diminished, and combustion transitioned toward a distributed, nearly flameless regime—characteristic of
high-temperature air combustion (HiCOT). Unfortunately, prolonged exposure to high temperatures caused severe
surface oxidation and eventual localized fracture of the burner tube, as shown in Figure 12 of the full manuscript.

Thermal Performance and Heating Rate

Figure 14 of the original study illustrates the temporal response of furnace roof temperature for each burner:

e The co-flow axial burner (10 kW) required approximately 450 minutes (7.5 hours) to reach 500 °C
and exhibited no further temperature increase, indicating limited thermal capacity.

e  The perforated lining burner (18.4 kW) rapidly heated the furnace, reaching 550 °C in just 150 minutes
(2 hours 33 minutes). However, the test was terminated prematurely due to burner structural failure.

e The swirl burner (10 kW) achieved 550 °C after approximately 7 hours and surpassed 600 °C after
10 hours, with a continuing upward trend. This demonstrates reliable and sustained heating capability.

Stack gas temperature measurements (Figure 15) corroborated these trends: the swirl burner achieved the
highest exhaust temperature (~213 °C) with an ongoing rising trend, whereas the co-flow burner plateaued at lower
values.

RGB Image Analysis

RGB intensity scatter plots (Figure 13) provided quantitative insight into flame uniformity. The co-flow burner
displayed the most concentrated and consistent color distribution, suggesting a homogeneous thermal field at the
captured moment, though long-term stability remained problematic. The swirl burner showed increased scatter—
particularly in the blue channel—indicating the presence of turbulent, multi-temperature zones. The perforated
lining burner exhibited the widest dispersion, reflecting significant local temperature fluctuations inherent to its
multi-jet design.
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Conclusions

This experimental investigation compared the performance of co-flow axial, swirl, and perforated lining
burners in a laboratory-scale MILD furnace for steel reheating. The following conclusions are drawn:

e Co-flow axial burner: Produces an elongated flame but suffers from low momentum and instability
when exposed to recirculating hot gases. Its heating capacity is insufficient for reaching target
temperatures within a reasonable timeframe.

e Perforated lining burner: Offers the fastest heating rate, achieving 550 °C in 2 hours 33 minutes.
However, severe oxidation and structural failure at elevated temperatures render it unsuitable for
long-term industrial use without expensive alloy upgrades.

e  Swirl burner: Provides the most stable and uniform heating performance. Although its heating rate is
slower than that of the linear burner, it reliably attains and exceeds 600 °C without structural
degradation. Scaling this design to larger diameters (e.g., 1.5-2 inches) could further improve heating
rate while maintaining stability.

Overall, the swirl burner emerges as the most practical and robust option for industrial MILD furnaces,
balancing thermal uniformity, operational safety, and long-term durability. The findings underscore the critical
influence of burner geometry on furnace startup time and temperature distribution, offering valuable guidance for
optimizing burner selection in steel reheating applications.
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Table 1- Dimensions of industrial steel heat treatment furnace of the Machinsazi Company along with its lab-scaled dimensions

Item Real Dims Scaled Dims
Power (kW) 6973.3 10
Scaling Coefficient 8.868 1
Furnace Length (mm) 8150 919
Furnace Width (mm) 4550 513
Furnace Height (mm) 2600 293
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a) Multi Insulation Layers of Furnace Roof b) Multi Insulation Layers of Furnace Wall

Figure 3 - Multilayers of the insulation for the roof and walls of the designed steel heat treatment furnace.
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Figure 4 - Schematic of the flameless steel heat treatment furnace along with its multi insulation layers without the small and big
gates.
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Figure 5 - 1linch coflow burner with the variable length: a) real and b) schematic
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Figure 6 - linch Swirl burner: a) the swirler inside the air flow path and b) the entire burner
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Figure 7 - linch perforated lining burner: a) real, b) schematic, and c) close-view

S503 5l 31 (2 5 0lsg b (0 3 (585 (1 S domieo 75 a1 s Elygms Sl o Y JSC



n¥ (FF) F oyleis A 0595 13l il 5 g b lbals dazmo o Fobo Bl o by e osysdle e

o3l 415 9 (6550 I pamman

ol oads b slaigTa alle ol ans oo (las | alKaslejl 0,68 0 lga 5 S gu S5 5 (el albols 3l IS Sl A JS
SIS ey 5 15m & S s Ll b s a3y alass BB 5 ol dime S5ty 35l (slye 5 gms S oy o
Dgd J S 8o 4y MILD 5l sl 4y olawws (ol

500,8 Bix 1) 55 sla oalbl g slro )3 o ild sl J S glo s 5 yalig, ojlad [958, I8 ald Jold Co g yuno
Al o0 a0 Sl 1) B g (90 5 00,5 Sl 1) (99,5 )Lad Lo, giVeT ) a5 oy waiS e 6 S sl lm g bl g slandl
omizeed [¥A] Wigd o pumnar Lo g ,Lad adly Ll s sl o sloosls 5 oais (5 o3Il saio IS sl oy, b 55 com> (o0
d)}Ja)H}Q/W}wMMWJﬂsbSLAO ‘)MJL)L}&‘OMMJ&.M@SP)QBMGM.E[&J)QL&JA}SBA)}
95 alil PLC L PID 7S gt

Natural Gas 4
7

L ®

Ball Gate ~ Dimewl  Prossure - Bimewl &% @)3-Type Heat
Filter Pressure  Regulator  Pressure cter Flow
(1) Valve  (3) Valve (1) Gauge g(l) () Gauge (1)'1/2 Rotameter Shuttle Valve treatment
furnace

Bimetal Thermocouple
(3)S-Type
’ Thermometer

Thermocouple

4' >'<I I—\—‘ )_7 ™ r\J
Gate Air Rotomets
ir Rotameter -
(5) Valve Burner
)
Air
Gate Air Rotameter —
(6) Valve Top Air
- 13
- Ball Gate Bimetal  Pressure l]’grler:se&ari Bimetal Gate Air Rotameter —
Compressor  Filter (2) Valve  (4) Valve (g&(;:rgee Reg(l;l)awr (4) Gauge (2) Thermometer (7) Valve Bottom Air
!
Gate Air Rotameter —
(8) Valve Right Air
!
9 G\i;tel Air Rotameter —
(9) Valve Left Air

03931y 0)loz sl (z

Figure 8 - Schematic of the experimental setup of the flameless steel heat treatment furnace in lab-scale.
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Figure 9 - Measurement equipment for the flameless steel heat treatment furnace in lab-scale.
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Figure 10 - Flame image of a) the coflow burner and b) the swirl burner
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Figure 11 - Flame image of the perforated lining burner for a) the initial operating time and b) the moment of burner fracture
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Figure 12 - Location of the burner fracture as a result of the high-temperature oxidation
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Figure 13 - Temporal response of the roof temperature for the coflow burner, swirl burner, and perforated lining burner
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Table 2 - Normalized heating rate comparison

Type Thermal Power Time to reach 550°C | Temperature Increase Normalized Heating Rate
(kW) (min) (°O) (°C/min/kW)
Axial CoFlow 10 ~450 (reached 500 ~0.011
500°C)
Swirler 10 ~420 550 ~0.013
Perforated 18.4 150 550 ~0.020
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Figure 14 - Temporal response of the stack temperature for the coflow burner, swirl burner, and perforated lining burner
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Figure 15 - RGB image of flame for the coflow burner, swirl burner, and perforated lining burner

HoEam o Jriw g S 2 Jriio (5970 gued 2 o dw aleds JIRGB uSe -0 Sl

OeolS g £l slaslE i >l Cue et Dol alS (S eSy ples Glaws sl Jdo 4 (MILD) alads gy 5lyil sloo, oS
2Eiole;T 0,55 S e idgh (pl 10 Ng, o0 sledids irio sl 55 10 GoVe8 Glakad iole 5 sl ppe sloan 5 5 (SO oy Y]



Y Vg3 Olzkad iglo 5 Al g0 3l pirl 095 iwlo )5 e yaw 10 o] iz Jlis L g Jaiino duwiid 0 ,Shos (9,25 (S 5

s st ol e 55t 8 Skae 5 0 Al 5 (b oy o oKl Byl Lo s3] 45 elad (i 3l
i caalll (ol ol Gt 285 15 )| 90 008 S Ly S 5 Sy ] o S 55 o i 5 st
Olyeds 70200 (slos dy (yomn; Boy95" (ale )5 (o (o 2 b 9 lablinS 5 S 1aSG lal (iale S @ (pliws 5o o Jaiis 2ol
Rgr S e Slilee axls S
a8 S 5h @ YU crwlus g 0gamme YS! Lo 4y Lol 0,5 olowl ailSG0S g ouieS (gladads (6,90 gunods by Jrie @
A ol 00 +°C 40 0,55 (sloo Cucls V.0 Gide 40 g 090 1S Lo Jaiie ploo b awslie jo o 5 Il £l

LoVl By j0 50,5 obml gioants alads Job (jinS bYWl g 5ol alS Jdoas (6 5700 guod by> Jrie @
b azlge ol S LIS 2als 5 £l glasls i3l s oyl

Dslis g5 clabaiiniz a8 Juods 55,5 ool Undee dus s 5 |, aled Jislo o 5oy oglyom s Jade @
3 ‘n)f b Ll s soalie 6)3‘5)}4. Slaleis le.m'n% ddql J;>lfo BRIRGIES WPV S IFST PP |) S rJobse ‘}.uLa)f
S8 o ez 5 ol )l 4 e Al (et iy
Sl 4B VY 5 el ¥ g 08 e S 03 ol 53,5 Jae e 5 nie 59 & Gare Wl i 5

& ol a0 srdge CenSh ol 0 5 03 azlge (b st aleST ooy b VL lales o Jaie ul i Jlo s >0
oo )15 o Lol el calis Jlauly 9 e lenSy alads sloml (gl jlog] g Lol wiz 1o a5 wos oo Lis cdmlive (pl ols
255 B 4z gi 090 CBoa Wb Jrdo 4y (gemilinST Sanglia 9 (53> 55lub Y lales g e GVl

0355 095 Sl slajls LIS 5 Iga 5 o g LIS (69959 (b2 )0 sluls 5 adlse ol abaly 4 (o252 Jado @
o ool 815 (5 (6 e 5 3, SLat a2 S & o 50,5 el ol 5 ianes (sl ol 5t
RIS ol s 5 205 IS 1,01+ 4 (v e 5 435 il 0,58 alaions 15 5 peosllan plos (SIS, Canls
oy 55 0000 51 YL 4y Ceels Vo5l o 0,65 (glos g il aig,

9 09dS (597e Jrio )0 alad &S > jo 1285 KD Il 5 (mle (e O)jgots (L2552 rie o alel LSl e
i a3 1o i 5 il 5 sl BN Al i enalie SIS, 5 i ot e Jae 5o 5 4lS5eS
A (6999 wlalasel 4y aleds Conlis palS g aled g Gil38l ¢ Sl leadly a8l cely

o¥s8 yiule )3 sl MILD (sloo 65 o Slos ;o (s0udS ole conmlivn Jaiio Ol a5 ams o )L Lol cpl gull fgomme 5o
K e bl 6,..»..“.: 6)3).! ;».‘>|9.‘ii u,..uLa;j )‘AJLs “JM‘ L_,’_iLu...uéj.la))‘ ‘5~M>)> J.v.m.a scﬁu’_..u)).! U’“J‘)T dw ULAS Sl
g blod e (b 0wl s ol sl 5l b 5l slacusgame

&lw

[1] P. Compais, ]. Arroyo, F. Tovar, V. Cuervo-Pifiera, and A. Gil, "Promoting the valorization of blast furnace
gas in the steel industry with the visual monitoring of combustion and artificial intelligence," Fuel, vol.
362, p. 130770, 2024.

[2] A. M. Garcia, A. F. Colorado, J. E. Obando, C. E. Arrieta, and A. A. Amell, "Effect of the burner position on
an austenitizing process in a walking-beam type reheating furnace," Appl. Therm. Eng., vol. 153, pp. 633-
645, 2019.

[3]Y. Khalid, M. Wu, A. Silaen, F. Martinez, T. Okosun, B. Worl, J. Low, C. Zhou, K. Johnson, and D. White,
"Oxygen enrichment combustion to reduce fossil energy consumption and emissions in hot rolling steel
production,” J. Clean. Prod., vol. 320, p. 128714, 2021.

[4] H. Liu, M. Saffaripour,P. Mellin, C.-E. Grip, W. Yang, and W. Blasiak, "A thermodynamic study of hot syngas
impurities in steel reheating furnaces-Corrosion and interaction with oxide scales," Energy, vol. 77, pp.
352-361, 2014.

[5] P.Jézwiak, J. Hercog, A. Kiedrzynska, and K. Badyda, "CFD analysis of natural gas substitution with syngas
in the industrial furnaces," Energy, vol. 179, pp. 593-602, 2019.

[6] A. Emadi, A. Saboonchi, M. Taheri, and S. Hassanpour, "Heating characteristics of billet in a walking
hearth type reheating furnace," Appl. Therm. Eng., vol. 63, no. 1, pp. 396-405, 2014.

[7]1].-Y.]Jang and ].-B. Huang, "Optimization of a slab heating pattern for minimum energy consumption in a
walking-beam type reheating furnace," Appl. Therm. Eng., vol. 85, pp. 313-321.2015,

[8]Y. Liy, J]. Wang, C. Min, G. Xie, and B. Sundén, "Performance of fuel-air combustion in a reheating furnace
at different flowrate and inlet conditions," Energy, vol. 206, p. 118206, 2020.



Y OFF) F oylods A 0,95 eyl 5 g 5o oy labails dazo «s35Lo (Bl po b s o5 ypile Sle

[9] M. Zourazmai, M. Z. Targhi, and A. Ashouri, "Enhancing Temperature Uniformity and Recirculation in
MILD Combustion Furnace: A Study on Angle of Burner’s Bluff Body," Case Studies in Thermal
Engineering, p. 106561, 2025.

[10] A. Ashouri, M. Zabetian Targhi, and K. Mazaheri, "Design Desirable Conditions for Inlet and Outlet Ports
to Establish MILD Regime in a Heat Treatment Furnace,” presented at the Tenth Fuel and Combustion
Conference of Iran, Tehran, 2024.

[11] A. Cavaliere and M. de Joannon, "Mild Combustion," Progress in Energy and Combustion Science, vol .
,30n0. 4, pp. 329-366, 2004, doi: 10.1016/j.pecs.2004.02.003.

[12] A. Ashouri, M. Z. Targhi, and S. Karami, "Inlet/outlet design and equivalence ratio adjustment of an
industrial MILD steel furnace," Int. Commun. Heat Mass Transf,, vol. 169, p. 109549.2025,

[13] A. Ashouri, M. Z. Targhi, and K. Mazaheri, "Enhancing thermal performance and reducing pollutant
emissions in a steel reheating furnace through MILD combustion: A study on air distribution and outlet
design," Int. Commun. Heat Mass Transf,, vol. 161, p. 108535, 2025.

[14] A. Ashouri and K. Mazaheri, "Effects of Burner Configuration Modification on CH4-H2 Fueled Industrial
Steam Cracking Furnaces: Heat Transfer, Pollutant Emission, and Furnace Performance," Energy, p.
138023, 2025.

[15] A. Ashouri and M. Z. Targhi, "Role of magnetic fields and flue gas recirculation (FGR) in a practical MILD
heat treatment furnace: Mitigating CO and NO emissions," Energy, vol. 333, p. 137298, 2025.

[16] A. Ashouri, M. Z. Targhi, K. Zarei, and K. Mazaheri, "Performance improvement, flame control, and NO
emission reduction in MILD combustion: The role of magnetic fields in a Jet-Hot Coflow burner," Energy,
p. 136268, 2025.

[17]]. Tian, X. Liu, H. Shi, Y. Yao, Z. Ni, K. Meng, P. Hu, and Q. Lin, "Experimental study on MILD combustion
of methane under non-preheated condition in a swirl combustion furnace,” Applied Energy, vol. 363, p.
123109, 2024.

[18]P. Li, F. Wang, ]. Mi, B. Dally, Z. Mei, ]J. Zhang, and A. Parente, "Mechanisms of NO formation in MILD
combustion of CH4/H2 fuel blends," Int. ]. Hydrogen Energy, vol. 39, no. 33, pp. 19187-19203, 2014.
[19] G. Szego, B. Dally, and G. Nathan, "Scaling of NOx emissions from a laboratory-scale mild combustion

furnace," Combust. Flame, vol. 154, no. 1-2, pp. 281-295, 2.008

[20] G. Szego, B. Dally, and G. Nathan, "Operational characteristics of a parallel jet MILD combustion burner
system," Combust. Flame, vol. 156, no. 2, pp. 429-438, 2009.

[21]S. Cao, C. Zou, Q. Han, Y. Liu, D. Wy, and C. Zheng, "Numerical and experimental studies of NO formation
mechanisms under methane moderate or intense low-oxygen dilution (MILD) combustion without
heated air," Energy Fuels, vol. 29, no. 3, pp. 1987-1996, 2015.

[22] S.Xu, Y. Tu, P. Huang, C. Luan, Z. Wang, B. Shi, H. Liu, and Z .Liu, "Effects of wall temperature on methane
MILD combustion and heat transfer behaviors with non-preheated air," Appl. Therm. Eng., vol. 174, p.
115282,2020.

[23] M. Saha, B. B. Dally, P. R. Medwell, and A. Chinnici, "Burning characteristics of Victorian brown coal
under MILD combustion conditions," Combust. Flame, vol. 172, pp. 252-270, 2016.

[24] M. Saha, B. B. Dally, P. R. Medwell, and A. Chinnici, "Effect of particle size on the MILD combustion
characteristics of pulverised brown coal," Fuel Process. Technol., vol. 155, pp. 74-87, 2017.

[25] P. W. Griffin and G. P. Hammond, "Industrial energy use and carbon emissions reduction in the iron and
steel sector: A UK perspective,” Applied Energy, vol. 249, pp. 109-125, 2019.

[26] M. Si, S. Thompson, and K. Calder, "Energy efficiency assessment by process heating assessment and
survey tool (PHAST) and feasibility analysis of waste heat recovery in the reheat furnace at a steel
company," Renewable and Sustainable Energy Reviews, vol. 15, no. 6, pp. 2904-29.2011,08

[27] M. Ghadamgahi, P. Olund, T. Ekman, N. Andersson, and P. Jonsson, "Numerical and experimental study
on flameless oxy-fuel combustion in a pilot-scale and a real-size industrial furnace,” Appl. Therm. Eng,,
vol. 141, pp. 788-797, 2018.

[28] M .Kavand, M. M. Heyhat, and M. Z. Targhi, "Energy efficient design of a domestic porous burner using
alumina ball packing,” Energy, vol. 342, p. 139561, 2026.

[29] R. Weber and F. Breussin, "Scaling properties of swirling pulverized coal flames: From 180 kW to 50
MW thermal input,” in Symposium (International) on Combustion, 1998, vol. 27, no. 2: Elsevier, pp.
2957-2964 .

[30]]. Smart, D. Morgan, and P. Roberts, "The effect of scale on the performance of swirl stabilised
pulverised coal burners," in Symposium (International) on Combustion, 1992, vol. 24, no. 1: Elsevier, pp.
1365-1372.

[31] N. Suksam and J. Charoensuk, "Numerical investigation of the effect of constant velocity and constant
residence time scaling criteria on the natural gas MILD combustion," J. Therm. Sci. Technol., vol. 14, no.
2, pp. JTST0022-JTST0022, 2019.

[32] C. E. Baukal Jr, Industrial combustion testing. Taylor and Francis, 2010.



\YY Vg3 Olzkad iglo 5 Al g0 3l pirl 095 iwlo )5 e yaw 10 o] iz Jlis L g Jaiino duwiid 0 ,Shos (9,25 (S 5

[33] M. Kavand, M. M. Heyhat, and M. Zabetian Targhi, "The effect of equivalence ratio on the combustion
characteristics and CO emissions of a porous burner used for cooking applications,” Fuel and
Combustion, vol. 18, no. 3, pp. 1-17, 2025.

[34] A. Javareshkian, S. Tabejamaat, S. Sarrafan Sadeghi, and M. Baigmohammadji, "An Experimental Study
on the Effects of Swirling Oxidizer Flow and Diameter of Fuel Nozzle on Behaviour and Light Emittance
of Propane-Oxygen Non-Premixed Flame," Thermal Science, vol. 21, no. 3, pp. 1453-1462, 2017, doi:
https://doi.org/10.2298/TSCI140706210].

[35]S. Sarrafan Sadeghi ,S. Tabejamaat, and A. Javareshkian, "Experimental Study on the Effect of Swirling
Flow and Oxidizer Type on the Stability, Light Emission, and Pollutant Emissions of Non-Premixed
Propane Flames,” Journal of Applied and Computational Mechanics, vol. 12, 2 ,025doi:
https://doi.org/10.22055/jacm.2025.48481.5262.

[36] Y. M. Al-Abdeli and A. R. Masri, "Stability characteristics and flowfields of turbulent non-premixed
swirling flames," Combustion Theory and Modelling, vol. 7, no. 4, pp. 731-766, 2003, doi:
https://doi.org/10.1088/1364-7830/7/4/007.

[37]1Y. M. Al-Abdeli and A. R. Masri, "Turbulent swirling natural gas flames: Stability characteristics,
unsteady behavior and vortex breakdown," Combustion Science and Technology, vol. 179, no. 1-2, pp.
207-225, 2,007doi: https://doi.org/10.1080/00102200600809092.

[38] Y. Huang and V. Yang, "Dynamics and stability of lean-premixed swirl-stabilized combustion," Progress
in Energy and Combustion Science, vol. 35, no. 4, pp. 293-364, 2009, doi:
https://doi.org/10.10/16j.pecs.2009.01.002.

[39] S. M. Bagheri, M. Z. Targhi, M. M. Heyhat, and A. Ashouri, "Thermal analysis with extracting performance
map in structured porous ceramic burners: A study for domestic cooking applications," Energy, p.
138822, 2025.

[40] H. Soltanian, M. Z. Targhi, A. Ashouri, and M. Maerefat, "Experimental and Numerical Investigation of
Heat Transfer Modes on Pot Surfaces in a Power Range of a Cooking Porous Burner," ]. Clean. Prod., p.
143952, 2024.

[41] S. Mohammadbagheri, M. Zabetian Targhi ,M. M. Heyhat, and A. Ashouri, "Experimental Investigation
of Flame Stability and Examination of Performance Map in a Structural Ceramic Porous Burner in
Cooking Application," Fuel and Combustion, vol. 16, no. 4, pp. 1-15, 2024.

[42] S. Sarrafan Sadeghi ,S. Tabejamaat, A. Ghahremani, and S. Narimani Asl, "Effects of wall temperature on
non-premixed micro-combustion: A comparative experimental study of copper and aluminum in Swiss-
roll chambers,” Fuel Processing Technology, vol. 274, p. 108237, 2025, doi:
https://doi.org/10.1016/j.fuproc.2025.108237.

[43]S. Sarrafan Sadeghi, S. Tabejamaat, A. Ghahremani, and S. Narimani Asl, "A Novel Swiss-Roll
Counterflow Micro-Combustor: Experimental Investigation of Methane-Oxygen Flame Behavior over
Time," Applied Thermal Engineering, vol. 255, p. 123978, 2024, doi:
https://doi.org/10.1016/j.applthermaleng.2024.123978.

[44]S. Sarrafan Sadeghi, S. Tabejamaat, A. Ghahremani, and S. Narimani Asl, "A Novel Swiss-Roll
Counterflow Micro-Combustor: Experimental Investigation of Flame Dynamic Characteristics by
Spectroscopy and RGB Image Processing Methods," Energy, vol. 299, p. 131495, 2024, doi:
https://doi.org/10.1016/j.energy.2024.131495.


https://doi.org/10.2298/TSCI140706210J
https://doi.org/10.22055/jacm.2025.48481.5262
https://doi.org/10.1088/1364-7830/7/4/007
https://doi.org/10.1080/00102200600809092
https://doi.org/10.1016/j.pecs.2009.01.002
https://doi.org/10.1016/j.fuproc.2025.108237
https://doi.org/10.1016/j.applthermaleng.2024.123978
https://doi.org/10.1016/j.energy.2024.131495


  ۶ ۰ ۰   ° C


  ۱ ۲ ۰ ۰   ° C


  ° C


  ۱ ۲ ۰ ۰ ° C


  ۱ ۲ ۵ ۰ ° C


      𝜏  R S    𝜏  L S = ث ا ب ت   ⟹     L  R S    L  L s =       U  f  R s      U  f  L S =    (     P  R S    P  L s )   1 3 = S


  ۸ / ۸ ۶ ۸


  6973 . 3


  8 . 868


  ۱ ۶ ۰ ۰ ° C


  ۸ ۰ ° C


  ۵   W / m K


  ۱ ۶   W / m K


  ۰ / ۳ ۱   W / m K


  ۰ / ۴ ۶   W / m K


  ۰ / ۲ ۶   W / m K


  ۱ ۶ ۰ ۰ ° C


  ۵ ۵ ۰ ° C


  ۵ ۵ ۰ ° C


  ۶ ۰ ۰ ° C


  ۱ ۸ ۷ ° C


  ۱ ۹ ۰ ° C


  ۲ ۱ ۳ ° C


  R


  G


  B


  ۶ ۰ ۰ ° C


  ۵ ۰ ۰ ° C


  ۵ ۰ ۰ ° C


  ۶ ۰ ۰ ° C

