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Abstract — The parametric sensitivity and optimal catalyst bed length of triple and quadruple fixed-bed catalytic reactors
(FBCRs) are calculated using a two-dimensional pseudohomogeneous model for the partial oxidation of o-xylene to phthalic
anhydride. The safety operation ranges of triple and quadruple FBCRs from various operating condition changes like initial
concentration of the reactant, temperature of the cooling medium, and reactant and coolant flow rate are presented. Triple and
qguadruple FBCRs showed the behavior of wide operating range than single and double FBCRs on the initial concentration,
coolant temperature, and reactant and coolant flow rate. Triple and quadruple FBCRs with nonuniform activities could assure
safety operating condition and production increase by minute variation of operating condition. In order to design the FBCRs
which could obtained maximum yield, we investigated the performance of FBCRs from catalyst bed length changes. Triple and
quadruple FBCRs showed the best performance at L1=1.1, L2=1.0 and L3=0.48 m, and L1=1.0, L2=0.5, L3=0.48 and

L4=0.6 m in case of total catalyst bed length z=2.58 m.
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Fig. 1. Best fitting of triple (a) and quadruple (b)-bed catalytic reactor.

(air :0-xylene=20: 1, salt bath temp.=35%2 reactor radius=0.01254 m)
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Table 1. Optimal estimated values of triple and quadruple FBCRs from
model simulation

Triple-bed

Catalyst bed
Reactor length(m)
Relative activity
Hot spotfC)
Conversion(%)
Yield(%)

First-bed
1.0
0.76
401.51

Second-bed
1.10
1.63
388.85
98.25
78.79

Third-bed
0.48
2.24
366.79

Quadruple-bed

Catalyst bed
Reactor length(m)
Relative activity
Hot spotfC)
Conversion(%)
Yield(%)

First-bed Second-bed Third-bed Fourth-bed
1.0 0.5 0.48 0.6
0.51 1.01 191 2.64
386.2 385.6 384.5 375.2
98.01

78.03
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Fig. 2. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for coolant temperature changes.
(air: o-xylene=20:1, reactor radius=0.01254 m)
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Fig. 3. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for inlet concentration changes.
(salt bath temp.=35%C, reactor radius=0.01254 m)
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Table 2. The performance of triple and quadruple FBCRs for coolant
temperature and inlet concentration changes

Figure Coc())lant temp'Conversion Yield First hot

number Reactor (‘*C)and (%) (%) spotfC)
initial conc.

Fig. 2  Triple-bed 345.2 98.24 78.79 401.51

(T=Ty) 366 99.63 67.88 442.84

368 99.73 65.57 455.85

370 99.77 64.24 476.45

371 100 0 runaway

Quadruple-bed 354.2 98.01 78.03 386.15

(TETY) 364 99.33 70.50 407.01

374 99.83 60.39 425.16

380 99.89 56.99 442.50

382 99.93 53.50 453.10

384 99.96 48.72 473.71

385.2 100 0 runaway

Fig. 3  Triple-bed 20.0:1 98.25 78.79 401.51

(air:o0-x) 18.0:1 98.55 77.69 415.31

17.0:1 98.72 76.92 427.68

16.1:1 98.92 75.72 457.23

16.08:1 98.95 75.43 466.64

16.07:1 98.97 75.20 474.06

16.068:1 100 0 runaway

Quadruple-bed 20.0:1 98.01 78.03 386.15

(air:o-x) 18.0:1 98.33 76.95 392.68

16.0:1 98.69 75.42 403.04

14.0:1 99.07 73.18 424.22

135:1 99.17 72.46 435.05

12.95:1 99.27 71.56 459.82

12.90:1 100 0 runaway
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Fig. 4. Axial temperature profiles of triple (a) and quadruple (b)-bed
catalytic reactors for coolant flow rate changes.
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Table 3. The performance of triple and quadruple FBCRs for coolant
and reactant velocity changes

Figure Coolant and Conversion Yield First hot
number Reactor reactant %) %)  spotfC)
velocity(m/s)

Fig. 4 Triple-bed 0.181 98.25 78.79 401.51
(Coolant 0.110 98.65 7752 418.60
velocity 0.090 98.85 76.62 433.58
changes) 0.080 98.99 75.86 447.82

0.075 99.07 75.28 459.58
0.073 99.11 7497 466.36
0.070 100 0 runaway
Quadruple-bed 0.181 98.01 78.03 386.16
0.100 98.51 76.78 401.92
0.070 98.98 75.43  419.62
0.060 99.08 74.35 433.39
0.053 99.24 73.32 450.64
0.050 99.28 72.93 457.83
0.048 100 0 runaway

Fig. 5 Triple-bed 1.8 98.91 76.36 397.78
(Reactant 21 98.25 78.79 388.85
velocity 3.0 96.09 81.71 410.14
changes) 4.0 94.03 81.78 423.00

4.7 93.62 80.72 435.86
4.8 100 0 runaway
Quadruple-bed 21 98.01 78.03 386.16
3.0 95.91 80.49 389.79
4.0 94.05 80.54 397.65
45 93.53 80.15 401.28
5.0 93.40 79.56 405.13
5.2 93.49 79.24  407.23
5.3 100 0 runaway
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(air: o-xylene=20:1, salt bath temp.=35%2 reactor radius=0.01254 m)
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Table 4. The performance of triple FBCR for catalyst bed length changes

D The effect of first & second catalyst bed length changes

Bed length(m °C
gth(m) FalC) Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3
0.8 13 0.48 402.33 399.94 365.85 98.66 77.05
0.9 12 0.48 401.89 393.07 366.37 98.43 77.22
1.0 11 0.48 401.51 388.85 366.79 98.47 78.79
11 1.0 0.48 401.13 379.00 367.28 98.02 79.51
12 0.9 0.48 400.76 382.17 367.81 97.78 80.18
1.3 0.8 0.48 400.40 379.67 368.37 97.51 80.78
@ The effect of second & third catalyst bed length changes
Bed length(m °C
gth(m) Fal C) Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3
1.0 12 0.38 401.28 388.38 365.91 98.09 78.41
1.0 11 0.48 401.51 388.85 366.79 98.25 78.79
1.0 1.0 0.58 401.73 388.98 367.85 98.36 78.37
1.0 0.9 0.68 401.95 389.11 369.06 98.48 77.93
1.0 0.8 0.78 402.17 389.26 370.47 98.58 77.47
1.0 0.7 0.88 402.39 388.86 37231 98.66 76.24
® The effect of first & third catalyst bed length changes
Bed length(m °C
gth(m) halC) Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3
11 11 0.38 400.05 385.05 366.27 97.88 79.92
1.0 11 0.48 401.51 388.85 366.79 98.25 78.79
0.9 11 0.58 402.12 393.70 367.29 98.56 77.55
0.8 11 0.68 402.75 400.25 367.75 98.83 76.19
0.7 11 0.78 403.32 409.99 368.11 99.07 74.61
o] && sH- FulFe] Aoyt A7) Wil AHE Frrgile] & 7} FulE Aolet 2% 21 Bl MsAA wgrE L%t
o] & FR Ev)Ho] viRE Al7le] F7lElo] dahee AR W 48 2 AN F7b) bsdit adEE gEE wgr] =Y
Fee gave 49¢ 2an & B3 AT STk 2R 4% S0l w8710 4R BAI
ol A A AT Fu) WY HA 7 FujF o] 4 4 S o= g XA BE 2E FeS 4ol €4 At vt
FENH, Fu7t o Fd wet ¢ 2 998 Skt st

R N ES R R

Fol% 2ol el
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Table 5. The performance of quadruple FBCR for catalyst bed length changes
@ The effect of first & second catalyst bed length changes
Bed length(m °C
gth(m) ') Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4
0.6 0.9 0.48 0.6 386.59 402.37 377.47 373.10 98.49 77.52
0.7 0.8 0.48 0.6 386.51 396.64 389.03 379.03 98.38 77.91
0.8 0.7 0.48 0.6 386.36 391.58 380.90 374.09 98.21 76.81
0.9 0.6 0.48 0.6 386.25 388.08 382.74 374.68 98.10 77.07
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
11 0.4 0.48 0.6 386.06 383.11 386.77 375.76 97.90 78.23
1.2 0.3 0.48 0.6 386.05 381.00 389.36 370.82 97.87 79.11
@ The effect of first & third catalyst bed length changes
Bed length(m °C
gth(m) hal'C) Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4
0.6 05 0.88 0.6 387.67 404.11 391.53 369.94 99.06 74.47
0.7 0.5 0.78 0.6 387.32 397.72 389.82 371.01 98.86 75.66
0.8 0.5 0.68 0.6 386.91 392.75 387.99 372.00 98.59 76.09
0.9 05 0.58 0.6 386.53 388.82 386.21 373.43 98.32 77.10
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
11 0.5 0.38 0.6 385.78 382.88 382.87 377.32 97.64 78.88
1.2 0.5 0.28 0.6 385.50 380.61 381.40 380.64 97.32 80.39
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Table 5. Continued
® The effect of first & fourth catalyst bed length changes
Bed length(m °C
gth(m) Fal) Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4
0.6 0.5 0.48 1.0 388.45 405.03 392.11 378.26 99.34 72.00
0.7 0.5 0.48 0.9 387.93 398.33 390.29 377.68 99.13 73.80
0.8 0.5 0.48 0.8 387.40 393.17 388.35 377.03 98.86 75.53
0.9 0.5 0.48 0.7 386.76 389.01 386.38 375.95 98.46 76.49
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
11 0.5 0.48 0.5 385.61 382.76 382.74 374.83 97.49 80.22
1.2 0.5 0.48 0.4 384.98 380.25 381.03 374.07 96.74 81.56
13 0.5 0.48 0.3 384.21 377.95 379.32 372.78 95.67 81.92
14 0.5 0.48 0.2 383.67 376.04 377.84 372.66 94.52 83.65
@ The effect of second & third catalyst bed length changes
Bed length(m °C
gth(m) halC) Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4
1.0 0.3 0.68 0.6 386.77 385.49 395.10 372.75 98.44 75.73
1.0 0.4 0.58 0.6 386.44 385.86 388.86 373.88 98.23 77.31
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.0 0.6 0.38 0.6 385.88 385.00 381.32 374.44 97.76 77.93
1.0 0.7 0.28 0.6 385.63 384.80 387.53 378.20 97.51 78.50
(® The effect of second & fourth catalyst bed length changes
Bed length(m °C
gth(m) Fal) Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4
1.0 0.3 0.48 0.8 387.28 385.86 395.55 376.35 98.74 75.14
1.0 0.4 0.48 0.7 386.68 386.04 389.04 376.56 98.39 76.69
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.0 0.6 0.48 0.5 385.74 384.86 381.21 374.35 97.61 79.24
1.0 0.7 0.48 0.4 385.21 384.49 378.27 373.07 97.08 80.37
1.0 0.8 0.48 0.3 384.61 384.32 375.61 371.39 96.36 81.39
1.0 0.9 0.48 0.2 384.23 384.01 373.61 370.78 95.66 83.06
® The effect of second & third catalyst bed length changes
Bed length(m °C
gth(m) Fal) Conversion(%) Yield(%)
L1 L2 L3 L4 T1 T2 T3 T4
1.0 0.5 0.28 0.8 386.73 386.02 384.92 383.01 98.41 77.38
1.0 0.5 0.38 0.7 386.40 385.78 384.67 378.28 98.18 77.40
1.0 0.5 0.48 0.6 386.15 385.60 384.50 375.17 98.00 78.04
1.0 0.5 0.58 0.5 386.00 385.48 384.38 373.12 97.88 79.35
1.0 0.5 0.68 04 385.78 385.32 384.22 371.15 97.68 79.89
1.0 0.5 0.78 0.3 385.49 385.10 384.02 369.25 97.41 79.66
1.0 0.5 0.88 0.2 385.40 385.03 383.96 368.19 97.24 80.87
1.0 0.5 0.98 0.1 385.26 384.93 383.86 367.38 96.99 81.28
Table 6. The performance of triple catalytic FBCR for reactor radius changes
N _ Bed length(m) Ta{°C) ; :
Condition Radius(m) Conversion(%) Yield(%)
L1 L2 L3 T1 T2 T3
Radius +2% 0.01279 1.0 1.10 0.48 404.29 389.13 367.13 98.32 78.44
Radius +5% 0.01317 1.0 1.10 0.48 408.97 391.36 367.63 98.43 77.91
Radius +7% 0.01342 1.0 1.10 0.48 412.69 392.31 367.98 98.51 77.52
Radius +10% 0.01379 1.0 1.10 0.48 418.79 393.45 368.46 98.61 76.94
Radius +12% 0.01405 1.0 1.10 0.48 423.82 394.04 368.79 98.69 76.52
Radius +13% 0.01417 1.0 1.10 0.48 576.25 375.36 366.61 99.22 70.62
Radius +14% 0.01430 1.0 1.10 0.48 runaway 100 0
719k mRIHE 94 Qoo B 2% A5 oA, I A /19l 2 AAPE F8Pll vEketh ojsh Lol tEF we
Z7HEe whge] Bk Eafol 719l WA WA RARISITHE). 2R o] 7t Zoj% 7o) Wsk % ¥ wiskel wMelE we N A%
Ao W ew BE oA wgo] EUHgl bt wkgr] F44) S HE BB Ase 48w A4 Aol g vtk e &
A BAE G wgr] ¥ e R dAY AlZE XA g 2 S o W71E AAS W whgr] do], A Fuj Aol, Z FulF Ao
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Table 7. The performance of quadruple FBCR for reactor radius changes

N _ Bed length(m) Tax (°C) Conversion  Yield
Condition  Radius(m)—— 2 L3 L4 T1 T2 3 T4 (%) (%)
Radius +5%  0.01317 1.0 0.50 0.48 060  389.61 38858 387.15  376.90 98.23 77.15
Radius +10% 0.01379 1.0 0.50 0.48 0.60 393.48 391.77 389.92 378.71 98.42 76.20
Radius +15% 0.01442 1.0 0.50 0.48 0.60 397.85 395.16 392.81 380.61 98.62 75.16
Radius +20% 0.01505 1.0 0.50 0.48 0.60 402.90 398.69 395.80 382.58 98.80 74.04
Radius +30% 0.01630 1.0 0.50 0.48 0.60 417.56 405.64 401.84 386.82 99.13 71.48
Radius +40% 0.01756 1.0 0.50 0.48 0.60 449.25 407.46 406.57 391.55 99.40 68.49
g 9y Foll tigk AR HEE FX] BALE B8t 42 & olzgh r : radius coordinate [m]
712 A5E EURE ¥H71E AAISTE A8 eakE s Y r : rate of i-th reaction [kmol/fh- s]
I A ez JdEd. T : temperature [K]
T. : temperature of coolant [K]
4.4 = T, sinlet fluid temperature [K]
t :time [s]
AZ o]FF W)Y E Mg ¥ Fgo A - AR W h, :heat transfer coefficient [w/n K]
£ FHA HIANA A - AT ve719 7t Fuls o] B 7} S Ug : coolant velocity [m/s]
Z9| Zuf GAEE TN A ASFE vker] AAl simulatoE U : fluid velocity [m/s]
NS S7 gsoz $19 4 Al el 898 99 Uy sinlet fluid velocity [m/s]
X o]FF REEZICl HlE] ¥ W 2 AeS otk wEhA, z : axial coordinate [m]
B FHEE THRE A4S S 8V)E ol&sd R8T F 3 : void of bed
u whg71e] AP AR FAIQ W] U FHA 52 & s p : density [kg/n]
d gH IAE MET F AU Aor : effective radial thermal conductivity [kJ/ms - K]
& B2 o]FF whg7)eh fAlet &3 Heeg AP & N, :effective axial thermal conductivity [kd/ms - K]
UEE BAME A, 283 A w714 Hlg) ol whe7le
94 JYolx 22°CAIEZ)9 37T CRES) B2 2% A5 do %
ZAtt. c : coolant
7] MW e ATERE input W7 HEEe] w3lel dwd e : effective
e Hof 2ol 7IEste] 7+ 38F S kgl tig 2% f : fluid
dGAF s FIITh j : component
T3 4 AR WV1Y] 7 FuiF Aol WskE Fa Aol & ) s initial
< 48 F Ue A AT 871 7 Fuis ol s W m : mixture
2719 A%, A ZujE Zo] z=2.58milA 2 FHujE dole Li= s : solid
1.1, L2=1.0¥ L3=0.48 m 22]2 A% 7§ L1=1.0, L2=0.5,
13=0.48 % L4=0.6 nfit}. wA8% Zv) whe719] Bge) 2% = EIES
Azt A o] e ¥k wheT| tellA] doju= &8 - 38 d
g 3lehihg Sl gk At datat EeiA Aok A wkg 1.Yun, Y.S., Park, P.W., Rho, H.R. and Jeong, Y.EDWAHAK
7] RS ARl T3] oSE 4 o, E simulatoE AR KONGHAK 35, 380(1997).
ZFu ZH ol whg7] AAIA AAIFG] FEE 9E 5 Unh 2. Bilous, O. and Amundson, N. RAChE J, 2, 117(1956).
3. Juncu, Gh. and Floarea, @IChE J, 41, 2625(1995).
A|--§-7 |§ 4. Hlavacek, V.Ind. Engng. Chem62, 8(1970).
5. Karanth, N. G. and Hughes, Rat. Rev. Sci. Engd(2), 119(1974).
A - heat transfer area per unit Vo|ume’ﬂn 6. Parent, Y. O., Caram, H. S. and Coughlim, R MChE J, 29, 443
G : concentration of component (j=1, 2, 3) [kmailm (1983).
S - specific heat [kd/kg K] 7.Yun, Y. S., Park, P.W,, Jeong, Y. O. and Han, SHB/AHAK KONG-
D, :radial diffusion coefficient [iffs] HAK, 35, 717(1997).
D,, :radial diffusion coefficient [,ﬁs] 8. Froment, G. F.Chem. Ing. Tech4, 374(1974).
E,  activation energy of reaction (i=1, 2, 3) [kJ/kmol] 9.Yoon, Y. S.: Ph. D. Dissertation, Pusan National University(1998).
(-AH,) : heat of reaction (i=1, 2, 3) [kJ/kmol] 10. Jeong(Park), Y. O.: Ph. D. Dissertation, University of Houston, U.S.A
k; : Arrhenius type rate constant (i=1, 2, 3)'[s (1989).
Ko : pre-exponential factor (i=1, 2, 3) 1 11. Papageorgiou, J. N. and Froment, Gahem. Eng. Sgi51, 2091
L : reactor length [m] (1996).
R - radius of reactor tube [m] 12. Pirkle, J. C. and Wachs, I. Ehem. Eng. Prog. Aug29(1987).
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