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A Study on the Thermal Decomposition and Injection Direction of Urea
Solution Used in DeNOx Process
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ABSTRACT : In this study, thermo-gravimetric analysis(TGA) was used to investigate the effect of urea concentration and heating
rate on the ammonia(NH3) formation process from urea solution. A newly designed pipe nozzle was inserted through a 1,000 N3©/h
oil firing boiler to compare the DeNOx efficiencies between the upward and downward nozzle. This experiment reveals the effect of
path which an urea droplet goes through. Urea solution showed the same TGA graph without regard to the presence of oxygen.
Heating rate had a great influence on the weight loss trend. But the concentration of urea solution between 10% and 40% did not
affect so much the thermal decomposition temperature. Therefore, heating rate is more important factor on the thermal
decomposition of urea than the concentration of urea solution. Three nozzles located at different positions showed similar DeNOx
efficiencies such as 68.1%, 71.8%, 70.8% at the same temperature. Even though urea solution was injected for the same zone, the
injection direction made much difference in DeNOx efficiency. A upward nozzle showed 68.1% and downward nozzle 9.5%. This

results illustrate the importance of heating rate.

Key words : Urea, DeNOx, TGA, Heating rate, Nozzle
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Fig. 1. Schematic design of SNCR reactor.
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Fig. 2. TGA analysis of solid urea under nitrogen and air
flow conditions.
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Table 1. Thermal decomposition process of urea®

Temp.(C) Process
0 — 133  No significant reaction is observed to 133°C (urea melting point).
140 Mass loss begins by urea vaporization.
152 Urea decomposition begins.
Gas evolves vigorously from melted urea.
H2N-CO-NH-CO-NH2(m) + HNCO(g) — Cyanuric acid(s) + NH3(g)
175 HaN-CO-NH-CO-NHa(m) + HNCOIg) — Ammelidels) + HaOlg)
193 Produced urea is unstable and further decomposes into NH3 & HNCO.

An increase in the production rate of CYA and ammelide above 193°C.

190 ~ 210 Gas evolution is observed from the melt between 190 and 210TC.

A white precipitate begins to form.

210 The melt starts to converse into a sticky solid matrix at 225°C.
H2N-CO-NH-CO-NH2(m) + HNCO(g) — Ammeline(s) + 2H20(g)

Reaction rates and evolution of gases slow due to the formation of CYA/ammelide/ammeline solid matrix, and a plateau is observed

225 in the TGA. NH3 is either trapped in the solid matrix or tied up in ionic form as ammonium iso—cyanate (NHs"NCO")
CYA reaches a mass maximum, after which sublimation begins to predominate and mass loss is noted. The ammonium iso—cyanate
275 salt(NH4+NCO-) continues to be lost via decomposition.
NHz"NCO™(s) — NHs(g) + HNCO(g)
CYA decomposition begins in earnest. between 320 and 330C
320 ~ 330 Cyanuric acid(s) — 3 HNCO(g)

The direct ammination of ammelide is one possible route of melamine.

The formation of melamine is very slow and small.

350 ~ 360 CYA has extensively decomposed, and ammeline & ammelide production and sublimation processes have reached an equilibrium.

A gradual mass loss is noted in the TGA.

CYA residual continues to decompose.

Ammeline and ammelide begin to sublimate and decompose.
Ammelide starts to melt and decompose.

Ammeline starts to melt and decompose.

350 ~ 450

Ammeline decomposition requires temperatures in excess of 700C.

=43+ 231 Fig. 20

£917] 7hno] ERo| BAgle] L=of k2 A

= o
Aol Aes| dAshe ACRTE A fEoks Ak

B AYE] A2 A

| A=l dom F7]&E97]
of|A] o] FojA= &3l #FE Table 1o sttt L
o} fgHoAE FLslrt

&

SNCR 3ol A WeAIZ AHsle 44, ugh Ao 5
Q) Fol A B oleled oblsh HuE gutoz 4
§9 Je= Azsto] ALgSHA Bk Sdlof gt
30~40%9] FER A% o] Tohe 3 gli=v] Aol
L ol8 Itz ALgSAL Bfste] AbgstaL ik 4
894 AHESIERE U] Folshs A Sdotoln
2 s 3

_TO'_

= NOx 9] ol R = e 2283 4
=
=

sfoob aiek, of u} UG Pl Sefof

y

Aot 3 5 :

TERE el ol HE S T B P
AT BN £F FRNE PE 5 I B9 U
ng A BEE HYE Bast g Mo sEL
o] 2elo] whE £w s} Bapol O HE Zol,
Y &5, peloh $3) S 5 R 8.0] At

AEolA] =], &
o H= S ' =
S-glof =gl tfsto] 7tE&EEE HIIA7|HA]
& HEAE AAlsHT

Fig. 3°1= 538t 23} 10%, 20%, 30%, 40%<1 -2
of =gl gl x| f-glob Yxpol] thske] 1C/min, 15T
2 HE 2 7tEetelS o FA ¥
35 S Ad A9E UEtyleh Fig. 3aclAl &4

_?L

2

2
e Nope
ofN o fr my

I Journal of KSEE | Vol.31, No.7 | July 2009



REREREE T 23k S

LB MBEI= 20t £8U0] et BARTO st A7

(Ee] :
i Uipea #%% (Par: waler
1]
- T
i:.' &
E i
= 4
el
1
mn
]
o Lim ] el ZH1 L
Tomigee ealmne { 1)
(a) Urea 0% (Pure water)
1M
) (TR
i
I:.'I L]
- v L
Lwl ! y
= H
C ; \
& [
m - Ay e
14 L
i
i Al T i ETL1 BT
Temperature [ 1)
(c) Urea 20%
10n
9 Urid e
LT
S
£ 40
£ s
; Tl
31l
M
In
1] b i kel VR J—
il ([4] THI H A} SiH
Temsperaiuere (10
(e) Urea 40%

Fig. 3. TGA of urea solutions according to heating rate.

S 55 A7 OE o2 SEE 7HElS o A #gt
M o P dEda dES = 5 v P
e 52 £5 1T0/minl 2 7183 9S o 5O 2%
7F100Te] HrhE7] Aof R o] SUEe] FAV &
ds] floAAIRE, #E 52 £29 30T/minS2 7
39S wol= 100C7F He 2=oAE FA7F &3]
glolAAl o= s & ¢ Aok olek 22 @2 1T

/min®] £E &2 7}gsr

15w AlRO] L& Ao 12 B
o] N|eEEL e =

AR oz HZ:A7ke] 4

o=
SRk

a0 | ; :_\_ Lres B8
ey
- LAt N
i & \
i w | 1] l"."rnl |
E 4 IER-T T 1‘ \I
an 1
1T ! \ ||
1is 2 By "“‘n.:\._
B Py |
i (L1 ke 1] MW 4irl &
Tempersiure (1)
(b) Urea 10%
Urew H1%

Wekght 1%

a (1] T kL Artie Sisl
Temperabiie (T

(d) Urea 30%

W dght (%4
=S EEEEERIEZLE

il 1141 pe L] ikl 401 Ml
Temparadure { T2 )

(f) Urea 100% (Pure urea)

o] o] SH2w el 1007l o]27] Fol 501 nE s
517] wito 1‘11 30C/mino 2 7t€3st4 = 8ol 5
ek off desh SUHdIRE QI 49 ’\t‘] FotaL
= AMUATE 225 AsAl7]=dH E857] ‘Iﬂ—r"ﬂ 2
T sl U FARE ] HlA] JAgt S5 115}
= Aor ?_E} HhHo] 15C/minS 2 7}030} S uj
A AL 30C/minl 2 7FE89S u 2o o AH
5] X3 =]o] oF 180 C7HA| =7} g5t $oll F435] F
Al AeFol dojvhs AeFs Holal Qo o|z2RyE wt

CHEHEHZZSES|X| | MI31 R M7& 12009 78 |

535



536

Korean Society of Environmental Engineers

oA S

o

7hwhE S22 718 Be

St S-dots Zbzt 10%, 20%, 30%, 40% E3+3t &
H 2] Al 72131,1r
g

gool g G5

~Tig. 3eol|l A= =E2| g5Fo 3 1
o] £435 B2 AMR-3E Fig, 3a9 299 SAKSE AeF

Lon
an
LR
7n
L
an
4n
an
o
(]

weight (Tsp

100
1
L4l
T
il
20

410

3o

10

ia

WWiright ™)

Tikn
0
&
T
&0
s
41
A
i
[

Welzhi (%)

o 2u =2

o mulsh 2 molw gtk $ulol 2golol AL Sio] Fusin
FAF LES §AST o thgo] L&} Apaks Bkl £ o] dojut
W 70w Az A gk QAT 77 BolEl 459 Fio] $uwl
G LT & 53 F3be) Zo|7} 2] BAE mo|w e,
= UEHY= Fig. 3b ol FE9 Fo] dRH 257t FoH 1A oo
She Rpol A g e whge] doju] gistel Wag AW Lr
o7} AXA =ER Yeht= ddoltt sk -Hof
! _“"_& Headlng raie 1T 'ruln.-i
| .
n b %
L% LY
i\ = |
il T L ——
B r- S
= g b
\ e b -
S S —— e T T AT
o 1e@ %0 IeR 4 3@
Temperaiuee (T §
(a) Heating rate = 1°C/min
o ™
‘h
Heating rate 15T /min L‘-:.“:—-_-—:_:_“'.
1] 100 Ta0 Xon A
Temperature (T}
(b) Heating rate = 15C/min
e, '|-|.1' - om o
Heating rare 30 T ioblim i -'--—!- = -—:l';
i¥ 1a 1000 LRI ] 4@

Temperature (T}

(c) Heating rate = 30°C/min

Fig. 4. TGA of urea solutions according to urea concentration.

I Journal of KSEE | Vol.31, No.7 | July 2009



REREREE TEEr5E G | 537
HESYOI| ABEl= 2ot 80| BEH SAKYS| et A+

TEHo A 2O FHbo] SaE o]%of M E = £ 100 T 1
ofe] Z&f Bk 2= U FRollA = AASHA] ¢kl
Ao it SHo] fhEE Aol T ¥ =4 # - _ &l
Solotel BV} U= AS & e ol e 8 LI = _
Zu ol R Sdjole] A vheE 54 eEol F | e 1 My 8
E S =
o|=7] 2ol 443 ARHAT, AFA] Bojgel wp B :, x
o 54 L& o|HoAE A e vEhd vhE 13y 8 am| | e o=
B 4 ook A8 Uehic webd $U% sEel 98B ’
of gdojgt: 7tAL =S Fe|gte] uet fHote] & S o . a0
= [ By —#— W —#— NOx

2o} AEe LS MR 4 Yok AL ¢ 4

]
At ! i

Fig. 3b~Fig. 3eollAl goF 4=8q 2] H=7} 10%~ Tim M TR
40%= Fepdol whet 13429 A A Sl Lma spray raze sard
90%~60% °]FolA 1L Q= AE & 4 AUtk 13 74 Fig. 5. DeNOx efficiency and NHs slip according to the
Zreko] FAEL 2Ho L odof 8] =7} position of pipe nozzle upward.
7t E EolAl=H YoM Aud = =7 £
TE e o] FolgolA 2 Sl e 719} of2] 7HA] F&=o] f-Hlof 480l diste] 3%t AF
g £Ao] Foj57] Wi}l Ao wetE Fig. 3fel 2 B2 AnE Fig. 40 At 719 £=71 1T
= A fElof JAbol et 5 24 A AAE Y /min%l Fig. 4acllA f-#o} &AM 270 A= FH
BTt Fig. 3014 1T/mine 2 7tdst= 79l + o7 Z2& fAlof o3t 7gtz 2k s glo] FARE
Al A W3k= Table 1914 A7t 23 o] 140TC 43 Eolsti7t &= st FA el I HdH

oA AJZHEE ol SElobe] Fo] Al Flew 7FEol ogt S (4] 2)Le= YA go] B
o] o

HIE 3 9low o]F 190T 7HA] &7 A dfE] o] ut T =] 1A ot Akt AdHE A &
4 @0l &3t rEYol Aol e Ao R wgE glob= FA e glo] oF 140T7H] 227t AsE &
Lx7t AL ErAA 240 CHI7HA] ThA] B B 2 &8 AL AXA EH=d efFE A -HokE At
TS Hol=t o|He] 7 ¥ ittt WY £ |3 Ao YU oA RS AAEE AL E
£ woltt a#u 15T /minelY 30C/min® & 7Fg8 o= ook, sHA|TE 7HE &) 7HY WHE Fig, 4eolAe &
o= o]e} -2 2vtA| Ak o] FHER] = Ao R SNof|A AYH Hope] AEB AR == 1A
UeERER o w9 &1 o] 1A §igE Fylsh= vk o5 ARESH Hf-Hh WEn 4=59| FeFo] FUIEE
o] Q= Ao g FokHh = 225T FLoA Sgolrt O Jrt AR ASREE 27] 7B A QL
S8 1¥Eo 1A L2 Wglshs ofg e vhgo] A 2ol gt 7td fdte] o3t A8 AlrH ?:z
AU AR Holn o] ¥hg-2 mje 7 £ER X H A f-Fope] A folli= Al Mo BA e BHE
YPH O S £ 5 Wag o= o] go] Aty o] A gt f-glo} 28Nl Hf-oll= RO FH HFE Xﬂ
L 7oz Holt} o5ty 2W o] BA A= IS Hol= ACRRE 1A
SHloto A Hol= F A R4 g R E2 sgdoR
H,N-CO-NH-CO-NH;(m) + HNCO(g) Azshz BgollA HshE = 84 Ts7|d o=
— Ammeline(s) + 2H,O(g) 5) A=t 71E4EE7 15C/mind 30C/mingl B8-S
Z}7} Fig. 4b%} Fig. 4coll YEtH =l 1T/min®] ¢
olggh B T 2=7F Assiiete dFs £ o} H|13}to] Fig 4bollA= E9] o] AIZtEE= 2=7}
AE A8 1c/mm94 7tE & o A= 260T, 15T 100TCE A+3]% HhdA Fig, 4collA= &= A5a 74 7
/min®} 30C/minol|AE 360~370CHE FA ko] Fol Aol XY E|= S Holal it 12} FA A=
AP el= A2 RE M4 5 deE|shd S-alote] &3 o|Fof BA A7 gle 2% AS7E AA 22k A 7
s 2= 9 F2E WA 5= 9l A0 R grkH o] A== ot dE| Azl =gkt -2
of =8N HLof= 71E £=7} 1C/min, 30C/min,
3.3. 2ot +=Ue| sk ME T/ T £ Hat 15C/min? tﬁi v ow B ZeiA|vt 14| 9

[m]

HEtetzZats|x| | 312 ®7& 12009 78 |



538 | Korean Society of Environmental Engineers
I:IAa

o

vj7pael e S ES TR EE FARE 9139 2Rt
EZ FYoll A eg o8 WiEaA o), weba] 27
ofo] FAl Wgkel| wet A& ok dAY S5 AXE
Ao 2 geshic,
$eflobe] w17} 5%9) 48
e QA4 AEE EARES W 2d 2837 NHs
slip< BlaLsto] Fig, 50 Yetliglet, Til03x} Til05+
- b e Ti104Z €] 282} 40 cm SHEL}F Aol 91A]skaL Sl
W 4 IO B A oA 2= FYstEE @4 &
g © 68.1%, T1.8%, 70.8% A o]z} L4 okA|uk
P SN ! i SO BT Ti1040] 4] NH3 slip2 718 =& 96.6 ppm<S LFef
e 1 Utk FAago] & Aol7} glZol= NHs slipe] &
WRTT. i o= EYE fdlot=iE AAHE NHy7l Atides

....... Bt i bl wr) 2ol Aos AR = Til04 XA L&

OF AlFAR o] o= E SAIE 7Y wol A
o

£ NSR 1.22 3fo] A=
O

e ol
>
o
o
tlo o
r
o~
e
Rt
)
r
o
o
>k
(o]
e
ol rlo M

=5
>
o
o
=
[
(@)
=~
2
>
Ol
4
Huoox
f
S~
>
<
ox
o
o
=
=
(@)
w

s e s oA ARE BARE 99 BY 58S vlashy 2%

Fig. 6. DeNOx efficiencies according to the direction and 9.5%%} 68.1%5 K
position of urea injection. B

SIS
I 32
o
o>
i
fu
g
>
i)
o
i)
o
Ir T
N
>
o
allf

ofe] ol 15T/ min olel A L ZHolzk A7 ek,
o Sefoh Bwe] L Bul A 7h b Se A
10%~40% S-elot 5-§949] S-dlo} Axs) AL 7
ol 2 AolB Holx| gonE Pulol £goo] ML
o JEuT ASEL SR A4S X S 9

k.

o2 2 o o HI
o

18 o
Tt o

2O
1ij
>
it
o
vy
)
rlr
o

> &R
2
lo
u

Moo (B o W I
2

A
% = e
o O 2 E
N lo
- m_\Q H” [‘[O
R S mﬂ
?ru i)
_): (
o
o
N
o
rlr
pa
lo
fu
O>~
4
i
ul

IV e
={

o
o
o o
olﬂrlr
(o]
P
o T
g
9 3L
Zil
B
o £ g
rE‘Q‘
oo
o

==
2] FAF YR e 2 aE vla AY

ul ot oo

i © o

to rjr 1o o oo o
N
N
21id
:?L_‘,

=,

ofi
o)
rl

o9
2
B>
(S

rE o oo mlm
o,
i,
[}
2
!
i
o]
=
rlr
Z
O
1o
2
=)
rx
olo
=
rE]
o]
=2

o:

O oA e
o
£
[}
2
fr

o o] AGE 7t HES ch2A she
2 FeE iy, e Fig. 10] 29 SNCREHEY]
Til03, Til04, Til05 $IAo] BELZ(E Y& 55} 7}
solsiZ o) AXste] BAL WA AR Bhel 4ol Bl v glek B 1 %
e} FHEE SF9S uf 23 382 v wIL 259 oA E3] Q3 H-S- 92 = Reaction Engineering
OIgt J3FE wiAIsH] fIsto] 2t fIA|ollA 2 R oF Inter—nationaloll &3l AAJE 77H2] ¥E-3-2]o] Qlarle)
900CE Ak 244 AL st A2 EAF R} ©estE 2P R Duol? SOl 93] AlAIE NHsol
2 EARE 9129 et ofef o] 270 WES-A]o] it

NOE AAA7]7| % stc}, S-alof
Sohs WA wf¢ Eitel] wiE

A|A] FUARE NHso| -5 24712 2)st
I

o of i
W
-
&z
®)
B
-
ol

_,d
—

w

s}
=

o

22

o ofo

ofX
2
o

|
o

eEyttve eEs w2 o5
o Ao|T BRELE HALE Saob w7} oju) NH; + NO +0.25 0, — Ny + 1.5 H,0 )
ol AATE AH7HA] BT F ThA] WgFo] uhplo]

|
ot

I Journal of KSEE | Vol.31, No.7 | July 2009



KERIRIE T @rEk S

LU ABE Ra0F $8240| Fsior ARSI B3t ¢

NH; +0.25 O, — NO + 1.5 H,O (7)

oA 7104 WS A4 212} Theat 2,

3
kai = 2.45 =10"ex 13('29T’ﬂ )[NO][NHg( ) ®)
k» =221 #10"ex (M)[Nﬂﬂ( 1) ©)

JrREE NO2 A3t ¥hgo]
NHs AFste] &gt NOAY/JH % o} w2 S st
AL Y F ol E}EW a2 AR Yotk 5
F2 BARE f-gobe] 9o 1‘55% Hg*@} gkg-ol %l
At Tl

0

oy
oz fafoh ex
4 5291 Aol7} FRaA Lheht A0 Bkl

4. a4 =

314 zﬂé EARSte] AaatslEg AFAI7| = T4 ollA
AHEE= EHOP 8ol digh HHx1E mAEH] ¢
sho] BAME = ot -89 FEet BAF =59 914
Ut I‘Hﬂ FFS nAste] ot F2 AES &
=3}3ict.

1) $dlobs £917] 7
o) 20l e A Y Bto
A 0.2 HE Ao EAo] T
e P AR E AR 2 5 9k

9) S-ellob g olo] AR Aol
e stdmo] ne g e 57
o] 7HA%E} Salote] Hefol Fa
vherie

_ﬁ
Z
ru>_4
om
N

B

( O}N

o
2
rd
X

)

o

ot

(& 12
= g
e =

L
o
4>

oM.
Ol
oxnd
o mle olo

3) EE7F 10%~40%%0 S-&ot F=EAoA ol 4
23l AlRF 2E= T ApolE HolA| gomng o
of =gMo M= L FiFo] TtdEERTY F
FE A2 S o 4= 9l

4) A7} k2 A FroflA =g T FAEHN S
o AFE EARRD He "

71.8%, 70.8%= UEL} =

7}
: Gl LA oF

5) T A e Fsto] shioll A BARRE A2 Aol
A EARRE 5o 2dE el

9} 9.5%% B EAst x| o] BilwE 2ol
=)

e BApge] weh 9
oAk,
KSEE
AL AL
BT B4R AAgRE7I Ao 19
o of8) = glon, olo] ZAEYUTH

2
1. Rota, R., Antos, D., Zanoelo, E. F., and Morbidelli, M.,

. Chen, M., and Williams, S.,

“Experimental and modeling analysis of the NOxOUT process”,
Chem. Eng. Sci., 57, 27-38(2002).

Radojevic, M., “Reduction of nitrogen oxides in flue gases”,
Environ. Pollut., 102, S1, 685-689(1998).

Javed, M. T., Irfan, N., and Gibbs, B. M., “Control of
combustion -generated nitrogen oxides by selective non-catalytic
reduction”, J.Environ. Manage., 83, 251-289(2007).

Salimian, S., and Hanson, R. K., “Kinetic study of NO removal
from combustion gas by NHi-contaning compound”, Combust.
Sci. Technol., 23, 225-230(1980).

Quartucy, G. C., Montgomery, T. A., and Muzio, L. J., “The
effect of initial NOx level on the performance of SNCR with
urea injection”, Joint Spring Meeting of the Canadian and
Western States Sections/The Combustion Institute, Baniff,
Alberta, Canada(1990).

Alzueta, M. U., Bilbao, R., Millera, A., Oliva, M., and Ibanez, J.
C., “Impact on new findings concerning urea thermal
decomposition on the modeling of the urea SNCR process”,
Energy Fuels, 14, 509(2000).

Wohler, F., “On the decomposition of urea and uric acid at high
tempera ture”, Ann. Phys Chemie, 15, 619-630(1829).

Stradella, 1., and Argentero, M., “A Study of the thermal
decomposition of urea, of related compounds and thiourea using
DSC and TG-EGA”, Thermochim Acta, 219, 315-323(1993).
Schaber, P. M., Colson, J., Higgins, S., Dietz, E., Thielen, D.,
Anspacj, B., and Brauer, J., “Study of the urea thermal
decomposition(pyrolysis) reaction and importance to cyanuric
acid production”, Am. Lab., 13-21(1999).

“Modeling and optimization of
SCR-exhaust aftertreatment systems” , SAE, 2005-01-

0969(2005).

. Yim, S. D, Kim, S.J., Haik, J. H., Nam, I. S., Mok, Y. S., Lee,

et ZErs|X| | 312 M75 12009 78 |



540

Korean Society of Environmental Engineers

oA S

o

12.

13.

14.

J. H., Cho, B. K., and Oh, S. H., “Decomposition of urea into
NH3 for the SCR process”, Ind. Eng. Chem. Res., 43, 4856-
4863(2004).

Muzio, L. J., Arand, J. K., and Teixeira, D. P., “Gas phase
decom-position of nitric oxide in combustion products”,
Proceedings of the 16th Symposium(International) on
combustion, Combustion Institute, Pittsburgh, pp.199-
208(1977).

Lyon, R. K., “Thermal DeNOxX”, Environ.l Sci. and Technol.,
21, 231-236(1987).

Teixeira, D. P., and Muzio, L. J., “Effect of trace combustion
species on SNCR performance”, International conference on

environmental control of combustion processes, Honolulu,

15.

16.

17.

Hawaii, 7-10 October, (1991).

Rota, R., Zanoelo, E. F., Antos, D., Morbidelli, M., and Carrpa,
S., “Analysis of Thermal DeNOx Process at high Partial
Pressure of Reactants”, Chem. Eng. Sci., 55, 1041-1051(2000).
Brouwer, J., Heap, M. P., Pershing, D. W., and Smith, P. J., “A
Model of Prediction of Selective Non-Catalytic Reduction of
Nitrogen Oxides by Ammonia, Urea and Cyanuric Acid with
Mixing Limitations in the Presence of CO”, 26th Int. Symp. on
Combustion, Naples, Italy, (1996).

Duo, W., and Johansen, K. D., “Kinetics of the Gas-Phase
Reaction between Nitric Oxide, Ammonia and Oxygen”, The
Canadian Journal of Chemical Engineering, 70, 1024-
1020(October 1992).

I Journal of KSEE | Vol.31, No.7 | July 2009



