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Ansys CFXE& AHgste] §7] ZFoll 7123 FEFFS 0% ~20%7A 7719]
Aol 2(case)oll dal A%, CO, CO, NO HAZFo| ois] A3}t
7V el SUstEA NO Huid &4 196 ppmel A 9 ppm7A]
2 Zoz pAhdgoen 53 JtaAd SR %Y W 56.1% #AES
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AFE &L 381% FaxsHha, oW CO HIFEEL 25% 375 CO,
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Recent photochemical smog phenomenon has reduced visibility distance
and increased respiratory and eye problems. This causes the nitrogen oxides
and volatile organic compounds to produce ozone by means of sun-induced
chemical reactions, some of which create minute reactions with other
airborne contaminants. Therefore, reduction of nitrogen oxides is a major

factor in reducing particulate matters.

A study to reduce pollution, such as nitrogen oxides and dust, from
burner combustion should be performed based on the understanding of the

causes. Numerical and experimental studies should be performed to verify

- Vil -
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the solutions. Water mixture emulsions are disadvantageous due to the
instability of combustion and corrosion of the dispensing system and
combustion chambers. Yet they are being continuously studied to reduce

nitrogen oxides and smoke fumes with advanced dispensing techniques.

In this study, numerical analysis methods and experimental studies have
been performed to analyze the effects of humid air on the flame

characteristics of boiler burners.

Ansys CFX was used to analyze the combustion temperature, CO, CO,
and NO rates in seven cases, ranging from 0% to 20 % of the gas phase
H,O content during the intake. As the gas phase H,O content increased,
Maximum value of NO mass fraction decreased significantly from 196 ppm
to 9ppm, with a 56.1 % reduction rate especially when the gas phase H,O
was 5%. This is due to the sharp decrease in the area above 1,800K,
which affects the generation of thermal NO. At 2.5% gas phase H,O, the
NO mass fraction was decreased by 38.1 %, CO mass fraction was increased

by 2.5%, and CO, mass fraction was decreased by 1.5 %.

An experimental study has compared flame behavior, flame temperature
and emissions in boiler burners equipped with hybrid mixer to enhance
combustion stability of water mixture emulsion fuel. The flame behavior
confirmed that the emulsion flame has a structure with a low luminance
across the entire surface, and a large distribution of the fragments with
the side wall and the rear wing of the flame. Nitrogen oxides were reduced
by 455% at the same combustion chamber temperature and smoke
emission conditions, while carbon monoxide and smoke were reduced by

98.5% and 97.2 % at the same intake air flow rate.

KEY WORDS: Gas phase H:O 7} <=%; Burner flame Wy 3¢;
Emulsion fuel o|¥H ¥45; Low NOx burner # NOx ¥y
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(a) Diesel oil (b) Diesel oil + 20% Water

Fig. 2.2 Micro explosion in diesel engine
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Ishida &l46]> HAaA4bstEd ~2EIE Ao At T = F
U IS W ES FEE A% Ea H =92 B ¥
HE 2 AFe F7h di7] )

ASEL 0% A = Zo 7 7hAaSETAL

2

&
=]
=

A
H
=
=

rlo

S|

2 B ARE Afdle] AR ATE Affy S48le A§ AasEe

B3,  Yoshimoto S[49]¢)

FAEAT  g3lgeiae ZrlsteE AnRES
AFAAME FIIARE A8 A AL 82y 2n3= 34 s

[e)
Rl T
YA, QUSBL, BFLE AF ZAT 0%lH T ADE
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Table 2.1 Summary of previous works
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T 2 el F2 AT W&
c R AT
[24] |- = 20%< o F43] A2 =27 S7HPL&F D7 =5)
- 40%0) N A E Hs
- WU 3k A
[25] | - = 30%Y wf A4 Aol Fob(20% ~30%7H4)
cH ST 27d A B F owe gloly
s R AT
[26] | - 34, F5&, FHLE, 57} HaZ T HXEs 4
- ARERAE A G TS 30%0latell AT WA i Ay
c R AT
g RS RS Rl Bt S
271 - & YA(E 10mo]d): & Ho] <zt HEo] 02 F
= B F (7] 2 F )
A= A4 - 22 AH(E L) 20 =23 A F A& &9
54 4T - W AT
(A, w 7)) ARZZA ALS
2z oy 2| 28] - F9 g¥ol 2 w10, 0%t e A7) 2L,
o= 0%s = AAR F2
- 79 d¥ol =2 We d<e
c R AT
- ARZEAE AA AHE, = dF o] o F AFF vk
29 ke Y, a9 #=
- 29 ol T st A vEva, 944 #n Aol
.ol
0] _ﬁ;@jj%#% & Aze]l o A9,
31 | COx(15%), NO(16%), SO25%)%] 74~
-Ha ki 3% A
- Thermal NO, PACs, Soote} ¥4 zh{&E A A
[32]1 | - m]A] Z2o] 9] droplet flameo] EA <l Ao ]3|
soot 7Ha~
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13 _
W mm ame) s 58 84.8%
|G S BT g
- S8 10%, 20%, 30% A 86.917%, 77.515%, 65.424%

-S09 % 57%E A
= &% | [33] | - NOx9 5% 67%2 i

AR Ak AL EE 6% AE U BS
58 AT L BARGho] 300kgflei® ZF7F RS SMDE mE BASH
A=, | 134

7.5kgf/ci 2918 SMDE.T} 74

P SFERE
5 ~omulao) 31 ARl 2ol Ghulge HerE,
5] @Al §842 WA B
_oimugde] 573l A% Amm WA T 2o T
Wgo) 2o W
ARBAA Ag DA Ad A
B61 1 oo ma 2w py wmuolg wa

- FF AHe WUel 2 B7
[37] | - & 40%7+A ¥4, NOx 50% Az
- NOx A%+ vl & 50% A7}, &g 3% A

= =% « Zkf(residual oi) AHE WY & &3
A AL s8] | = 20%° A wiA ®o] 74, NOx Bl
Hy A% - CO, COz 571, Oy 74, A4 &A%
SIAR= - @A E At

g By B £
[39]1 | - = 30%lA NOx 180 ppm ~ 750 ppm 74~

- 295 o] FUMA] AAEE FS082% ~ 98%)
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T - T2 AT W&
- AME R B &3
40 - & 46%= NOx 20% 74, CO; 57} Op 4
- = 20% ARl A 200K FH4s, A4 &8 AsH2% ~ 8%)
15% F7F 3712 &% 20%5 €28 F A&
= &
Az ALE g7l AW & EF 98 4F
Wy Qs | 411 - PM2 270 @o] ZastARt Fol & Ao] gl
spape] 7 -58% & EF Al E& O F, olF=E "ol
= T HYH
[49] - 5 20%7HA d4EE 0% ~10%)
- & <o we blow oute] A7+ # OE
- T F5 A=Y U Za
SR AxAe A B EA
[43] - NOx 50%, PM 25% #%+
- AREAEE S 20%°15HA 2AY S ol F Ha
cdade A = 24
= o | [44] | - B 30% ol3tell A NOx 40% ~60%
Aw AL - A8 ARE 1% ~1.5% SV
1A [e)
A A _
Spayol CFY MY EE= & 2AF
[45] - NOx "% #4, HC, SOF #4, PM &7}
- ¥7 MU EE 2% A zﬂﬁ 28 S7h
c 7] Y EEe = 24
[46] | - NOx, =223 =49 &4
- B A g 28% vEEe A
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T & s T8 AT W&
Ed 9 £9& & FaEel 2UEss A4
[47] | - ABARANE 2 288 Z7}
- CO °Fr =7} NOx= 80%7FA 74
= Y 98 AR
[48] | - NOx 74, HC Z7}
- 2,000 rpmol A= A84AEE A7 1,000 rpmol A= S7F
= T AR AN
[49] - & 30%°lA NOx, 223 3IA Z4, CO, HC= =7}
- 40%7FA) = bsfco] o5, o]F £4
-2 AE A
[50] | - & 51%1A4 NOy 40% 7HA, A% i
e - W72 4SS =9 bsfc 5% ~9%
A8 AL c= TR AE AR
MR A [51] - NOx 10.4%, PM 28.4% #¥2~, HC 32.2%, CO 65.3% <7}
AR - dE T Ed7h
50] | E EE I8 AE
- PM¥ HC #Z4& =4: 5% &, 3.5% 314
= T AR AN
[53] - 5 20%¢ o NOx 70% %4, HC, CO= =7}
- &5 10%¥ o PM 80%, SOF 75%, 7F& 80% 4
541 | ZIAE 2EY 945 AHE
- & 15%°]A NOx 40% ~60%, CO 10%, HC 14% 72~
551 E &3 dm A AlEH A
- B oFo] F7}1E44E NOket smoke:s 23] A
(561 o HA 17%NA Ha A4S, NOx 30% 74, PM 40%
A
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TE L F8 AT g
- T3k EGR &A1 A&
[57) | - & 53%°lA4 NOx 58% A%
- bsfc &7
dFol 29E & &%
58] | - w9} PM 4938 74, HC, CO, SOF %7}
- Eg % AR AN Y
B Colekg, HEe, B drd EF
£ | - % PM CORZ, ofgee NOWHHCE /g 3 AN
WE A - B B UE 258 37} WHe AR 28ES
AR s A7,
PgAT
OAAdERE dEd A5t 593 =9 A
[60] | - 2F=4de o A= AT oEd AR &9
tiH] 7k v S A gt ok o] g4
- A58E GoA s ST dEARE A 19.8% 7t
(611 - A 5et Gl ol A7 10%, 20%Y W, HYH
A ok 6.9%9) 96% Z7h, 4H AEEL 465%9)
53.4% 27t @ WALL 66.4%5t 72.4% Z7}
gy | RUCH @A el A
- 873Kell A NOy 30% 7ha
o | EeEel A NOg da
B B7) 28k A4, MBY A2, w7)ke e 5
A NOx 71¥ 471
g | Y B AL NOKE 30%, CO 10% A4
S Hl7] 72 Al 8 NOx: 30% ~50% 22
o B7] A2, o A7 A4 NOx 40% ~60% 2
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T L Fa AT g
g | R WU jetR 71
- jet® 170 wf NOx 35%, 271 o 50%74
RPN
g | 69| - B aA Seen g

- NOx Hdol 96% A7+

- B AL ALY
[66] - NOx 40% ~50% 74
- AL A COLF HC A7+
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A3 e FE FFol WUl Bgol MAE I
e o4

31 83 =2d R AL =4

+v . (pU)=0 D

———4v - (pUs U)=—V p+vV . 7+8,, 2)

r=plv U+(v U)'==6év - D) )

———=+v - (pUn) (4)
=v . (W D+7:v U+S,

W FA A4S SST(Shear Stress Transport) W 2dS A3} TH

il
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vy =

a, k B

a k
max(a,w,2F,)

ou

5)
max (a,, (a_y)F2

F, = tanh (argQQ)

arg, = max (2 vk 5000
g2 009wy’ wa

A71H Ue &%
S92

| Y

L I e e e o S A E P
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At HRHCHY L2 7HAstdon, vgte] 197 %4 53 wse 4 (6
Zor] BEgES AN o8 Asw.

(6)

Q)

< g 284 Sehited e Abgsten stet REEES 4 (Dol

CH, + %oz - CO + 21,0 @®)

502 = 9

4 n E,/RIK] [A] (B] a b
456101 0 20,087 CH; 0, 0.2 13
3.13x10% 0 24.417 0] o) 15 0.25

AEE FHHT YA WS AR AbolH Wiy
U b sEng MAUZE £ 3R
Mg Et NO A4 Ul 744 W WAUS

Zeldovich mechanism), &< WA YZ(prompt or Fenimore mechanism), N,O

_27_

Collection @ kmou



STHAAE WAYE, 282 NNH wiAY S |t 44 vAYES FEAS
FEFrlo] AXA 1 A FYolA Loy, oo HlE F& HAUFLS
TE FEH Ah FAHAA Loy wg HAYFoIT N,O FIHYAE
HAYELS ¢ gusta AL Ah FAHAA NO A F=2 7|dshe=
wgolth,. NNH wAYZELS NO A wgoA niwzd AgA =5
W AYZolth, dAAAkEES N,0, NO, NO;, NyO3, NyOs, NoO5 58 E3 3

90% ©ol/g2 NOoltt. €4 WZAYUFL ts F7HA A4 whgoz oot

O+N, <% NO +N (10)
rl
N+0, <& NO + 0 1D

o] Aol t& wke& F7FstH &4 Zeldovich BEg- WA Y Fo] AT

kf3
OH+N+k—>NO+H 12)

T3

k., = 1.810" exp[— 38,370/ T(K)]  [ni/kmol-s]
k., = 3.8>x10" exp[~425/T(K)]  [ni/kmol-s]

ko = 1.8%x10" T exp[—4,680/ T(K)]  [ni/kmol-s]
k,, = 3.8x10° T exp[—20,820/T(K)]  [ni/kmol-s]

k,.=T71x10"exp[—450/T(K)]  [ni/kmol-s]

I3

k, 5 = 1.7>10" exp[—24,560/ T(K)]  [ni/kmol-s]

Hir
o

o A(thermal) NO2o] AL g4 257} o, G4 JAgi A BB}
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A7) A BF=0X]el @9l mol/niolth Hg2 (14H)e m$ & A3
AUAE 7HA L 7] W&ol i §Ee A=
dojdrt. wetA O, H, OH®| =7} HEPHH FTEolete 78S &1 & +
Aot =T i AR AA= NOEG wE3Ae] mje = =
AR E = Sxvg wWE4 ARG o Ei(quasi steady state)z}

1o A Ao FEE WS A7) HRE Eok Ao d4H BR(N,)E

AN
o
o
o

ol

AT AAdAe] &5 A8 S5 0FE zeroE Tvohd ¥824 149+ M

[N, ol dhsl & < Aot

kp [IN,[O] + £, [NOI[O] + k4 [NO[H]
[V, =

1
i INOL+ Fi[O,] + kg [OF (15)

o] A3 N, NO, O, ¢ %t O, H, OHe| BHpEol oEshe 1y [k
F@ o] Wga) (15 thest 2ol A& B % Yok,

'no = kﬂ [NQ][O] - er [NO] [O] - krg [NO] [H] (16)
+ (= k., INOl + &, [O,] + k5 [OH]) < (IN],,)

NO9| A #ZFS NO By o = I3 & TS FA & & A3 /5 Aol
F&Fol v= 7H8 stoll FAEE Foho] Avtel Jhssith wEkA A4 s
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T ZA3zHE NO BAFS dF3te] NOEZE HHELS 4 UNS S
ALtE T,

k.1 ko [INOP? )

d[NO| _ - k1 [NQ] ks [02]
= 2k; 1 [O] [N, ] &, INO) a7
(” k72 10,] + ;.5 O] )

dZ(thermal) NO A wWAYESS drkd o= 1,800K ©o]ste XA+
sastA wn. dx 4ks A AR zAde Wiske NO= €4
HZAYFel ol HHds Hddd. wekA 44 NO= 349 F+7 7h=olA
AdEtta AzE

A% (fenimore) WMAUES ©elFa dAgol Axsisty UHsA AAH]
qom 4 wWAYZ o3 NOZE AAH7 Al <

AEFsEY sAdoAA mEA BHETGE AL THEIAS

dHbA Rl WAYFY FAL "3tgis BT &

U A BHES WAL, obwlat ARk

O-r‘

O]—EI__O] Vo= == %@—%‘\% NO‘%‘ }\g/%] /\]71113
4 BEFEZ et 45 WAYUSZTES AFste g@skaa 4717 AAPEE
HAS FASYH 35 WAYESS o3 Zo] Yyepd & th
CH + N, = HCN + N (18)
C+N,=CN +N 19

Bg (18)e o WMAUZS FaF ARoln, o wso] ojs e wrA Y
AL Gzl o 1280 Ae @, NOE AHHE
e g A4 F4L e

HCN + O = NCO + H (20)

NCO + H = NH + CO 2D

NH + H=N + H, (22)
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N+ OH = NO + H

FEgnv}h 128 F 3¢
doh. FEFuvE 2 A9 919 weEe

HONe 2 Ajw@sol NO Ao

= N+NO—->N;+0O 1}%]%‘01\:}13}.

d[NO| . )
dt - ka[OQ] [NQ][FUEL]G Ea/RT

k, =121 w107 (ELyoer
p

o714 E,& 251,151)/molel™ a& 4AF4
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I
Al

3.1.3 A

7h22’d (Gas phase HO)H&Fo] wustdol A IFE 1237 93
Tted SRl FHE AR BE WY FAR T
HEEA A AstAAe] AP NX9F ICEME Abgstgon Ax S&
141,771 Fig. 3.13%} 2t}

Table 3.1& A4z=7AS Yeid ALg Jd8E e, 879 &5 25T,
FJF7ME 1.3, 7t2A FESHLS 0%, 2.5%, 5%, 7.5%, 10%, 15%, 20%7}A]
THAE 39 2™ Ansys CFXE o] &3} af4]stgdth.

D7tz 242 Table 3.29F o] wgke] o] 2&3H] vl&= &3
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Table 3.1 Calculation conditions

[tems Conditions
Inlet mixture temp 25C
Fuel CH,
Excess air ratio 1.3

Gas phase H,O fraction

%) 0, 2.5, 5, 7.5, 10, 15, 20

Outer boundary Opening
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Fig. 3.1 Grids of calculation domain
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Table 3.2 Composition of gas

“wion oo | O O °
0 0.0748 0 0.1944
2.5 0.0748 0.0232 0.1895
5 0.0748 0.0463 0.1847
7.5 0.0748 0.0694 0.1798
10 0.0748 0.0925 0.1749
15 0.0748 0.1388 0.1652
20 0.0748 0.1850 0.1555
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32 A A% 2 uF

Fig. 3.2& 7t FEFH0] 0% ~20%Y W F5&55EE Yelhdoh 7txy
FEo] §le AF HuEEE 465m/s0lal, 7t FE 25%Y W HulEEE
446 m/sEA 2% FrAFRIL, 7Fd TR %Y W HUEEE 437 m/sEA 4%
Zae, Tbd SR 15%QD W) 428msEA 5.9% Fa, skt SR 10%Y o)
AL8msEA 8.1% Zra, 7b2d R 15%Y wl 40.2ms2A 11.6% T,
Thevd R 20%Y W) éﬂﬂ]é“,—_‘i%:— 38.6miSEA Tk FRIFF 0% il
15.2% ZF&stTh ok o] f53H V2%
Zastded ole TERA #v‘i‘—?}%}ol s/tETss das=rt Fas]

Fog wodn

el F/H5E

=

—\>o

JH
r\r
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@ 0% (b) 25%

© 5% @ 7.5%

© 10% ©) 15%

(@ 20%

Fig. 3.2 Vector of maximum velocity
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- =ik -- Max. Velocity
48
_ 46 y—
n = N
E™ iz
[y mn— B W E E ol
.:E" o
2 “L._H_‘
= 38 A
=
36
34
0% 2.5% 5% 7.5%  10% 15% 20%
Fig. 3.3 Maximum velocity at gas phase H,O fraction
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Fig. 34c 7t FEFF @8 2=8XE YeRd
3710e AeAHE
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Fig. 3.6 Contour of NO mass fraction
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Fig. 3.7 Average NO mass fraction
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3.2.3 CO A4
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Fig. 3.9 Contour of CO mass fraction
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3.2.4 CO; 44
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Fig. 4.1 Experimental setup for the burner using emulsified fuel prepared

with hybrid mixing unit
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Table 4.1 Specification of test burner

Model Oylimpia OM-N1
Rated power 116 kW
Fuel consumption 6~12 L/h
Fuel feeding pressure 0.7 ~1 MPa
Power control ON / OFF
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Fig. 4.2 Photo of experimental setup
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Fig. 4.3 Hybrid mixing equipment
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Table 4.2 Test conditions

Water mixing percent , , ,
Intake opening Oil flux (cc/min)
(%)
0 100% of Opt*
9.1 75% of Opt* 250 cc/min
50% of Opt*
Opening adjusted by
16.7
the fuel gas ,
e\ 220 cc/min
concentration in the
20% emulsified fuel

Opt* ; Opening optimized on the pure diesel oil
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Fig. 4.4 Photomicrograph of the emulsified Fuel
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Fig. 4.5 Flame development of the diesel oil case at ignition start
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Fig. 4.6 Flame behavior of fully developed flame in the diesel oil case
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Fig. 4.7 Flame development of the 9.1% mixing case at ignition start
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Fig. 4.7 Flame development of the 9.1% mixing case at ignition start - to be

continued
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Fig. 4.8 Flame behavior of fully developed flame in the 9.1% mixing case
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Fig. 4.9 Flame development of the 16.7% mixing case at ignition start
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Fig. 4.9 Flame development of the 16.7% mixing case at ignition start - to

be continued
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Fig. 4.10 Flame behavior of fully developed flame in the 16.7% mixing case
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Fig. 4.11 Temperature distribution in the flame center axis at 100% open

case
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Fig. 4.12 Temperature distribution in the flame center axis at 75% open

case
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Fig. 4.13 Temperature distribution in the flame center axis at 50% open

case
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Fig. 4.14 Temperature distribution in the flame radial axis at 100% open case
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Fig. 4.15 Temperature distribution in the flame radial axis at 75% open case
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Fig. 4.16 Temperature distribution in the flame radial axis at 50% open case
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Fig. 4.17 NOy concentration variation with intake opening
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Fig. 4.18 CO concentration variation with intake opening
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Fig. 4.19 Smoke concentration variation with intake opening
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