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1. Flameless Oxidation (FLOX)

2. High Temperature Air Combustion (HiTAC)

3. Moderate to Intense Low oxygen Dilution (MILD)
4. Colorless Distributed Combustion (CDC)
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1. Internal Recirculation Ratio
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Figure 1- The schematic of semi industrial furnace in IFRF[15]
[VAIIFRF 22 042 g0  ciziuodous 0,95 o,lga 4l - S

combustion products of
secondary burner
hot and diluted co-flow air burner outlet
— >
— >

!

Figure 2- The schematic of burner used by Dally et al[16]
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4. Annulus

'4



gg b aly g il Slg (b3S ol

o S e 5l solaul
el 5| )l 5532 5 35500 wpmime Gl aose 0 (ng Gl si alad e Gyl a5 Ll
ooy Blpal glaeyss cale 5 (b aplidl iz I 6ol sl Joeome (Sl w2y onl b b e
CS g bole Jiilogs sles 51 5V sles b baoasms STy iole )5 yion B o (Oldllas ol jo ailes S alBislss]
sl sl eolatul opl bl cwl cais a8 3 i ule)S o 0gou yogagolaiBl g oo Haide cuSanS]
ol 423,518 oolainl 850 S 6,5 YU sboles B 1 Tga 51 Sail g ailes oo a8 o S 2SI

|y 25Ty ailaze 4 o 51 ol (slojS 33,53k olien 51T 0¥ Ly [NV] K 5 SIS i sl
o 25 Gl le S g b aS Ssbly Jrdie S o alad (g0 S a4y (Jgeme Sl Gl w23, s
Ll gy i S35 5l o 5 00 e S iy i 3y e 900 4l slo ' U sl oS
5iom oaals S it Sy g inslS AT+ slad B Ism ale Sy sl Y > 35500

electric heater

1

S

L ]
fuel

combustion air

Figure 3- Laboratory-scale MILD burner layout[17]
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Figure 4- The schematic of MILD combustion furnace[18]
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Figure 5- The layout of the combustion chamber and adopted burner[19]
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Figure 6- The schematic of Rebola et al setup furnace[20]
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1. Fuel thermal input
2. Regenerative/recuperative burners
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Figure 7- A typicaloperation of regenerative burner[22]
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Figure 8- The new flameless burner designed by Macchi Company in Italy [23]
[¥Y]LILs I Macchi ey bawgi aleds (90 &1yl o5 (1 0ot 1 pb Wy Jaden —A S

e 5 Lot sl el Gy il csslosis (o b1 o5 S5isn el ol i3 fge 0ol & 425

A5 i e s 5 ooy o |, dled ek By lgise LT K0 ey by 80,8 eolit] il Ceard),S

S5 a8 wlygly by, SO axwgi b ocaslol o 90,5 (gilwesly Soml anze b wjlai 1, 4Segs Bl Sl

Sy 5ot gy Gl (sjlmesly 3Ll 5 (2 rtalSel sl (50813 e 5 (Kl e SlaSiSS

S 275 il 055 (o0 8 (sit 90 el (S Sl Gy rte S @y e &S (Rt Lej] L S0

oo B oy oRslesl )5 Syl §p o (paads ol S8 alsl yo g Glnl Bp dsey losle b coles
ool 4385 plowl (i sl oKD gl sl (pwdine 5 (S

g, g olge

S5 03l e g axdllan 0,590 5L S8

Vol i e Koo cnl S8 5 Job sl onds S GlgskeS Ve e b Sos Gl ey ol (pR8alesT
G5y oS Dlyegz el 00l ools lis Slygan ol pemay ] ool e olsm b A USE 45 a5 ol yie /0 5 e
Tales et laatd Y Gl S JBls slab 5 il alaisme -V sl wilole 4SS oled e B K3
S Djgods aiSual ey Jrdie T )5 salie lagl o 1) alad (Job mje Glgiee &5l S0 (Sl ojlns o
5oy 5 e (slalgil o)lgs —F wisd go bylis ol o Jlanil 5 gl alaizo 4 99,5 51 18 19 5 g 457 (5,55
5 95 ol 45 glal rag 5o il (slsm 58 -0 wienl Jbu K3 0)lgws siles e sl ST jgne Joes oS (il sl e
e S 50 1) @liol SVgame ()15 (5055k e plgieds Bl SVgame joue 5 @l Glea ol Y L
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@: combustion chamber; @: fan; @: air/flue flow valves;
@: side-wall windows; @: back-wall window; : internal damper;
@: burner; @: analyzer probe inserting point; @: FGR valve
@: water flow annulus passage; : recuperator;

Figure 9- The schematic of the retrofitted boiler
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Design and fabrication of advanced lab-scale flameless utility boiler
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Figure 10- The main retrofitting operations on existing boiler
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Table 1- The data of experiments that carried out in order to study the effect of FGR on boiler efficiency

° 3 =0 2 £ o

X S = LR © 7] =
5 > §§, E g Se 3 g _ e g
28 TS 55 | %8 | & | 28 2L -
@ 3 Eg gz = g S 52 &

s | F° "85 | 2| B Z

L

60.81 17.43 790 36 0.81 0 0.6 F4-01
64.01 18.35 790 279 0.83 0 0.6 F4-02
69.25 19.85 795 239 0.9 25 0.6 M4-03
64.42 18.47 795 204 0.96 50 0.6 F4-04
59.90 14.96 805 259 0.85 0 0.52 F4-05
65.30 16.31 780 257 0.91 25 0.52 M4-06
63.49 15.85 780 235 0.97 50 0.52 F4-07

o ol los HEal0aS ol b alad ety Giml oy 4 oliiws ol slaile)l acgaze plool 5 G
Gl gl abaime )3 L CB 19y me elal alad o Gl la (Shis A e, Gl s Ol oo
98 wdegazme (nl 50 8 B cwyp 0550 Glalojl l 5o (2g 5 Ol Gled Lix b g 005l (l3El 5 laean¥T adgs
Sl \ Jsaz 5o by ] Sledlbl a5 26,8 alonil sl 55 Guy55 4l 5 < 10Y 5 o8 sloao b Blio iglesT (6
M4- g M4-03 slo yislesl ¢ ormdo 515 5o, 4l 5o p,5 < OF 5 +/F (00 90 ;0 10 4S5 34 oo alaxde el oulls o0ld
ol ) Koo ()l 033k G i el YO, Gl ol SV pazme ()1 (39,550 et (50985 (e ] 50 457 06
o33l a5 598 o canlice 00 90 o 0 BT U Glusl OYgame ol 50,550 SogiS ioliEl L ocel eul
S e 8 o Ky

Ol iboslay 5 (s Jioas o3sn (nl 1o o5 Jsome Gyl 4 cod aled oo 3ol 5 wslhe la i
5l be puians

Blrlossl jraldl o

(s o5 o)l & b e 5, oS08 il el oz 5 @

(e sloo xSlas rals Jdoa) COg NOX slacs¥T adgs jals e

053l w33l

S yimail (6lsp b apels 5 8 8r/5 Jgare Gl (0 Jsor 4o FA01 05) ) o )led ilol o ) S 3illae
el V CBdS 5l e a5 sl 00l plasl < AY (655l Cad 40 g (oo YV ST cdale 10 °C lae sled)
B Gl sleo 00,50 )5 i b calal jo ol odal Cwos Jlu Ko glp £ AN 003k PRSNUURIN Y] SO RN~ PP T
Al o 50 3 o Hlis |y (il aus o BV g0 4T aw, PYT 4 B S0 005l o AY (65,2 Cad 9 YVA OC sleo
63939 lpp OIAGES; 4 e &S 0B 5L YOL U Gl ol SYgame () (30,550 58 dea (ale)S iy Lado b o
ol 00 ’/ﬂ )L.\.O.A G ‘5))‘033 Cnns U’“"‘)S‘ 9 JJ.M..A Pl

YA



YWAA 50l cpg o )lads (uo05l9s Jlo ¢3l il g G g oidgh — sole 4 205

5Ny €O, asile 5l o slajl5 L odiieaS 5 (slgn b e LS lad 45 0adip S i sled ol 5leisd,
"agamme ST 5 C g sl gl 2Ty asasS g 8l bl il 35 oley sl Gl wcand H0O
g LW Sloy <l %0 &jleas [¥Plams o ualidl 1) LS| Sloy whie 5 cwldl (yloj ames jo 5 o
S5 Ve 4 JBayl Sl o T lagSels sas 5 end awolie BB gloewts 25Ty Jloj Sl b oasiSansT
Bl plowl 5 Cansirmly Bblie 4 alad Vbles (g 5l G5em] 5 Egm 1% Gl e ienar [YAN Yoo 0
SN g onts S5 aled o g Job oSG lsp Ol ilegd) b ;s S e wal 1) Montias
Sgbiee Jiie g SLbl Ol ojlaz 4 gyt )1~

70 ¢
69
68
67 |
66
65 |
64 |
63 [
62 |
61
60 : —_— :
0.8 0.85 0.9 0.95 1

boiler efficiency (1)

equivalence ratio (¢)

Figure 11- The boiler efficiency variation in different tests with respect to equivalence ratio: the effect of preheating and air dilution
at 0.6 gr/s natural gas flow rate

@l Glgp ilwady 9 o )5 Sy Sl 511655l S o 3 ilizie o o lojl 5o Hl o0 (B3l Wil i -1 S
e J F (20 50

Aol Ul vl (55950 Lrl jo 4555 g0 ;53 ooy 00 £AT 5l Giw 4 gauo 0 Ve il8l L e Ko ool L5l L

32 (5leed; lp oadoo y5lnsS ) ladlgd 3)ly a5 (B I i (Gl DY game (2 )ln B0 S5L b 055k L
TVAPC 5l oS i sled (2ol 1 plgs oo | ol (nl iS00 81 (G52 e 0 5581055 ) 003l a0 5 095 o0 ool
Gyl abhasme jo alad abodds g Gobeazs Ll oS ssalie (Y Jso) M4-03 jisle;] 5o YV °C 4 F4-02 zolesl jo
i Bl 35on Jiie e K03 o)l & o5 (5t i o 5 005 Gl | by ialesS e 280
Lo iy 1obie 2 (55T V) Sl sl Gl 5y 451 oy 4555 239500 e S0 ol sl
oo taleS i el 9 oe 3l 5l Jole (JEST 20l @ pmis L (3l i) c¥game bz ()l 39,550
Byl 5l Jolo (655 Gl e somie b5 ol Taled 5 00,5 Sl 1) (28157 ol (FA-OL20lel) (Jgmne 3l o
Lulps o aled e 3ol Collae slaShs @ e ln a5 Casgyinl 5l osdoe B Sus e0jl Gl 4y
O3l o el 5L3 0550 lejen jsbar 00l ;S polie 4 o] (led; 5 ok polie @ lse Gile)S iy « ato
B S e o3, b o i (i, o Syt alodle 1) USE 3 ead asls olid pler

1. Ignition delay time

2. Deficient oxygen

3. Damkdhler number (Da)
4. Vitiated combustion

Y4



gy e (aly g lel Slgz (Ol 5LS ol

OaasS el el cde sl oo s 0 AP (e 4 oo Koo 003l ralS 4y yie asy0 O lade 4 Gl OY sass
FEEL G, e Ko ool a5 o0 g b STy sl ST 0b) 0gueS a s Bl sla iuSTy ol i
O Sl w5y e 5l Jols a5 B Koo oojl piSlas 4 S gl a5 0sd e alaxde cpl gl Sl sols alS
Ol ales slos (Bl bolsa 10 Cdga jlake ol amis 10 5 (65l Cams ial38 b atbecal i Jado SO 50
b el LY 8o oo 095 e arin & jlake nl ) (65l @8 S 5o Loy b b GlPl 5 25k (e 9 axily
Ole 5 @il Glop (5aST Ol & d g 005 s (U5 g, Cnl ale)S iy 5 Gl SV gaze (Bo 5L
Gl i S0 bas 0 %0 Oleay [¥VY Jams o 7y Solite polie jo asib acien jlade iole,S i
Ny Ghled S SRl L Joeme Glaml jo aly jlade 51 caojl wlad g0 w2, 4 (Jyere 3y 5l aSuel Sy
@aie Vo 6led Cand 4 o, 31 8 dda SO o sl ] OYgame (50,550 Jlade Loy, cpl g aiils siol3l
ol 3 ol s il sl 05 458,515 e alah 50 5] e o (b )3 el 45 05
g Sllee bl ab 1S5 Toame O gr/s cogw o0 lp lso o3loid, 5 Liole,S i slagiole;l (iole;]
YO a5 09 oo abamdo .l 00 ools HLas VY IS uizmed g ) Jgo V B O slacas, 0 wax Lilesl 5l Jol>
W Sas ool IS 5 05 ey Sls conlin 55laiE, & e Fi| Npmme e S e (FpiS
GalS woy s YA 1) JBe Ko oojb D7 a4y ()l 50,55l i (SoaiS lidl Ll ccnl onls ao o AY i 4

Ll 00l

boiler efficiency (1)
a o o
N W

=)}
=N
T

=)
(=
T

59 © — —
0.8 0.85 0.9 0.95 1
equivalence ratio (¢)

Figure 12- The boiler efficiency variation in different tests with respect to equivalence ratio: the effect of preheating and air dilution
at 0.52 gr/s natural gas flow rate
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Figure 13- The small and intense flame of conventional combustion in Test F4-01 (Table 1)
) Jguz 53 FA-01 ool ) bgsyo (19 53lwady 3 GaloyS G r9) Jgame 31yiol | Jolo (595 9 SzsF alads VY JSCo

Figure 14- The expanded and weak flame of MILD combustion (preheating up to 239 °C and air dilution by 25% openness of FGR
valve in Test M4-03 (Table 1))
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NO emission | CO emission
Test code
(ppm) (ppm)
40 0 F4-01
53 0 F4-02
46 0 M4-03
33 1940 F4-04
46 14 F4-05
41 25 M4-06
30 140 F4-07
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Figure 16- The variation of NPV with respect to different discount and fuel tariff increase rates: Plan A
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Figure 17- The variation of NPV with respect to different discount and fuel tariff increase rates: Plan B
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Figure 18- The payback periods of Plans A and B in different discount rates at fuel tariff increase rate of 20%
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Implementation and economic analysis of MILD combustion in a
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In this paper design and implementation of a MILD combustion system in a 100 kW boiler was investigated
from technical and economic viewpoints. The main objective of this study is determination of the factors
affecting the stability of the combustion regimes in a typical domestic utility boiler, leading in simultaneous
thermal efficiency enhancement and emission reduction. In particular, the so-called MILD combustion was
established in a conventional boiler equipped with an ordinary premixed burner without requiring to replace
with expensive modern burners. In the experiments, the qualitative and quantitative features of MILD regime
such as uniform temperature distribution in the combustion chamber, volumetric and weakened flame,
increased efficiency and decreased NOx emissions were achieved. The results showed a 10% fuel saving as
well as 13% reduction in NOx. In addition, the economic evaluation of presented method to establish MILD
combustion was performed using the net present value and payback period measures. The analysis results
suggest that investment in the MILD system retrofitting plan is cost-effective and economically attractive in
similar cases.

Keywords: MILD Combustion, Fuel Conservation, Emission Reduction, Economic Evaluation

vy



