Amirkabir Journal of Mechanical Engineering

Amirkabir J. Mech. Eng., 54(1) (2022) 47-50
DOI: 10.22060/mej.2021.19792.7114

Study of The Effect of Wall Temperature and Oxidant Structure on Temperature

Distribution and NO Emission in Non-Premixed Combustion Furnace

A. Tajdani!, S. A. Hashemi' , E. Ebrahimi Fordoei?

' Department of Mechanical Engineering, University of Kashan, Kashan, Iran

2 Department of Mechanical Engineering, Tarbiat Modares University, Tehran, Iran

ABSTRACT: The aim of this study was to investigate the effect of the thermal condition of furnace
wall and oxidant structure on NOx emission and thermal conditions inside the non-premixed combustion
furnace. For this purpose, non-premixed combustion furnace simulations have been performed using
OpenFOAM software. Standard k-¢ turbulence model, modified eddy dissipation concept combustion
model, and discrete ordinates radiation model are used in numerical simulations. In order to analyze
the results of numerical simulations, chemical calculations using a well stirred reactor have also
been considered. According to the results, increasing the furnace wall temperature to reach thermal
insulation conditions leads to a significant increase in the average and maximum temperature inside
the combustion chamber and transfers the combustion regime from flameless to high temperature. In
addition, the replacement of carbon dioxide with nitrogen will be accompanied by a decrease in the
combustion temperature due to physical and chemical differences between the two species. According to
the results, increasing the wall temperature, despite reducing the heat loss, leads to an increase in NOx
in the high temperature combustion regime. The use of carbon dioxide instead of nitrogen in an oxidizer
can be considered as a way to reduce heat loss while reducing NOx emission from the non-premixed
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1- Introduction

Despite extensive studies to address the challenges of
global warming due to greenhouse gas emissions, the release
of NOx and CO pollutants, and the increase in efficiency,
research on combustion systems to address these challenges
continues [1]. The thermal conditions of the fuel, air, and
furnace walls can greatly affect the performance of non-
premixed combustion systems. Xu et al. [2] investigated
the effect of wall temperature on flame stability and
thermal performance of non-premixed combustion furnaces
under different combustion regimes. The results show that
lowering the wall temperature leads to a higher Ignition
Delay Time (IDT) and heat loss from the furnace wall.
Lower wall temperatures also lead to a transition from
conventional combustion to a flameless regime in which
NOx is significantly reduced. Oxidant structure is another
parameter that is of great importance in reducing the emission
of pollutants and greenhouse gases. He et al. [3] studied the
effect of oxidants O2/N2, 02/CO2, and O2/H20 on the
formation of CO and its pathways. For O2/CO2 oxidant, the
presence of CO2 in the reactions leads to a higher contribution
of CO2+H=CO+OH and CH2(S)+O2=CH20+CO at
further emission of CO pollutant. In the present study, the
emission of NOx and the temperature distribution have been
studied in the non-premixed combustion chamber.

*Corresponding author’s email: Hashemi@kashanu.ac.ir

2- Geometry and Boundary Conditions

The non-premixed combustion furnace of the University
of Lisbon [13], in which fuel is injected into the furnace from
cylinders with a diameter of 4 mm and air through a circular
duct with inner and outer diameters of 6 and 15 mm, has
been selected for numerical simulation. The fuel is methane
and preheated air is used as an oxidant. The combustion
chamber is a cylinder with a diameter of 150 mm and a
length of 300 mm. Combustion products are exited from the
furnace through a chimney with a diameter of 85 mm and
a length of 150 mm. Details of dimensions and boundary
conditions can be found at Ref. [1].

3- Numerical Conditions

OpenFOAM software has been used to perform numerical
simulations. Modeling of turbulence, combustion, and
radiation heat transfer has been performed using standard
k-¢, modified EDC, and DO models. In addition, chemical
calculations were performed using a well-stirred-reactor by
considering C1C3 chemical kinetics.

4- Results and Discussion
4- 1- Validation of numerical models and solver

Fig. 1 shows the radial variations of temperature and dry
volume fraction of oxygen at axial distances of 90 and 210
mm. Solvers and numerical modeling are in good agreement
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Fig. 1. Comparison between radial variations of temperature and oxygen dry volume fraction with measurements at
axial distances 90 and 210 mm
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Fig. 2. Temperature contours under different oxidant structures and wall thermal conditions
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Fig. 3. Sensitivity analyses of chemical reactions with heat loss value 0 and 5 cal/s under the different values of CO2
injection in oxidant for NOx emission

with experimental measurements. The average error of
numerical solution is less than 5% for temperature and less
than 6% for the dry volume fraction of oxygen.

4- 2- Effect of wall thermal conditions and oxidant structure
on temperature

Fig. 2 shows the temperature contour under the use of
different oxidant structures and thermal conditions of the
furnace wall. By increasing the furnace wall temperature from
1200 K to the insulation wall, the heat loss is significantly
reduced, which leads to an increase in the temperature of
the gases in the non-premixed combustion furnace. On the
other hand, the injection of carbon dioxide into the oxidant
reduces the maximum combustion temperature and leads to
a more uniform temperature distribution which is true in all
thermal conditions. The main reason for the decrease in the
maximum temperature and the increase in the uniformity of
the temperature distribution is the difference between the
physical and chemical properties of CO2 and N2.

4-3-The effect of wall thermal conditions and oxidant
structure on the NOx emission

Increasing the wall temperature leads to significant
emission of NOx pollutants. Changes in thermal conditions
and, consequently, the reaction pathways are a major factor
in the rise of NOx emission. In all oxidant structures,
NOx emission increases significantly with the transition
from flameless to high temperature combustion regime.
According to the results, the use of low heat loss conditions
is acceptable only under the flameless regime in terms of
NOx emission. Fig. 3 shows the sensitivity analysis of NOx

species with changes in wall thermal and oxidant structure
(reactions are related to the GRI3.0 mechanism). Increasing
CO2 injection reduces the contribution of the thermal
mechanism in NOx production. The main reason for the
decrease in the maximum temperature of the combustion
process is higher amounts of injection of CO2 in the oxidant.
The higher heat capacity of CO2 and the presence of CO2 in
endothermic reactions are two important factors in reducing
the flame temperature.

5- Conclusions

In the present study, the effect of wall thermal conditions
and oxidant structure of non-premixed furnaces on
temperature distribution and NOx emission has been studied.
The results show that increasing the temperature of the
furnace wall leads to an increase in the maximum temperature
and a reduction in the IDT. Also, the main mechanism of
NOx emission under the methane-air Moderate or Intense
Low-oxygen Dilution (MILD) regime is prompt while, the
main mechanism of NOx emission for oxygen-enriched and
oxy-fuel combustion is N2O-intermediate.
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Table 2. Heat condition of wall furnace, heat loss of well stirred reactor and oxidant structure in the numerical
simulation and kinetic calculations

(1) 00inS) 0ST i3 lo oy oS ‘;"f =4 o, () 00iS| 5lo ay> o8 ol Bl s,
RSy 055 o,lss0
Yor=\07. § Yeor=+7. § Yno=/Ab - cal/s \ Yor=YY/. s Yeor=+1. s Yno=/YY T,=\v--K
Yor=\07. g Ycor=+7.  Yn2=/.A0 . cal/s Y Yo:=YY/. s Ycor="7. § Yno=/NY T,=\1f-- K Y
Yo0:=\0). g Ycor=+7. § Yno=/.A0 - cal/s Y Yor=YY/. g Ycor="+1. g Yn2=/NY Ty=v¢-- K Y
Yor=YY/. s Yeor=+1. § Yno=/YY S Gl ¥
Yo:=\0. 5 Yeor=b+7. 5 Yno=/X0 Yio cal/s ¥ Yor=YY/. 5 Ycor=0+7. s Yno=/XY T,=\Y--K
Yor=\07. 3 Yeor=0+7. § Yno=/¥0 Y/ cal/s 5 Y0:=YY/. § Yeor=0+7. § Yns=/YV T,=\f--K ¢
Yor=\07 § Ycor=0+7. § Yno=/¥0 Y/ cal/s 4 Yo=Y/ s Ycor=0+7. § Yno=/XY Tw=\¢-- K \
Yor=YY/. 5 Yeor=0-7. 5 Yao=/XY Sl A
Yoo=\07. ) Ycor=YVi. 3 Yno=/A o cal/s \% Yo=YV 3 Ycor=VYVI. P Y=/ T.=\Y-- K q
Yo:=\07. s Yeor=VY/. g Yn2=/A o cal/s A Yor=YY/. 3 Yeor=YV/. g Yno=/) T,=f--K .
Yo,=\07. 3 Ycor=VY/. 3 Yno=/A o cal/s q Yo=YV 3 Ycor=VYV/. ) Yno=/\ T.=\¢-- K AR
Yoor=YY/ 3 Ycor=VYVI. P Yno=/\ Sl sle \'Y
SBF el Bl 08 bt 52 oSl byl Y

el e 3] 08 530 o §) Sl o5 Caand (3 3
3 ol ol s slstods o ol i 4 655 ot 3550
&S o) LMs oSy 51 oolisl b St Sl o338 >
pbol @yl dleds o alyisl o Y Lo Glysl b (S0 jlaw byl
ol 3JUT 51 Jloss) bS] ol5iiSTly SaS a0 o 53 ol s
Sy G S (S Gl S plgis 4 (abesd s8]
Caa ey prdgite Cuwl ol edlatl iz slayial)l 4
3 Gro o )3 a8 il e 4565 S Jgl 4 ye LT cmlus Julos
oS ot Jowilyayd Yolee I glds goome cdline (g (Jod e &565 0
dwbxo (gly 0558 o )8 ookl 350 dd o |y Ly Sl S LSS
Cygo 4y oS OYoles Hlo “_ﬂoaﬁl LM oKiiS Ty camwlus ol s
Dy o ADG 1)

F(¢(a),a)=0 ()

A gty 588 Sl 05 J> (slo e Silo @ 358 abolas 3
Galpd Guple St pslatods Al o syl STy E5 Sle 5

Yoy

O 9 0)55 Sojled p @Sl ()l lulyd (s yslaie 4

Gl abiss 315 slod @ije g WS Ll p eaiaST lsbe b
el e e 35l 065 (gl 00 48 S i ) iliseo (gl
L boylesd p oSl )l Laslyd 31 casl 00l plosl ¥ Joas b illas
AY e olod yolie (58,5 a5 13 9055 o)lesd (glod lyuss I eolazul
S5 2 ol Bl Ly 585 J 3 e 5 cuglS Ve ¥
553 ol 5 01281 il 3T o sl 0 ploxsl 058 0l
0923 (5 HeuSI6d (o puS 30DV 5B+ e 5155 pdlie (i8S
leslatwl b (St Slosle gl Juloo gl pzmed Sl o 00505
St Slowlxe )3 ol 43,5 )8 a5 g5 390 Jlos] LU o1KsiS
Jlons) LT ol8iSly 51 oyl B 3 yuis b Sl Laulyd
oay VT jLissl p osinST ksl 150 a8 Jbs o 43,5 )38 aulllas 3,90
Sl wd) (8)5 i o b dled g 31yl 0)6 (siloand b alie
399 S 2mSled hopd> W o9 B o palie 3y 5l elil L
5nS) oyr S J) 305 Skt Sluslrs 1 sl 045 pbl oS
b alie aled g 9 YU Lod (Blyinl (sl ) oSt g g0)3 10

ol 05 3litas] Aol s 31y 0058 1 pSl Laglys



YES B YER aomin VF o) o o) o)lad OF )53 ppsS peal SlSo usine dypii

V coarse _f fine
f fine

E =

i sbods Sy cwy oy o L YL Ll
T i il 51y 5 bwsie wdyy cdSed gy 48,8 Oyso
P Aol s g b as aib o Slowlowe 4l ad ) e sdiad lis
A3l o /Y ) el ond cp jlade JBlas VA g VA] ansiS ldlas
ol oad d8)S IS & ol by Slasbre Jole sl b a4l aw
(GCI,)) sy & s busgio a5 sl GCI jlude aple |
@hSer (a3ls polie (GCLL, ) bawgie dSud & Cond o) &Sud
dplne ()b bawgio G p Gl 485 plosl dnslne (bl S
SNY 9 BIAY b iy s 4GCIL, 9GCI ppolie live gl 5 .5loss
§ S )3 A5l &y S Lo 4SS gy (slad 0Ly o LB o 20
ol YoV L asd (gl @53 Sl €85 L mls (092 e doms 5
o>y g Lo Ol @ bonjo ol ol pogile dbo (Sluwlone
oly L5 ¥ S 53 0)98 (6350 b 59y 32 (S MSgige Sl
St oz S 5 od il 095 o oanliie 45 job slon al 503
5 05 553 5) 1 Grbate (sl Jobu Fo3 e L aSis (41, CO
> Sl Slgs oo (Slwlore Jolo ¥o Ve v b ailly jlisbo a5l oolisl
A5l Slawbre aSd jl Jaiwe (gdas

5 lod (olad Gl codae ol Jols ol (ot el jolate &
Syge Jolsh 13 () 2uS1ed g jpeST ot S Sid (oo yuS
odnlio aS” yobo yla .l oad 030> LI Y JSS 50 (e deo VY + 9 A
Godhy b oot jhaw sillay oss ploul slagilw Jio 9 S g oo
S o pSoilul b awlie o o o slad lawgie 5 atil o0
SladisS Sid oo puS (ly g 203 0 | a8 bod @55 sl 228
Gilao) 23loo 8o 3 A g £l ieS a5 4 ()8 AS1i6d 9 (S
o LS 305 dlis 4 Lod (¢3S0l (gllas o plool 55 aslllas |
4 55 basS (6,505l bawgio slbas 5 40 pMol 5| Ly o3kl 350
ok ()15 10 S S oo S (5 pSo)ll slacogyy dluwy
(Y] ol

holeo g0 d ol dd> pb g 00 (S Giko (V) Wdlas I Coslu

g0 aLdgl (V)

oF op oF _,
0¢p oo O«

o le Z_F 5 ol8iiSTy WSl SYoleo usSTy e ile 2_1;
o
.)J’Lo dbo . <~ 1 D‘§ §|9 L_SLQ "... d‘{ - . . ‘.;’).? dLﬁ e n

mu% dbige il o & F oy (Sauwly Siby oas JuSis
o> g caliso (sl yialyb b o] (5 a8 bl o Comlus Colys
b Colus ulpd dslone 258 o0 o diuse (59) p &g S
0558 0093 5| omsSTS Ao b aliie (Jja sla gt drslre 4 a2y
St 53 9290 iz G iSly 5 oll p (izzed 9 00 ]

Sl 0y ilwand @i (oxwjliel 5 aSd 1 Pl =) =¥
el e

e (g Glyl 0)55 (gilwand ) @l SNl gy yskaie &
g ¥edee ¥edeo Slasbre sl Joho sl b adl jlisle 4 aw
lenie bt aSs 51 IMatwl w) o yolaio 4 Cuwl 0l olazuw] YEA -«
b 3 [VA] g s B 005 45,5 559 455 o om 3L
ol o odlazwl (V) dlasly b gt [VA] Ky lawgs o 00l

€ (v)
r’ —1

GCI =F,

9 VA] Caliseo Clalllas 4y o g5 L oS 0398 ol o3as F_ (1) o] o
)iJluw)J¢85pr‘ko M)f).la.ﬁ)b \/Y&l)).sl).: [Y'

L5 g0 duols (8) ¢ (F) Laulg, 3l ey 4 € 9P polie GCT apslns

(¥)

=In
P Inr

(fcoarse _fmedium ) / (fmedium _fﬁne )|

Yo¥



1500 0.45

—--—-- 9800
— —=20100

CO dry volume (%)

(=] [l (]
C = L NP w2
— o N W B

0.05

0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
X (mm) X (mm)
Slwlre Jobus YA+ + g F eV ew FoYor QAvs L aSis g1y 8,05 635 0 bad 59y 0 CO S oo S g lod il punis Y S5

Fig. 2. Variations of temperature and CO dry volume on the centerline of furnace for the mesh with 9800, 20100, 40100
and 76800 computational cells

1450 18
I L 0O Exp-90mm
[N
L \EI ----- Num-90mm
~16 ;
1300 S ‘\‘ ©  Exp-210mm
E Y Num-210mm
%1150 ¢ 2 14
= ”' O  BExp-90 mm E
, b=
R Num-90 mm IS
1000 | O ©12
m/ o Exp-210 mm
- Num-210 mm |
850 1 1 1 1 1 1 1 L 1 1 L 1 1 1 10 1 1 1 L 1 1 1 1 1 1 1 1 L
0 15 30 45 60 75 0 15 30 45 60 75
R (mm) R (mm)
6
= 5
S
[&]
E4
=
=)
>
.g' 3 r ;'l O  Exp-90mm
8 F E’lf ————— Num-90mm
2 r g O Exp-210mm
@ Num-210mm
1 L . 1 L . 1 L L L L L L
0 15 30 45 60 75

R (mm)

2 228 axdlbae il Jols gl b ()5 anSTigd g (jamST Suid (oo puuS clod (152 (6338 Jo 51 ool Gy (Sland Ol ok duanyll Y UK
ol ey - (3151 095" (1l 51 (G o o ¥V ¢ 9 Qe (g p9m0 Joolgh
Fig. 3. Comparison between variations of obtained numerical solutions for temperature, oxygen and carbon dioxide
dry volume fraction with obtained results from experimental study at axial distances 90 and 210 mm from first of
non-premixed combustion furnace
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Fig. 4. Comparison of variations of calculated temperature and carbon dioxide mole fraction using well stirred reactor
according to equivalence ratio with the help of four chemical kinetics GRI3.0, C1C3, FCCM-1 and USC2.0
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Fig. 5. Contours of temperature variations for mass fraction values of CO2 equal to 0, 50 and 77 percent-
age in side of oxidant under the different thermal conditions contain a) wall temperature 1200 K, b) wall
temperature 1400 K, c) wall temperature 1600 K and d) wall with insulation
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Heat Treatment of Wall Furnace

Ov o p3lie &y35 Codd 90,55 0,lg9d (gl oo &B )5 Jai 3 gl Iyl pa Ll pid 43 Bl il 51 ol 1515 anion slod dmglio & S
swST LS Lo (4990 (12,5 anST6d o D VY g

Fig. 6. Comparison of maximum temperature of combustion product gases at different considered thermal condi-

tion for furnace wall and under the injection of 0, 50 and 77 percentage of carbon dioxide in the oxidant structure
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Table 3. Criteria of different combustion regimes category due to the inlet temperature and difference between
maximum temperatures of combustion process with oxidant temperature
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Fig. 7. Variations of axial distance of ignition process initiation according to different values of carbon dioxide mass
fractions in oxidant under different thermal condition for furnace wall
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Table 4. Reactions and reaction numbers related to sensitivity analyses of formaldehyde radical
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Fig. 8. Sensitivity analysis of chemical reactions related to formaldehyde species at different thermal condition of reactor
under the different values of carbon dioxide injection in oxidant
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Table 5. Different combustion regimes under the different thermal condition of wall and oxidant structure (wall
thermal condition and oxidant structure is visible at the each columns of Table 1)
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Table 6. Reactions number and the reaction related to sensitivity analysis of NOx emission
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Fig. 10. Sensitivity analyses of chemical reaction with heat loss values 0, 2.5 and 5 cal/s under the different values
of carbon dioxide injection in oxidant for the investigation of different mechanisms of NO_emission
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