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Abstract— Volatile organic compounds(VOCs) are known to generate ozone by the reaction with NO, in the atmosphere
through a photochemical pathway, which causes the smog. One of the popular treatment processes of VOCs is the thermal
oxidation since it shows high destruction and removal efficiency(DRE). Regenerative thermal oxidize(RTO) is commonly

“used due to the high heat exchange efficiency. Flow field, temperature, pressure and compositions of flue gas in the RTO
were simulated by computational fluid dynamics(CFD) for the steady and unsteady state. The objective of the study is to es-
timate the DRE of VOCs and the pollutant concentrations of CO and NO emitted from the incinerator with the incomplete
combustion and Zeldovich's NO formation mechanism. The case system studied was the combustion of toluene by the RTO
composed of three ducts packed with ceramic to exchange heat. The dimension of the duct is ImX 1m X 1m and height of
the oxidizer and ceramic bed is 2m and 0.4 m, respectively. Results show that more than 95 % of DRE is obtained when the
premixed flow velocity of VOCrair is less than 0.6 m/s and the average temperature of flue gas is 1,300 K at this condition. It
was also found that the inlet velocity is too fast to incinerate VOC/air when the velocity approaches 2m/s. From the un-
steady state solution, it takes 2.5 seconds to reach the steady state after exchanging the inlet/outlet duct when the inlet VOC/
air velocity is 0.5 m/s. Temperature, DRE, concentration of CO, and NO were increased with the operating time until 2.5
seconds. The concentration of CO, however, shows the highest value of 1.09%, at 1 second after exchanging duct. It was
higher than the steady state concentration of 0.71 %. The results revealed that the DRE is lower and the CO concentration is
higher than that of the steady state during the transient operating period when the ducts are exchanging.
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A #7] 3gE(Volatile Organic Compounds: VOCs)ye- tjf7]
FTOE FEste] el eluiAol o) NO, 3} g B3k} ukge
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Fig. 1. Schematic description of regenerative incinerator and calcu-
lational grids.
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Table 1. Characteristics of the cases in the regenerative incineration

study
. Comp. .
. of
Time Vel?c1ty Temp. of of inlet Velocity Temp. o
Case scheme of inlet inlet(K)  (mol%) of bumer bumer gas
0
K
(m/s) toluene 52500/ ®
1  steady 0.5 300 1.27 2 1000
2 steady 1 300 1.27 2 1000
3 steady 15 300 1.27 2 1000
4  steady 2 - 300 1.27 2 1000
S unsteady 0.5 300 1.7 2 1000

Case 1-4%= ¥HE-5l A4l Ax2¥e] =539, E54 DREZ} 3743}
A wskshe EFA71Y F4 £ 49 05-2m/sellA Azt
2e] =5 /XS AAsl o Case 55 &M} DRES
Rl E2d/2r)9] 4] 257} 0.5m/sQ] A-$ol chsted n]RAF A
B ZALS A3 7-folct.

3. 012 ¥ x5y

3.1 RS0 et A WHAl 2uE

Aok, $5%, A9 BE PPN ZRE 2420 458 ¥
sz 2 Al 7122 slod Wil o3 S5 A 7
@ % gleh A7 Wstel ME WEFS TR e A4 ool
e A B E PHAE chest et

2 el 4 Qow p 9H, i AR 29, g $HRE Ea
= B s]9& 9wl
A BE WAL Thest o] 2 4 ek

PN B [ PETA 'S
o, P =5 [ 3, }[ax,} *S, ®)

o] Alol|A] hiz= "9, ue FH AR, ue dF AE, 6 dF
Prandtl <, 28] 3 S,i= ] A E’ich f-59 £33 wt
S I A, GRY Aol ol 7 Fdfe] FrlxEleo}
3 dRoA EEu)ys FF £5(u)9} Ze(fluctuation) 45 (u)
2] o2 g3} o] viehd 4= g)rt.

W= 4 @
A @8 4 Q) Nalstel Azel] BhR BFE Fahed
ot -
aximuiu,)=%+axij+pgi+F,-+%(pu:-u;) )

7

2 2 47} ek GF Bael lol, Yabdo 2 wewdo] wol A}
459} o] wal2 Boussinesq hypothesisel] 2]3}e] Reynolds -2-233}

(pu )y chgat o] vehd &= 9ok

T colxs du, du,
P =38, b |5 ©

714 ke FF 5 oA, pe FF & X (turbulent viscosity)ol
o o)L &% u]-g&(velocity scale) k¢ Zo] B]3-(length scale) x**

feoll 213} AFE % Sieh.

3-2. &5t U0l e 29
2l (3)9] Si= 313} wbgoll &3 o WA ARelM Y] duds
EFT AAFe) 3, AL he oA ohg9] Ao 58E Sl

h=2mj.hj, )
j

A (TPlA m2 jARe] ARk B-goli, hd thie] Aoz 7R

T
h,. = jT C,,. dT ®)
a3, A4 A ek BE ugAlE o) o] Rl &
et
2 , d
X(P“;mi)‘gjr*‘l{r*'sr )

i

Al (9olH m2 9] A 2§, R-2 3hsh uhgol| 27t ite] A,
S-& BAFE AH(dispersed phase)oll 218 Aol 3], Aol
A=k &4H(mass diffusion)3ke] J,-2& of-3-3 7o) & 4= 9l

dom
- i LS
J= [PDr.m + ] ox, )

Sc,

1714, D2 tHAEA EFEolA 3 iol] digE 4 Al
Sce $-& Schmidt 42 %D,%_— ehli o]u) D= Ag4t A

o]ch.
A S50 A%, GET B3] A% DAL thest 2

& o4
713 WAL A48 4 ek
e~ an
RTZW

J J

Al (11eIA i WE, pi F2SE M BAwE et
QubAQl 33t wheA] A+B— CHDY] g HEE the o]
oF$ g SEACZ BT 4 Uk

—R=ATexp (— %) coce 12)

# ATelAE A 7harhe)] CO, NO 5o e H3Hoe
2317 $131e] 714 B0 Abae} whgsto] COSt HOZ ¥4
53 4" CO7} ohA] CO2 AR e wheg Wyl 290
Az W 717E A4S £ NO, FolA 24 NEs} A1
& NOo| I Zeldovich ¥HS- 7175 TaHshg o] o] A5, Al
shrige] AR E Fle} whgo] 27h55ich 2 ATl H4H e
7177} Table 20 heh} olch. 7]4F Bl Azl B 22 whe
(overall reaction)}! ¥Fg- (D3} A F7] 2] N, A3}l 2]§ NO
el B3 32 wgel SN, + 20, = NOE AHEsHE 2] B
AR N2t 02] A4 whg-& uF =2]7] uf o] NO A4S &
Asl7]oll H3six] i8] wWebi NO AAdek o|&-S 9)sle] Zel-
dovich7} At ¥hg- @, ®F H4319 2.0 O iz QAo B3}
HhE- ®e] 7122 b= gde). o AdFellA] ALyl 7wk
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Table 2. Reaction mechanism

Function Reaction

Decomposition of toluene C,H8+%Oz—+7CO+4HZO @
to CO & H,0

Reversible rxn CO+1 0,=CO, ®
between CO & CO, 2

Formation of O radical 0,20+0 ®

- Formation of NO N,+O = NO+N 0)

(Zeldovich mechanism) N+0O, = NO+O ®

o] obelll$-2 whg 224 447} Table 3ol bt gich.

3-3. x| sy

FEoll A Al YA e} uhg Lol B waIAle] 24
2 A% v gAY g SHoR Irle A Erbssio
AR FUE w1 P HE Tol] 94 oAkt 23]
14 719 F -3 A4 3 (Finite Volumetric Method : FVM)& A}-4-3]

48 A4 FA 9 Z=9 FLUENT Version 4.3 o] 83} A
b sdstdnt. 4] 589 U FrE E2/27) £ U4
Fd 7ol tHsto] 5%, 1) Tl 7ol hste] 10%2 s
ol 2% I EF Axel o) Fglond B4 Yo|(characteristic
length)= VOCs/ 7] &3 714 770l thatod 1m, ML 217l
tisle] A7l 0.6m= AR epgdct. 272 U 92AL gy 2
A& ARestglon ga) & 23 dwe)Z S SIMPLECE B4
3o} 3 A A4~ Prandtl-Kolmogorov 4] © 2 ¥ 8¥]%= Stand-
ard x-g¢ 25 AHg-319] 00 & A ke wALY) AIFTE o)
7le #13] discrete radiation =& Mgslict r ox FulZ gl
HEAL} dRel 8 fuEle 529 WalE mala weist
7| #18l buoyancy turbulence factorE ¥ }s}dc}.

B ATl AR 2] ke 3 z2He enthalpy residual
] 10 * o]3}, Yniz] B Aol ¥ RE normalized residual®] &
ol 10 *ol3l2 Wojxe Ag $9 2122 UGN} ResidualL-
A4t domain Qlel] Qs ZE celloll WAk 2F BE b A] Alo)e) &
T8 AEE vehlle £22 M=)

SE 4T Y 4 585 SE Sol BHA ALE 27 Zof 917
& BE celld] Y HJFAL Tach 27 Ze) WA PP =4
A O 7t cell2 A 242, 02 WA £HL RE celle] WA
o2 vhr Aol thgale 5ed Alaks]gjcl.

3}
3

fe

fr S d

>

o = I DdA _ “%v PA a3
“ T XA
J da cells et

Table 3. Reaction kinetics parameter(only for forward reaction)

A+B— C+D, —r=A'T”exp( E Jc,;’c;; [kmol/m’sec]

29 o4 2420 F52) DRES Fab] 95 o), 27 &9
574 58 338 Avsion] ANY 53 92 ol 4alo o}
£ 2] DRES Albsksict.

_ In(Kg/s) — Out (kg/s)
DRE —W (14)

4. 23t ¥ @

2 AFAE AAl VOCs 22+¢ 13led gol ARES 3 gl 3-
duct 44 272 (RTO)! ANt WA RALE S8)519dc}. o]l o
TE F5te] E3 o VOCsel Al F9] &% wise) g2
DRE ®i3}2} COs} NO 5] Wi 713 24 Wste Ay og o
St oA AR 39 Ak el <’ ok EAL Heotstw
A stgleh. = 94 b2l B A Al 2ALE Sslo] 3
9 duct T Fo] Aol AefollA] Lot 4 QU= WA 27t B4

& shebsaa) ahsich.

41. 2, {8, 28 HH Z2ORE) 0%

R AL A2 RE B AT gike] 29 47t Alage 24
FE71 &R 7149 228 913k ARSR 7% S wl9)e] VOCs
FEellA 7ol 7bedt BFol ¥AFEE ¢ 4 g} 28l o)
AT 27 7hs F9elMe B30T &Y 329 2q) 2x4)
vt 27 £27) 34 Z71Ee 2 4 Qlgl) o] AL WUz &=
e A 7kt A 55 $HAAN 58] A fRo] 27}
SR HulolA] FolslE A3 B5a Qi) s LR 4zt
ol &% 3] PPoz s 27t 27 Zo g HIYSLE u)
F 5571 79 o) walmy] gifo|ch. PAF Al Ak
SFVE7Y AER} T4 =5} 05, 1, 1.5, 2m/sQ] Case 1-4
(Table 1)°] A} A5}, &7 JF $5& 22} 2.9, 4.6, 80, 2.7 ny/
s& viepidet. ole} o), 9] &7} Z7ljte) W} 27 ¥ E
F7FGAIRE Case 4oll4] 27 42 37 tasigon =q &
ol vt 0.7m/s whE SEE 2 A w2y ek )& 7lee)
EFEe 2ol A% L& A5} 20l o3 7)) 2] W) 7]
A A2 F9) 571 2718 AL, 4UsHE B249 o]
S7k8ke] Case 19041+ 1,279K, Case 3ol4& 1,432Ke) HF wj2
TEE AR F9] 589 $%5} 2misE Z7FE Case 4ol)A]
© 370KZ 27} HolHr}. ol BR[| &g 580 &%
7H - mebd MU 9] 23] AR] wjEo]n] FqlEl E2ale &
7 A2 @3 a2 &Sk AR, Case 404 9] 27 &%
TZhe Y E F9lEE Aag sk 3 2ol 93 Ao o
A5l AT ks TR Y] i Tol v E S Zrle A
o vehix] dgich Case 19] 4% 9 &% 2¥o] T A}
Fig.2.e2} 3¢ vjeh} QJth. Fig.29] &5 ¥¥ A}z iy izte

" RT

Reaction(No.) A E[J/kmol] a b

CH+ % 0, — 7CO+4H,009] @ 1.067E09 1.247E08 -0.1 1.85
1

CO+ ) 0, =2 CO,[10] ® 2.311E12 1.647E08 1 0.25
0, = 0+0{11] ® 1.347E14 -0.25 4.970E08 1 0
N,+O = NO+N[12] @ 7.600E10 3.159E08 1 1
N+0, = NO+0[12] ® 6.400E06 2.619E07 1 1

=H&34 NM35A FSE 19974 108



Fig. 2. Velocity vector for the Case 1.
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9] AL Aedt 297 duct 92 FE Aol e] WE 550
WA A} &5 ¥-x o] F3E Jepd Fig 3014, Case 194]& &
Eol] 23 A4 9d9ho] Fq] duct A RE ST FrkR] WA
Txstlch. et oA QFE ule) o] R4l ol ZleSE
W] Bae] 7 £ 2 Wau}7ha] Case 4(Table 1)ol A= 25
o] 7zl dAbe] vielyde}. ,

F &xrt AR o2 JerE AF A7te] ZoixA] H& DRE
£ 29ed F4] 450l o} DRE ¥dle)] A5 A7} Fig. 49 o}
eb} glch 4] 4571 291842 DREE 3lasislon o254
Fol| 2ahd B Ak 7la 39 G50} 2myso) T B AFo)A]
2 294 a7ER 28 A4S, EFAA) dEYY 58
4] 4271 0.6m/s o]81d wol|ut 90 %o]4Fe] DRES 92 4= 9]
= ZA2& ey}, = Case 40l1412] DREE 00]%] o0 &% o
T AARZRE EFFA0] 27 A=A g1 MEEHeL
T ALk 272 YR EFa 24 EXo] P Ae &
= B2 A fAlsidict. EFAZI] 9 &R 529 Fqla

Fig. 3. Contour of temperature(K) for the Case 1.

g a7t B3 24} 751

DRE of toliene (%)

20.0 —

o-o T ' T ' T I T
0.0 0.5 1.0 15 2.0
Inlet velocity of toluenc/air (m/s)

Fig. 4. Effect of the inlet velocity of toluene/air on the destruction
and removal efficiency, DRE.

57} 2mfsql Case 4= D47} o1 F01A)R) edol 42tz W% A Ao
A 5 EE80] 7 83 A9 22 e vehigich

=3, 29 F9 9L W Rel] g oH B2 E 24 A
I AA FH SAL B AT o] o RE A9l 11KPa A%
§ 23lon Fq 251 3715kl wiel ke Zolsigich A9
B SAL AT F T Foll QA A2k 22 593
A S Ql, 27 F Algb] £ SshEA doid ¢ &
AL 10KPa JE2 BE o] AA g £49) ¢F 90% 55
ol 23lsict. AAZ, VOCs A& % 594 az2edA o
Akl Foll 2% 1Y &e 2] Al7de] Aol mie} Zr)siy
ol& 3l, & ductE W= 7|Fo] B 4= 9Jr}.

4-2. i@ JtA =4 ol
Case 1-4(Table 1)9] vl& 7}A Fof] 2A5l T QY= H EF,
CO % CO.9| g E¥-&ol B3 A& Fig. 5ol vhehligie. 3k

1.0E-1 @  Unburaed wiuene
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7 & co
8.0E-2 ®
& \
& ] AN
€ 60E2 — N
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B -~
2 40E2 AN
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--------------- .
1 " - s |
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Fig. 5. Effect of the inlet velocity of toluene/air on the mole fraction
of toluene, CO and CO,.
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Fig. 6. Flue gas temperature change with the transient operating time
for the Case 5.
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toluene, CO and CO, for the Case 5.
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A : Arrhenius pre-exponential coefficient

C,, C; : molar concentration of compound A and B
C, : heat capacity

D, :diffusivity of component i' in a mixture

D, : thermal diffusivity

F, : external force

g : gravity force

h : enthalpy

T : mass flux of component i

k : turbulent energy

M, : molecular weight of component i
m, : mass fraction of component i

p : partial pressure

R : gas-law constant

Sc, : effective Schmidt number

S, : generation term of enthalpy

S. : generation term of component i' by dispersed phase
u, : flow velocity

u, : average flow velocity

U : fluctuation of velocity

azjojla 2%}

9, : Kronecker delta

€ : dissipation rate of turbulent energy
1) : laminar viscosity

T8 : turbulent viscosity

HHEtZE H35A MISE 19979 108

A4 - o)5y

¢

p
T,

.4

10.

11.

12.

: general physical variable
: density
: shear stress
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